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1. Introduction

Chronic diseases, encompassing conditions such as heart disease, cancer, and diabetes,
represent a significant global health challenge and are the leading causes of mortality
worldwide. Extensive research has been dedicated to investigating the relationship between
dietary fat consumption and the risk of developing chronic diseases over the years. It is
well-established that lifestyle modifications, particularly dietary choices, hold substantial
potential for preventing and mitigating the risk of these chronic conditions. This Special
Issue of Nutrients, entitled “High Fat Diet with Chronic Diseases”, aims to contribute to our
comprehension of the potential underlying mechanisms connecting high-fat diets to chronic
diseases. Furthermore, this Special Issue places a strong emphasis on the development
of effective therapeutic strategies for managing and combating these conditions. The
studies in this issue are grouped into four categories: (i) obesity and metabolic disorders,
(ii) pancreatic health and diabetes, (iii) skeletal and muscle health, and (iv) neurological
and cognitive function. While these topics seem distinct, they share an underlying theme:
the complex interplay between dietary factors, obesity, and their consequences on health.

2. Obesity and Metabolic Disorders

Several studies collectively provide a comprehensive exploration into the area of
obesity and metabolism-related diseases. While each study explores distinct subjects, their
collective findings reveal intricate underlying connections, with a notable emphasis on
dietary supplements. The study authored by S. Heo et al. delves into the potential of Cassia
mimosoides var. nomame Makino extract (EECM) as a means to combat obesity [1]. EECM
demonstrates its efficacy by inhibiting adipogenesis and lipogenesis, primarily through
the AMP-activated protein kinase pathway. C. Chou et al. scrutinize the influence of
high fructose intake on lipolysis and reveal how valsartan and amlodipine can effectively
mitigate lipolysis through PU.1 inhibition, underscoring the potential of these drugs in
addressing fructose-induced obesity [2]. Y. Wang et al. explore the effects of coarse cereals
on lipid metabolism and oxido-inflammatory responses [3]. Oats and tartary buckwheat,
rich in polyphenols and dietary fiber, exhibit their potential in modulating gut microbiota,
improving lipid metabolism, and reducing oxidative stress and inflammation in rats fed a
high-fat diet. Additionally, the significance of probiotics in alleviating obesity is pivotal. The
study by C. Wang et al. investigates the effects of fermented milk containing Bifidobacterium
animalis subsp. lactis MN-Gup (MN-Gup), which could alleviate HFD-induced body weight
gain, epididymal fat deposition, adipocyte hypertrophy, dyslipidemia and inflammation,
which may play important roles in the mechanism underlying the alleviation of obesity [4].
Meanwhile, Y. Huo et al. found that Bifidobacterium animalis subsp. lactis A6 enhances
adipose tissue fatty acid β-oxidation (FAO) to mitigate obesity development by increasing
acetate levels and activating the GPR43-PPARα signaling pathway in mice [5].
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In addition, two articles specifically delve into lipid metabolism in unique populations.
The study by R. Lugarà et al. investigates the impact of a Western diet on gestating and
lactating sows, revealing signs of lean metabolic syndrome characterized by disrupted
cholesterol levels, decreased IGF1 levels, and indications of hepatic damage [6]. Spirulina
supplementation in this context partially mitigates these effects, hinting at its potential
to counteract some of the negative outcomes associated with a Western diet. R. Song
et al. review lipid metabolism in the elderly, emphasizing how age-related changes in
digestion, absorption, and lipid utilization contribute to excess fat accumulation [7]. This
accumulation is linked to chronic lipid-related diseases in older individuals, and under-
standing altered lipid metabolism in these populations is crucial for developing targeted
interventions to address age-related chronic diseases. In summary, these studies collectively
contribute to our understanding of obesity and metabolic disorders by examining both
dietary supplements and their potential intervention on fat metabolism. They provide valu-
able insights into potential therapeutic strategies and the intricate mechanisms underlying
these conditions, spanning various populations.

3. Pancreatic Health and Diabetes

Three papers shed light on glucose homeostasis and diabetes. M.K. Brahma et al.
study the impact of Nova1 or Bim deficiency in pancreatic β-cells on diabetes and obesity
in mice [8]. The deletion of Nova1 or Bim did not affect glucose homeostasis or diabetes
development in response to multiple low-dose streptozotocin (MLD-STZ)-induced β-cell
dysfunction or high-fat diet-induced insulin resistance. Another study explored the effects
of a long-term high-fat, high-fructose (HFHF) diet on diabetes development in rats. Rats on
HFHF diets exhibited metabolic disorders, changes in pancreatic islet size, and increased
insulin levels. Authors Y. Zhao et al. suggest that long-term HFHF diets and age-related
structural and transcriptomic changes in pancreatic islets may contribute to type 2 diabetes
development [9]. The review authored by Y. Qi et al. focuses on the role of gut microbiota in
high-fat diet-induced diabetes [10]. It highlights the importance of diet and gut microbiome
in the development of diabetes and suggests that modifying the gut microbial community
through probiotic and prebiotic approaches could be a promising strategy for diabetes
prevention. Together, these papers provide valuable insights into the complex relationship
between glucose homeostasis, diet, and diabetes, offering potential directions for future
research and therapeutic interventions.

4. Skeletal and Muscle Health

Two articles are related to diet-induced obesity and skeletal/muscle health. The study
by E. Nebot et al. investigates how obesity affects bone health [11]. It establishes that
obesity might lead to increased bone mineral density, yet also pose a significant risk for
fractures. Interventions like caloric restriction and exercise effectively counter bone struc-
ture and mineral density changes and improve body composition by reducing body fat
and increasing lean body mass. Y. Zou et al. employed a zebrafish model to explore the
impact of a high-fat diet on muscle mitochondrial function [12]. Obesity was linked to
reduced exercise capacity, decreased skeletal muscle fiber cross-sectional area, and elevated
expression of atrophy-related markers. The study demonstrated that mitochondrial dys-
function contributes to muscle atrophy in obesity. These findings collectively emphasize
the intricate connection between dietary factors, obesity, and their consequences on bone
and muscle health.

5. Neurological and Cognitive Function

Two studies explore the connection between obesity and cognitive function. Y. Liu et al.
found that high-calorie food-cues impaired food-related conflict control [13]. Participants
displayed slower reaction times and reduced accuracy when dealing with high-calorie
food images. EEG data exhibited a notable reduction in N2 amplitudes and a decline in
theta power when exposed to high-calorie foods, which serves as an indicator of cognitive
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impairments. The study by H. Zhang et al. investigated cognitive decline in obese mice,
highlighting the beneficial effects of swimming [14]. Obesity led to cognitive impairment,
but an 8-week swimming regimen mitigated this decline by reducing inflammation, in-
hibiting the JNK/IRS-1/PI3K/Akt pathway, and activating the PGC-1α/BDNF pathway.
Overall, these studies underscore the detrimental impact of high-calorie food cues on
cognitive function and emphasize the potential cognitive benefits of exercise interventions
in combating obesity-related cognitive decline.

6. Conclusions

This Special Issue of Nutrients delves into the intricate relationship between dietary
fat intake and chronic diseases. Understanding these relationships is crucial for developing
effective strategies to combat diet-induced chronic diseases and improve overall health.
These papers emphasize the role of nutritional supplements in addressing obesity and
metabolic disorders while highlighting the significance of tailored interventions in unique
populations’ lipid metabolism research. They include findings on glucose regulation
and diabetes, encompassing studies on pancreatic β-cell and gut microbiota in diabetes
development, and opening up promising pathways for future research and therapeutic
interventions. Studies on obesity’s effects on bone, muscle health, and cognitive function
offer insights into interventions like exercise and caloric restriction. In summary, this
Special Issue serves as a platform to enhance our understanding of the intricate interplay
between dietary fat intake and chronic diseases, offering insights into potential avenues for
prevention and treatment.
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Abstract: Lipid metabolism plays crucial roles in cellular processes such as hormone synthesis, energy
production, and fat storage. Older adults are at risk of the dysregulation of lipid metabolism, which is
associated with progressive declines in the physiological function of various organs. With advancing
age, digestion and absorption commonly change, thereby resulting in decreased nutrient uptake.
However, in the elderly population, the accumulation of excess fat becomes more pronounced due to a
decline in the body’s capacity to utilize lipids effectively. This is characterized by enhanced adipocyte
synthesis and reduced breakdown, along with diminished peripheral tissue utilization capacity.
Excessive lipid accumulation in the body, which manifests as hyperlipidemia and accumulated
visceral fat, is linked to several chronic lipid-related diseases, including cardiovascular disease, type 2
diabetes, obesity, and nonalcoholic fatty liver disease. This review provides a summary of the altered
lipid metabolism during aging, including lipid digestion, absorption, anabolism, and catabolism,
as well as their associations with age-related chronic diseases, which aids in developing nutritional
interventions for older adults to prevent or alleviate age-related chronic diseases.

Keywords: elderly; lipid; digestion; absorption; metabolism; chronic diseases

1. Introduction

Globally, the proportion of elderly people aged 65 years or over continues to increase.
According to the United Nations statistics, in 2019, the elderly population aged 65 years or
over accounted for 9% of the total population, and this proportion is projected to increase
to 16% by 2050 and surpass 23% by 2100 [1]. The number of people aged 80 years or over is
growing even faster as a consequence of increased global life expectancy. Age is a major
risk factor for chronic diseases, and more than 50% of the elderly suffer from at least one
kind of chronic disease. For example, cardiovascular disease (CVD) affects up to 70% of
the elderly population, and diabetes affects about 20% of the elderly population [2–4]. The
high cost of these chronic diseases brings major personal and public health burdens, which
will even get worse in the future. Therefore, it is advisable to prevent the occurrence of
these diseases as early as possible. These diseases are commonly accompanied by dyslipi-
demia and insulin resistance that result from lipid metabolism disorders, thus indicating
that modulating lipid metabolism may be an effective way to prevent or alleviate these
chronic diseases.

The dysregulation of lipid metabolism contributes to many age-related chronic dis-
eases [5]. Lipid metabolism is a complex biochemical reaction, which refers to the process
of the digestion, absorption, synthesis, and catabolism of lipids. As a result of aging,
all gastrointestinal processes (such as movement, enzyme, hormone release, and so on)

Nutrients 2023, 15, 3433. https://doi.org/10.3390/nu15153433 https://www.mdpi.com/journal/nutrients5
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are altered, which in turn affects digestion and absorption, thereby leading to reduced
nutrient uptake. Postprandial lipemia (PPL) is the phenomenon of elevated post-meal
blood lipids, which typically decreases over time. Despite the reduced intestinal uptake,
the excessive and prolonged PPL observed in the elderly suggests the sustained elevation
of lipid concentrations after meals, thus indicating an imbalance in blood lipid circulation.
The strict regulation of lipid metabolism in vivo after lipid uptake is crucial for maintaining
lipid homeostasis. Changes in lipid synthesis and catabolism that occur with aging lead
to abnormal lipid utilization in tissues. Blood lipid and other chronic disease precursors
arise as a result of lipid metabolic disorders, which eventually develop into several chronic
diseases, such as CVD, type 2 diabetes (T2D), nonalcoholic fatty liver disease (NAFLD),
obesity, and so on [6]. Therefore, the disturbed lipid homeostasis in the elderly highlights
the significance of the strict regulation of lipid metabolism in maintaining overall health.

This review covers the changes in lipid metabolism during aging, including lipid
digestion and absorption, as well as the anabolism and catabolism capacity of triglycerides
(TGs) and cholesterol and the pathogenesis of several lipid-related diseases in the elderly.
Our aim is to gain insight into the lipid uptake and utilization patterns in the elderly to
provide personalized nutritional recommendations for older adults, thereby preventing or
alleviating lipid-related chronic diseases to promote healthy aging.

2. Disorder of Lipid Digestion and Absorption in the Elderly

Digestion and absorption play critical roles in whole-body lipid metabolism by pro-
viding lipid digestive products as metabolic substrates. Lipid digestion primarily occurs
through digestive enzymes secreted by the pancreas, followed by absorption in the small
intestine, which is the main pathway for exogenous lipids to enter the body. The excessive
intake of dietary fats can lead to lipid accumulation in the body, which promotes the
development of chronic lipid-related diseases. Age-related changes in lipid digestion may
be attributed to degeneration of the digestive tract function, such as atrophied organs,
reduced pancreatic secretion, insufficient lipase production, and decreased bile acid (BA)
concentrations [7]. In addition, current studies have indicated that lipid absorption may
decrease, while cholesterol absorption increases with age [8] (Figure 1). Therefore, lipid
digestion and absorption processing may become a new target for dietary interventions to
prevent dyslipidemia in the elderly and to treat lipid-related diseases.

2.1. Age-Related Changes in Lipid Digestion

Lipid digestion is an intricate process involving multiple stages. Lipid digestion
begins in the mouth and continues in the stomach, with lingual lipase playing a minor
role and gastric lipase contributing 10–30% to the overall lipid breakdown in adults [9].
Subsequently, the partially hydrolyzed lipids enter the duodenum as small lipid droplets
(LDs). Since dietary lipids are hydrophobic, and lipase is hydrophilic, further emulsification
takes place through the action of bile salts to increase the surface area for efficient digestion.
These micelles can pass through the unstirred water layer, thereby allowing for lipid
absorption to occur [10].
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Figure 1. Age-related changes in lipid digestion and absorption. The image on the left depicts
changes in the digestive tracts of elderly people, and the image on the right shows changes in the
digestive tracts of aging rodents. Alterations in digestive function occur in the stomach, pancreas,
liver, blood, intestines, and feces. Both TG and cholesterol absorption that occur in the intestine are
described. ↑ means studies showing a significant increase; ↓ means studies showing a significant
decrease; ≈ means studies showing no significant decrease; ? means this result has not been reported.
Figure 1 was created using Biorender with permission for publication from Biorender.com (accessed
on 9 July 2023).

2.1.1. Gastric Lipase Activity Decreases with Age

The contribution of the stomach to lipid digestion is reduced in comparison to younger
individuals and is further diminished in elderly individuals with gastric atrophy or those
with the chronic use of acid suppression medication. Previous studies have shown a
significant negative correlation between age and gastric lipase activity; however, the
mechanism behind this phenomenon has not been elucidated [11]. Gastric lipase activity is
particularly stable at a low pH [12], but the high prevalence of chronic atrophic gastritis
and the widespread use of proton pump inhibitor drugs in the elderly population could
result in a decline in gastric acid secretion, which may affect gastric lipase activity [13].

2.1.2. Pancreatic Function Declines with Age Due to Decreased Pancreatic Lipase Expression

The pancreas is an important organ for digestion, and morphological changes occur
with age. Magnetic resonance imaging (MRI) was used to scan the morphological charac-
teristics of the pancreas in over two hundred healthy participants, which revealed that the
pancreases of elderly subjects showed signs of atrophy. Moreover, the critical age range
for pancreatic morphological changes was found to be 40 years old and 60 years old [14].
Consistently, MRI demonstrated increased pancreatic atrophy, lobulation, and steatosis in
aged mice [15].

Along with pancreas atrophy, its function also declines. Numerous studies have
demonstrated a positive correlation between physical aging and the decline in the exocrine
function of the pancreas [14]. Specifically, the lower secretory flow rate of the pancreatic
juice in humans indicated a significant reduction in the secretion ability with aging [16].
Moreover, the time point for changes in pancreatic exocrine function was found to be
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consistent with that of morphological changes, with degeneration occurring at 43 years of
age [17].

The primary age-related change in pancreatic function is the decline of the pancreatic
lipase activity. In healthy adults, pancreatic lipase is responsible for digesting approxi-
mately three-quarters of dietary TGs. However, its digestive efficiency decreases with
aging [18]. The concentration and secretion volume of lipase showed a gradual decline
in participants after the age of 30 [17]. Researchers collected duodenal fluid to evaluate
the output and concentration of lipases after continuous intravenous infusions of irritants
in elderly patients without pancreatic diseases. It was found that lipase concentrations
declined significantly, by about 15%, in the older group compared to the younger group.
Additionally, it was observed that lipase output levels decreased substantially by 45% [19].
Similar results were also observed in aging mice, in which the activity of the pancreatic
lipase decreased significantly [20].

Pancreatic lipase activity may be reduced due to the accumulation of unfolded en-
zymes in the pancreas. The protein expressions of pancreatic lipases in elderly mice are
consistent with those in younger mice [21]. As with other enzymes, pancreatic lipase is
a linear polypeptide chain that must be folded into a unique 3D structure to perform its
activity and physiological role [22]. Interestingly, it was found that the level of proteasome
subunit beta type 5 (Psmb5), which facilitates the elimination of enzymes that have not
been folded into specific structures, decreased significantly in 25-month-old mice compared
to 3-month-old mice. Therefore, the accumulation of nonfunctional enzymes may affect the
synthesis or secretion of effective lipases [21].

2.1.3. Aging Is Mainly Associated with a Decline in Bile Acid Levels Due to the Lower
Ileum Reabsorption

BA plays a crucial role in facilitating the digestion and absorption of dietary lipids. This
is due to the amphiphilic structure of BA, which allows it to function as an emulsifier [23].
Age-related changes in the composition of BA have been studied in both humans and
animals. Although the changes varied depending on certain factors such as gender, BA
levels showed a consistent decrease with age [10].

In the fasting state, the plasma concentrations of BA decreased with age in men, but
they remained constant or showed a slight increase in women. Similarly, in the postpran-
dial state, the responses of BAs were weaker in the elderly compared to young people.
The serum BA levels in healthy young subjects increased rapidly after a meal, whereas
elderly individuals showed a smaller increase in their serum BA levels after a meal [24].
For this reason, there is some indirect evidence to suggest that intestinal BA reabsorption
becomes reduced in older adults. This hypothesis was further supported by the higher
fecal concentrations of BAs in older adults, thereby indicating decreased reabsorption in
the ileum [25]. Additionally, during the enterohepatic circulation in the elderly, a higher
rate of deoxycholic acid (DCA) was found in the colon, which is a metabolic byproduct
of cholic acid (CA) transformation [26]. This finding suggests a reduction in the reabsorp-
tion of BA in the ileum among older adults, thereby leading to an increased CA load in
the colon.

As was consistent with human studies, the reabsorption of BA in the ileum of aging
mice was similarly reduced, with about a 50% lower absorption of taurocholate than in
younger mice. This was supported by the reduced gene expression of apical sodium-
dependent bile acid transporter (Asbt), which is the key transporter regulating BA uptake
in the intestinal apical membrane [27]. These observations suggest that the decreased
expression of Asbt potentially acts as a rate-determining step in BA reabsorption.

2.2. Age-Related Changes in Lipid Absorption

After digestion, lipids are absorbed in the lower part of the duodenum and the upper
part of the jejunum. The lipid hydrolysis products form micelles, which contain free fatty
acids (FFA), monoacylglycerols, free cholesterol, and so on. These micelles could diffuse
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through the unstirred water layer and eventually release their lipid contents into the ente-
rocytes. Typically, fatty acid translocase (CD36/FAT), fatty acid transporter 4 (FATP4), and
membrane-associated fatty acid binding protein (FABP) transporters mediate TG absorp-
tion, while Niemann–Pick C1-like 1 (NPCIL1) mediates cholesterol absorption [28,29].

2.2.1. Triglyceride Absorption Decreases with Age

The absorption of dietary fat initiates an increase in the plasma TG concentration,
and the resultant increase in chylomicron and very low-density lipoproteins (VLDL) in
the blood in the postprandial state is known as PPL. Increased PPL has been typically
observed in older adults [30,31]. Research projects have shown that PPL in older adults
increases by about 130% compared to younger adults, which is associated with higher
plasma FFA and apolipoprotein B-100 concentrations and a lower rate of oxidation of the
ingested lipid [32]. By lowering dietary fat intake, PPL can be reduced by about 50%, and
FFA can be reduced by about 190% in older adults [33]. However, it should be noted that,
while PPL reflects absorption, its true significance is in the concentration of lipids in the
bloodstream. Therefore, an increase in PPL in older adults may also be attributed to a
decreased efficiency of lipid utilization.

Due to the significant time and cost required to validate studies in humans, the majority
of aging data comes from shorter-lived rodents. The investigations on lipid absorption
in aged mice have consistently reported decreased outcomes with humans. Researchers
investigated changes in lipid absorption in 3- and 25-month-old mice and found that,
after the oral administration of soybean oil, the increase in serum TG levels in older mice
was significantly reduced [21]. Nevertheless, only a few studies have obtained similar
results, and further research is needed to confirm this finding. There are several known
mechanisms that could explain the decline of the absorption capacity in older individuals.
Morphologically, changes in the small intestine may lead to a decline in nutrients absorption
in aging mice, as the length of intestinal villi decreases with age [34]. Some researchers have
also suggested that the decline in intestinal lipid intake may be associated with a reduction
in the abundance of fatty acid (FA)-absorption-related proteins during aging. For example,
studies have shown that the abundance of intestinal FABP and ileal lipid-binding protein
(ILBP) decreases in aging rats [35]. Moreover, aging is often accompanied by intestinal flora
disorders, and previous studies have indicated that the small intestinal microbiota could
regulate the digestion and absorption of dietary fat in hosts [36,37].

In brief, the efficiency of dietary lipids absorption affects lipid homeostasis. However,
the lipid absorption capacity in older adults remains unknown. As previously discussed,
several known mechanisms may contribute to the decline in the absorption capacity in the
elderly. However, further research is needed to determine the impact of aging on lipid
absorption, including the absorption time and efficiency.

2.2.2. Cholesterol Absorption Increases with Age

Numerous investigations have indicated that the absorption of cholesterol will increase
with age. Research has indicated that cholesterol absorption increased with age in mice [38].
In addition, a mouse model has shown that the expressions of the sterol efflux transporters
adenosine triphosphate-binding cassette transporters G5 and G8 (ABCG5 and ABCG8) in
the jejunum and ileum were down-regulated, and the expression of sterol efflux transporter
NPC1L1 in duodenum and jejunum was up-regulated during aging [39]. The above
changes may be related to the increased intestinal cholesterol absorption in aged mice. At
present, the successful prescription drugs on the market treating hypercholesterolemia
work by inhibiting NPC1L1 to reduce the cholesterol level in the blood. In addition, dietary
phytosterol or stanol supplements could also treat hypercholesterolemia [40]. Further
research is needed to investigate the efficacy and safety of these interventions, as well
as to explore more effective interventions that may improve cholesterol homeostasis in
aging populations.
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3. Disorder of Lipid Anabolism and Catabolism in the Elderly

Lipid anabolism and catabolism are fundamental processes involved in the biosynthe-
sis and degradation of FAs, TGs, cholesterol, and other lipid substances [41]. The liver is
the most important organ for lipid synthesis and catabolism. However, lipids cannot be
stored in hepatocytes, and adipose cells act as the main reservoir for fat storage. Lipids
must be transported from where they are absorbed or synthesized to where they are used
or stored. However, as lipids are insoluble in water, they have to bind to proteins to form
lipoproteins before being transported. Thus, plasma lipoproteins are essential for lipid
circulation throughout the body. It is important to note that complex changes occur in
lipid metabolism during aging, which can contribute to the development of lipid-related
diseases [42].

3.1. Disorder of Plasma Lipoprotein Metabolism during Aging

The dysregulation of the lipid metabolism in older adults is often reflected by changes
in blood lipid levels, which are associated with the onset of various chronic diseases. Specif-
ically, the levels of TGs, total cholesterol (TC), and low-density lipoprotein cholesterol
(LDL-C) tend to increase, while high-density lipoprotein cholesterol (HDL-C) concentra-
tions become relatively irregular during aging [43,44]. In humans and mice, plasma TG
levels have been found to increase with age, thereby leading to its potential as a biomarker
of aging due to its positive correlation with age [45–48]. By characterizing the metabolic
changes in young and old mice, aging has been shown to be accompanied by an increase in
the FFA levels [49]. In rats, plasma cholesterol levels also have an age-dependent increase
that can be mitigated by regulating lipoprotein metabolism [50]. Regarding lipoprotein
levels, both low-density lipoproteins (LDLs) and LDL-C have been reported to increase
with age [51]. The determinant of plasma lipoprotein concentrations is affected by the
rate at which lipoproteins are removed from the plasma. Additionally, the efficiency of
lipoprotein plasma removal is reduced in the elderly [52]. High-density lipoproteins (HDLs)
play a preventive role in atherosclerosis by exporting cholesterol and promoting cholesterol
metabolism. However, changes happened in the composition of the HDLs during aging.
HDLs isolated from elderly patients were reported to contain less cholesterol [53]. In
addition, HDL function was impaired in older subjects, and its effectiveness in promoting
cholesterol efflux and inhibiting LDL oxidation decreased [54]. Taken together, these data
make a strong case for blood lipid and plasma lipoprotein levels being highly relevant
to aging.

3.2. Age-Related Changes in Triglyceride Metabolism

TGs can be obtained by both exogenous pathways (dietary intake) and endogenous
pathways (de novo synthesis). Exogenous TGs are absorbed in the intestine, formed as
chylomicrons, and released into circulation. The liver plays a crucial role in TG metabolism,
as it can take up and enzymatically hydrolyze chylomicrons, thereby converting them
into residual components [55]. Endogenous TGs are mainly produced in the liver through
glycolysis. Glycerol triphosphate reacts with esterified coenzyme A, thereby leading to the
formation of TGs. Following their transportation by lipoproteins and utilization by extra-
hepatic tissues, excess TGs are stored in adipose cells. During starvation or sympathetic
activation, adipose triglyceride lipase (ATGL) catalyzes the TGs in adipocytes to produce
one FA and diacylglycerol (DAG). The DAG is then hydrolyzed by hormone-sensitive
lipase (HSL) to generate another FA and monoacylglycerol (MAG). Finally, the MAG is
hydrolyzed by monoglyceride lipase (MGL) to release glycerol and the last FA. The FAs pro-
duced during this process are used to provide energy through beta-oxidation (β-oxidation),
which occurs in mitochondria and involves a series of enzymatic reactions that break
down FAs into acyl-CoA and ketone bodies (acetoacetate, acetone, and β-hydroxybutyrate).
These acyl-CoAs are further oxidized to produce TGs and ATP.
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3.2.1. Fatty Acid Uptake and Triglyceride Synthesis Increase in Liver with Age

Studies have suggested that the liver lipid content in aged mice increases due to the
internalization of remnant chylomicrons, which requires the absorption of circulating FAs
by hepatic cells. FA uptake in 20-month-old rats resulted in a two-fold increase compared to
2-month-old rats, and this change was detected as early as in middle-aged rats (10-month-
old) [56]. The FA transporter CD36 (CD36) on the hepatic cell membrane plays a central
role in controlling the FA flux into the liver. A study showed that the index of CD36 in
the liver biopsies of healthy elderly subjects increased significantly [57]. This finding was
confirmed in older mice, with the gene and protein expression of CD36 being significantly
increased in the aged group [57]. Additionally, the pregnane X receptor (PXR) induces liver
CD36 mRNA expression, and PXR gene expression is positively associated with age, which
may lead to increased FA uptake and liver TG accumulation with age [58,59].

Liver FAs can also be synthesized through de novo lipogenesis (DNL), and the genes
responsible for liver DNL are upregulated during aging. The regulation of liver adipoge-
nesis is primarily controlled by sterol regulatory element-binding protein-1c (SREBP-1c),
which can increase the expression of other genes involved in adipogenesis, such as ATP
citrate lyase (Acly), fatty acid synthase (Fasn), and stearoyl-CoA desaturase-1 (SCD-1).
To identify the molecular mechanisms underlying increased FA synthesis in aged mice,
researchers analyzed the expression of the hepatic lipogenesis genes, including SREBP-1c,
Acly, Fasn, and SCD-1, and found that their expressions were significantly increased [46].
The expression of SREBP-1c is tightly regulated by nuclear receptor farnesoid X receptor
(FXR) [60]. Studies have shown that the gene and protein expressions of FXR in the livers
of older mice were decreased. The levels of the downstream target genes of FXR, such as
small heterodimer partner (SHP) and bile salt export pump (Bsep), were also decreased [46].
These findings suggest that FXR regulates SREBP-1c in opposing directions and ultimately
leads to increased TG synthesis with age.

Dietary patterns can impact the absorption and de novo synthesis of FAs in elderly
individuals. The consumption of a high-fat diet (HFD) may lead to alterations in fat
metabolism, thus further contributing to FA uptake and TG synthesis. Studies indicate that
the gene and protein expressions of the CD36 in mice fed with a HFD were significantly
higher than those in mice fed a normal diet, thereby suggesting that CD36-mediated liver
FA uptake was enhanced [57]. Additionally, the expressions of SREBP-1c and acetyl-CoA
carboxylase (ACC) genes were significantly increased in the liver of aged mice fed with a
HFD, thereby activating the DNL pathway [61]. Conversely, the calorie restriction (CR) diet
reduced the levels of CD36 and ACC protein expressions in elderly subjects fed a normal
diet, thus equalizing their levels with those of the younger group [62].

3.2.2. Mitochondrial Dysfunction Leads to Impairment of the β-Oxidation

During aging, lipid synthesis increases and lipid catabolism decreases, thereby dis-
rupting lipid homeostasis. Mitochondrial FA β-oxidation is the primary pathway for FA
degradation, wherein it plays a crucial role in maintaining the energy balance [63]. Evi-
dence has shown that liver β-oxidation becomes weaker in aged mice compared to young
mice under HFD conditions, as confirmed by the decreased levels of the end-product β-
hydroxybutyrate (BHBA) in the liver [61]. This decrease in FA oxidation was also observed
in another study, which found that levels of BHBA were reduced in the plasma, thereby
indicating a decline in the ketogenic capacity in aging mice [49]. Acylcarnitines transport
FAs into the mitochondria and are essential for β-oxidation to occur. An increase in the
plasma acylcarnitine concentration with age has been observed in healthy individuals, thus
suggesting that mitochondrial function was impaired and β-oxidation declined [64].

Peroxisome proliferator-activated receptor α (PPARα) is a major regulator of the
β-oxidation in all organs, and its dysfunction can contribute to age-related diseases. Stud-
ies have shown that the up-regulation of the advanced glycation end product receptor
(RAGE) in the livers of aging mice leads to the down-regulation of PPARα and the de-
creased expression of downstream target genes regulated by PPARα, such as carnitine
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palmitoyltransferase 1a (CPT1a), carnitine palmitoyltransferase 1b (CPT1b), and acyl-CoA
dehydrogenase medium chain (MCAD), which explains the weakened mitochondrial FA
oxidation and the development of age-related fatty liver diseases [65]. Similarly, a notable
down-regulation of the PPARα and its downstream target proteins, including CPT1a and
acyl-CoA oxidase 1 (ACOX1), were observed in the kidneys of 24-month-old rats. This
down-regulation was attributed to the regulatory effects of the miR-21 and ultimately
contributed to the progression of renal fibrosis [66]. Furthermore, the down-regulation of
the genes involved in FA transport and oxidation was observed in the heart during aging,
thereby leading to cardiac dysfunction [66]. Therefore, decreased FA oxidation during
aging contributes to the occurrence of a variety of age-related diseases.

Interestingly, increased FA oxidation has been observed in a long-lived mouse model,
thus indicating the importance of this process for organism lifespan extension [67]. Build-
ing upon this discovery, investigations have explored the effects of various compounds,
including resveratrol and astragaloside IV, which have the ability to enhance FA oxidation
and positively influence lipid metabolism in aged mice [68,69]. These exciting findings not
only shed light on the mechanism underlying healthy aging, but also hold promise for the
development of novel interventions aimed at improving overall health and longevity.

3.3. Age-Related Changes in Cholesterol Metabolism

There are two sources of cholesterol in the body: exogenous cholesterol, which can
be obtained from the diet via NPC1L1, and endogenous cholesterol, which is primarily
synthesized in almost all tissues, with the liver being the most important organ [70]. The
cholesterol biosynthetic pathway comprises nearly 30 enzymatic reactions that convert
acetyl coenzyme A to cholesterol. However, cholesterol cannot be completely oxidized into
carbon dioxide and water in the body. The primary route of the excretion of cholesterol
is from the liver, where it is converted to BAs and excreted in the feces. The other route
is through the ABCG5/G8 receptors, which remove cholesterol directly and efflux it into
the gallbladder [71]. Cholesterol that enters the gut is metabolized by intestinal bacteria to
form steroids, which are then excreted in the feces.

3.3.1. Endogenous Cholesterol Synthesis Increases during Aging

During aging, dietary cholesterol intake and endogenous cholesterol synthesis increase,
which may contribute to the development of fatty liver disease. Studies have shown that
hepatic cholesterol levels become elevated in senescence-accelerated-prone mice [72]. In a
study on 28-month-old mice, the expressions of cholesterol-synthesis-related genes, such
as glucose transporter 2 (GLUT2), glucokinase (GK), sterol regulatory element-binding
protein-2 (SREBP-2), 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGCR), and
3-hydroxy-3-methylglutaryl-CoA synthase (HMGCS) were increased, and further cellular
experiments showed that the reactive oxygen species (ROS) played an important role in
this process [73]. In addition, other studies have found that the ROS leads to the complete
activation of the 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase, which
is a key rate-limiting enzyme in cholesterol synthesis, thereby leading to the increase in
cholesterol synthesis with age [74]. Furthermore, studies on aging rats have shown that the
ROS can cause the dephosphorylation of the HMG-CoA reductase through the mitogen-
activated protein kinase (p38/MAPK) pathway, thereby leading to its activation [75]. Since
excessive cholesterol accumulation has harmful effects on the body, reducing cholesterol
synthesis through interventions such as the mechanistic target of rapamycin (mTOR) and
sirtuins is of great significance [71].

3.3.2. Bile Acid Enterohepatic Circulation and Lipoprotein Dynamics Changes with Age

Excess cholesterol, particularly LDL-C, is a significant risk factor for atherosclerotic
CVD. To mitigate this risk, the body has developed multiple mechanisms to remove excess
cholesterol from circulation, including both LDL receptor (LDLr)-dependent and LDLr-
independent mechanisms. The LDLr-dependent mechanism involves the binding and inter-
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nalization of LDL particles for lysosomal degradation, while the LDLr-independent mech-
anism involves the conversion of cholesterol into BA via cholesterol 7alpha-hydroxylase
(CYP7A1), which is then followed by metabolism via the gut microbiota. BAs produced by
the liver and gut are recycled and reused through enterohepatic circulation, which helps to
conserve BA reserves and maintain cholesterol homeostasis.

As was previously mentioned, LDL-C levels increase with age, which is associated
with a decrease in the LDL-C clearance. Normally, LDL-C and very low-density lipoprotein
cholesterol (VLDL-C) are removed from circulation by hepatic LDLr to regulate cholesterol
homeostasis [76]. However, studies have shown that hepatic LDLr expression decreases
with age in humans, thus leading to a decrease in the LDL-C clearance from circulation [77].
This decrease has also been observed in elderly mice, as both the gene and protein ex-
pressions of the LDLrs decreased with age [78]. The reduction in LDLr expression may
be mediated by the adenosine monophosphate-activated protein kinase (AMPK) and the
downstream SREBP-2/proprotein convertase subtilisin kexin type 9 (PCSK9)/LDLr signal-
ing pathway. AMPK levels increases with age, and they can regulate lipid metabolism by
affecting the expression of the downstream target gene SREBP-2 [79]. PCSK9 is regulated by
SREBP-2, which promotes the degradation of LDLrs on the surface of hepatic cells [80,81].
The gene expression of SREBP-2 and the blood levels of PCSK9 have been shown to increase
with age [73,82,83]. Therefore, the activation of the AMPK/SREBP-2/PCSK9/LDLr signal-
ing pathway may account for the age-related decrease in the LDLr and LDL-C clearance.
Moreover, in LDLr knockout mice, the plasma LDL levels still increased with age, thereby
indicating that other factors besides the reduction in LDLrs contribute to the imbalance in
cholesterol metabolism throughout the body during aging [84].

Furthermore, BA synthesis decreases with age in humans. Previous studies on biop-
sied livers in the fasting state have shown reduced CYP7A1 expression in the elderly [85,86].
Additionally, aging is inversely correlated with Cyp7a1 mRNA levels [87]. The decrease in
BA synthesis may reduce the utilization of cholesterol in the body, which could lead to an
increase in the plasma cholesterol levels [88]. The age-related decreases in BA synthesis
and their potential impact on cholesterol utilization are closely linked to the observed dis-
turbances in the enterohepatic circulation of BAs during aging, which are evidenced by the
reduced intestinal reabsorption and liver transport of the BAs. Aging was associated with
the decreased mRNA expression of the intestinal BAs reabsorption transporter Asbt [27].
The mRNA expressions of the liver BA uptake transporters Na+/taurocholate cotrans-
porting polypeptide (Ntcp) and organic anion transporting polypeptide 1b2 (Oatp1b2)
were decreased during aging, whereas the expression of the BAs efflux transporter Bsep re-
mained unchanged in aging mice [27,89]. Moreover, there were gender-dependent changes
in the expression of these BA transporters during aging in mice, with Ntcp and Oatp1b2
mRNA expressions being reduced in aging female mice, but remaining constant in ag-
ing male mice [90]. These gender-specific differences in transporter expression may be
regulated by changes in the estrogen levels in female mice after middle age.

4. Lipid-Related Chronic Diseases in the Elderly

Lipid metabolism disorder is one of the key pathogenic factors for the occurrence and
development of a series of lipid-related chronic diseases. In general, lipid-related diseases
include CVD, T2D, NAFLD, and obesity, which seriously threaten public health [91]. Given
that changes in lipid metabolism occur in healthy older adults, it is important to note that
these changes may contribute to pathological alterations. Therefore, understanding the role
of lipid metabolism in the development of these diseases may provide new insights into
their underlying mechanisms and facilitate the development of effective treatments and
prevention for the elderly (Figure 2).
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Figure 2. Key metabolic mechanisms of lipid dysregulation in the elderly and their associated chronic
diseases. The body’s lipid homeostasis is maintained through a combination of hepatic anabolism
and catabolism, adipose tissue storage, peripheral tissue utilization, and subsequent balance in
blood circulation. These endogenous lipid metabolic changes in the elderly include increased lipid
production and accumulation (corresponding to the red box) and decreased lipid consumption
and clearance (corresponding to the blue box), which result in age-related chronic diseases such
as cardiovascular disease, type 2 diabetes, nonalcoholic fatty liver disease, and obesity. ↑ means
studies showing a significant increase; ↓ means studies showing a significant decrease; FA—fatty acid;
TG—triglyceride; TC—total cholesterol; LDL—low-density lipoprotein; LDL-C—low-density lipopro-
tein cholesterol; HDL—high-density lipoprotein; WAT—white adipose tissue; BAT—brown adipose
tissue. Figure 2 was created using Biorender with permission for publication from Biorender.com
(accessed on 9 July 2023).

4.1. Cardiovascular Disease

CVD is recognized as the primary cause of death in elderly individuals and is con-
sidered as a true disease of aging, with atherosclerosis being closely associated with lipid
metabolism disorders [92,93]. Age-related disruptions in lipid metabolism result in the
elevated levels of cholesterol, TGs, and LDLs in the bloodstream, thereby leading to lipid
deposition beneath the inner lining of the blood vessels, which in turn forms atherosclerotic
plaques. Evidence suggests that LDL-C, TC, and TG levels are positively correlated with
the incidence of coronary heart disease, with the TC/HDL-C ratio being the strongest
predictor of coronary heart disease in the elderly [2]. Thus, the continuous monitoring of
these clinical markers is crucial during the aging process [92].

Furthermore, aging is associated with a greater tendency for lipid deposition in the
heart and blood vessels. For instance, 25-month-old mice showed a significant accumulation
of triacylglycerols in their heart tissues compared to 4-month-old mice [94]. Additionally,
elderly mice exhibited higher rates of lipid deposition in their aortic arches than younger
mice [95]. A study on mice has shown that the cluster of differentiation 73 (CD73), which
is an exonuclease that catalyzes the conversion of adenosine monophosphate (AMP) to
adenosine, can promote atherosclerosis on the vessel walls in aged mice by inhibiting lipid
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catabolism [96]. In addition, CD73 is an interesting molecule that could promote excess
vascular lipid accumulation and accelerate atherosclerosis.

Preventing atherosclerosis requires a careful diet and exercise from a young age.
High-TG and low-HDL-C levels at a young age are positively associated with accelerated
epigenetic aging in midlife, thereby indicating that optimal lipid levels in early life may
slow down epigenetic aging and delay the onset of diseases such as atherosclerosis [97].
Furthermore, older adults who engage in regular aerobic exercise have shown elevated
HDL-C levels and decreased TC/HDL-C ratios, thereby suggesting that regular physical
exercise can improve the lipid profile in older adults [43].

4.2. Type 2 Diabetes

T2D is a chronic metabolic disease that is prevalent among the elderly, wherein it
is characterized by lipid metabolism disorders that lead to abnormal lipoprotein levels,
which are often associated with diabetes progression. A study on Chinese older adults
confirmed an independent inverse association between HDL-C levels and diabetes risk [98].
Additionally, the ratio of TG/HDL-C was positively correlated with T2D risk, and other
lipid-related indicators have also been identified as risk factors for predicting T2D [99].
People with T2D have a significantly higher visceral adiposity index, which can serve
as a predictor of T2D risk [100]. The triglyceride-to-glucose fasting index has also been
considered as a supplementary indicator in diagnosing prediabetes in the elderly.

Studies have further shown that lipid metabolism disorders primarily affect glu-
cose metabolism through insulin resistance, thereby leading to diabetes. Impaired lipid
metabolism can contribute to the ectopic storage of adipocytes, thereby leading to insulin
resistance occurrence or development [101]. Along with glucose intolerance, insulin resis-
tance induces T2D during aging [102]. Research suggests that postprandial TG levels in
T2D individuals are higher than in nondiabetic individuals due to insulin resistance in the
intestinal epithelial cells. To improve the postprandial blood lipid and glucose indexes in
T2D, researchers propose a focus on chylomicron metabolism [103].

4.3. Obesity

The increasing prevalence of obesity in the elderly population is a matter of con-
cern [104]. Obesity can accelerate aging and contribute to the development of various
age-related diseases, such as sarcopenia, T2D, CVD, and almost all lipid-related diseases,
which pose a serious threat to the health of the elderly [105]. Research has indicated that
the incidence of obesity in the elderly is associated with lipid metabolism disorders [106].
During the aging process, the activity of the sympathoadrenal system decreases, which
may reduce lipid turnover rates, thereby leading to obesity in the elderly [107,108].

The distribution and function of adipose tissue change during the aging process. Older
adults frequently experience an accumulation of visceral fat and a loss of subcutaneous
fat, with an increase in white adipose tissue size and a decrease in brown adipose tissue
function being the most noticeable changes [109]. Specifically, in older rats, adipocytes
exhibit increased size, reduced DNL and lipolysis, and enhanced esterification [110]. Mean-
while, brown adipose tissue mass decreases, and its ability to produce heat weakens with
aging, thereby leading to fat accumulation and the increased incidence of obesity in the
elderly [111].

Adipose-derived stromal/stem cells (ASCs) play a critical role in energy balance
maintenance, fat storage, and adipocyte homeostasis [112]. Studies have shown that the
ability of ASCs to proliferate and differentiate decreases with age [113]. After transplanting
the ASCs from young mice (2 months) into old mice (22 months), it was found that the
plasticity of the stem cells, liver function, and lipid metabolism of the old mice improved,
thereby indicating that ASCs had a positive effect on the lipid metabolism in aged animals
and had the potential to be used as antiaging and antiobesity agents [114].

15



Nutrients 2023, 15, 3433

4.4. Nonalcoholic Fatty Liver Disease

NAFLD is a significant aging-related issue caused by the accumulation of excessive
hepatocellular LDs, known as simple steatosis, which can progress to nonalcoholic steato-
hepatitis (NASH) and associated fibrosis [115]. Studies have indicated that NAFLD is
prevalent in the elderly population in Asia, wherein it affects approximately 40% of this
population and has the potential to develop into liver fibrosis with aging [116]. Similar ob-
servations have been reported in aging mice, wherein TG and cholesterol contents increased
in the livers of aged mice [46,65,73].

As mentioned previously, studies have demonstrated that aging processes are likely
to promote NAFLD through increased lipid synthesis and decreased lipid catabolism in
the liver [46,65,73]. In addition, dietary fat intake significantly impacts the liver fat in aged
mice. Under the condition of a HFD, the contents of neutral fat in the livers of aged mice
increased compared with young mice. The contents of polyunsaturated FAs with liver-
protective effects decreased, while the contents of saturated and monounsaturated FAs
with lipotoxicity increased [61]. Thus, dietary restriction is protective against hepatocyte
senescence and liver fat deposition in aged mice [117].

Furthermore, understanding the underlying mechanism and identifying effective
therapeutic targets for age-related NAFLD is of great importance. Several potential targets
have been identified in the context of age-related liver conditions. In the livers of aged mice,
the levels of CDGSH iron–sulfur domain-containing protein 2 (Cisd2) decreased by approx-
imately 50%, thus resulting in increased de novo hepatic fat synthesis and accumulation.
Cisd2 is also a promising target for slowing down liver aging [118]. Additionally, previous
experiments showed that, during the aging process, hepatic lipid deposition reduced in
zinc finger gene 1 (JAZF1)-transgene mice, which was possibly due to the decreased gene
expressions involved in adipose storage, including SREBP-1c, SCD-1, and fatty acid syn-
thase (FAS) [119]. This suggests that JAZF1 may be another potential target, which could
prevent lipid production.

5. Conclusions

Fundamentally, lipid metabolism is maintained through a delicate balance between
lipid intestinal digestion and absorption, systemic synthesis, and catabolism. This review
summarizes the adverse changes in lipid metabolism that occur during aging and their
relationship with the development of age-related chronic diseases. The insights from
this review have promising implications for developing nutrition and health guidelines
regarding the distinct lipid metabolism needs of the aging population. The process of
conducting a literature review has revealed inconsistencies in the age-related research
findings, which are possibly due to increased individual differences in the aging process.
Genetic variations, lifestyle choices, environmental exposures, and health conditions all
influence aging outcomes. Addressing this issue requires rigorous, larger-scale prospective
or interventional studies. In addition, utilizing more advanced approaches, such as single-
cell sequencing, spatial transcriptomics, and proteomics could offer profound insights into
the underlying mechanisms of age-related lipid metabolism disorders and may reduce
research discrepancies.

Recent progress has shown that the aging process affects not only one aspect of lipid
metabolism, but every regulatory component of it. Furthermore, lipid-related diseases
are likely to be interconnected, with the occurrence of one disease increasing the risk of
others. Further research is needed to explore the connections between these regulators and
their interactions in causing age-related diseases. Accumulating evidence has shown that a
nutritionally adequate diet is beneficial for all age-related diseases, and dietary intervention
may be a new target for preventing excess fat deposition and for treating lipid-related
diseases in the elderly. Overall, this review offers valuable insights into the prevention
of nutrition-related chronic diseases in the elderly, which is beneficial for promoting a
healthy lifespan.
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Abstract: The number of diabetes mellitus patients is increasing rapidly worldwide. Diet and nutri-
tion are strongly believed to play a significant role in the development of diabetes mellitus. However,
the specific dietary factors and detailed mechanisms of its development have not been clearly elu-
cidated. Increasing evidence indicates the intestinal microbiota is becoming abundantly apparent
in the progression and prevention of insulin resistance in diabetes. Differences in gut microbiota
composition, particularly butyrate-producing bacteria, have been observed in preclinical animal
models as well as human patients compared to healthy controls. Gut microbiota dysbiosis may
disrupt intestinal barrier functions and alter host metabolic pathways, directly or indirectly relating
to insulin resistance. In this article, we focus on dietary fat, diabetes, and gut microbiome characteri-
zation. The promising probiotic and prebiotic approaches to diabetes, by favorably modifying the
composition of the gut microbial community, warrant further investigation through well-designed
human clinical studies.

Keywords: high-fat diet; diabetes; gut microbiota; probiotic

1. Introduction

Diabetes, the epidemic of the 21st century, has become one of the major threats
to human health and has greatly increased the global burden of the disease [1,2]. The
development of diabetes is associated with a number of factors, including excessive dietary
intake, genetics, and a sedentary lifestyle [3]. Dietary composition is an important factor
influencing the risk of developing diabetes [4], and the quantity and/or quality of dietary
fat in diabetes have attracted considerable interest. Dietary fat, especially saturated fatty
acid, has been considered to be an unhealthy dietary component due to its high energy
density [5,6]. The excessive intake of dietary fat is thought to be associated with obesity and
metabolic disorders [7], and the relationship between high-fat diets (HFDs) and diabetes has
received extensive attention in past studies. Studies have confirmed that 59% of safflower
oil can lead to insulin resistance in rats [8]. With HFD supplementation, beta cell senescence
leads to a reduction in insulin release [9].

Gut microbes refer to microbiota present in the gastrointestinal tract and are associated
with energy harvesting and storage and the metabolism of many metabolic functions,
such as amino acids and carbohydrates [10,11]. Gut microbes are affected by diet, and
when mice were shifted to a high-fat, high-sugar diet, the structure of the microbiota was
altered within one day [12]. An HFD of 60% lard and soybean oil resulted in a decrease
in Bacteroidetes and an increase in Firmicutes and Proteobacteria in mice [13]. Imbalances in
gut microbes are associated with metabolic diseases such as obesity and diabetes through
mechanisms such as increasing the amount of energy obtained from the diet, affecting fatty
acid metabolism in the liver and adipose tissue, and increasing serum concentrations of
branched-chain amino acids causing insulin resistance [14–16].
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This review discusses possible metabolic dysregulation induced by an HFD, partic-
ularly the changes in diabetes and gut microbes. In order to mitigate the prevalence of
diabetes caused by an HFD, appropriate animal models are selected to explore the cel-
lular and molecular mechanisms between gut microbiome and diabetes. Moreover, this
review highlights the anti-diabetic effects of dietary therapy, therapeutic interventions, and
probiotics, as well as the mechanisms of their actions.

2. High-Fat-Diet-Induced Metabolic Dysfunction

2.1. Consumption of Dietary Fats Is Generally Increasing

Over thousands of years, diet consumption, in conjunction with other aspects of daily
lifestyles such as exercise, has been associated with metabolic health. As one of the three
important nutrients, dietary fats are mainly from edible oils, dairy products, meat, nuts, and
other foods. They provide energy, act as a carrier of fat-soluble vitamins, and participate in
the metabolism of cells and tissues as biologically active components [17,18]. Inadequate
total dietary fat intake can easily lead to malnutrition. However, excessive dietary fat intake
is also associated with nutrition-related diseases, including obesity, diabetes, heart disease,
and cancer [19].

A typical Western diet contains different forms of fats, such as triglycerides, cholesterol,
phospholipids, and long-chain fatty acids. Recently, people’s dietary structure has gradually
shifted towards a high-calorie diet with increasing dietary fat intake since the occurrence
of economic development and industrialization. The Global Burden of Disease Nutrition
and Chronicity Expert Group systematically assessed dietary consumption in 187 countries
worldwide and showed that the global average intake of polyunsaturated fatty acids
(PUFAs) was about 5%, and the average intake of saturated fatty acids (SFAs) was about
11% [20]. A study of 29 countries found that total trans fat (TFA) intake ranged from 0.3%
to 4.2% of total energy intake (E%) in each country, with seven countries having trans-fat
intakes above the WHO recommendation of 1% [21]. The Chinese National Nutrition
Survey shows that between 1992 and 2002, the total fat intake of Chinese people rose from
22% to 29.8%, with the amount of energy obtained from animal food rising from 9.3%
to 13.7% [22]. The excessive intake of dietary fat can lead to the development of various
chronic diseases related to fat metabolism.

Both the US Public Health Dietary Recommendations and the UK Public Health
Dietary Recommendations state that total fat consumption should be reduced to less than
35% of total energy intake, with the saturated fat intake being limited to less than 10%
of daily calories [23]. A high-fat diet in humans refers to a calorie intake of 30–75% [24].
As can be seen from the literature, diets with different higher fatty acid compositions are
considered to be HFDs. Stocks T et al. defined an HFD as an intake of 40–45% of energy
derived from fat [25]. André J Tremblay defined an HFD in a cohort study as 37% fat
intake, with saturated fat intake at 15%, monounsaturated fatty acids (MUFAs) at 12.7%,
PUFA at 4.3%, and TFA at 3.5% [26]. Osterberg et al. regarded an HFD as 55% fat intake
in their study, with saturated fat accounting for 25% of total energy intake [27]. Cameron
J Holloway, in his study, chose an HFD as one in which 70% of the daily calorie intake is
fat [28].

2.2. Excessive Dietary Fat Intake Exacerbated Metabolic Disorders

Excessive fat intake can lead to excess nutrients in the body and adversely cause
systematic metabolic changes in blood plasma, liver, urine, and other organs, involving
multiple metabolic pathways, including tricarboxylic acid cycle, glycolysis, lipogenesis,
and gut microbiota functions together with the metabolisms of fatty acids, amino acids,
choline, and others. These dynamic metabolic responses may result in the development
and progression of HFD-induced metabolic disorders, including the dysbiosis of gut
microbes [29] and the inflammation of peripheral tissues such as the central nervous
system, liver, adipose tissue, and skeletal muscle [30,31].
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Although there is still some controversy, a growing body of research points to the
development of cardiovascular disease with excessive fat intake (especially SFA) [6,32]. An
HFD fed to mice can lead to endothelial dysfunction by reducing the ability of vascular
tissue to scavenge superoxide anions [33]. Compared to an HFD with unsaturated fatty
acids such as olive oil, a 60%-lard diet reduces endothelial NO synthase activity, thereby
affecting vascular homeostasis [34]. In a rabbit model, HFD induction led to early vascular
injury through endothelial dysfunction and increased vascular reactivity [35]. A random-
ized controlled trial (RCT) has also shown that high SFA intake leads to increased plasma
concentrations of medium and small LDL particles, increasing the risk of cardiovascular
disease [36].

An association between an HFD and cognitive impairment and neurodegenerative
diseases has also been found in human epidemiological studies [37]. SFA intake has been
positively associated with Alzheimer’s disease, dementia, mild cognitive impairment, and
cognitive decline [38,39]. An HFD induces oxidative stress in the brain leading to cognitive
impairment and enhances cerebral amyloid angiopathy promoting the development of
Alzheimer’s [40,41]. A high-fat palm oil diet for 16 months leads to amyloid deposits
in the brains of mice, thought to be a marker of Alzheimer’s disease [42]. Cognitive
impairment due to an HFD may be related to oxidative stress. A 60%-lard diet increases
brain inflammation in mice, significantly increasing the expression of the cytokines TNFα
and IL-6, and the chemokine MCP-1, leading to impaired cognitive performance [40]. In
rats, a diet of 40% fat for three months was found to impair learning and memory function,
with more severe damage seen with a diet rich in SFA, lard, compared to a diet rich in
unsaturated fatty acids, soybean oil [43].

It has been well documented in human and animal models that high-fat diets are asso-
ciated with fatty liver disease. The HFD diet is widely used to induce hepatic steatosis or
non-alcoholic fatty liver disease in experimental animals. The accumulation of triglycerides
and cholesterol in the livers of rats fed 35% lard for 12 weeks occurs, which can lead to
fatty liver degeneration [44]. Mice fed an HFD developed varying degrees of fatty liver
disease [44]. Mice induced with an HFD for 16 weeks showed an obese and inflammatory
phenotype, while the liver showed an increase in natural killer T cells and clusters of
differentiation (CD)8+ T-cells, which play an important role in obesity-associated adipose
tissue inflammation [45]. It has been suggested that total fat intake is positively associated
with hepatic steatosis in overweight adolescents [46]. Lisis et al. confirmed that total fat
intake was associated with non-alcoholic fatty liver in patients with hepatic steatosis [47].

There is a general consensus that a long-term HFD leads to diabetes, established in
both animal and human experiments. Diabetes (defined as fasting blood glucose equal
to or above 7 mmol/L) is a chronic metabolic disease caused by insulin abnormalities
and manifested as an increase in blood glucose [44,48]. Diabetes can lead to a variety of
complications, including retinopathy, nephropathy, peripheral neuropathy, cardiovascular
and cerebrovascular complications, arteriopathy of the lower limbs, and hypertension [49].
According to the classification proposed by the American Diabetes Association and adopted
by the WHO [45], there are four types of diabetes: type 1 diabetes, type 2 diabetes, ges-
tational diabetes, and other special types of diabetes such as neonatal diabetes, etc. [46].
According to the 10th edition of the Diabetes Atlas published by the International Diabetes
Federation [47], the global prevalence of diabetes among people aged 20–79 years was
predicted to be about 10.5% (536.6 million people) in 2021, rising to 12.2% (783.2 million
people) in 2045. The 2017 Global Burden of Disease Study states that diabetes is the lead-
ing cause of diet-related death and disability, second only to cardiovascular disease and
cancer [50]. The pathogenesis of type 2 diabetes is complex, and the causes of diabetes
have not yet been fully explored. Diabetes is associated with a number of factors, including
lifestyle, genetic, and environmental factors, with diet playing an important role in the
pathogenesis of type 2 diabetes. Excessive energy intake is thought to be a major cause of
the type 2 diabetes epidemic [51]. In a nurses’ health study, higher dietary intake of TFA
was associated with increased diabetes [52]. A prospective cohort study noted that whole
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grain intake was negatively associated with type 2 diabetes [53]. With a long-term HFD, a
lack of exercise, genetics, and aging, the body becomes metabolically disturbed, and the
balance of blood glucose in the body is disturbed, causing an increase in blood glucose
and leading to the development of type 2 diabetes. An HFD is currently one of the main
methods of inducing diabetes in rodent models, and HFD-induced diabetes in rodents
is associated with weight gain, hyperglycemia, insulin resistance, hyperinsulinemia, and
accumulation of lipids [50]. An HFD can lead to hyperglycemia, insulin resistance, and
damage to pancreatic beta cells by affecting glucose and lipid metabolism in the metabolic
organs [51].

3. HFD-Induced Diabetes in Animal Models and Humans

An HFD leads to fat accumulation and increased blood sugar, causing insulin resis-
tance and beta cell damage, causing diabetes in humans [30]. The ethical aspects of human
research have necessitated the development of animal models of diabetes. Animal models
of diabetes can better explore the pathogenesis of diabetes and help to reveal the pathogene-
sis of diabetes. Currently, common models of diabetes include rodents, non-human primate
models, large animals, and non-mammalian models [54]. Within these models, HFD induc-
tion is a common approach, and common symptoms of HFD-induced diabetes in animal
models include weight gain, hyperinsulinemia, and disruption of glucose homeostasis [55].

3.1. HFD-Induced Diabetes in Human Intervention Studies

The strongest evidence about the relationship between diet and the progression of dis-
ease comes from RCTs. Most of the current studies on the relationship between an HFD and
diabetes are cohort studies. An HFD can lead to high type 2 diabetes by affecting glucose
and lipid metabolism, which in turn can impair the function of major metabolic organs [56],
including adipose tissue, pancreas, and liver. Table 1 summarizes the relationship between
dietary fat and diabetes in human studies.

Adipose tissue is a loose connective tissue consisting of cells filled with lipids [57].
As an important organ involved in energy homeostasis, adipose tissue produces various
bioactive substances, such as adipocytokines and fatty acids, which play a key role in the
development of diabetes [58]. An HFD also has an effect on gene expression in adipose
tissue; an RCT of patients with metabolic syndrome found that a high saturated fat diet
increased the expression of lipolytic genes, which may be associated with impaired insulin
sensitivity [59].

The pancreatic beta cells can maintain blood glucose stability by secreting insulin to
promote glucose uptake by peripheral tissues [60]. Type 2 diabetes eventually develops
when pancreatic beta cells do not secrete enough insulin to meet the demands of insulin
resistance. The decrease in beta cell mass in type 2 diabetics is due to beta cell apoptosis [61].
In pre-diabetes, blood glucose can still be maintained at normal levels due to the com-
pensatory response of the beta cells [62]. As oxidative stress and inflammatory responses
proceed in later stages, the compensatory mechanisms of the beta cells are continuously
compromised, eventually leading to the development of type 2 diabetes [63].

Under normal physiological conditions, hepatic glucose production is regulated by a
combination of insulin and glucagon, with glucagon inducing hepatic glucose production
and insulin inhibiting it [64]. As there is insulin resistance in diabetes, the inability of
insulin to suppress liver glucose production leads to hyperglycemia [65]. An HFD can
lead to fat accumulation in the liver, causing insulin resistance and thus disrupting blood
glucose homeostasis. An HFD has been shown to significantly increase liver fat levels in
56% of obese women [66].
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Table 1. High-fat diet and human diabetes intervention studies.

Diet Participants Duration Findings References

Randomized controlled intervention trials (RCTs)

50 E % carbohydrate, 20 E % protein, 5
E% PUFAs

• SFA: 20 E% SFAs, 5 E% MUFAs
• cis-MUFA: 20 E% cis-MUFAs, 5

E% SFAs
• trans MUFA: 20 E%

trans-MUFAs, 5 E% SFAs

Obese type 2 diabetes
patients aged 42–58

(N = 16)
6 weeks

No difference in postprandial
glucose and serum lipids;

increased serum insulin and
C-peptide for SAT and trans

MUFA diets

[67]

45 E% carbohydrate, 15 E% protein

• Saturated fat diet (butter and
margarine)

• Monounsaturated fatty acid diets
(oleic acid)

Healthy people aged
30–65 (N = 162) 3 months

Insulin sensitivity was
significantly impaired for SAT

diet, while there was no
difference for MUFA diet

[68]

• Control group: regular diet
• Intervention group:

carbohydrate >50 E%, fat <30 E%

Overweight people
aged >40 with

glucose tolerance
(7.8–11.1) mmol/l

(N = 102)

3.1 years
55% reduction in the incidence
of diabetes in the intervention

group
[69]

Cohort

Fat intake (total, SFA, MUFA, and
PUFA)

Healthy people aged
40–69 (N = 1173) 2 years

Total fat is negatively
associated with insulin

sensitivity
[70]

Fat intake (SFA, MUFA, PUFA, TFA,
long-chain omega-3 PUFA, and

animal and vegetable fat)

Healthy women aged
45–50 (N = 35,988) 11 years

Diabetes incidence is
negatively associated with

vegetable fats
[71]

Fat intake (total fat, SAT, MUFA-oleic
acid, PUFA-linoleic acid)

Healthy men aged
40–75 (N = 42,504) 12 years

Total fat and SAT intake are
associated with a higher risk of

type 2 diabetes
[72]

Foods high in fat (vegetable oils,
butter, margarine, nuts and seeds, and

cakes and biscuits)

European Prospective
Investigation into

Cancer (N = 340,234)
9 years

Margarine consumption is
positively associated with

diabetes risk
[73]

Fat intake (SFA, MUFA, PUFA, TFA,
animal fats, vegetable fats, marine
omega-3 fatty acids, non-marine

omega-3 fatty acids, and omega-6
linoleic acid (18:2n-6))

The people who were
free of diabetes but

were at high
cardiovascular risk

were aged 55–80
(N = 3349)

4.3 years
SAT and animal fats (cheese

and butter) are associated with
a higher risk of diabetes

[74]

Fat intake (SFA, MUFA, and PUFA) Healthy women aged
45–50 (N = 8370) 6 years

Intake of MUFA, total n-3
PUFA, α-linolenic acid, and
n-6 PUFA were positively

associated with the incidence
of diabetes

[75]

Total fat, SFA, MUFA, PUFA, and TFA Healthy women aged
45–50 (N = 84,204) 14 years

TFA intake was positively
associated with the risk of

diabetes, while PUFA intake
was negatively associated with

the direction of diabetes

[76]
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Table 1. Cont.

Diet Participants Duration Findings References

Type of fat and amount of fat: oils and
margarine used during cooking and at

the table

Healthy women aged
30–55 (N = 83,648) 32 years

Higher intakes of linoleic acid
are associated with a lower

risk of type 2 diabetes
[77]

Healthy women aged
25–44 (N = 88,610) 22 years

Healthy men aged
40–75 (N = 41,771) 26 years

Consumption of nuts and peanut
butter (monounsaturated and
polyunsaturated fatty acids)

Healthy women aged
35–49 (N = 83,818) 16 years

Women who ate nuts or
peanut butter at least five

times a week had a lower risk
of developing diabetes

[78]

3.2. HFD-Induced Diabetes in Animal Models

Intervention human studies have necessitated the development of animal models
of diabetes, including mice, rats, Drosophila, zebrafish, and so on, to better explore the
pathogenesis of diabetes and help to reveal the pathogenesis of diabetes. An HFD affects
the major insulin-sensitive tissues of the animal model, including adipose tissue, the
pancreas, and the liver. Rodent models are the most widely used animal models of diabetes
and have been well-studied. Large animal models have physiological conditions more
similar to those of humans, including physiological and pathological features. Primate
models are very similar to humans but are more expensive and have a longer life cycle. Non-
mammalian models, such as fruit flies and zebrafish, have a variety of advantages, such as
short growth cycles, simple husbandry, low cost, and high reproductive capacity [54,79].
Table 2 summaries the animal models induced by an HFD, including fat type and amount,
duration, animal species, and symptoms

Adipose tissue has an important role in the development of diabetes, and adipose
tissue is a major site for storing gluconeogenic substrates and energy [80]. An HFD can
alter the expression of genes in adipose tissue, down-regulating genes encoding lipid
metabolizing enzymes or markers of lipid differentiation, and increasing genes encoding
markers of inflammation [81]. The B-cell activating factor (BAFF) is a tumor necrosis
factor (TNF) ligand family protein that is a key factor in the development of poor glucose
tolerance [82]. Mice fed an HFD had significantly increased BAFF in visceral adipose
tissue and serum [83]. The pro-inflammatory cytokine TNF-α is associated with insulin
resistance [84], and an HFD of both lard and soybean oil can increase TNF-α expression
levels in adipose tissue [85].

The pancreas is a key site for regulating the secretion of insulin and glucagon, and an
HFD can have an impact on the pancreas, leading to the development of diabetes. Several
studies have pointed out the mechanism by which an HFD can enhance the compensation of
pancreatic β-cells. For example, Jonatan Ahrén et al. found an increase in β-cell volume and
β-cell numbers after feeding mice with a 60% lard diet for three months [86]. Kanno et al.
found that the compensatory mechanism of islet cells in those on an HFD resulted mainly
from increased levels of insulin translation [87]. Ribeiro et al. found that an HFD induced
islet hypertrophy and a compensatory morpho-functional shift in pancreatic β-cells [88].
However, it has also been suggested that an HFD can directly lead to the degeneration
of islet cell function. The levels of glucose transporters (GLUT)2 and glucokinase mRNA
in rat pancreas were significantly reduced after 10 weeks of HFD feeding, and an HFD
can reduce insulin secretion by impairing signal transduction in pancreatic β-cells [89]. In
ZDF rats fed an HFD for a long period of time, the pancreas developed fat accumulation,
which may have led to pancreatic fibrosis, acinar cell damage, and pancreatic stellate cell
activation [90,91].
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The liver is the main site of carbohydrate and fat utilization and plays an important
role in controlling glucose intake, fat metabolism, and energy balance [92]. Liver fat
accumulation is associated with insulin resistance, and excess fat intake leads to increased
levels of free fatty acids and increased triglyceride deposition in the liver [93].

Table 2. Animal model of high-fat-diet-induced diabetes mellitus.

High-Fat Diet Duration Mode Findings References

335 g/kg corn oil
and lard 11 weeks Japanese fancy

mouse 1
Impaired glucose tolerance, hyperglycemia,

hyperinsulinemia, and obesity [94]

58% lard 12 months C57BL/6J mice Weight increase, circulating insulin increase,
and impaired glucose tolerance [55]

42% lard
42% olive 12 weeks Male Wistar rats Obesity and insulin resistance [95]

43% fat Different ages Nile rat
Hyperinsulinemia, high blood glucose,

insulin resistance, abdominal adiposity, and
impaired glucose clearance

[96]

20% coconut oil 14 days Drosophila

Induced insulin resistance, elevated
triglyceride and circulating glucose, and

elevated expression of glass bottom boat (a
Drosophila homolog of mammalian

transforming growth factor-β)

[97]

30% fat vegetable
shortening and beef

tallow
8 weeks Guinea pigs

Impaired glucose tolerance, β-cell
hyperplasia, compensatory hyperinsulinemia,

and dyslipidemia with hepatocellular
steatosis

[98]

80% fat (lard) 7 weeks Dogs Decreased insulin sensitivity [99]

8% trans fatty acids 6 years African green
monkeys

Increased intra-abdominal fat deposition,
hyperinsulinemia, elevated fructosamine, and

reduced muscle AKT (protein kinase)
phosphorylation

[100]

Six feeds/day (11%
fat) 8 weeks Zebrafish Increased blood glucose, impaired glucose

tolerance, and insulin resistance [101]

3.3. Gut Microbiota Dysbiosis in HFD-Induced Diabetes

From a physiological point of view, one of the most important links between an HFD
and diabetes is the gut microbiota–host axis, as well as the factors released from intestinal
metabolites, mediating bidirectional communication between the intestines and the host.
Specific intestinal flora community profiles have been suggested to promote type 2 dia-
betes. Type 2 diabetic patients have dysbiosis of gut microbes with a reduced abundance
of butyrate-producing bacteria (including Eubacterium rectale, Roseburia intestinalis, and
Roseburia inulinivorans) and an increased abundance of pathogens (such as Clostridium
ramosum, Clostridium symbiosum, Eggerthella lenta, and Escherichia coli) [102]. Emerging
evidence demonstrates that changes in the ratios between gut microbiota, such as the ratios
of Bacteroides and Firmicutes, are associated with the development of type 2 diabetes [103].

Recent studies have also found that type 2 diabetes caused by an HFD may be associ-
ated with gut microbes. Diet is a major factor influencing the composition and function of
gut microbes. Animal experiments have shown that an HFD affects gut microbes. Com-
pared to the normal diet, mice fed a high-fat diet were more susceptible to diabetes, which
may be associated with a reduction in Bifidobacteria [104]. In mice on a 45% HFD, there
was a decrease in Bacteroidetes and an increase in Firmicutes and Proteobacteria [13]. The
HFD reduced the mice’s Akkermansia, Coprococcus, and Ruminococcus, increased Odoribacter
and Parabacteroides, and led to a reduction in short-chain fatty acids (SCFAs) [105]. SCFAs
can alleviate diet-induced insulin resistance, and a reduction in SCFAs may lead to type 2
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diabetes [106]. An HFD can affect the production of immunoglobulin A, a key regulator
of glucose homeostasis, an immune-derived molecule in the gut [107]. Table 3 below
summaries the gut microbiota of animals with high-fat-diet-induced diabetes.

Table 3. Effect of an HFD on gut microbes in diabetic animal models.

Mode Mode High-Fat Diet Duration Sample Impact on Microbiota References

Mice

C57BL/6

72% fat (corn oil
and lard) 3 months

Ileum,
caecum,

and colon

Decrease Bacteroidetes, Proteobacteria
Increase Firmicutes, Deferribacteres,

Lachnospiraceae
[108]

60% fat 13 weeks Caecum Decrease Bacteroidetes
Increase Proteobacteria [109]

60% fat (soybean
oil and lard) 8 weeks Fecal

Decrease Bacteroidetes
Increase Firmicutes, Deferribacteres,

Actinobacteria
[110]

60% fat 16 weeks Fecal
Decrease Actinobacteria
Increase Proteobacteria,

the ratio of Bacteroidetes to Firmicutes
[111]

60% fat
+STZ 5 weeks Fecal

Increased ratio of Firmicutes to
Bacteroidetes

Decrease Rikenellaceae
Increase Ruminococcaceae and

Erysipelotrichaceae

[112]

60% fat (soybean
oil and lard) 18 weeks Fecal

Decrease Akkermansia
Increase Muribaculaceae and

Eubacterium
[113]

60% fat (soybean
oil and lard)

+STZ
11 weeks Fecal Decrease Bacteroides

Increase Firmicutes [114]

60% fat (soybean
oil and lard)

+STZ
6 weeks Fecal

Increase the ratio of
Firmicutes/Bacteroidetes
Decrease Akkermansia,

Muribaculaceae, Bacteroides,
Fusobacterium, and Dubosiella
Increase Colidextribacter and

Helicobacter

[115]

C57BL/6J

60% fat (soybean
oil and lard) 8 weeks Fecal

Decrease Bacteroidetes
Increase Firmicutes, Proteobacteria,

Deferribacteres
[116]

60% fat (soybean
oil and lard) 8 weeks Cecal Decrease Bacteroidetes

Increase Firmicutes [117]

41% fat 15 weeks Fecal

Decrease Akkermansia, Coprococcus,
and Ruminococcus

Increase Odoribacter and
Parabacteroides

[105]

60% fat +STZ 12 weeks Fecal Decrease Bacteroidetes
Increase Firmicutes [118]

60% fat (soybean
oil and lard) 17 weeks Fecal Decrease Actinobacteria [119]

72% fat (corn oil
and lard) 4 weeks Cecal

Decrease Lactobacillus spp.,
Bifidobacterium spp., and
Bacteroides-Prevotella spp.

[120]

60% fat (soybean
oil and lard) 12 weeks Fecal

Increased ratio of Firmicutes to
Bacteroidetes

Decrease Bacteroidetes
Increase Proteobacteria, Firmicutes

[121]

45% fat (lard) 8 weeks Fecal
Decrease Bacteroidetes and

Actinobacteria
Increase Firmicutes

[122]
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Table 3. Cont.

Mode Mode High-Fat Diet Duration Sample Impact on Microbiota References

60% fat (soybean
oil and lard)

+STZ
7 weeks Fecal Decrease Verrucomicrobia

Increase Saccharibacteria [123]

45% fat (soybean
oil and lard) 14 weeks Fecal

Decrease Akkermansia
Increase the ratio of Firmicutes and

Bacteroidetes
[124]

BALB/c 40% fat +STZ 8 weeks Fecal
Decrease Firmicutes, Proteobacteria,

and Actinobacteria
Increase Bacteroidetes, Actinobacteria

[125]

Swiss 55% fat 12 weeks Fecal Decrease Firmicutes, Actinobacteria
Increase Bacteroidetes [126]

Rats

Wistar rats

58% fat +STZ 12 weeks Fecal Decrease Lactobacillus spp.
Increase Bifidobacterium spp. [127]

60% fat 6 months Fecal
Decrease Actinobacteria,

Proteobacteria, and Bacteroidetes
Increase Firmicutes

[128]

Sprague
Dawley rats

60% fat (soybean
oil and lard) 10 weeks Fecal

Decrease Bacteroides/Prevotella
Increase Firmicutes, Bifidobacterium

spp., Enterobacteriaceae, and
C. leptum.

[129]

10% lard +
normal diet 12 weeks Fecal Decrease Firmicutes

Increase Bacteroidetes, Proteobacteria [130]

60% fat (soybean
oil and lard) 4 weeks Fecal Increase the ratio of Firmicutes to

Bacteroidetes [131]

7% lard + normal
diet 9 weeks Fecal Decrease Proteobacteria

Increase Firmicutes [132]

High-fat diet
(lard) 12 weeks Fecal

Decrease Actinobacteria,
Proteobacteria

Increase Firmicutes
[133]

High-fat diet
(soybean oil and

lard)
15 weeks Colonic

Decrease Clostridium and
Faecalibacterium

Increase Bacteroides, Butyricoccus,
Parabacteroides, Rikenella,

Bifidobacterium, Allobaculum,
Dehalobacterium, Lactobacillus,

Oscillospira, Ruminococcus, and
Desuifovibrio

[134]

45% fat (soybean
oil) 24 weeks Fecal and

cecal
Decrease Bacteroidetes

Increase Firmicutes [135]

4. Measurements to Treat Diabetes

With aging and urbanization, the number of people with diabetes is increasing, and
the prevalence of diabetes continues to rise [136]. Therefore, the prevention and treatment
of diabetes is now an important issue for people. Current treatments for diabetes include
medication, dietary interventions, and physical activity [137]. In recent years, with intensive
research into gut microbes and diabetes, probiotics may be a new way to treat diabetes.

4.1. Therapeutic Interventions for Diabetes

When dietary interventions are not feasible, medication may be considered as a strat-
egy to prevent the development of type 2 diabetics. The chemical drugs used can be divided
into biguanides, sulfonylureas, thiazolidinediones, glucosidase inhibitors, etc., according to
the mechanism of action and chemical structure [138,139]. Metformin, a biguanide, is the
most widely used oral hypoglycemic drug, with the advantages of safety and effectiveness,
cardiovascular protection, and low cost, and is recommended as a first-line drug by the

30



Nutrients 2023, 15, 922

American Diabetes Association and the European Diabetes Association [140]. Metformin
acts primarily on the liver and can improve hyperglycemia by inhibiting hepatic glucose
production [141]. Metformin can act by inhibiting mitochondrial respiratory chain complex
I, increasing the AMP/ATP ratio and activating AMPK-activated protein kinase [142,143].
The therapeutic effect of metformin may be related to its effect on gut microbiota, confirmed
in animal models and clinical studies. Metformin decreases Bacteroides fragilis in type 2
diabetics and also increases the abundance of the mucin-degrading bacterium Akkermansia
in HFD mice [144,145]. Sulphonylureas are a class of drugs that promote insulin secretion
and can act by binding to the SUR subunit of the ATP-sensitive potassium channel in
pancreatic cells [146]. However, the effects of sulfonylureas on gut microbiota have still
not been well studied. Thiazolidinediones improve insulin sensitivity, and rosiglitazone
and pioglitazone are representatives of these drugs. Thiazolidinediones are agonists of
peroxisome proliferator receptor gamma (PPARγ), which can enhance insulin target tis-
sues (muscle, fat, liver) and accelerate glucose utilization by activating PPARγ to promote
the expression of genes related to glucose transport and lipid metabolism [147,148]. The
relative abundance of Proteobacteria decreased after the treatment of HFD mice with pi-
oglitazone [149]. Thiazolidinediones may cause a variety of side effects, such as heart
failure, cardiovascular death, edema, and fractures [150]. Oral α- glucosidase inhibitors
can improve hyperglycemia by delaying the breakdown of carbohydrates into glucose.
Currently, the three clinically approved glucosidase inhibitors include acarbose, voglibose,
and miglitol [151]. A double-blind RCT of acarbose altered gut microbiota in prediabetic
patients, decreasing Ruminococcaceae and Lachnospiraceae and increasing Lactobacillaceae,
Ruminococcaceae, and Veillonellaceae [152].

4.2. Dietary Interventions to Alleviate Diabetes

Most health organizations point to dietary interventions as a powerful treatment
for diabetes, with controlled diets improving insulin sensitivity and reducing the risk of
diabetes and its complications [153]. The American College of Lifestyle Medicine believes
that diabetes can be treated with dietary interventions that use whole food, plant-based
eating patterns, and increase the intake of unrefined plant foods in the daily diet while
eliminating or minimizing the intake of animal foods and refined foods, and with moderate
exercise in life [154]. The impact of dietary interventions on diabetes includes effects
through indirect weight loss and direct consumption of a variety of nutrients with health
benefits [155]. Being overweight is considered to be one of the important factors associated
with the risk of diabetes [156,157]. Dietary interventions can reduce weight and improve
diabetes by reducing the intake of fat.

As carbohydrate catabolism causes blood glucose to rise, reducing carbohydrate intake
in the daily diet can be a good treatment for type 2 diabetes [158]. A low-carbohydrate
diet, as defined by the American Diabetes Association, is 130 g/day or less than 26% of
total daily energy intake [159]. The traditional Mediterranean diet of minimally processed
whole grains has also been shown to have significant benefits for diabetes [160].

Specific types of dietary fat may affect diabetes. The KANWU study found that
replacing a diet with monounsaturated fatty acids (23%E for MUFA, 8%E for SFA, 6%E
for PUFA) over saturated fatty acids (17%E for SFA, 14%E for MUFA, 6%E for PUFA)
improved insulin sensitivity at a total fat intake below the median (37E%) [68]. Another
study also confirmed that a diet rich in MUFA could improve central fat distribution
and insulin resistance [161]. The Iowa Women’s Study found a reduced risk of diabetes
when saturated fatty acids were replaced with unsaturated fatty acids [71], and a study by
Summers et al. also noted that replacing saturated fatty acids with unsaturated fatty acids
improved insulin sensitivity and abdominal fat accumulation [162]. n-3 PUFA improves
high-fat-diet-induced insulin resistance. n-3 PUFA in fish oil improves insulinemia, lipid
metabolism, and glucose metabolism in insulin-resistant rats [163]. Different dietary fat
types may influence the affinity of insulin receptors by affecting the fatty acid composition
of cell membranes [164]. It has also been suggested that dietary fat can modulate the

31



Nutrients 2023, 15, 922

expression of genes involved in lipid metabolisms that affect diabetes, such as fatty acid
transport proteins and fatty acid synthases [165]. Increased inflammation may lead to
insulin resistance, and PUFA acid intake may improve inflammation, e.g., n-3 PUFA may
inhibit Toll-like receptors on the cell surface and reduce the production of inflammatory
cytokines [166,167].

Other than the chemical drugs currently used to treat diabetes, natural plant foods such
as fruits and vegetables, which are rich in nutrients such as antioxidants and polyphenols,
can improve adipokines and oxidative stress, significantly improving beta cell function and
insulin sensitivity [168,169]. Table 4 below summaries the potential mechanisms of natural
products in food for the treatment of diabetes.

Table 4. Potential mechanisms of natural products in foods in animal models of diabetes.

Natural Products Model Potential Mechanisms References

hesperidin male C57BL/KsJ-db/db
mice

↑ hepatic glucokinase activity, glycogen
concentration, plasma insulin, C-peptide, and leptin

↓ hepatic glucose-6-phosphatase and
phosphoenolpyruvate carboxykinase

[170]

cyanidin 3-glucoside HFD-induced obese rat
and db/db mice

↑insulin sensitivity, phosphorylation of forkhead
box O1

↓inflammatory cytokines, hepatic triglyceride, c-Jun
N-terminal kinase activation

[171]

quercetin db/db mice
↑insulin, triglyceride, glycogen, the ratio of B-cell

lymphoma-2/Bcl2-Associated X
↓the activation of caspase-3, -9, -12

[172]

kaempferol HFD-fed C57BL/6 male
mice

↑AKT and hexokinase activity
↓pyruvate carboxylase and glucose-6 phosphatase

activity
[173]

ferulic acid C57BL/KsJ db/db mice

↑plasma insulin, hepatic glycogen synthesis, and
glucokinase activity

↓total cholesterol and low-density lipoprotein
cholesterol

[174]

resveratrol
streptozotocin-

nicotinamide-induced
diabetic rats

↑insulin
↓blood glucose, glycosylated hemoglobin, TNF-α,

IL-1β, IL-6, NF-κB p65 unit, nitric oxide, superoxide
dismutase, catalase, glutathione peroxidase, and

glutathione-S-transferase

[175]

genistein streptozotocin-induced
diabetic mice

↑insulin, protein expression of cyclin D1, islet β-cell
proliferation, survival, and mass [176]

anthocyanins HFD-fed Zucker rats ↑adipose and skeletal muscle PPAR activity
↓triglycerides, abdominal fat mass, insulin resistance [177]

conophylline streptozotocin-treated and
Goto-Kakizaki rats ↑ insulin, β-cell differentiation [178]

berberine streptozotocin-induced
rats

↑insulin sensitivity, insulin receptor mRNA, protein
kinase C activity [179]

ginsenosides HFD-fed C57BL/6J mice
↑glucose uptake

↓ TNF-α-induced activation of MAPK and NF-κB
signaling pathway

[180]

↑: Increased gene expression, increased content in the body, improved insulin sensitivity. ↓: Gene expression
decreases, content decreases.

4.3. Potential Probiotics Help with Diabetes

Probiotics refer to the beneficial microbiota which inhabit the gut and have a variety
of health functions [181]. The development of diabetes is closely linked to gut microbes,
and therefore the regulation of gut microbes through probiotics could be a new approach
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to treating diabetes. The hypoglycemic effect of probiotics has been confirmed in both
in vitro and in vivo experiments. Zhu et al. found that most of the Lactobacillus species
inhibited dipeptidyl peptidase IV and α-glucosidase by cell-free excretory supernatants
and cell-free extracts prepared from 21 Lactobacillus species [182]. Several studies have
shown that probiotics can lower blood sugar to varying degrees in diabetic animals, such
as Lactobacillus plantarum [183], Lactobacillus casei [184], Lactobacillus rhamnosus [185], and
Clostridium butyricum [186]. A meta-analysis indicated that probiotics significantly lowered
hemoglobin A1c, fasting blood glucose, fasting insulin, triglycerides, and total cholesterol,
and improved the symptoms of diabetes [187]. High endotoxemia was demonstrated
in high-fat-fed mice. Supplementation with oligofructose to increase the number of gut
Bifidobacteria revealed that endotoxemia was negatively correlated with Bifidobacteria and
also improved glucose tolerance and insulin secretion with increased Bifidobacteria [188].

The mechanisms by which probiotics improve diabetes include direct effects on the
gut microbiota, anti-inflammatory and immunomodulatory effects, reduction in oxidative
stress, and involvement in glucose homeostasis [181,189,190]. Gut microbial dysbiosis in di-
abetic patients leads to increased gut permeability and increased concentrations of bacterial
endotoxins such as lipopolysaccharides, inducing inflammation and, ultimately, systemic
insulin resistance [191]. Probiotics such as Lactobacillus paracasei can restore the expression
of the tight junction protein in the colon, thereby reducing serum lipopolysaccharide and
inflammatory cytokine levels [192]. Diabetes leads to increased systemic oxidative stress,
and the intake of beneficial bacteria can significantly improve fasting blood glucose and
the antioxidant status in diabetics [193,194]. Bifidobacterium lactis improves glucose uptake
and GLU4 translocation through the insulin signaling pathway AKT and insulin receptor
substrate-1, increases the expression of GLUT4 and insulin-sensitivity-related genes, and
regulates glucose metabolism [195].

5. Conclusions

A long-term HFD, especially the excessive intake of saturated fats, could have a variety
of adverse effects on human body health and even lead to chronic diseases, including
diabetes. Animal models of diabetes can better explore the pathogenesis of diabetes and
help to reveal the pathogenesis of diabetes. Daily diet can have a direct impact on the
composition and function of host gut microbiota. Excessive fat intake can lead to the
imbalances of gut microbiota, including changes in the ratio of Bacteroidetes and Firmicutes,
a decrease in butyrate-producing bacteria, and an increase in the abundance of pathogens.
A gut microbiota imbalance may further disturb host metabolism, such as decreased
amounts of SCFA and immunoglobulin A, ultimately leading to diabetes. Within animal
models, HFD-induced diabetes is accompanied by weight gain, hyperinsulinemia, and the
disruption of glucose homeostasis. At present, the treatment of diabetes includes dietary
interventions and medication. The causal relationship between gut microbiota and diabetes
and its underlying mechanisms are still not fully elucidated, and further research is needed.
In the near future, as research into the mechanisms of diabetes and gut microbes intensifies,
probiotics may become a new method of treatment for diabetes.
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Abstract: Obesity is a major cause of conditions such as type 2 diabetes and non-alcoholic fatty
liver disease, posing a threat to public health worldwide. Here, we analyzed the anti-obesity ef-
fects of a standardized ethanol extract of Cassia mimosoides var. nomame Makino (EECM) in vitro
and in vivo. Treatment of 3T3-L1 adipocytes with EECM suppressed adipogenesis and lipogen-
esis via the AMP-activated protein kinase pathway by downregulating the expression levels of
CCAAT/enhancer-binding protein-alpha, peroxisome proliferator-activated receptor (PPAR)-γ, sterol
regulatory element-binding protein-1, and fatty acid synthase and upregulating the acetyl-CoA
carboxylase. EECM inhibited mitotic clonal expansion during early adipocyte differentiation. Oral
administration of EECM for 10 weeks significantly alleviated body weight gain and body fat accumu-
lation in high-fat diet (HFD)-fed mice. EECM mitigated adipogenesis and lipid accumulation in white
adipose and liver tissues of HFD-induced obese mice. It regulated the levels of adipogenic hormones
including insulin, leptin, and adipokine in the blood plasma. In brown adipose tissue, EECM induced
the expression of thermogenic factors such as uncoupling protein-1, PPAR-α, PPARγ co-activator-1α,
sirtuin 1, and cytochrome c oxidase IV. EECM restored the gut microbiome composition at the phylum
level and alleviated dysbiosis. Therefore, EECM may be used as a promising therapeutic agent for
the prevention of obesity.

Keywords: Cassia mimosoides; high-fat diet; AMPK; adipogenesis; lipogenesis; white adipose tissue;
brown adipose tissue; microbiota

1. Introduction

Incidence of obesity and overweight is very high worldwide, and recent statistics
estimate that more than 1.9 billion adults are overweight worldwide, of which more than
650 million adults develop obesity. As the prevalence of obesity increases, the risk of
various diseases and complications such as type 2 diabetes (T2D), non-alcoholic fatty liver
disease (NAFLD), hypertension, cardiovascular disease (CVD), insulin resistance, and
some types of cancers also increases [1–3]. Obesity ultimately results in hypertrophy and
hyperplasia of adipocytes and adipogenesis via an imbalance between energy intake and
expenditure [4]. Regulation of adipogenesis may be an effective therapeutic strategy for
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treating obesity. Therefore, it is important to identify potential adipogenesis-regulating
anti-obesity drugs.

Mitotic clonal expansion (MCE) is an essential process during the early differentia-
tion of adipocytes. After the proliferation of adipocytes, MCE is initiated, which induces
intracellular lipid accumulation, resulting in an adipocyte phenotype [5]. Adipogenesis
and lipogenesis are modulated mainly by AMP-activated protein kinase (AMPK), a major
regulator of the cellular energy balance pathway [6]. AMPK activity suppresses the ex-
pression of crucial adipogenic transcription factors, including CCAAT/enhancer-binding
protein alpha (C/EBPα), peroxisome proliferator-activated receptor gamma (PPARγ), and
sterol regulatory element-binding protein (SREBP)-1 [7]. In addition, AMPK regulates the
expression of lipolysis and lipogenesis proteins such as acetyl-CoA carboxylase (ACC) and
fatty acid synthase (FAS) [8]. Therefore, inhibition of adipogenic and lipogenic signaling of
adipocytes via the AMPK pathway may potentially alleviate obesity.

Body weight gain is often induced by white adipose tissue (WAT), which stores
nutrient-derived energy [9]. In contrast, brown adipose tissue (BAT) plays an important
role in energy expenditure via thermogenesis and is composed of more mitochondria than
WAT [10]. Thermogenesis in BAT is induced by the upregulation of mitochondrial factors,
such as uncoupling protein-1 (UCP-1), cytochrome c oxidase (COX)-IV, and thermogenic
proteins, such as PPARγ co-activator-1α (PGC-1α), sirtuin 1 (SIRT1), and PPARα. Interest-
ingly, the activation of thermogenesis in BAT appears to inhibit body weight gain [11] and
diabetes status [12].

In human intestine, the gut microbiota consists of various bacterial phyla such as
Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria, and Verrucomicrobia. Moreover,
Firmicutes and Bacteroidetes, two dominant phyla in the gut microbiota, constitute more
than 90% of the total bacterial community [13]. The Firmicutes-to-Bacteroidetes (F/B)
ratio has a critical effect on the maintenance of homeostasis in the intestinal environment.
Interestingly, a rapid change in the F/B ratio can lead to intestinal microbial imbalance,
called dysbiosis, which correlates with obesity [14]. Therefore, it is important to develop
novel anti-obesity drugs and evaluate their effects on the gut microbiome.

Various synthetic drugs exert anti-obesity effects, but their application is limited by
certain side effects, such as diarrhea, CVD, and dizziness. Therefore, many studies have
focused on developing anti-obesity drugs based on natural products with relatively low
side effects. Cassia mimosoides var. nomame Makino grows in most regions of Korea and
is also distributed in Japan and China. It is used in herbal tea, and its fruit is used for
medicinal purposes. Previous studies have reported that the 10% methanol extract of
C. mimosoides var. nomame Makino attenuates myocardial injury [15] and brain damage [16]
by inhibiting apoptosis. However, the anti-obesity effects of C. mimosoides var. nomame
Makino and its molecular signaling pathway have not yet been reported. Therefore, we
investigated the effects of the 30% ethanol extract of C. mimosoides var. nomame Makino
(EECM) on obesity and clarified the underlying mechanisms in 3T3-L1 cells and high-fat
diet (HFD)-induced obese animal models.

2. Materials and Methods

2.1. EECM Preparation, Identification, and Standardization

The leaves of C. mimosoides var. nomame Makino were collected from Youngwolgun
(Gangwon-do, Republic of Korea). C. mimosoides var. nomame Makino was identified by
miDNA Genome Research Institute (Gunsan, Jeollabuk-do, Republic of Korea). A voucher
specimen (COS2007) was stored and extracted according to the instruction of COSMAX BIO
(Seongnam, Gyeonggi-do, Republic of Korea). After 30% ethanol extraction, the yield of
30% ethanol extract of C. mimosoides var. nomame Makino (EECM) was 19.66% (dried leaves
of C. mimosoides var. nomame Makino; 1.0 kg, extract residue; 196.6 g). Ultra-performance
liquid chromatography (UPLC) analysis was performed with an Agilent 6545 Q-TOF
LC/MS spectrometer (Agilent Technologies, Santa Clara, CA, USA). The chromatographic
separation was achieved on EclipsePlus C18 (1.8 μm, 50 × 2.1 mm, Agilent Technologies)
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and column temperature at 35 ◦C. The mobile phase consisted of acetonitrile (solvent A)
and 0.1% formic acid in water (solvent B). The gradient condition of the mobile phase was
0–10 min, 10% to 100%; 10–15 min, 100% to 100%; 15–20 min, 100% to 10%, as a percentage
of solvent A. The flow rate was set at 0.7 mL/min, and the injection volume was 1.0 μL. The
monitored wavelength of the UV detector was 210, 254, and 315 nm. The conditions of MS
analysis in the positive or negative ion mode were as follows: mass range: 100–1700 m/z;
acquisition rate: 1 spectra/s; acquisition time: 100 ms/spectrum; gas temperature: 320 ◦C;
drying gas: 8 L/min; nebulizer: 35 psi; sheath gas temperature: 350 ◦C; sheath gas flow:
11 L/min; Vcap: 3500 V; MS fragmentor: 100 V. The gradient mobile phases was set up as
follows: solvent A: 100% acetonitrile and solvent B: distilled water with a gradient elution
as follows: 0 to 40 min, 10% to 30%; 40 to 50 min, 30% to 100%; 50 to 55 min, 100% to 100%;
55 to 60 min, 100% to 10% as a percent of solvent A at a flow rate of 1.0 mL/min.

2.2. Differentiation of Adipocytes

The cell culture of 3T3-L1 mouse preadipocyte and differentiation was performed as
in our previous report [7]. During the differentiation of 3T3-L1 mouse preadipocyte, the
media were changed to DM containing 1 μM insulin with or without EECM (6.25, 12.5, or
25 μg/mL) every 2 days and processed repeatedly for 7 days.

2.3. Cell Viability

Cells were cultured at 1 × 105 cells/mL into 24-well plates with GM for 3 days. Then,
the medium was changed to DM including MDI with or without EECM (6.25, 12.5, or
25 μg/mL) and the treatment of EECM until 7 days. To examine cell viability of the EECM,
the tetrazolium compound [3-(4, 5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium, inner salt; MTS] solution (Promega Corporation, Madison,
WI, USA) was treated with 10% of the media volume in each well and then incubated for
2 h. After MTS treatment, the measurement of absorbance was performed at 490 nm.

2.4. Oil Red O Staining

After the differentiation of 3T3-L1 cells, the cells were then fixed with 4% formaldehyde
in PBS for 40 min at 25 ◦C. 0.2% Oil Red O in isopropanol was diluted with DW and
filtered using filter paper. The fixed cells were dried completely and then stained with Oil
Red O solution for 1 h in dark conditions. The stained intracellular lipid droplets were
observed with a microscope (OLYMPUS CORPORATION, Tokyo, Japan). In addition,
the intracellular lipid droplets were liquified with 100% isopropanol and quantified by
measuring the absorbance at 510 nm.

2.5. Western Blot Analysis

Protein lysates were prepared by PRO-PREP™ solution (Intron Biotechnology, Seoul,
Korea) from cells or tissues. The lysate was reacted on ice, centrifuged at 13,000× g rpm
at 4 ◦C, and the protein-contained supernatant was obtained. After the quantification
of proteins (30 μg) using the Bradford assay, proteins were separated by SDS-PAGE and
then transferred onto the PVDF membrane. The PVDF membranes were treated with the
primary antibodies in skim milk solution for 18 h at 4 ◦C. The immunoblotted membranes
were reacted with the secondary antibodies in skim milk solution at 25 ◦C and then detected
by our previous report [7].

2.6. MCE Determination

For the analysis of MCE, propidium iodide (PI) staining was implemented. The 3T3-L1
cells were cultured with or without EECM treatment for 24 h and harvested. Subsequently,
the cells were resuspended in PBS and fixed for 18 h in 70% cold ethanol at −20 ◦C. After
fixation, the cells were stained with 100 μg/mL PI staining buffer containing RNase for
30 min in dark conditions. PI stained cells were analyzed by our previous report [17].
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2.7. HFD-Induced Obese Animals Experiments

C57BL/6J mice (male, 5–6 weeks, 20–22 g) were purchased from Orient Bio Inc.
(Seongnam, Republic of Korea) and cared for under standard conditions (light–dark cycle:
12 h, temperature: 22 ± 1 ◦C, humidity 40–60%) for 7 days. Mice were classified into
5 groups (n = 8/group) to inspect the anti-obesity effect of EECM: (i) control (CON)
group, (ii) 60% HFD-induced obese group, (iii) HFD + orlistat administration group,
(iv) HFD + EECM administration group (EECM 100 mg/kg, p.o.), and (v) HFD + EECM
administration group (EECM 300 mg/kg, p.o.). The CON group was fed a normal diet,
and the other group was fed a 60% HFD to induce obesity for 10 weeks. Simultaneously
with the diet feeding, the CON and HFD groups were administered with vehicle, and
orlistat and EECM groups were administered orlistat (20 mg/kg, p.o.) and EECM (100
or 300 mg/kg, p.o.), respectively. All administration of samples was daily provided to
experimental animals. The body weight was measured 2 days per week. At the end of the
experiment, sacrifice was performed surgically, and obtained tissues were immediately
stored at −80 ◦C.

2.8. Body Fat Composition Analysis

The body fat composition of experimental animals was determined using dual-energy
X-ray absorptiometry (DEXA) (InAlyzer, Medikors, Seongnam, Republic of Korea). The
lean tissue, fat tissue, and differentiated tissue from lean to fat were exposed as blue, red,
and green/yellow, respectively.

2.9. Hematoxylin and Eosin (H&E) Staining Analysis

White adipose tissue (WAT) and liver were obtained after mice sacrifice and then fixed
with 4% formaldehyde in PBS buffer for 24 h. Fixed tissues were sliced and embedded
into a paraffin block. H&E staining was performed, and then, stained tissue was observed
with a light microscope optically, and the adipocyte size was measured by using an instru-
ment of the microscope system (cell Sense standard ver.1.9, OLYMPUS CORPORATION,
Tokyo, Japan).

2.10. Biochemical Examination of Blood Plasma

At the sacrifice, the blood of mice was collected from a vein and placed in heparin-
coated tubes. The preparation and biochemical examination of plasma were followed by
the guideline of T&P Bio Co. (Gwangju, Republic of Korea).

2.11. Genomic DNA Extraction and Microbiome Taxonomic Profiling (MTP)

Total genomic DNA (gDNA) from stool was extracted with the QIAamp® Fast DNA
Stool Mini Kit (Qiagen, Hilden, Germany) as the instruction of manufacture. Then, the
bacterial 16S ribosomal RNA V3-V4 region was amplified by PCR. The amplified product
was performed purification by magnetic bead reaction and detected by electrophoresis on
agarose gel (1.5%). Whole products were pooled at a constant concentration to produce
a library. The library was quantified at 2 nM using KAPA Library Quantification Kit
Illumina® platforms (Roche, Basel, Switzerland), and the sequence was analyzed using the
Illumina iSeq 100 sequencing system (Illumina, San Diego, CA, USA) finally.

2.12. Statistical Analysis

Statistical values were calculated by the Prism Graph Pad 5.0 program (GraphPad
Software Inc., San Diego, CA, USA). All data were expressed as mean ± SD for in vitro
experiments and SEM for in vivo experiments. The analysis was performed by Tukey’s
range test. p-values of less than 0.05 were considered statistically significant.
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3. Results

3.1. Identification of Quercitrin and Standardization of EECM via UPLC–High-Resolution Mass
Spectrometry (HR/MS)

The UPLC chromatogram of EECM at 254 nm is shown in Figure 1A. By comparing
the retention time, MS data, and UV/vis spectra with those presented in previous literature
reports, the major peak at a retention time of 4.033 min [M + H] ions (m/z 499) was identified
as quercitrin (Figure 1A,B). Qualitative analysis confirmed quercitrin by comparing the
HPLC retention time data with the analytical standard of quercitrin (phytolab, GmbH &
Co., Germany; Figure 1C,D).

Figure 1. (A) UPLC of the ethanol extract of C. mimosoides var. nomame Makino (EECM) detected at
254 nm. (B) High-resolution mass spectrometry (HR/MS) spectrum of [M + H] ions (m/z 499) of
quercitrin (Rt: 4.033 min). High-performance liquid chromatography (HPLC) profiles of (C) EECM
and (D) standard quercitrin.

3.2. EECM Inhibits Differentiation and Regulates Lipogenesis and Adipogenesis via AMPK
Pathway in 3T3-L1 Preadipocytes

To investigate the effects of EECM on 3T3-L1 preadipocytes, we first performed the
MTS assay at various concentrations (Figure S1). Cell viability was shown to be less than
80% with EECM concentration of 50 or 100 μg/mL, so we used 6.25 to 25 μg/mL of EECM
for further experiments. After differentiation of 3T3-L1 cells with EECM, cell viability was
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shown to be more than 80% at all concentrations up to 25 μg/mL. Thus, we performed
the following experiments with EECM concentrations of 6.25–25 μg/mL. We assessed the
effect of EECM on intracellular lipid accumulation via Oil Red O staining. EECM visually
and quantitatively inhibited lipid accumulation during investigation of the differentiated
3T3-L1 cells (Figure 2A,B). Next, we examined the regulation of EECM on the protein
expression levels of phosphorylated AMPKα, lipogenic enzymes including ACC and FAS,
and adipogenic transcription factors including C/EBPα, PPARγ, and SREBP-1. Phospho-
rylation of AMPKα (Thr172) decreased with MDI treatment and was restored by EECM
(Figure 2C). Moreover, EECM increased the expression levels of phospho-ACC (Ser79) and
pre-SREBP-1 and reduced the expression of total ACC, FAS, C/EBPα, and PPARγ in the
differentiated cells (Figure 2D,E). Our data revealed that EECM disturbs lipogenesis and
adipogenesis during adipocyte differentiation by regulating the AMPK pathway.

Figure 2. Inhibitory effects of EECM on intracellular lipid accumulation, adipogenesis, and lipogene-
sis in 3T3-L1 cells. The 3T3-L1 cells were cultured in the growth medium (GM) for four days. After
the cells reached confluency, they were cultured with or without methylisobutylxanthine, dexametha-
sone, and insulin (MDI) and various concentrations of EECM. (A) Relative microscopic images of
Oil-Red-O-stained 3T3-L1 cells. (B) Quantitative lipid accumulation ratio. After differentiation, total
protein was extracted and detected by via Western blotting analysis. Expression levels of (C) AMPKα

pathway proteins and (D) lipogenic and (E) adipogenic transcription factors. Values are represented
as the mean ± standard deviation (SD). # p < 0.05 vs. the GM group; *** p < 0.001 vs. the differentiation
medium (DM) group.
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3.3. EECM Suppresses MCE during Early Differentiation of 3T3-L1 Preadipocytes

When the cells are differentiated by MDI treatment, MCE progresses to the early stage.
To demonstrate the inhibitory effect of EECM on MCE, we conducted cell cycle analysis
after propidium iodide (PI) staining using flow cytometry. In Figure 3A, which shows
3T3-L1 preadipocytes differentiation with MDI, the G0/G1 phase ratio decreased consid-
erably (from 71.1 to 47.5%), and the G2/M phase ratio increased accordingly (from 19.9
to 41.6%). The changes in this ratio suggested that the cell differentiation was initiated by
MDI treatment, and MCE was successfully induced. In contrast, EECM induced an increase
in the G0/G1 phase ratio compared to GM treatment (from 47.5 to 48.3, 54.6, and 57.3%,
respectively) while reducing the G2/M phase ratio (from 41.6 to 41.5, 34.6, and 29.7%, re-
spectively) in a concentration-dependent manner. Additionally, we investigated the protein
expression levels of cell-cycle-related factors following EECM treatment in preadipocytes
via Western blotting analysis. Expression levels of p21, a cell cycle inhibitor, decreased but
showed a tendency to increase after EECM treatment. In contrast, the expression levels of
cyclin D1, cyclin E1, cyclin B1, CDK6, and CDK2, indicating cell-cycle-related regulators,
were increased after MDI treatment compared to those observed after GM treatment, but
treatment with EECM, especially at high concentrations (25 μg/mL), markedly decreased
the expression levels during the differentiation of adipocytes (Figure 3B).

Figure 3. Regulatory effect of EECM on the MCE in 3T3-L1 cells. Differentiated cells were treated with
EECM (6.25, 12.5, and 25 μg/mL) for 24 h. (A) Cell cycle phase ratio and (B) cell-cycle-related proteins
expression were measured via propidium iodide (PI) staining and Western blotting, respectively.

3.4. EECM Obstructs the Body Weight Gain of HFD-Induced Obese Mice

We next investigated whether EECM alleviated body weight gain and body fat accumu-
lation in the tissues of HFD-induced obese mice. Body weight was considerably increased
in the HFD group compared to the normal diet (CON) group during the 10-week adminis-
tration period, whereas EECM administration significantly reduced the body weight gain
from three weeks (Figure 4A). In addition, HFD-induced final body weight (HFD group:
42.24 ± 1.94 g vs. EECM 100 mg/kg group: 35.94 ± 0.83 g, p < 0.001; EECM 300 mg/kg
group: 35.53 ± 1.06 g, p < 0.001) and weight gain (HFD group: 18.64 ± 0.44 g vs. EECM
100 mg/kg group: 12.99 ± 0.88 g, p < 0.001; EECM 300 mg/kg group: 12.91 ± 0.99 g,
p < 0.001) were significantly attenuated by EECM treatment (Figure 4B,C).
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Figure 4. Repressive effect of EECM on body weight gain in HFD (60%)-induced obese mice. Mice of
EECM treatment were provided the indicated dose of EECM (100 and 300 mg/kg) daily during the
experiment. (A) Body weight changes, (B) total body weight at the endpoint of the experiment, and
(C) total body weight gain for 10 weeks. Values are represented as the mean ± SEM of eight mice per
group. # p < 0.05 vs. the control (CON) group; * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. the HFD
(60%)-induced obese group.

3.5. EECM Changes the Fat Composition in HFD-Induced Obese Mice

For the identification of fat composition by EECM administration, we analyzed the
body composition using DEXA in HFD-induced obese mice. As shown in Figure 5A,B,
body fat accumulation was significantly induced in the HFD group compared to the CON
group (CON group: 5.81 ± 0.68 g vs. HFD group: 18.38 ± 0.86 g, p < 0.05). On the contrary,
EECM inhibited fat accumulation similarly to in the orlistat group, representing a positive
control, and effectively improved the total body fat weight (HFD group: 18.38 ± 0.86 g vs.
orlistat group: 13.97 ± 1.33 g, p < 0.05; EECM 100 mg/kg group: 12.20 ± 1.55 g, p < 0.05;
EECM 300 mg/kg group: 10.73 ± 0.63 g, p < 0.01). In addition, EECM reduced the fat
pad weight gain of subcutaneous, mesenteric, gonadal, and perirenal fat compared to
that in the HFD group in a dose-dependent manner (Figure 5C–F), indicating that the
daily supplementation of EECM can suppress body weight gain via the regulation of body
fat composition.

3.6. EECM Alleviates the Production of Insulin, Adipokines, and Lipid Parameters in Blood Plasma
of HFD-Induced Obese Mice

Next, to analyze the effects of EECM on the production of insulin and adipokines in
plasma, including leptin and adiponectin, and lipid profiles in HFD-induced obese mice
were investigated. HFD group had significantly higher levels of insulin and leptin than the
CON group, whereas administration of EECM reduced those levels similarly to the orlistat
group (Figure 6A,B). Levels of adiponectin decreased in the HFD group compared to those
in the CON group but were significantly recovered by EECM treatment (Figure 6C). As
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shown in Table 1, EECM administration significantly ameliorated HFD-induced TC, TG,
and LDL levels but had no significant effects on LDL and HDL levels.

Figure 5. Regulatory effects of EECM on body composition and fat mass in HFD (60%)-induced
obese mice. (A) Radiography images of the fat tissues are presented. (B) Fat weight in each group
was measured via DEXA analysis. Fat was obtained from each tissue after the sacrifice of mice, and
the weight was measured. (C–F) Subcutaneous fat, mesenteric fat, gonadal fat, and perirenal fat
weights. Values are represented as the mean ± SEM (DEXA analysis; n = 3/group, fat in tissue
weight: n = 8/group). # p < 0.05 vs. the CON group; * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. the
HFD (60%)-induced obese group.

Table 1. Effects of the ethanol extract of Cassia mimosoides var. nomame Makino (EECM) on the lipid
parameters in HFD (60%)-induced obese mice.

Lipid Profiles CON HFD Orlistat (20 mg/kg) EECM (100 mg/kg) EECM (300 mg/kg)

TC (mg/dL) 104.88 ± 5.08 157.00 ± 3.14 # 130.25 ± 13.19 ** 145.00 ± 6.54 142.38 ± 4.04 *
TG (mg/dL) 55.50 ± 4.18 112.25 ± 5.87 # 67.75 ± 8.35 ** 70.00 ± 9.14 ** 63.00 ± 9.58 ***

LDL (mg/dL) 10.13 ± 0.81 15.00 ± 0.50 # 11.88 ± 0.91 * 12.63 ± 0.53 12.63 ± 0.46
HDL (mg/dL) 85.75 ± 2.10 92.88 ± 4.97 113.13 ± 9.27 102.25 ± 3.22 100.50 ± 2.05

Values are represented as the mean ± standard error of the mean (SEM) (n = 8/group). # p < 0.05 vs. the CON
group; * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. the HFD (60%)-induced obese group.
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Figure 6. Regulatory effect of EECM on the production of adipocyte-released hormones in HFD
(60%)-induced obese mice. Plasma levels of (A) insulin, (B) leptin, and (C) adiponectin were detected
using ELISA kit. Values are represented as the mean ± SEM (n = 8/group). # p < 0.05 vs. the CON
group; * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. the HFD (60%)-induced obese group.

3.7. EECM Prevents Hypertrophy of Lipid Droplets and Adipogenesis in Subcutaneous Fat of
HFD-Induced Obese Mice

We compared the histological construction of subcutaneous fat pads in each group
using H&E staining. In the HFD group, lipid droplets of adipocytes were extremely
enlarged in size compared to those in the CON group (CON group: 40.68 ± 1.78 μM
vs. HFD group: 136.81 ± 4.50 μM, p < 0.001); conversely, EECM administration abated
the magnification of adipocytes according to the increase in concentration (HFD group:
136.81 ± 4.50 μM vs. EECM 100 mg/kg group: 48.13 ± 2.67 μM, p < 0.001; EECM 300 mg/kg
group: 41.70 ± 3.49 μM, p < 0.001; Figure 7A,B). Based on histological analysis, we verified
the protein expression levels of adipogenesis-related proteins such as AMPKα, lipogenic
enzymes, and adipogenic transcription factors. Phosphorylation of AMPKα (Thr172) was
downregulated by HFD but restored by EECM administration (Figure 7C). Consistent with
the in vitro data, EECM also upregulated the HFD-induced ACC phosphorylation (Ser79)
(Figure 7D). Moreover, adipogenic factors including PPARγ, C/EBPα, and mature-SREBP-1
were expressed at higher levels in the HFD group than in the CON group, but EECM
treatment lowered these levels (Figure 7E). Our data indicate the inhibitory effect of EECM
on adipocyte hypertrophy is due to the regulation of adipogenesis-related proteins in the
subcutaneous fat tissues of HFD-induced obese mice.

3.8. EECM Ameliorates Lipid Accumulation in Liver Tissue of HFD-Induced Obese Mice

To verify the repressive effect of EECM on lipid accumulation leading to fatty liver, we
performed H&E staining of the liver tissues of the animal model. As shown in Figure 8A,
HFD induced lipid accumulation in the liver tissues, whereas EECM treatment restored
this change remarkably and was similar to the positive control, the orlistat group. In
addition, EECM significantly suppressed the weight gain of liver tissue in HFD-induced
obese mice (HFD group: 1.59 ± 0.04 g vs. EECM 100 mg/kg group: 1.18 ± 0.03 g, p < 0.001;
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EECM 300 mg/kg group: 1.11 ± 0.06 g, p < 0.001; Figure 8B). In line with the results for
subcutaneous fat, the levels of phospho-AMPKα (Thr172), phospho-ACC (Ser79), pre-
SREBP-1, PPARγ, and C/EBPα were also downregulated following EECM administration
(Figure 8C–E). These results indicate that EECM prevents liver steatosis by regulating the
AMPK pathway as well as lipogenesis and adipogenesis in HFD-induced obese mice.

Figure 7. Effects of EECM on adipocyte size, adipogenesis, and lipogenesis in the subcutaneous fat
tissues of HFD (60%)-induced obese mice. (A) Histological analysis of subcutaneous fat tissue via
H&E staining at ×20 magnification. (B) Representative diameter of adipocytes in the tissue. Expres-
sion levels of (C) p-AMPKα, (D) lipogenic proteins, and (E) adipogenic transcription factors were
determined via Western blotting analysis. Values are represented as the mean ± SEM (n = 8/group).
# p < 0.05 vs. the CON group; *** p < 0.001 vs. the HFD (60%)-induced obese group.
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Figure 8. Effect of EECM on lipid accumulation in the liver tissues of HFD (60%)-induced obese
mice. (A) The images of H&E stained the liver tissues at ×40 magnification. (B) Comparison of liver
weights of each group. Expression levels of (C) p-AMPKα, (D) lipogenic proteins, and (E) adipogenic
transcription factors were determined via Western blotting analysis. Values are represented as the
mean ± SEM (n = 8/group). # p < 0.05 vs. the CON group; *** p < 0.001 vs. the HFD (60%)-induced
obese group.
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3.9. EECM Upregulates Thermogenic-Mediated Proteins Levels in Brown Adipose Tissue (BAT) of
HFD-Induced Obese Mice

Mitochondrial thermogenesis in BAT provides protection against fat accumulation
owing to its energy-dissipating activity [18]. After the mice were sacrificed, EECM admin-
istration slightly reduced the BAT weight compared to that in the HFD group (Figure 9A).
Expression levels of major thermogenic-related factors, including PGC-1α, PPARα, SIRT1,
and UCP-1, were markedly upregulated after EECM treatment compared to those in the
HFD group. Additionally, EECM enhanced the protein levels of COX-IV and ATP synthase
in the mitochondria (Figure 9B). These data imply that EECM-induced thermogenesis
results in increased energy expenditure in the BAT of HFD-fed mice.

Figure 9. Stimulating effects of EECM on thermogenesis in the BAT. (A) Weights of BAT in each
group. (B) Expression levels of thermogenesis-related proteins PGC-1α, PPARα, SIRT1, UCP-1, and
COX-IV were determined via Western blotting analysis. Values are represented as the mean ± SEM
(n = 8/group). # p < 0.05 vs. the CON group.

3.10. EECM Regulates the Gut Microbiota Composition and Alleviates the Dysbiosis in
HFD-Induced Obese Mice

Finally, we evaluated the effects of EECM on the composition and colonization of gut
microbiota in an animal model. To assess the variation in the phylogenetic relationship
of microbial clusters between each group, we confirmed the principal coordinate analysis
plot based on β-diversity. In the plot, the HFD group data were formed by shifting from
the CON group community, and the groups treated with EECM were clustered away from
the HFD group (Figure 10A). Next, we analyzed the phylum-level composition of the
microbiome in each group (Figure 10B–E). HFD feeding increased the relative F/B ratio
and decreased the relative ratio of Bacteroidetes, whereas EECM administration inversely
regulated the ratio of each microbiota at the phylum level. Dysbiosis is frequently observed
in obese individuals, and a large change in the F/B ratio is considered to be an indicator
of dysbiosis [14]. Here, the F/B ratio significantly increased in the HFD group compared
to that in the CON group, but EECM moderated this ratio compared to that in the HFD
group (Figure 10F). These results indicate that EECM regulates the shift in gut microbiome
composition and prevents dysbiosis in HFD-induced obese mice.
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Figure 10. Regulatory effects of EECM on microbiota composition and colonization. (A) β-diversity
between groups was analyzed using the principal coordinate analysis (PCoA) plot. (B) Ratio of
phylum level composition ratio of each group. (C–F) Relative ratio of Bacteroidetes, Firmicutes,
and Proteobacteria and the Firmicutes/Bacteroidetes (F/B) ratio. Values are represented as the
mean ± SEM of five mice per group. # p < 0.05 vs. the CON group; * p < 0.05 and ** p < 0.01 vs. the
HFD (60%)-induced obese group.

4. Discussion

Being overweight and obese are major risk factors for metabolic syndromes, CVD,
T2D, and some cancer types [19]. According to the World Health Organization, the number
of obese people nearly tripled between 1975 and 2016 [20]. Although there are various
anti-obesity drugs, their limited effects and possible side effects demand a constant need
to find novel and safe compounds for anti-obesity treatment. Natural-product-derived
anti-obesity therapeutics are less toxic than synthetic drugs [21], and some drugs for obesity
complications are derived from natural product materials [22]. C. mimosoides var. nomame
Makino, a plant that grows naturally in Korea, Japan, and China, has the potential to be
developed as a functional food material due to its scavenging of reactive oxygen species [15].
However, the methanol extract was not used because it is well-known that the toxicity
of methanol is serious and cannot be used as an extraction solvent for development in
health functional foods. Therefore, methanol extraction was excluded and ethanol used
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instead, as this experiment was designed to evaluate an efficacy study for the further
development of health functional food. In the present study, EECM treatment not only
resulted in a remarkable reduction in the number and diameter of 3T3-L1 preadipocytes
during differentiation but also a decrease in body weight gain and fat weight in HFD-
induced obese mice. Interestingly, as EECM administration did not affect the levels of
GPT, GOT, and BUN in the blood plasma compared to those in the control or HFD groups
(Figure S2), we believe that EECM does not cause considerable damage to liver and kidney
function. Our data revealed EECM as a natural product with great potential for anti-obesity
treatment. We further examined its target signaling activity in vitro and in vivo.

Insulin is a hormone secreted by pancreatic β cells, and the regulation of insulin
clearance in the plasma is weak in obese subjects and patients with T2D [23]. Insulin
concentration in the plasma of overweight individuals has been shown to correlate with
plasma leptin levels [24]. Leptin, an adipokine secreted by adipocytes, is mainly associated
with obesity, and the degree of leptin resistance in the blood plasma of most obese indi-
viduals is low [25]. Among the major adipokines, adiponectin plays an important role in
obesity and influences weight loss; therefore, it has the potential to treat insulin resistance
and obesity [26,27]. In this study, EECM administration downregulated the plasma levels
of insulin and ameliorated the secretion of adipokines, including leptin and adiponectin.
Furthermore, EECM administration decreased the plasma levels of lipid parameters includ-
ing TC, TG, and LDL although it did not significantly affect the HDL levels. Therefore,
our findings revealed that EECM mitigated dyslipidemia in an HFD-induced obese mouse
model via the regulation of lipid profiles.

The early period of adipocyte differentiation involves complex signaling including
adipogenesis, lipogenesis, and cell cycle regulation [28]. PPARγ and C/EBPα are the
main regulators of adipogenesis that are involved in adipocyte differentiation [29]. PPARγ
expression is induced during the proliferation and differentiation of adipocytes, and it
promotes intracellular lipid accumulation [30]. In addition, the cross-regulation between
PPARγ and C/EBPα is important for the transcriptional regulation of adipogenesis [31].
SREBP-1 is present as an ectopic protein of the pre-form (inactive), which binds SREBP
cleavage-activating protein to the complex in the endoplasmic reticulum (ER) membrane,
and the mature form (active), which is cleaved and released from the ER membrane [32].
Mature-SREBP-1 enters the nucleus and sustains lipogenesis in adipocytes at the tran-
scriptional level [33,34]. Phosphorylation (Thr 172) of AMPK inhibits adipogenesis, fatty
acid storage, and lipogenesis by increasing the activity of related factors, such as PPARγ,
C/EBPα, and SREBP-1 [35]. Activated AMPK is associated with the regulation of lipogenic
enzymes including ACC, a major regulatory factor in sterol and lipid synthesis [36], and
FAS [37]. ACC catalyzes the conversion of acetyl-CoA to malonyl-CoA following the
phosphorylation of ACC (inactive form) by AMPK, and the production of malonyl-CoA
is reduced, eventually resulting in fatty acid oxidation [38]. In the present study, EECM
exerted anti-obesity effects in vitro and in vivo by suppressing the expression of PPARγ,
C/EBPα, SREBP-1, and FAS and p-ACC expression via the AMPK pathway.

During early adipocyte differentiation, MCE is tightly regulated by cell cycle regulators
and differentiation-related factors prior to terminal differentiation [39]. The proliferation
of adipocytes is stopped, and the cells enter the MCE process by treatment with MDI, a
differentiation inducer [40,41]. Our results showed that treatment with EECM increased
the protein expression levels of cyclin D1, cyclin E1, cyclin B1, CDK6, and CDK2 in
MDI-differentiated 3T3-L1 pre-adipocytes. Moreover, EECM treatment restored cell cycle
progression from the G2/M phase. In addition, the protein expression of p21, a CDK
inhibitor that regulates G1/S phase progression [42], was increased by EECM treatment
although the recovery level was weak. Therefore, EECM suppressed MCE during the early
differentiation of preadipocytes.

Among primary adipose tissues, BAT plays a significant role in energy expenditure and
thermogenesis [10]. Energy dissipation occurs in mitochondria and leads to ATP generation,
which further increases heat production [43]. UCP-1, the major thermogenic regulator of
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the mitochondrial inner membrane, causes heat generation by uncoupling respiration from
ATP production [44]. In addition, the mitochondrial biomarker, COX IV, is a major regulator
of oxidative phosphorylation that mediates the final step of the electron transfer chain
in mitochondria [43]. PGC-1α induces the expression of thermogenic genes, including
the PPAR family and UCP-1, via an adaptive process for energy dissipation, resulting in
the lipolysis of cellular TG [45,46]. AMPK increases cellular NAD+ levels and activates
SIRT-1 (NAD+-dependent deacetylase), resulting in PGC-1α activation and upregulation
of adiponectin expression [47]. Therefore, hepatic lipid accumulation can be mitigated
via the AMPK/SIRT1 pathway [48]. In this study, we found that the administration of
EECM increased the protein expression of thermogenesis-related factors, including PGC-1α,
PPARα, UCP-1, and COX IV, and the activation of AMPKα, which induced the expression
of SIRT1. Based on these results, we believe that the modulating effect of EECM on
thermogenesis in BAT may affect lipolysis in HFD-induced obese mice.

Several studies have reported that the composition and colonization of the gut micro-
biome are related to various dietary and pathophysiological changes such as obesity [49–52].
In general, the gut microbiome in the human intestine has a dominant F/B ratio (approxi-
mately 90%) [53]. Proteobacteria is often reported in diseases such as obesity, NAFLD, and
metabolic syndrome [7]. Previous studies reported that the proportion of Firmicutes was
higher than that of Bacteroidetes in the obese colon, whereas the opposite was observed in
the lean state [17,54]. Accordingly, the F/B ratio is considered as one of the measures to
analyze obesity and dysbiosis [14]. In this study, we observed that the composition of the
microbiome was altered in HFD-induced obese mice compared to that in the normal-diet
group, and it was recovered by EECM administration. Moreover, EECM also reduced the
F/B ratio compared to that in the HFD group, indicating its anti-obesity effect.

5. Conclusions

In summary, our results revealed that EECM ameliorates obesity in vitro and in vivo.
Treatment with EECM suppressed MCE and differentiation of 3T3-L1 preadipocytes and
downregulated the protein expression levels of adipogenesis-related markers. In the
subcutaneous fat and liver of HFD-induced obese mice, oral administration of EECM
significantly decreased the body weight gain and lipid accumulation and suppressed the
protein expression of adipogenic factors. In addition, EECM activated thermogenesis in
BAT by upregulating the expression levels of thermogenic proteins. EECM also restored gut
microbiota dysbiosis and blood levels of insulin, leptin, and adiponectin in HFD-induced
obese mice. Taken together, our findings confirm the anti-obesity effects of EECM and
highlight its potential to be used as a functional food ingredient from natural products.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/nu15030613/s1, Figure S1: Cytotoxicity of EECM in 3T3-L1;
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mice; Figure S3: Representative area of adipocytes in the tissue; Figures S4–S8: Quantitative values
for Western blot in Figures 2, 3, 7, 8 and 9.
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Abstract: High fructose intake has been implicated in obesity and metabolic syndrome, which are
related to increased cardiovascular mortality. However, few studies have experimentally examined
the role of renin–angiotensin system blockers and calcium channel blockers (CCB) in obesity. We
investigated the effects of valsartan (an angiotensin II receptor blocker) and amlodipine (a CCB)
on lipolysis through the potential mechanism of PU.1 inhibition. We observed that high fructose
concentrations significantly increased adipose size and triglyceride, monoacylglycerol lipase, adipose
triglyceride lipase, and stearoyl-CoA desaturase-1 (SCD1), activating transcription factor 3 and PU.1
levels in adipocytes in vitro. Subsequently, PU.1 inhibitor treatment was able to reduce triglyceride,
SCD1, and PU.1 levels. In addition, elevated levels of triglyceride and PU.1, stimulated by a high
fructose concentration, decreased with valsartan and amlodipine treatment. Overall, these findings
suggest that high fructose concentrations cause triacylglycerol storage in adipocytes through PU.1-
mediated activation. Furthermore, valsartan and amlodipine treatment reduced triacylglycerol
storage in adipocytes by inhibiting PU.1 activation in high fructose concentrations in vitro. Thus,
the benefits of valsartan and amlodipine in lipolysis may be through PU.1 inhibition in fructose-
induced adiposity, and PU.1 inhibition might have a potential therapeutic role in lipolysis in fructose-
induced obesity.

Keywords: activating transcription factor 3; adiposity; calcium channel blocker; fructose; PU.1;
renin–angiotensin system blocker

1. Introduction

Fructose intake has been linked to an increase in the epidemiological risk of metabolic
syndrome [1,2]. Moreover, metabolic syndrome is epidemiologically associated with central
obesity, hypertension, hyperglycemia, and hypertriglyceridemia, leading to an increase in
cardiovascular disease and stroke [3,4]. In rodent models, a high-fructose (60% fructose)
diet can also aggravate the activity of the renin–angiotensin system (RAS), causing insulin
resistance associated with metabolic syndrome [1,2], as verified in our previous studies [3,4].
In addition, high fructose flux and metabolism in the liver lead to a rise in hepatic triglyc-
eride accumulation [5]. Increased fructose consumption could be particularly harmful
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in patients with impaired glucose and lipid metabolism and increased proinflammatory
cytokine expression because of the metabolic properties involved [6,7]. Thus, excessive
fructose consumption has become a crucial public health concern globally, particularly in
relation to obesity, nonalcoholic fatty liver disease, and type 2 diabetes [8,9].

PU.1, encoded by the Spi1 gene, is a transcription factor with multiple functions
during normal and leukemogenic hematopoiesis [10]. During these processes, cellular
specification is driven by primary lineage determinants, such as the transcription factor
PU.1 [10]. Emerging evidence shows that PU.1 inhibition may be a potential therapeutic
agent for fat degradation and its possible mechanism may be as follows [11–14]. For
example, PU.1 expression in adipocytes increases significantly in genetic obesity (agouti
Avy) [11], high-fat-diet-fed obese mice [12], and high glucose stimulation in vivo [11], which
leads to insulin resistance and inflammation through the upregulation of inflammatory
cytokines (TNFα, IL-1β, and IL-6) and NADPH oxidase activity [11]. Moreover, Lin
et al. showed that PU.1 expression was increased only in visceral but not subcutaneous
adipose tissues of obese mice, and the adipocytes were responsible for this increase in
PU.1 expression [11]. In addition, activating transcription factor 3 (ATF3) functions as a
transcriptional activator or repressor [15,16] and is a hub of the cellular adaptive response
network, leading to induction under various inflammatory conditions. In our previous
study, ATF3 deficiency in mice results in higher serum levels of triglycerides, glucose,
insulin, inflammatory cytokines (ICAM-1 and TNF-α), and increasing visceral adiposity,
similar to metabolic syndrome [17]. A study on Drosophila melanogaster was shown that
ATF3 deficiency leads to chronic inflammation and metabolic disturbances [18].

The risk and prevalence of hypertriglyceridemia and intrahepatic lipid accumula-
tion with increased fructose consumption has already been reported [8]. Postprandial
hypertriglyceridemia and adiposity from excessive fructose consumption are risk factors
for cardiovascular disease [8,19]. Fructose absorbed from the intestine is metabolized in
the liver, where it causes lipogenesis and glycolysis, leading to triglyceride and glucose
production [8,20].

Postprandial hypertriglyceridemia, a state caused by metabolic disruption resulting
from excessive fructose consumption, may increase visceral adipose deposition via lipo-
genesis. Stearoyl-CoA desaturase-1 (SCD1) is required for the biosynthesis of triglyceride
during lipogenesis [21]. Meanwhile, free fatty acids are also mobilized from adipose tis-
sue triglycerides by the action of adipose triglyceride lipase (ATGL), hormone-sensitive
lipase, and monoacylglycerol lipase (MGL), which are involved in adipose tissue lipolysis,
including the hydrolysis process of triglyceride, fatty acids, and glycerol [22–24].

Visceral adiposity contributes to hepatic triglyceride accumulation and hepatic in-
sulin resistance by increasing the portal delivery of free fatty acids to the liver [25]. By
contrast, after fasting or the high energy demands of physical activity, lipolysis is vital for
supplying fatty acids and glycerol as energy to tissues [23,26]. In addition to providing
energy, intermediate and end products in the adipose lipolysis process are able to regulate
the metabolic process in nonadipose tissue [27]. Changes in the lipolysis process have
frequently been associated with lipodystrophy, hyperlipidemia, insulin resistance, type
2 diabetes, depression, and cancer [23,27]. Furthermore, PU.1 reportedly expresses itself in
adipocytes as an insulin resistance and inflammation factor, which increases significantly
with high glucose stimulation in vivo [11]. However, few studies have focused on PU.1
in lipolysis.

Our previous studies with fructose-fed rodents with metabolic syndrome revealed
that RAS blockers could ameliorate hypertriglyceridemia [3] and visceral adiposity [28], as
well as improve aortic endothelial functions and reduce oxidative stress [4]. In addition,
as previously reported, calcium channel blockers (CCB) attenuate white adipose tissue
dysfunction and increase adipocyte differentiation in type 2 diabetic KK-A(y) mice [29].
However, few studies have experimentally examined the role of RAS blockers and CCB
in adiposity. Therefore, we investigated the effects of RAS blockers and CCB on lipolysis
through the potential mechanism of PU.1 inhibition.
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2. Materials and Methods

2.1. Cell Culture and Adipocyte Differentiation

Mouse 3T3-L1 was purchased from American Type Culture Collection (ATCC, Manas-
sas, VA, USA). The cells were routinely nourished in low-glucose Dulbecco’s modified Ea-
gle’s medium, supplemented with 10% (v/v) fetal bovine serum, 1% penicillin/streptomycin
mixture, and glutamate, at 37 ◦C in a humidified atmosphere containing 5% CO2. The
complete medium was refreshed every 2 days.

For adipocyte differentiation, 3T3-L1 cells were seeded at 4 × 104 per cm2 (See the
Supplemental Figure S1). Two days later (70–80% confluency), the complete medium
was replaced with differentiation medium A (MA: complete medium supplemented with
50 mg/L insulin, 0.5 mM of 3-isobutyl-1-methylxanthine, and 1 μM of dexamethasone)
for 2 days (denoted as Day 0). The cells were then incubated with differentiation medium
B (MB: complete medium supplemented with 50 mg/L insulin). The MB was refreshed
every 2 days. In general, the adipocyte differentiation could be identified from Day 3,
and an apparent complete differentiation can be achieved between Day 7 and Day 10 [30].
In the control treatment, 3T3-L1 cells were differentiated with MB alone, whereas in the
testing groups, 3T3-L1 cells were incubated with MB in the presence of fructose at various
concentrations (1, 2, and 4 mg/mL). Cells in control and testing groups were collected
after the same incubation period, and samples were collected at Day 7 of the experimental
protocol. The RAS/or CCB blocker or the PU1 inhibitor was supplied in MB medium
throughout the differentiation period.

2.2. Oil Red O Staining

Preadipocyte differentiation was imaged at Day 3 and Day 7. In addition, the ac-
cumulation of lipid droplets was quantified by Oil Red O (ORO) staining. Briefly, the
differentiated adipocytes were washed twice with phosphate-buffered saline and fixed
for 1 h in 10% formalin. The cells were then immersed briefly in 60% isopropanol and air
dried. After a 30-min incubation with the ORO working solution, the cells were washed
several times in distilled water to remove the unbinding dye. The accumulation of lipid
droplets was determined by microscopy. For quantitative measurements, the ORO staining
was eluted with 100% isopropanol (v/v), and the optical absorbance was measured at
595 nm [30], which was based on the quantitative method of the previous studies [30–32].

2.3. Western Blotting

Whole-protein lysate of differentiated adipocytes was extracted using a RIPA lysis
buffer (containing a protease and phosphatase inhibitor cocktail). Western blotting was
performed as described in [33]. Briefly, 40 μg of whole lysate was pipetted into a 12% sepa-
ration gel and then subjected to constant voltage (90 V) SDS-PAGE. After separation, the
proteins inside the gels were transferred to polyvinylidene fluoride (PVDF) membranes
with a constant current (400 mA). The PVDF membranes were then washed with tris-
buffered saline (with 0.05% Tween-20) containing 5% bovine serum albumin. Subsequently,
the membranes were covered with primary and horseradish peroxidase (HRP)-conjugated
secondary antibodies, respectively. The primary antibodies used in this study at the
following dilutions in phosphate-buffered saline with Tween 20 (PBST): anti-activating
transcription factor 3, 1/1000 (ATF3; GTX30069, GeneTex, Irvine, CA, USA), anti-PU.1,
1/1000 (GTX101581, GeneTex), and anti-β-actin, 1/10,000 (Sigma-Aldrich, St. Louis, MO,
USA). Enhanced chemiluminescence was used for the visualization of the blotting bands,
which were captured using a BioSpectrum AC imaging system (UVP, Upland, CA, USA).
The intensity of the blotting bands was quantified using Gel-Pro analyzer software (version
4.0, Media Cybernetics, Rockville, MD, USA).

2.4. Reverse Transcription-Quantitative Polymerase Chain Reaction Assay

Total RNA was extracted using the Trizol reagent (Thermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer’s protocol. cDNA was synthesized using the
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MMLV RT-Script kit (BioGenesis, Taipei, Taiwan), and a quantitative polymerase chain
reaction (qPCR) was performed using OmicsGreen qPCR Master Mix with ROX dye
(Omicsbio, New Taipei City, Taiwan) according to the manufacturer’s protocol. Three-step
PCR cycling was conducted using LightCycler Nano software (Roche Molecular Systems,
Almere, The Netherlands) with primer sequences [34] and the following settings: 95 ◦C
for 2 min, followed by 40 cycles at 95 ◦C for 20 s, 60 ◦C for 20 s, and 72 ◦C for 40 s, and
then a final extension step of 95 ◦C for 15 s, 60 ◦C for 1 min, 95 ◦C for 15 s, and 60 ◦C
for 15 s. Glyceraldehyde-3-phosphate dehydrogenase was used as an internal control for
normalization. Gene expression was calculated using the 2−ΔΔCq method [35].

2.5. Hematoxylin and Eosin Staining and the Quantification of Lipid Droplet Size

Fat tissues of mice fed with normal diet and 8-week high-fructose diet were obtained
from our previous study (Protocol Number: LAC-2016-0093), and all experimental pro-
cedures were approved by the Institutional Animal Care and Use Committee of Taipei
Medical University (Protocol Number: LAC-2016-0093) and were in strict accordance with
the recommendations of the Guide for the Care and Use of Laboratory Animals set by the
National Institutes of Health [17]. Fat tissues were embedded in paraffin and then they
were cut into 0.5-μm-thick slices. In brief, control group, comprising wild-type mice that
were fed a standard chow diet for 8 weeks; and fructose group, comprising wild-type mice
that were fed a high-fructose (60% fructose) diet for 8 weeks. To investigate the histological
changes, hematoxylin and eosin (HE; Bio-Check Laboratories, New Taipei City, Taiwan)
staining was conducted in accordance with the manufacturer’s protocol. HE-stained slices
of fat tissue were observed under a microscope (Olympus IX70, Tokyo, Japan) equipped
with ViewPoint Virtual Slide Viewing Software, (PreciPoint, Freising, Germany), and the
size of the lipid droplets was manually traced using the software’s scaling tool. The average
lipid droplet diameter was calculated on the basis of >50 lipid droplets per image [33].

2.6. Immunohistochemistry Staining

To observe the expression pattern of ATF3 and PU.1, the paraffin-embedded slices
of fat tissue were deparaffined, antigen retrieval was performed, and the antigens were
incubated with the antibodies specific to ATF3 (GTX02578, GeneTex) at a dilution of 1/200
and PU.1 (DF13270, Affinity Biosciences, OH, USA) at a dilution of 1/50, respectively.
Following routine procedures regarding secondary antibody incubation, washing, and
HRP-DAB (3,3′-diaminobenzidine)-based chromogenicity, the chromogenic reactivity was
detected using the light microscope, as described previously [33]. Images were acquired,
and the immunoreactivity was quantified using ImageJ 1.51 software (NIH, Bethesda,
MD, USA).

2.7. Statistical Analyses

All the results are expressed as mean ± standard deviation (SD). A one-way anal-
ysis of variance (ANOVA), followed by the Newman–Keuls post hoc test or one-way
repeated-measures ANOVA, was performed for group comparisons. Additionally, a two-
way ANOVA (first factor: treatment group; second factor: time period), with the two drug
treatments as the factors, was performed to compare the groups. A Student t test was
performed for the unpaired data when appropriate. p values significant at the <0.05, <0.01,
and <0.001 levels are reported.

3. Results

3.1. Effects of Different Fructose Concentrations on Adipocyte Size and Triglyceride, ATF3, PU.1,
MGL, ATGL, and SCD1 Levels in Adipocytes In Vitro

We examined the effects of high fructose concentrations on lipogenesis and lipolysis
in vitro treated by DB2313 (PU.1 inhibitor), amlodipine (a CCB), valsartan (an angiotensin
II receptor blocker, ARB), and untreated. Figure 1 presents the effects of different fruc-
tose concentrations on triglyceride levels by measuring ORO staining and adipose size in
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adipocytes in vitro. Through this method, we discovered that an increased fructose concen-
tration stimulated adipocytes, causing adipose enlargement and triglyceride accumulation.
Figure 2 indicates the effects of different fructose concentrations on ATF3 and PU.1 protein
levels, ATF3, PU.1, MGL, ATGL, and SCD1 mRNA levels, and the immunohistochemistry
(IHC) intensity of ATF3 and PU.1 in adipocytes in vitro. An increased fructose concentra-
tion gradually raised ATF3 and PU.1 protein levels and of PU.1 mRNA levels but reduced
ATF3 mRNA levels. Moreover, an increased fructose concentration of 4 mg/mL augmented
SCD1, ATGL, and MGL mRNA levels. In IHC staining, a 4 mg/mL fructose concentration
enhanced ATF3 and PU.1 expression in adipocytes in vitro.

Figure 1. Effects of different fructose concentrations on (A) triglyceride levels by measuring Oil Red
O (ORO) staining in adipocytes in vitro and (B) adipose size obtained from our previous study [17].
N = 6, the results from 6 independent experiments in cell culture experiments and from 6 mice
in tissue used study. Values are presented as mean ± standard deviation (SD). **, and *** denote
p < 0.01, and <0.001 vs. the control groups at Day 7 of the experimental protocol, respectively.
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Figure 2. Effects of different fructose concentrations on (A) ATF3 and PU.1 protein levels in adipocytes
in vitro, (B) ATF3, PU.1, MGL, ATGL, and SCD1 mRNA levels in adipocytes in vitro, and (C) the
immunohistochemistry intensity of ATF3 and PU.1 obtained from our previous study [17]. N = 6, the
results from 6 independent experiments in cell culture experiments and from 6 mice in tissue used
study. Values are presented as mean ± SD. *, **, and *** denote p < 0.05, <0.01, and <0.001 vs. the
control groups at Day 7 of the experimental protocol, respectively.

3.2. Effects of a PU.1 Inhibitor on Adipocyte Triglyceride, ATF3, PU.1, MGL, ATGL, and SCD1 in
a 4 mg/mL Fructose Concentration In Vitro

The effects of the fructose concentration (4 mg/mL) with and without a PU.1 inhibitor
(DB2313, 5 nM) on triglyceride levels by measuring ORO staining, ATF3, and PU.1 protein
levels, and ATF3, PU.1, MGL, ATGL, and SCD1 mRNA levels in adipocytes in vitro are
illustrated in Figure 3. Triglyceride, ATF3 protein, and PU.1 protein levels increased
as a result of fructose stimulation and subsequently decreased after treatment with the
PU.1 inhibitor. Moreover, PU.1 mRNA levels increased with a relatively high fructose
concentration of 4 mg/mL and then decreased following PU.1 inhibitor treatment; however,
the ATF3 mRNA levels were inversely increased by the PU.1 inhibitor. The levels of MGL,
ATGL, and SCD1 induced by the 4 mg/mL fructose concentration were significantly higher
than in the control without fructose. The PU.1 inhibitor increased MGL and ATGL mRNA
levels and reduced SCD1 mRNA levels. Supplemental Figure S2 showed the protein level
of ATGL was induced, whereas the SCD1 was decreased, during adipogenesis in responded
to the treatment of fructose. Basically, the protein level of ATGL was coincided with its
mRNA pattern. However, the translational level of SCD1 was obviously repressed upon
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the maturation of adipocyte. The PU.1 inhibitor reduced SCD1 protein level, but unaltered
the ATGL protein level.

Figure 3. Effects of fructose concentration (4 mg/mL) with and without a PU.1 inhibitor (DB2313,
5 nM) on (A) triglyceride levels by measuring ORO staining, (B) ATF3 and PU.1 protein levels, and
(C) ATF3, PU.1, MGL, ATGL, and SCD1 mRNA levels in adipocytes in vitro. N = 6, the results from
6 independent experiments in cell culture experiments. Values are presented as mean ± SD. *, **, and
*** denote p < 0.05, <0.01, and <0.001 vs. the control groups at Day 7 of the experimental protocol,
respectively. ##, and ### denote p <0.01, and <0.001 vs. the 4 mg/mL fructose group at Day 7 of the
experimental protocol, respectively.

3.3. Effects of ARB and CCB on Adipocyte Triglyceride, ATF3, PU.1, MGL, ATGL, and SCD1
Levels in a 4 mg/mL Fructose Concentration In Vitro

Figure 4 depicts the effects of a 4 mg/mL M fructose concentration with and with-
out amlodipine (10 μM) and valsartan (10 μM) on triglyceride levels by measuring ORO
staining, ATF3 and PU.1 protein levels, and ATF3, PU.1, MGL, ATGL, and SCD1 mRNA
levels in adipocytes in vitro. The triglyceride levels increased by the high fructose con-
centration were reduced by the amlodipine and valsartan treatment. The high fructose
concentration also increased ATF3 and PU.1 protein levels; subsequently, only the PU.1
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protein levels decreased as a result of the valsartan and amlodipine treatment, although the
reduction caused by valsartan was nonsignificant. Moreover, the valsartan and amlodipine
treatment significantly reduced the PU.1 mRNA levels. The increased MGL, ATGL, and
SCD1 mRNA levels as a result of the 4 mg/mL fructose concentration remained unaffected
by the valsartan treatment. Additionally, although the valsartan treatment resulted in a
decreasing trend in SCD1 mRNA levels, the reduction was nonsignificant. Supplemental
Figure S2 showed Co-incubation with valsartan (10 μM) and amlodipine (10 μM) sustained
the high-expressed ATGL protein level and the repression of SCD1 protein translation.

Figure 4. Effects of fructose concentration (4 mg/mL) with and without amlodipine (10 μM) and
valsartan (10 μM) on (A) triglyceride levels by measuring ORO staining, (B) ATF3 and PU.1 protein
levels, and (C) ATF3, PU.1, MGL, ATGL, and SCD1 mRNA levels in adipocytes in vitro. N = 6.
the results from 6 independent experiments in cell culture experiments. Values are presented as
mean ± SD. *, **, and *** denote p < 0.05, <0.01, and <0.001 vs. the control groups at Day 7 of the
experimental protocol, respectively. #, ##, and ### denote p < 0.05, <0.01, and <0.001 vs. the 4 mg/mL
fructose group at Day 7 of the experimental protocol, respectively.

4. Discussion

The key findings of our study are summarized in this section. First, high fructose
concentrations increased adipocyte size and triglyceride content in adipocytes in vitro.

68



Nutrients 2022, 14, 3759

Second, the high fructose concentration significantly increased MGL, ATGL, and SCD1
levels; subsequently, SCD1 levels decreased following PU.1 inhibitor treatment in vitro.
Third, the high fructose concentration increased adipose triglyceride, ATF3, and PU.1 levels,
and triglyceride and PU.1 levels decreased after PU.1 inhibitor treatment. Fourth, increased
triglyceride and PU.1 levels in adipocytes treated with high fructose concentrations were
reduced with the amlodipine and valsartan treatment. Overall, these findings suggest that
high fructose concentrations cause lipogenesis through PU.1 activation, and amlodipine
and valsartan treatment activate lipolysis through a potential mechanism that inhibits
PU.1 activation.

High fructose intake contributes to the development of obesity [8]. Fructose is metabo-
lized in the intestine and transported into the liver, where approximately two-thirds of the
fructose intake can be metabolized; the remaining intake is metabolized by other tissues,
including adipose tissue expressed as the fructose transporter GLUT5 [36]. Furthermore,
postprandial hypertriglyceridemia and visceral adipose deposition are metabolic distur-
bances resulting from excessive fructose consumption. Our study revealed that fructose
stimulation increased MGL, ATGL, and SCD1 levels, and that SCD1 could subsequently be
reduced by the PU.1 inhibitor. In addition, through the action of ATGL and MGL in the
adipose tissue, adipose tissue triglycerides were metabolized into free fatty acids, which
are involved in adipose tissue lipolysis.

In our study, the data revealed that fructose stimulation increased the size of adipose
tissue and the lipid droplets, as well as increased ATF3 and PU.1 protein levels, which were
subsequently lowered by the PU.1 inhibitor. Ruan et al. demonstrated the inhibition of PU.1
in the adipogenesis of ovine primary preadipocytes by limiting CCAAT-enhancer-binding
protein-β [13]. In adipocyte-specific PU.1-knockout mice, peroxisome proliferator–activated
receptor-gamma (PPARγ) is more active when PU.1 expression is reduced in adipocytes [12],
indicating that increased PU.1 modifies the adipocyte PPARγ in adipocytes. PPARγ is
highly expressed in adipose tissue, and it can be activated to alter the adipocyte phenotype
and upregulate genes involved in fatty acid metabolism and triglyceride storage [14].
For example, PPARγ-activating ligands improve the function of fatty tissues, such as the
expression of adiponectin and the reduction in nonesterified fatty acid intake in plasma [14].
This evidence suggests that fructose-stimulated PU.1 may be a mediator that contributes in
part to the regulation of adipogenesis in adipose tissue. Thus, PU.1 could be a potential
therapeutic agent for fat degradation through improving oxidative stress and regulating
PPARγ-mediated metabolic processes.

Whether ATF3 affects adipose lipid processing is still being researched. In this in vitro
study, we evaluated the association between ATF3 and lipolysis in adipose cells with
and without high fructose stimulation. Our previous study demonstrated that the loss of
ATF3 in mice was accompanied by elevated serum levels of glucose, insulin, triglycerides,
inflammatory cytokines (TNF-α and ICAM-1), and larger visceral adiposity compared
with wild-type mice [17]. This resembled metabolic syndrome and indicated that ATF3
could be involved in regulating lipogenic properties. That study further observed that high
fructose stimulated an increased protein response in ATF3 and PU.1 and enhanced lipid
droplet sizes with cumulative MGL, ATGL, and SCD1 levels, which were subsequently
reduced by using the PU.1 inhibitor. Furthermore, Suganami et al.’s study provided evi-
dence that ATF3, induced in obese adipose tissue, acts as a transcriptional repressor of the
negative feedback mechanism that attenuates saturated fatty acid/toll-like receptor 4 sig-
naling and macrophage activation in obese adipose tissue [37]. Moreover, our colleagues
found that a synthetic ATF3 inducer, ST32da, promoted ATF3 expression to downregulate
adipokine genes, increasing white adipose tissue browning and reducing lipogenesis in
ATF3-knockout mice with a high-fat diet [34].

In this study, we found that there is a discrepancy between ATF3 protein and mRNA
levels. As mRNA is eventually translated into protein, it is usually assumed that there
is some sort of correlation between the levels of mRNA and protein. However, poor
correlations between the levels of mRNA and protein are common, and this could be
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achieved by many factors. For example, the half-lives of mRNA and protein may differ.
In addition, the modification of mRNA (e.g., methylation) might change the translational
efficiency of mRNA. Additionally, the increased protein level may down-regulate mRNA
synthesis and up-regulate mRNA degradation. For example, Zhu and his colleagues found
the ATF3 protein in colorectal cancer patients was statistically up-regulated, but the ATF3
mRNA level was without significant change [38], suggesting a discrepancy between ATF3
protein and mRNA levels. The overexpressing ATF3 (by plasmid) inhibited adipocyte
differentiation of 3T3-L1 cells [39,40]. However, a synthetic ATF3 inducer ST32da not only
promoted ATF3 expression, but also induced adipocyte browning, suggesting the need for
ATF3 during glucose metabolism and lipogenesis [34]. Moreover, ATF3 can have opposite
effects on different types of cells. The functions of ATF3 might depend on its transcriptional
milieu, thus the levels of protein and mRNA of ATF3 were investigated in this study.

Our study is the first to reveal that amlodipine and valsartan treatment could re-
duce fat droplets and PU.1 protein levels in adipocytes. Previous studies have reported
the beneficial role of amlodipine and valsartan in improving lipoprotein oxidation, in-
creasing superoxide dismutase activity and improving the effects of atherosclerosis in
experimental and human studies [41–49]. In particular, local angiotensin II plays a key role
in promoting the adipogenic differentiation of mesenchymal stem cells from human fat
tissue through type 2 angiotensin receptors [50]. Furthermore, the activation of RAS by an-
giotensin II treatment increases endoplasmic reticulum stress and causes the inflammation
of adipocytes through angiotensin II receptor type 1 [51]. ARBs have therefore been reported
to have antioxidant and anti-inflammatory effects and result in improved fat-droplet size,
as well as the differentiation and dysregulation of adipocytokines in culture adipocytes and
mice [52–55]. In the future, the association between PU.1 inhibitors and RAS-induced
paracrine effects merits investigation. In addition, nifedipine, a CCB, attenuates white
adipose tissue dysfunction in type 2 diabetic KK-A(y) mice, demonstrating that nifedipine
increases adipocyte numbers and the expression of PPARγ and adipocyte fatty acid-binding
proteins related to adipocyte differentiation [29]. Furthermore, in essential hypertensive pa-
tients, Harano et al. observed that the responses of ketone bodies during insulin sensitivity
tests at 30 min improved after amlodipine treatment, which reflects the effect of insulin on
lipolysis in adipose tissue and hepatic fatty acid oxidation [44]. As for the role of ARBs and
CCBs in adipocyte PU.1 inhibition, further studies are required to identify the mechanism
in detail.

Our study demonstrated that high fructose stimulation increased adipose size and
triglyceride, MGL, ATGL, SCD1, ATF3, and PU.1 levels in adipocytes in vitro; subsequently,
PU.1 inhibitor treatment reduced triglyceride, SCD1, and PU.1. In addition, we revealed
that increased triglyceride, and PU.1 levels in adipocytes stimulated by relatively high fruc-
tose concentrations were reduced by treatment with amlodipine and valsartan. Amlodipine
increased fructose-induced SCD1 mRNA levels, which may be because amlodipine partially
inhibited PU.1 and also had the other signaling pathways on lipogenesis independent of
PU.1 signaling. These results indicate that high fructose concentrations cause triacylglyc-
erol storage in adipocyte droplets through PU.1 activation. Furthermore, amlodipine and
valsartan treatment can improve triacylglycerol storage in adipocyte droplets by inhibiting
PU.1 activation. Thus, the benefits of valsartan and amlodipine in lipolysis may be through
PU.1 inhibition in fructose-induced adiposity, and PU.1 inhibition might have a potential
therapeutic role in lipolysis in fructose-induced obesity.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nu14183759/s1, Figure S1: Experimental protocol for cell cultures.
Figure S2: Effects PU.1 inhibitor, valsartan, and amlodipine on the protein levels of ATGL, SCD1 in
adipocytes in vitro.
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Abstract: Excessive dietary intake of fats and sugars (“Western diet”, WD) is one of the leading causes
of obesity. The consumption of the microalga Arthrospira platensis (spirulina, Sp) is increasing due to
its presumed health benefits. Both WD and Sp are also consumed by pregnant and breastfeeding
women. This study investigated if gestating and lactating domestic pigs are an appropriate model for
WD-induced metabolic disturbances similar to those observed in humans and if Sp supplementation
may attenuate any of these adverse effects. Pigs were fed a WD high in fat, sugars, and cholesterol
or a control diet. Half of the animals per diet group were supplemented with 20 g Sp per day. The
WD did not increase body weight or adipose tissue accumulation but led to metabolic impairments
such as higher cholesterol concentration in plasma, lower IGF1 plasma levels, and signs of hepatic
damage compared to the control group. Spirulina supplementation could not reduce all the metabolic
impairments observed in WD-fed animals. These findings indicate limited suitability of gestating and
lactating domestic pigs as a model for WD but a certain potential of low-dose Sp supplementation to
partially attenuate negative WD effects.

Keywords: dietary fat; dietary sugar; microalgae; gene expression; liver steatosis; skeletal muscle;
insulin-like growth factor; pig model

1. Introduction

Excessive energy intake in the form of a “Western diet” (WD), often combined with a
sedentary lifestyle, is considered the leading cause of the obesity epidemic, which affects
approximately 30% of the adult population in industrialized countries today [1]. Chronic
excessive intake of dietary saturated fat, sugars, and cholesterol may lead to an alteration in
the activity of transcription factors that results in a dysregulation of gene expression favor-
ing intra-organ lipid accumulation and, in the long term, other metabolic disturbances [2–4].
Even before the onset of the metabolic syndrome, including visible changes in body weight
(BW) and body composition, shifts in metabolic and inflammatory blood parameters point
towards an unfavorable metabolic state, as observed in rodents and primates [5–7].

Excessive energy intake and obesity are also increasingly prevalent in pregnant and
breastfeeding women [8]. Since pregnancy and lactation are generally characterized by
complex changes in metabolism as well as by intense immune activity [9,10], unhealthy
diets and obesity during these periods additionally strain the organism [11].
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The filamentous blue-green microalga Arthrospira platensis (also known as spirulina,
Sp) is rich in bioactive phytochemicals, such as essential fatty acids (FA), vitamins, polyphe-
nols, carotenoids, tocopherols, and phycocyanin [12]. These are presumed to contribute
to the many beneficial health effects reported for Sp, particularly its antioxidant, anti-
inflammatory, hypolipemic, and hepato-protective effects [13,14]. In vivo studies showed
that Sp exerts these protective effects by modulating the expression levels and activities
of transcription factors, thus regulating downstream transcription of target genes [15,16].
Regarding the potential beneficial health effects, the utilization of Sp as a supplement in
human nutrition, including pregnant and breastfeeding women, is becoming increasingly
popular [17]. Still, to the best of our knowledge, the potential metabolic effects of Sp intake
during pregnancy and lactation have not yet been investigated.

Because of ethical issues that would arise from studies in pregnant and lactating
women, different animal models have been employed, with rodents representing the most
frequently used model for human nutrition and metabolism [18–20]. However, studies
in rodents present some limitations that prevent the translation of research results to
humans [21]. The pig (Sus scrofa) can be considered an interesting alternative to rodent
models and might help bridge the gap between classical animal models and actual human
physiology. Pigs share many anatomical, physiological, genomic and metabolic similarities
with humans [22–24]. Minipigs have been mostly used to develop novel porcine models
for metabolic disorders, but they are far more sensitive to an obesogenic diet than humans,
because of a genetic predisposition for obesity [18]. Domestic pigs do not have this genetic
predisposition and might thus be biologically closer to humans than the minipigs. Studies
in pregnant and lactating pigs may shed new light on translational research investigating
the metabolic effects of maternal WD.

Therefore, in the present study, we investigated if a diet rich in saturated FA (SFA),
sucrose, fructose, and cholesterol in comparison to a commercial pig diet may induce
a detrimental, obesity-related phenotype in gestating and lactating domestic pigs and
if low-dose Sp supplementation may attenuate these potential adverse effects. So far,
no study has evaluated if low-dose Sp supplementation proportional per unit of BW to
recommendations in human nutrition (max. 8 g/day) to gestating and lactating pigs fed
a WD might effectively attenuate adverse WD effects. We hypothesized that (i) feeding a
WD to domestic pigs induces an obesity-like metabolic phenotype similar to that observed
in humans; (ii) the effects of the WD differ during pre-gestation, gestation, lactation, and
post-lactation periods; and (iii) low-dose supplementation of Sp may attenuate or even
prevent the unfavorable phenotype observed in pigs fed a WD.

2. Materials and Methods

2.1. Animals, Housing, and Experimental Design

The experiment was approved by the Cantonal Veterinary Office of Zurich, Switzer-
land (license number ZH157/18), and performed in accordance with the Swiss legislation
on animal rights and welfare. Lugarà et al. [25] provide a detailed description of the
experiment. In brief, 24 female Large White × Landrace pigs (initial BW: 119.3 ± 8.2 kg,
mean ± standard deviation (SD); average age: 5.6 ± 0.8 months; same sire; obtained
from as few litters as possible to reduce the genetic diversity also from the maternal side)
were housed in the Metabolic Center of the AgroVet-Strickhof research station (Lindau,
Switzerland). Despite years of intense selection for leaner meat, when compared to other
breeds such as Pietrain, such crossbreeds still possess genetic traits that allow for an in-
creased intramuscular fat accumulation [26] and may thus also be susceptible to a WD.
Due to limited housing capacity, the experiment was conducted in two identical runs
(12 sows each, spring to winter in 2019 and 2020, respectively). The experimental design
and schedule are outlined in Figure 1. Animals were housed in pairs at 17–22 ◦C and
60% relative humidity and fed ad libitum via automatic feeding stations (Pig Performance
Tester, Nedap, Groenlo, The Netherlands), which recorded individual daily feed intake.
Water and compressed straw were accessible ad libitum. After 6–8 weeks of pre-gestational
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feeding, animals were cycle synchronized via 18 days of oral application of Regumate®

(MSD, New Animal Health, Wellington, New Zealand). Artificial insemination (AI) was
performed with fresh sperm from the same boar (PREMO® Large White, Suisag, Sempach,
Switzerland) for all animals. Animals were controlled for pregnancy on days 18 (heat
detection) and 25 (ultrasonography) post AI. Animals not pregnant on day 25 were ex-
cluded from the experiment as further described below. From day 44 of gestation until
weaning (30.4 ± 0.8 days after farrowing), animals were kept in individual farrowing pens.
For weaning, the sows were moved back in pairs to the initial pens where they stayed for
another 5 weeks until being slaughtered.

Figure 1. Schematic representation of the feeding experiment performed on female crossbred pigs in
two runs (2019 and 2020) from spring to winter (34 weeks in total). Experimental sows were fed a
control (CTR) or Western (WES) diet from the pre-gestation period to the post-lactation (PL) period
for a total of 34 weeks. At artificial insemination, spirulina supplementation was started for half of
both diet groups. Body weight was recorded at the start and end of each experimental period. Blood
was collected at three time points (T1, T2, T3).

2.2. Experimental Diets

All diets used in this experiment were produced by Weinlandmuehle Truellikon
(Glanzmann AG, Truellikon, Switzerland). For an initial adaption period of 2 weeks, all
animals were offered a commercial compound feed designed to cover the basic nutritional
requirements for gestating pigs. This diet was also used as the control diet (CTRG) during
the whole pre-gestation, gestation, and post-lactation periods (Table 1). After the adaption
period, animals were assigned to two dietary groups (n = 12 per group). Initially, sisters
sharing the same mother were randomly distributed into the two groups. The remaining
animals were randomly assigned, but groups were balanced for a similar average BW. All
animals were fed ad libitum either the control diet (CTR group) or a WD (WES group) for
an initial pre-gestation period of about 9 weeks before AI (Table 1, Figure 1). The WESG
diet contained 150 g/kg freshly fed fully hydrogenated palm oil (ALIkon, Erbo Spraytech
AG, Buetzberg, Switzerland), 200 g/kg saccharose (crystalline sugar, Schweizer Zucker AG,
Aarberg, Switzerland), 150 g/kg fructose (Fructofin C, Danisco, Kotka, Finland), and 2 g/kg
cholesterol (cholesterol from sheep wool ≥92.5%, Sigma-Aldrich, Buchs, Switzerland). As
intended, the WES feed contained substantially more ether extract (+450%), total sugars
(+570%), and cholesterol (+1532%) and ultimately provided a higher gross energy content
(+3.8 MJ/kg DM) than the CTR feed. In contrast, the CTR feed provided a higher starch
content than the WES feed (+82%). The fiber content was slightly higher in the WES than
in the CTR feed (8.4 vs. 6.5 g/kg DM). In terms of FA, the WES feed contained a higher
proportion of total SFA (+262%) than the CTR feed. Contrarily, the CTR feed contained
higher proportions of unsaturated FA. In spirulina, the major FAs were C16:0, C18:3 n–6
(γ-linolenic acid, GLA), LA, C16:1 n–7, and C18:0 (in descending order).
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Table 1. Ingredients and composition of experimental diets.

Gestation Diet Lactation Diet

CTRG WESG CTRL WESL Spirulina

Ingredients (g/kg as fed)
Hydrogenated palm oil - 150 - 150 -

Saccharose - 200 - 200 -
D-Fructose - 150 - 150 -
Cholesterol - 2.0 - 2.0 -
Corn germ 590 298 488 200 -

Wheat 300 - 300 - -
Soybean meal 45.0 130 145 217 -

Lignocellulose † 26.6 29.0 26.6 29.0 -
Monocalcium phosphate 13.0 20.0 11.2 20.0 -

Calcium carbonate 11.0 6.00 11.6 6.00 -
NaCl 6.2 6.0 6.2 6.0 -

Vitamin and mineral premix ‡ 5.0 5.0 5.0 5.0 -
L-Lysine 2.3 2.5 3.6 5.4 -

DL-Methionine - 1.0 0.7 1.9 -
DL-Tryptophan 0.2 0.4 0.5 1.0 -

L-Threonine 0.7 1.3 1.8 3.4 -
Valine - - - 2.2 -

Chemical composition (g/kg dry matter (DM) if not stated otherwise)
DM (g/kg fresh matter) 893 936 898 934 935

Total ash 47.8 47.1 54.9 54.3 90.2
Crude protein 110 93 150 162 638
Ether extract 26 158 29 143 47

Starch 462 93 408 74 51
Total sugars 46 359 52 326 <0.5
Crude fiber 6.7 8.7 6.2 8.1 n.a.
Cholesterol 0.03 0.48 0.02 0.45 n.a.

Gross energy (MJ/kg DM) 13.4 17.2 13.0 16.8 n.a.
Fatty acids (FA) composition (g/100 g total FA) §

C12:0 0.14 0.64 0.30 0.08 0.03
C14:0 0.15 0.91 0.12 0.11 0.17
C16:0 15.9 30.7 12.3 5.9 42.9

iso C16:0 0.06 0.00 0.06 0.00 1.93
C16:1 n–7 0.15 0.01 0.12 0.03 5.44

C16:1x 0.34 0.00 0.04 0.00 0.05
C17:1 0.03 0.00 0.04 0.03 0.33
C18:0 4.4 56.4 14.8 81.4 3.4

C18:1 cis-9 26.0 3.3 21.9 2.8 1.6
C18:1 cis-11 0.88 0.11 0.67 0.12 0.73

C18:2 n–6 (LA) 47.6 5.0 45.1 5.0 16.5
C18:3 n–3 (ALA) 1.93 0.34 2.28 0.68 0.43
C18:3 n–6 (GLA) 0.0 0.0 0.0 0.0 23.2

C20:0 0.49 0.89 0.64 2.00 0.09
C20:1 n–9 0.42 0.04 0.34 0.06 0.12
C20:2 n–6 0.11 0.01 0.05 0.00 0.30
C20:3 n–6 0.00 0.00 0.00 0.00 0.38

C22:0 0.22 0.35 0.35 1.15 0.00
∑ Saturated FA 22.0 90.3 29.1 91.1 49.2

∑ Monounsaturated FA 28.0 4.3 23.3 3.1 8.9
∑ Polyunsaturated FA 50.0 5.40 47.6 5.75 41.9

∑n–6 47.7 5.0 45.2 5.0 40.4
∑n–3 1.9 0.3 2.3 0.7 0.4

n–6/n–3 25.1 14.7 19.6 7.4 101
CTR: Control; FA: fatty acids; WES: Western. n.a.: not analyzed. † Jeluvet Lignocellulose (Jelu-Werk J. Ehrler
GmbH & Co. KG, Rosenberg, Germany). ‡ Naco Premix for breeding pigs (Vital AG, Oberentfelden, Switzerland),
contains (per kg): lysine, 0.30 g; methionine, 0.10 g; Ca, 174 g; Fe (iron sulphate monohydrate E1), 16 g; native Mg,
8 g; Cu (copper sulphate pentahydrate E4), 3 g; Se (sodium selenite E 8), 0.05 g; Zn (zinc oxide 3b603), 18 g; iodine
(calcium iodate anhydride 3b202), 0.2 g; vitamin D3, 0.009 g; vitamin A, 0.72 g; vitamin E, 10 g; mineral oil, 10 g.
§ Only fatty acids (FA) with a proportion >0.3 g/100 g total FA in at least one of the feed items are displayed.

Feed allowance was 2 and 3 kg/day from day 40 to day 90 and from day 91 to day
105 of gestation, respectively. These restrictions were implemented to prevent problems
at parturition that occur more frequently when sows are too heavy. One week before
the expected parturition (day 107 of gestation), the diets of both groups were switched
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to lactation-type diets (CTRL, WESL) (Table 1, Figure 1). The lactation diets were fed ad
libitum until weaning.

Two days after the final Regumate® administration and thus 3 days before AI, daily
manual supplementation with 20 g of spirulina (Sp) in tablets (IGV Planttech GmbH,
Nuthetal, Germany) was started for half of the animals in both dietary groups (−: without
Sp; +: with Sp). This ultimately resulted in four experimental groups, namely CTR−, CTR+,
WES−, and WES+. The Sp supplementation was continued until slaughter.

2.3. Data and Sample Collection during the Feeding Experiment

Throughout the experiment, individual daily feed intake was determined on 2 days
per week, either from data registered by the feeding stations in the pens or by recording
the amounts of supply and leftovers in the farrowing pens. The BW was measured using
an animal scale (Mettler-Toledo, Greifensee, Switzerland) at the start and end of each
experimental period. Backfat thickness at the level of the last rib was monitored using a
portable ultrasound instrument (Carometec, Frontmatec Kolding, Kolding, Denmark) at
the same time points. Feed samples were collected at the start of each run and then every
8 weeks throughout the experiment for compositional analyses. One week before expected
farrowing, total feces were collected over a period of 24 h to analyze fecal fat excretion. All
samples were stored at −20 ◦C until further analyses.

2.4. Organ Collection at Slaughter

After 16 h of overnight fasting, the sows were transported within 30–45 min to the
abattoir at Tierspital (University of Zurich, Switzerland). They were slaughtered on six
different dates in random order by exsanguination after electrical stunning. Liver and
perirenal visceral adipose tissue (VAT) were collected warm and weighed. Samples of liver
and abdominal muscle (Obliquus externus abdominis) were snap-frozen in liquid nitrogen
and stored at −80 ◦C until further analyses. Additional liver and muscle samples were
vacuum-sealed in plastic bags and stored at −20 ◦C for FA analysis. Liver, muscle, and
VAT samples were fixed in 4% paraformaldehyde prepared in phosphate buffered saline
(both: Sigma-Aldrich) at 4 ◦C for 48 h.

2.5. Isolation and Quality Assessment of Liver and Muscle RNA

Total hepatic RNA was isolated after homogenization (MagNA Lyser Green Beads
and MagNA Lyser Instrument (Roche, Basel Switzerland), 7000× g, 30 s) using the All-
Prep DNA/RNA Mini kit (Qiagen, Hilden, Germany) according to the manufacturer′s
instructions. To isolate total RNA from muscle tissue, samples were homogenized using
TRIzolTM Reagent (Thermo-Fisher, CA, USA) and the MagNA Lyser Instrument (6500× g,
25 s). After homogenization, chloroform (Sigma-Aldrich) was added, and samples were
centrifuged (12,000× g, 10 min, 4 ◦C). The upper phase was mixed with 100% ethanol,
and the RNA purification was performed using the RNeasy Mini Kit (Qiagen) according
to the manufacturer’s instructions. The quantity of isolated RNA was estimated using a
NanoDrop One spectrophotometer (Thermo Fisher, Waltham, MA, USA).

2.6. Transcriptome Analyses

Library preparation and RNA sequencing for liver and muscle tissue was performed
by the Functional Genomics Center Zurich (Switzerland). For timing reasons, RNA sequenc-
ing was performed only for animals from the first run group, while qPCR was later used to
validate the results in all animals (see next paragraph). Analysis of RNA integrity using a
Fragment Analyzer System (Agilent Technologies, Wilmington, NC, USA) resulted in RQN
numbers ≥8.6 for all samples. An RNA input of 1 μg was used for library preparation using
the TruSeq Stranded mRNA Library Prep kit (Illumina, San Diego, CA, USA) following
the manufacturer′s instructions. Quality-controlled libraries were sequenced in a single
multiplex on a NovaSeq instrument (Illumina) in 100 bp single-end read mode. Overall, the
sequencing depth was about 25 million reads per sample. Read alignment was executed
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using STAR [27] and the porcine genome (Sscrofa11.1) as reference. Raw read counts were
calculated with the featureCounts option of the Rsubread package [28]. The analyses of
differentially abundant transcripts (DATs) were performed in R (version 4.1.2, R Core Team,
2020) using the DESeq2 package (version 1.30.0, Michael Love, Boston, MA, USA). The
analysis generated the p-values corresponding to a differential expression test and the
log2 Fold change (log2FC). Genes were considered differentially expressed at p < 0.05
and considering −1.5 > FC > 1.5. Comparative analyses were performed for WES− sows
vs. CTR− sows and both Sp-supplemented groups vs their respective non-supplemented
groups. Differentially expressed genes were subjected to functional analyses using the
Ingenuity Pathway Analysis (IPA) software (version 76765844, Qiagen, Hilden, Germany,
www.qiagen.com/ingenuity (accessed on 10 January 2021)). The overlap p-value was calcu-
lated using Fisher′s exact test, and the z-score provides a prediction of the directional effect.

2.7. Validation of Transcriptome Data via qPCR

Reverse transcription was performed using 1 μg of hepatic RNA of all experimental
animals with the GoScript Reverse Transcription System (Promega, Madison, WI, USA)
according to the manufacturer′s instructions. Quantitative real-time polymerase chain
reaction was performed using the KAPA Sybr Fast Mix (Kapa Biosystems, Wilmington,
NC, USA) according to the manufacturer′s instructions on a CFX384 Real-Time PCR De-
tection System (Bio-Rad, Munich, Germany) with a 2-step amplification program (1 s
at 95 ◦C, 30 s at 60 ◦C, 39 cycles). Primers (Table 2) were ordered at Microsynth (Bal-
gach, Switzerland). Six reference genes were tested (ubiquitin B (UBB), actin B (ACTB),
H3.3 histone A (H3F3A), hypoxanthine phosphoribosyltransferase 1 (HPRT1), tyrosine
3-monooxygenase/tryptophan 5-monooxygenase activation protein zeta (YWHAZ), suc-
cinate dehydrogenase complex flavoprotein subunit A (SDHA)). The RefFinder web tool
was used to determine the most stable combination of reference genes for normalization of
target gene expression [29]. The three most stable reference genes (H3F3A, YWHAZ, and
UBB) were selected using the recommended comprehensive ranking, and the geometrical
mean of their Cqs was used to calculate the ΔCq value of each target gene. Results are
shown as log2 fold change, where the fold change was calculated as 2−ΔΔCq.

Table 2. List of primer sequences.

Gene Forward Primer (5′→3′) Reverse Primer (5′→3′) Amplicon Length Accession Number

ACTB GATCTGGCACCACACCTTCT AGAGACAGCACAGCCTGGAT 174 NM_173979.3
CYP1A2 GCCCAGCCCTACTCTGCAA CCAGGAGATGGCTGTGGTAA 250 XM_005666124.3

CRP TGAACACAGGCTCTCACATCC CAAGCCAGACACTTGAATGCC 70 XM_003355107.4
GSTA1 CAGGACACCCAGGACCAATC GTCTCAGGTACATTCCGGGAG 202 NM_214389.2
GSTA4 GCTCGGAGTGGACCCAGAAAA TTCGGGTCTGCACCAACTTC 243 NM_001243379.1
H3F3A AGGAGGTCTCTATACCATGGCTC GAGCAATTTCCCGCACCAGA 245 NM_213930.1
HPRT1 TGCTGAGGATTTGGAGAAGG CAACAGGTCGGCAAAGAACT 154 NM_001034035.2

IGF1 TGGTGGACGCTCTTCAGTTCG ACAGTACATCTCCAGCCTCCTC 155 NM_214256.1
LIPG CGAAACTCAGTTCCTCTGCTCT TGGCTGTTGCATTGAAGCCA 247 XM_013992843.2
PCK1 GGGCATCATCTTCGGAGGG AGTTGTAGCCGAAGAACGGC 182 XM_005673043.3

PTDGS AAGAACTACGCCCTGCTCCA ATGGCCAGGTCCTGAGAGT 231 NM_214228.1
SDHA GCAGAACCTGATGCTTTGTG CGTAGGAGAGCGTGTGCTT 185 NM_174178.2
UBB CATTGTTGGCGGTTTCGCT TTGACCTGTGAGTGAAGGCA 85 NM_001105309.1

YWHAZ ATTGGGTCTGGCCCTTAACT GCGTGCTGTCTTTGTATGACTC 146 XM_021088756.1

2.8. Compositional Analyses of Diets, Liver, Skeletal Muscle, and Feces

In all samples analyzed, compositional analyses were performed with similar methods.
For analyses of dry matter (DM) and total ash (method 942.05; AOAC International, 1995),
a thermo-gravimetric device (TGA 701, Leco Corporation, St. Joseph, MI, USA) was
used. Using a C-N analyzer (Leco-CN 2000, Leco Corporation), nitrogen (N) content was
determined (method 968.06; AOAC International, 1995), and crude protein was calculated
as 6.25 × N. Ether extract was assessed by Soxhlet extraction using petroleum ether as
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a solvent (B-811, Büchi, Flawil, Switzerland; AOAC index no. 963.15). The gross energy
was measured using a bomb calorimeter (Calorimeter C7000, IKA-Werke GmbH & Co.
KG, Staufen, Germany). The cholesterol was extracted as described by Madzlan [30] and
measured with a gas chromatograph (HP 6890, Agilent) equipped with a J&W Ultra1
column (25 m × 0.32 mm, Agilent Technologies). Total sugars (glucose, fructose, sucrose,
lactose, maltose, xylose, and galactose) and starch content in the diets were analyzed by
Eurofins Scientific AG (Schönenwerd, Switzerland) using, respectively, an HPAEC-PAD
technique and an enzymatic assay (ISO 15914).

Hepatic total lipids were extracted as previously described by Lan et al. [31]. Briefly,
50 mg of frozen liver tissue was weighed, placed in ice-cold isopropanol, homogenized
using a MagNA Lyser Instrument (Roche) at 7000× g for 30 s, and incubated for 10 min
at room temperature while shaking. The samples were centrifuged at 1107× g for 10 min.
Triglyceride and total cholesterol contents were analyzed in the supernatant using enzy-
matic reaction assays (Fluitest® TG and Fluitest® Chol, both from Analyticon, Lichtenfels,
Germany) according to the manufacturer′s instructions. Glycogen content was measured
in both liver and muscle using the Glycogen Assay Kit (Fluorimetric) (Cell BioLabs, San
Diego, CA, USA) following the manufacturer′s instructions.

2.9. Histological Analyses of Liver, Skeletal Muscle, and Visceral Adipose Tissue

Histological analyses were performed at the Laboratory for Animal Model Pathology
(University of Zurich). Samples were trimmed and embedded in paraffin wax. Consecutive
sections (3–5 μm) were prepared, mounted on glass slides, and stained in hematoxylin
and eosin (Sigma-Aldrich), according to the manufacturer′s instructions. Adipocyte area
was measured from microphotographs (Zeiss Axioskop 2, Zeiss, Jena, Germany) using the
software ImageJ (v1.53e, National Institute of Health, Bethesda, Annapolis, MD, USA).

2.10. Blood Collection

During physical restraint with a snare, blood samples were collected at the end of
the pre-gestation period (T1) and about 1 month before the expected parturition (T2) after
12 h of overnight fasting via jugular venipuncture into serum and plasma tubes (Z; clot
activator, and K3-EDTA, S-Monovette, Sarstedt AG&Co. KG, Nuembrecht, Germany). At
slaughter (T3), blood was collected during exsanguination into serum and plasma tubes.
Tubes were centrifuged at 1500× g for 10 min at 4 ◦C. Serum and plasma supernatants were
collected and stored at −80 ◦C until analyses.

2.11. Serum and Plasma Assays

Triglyceride and total cholesterol concentrations were determined in plasma by enzy-
matic reagent kits following the manufacturer’s instructions (Fluitest® TG and Fluitest®

Chol). Glucose was measured in serum samples using Multi-purpose kits—Glucose GOD
FS (Dyasys, Diagnostic Systems GmbH, Holzheim, Germany). Hepatic biomarkers were
analyzed in serum samples. In particular, alanine transaminase (ALT) and aspartate
transaminase (AST) were analyzed using ALAT (GPT) FS and ASAT (GOT) FS (both from
Dyasys), respectively. Concentrations of bilirubin, creatinine, gamma-glutamyl transferase
(GGT), and glutamate dehydrogenase (GLDH) were analyzed using Bilirubin Auto Total
FS (Dyasis), Creatinine FS (Dyasys), Gamma-GT FS (Szasz mod. /IFCC stand.) (Dyasys),
and GLDH FS DGKC (Dyasys). Concentrations of glucose, creatinine, AST, GGT, GLDH,
bilirubin, and ALT were measured using an automated analyzer (Cobas Miras Plus in-
strument, Roche Diagnostics AG, Rotkreuz, Switzerland). The insulin-like growth factor 1
(IGF1) was measured using a radioimmunoassay as described in detail by Vicari et al. [32].
Plasma insulin levels were measured using an ELISA kit (Mercodia, Uppsala, Sweden).
The HOMA-IR index (Homeostasis model assessment of insulin resistance) evaluating the
insulin resistance [33] was calculated from values obtained for fasting glucose (mmol/mL)
and insulin (μIU/mL) using the formula: (Insulin × Glucose)/22.5. Total antioxidant
capacity (TAC) and the ferric reducing antioxidant power (FRAP) were measured in serum
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using the OxiSelect Total Antioxidant Capacity Assay kit (Cell BioLab, San Diego, CA, USA)
and the OxiSelect Ferric Reducing Antioxidant Power Assay kit (Cell BioLabs) according to
the manufacturer′s instructions.

2.12. Fatty Acid Analyses in Diets and Tissues

The FA in diets, liver, and abdominal muscle were analyzed as described in detail by
Wolf et al. [34]. Briefly, from diets and tissues, FA were extracted with hexane:isopropanol
in a ratio of 3:2 (v/v) using an accelerated solvent extractor (ASE 200, Dionex Corporation,
Sunnyvale, CA, USA). The C11:0 (Fluka Chemie, Buchs, Switzerland) was used as internal
standard. Methylation to FA methyl esters (FAME) was performed according to IUPAC
(method 2.301). A gas chromatograph (HP 6890, Agilent Technologies) equipped with a
CP7421 column (200 m × 0.25 mm, Varian, Lake Forest, IL, USA) was used to separate
the FAME. Sunflower oil was used to produce a standard curve. Peak identification was
further confirmed using chromatograms from Collomb and Buehler [35].

2.13. Statistical Analyses

Due to the experimental setup, sample sizes differed between the different experimen-
tal periods. The pre-gestation period with two experimental diets resulted in n = 12 per
group. After forming the four experimental subgroups, three animals had to be excluded
after the pre-gestation period because of not becoming pregnant, and one animal (WES+
group) had to be excluded because of miscarriage, resulting in group sizes: CTR− n = 5,
CTR+ n = 6, WES− n = 5, and WES+ n = 4 for the gestation period. During the lactation
period, one CTR+ sow experienced excessive weight loss and had to be euthanized, thus
CTR+ was reduced to n = 5 in the lactation and post-lactation period as well as at slaughter.
A CTR− animal was excluded due to agalactia from analyses during the lactation period
(thus CTR− n = 4 in the lactation period). One of the non-pregnant WES+ animals was
re-introduced into the experiment for the post-lactation period and slaughter (thus n = 5 for
all experimental groups). All statistical analyses were performed using R [36] (version 4.1.2,
R Core Team, Vienna, Austria). The packages lme4 and lmerTest were used to create
linear mixed effect models, considering diet, spirulina supplementation, and their nested
interaction as fixed effects. Animal, year of experiment, and mother were included as
random effects. Normal distribution was confirmed by graphically inspecting the residuals
and by using the Shapiro-Wilk test. When the fixed effects met a statistical significance,
the normalized datasets were submitted to pairwise comparisons among least squares
means using the emmeans package (v1.6.0, Russell V. Length, Iowa, USA). Differences were
considered significant at p < 0.05 and a trend at 0.05 < p < 0.10.

3. Results

3.1. Dietary Intake and Growth Performance

Feed intake did not significantly differ during any of the experimental periods between
WES and CTR animals (Figure 2A). Therefore, WES animals had a significantly higher
energy intake during the pre-gestation, gestation, and lactation periods (Figure 2B). The fat
and sugar intakes in WES animals were significantly higher compared to CTR animals by
about 5–6-fold and 6–7-fold, respectively, during all experimental periods (Figure 2C,D). In
turn, the CTR animals had a significantly higher starch intake of about 5–6-fold during all
experimental periods (Figure 2E). The supplementation of Sp did not significantly affect
the feed intake and thus also did not affect the intake of energy, fat, sugar, and starch
(Figure 2A–E).
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Figure 2. Effects of diet and spirulina supplementation on feed intake and growth performance of
the sows during pre-gestation, gestation, lactation, and post-lactation, as well as body fat retention
determined one week before expected farrowing. Experimental sows received either a control (CTR)
or Western (WES) diet throughout all four experimental periods, while spirulina supplementation
was started for half of CTR/WES groups at the end of the pre-gestation period. Differences in (A) feed,
(B) energy, (C) fat, (D) sugar, and (E) starch intake during the four experimental periods; (F) body
weight (BW) of experimental animals at the end of each period; (G) average daily gain (ADG) of
experimental animals during each experimental period; (H) subcutaneous adipose tissue (SCAT)
thickness at the end of each experimental period; (I) relative fat retention and (J) absolute fat retention
one week before expected farrowing calculated from fat intake and fecal fat excretion during 24 h. Sp:
spirulina; D: diet. Data are presented in boxplots with Spear style whiskers (min to max).
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With the exception of a higher BW in CTR compared to WES sows shortly before
farrowing (279 vs. 269 ± 3.4 kg), the animals′ BW did not significantly differ between
the dietary groups during the entire experiment (Figure 2F). Both absolute BW gain (data
not shown) and average daily gain (ADG) were not significantly affected during any of
the four experimental periods (Figure 2G). The Sp supplementation did not affect animal
growth during any of the experimental periods (Figure 2F,G). The subcutaneous adipose
tissue (SCAT) thickness did not significantly differ at any time point (Figure 2H). The
absolute fat retention was about seven-fold higher in WES compared to CTR animals
(0.30 vs. 0.04 ± 0.031 kg), while it was not significantly affected by Sp supplementation
(Figure 2J).

3.2. Differential Impact of WES Diet on Hepatic and Skeletal Muscle Transcriptome

RNA sequencing of liver samples from WES− and CTR− sows revealed 446 differ-
entially abundant transcripts (DATs), among them 183 with lower and 263 with higher
abundance in the WES− compared to the CTR− group (Figure 3A). Biological functions
related to glucose metabolism (glucose metabolism disorders, quantity of carbohydrates)
and weight gain were predicted to be inhibited, while pathways related to lipid metabolism
(FA metabolism, lipid oxidation, and quantity of protein-lipid complex in blood) were
predicted to be activated (Figure 3B). Moreover, predicted activation of pathways related to
hepatic inflammation and oxidative stress (inflammation of organ, chronic inflammatory
disorder, quantity of reactive oxygen species) and liver damage (liver lesion, hepatic steato-
sis) was observed in WES− compared to CTR− sows. Particularly, analyses on regulator
effects predicted inhibition of IGF1 signaling, activating the necrotic pathway (Figure 3C).
In muscle samples, 729 DATs (116 with lower and 613 with higher abundance in the WES−
group) were revealed (Figure 3D). In contrast to the liver, biological functions related to
glucose metabolism were predicted to be activated in WES− compared to CTR− sows in
the skeletal muscle (diabetes mellitus, metabolism of polysaccharides and carbohydrates),
while differences in lipid metabolism were only indicated by a predicted activation of FA
uptake (Figure 3E). Biological functions related to immune cell functionality (prolifera-
tion and cell death of immune cells, leukocyte migration, immune response of cells) were
predicted to be activated in the muscle of WES− compared to CTR−animals. Upstream
analyses showed predicted activation of both pro- and anti-inflammatory cytokines, such
as tumor necrosis factor (TNF), interleukin 6 (IL-6), and interleukin 10 (IL-10), as well as a
predicted inhibition of the aryl hydrocarbon receptor (AHR), thus suggesting a regulatory
effect of the WES diet on inflammatory pathways also in the muscle tissue (Figure 3F).

3.3. Changes in Gene Expression Influenced by Spirulina

Spirulina supplementation altered the hepatic gene expression profile both in sows
on the control diet (442 DATs; 188 with higher and 254 with lower abundance in CTR+ vs.
CTR− samples) and on WD (524 DATs; 249 with higher and 275 with lower abundance
in WES+ vs. WES− samples). Notably, only 15 and 25 transcripts were commonly up-
and downregulated by Sp supplementation in both diet groups (Figure 4A). Dietary Sp
resulted in some similarly regulated pathways in both diet groups (Figure 4B). Indeed,
Sp supplementation may have inhibited biological functions such as metabolism of car-
bohydrates and FA, concentrations of cholesterol, D-glucose, and triacylglycerol, insulin
resistance, inflammatory response, and apoptosis in livers of both diet groups (Figure 4B).
On the other hand, Sp supplementation may have induced a diet-dependent regulation
of the necrotic pathway that was predicted to be inhibited in CTR+ compared to CTR−
but activated in WES+ compared to WES− sows. Likewise, biological functions related to
the quantity of carbohydrates, insulin, and steroids in blood as well as size of body and
lipid synthesis were predicted to be differentially regulated, showing activation in livers of
CTR+ compared to CTR− but inhibition in WES+ compared to WES− animals.

In the muscle samples from sows fed the control diet, Sp supplementation altered the
transcript abundance of 531 genes (397 up- and 134 down-regulated in CTR+ vs. CTR- sam-
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ples). Muscle samples from WES+ sows revealed 262 DATs (172 up- and 90 down-regulated
compared with WES− samples). The two diet groups had only 10 DATs in common—seven
with increased and three with decreased abundances after Sp supplementation (Figure 4C).
Among the differentially regulated biological functions, only weight gain was predicted
to be similarly regulated in the skeletal muscle of both diet groups, being inhibited in Sp-
supplemented compared to non-supplemented animals (Figure 4D). Biological functions
such as apoptosis, cell movement of leukocytes, cellular infiltration by leukocytes, diabetes
mellitus, and growth of connective tissue were predicted activated in CTR+ compared to
CTR− sows but inhibited in WES+ compared to WES− sows. In contrast, inflammation
was predicted to be inhibited in CTR+ compared to CTR− sows and activated in WES+
compared to WES− sows.

Figure 3. Effects of the WES diet on gene expression of liver and skeletal muscle at slaughter. Only
CTR− and WES− animals were included in this analysis. (A) Volcano plot representing the RNAseq
results in liver in WES− sows compared to CTR− sows. Orange dots indicate the differentially
abundant transcripts (DATs) that are significantly up-regulated (cut-off of p < 0.05 and −1.5 > fold
change > +1.5), while the blue dots represent the down-regulated DATs (cut-off of p < 0.05 and −1.5
> fold change > +1.5). (B) Heatmap representing the z-score of biological functions significantly
affected by WES diet (calculation performed in IPA) in the liver. Blue indicates a negative z-score
(inhibition) and orange a positive z-score (activation). (C) Regulatory effect of IGF-1 on the hepatic
necrosis pathway. (D) Volcano plot representing the RNAseq results in skeletal muscle. Orange
dots indicate the up-regulated DATs (cut-off of p < 0.05 and −1.5 > fold change > +1.5), while the
blue dots represent the down-regulated DATs (cut-off of p < 0.05 and −1.5 > fold change > +1.5).
(E) Heatmap representing the z-score of biological functions significantly affected by WES diet
(calculation performed in IPA) in muscle. (F) Predicted activation of upstream regulators in skeletal
muscle of WES− sows.
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Figure 4. Effects of Sp supplementation on gene expression of liver and muscle at slaughter. (A) Venn
diagram showing the intersection of differentially abundant transcripts in CTR+ and WES+ livers.
Venn diagrams were designed using http://bioinformatics.psb.ugent.be/webtools/Venn/ (accessed
on 1 September 2021). (B) Heatmap representing the z-score of biological functions significantly
affected in both CTR+ and WES+ groups (calculation performed in IPA) in the liver. Blue indicates a
negative z-score (inhibition) and orange a positive z-score (activation). (C) Venn diagram showing
the intersection of differentially abundant transcripts in CTR+ and WES+ muscle. (D) Heatmap
representing the z-score of biological functions significantly regulated in CTR+ and WES+ groups
(calculation performed in IPA) in muscle.

3.4. Validation of RNAseq by qPCR

Selected DATs related to lipid and glucose metabolism, inflammation, and oxidative
stress identified by RNAseq analysis were validated using qPCR. Expression of hepatic
cytochrome P450 family 1 subfamily A member 2 (CYP1A2) and prostaglandin D2 synthase
(PTDGS) was confirmed to be significantly up-regulated in WES groups compared to CTR
groups (Figure 5A,B), while expression of glutathione S-transferase alpha 4 (GSTA4) was
confirmed to be significantly down-regulated in WES vs. CTR sows (Figure 5C). In livers
of Sp-supplemented groups, a significantly lower expression of GSTA4 (Figure 5C) and a
significantly higher expression of the C-reactive protein (CRP) were observed compared
to non-supplemented groups (Figure 5F). According to the RNAseq data, the hepatic
expression of IGF1 did not differ due to diet or Sp supplementation, which was confirmed
by qPCR (Figure 5H).
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Figure 5. Validation of RNAseq results of selected differentially expressed genes in liver via qRT-PCR.
Hepatic levels of expression of (A) cytochrome P450 family 1 subfamily A member 2 (CYP1A2),
(B) prostaglandin D2 synthase (PTDGS), (C) glutathione S-transferase alpha 4 (GSTA4), (D) phospho-
enolpyruvate carboxykinase 1 (PCK1), (E) glutathione S-transferase alpha 1 (GSTA1), (F) C-reactive
protein (CRP), (G) lipase G (LIPG), and (H) insulin-like growth factor 1 (IGF1). CTR: control diet;
WES: Western diet; D: diet; Sp: spirulina. Data are presented in boxplots with Spear style whiskers
(min to max).

3.5. Organ Proportions, Composition, and Histology

The proportions and composition of liver, skeletal muscle, and visceral adipose tissue
are presented in Table 3. The Sp-supplemented compared to non-supplemented sows had
a significantly lower relative liver weight (10.0 vs. 11.6 ± 0.41 g/kg BW). The WES sows
had a significantly higher cholesterol (55.8 vs. 53.6 ± 0.83 mg/100 g) and a significantly
lower glycogen (7.0 vs. 13.3 ± 1.29 μM/g) content in muscle tissue. The Sp supplemen-
tation significantly increased the intramuscular cholesterol concentration compared to
non-supplemented animals (55.9 vs. 53.5 ± 0.84 mg/100 g). No difference was observed
concerning the relative VAT weight. A significant interaction of experimental diet and Sp
supplementation was found for adipocytes with an area of 15–25 × 103 μm2. Histological
examination did not reveal any visible structural differences in liver, skeletal muscle, and
VAT (Supplementary Figure S1).

3.6. Blood Biochemical Biomarkers

Spirulina supplementation resulted in a significantly lower serum glucose concentra-
tion (4.82 vs. 5.25 ± 0.179 mmol/L) during late gestation compared to non-supplemented
animals (Figure 6A). Plasma IGF1 concentrations were significantly lower in WES com-
pared to CTR sows (Figure 6D) at all three time points. Plasma total cholesterol concen-
trations were significantly higher in WES compared to CTR sows at slaughter (123 vs.
116 ± 2.3 mg/dL) but at none of the other time points (Figure 6B).
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Table 3. Liver, skeletal muscle, and visceral adipose tissue composition of sows following 34 weeks
of control (CTR) or Western (WES) diet feeding. Spirulina supplementation was started from week
nine for half of the CTR/WES groups.

Diet (D) Control Diet Western Diet
SEM

Significance

Spirulina (Sp) − + − + D Sp D × Sp

Liver
Proportion (g/kg BW) 11.1 10.1 11.8 10.8 1.10 # * n.s.

Glycogen (μM/g) 2.17 1.14 2.10 1.41 0.826 n.s. n.s. n.s.
Triglycerides (mg/g) 4.20 4.17 4.13 4.23 1.057 n.s. n.s. n.s.
Cholesterol (mg/g) 1.33 1.47 1.85 1.95 0.321 # n.s. n.s.

Skeletal muscle
Intramuscular fat (g/kg DM) 55.7 82.7 56.0 52.3 17.30 n.s. n.s. n.s.

Protein (g/kg DM) 18.5 19.0 19.3 17.9 1.19 n.s. n.s. n.s.
Cholesterol (mg/100g) 51.1 54.9 55.1 56.7 2.53 * * n.s.

Glycogen (μM/g) 13.7 12.8 9.81 4.17 2.650 ** n.s. n.s.
Visceral adipose tissue
Proportion (g/kg BW) 12.6 11.6 10.1 12.2 1.86 n.s. n.s. n.s.

Adipocyte area (μm2 × 103) 16.3 12.2 14.2 16.5 3.23 n.s n.s. #
Adipocyte proportion (%)

<5 (μm2 × 103) 5.10 5.86 4.05 6.00 6.300 n.s. n.s. n.s.
5–15 41.0 66.8 55.5 39.6 24.68 n.s. n.s. n.s.

15–25 52.0 23.4 36.1 49.0 15.76 n.s. n.s. *
>25 5.68 2.37 4.37 8.85 8.58 n.s. n.s. n.s.

Data are presented as least square mean ± standard error of the mean (SEM). Statistical significances were set at
* p < 0.05 and ** p < 0.01. Trends were defined as # 0.05 < p < 0.10. n.s.: not significant.

Figure 6. Systemic metabolic and oxidative stress markers of sows at artificial insemination (AI),
30 days before calculated farrowing (gestation), and 5 weeks post-lactation (slaughter). Concentra-
tions of (A) serum glucose, (B) plasma insulin, (C) calculated index for insulin resistance (HOMA-
IR), concentrations of (D) plasma IGF1, (E) plasma triglycerides, (F) serum free fatty acids (FFA);
(G) plasma total cholesterol, and (H) serum total antioxidant capacity (TAC) as well as (I) serum
ferric reducing antioxidant power (FRAP). CTR: control diet; WES: Western diet; D: diet; Sp: spirulina.
Data are presented in boxplots with Spear style whiskers (min to max).
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At the end of the pre-feeding period, serum bilirubin and ALT were significantly higher
in WES compared to CTR sows (Figure 7A,B). Also during late gestation, significantly
higher values were observed for serum bilirubin and ALT (Figure 7A,B) in WES compared
to CTR animals (82 vs. 44 ± 5.2 U/L and 5.0 vs. 2.4 ± 0.43 μmol/L, respectively). For
ALT and GLDH, a significant diet × Sp supplementation interaction was observed during
late gestation (Figure 7B,D), with lower values detected in CTR+ compared to CTR− and
higher values detected in WES+ compared to WES− animals.

Figure 7. Biomarkers of organ functionality in serum of sows at artificial insemination (AI), 30 days
before calculated farrowing (gestation), and 5 weeks post-lactation (slaughter). (A) Concentration of
serum bilirubin, activities of (B) serum alanine transaminase (ALT), (C) serum aspartate transaminase
(AST), (D) serum glutamate dehydrogenase (GLDH)1, (E) serum gamma-glutamyl transferase (GGT),
and (F) concentration of serum creatinine. CTR: control diet; WES: Western diet; D: diet; Sp: spirulina.
Data are presented in boxplots with Spear style whiskers (min to max). Pairwise comparison showed
no significant difference.

3.7. Fatty Acid Composition of Liver and Skeletal Muscle

Diet and Sp supplementation influenced the FA profile of liver and skeletal muscle at
slaughter to different extents (Table 4). In liver tissue, the proportions of total SFA were
significantly higher in WES compared to CTR sows. Significantly lower total n–6 FA were
observed in the livers of WES compared to CTR animals without significantly affecting the
n–6/n–3 FA ratio. The proportions of LA, C20:0, C20:1 n–9, C20:2 n–6, and C22:4 n–6 were
significantly lower, while the proportions of DGLA and EPA were significantly higher in
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WES compared to CTR sows (Supplementary Table S1). Supplementation with Sp hardly
modified the liver FA profile with significantly lower proportions of C17:0 and DGLA
(Supplementary Table S1).

Table 4. Effects of Western diet and spirulina supplementation on the main FA groups present in
liver and skeletal muscle of sows (g/100 g total FA).

Diet (D) Control Diet Western Diet Significance

Spirulina (Sp) − + − + SEM D Sp D × Sp

Tissue
∑SFA Liver 41.6 41.6 43.3 42.6 0.78 * n.s. n.s.

Muscle 41.0 39.9 42.6 40.9 1.10 n.s. # n.s.
∑MUFA Liver 18.8 18.4 18.3 21.8 3.47 n.s. n.s. n.s.

Muscle 46.8 47.3 44.9 47.5 2.14 n.s. n.s. n.s.
∑PUFA Liver 39.7 40.0 38.3 35.6 2.87 # n.s. n.s.

Muscle 12.5 12.7 13.1 10.6 2.42 n.s. n.s. n.s.
∑n–3 Liver 3.60 3.72 3.90 3.58 4.500 n.s. n.s. n.s.

Muscle 0.58 0.62 0.78 0.63 0.119 n.s. n.s. n.s.
∑n–6 Liver 36.0 36.1 34.3 31.9 2.49 * n.s. n.s.

Muscle 11.7 12.0 12.3 9.8 2.31 n.s. n.s. n.s.
n–6/n–3 Liver 10.0 9.7 8.8 8.9 0.01 n.s. n.s. n.s.

Muscle 20.2 19.4 15.8 15.6 0.003 *** n.s. n.s.
SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated fatty acids. Data are
presented as least square mean ± standard error of the mean (SEM). Statistical significances were set at * p < 0.05
and *** p < 0.001. Trends were defined as # 0.05 < p < 0.10. n.s.: not significant.

In muscle tissue, diet resulted in higher C17:0 and C18:0 proportions in WES compared
to CTR sows (Supplementary Table S1). The proportions of C20:1 n–9 and C20:2 n–6
(Supplementary Table 1) as well as the n–3/n–6 FA ratio (Table 4) were significantly lower
in WES compared to CTR sows′ muscle. The Sp supplementation resulted in significantly
lower intramuscular C17:0 and C18:0 proportions (Supplementary Table S1). A significant
interaction of diet and Sp supplementation was observed for C17:0, with WES− sows
having higher proportions than all other groups (Supplementary Table S1). In addition, for
intramuscular ALA proportions, a significant interaction of diet and Sp supplementation
was observed. The ALA proportion was higher in CTR+ than in CTR− animals, while it
was lower in WES+ than in WES− animals.

4. Discussion

Feeding a WD to domestic pigs before and during gestation as well as during and
after lactation was not sufficient to induce an obese phenotype. Still, some metabolic
dysfunctions occurred, as indicated by the significantly lower IGF1 concentrations as well
as an activation of diabetes mellitus–related pathways in muscle tissue of WES compared
to CTR animals. Moreover, serum hepatic biomarkers before and during gestation as well
as hepatic cholesterol accumulation and gene expression at slaughter might indicate the
onset of non-alcoholic steatohepatitis (NASH) in WES sows. The supplementation of Sp
reduced plasma insulin levels in WES+ compared to WES− sows at slaughter to similarly
low levels as observed in CTR− and CTR+ sows. However, Sp was not able to counteract
the onset of NASH observed in WES sows.

4.1. Effects of a Western Diet on the Metabolic Phenotype of Female Domestic Pigs
4.1.1. Western Diet Intake Induced Regulatory Processes to Maintain Body Weight and
Visceral Adipose Tissue Proportion

Despite the higher intake of gross energy, fat, and sugars in WES compared to CTR
sows throughout the experiment, the BW, relative VAT weight, and SCAT thickness did not
differ between WES and CTR animals at any time point. This contrasts with previous litera-
ture in other porcine models [37–43], where high energy and/or high-fat, high-sugar diets
increased the BW by at least 60% and the VAT mass by twofold compared to control groups.
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However, most of these studies used minipigs [37–41,43], which are more susceptible to
BW gain and visceral adiposity in response to an obesogenic diet than domestic pigs [18].

The observed lack of BW differences in the present study might be explained by the
IPA-predicted activation of lipid oxidation in the liver and FA uptake in the muscle of
WES− compared to CTR− sows. Switching between glucose and FA as an energy source
indicates metabolic flexibility, which allows an organism to successfully respond to changes
in metabolic and energy demand [44]. The lack of both tissue triglyceride accumulation
as well as increased BW of WES compared to CTR animals points towards an increased
FA utilization in liver and skeletal muscle, which may be explained by a higher metabolic
flexibility of the WES animals.

Even though the pigs in the present study did not develop an obese phenotype, it must
be considered that the “lean metabolic syndrome” (LMS) has recently gained increasing
attention in human medicine [45]. The LMS patients have a normal BW and VAT proportion
but still show two or more characteristics of the metabolic syndrome [46,47]. Therefore, the
WES pigs used in the present study might be a particularly suitable model for the human
LMS as indicated by metabolic characteristics that are discussed in the following sections.

4.1.2. Liver Functionality Was Adversely Affected by the Western Diet

Elevated systemic transaminase (ALT, AST) and bilirubin levels as indicators for
hepatic damage have been reported in rodents and human patients with obesity and fatty
liver [48–51]. Serum bilirubin and ALT were about twofold higher in WES compared to
CTR animals after the pre-feeding period at AI as well as one month before farrowing,
indicating an impaired liver functionality in the WES compared to the CTR sows during
gestation. Although transcriptome analysis of liver tissue predicted activation of pathways
related to liver stress and damage in WES− compared to CTR− sows, these systemic
markers did not significantly differ in our sows following the lactation period at slaughter.
We suggest that catabolic processes occurring during lactation might have normalized
systemic hepatic biomarkers at slaughter. Similarly, in women with a history of gestational
diabetes, breastfeeding reset the maternal metabolism in the early post-partum period [52].

Enhanced inflammation and oxidative stress, as observed in obesity and LMS [53,54],
were predicted by pathway analysis in livers of WES− compared to CTR− animals. Since
the serum TAC and FRAP in the present study did not significantly differ between diet
groups, we suggest that increased ROS levels and associated gene expression, as predicted
by IPA of liver samples and confirmed by qPCR, might have been limited to liver tissue
without affecting the systemic antioxidant status. The family of glutathione S-transferase
(GST) enzymes is able to protect against ROS-induced damage by regulating tissue regener-
ation pathways in the liver [55–57]. A reduced hepatic expression of the GSTA1 isoform
is considered a marker of hepatic injury [56]. Expression of both GSTA1 and GSTA4 was
lower in the livers of WES compared to CTR sows, thus further confirming a certain extent
of liver damage and impaired hepatic regenerative capacity in WES sows.

Oxidative stress and inflammation in liver tissue are caused, e.g., by a hepatic lipid
accumulation [58]. Transcriptome activation of pathways related to hepatic steatosis was
observed in WES− compared to CTR− sows. The higher proportions of hepatic SFA in WES
compared to CTR sows reflected the higher SFA proportion of the WES feed. Continuous
exposure to high proportions of dietary SFA has been shown to promote the accumulation
of SFA in liver tissue and thus the development of fatty liver disorders by inducing pro-
inflammatory pathways and stimulating apoptosis due to endoplasmic reticulum and
oxidative stress [59]. The significantly higher hepatic SFA proportions in WES compared to
CTR animals at slaughter thus further support a prevalent impaired liver functionality in
WES sows. Similar to obese humans, a frequent occurrence of NASH or nonalcoholic fatty
liver diseases has been observed in human LMS patients [60,61].

In line with this, the most strongly activated biological function identified by pathway
analysis indicated the occurrence of necrotic processes in the liver of WES− compared to
CTR− sows. This was also predicted to be induced by reduced IGF1 signaling. The IGF1 is a
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growth hormone that has been shown to exert hepatoprotective effects by promoting tissue
regeneration in the case of injury [62]. In line with the predicted reduction of IGF1 signaling,
lower plasma IGF1 concentrations were indeed observed in WES compared to CTR animals
throughout the entire experimental period including slaughter. Reduced IGF1 abundance
and thus signaling suggest an impaired regenerative capacity of the liver in WES sows,
also matching the observed (temporary) increase in serum bilirubin and transaminases.

4.1.3. The Impaired Glucose Metabolism Induced by the Western Diet Was Likely
Mediated by Metabolic Changes Predominantly in the Skeletal Muscle

Diabetes mellitus related pathways were activated in the muscle of WES− compared
to CTR− sows. Interestingly, pathways for glucose metabolism disorder were instead
inhibited in both liver and muscle. This may indicate that the increased intake of fat
and sugars indeed activated diabetes mellitus–related pathways in the muscle but that in
both muscle and liver, processes counteracting these negative WD-induced effects were
activated. Previous studies in minipigs have similarly failed to induce diabetes mellitus
through feeding [63]. The main reason why pigs do not easily develop diabetes lies in the
evolutionary history of wild pigs, which had to store energy during the summer to be later
used in the winter when food availability was lower, thus building a pancreatic resistance
to diabetogenic diets [18]. Still, at all time points, WES compared to CTR sows had lower
plasma IGF1 concentrations as observed in patients with a long history of diabetes [64]. A
reduced glycogen content in muscle, as observed in WES compared to CTR sows, was also
found in both type 1 and 2 diabetic patients [65]. Taken together, results from the present
study point towards a mild diabetogenic-like phenotype that was induced by WD feeding
in pigs.

4.2. Effects of Spirulina Supplementation on the Metabolic Phenotype of Female Domestic Pigs
4.2.1. Spirulina Supplementation Did Not Affect Body Weight but Potentially Aggravated
WD-Induced Liver Damage

In humans, Sp supplementation has been shown to promote weight loss via regulation
of food intake and adipokines [66]. In contrast, Sp supplementation did not affect either
feed intake or BW of the adult but still growing sows in the present study. This also contrasts
with the predicted inhibition of weight gain obtained from gene expression analysis in
muscle tissue of Sp-supplemented compared to non-supplemented pigs.

Despite the similar BW and VAT proportion, Sp supplementation led to a diet type–
independent significantly decreased relative liver weight compared to non-supplemented
animals. Liver weight differences are usually caused by differences in fat or glycogen
accumulation or by hepatic degeneration [67]. The similar hepatic lipid and glycogen
concentrations in Sp-supplemented and non-supplemented groups contradict the IPA pre-
diction of Sp-mediated higher hepatic lipid and lower hepatic carbohydrate concentration
in WES compared to CTR animals. The significant interaction of diet and Sp supplementa-
tion for plasma ALT and GLDH might point towards a diet-dependent effect of Sp on liver
functionality that even aggravated the adverse effects of the WD. In line with this, pathway
analyses showed that Sp supplementation in the CTR+ group inhibited hepatic necrosis,
while this pathway was activated in the WES+ group. Therefore, Sp in combination with
the WES diet in pigs seems to not exert the hepatoprotective effects previously described in
rodent models fed a WD [14,68].

4.2.2. Spirulina Supplementation Had Only Small Diet-Dependent Effects on Systemic
Metabolic Biomarkers

Inhibition of insulin resistance and activation of glucose metabolic disorders were
predicted by hepatic and muscle gene expression, respectively, in Sp-supplemented com-
pared to non-supplemented animals, independent of diet type. However, a significant
interaction of diet and Sp supplementation was observed for plasma insulin concentration
at slaughter. In line with the gene expression prediction, insulin concentrations of WES+
sows were similarly low to those of the CTR− and CTR+ sows. These findings suggest
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that Sp supplementation in WD-fed pigs may maintain plasma insulin concentrations at a
normal level via a yet unknown mechanism.

Plasma lipids and antioxidant capacity were not affected by Sp supplementation. In
previous reports, Sp supplementation has been shown to exert hypolipemic effects in both
rodent models of obesity and in obese patients [16,66]. These individuals were, however,
neither pregnant nor lactating. Given the extensive metabolic changes during pregnancy
and lactation, those study results can therefore not be directly compared to the results of
the present study.

4.2.3. Spirulina Supplementation Had Only Minor Effects on the Tissue Fatty Acid Profiles

Although Sp is rich in GLA and LA as well as in other bioactive components potentially
affecting FA metabolism, Sp supplementation had very little effect on the FA profiles of
liver and muscle in the present study. Importantly, the proportions of GLA were higher in
the liver of Sp-supplemented versus non-supplemented animals. Hepatic incorporation of
GLA plays a pivotal role in reducing fat deposition by enhancing the activity of enzymes
involved in FA oxidation [69]. However, no such effect was observed in the present
experiment, as hepatic lipids were not affected in Sp-supplemented compared to non-
supplemented animals.

4.3. Limitations of the Study

Feeding a WD to adult but still growing domestic sows did not induce a typical obesity
phenotype as intended. Therefore, using adult sows as a translational model for human
obesity does not seem feasible. However, pigs grow faster before puberty [70]. Starting
the WD feeding at an earlier age and/or extending the experimental feeding period to
potentially increase the magnitude of the adverse metabolic effects might thus have a
considerable impact on body composition, as was shown by Fisher et al. [71], who fed the
same proportions of fats and sugar to growing pigs.

The composition of the CTR diet might also have introduced a bias since it was rich in
starch, and starch-rich diets were previously demonstrated to be also positively associated
with metabolic syndrome [72]. Therefore, the lack of significance in some parameters may
be due to the fact that the CTR group also consumed a diet that could potentially lead to
similar disturbances and would not be considered particularly healthy in human nutrition.

Importantly, the metabolic changes naturally occurring during gestation and lactation
likely interacted with the experimental diets. Despite the absence of an obesity phenotype,
the sows presented with some metabolic abnormalities manifesting in the protein level
during pre-gestation and gestation. The indications of metabolic abnormalities on the
hepatic and muscle transcriptome level at the end of lactation could, however, not be
confirmed on the protein level at the same time point. The experimental design limited
tissue sample collection to the end of the 5-week lactation period, which is known to cause
significant metabolic adaptations via catabolic processes that potentially ameliorated the
detrimental effects that were indicated during gestation [52]. Analyses of liver and muscle
biopsies during gestation would have provided more reliable insights since the current data
do not allow us to exclude with certainty that significant differences in lipid accumulation
and thus a fatty liver were present before or during gestation.

The few effects of Sp supplementation on the mitigation of detrimental WD effects
might be related to the rather low dosage applied. Previous studies have shown that
higher Sp dosages were used to achieve beneficial health effects in pigs [73]. Still, the
amount supplemented in the present study corresponded to the amount recommended
in human nutrition relative to BW. The lack of mitigating Sp effect might, however, also
be due to the absence of an obesity phenotype in our WES sows. Therefore, future studies
on the potential beneficial effects of Sp supplementation on obesity-induced metabolic
disturbances should be performed in animals showing a pronounced obesity phenotype,
as can be observed in humans.
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Overall, it has to be mentioned that group sizes in the present study were rather small,
and larger studies should be designed to investigate the observed effects in more detail.

5. Conclusions

Our hypothesis that (i) feeding a WD to domestic pigs induces an obesity-like metabolic
phenotype similar to that observed in humans is only partially confirmed by the study re-
sults. The variable effects on metabolic biomarkers observed during the different physiolog-
ical states confirm the hypothesis that (ii) the effects of the WD differ during pre-gestation,
gestation, lactation, and post-lactation periods. The hypothesis that (iii) low-dose supple-
mentation of Sp may attenuate or even prevent the unfavorable phenotype observed in pigs
fed a WD was only partially confirmed by the normalized plasma insulin levels in WES+
animals, representing the only counter-regulatory effect observed. Further investigations
are of interest to determine if Sp supplementation may prevent more pronounced adverse
metabolic effects in animals with more severe diet-induced metabolic impairments and if
higher Sp doses might be more effective. In addition, more in-depth analyses, particularly
of liver and muscle tissue during gestation and lactation, are warranted to understand the
nutritional impact of WD and Sp supplementation during such special metabolic events.
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Abstract: The association of obesity with changes in bone mass is not clear. Obese individuals tend
to have an increased bone mineral density, but other studies have shown that obesity is a major
risk factor for fractures. The mechanisms of bone response during a weight loss therapy as well
as the possible osteoprotective effect of exercise should be analyzed. The aim of this study was to
test the effects of a weight-loss program based on the combination of caloric restriction and/or a
mixed training protocol on different parameters of bone morphology and functionality in a DIO rat
model. Three stages were established over a 21-week period (obesity induction 0–12 w, weight loss
intervention 12–15 w, weight maintenance intervention 15–21 w) in 88 male Sprague Dawley rats.
Bone microarchitecture, total mineral and elemental composition, and bone metabolism parameters
were assessed. Weight loss interventions were associated to healthy changes in body composition,
decreasing body fat and increasing lean body mass. On the other hand, obesity was related to a
higher content of bone resorption and inflammatory markers, which was decreased by the weight
control interventions. Caloric restriction led to marked changes in trabecular microarchitecture, with a
significant decrease in total volume but no changes in bone volume (BV). In addition, the intervention
diet caused an increase in trabeculae number and a decrease in trabecular spacing. The training
protocol increased the pore diameter and reversed the changes in cortical porosity and density of
BV induced by the high protein diet at diaphysis level. Regarding the weight-maintenance stage,
diminished SMI values indicate the presence of more plate-like spongiosa in sedentary and exercise
groups. In conclusion, the lifestyle interventions of caloric restriction and mixed training protocol
implemented as weight loss strategies have been effective to counteract some of the deleterious effects
caused by a dietary induction of obesity, specifically in trabecular bone morphometric parameters as
well as bone mineral content.

Keywords: bone microarchitecture; micro-CT; bone turnover markers; weight loss strategies; exercise;
caloric restriction diet

1. Introduction

Overweight and obesity are defined as excessive and abnormal accumulation of fat
that means a health risk. When combined with metabolic alterations such as hypertension,
central obesity, insulin resistance, and/or dyslipidemia a cluster of pathologies shows
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up, denominated as metabolic syndrome (MetS). Due to their high prevalence in the
world population, obesity and MetS are considered pandemics. Their incidence increases
alarmingly every year mainly due to environmental factors, although genetic factors
are also involved [1]. Regarding environmental factors, the regular intake of high fat
and high fructose diets is directly related to the development of obesity, which is an
important risk factor for the development of other associated chronic pathologies, such as
insulin resistance, non-alcoholic fatty liver disease (NAFLD), as well as the alteration of
bone functionality.

The development of obesity and MetS is favored by the consumption of unbalanced
and hypercaloric diets. Therefore, the consumption of a balanced diet that provides
adequate amounts of nutrients to treat or prevent these pathologies is highly recom-
mended. Nevertheless, to implement a negative energy balance for weight-loss treatment,
hypocaloric/hyper protein diets are usually prescribed. Moreover, increasing evidence
on the beneficial effect of certain bioactive dietary components on both obesity and its
comorbidities has been accumulating in recent years [2,3].

Related to lifestyle interventions, there are two core aspects to correct an altered energy
balance: diet and physical exercise. The first step in the treatment of obesity is focused on
losing extra weight and ameliorating the related metabolic alterations. Another important
issue for patients who complete a weight loss program is to avoid the post-intervention
rebound effect. The bodyweight regain usually takes place right after the end of weight loss
intervention as weight loss programs are just transient [4]. A multidisciplinary approach is
required, including lifestyle modifications [5] and, in some cases, the reinforcement with
pharmacological treatment. On the other hand, physical activity plays an essential role
in the prevention and treatment of obesity. It contributes to generating a negative energy
balance, thus facilitating weight loss and avoiding the rebound effect and subsequent body
weight regain [6]. It is well established that different training protocols induce changes in a
variety of molecular mechanisms involved in numerous intracellular pathways related to
glucose and lipid metabolism, inflammation, or antioxidant status [7]. The World Health
Organization (WHO) recommends during adulthood at least 150–300 min of moderate-
intensity aerobic physical activity; or at least 75–150 min of vigorous-intensity aerobic
physical activity; or an equivalent combination of moderate- and vigorous-intensity activity
throughout the week, for substantial health benefits [8]. Such exercise practice confers
benefits for the following health outcomes: improved all-cause mortality, cardiovascular
disease mortality, incident hypertension, site-specific cancers, and type-2 diabetes, as well
as mental health (reduced symptoms of anxiety and depression); cognitive health, and sleep.
In addition, adequate physical activity seems to be crucial for the proper development and
maintenance of the skeleton, and it is necessary to clarify the effects of physical exercise
combined with dietary interventions on structural parameters, histomorphometry, and
bone metabolism.

The association of obesity with bone mass is contradictory; on the one hand, obese
individuals tend to have an increased bone mineral density (BMD) mainly due to weight-
induced loading of the bone [9]. On the other, many studies have shown that obesity is a
major risk factor for fractures, and, especially, visceral adiposity is negatively associated
with BMD and total mineral content in humans [10,11]. In rodent models, a high-fat diet
(HFD) could massively affect bone health by reducing trabecular and/or cortical bone
mass [12].

It has been reported that a weight-loss program induced by a caloric restrictive diet is
linked to a concomitant accelerated bone loss. Studies conducted in obese women have
found that such diets are associated with significant decreases in bone mass and total BMD,
as well as an increased risk of fracture [13,14]. Moreover, it has been shown [15] that a
moderate weight loss induced by a caloric restriction can increase bone resorption.

The association of a well-balanced diet with exercise is a key strategy to treat obesity.
Regular exercise, known to induce beneficial effects on bone, could attenuate weight loss-
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induced bone loss. Nevertheless, the mechanisms of bone response during a weight loss
therapy as well as the possible osteoprotective effect of exercise remain unclear [16].

Given the aforementioned, we hypothesized that our specific combined strategy of
caloric restriction and physical exercise interventions could provide interesting benefits in
the treatment of obesity and its related bone alterations. Thus, this study aimed to test the
effects of a weight-loss program based on the combination of caloric restriction and/or a
mixed training protocol on different parameters of bone morphology and functionality in a
diet-induced obesity (DIO) model of Sprague Dawley rats.

2. Material and Methods

2.1. Animals, Diets, and Experimental Design

The experiment used 88 male Sprague Dawley rats with an average body weight of
184 ± 10 g (6-weeks old, Charles Rives, Barcelona, Spain) that were allocated into eleven
different experimental groups (n = 8). We only used male rats to avoid sex differences.
The experiments lasted for 21 weeks and were divided into three stages (obesity induc-
tion and development of related alterations 0–12, weight loss intervention 12–15, weight
maintenance intervention 15–21 weeks) (Figure 1).

Figure 1. Experimental design: six control experiments were carried out for 21 weeks using a standard
rat chow diet (Control SD groups: SD12, SD15 and SD21) or a high-fat diet to induce obesity (Control
HFD groups: HFD12, HFD15 and HFD21). For intervention trials (Intervention WL & WM groups:
WLs15, WLe15, WMs21, WMe21), rats were divided into 4 groups that were fed the hypercaloric diet
to induce obesity for 12 weeks, continued by three weeks of intervention with a high-protein diet for
weight loss (WL15), either following a sedentary lifestyle or combined with a training protocol (s or e,
respectively). The intervention period was continued by an additional 6-week weight-maintenance
stage of dietary treatment with a standard rat chow diet (WM21), either following a sedentary lifestyle
or combined with a training protocol (s or e, respectively), in order to maintain the weight lost during
the previous intervention period of three weeks.

99



Nutrients 2022, 14, 3672

Two control experiments that involved three groups of animals in each of them were
organized with the following design:

1. Standard normocaloric groups (SD) fed a normocaloric standard rodent diet (Teklad
Global Diet 2014; 2.4 Kcal/g) along the whole experiment:

G0. SD 0 weeks. Baseline control group.
G1. SD 12 weeks
G2. SD 15 weeks
G3. SD 21 weeks
2. Diet-induced obesity groups (HFD) fed a hypercaloric obesogenic diet containing

60% of Kcal as fat (Research diets D12492; 5.2 Kcal/g) along the whole experiment:
G4. HFD 12 weeks
G5. HFD 15 weeks
G6. HFD 21 weeks
In addition, four experimental groups were arranged with the following design:
3. Weight loss intervention groups (WL) based on caloric restriction and/or physical

exercise during 3 weeks (weeks 13–15):
G7. A first stage for a period of 12 weeks consisting of dietary induction of obesity

after ingestion of a hypercaloric diet (HFD), followed by a second 3-week stage (up to
week 15) in which a caloric restriction dietary intervention to lose weight was implemented
using an experimental diet designed to induce greater satiety combining the effects of high
protein and soluble dietary fiber content (WLs 15) (2.9 Kcal/g). In addition to its satiating
action, soluble dietary fiber is an effective therapeutic agent to treat many of the MetS
components associated to obesity [17].

G8. Similar dietary intervention as in G7 complemented with a mixed training protocol
implemented 5 days per week during weeks 13–15 of weight loss intervention (WLe 15).

For the following experimental groups, an additional third stage of the experiment
ran for a period between weeks 16 to 21 and was designed for maintenance of lost body
weight without any rebound effect:

G9. Similar dietary treatment as in G7 up to week 15 followed by ingestion of a SD
diet for 6 weeks up to week 21 (WMs 21). The amount of food ingested during that 6-week
period was pair fed to 23 g/d in order to achieve a 12–15% caloric reduction compared to
the same period in control SD group as part of the strategy to maintain the lost weight
during post-intervention stage avoiding the rebound effect.

G10. Similar dietary treatment as in G9 complemented during the intervention weight
loss period (weeks 13–15) and weight-loss maintenance period (weeks 16–21) with a mixed
training protocol implemented 5 days per week (Monday–Friday) (WMe 21).

The weight-loss intervention and body weight maintenance periods have been de-
signed based on the information provided by Sengupta [18] who reported that laboratory
rats live about 2–3.5 years (average 3 years), while the worldwide life expectancy of hu-
mans is 80 years. Thus, one human year almost equals two rat weeks (13.8 rat days) while
correlating their entire life span. Under our experimental conditions, 3 weeks is equal to
1.5 years of human life, which is a long enough period to achieve an efficient weight loss.
The maintenance period of 6 weeks is equal to 3 years, which is enough to demonstrate the
success of our combined strategy against body weight regain.

The animals were housed in a well-ventilated, thermostatically controlled room
(21 ± 2 ◦C) (Unidad de Experimentación Animal, CIC, Universidad de Granada). A re-
versed 12:12 light/dark cycle was implemented so the animals would perform the training
protocol in darkness. Throughout the trial, animals had free access to type 2 water (resis-
tivity 15 MΩ−cm) and consumed the diet ad libitum, with the exception of the intervention
groups in the last stage of the experiment that were adapted to slightly lower food intake
(23 g/d) compared to that of the normocaloric control during the same period (28 g/d)
in order to keep a certain degree of caloric adaptation to avoid body weight rebound, as
recommended by weight control programs [19]. The diet was provided for all four animals
in each cage but the body weight control was registered individually. Caloric intake was
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recorded daily whereas body weight was measured once a week. At the end of each experi-
mental period (obesity induction and development of related alterations 12th week, weight
loss intervention 15th week, weight maintenance intervention 21th week), the animals were
fasted for 8 h. Then, body composition was assessed with a whole-body composition ana-
lyzer based on magnetic resonance imaging (EchoMRI™; EchoMedical Systems, Houston
145 TX) prior to being anesthetized with ketamine (75 mg/kg body weight) and xylazine
(10 mg/kg body weight) and euthanized by cannulation of the abdominal aorta. Blood
was collected (with heparin as anticoagulant) and centrifuged at 3000 rpm for 15 min to
separate the plasma, which was subsequently removed and frozen in liquid nitrogen and
stored at −80 ◦C. Epydidimal and abdominal fat was extracted and weighted. The femur
was extracted, weighted, measured, and immediately frozen in liquid nitrogen and stored
at −80 ◦C until bone mass and microarchitectural analysis were conducted. Tibiae was also
extracted, weighted, and measured. Bone marrow was extracted, frozen in liquid nitrogen,
and stored at −80 ◦C for the determination of RANKL, interleukin 10, and leptin. All
experiments were undertaken according to Directional Guides Related to Animal Housing
and Care [20] and all procedures were approved by the Animal Experimentation Ethics
Committee of the University of Granada, Spain (Project Reference DEP2014-58296R).

2.2. Training Protocol

Rats trained following a protocol based on interval aerobic training combined with
strength exercise in the same session [21,22]. The animals ran on a specially designed
treadmill (Panlab, LE 8710R) and all sessions were performed 5 days/week and during the
dark cycle of the animals (active period). The training protocol was designed due to the
beneficial effects of high-intensity interval aerobic training on obesity and parameters of
lipid metabolism, and combined with an aerobic strength training protocol with effective
action on insulin sensitivity and lipid profile. To establish the velocity that would corre-
spond to the VO2 max of each rat, a maximal incremental test was performed at the start
of the study. A final incremental test was performed 96 h prior the end of the study to
test the maximal aerobic capacity and physical performance achieved by the animals as a
result of the intervention. All sessions of the mixed training protocol consisted of 60 min of
effective work. The sessions started with a 10-min warm-up at 35–50% maximal oxygen
consumption (Supplementary Table S1), followed by the strength training consisting on
eight 2-min running bouts separated by 1 min of rest during which animals ran with an
inclination, progressively increased every three weeks from 10◦ up to 20◦ at a constant slow
speed (20–25 cm/s, equivalent to 30–40% maximal oxygen consumption). The strength
exercise was followed by 30 min of aerobic interval exercise, alternating 4 min bouts at
50–65% maximal oxygen consumption with 3 min bouts at submaximal intensity at 65–85%
maximal oxygen consumption.

2.3. Bone Marrow Analyses

Bone marrow was extracted from tibiae by cutting lower portion of the bone and
centrifuging at 6000 rpm. RANKL was measured with the rat kit Milliplex Rat RANKL
(MAP kit, Millipore, Burlington, MA, USA), the cytokine interleukin (IL-1β) was measured
with the rat kit Milliplex Rat Cytokine (MAP kit, Millipore), and leptin was measured
with the rat kit Milliplex Rat Leptin (MAP kit, Millipore) and calibrated with Luminex
100/200 Calibration kit.

2.4. Assessment of Bone Mass and Bone Microarchitecture

Bone microarchitecture parameters of the femora were analyzed by μCT using a μCT-
50 device (ScancoMedical, CH, Wangen-Brüttisellen, Switzerland). The long axis of the
biopsies was oriented along the rotation axis of the scanner. The X-ray tube was operated at
70 kV with an intensity of 200 μA, and an exposure time of 500 ms, resulting in a resolution
of 10 μm/pixel. Femora were scanned in a cortical region (mid-shaft and extending a 10%
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of the whole femur length) and in a trabecular region (proximal of the knee joint extending
to a 10% at distal length of 75% of the whole femur length).

2.5. Ash Measurement and Elemental Composition of Femur

Femur samples were cleaned of flesh and debris before being weighed and their
length measured. The samples were then freeze-dried, weighed, and processed for mea-
surement of total mineral content after calcination in an oven at 450 ◦C for 5 days to a
constant weight or processed for elemental analysis by wet digestion. The concentration
of Mg, Ca, V, Mn, Fe, Co, Zn, As, and Se in femur was determined using inductively
coupled plasma mass spectrometry (ICP-MS) following the protocol previously described
by Sánchez-González et al. [23].

2.6. Statistical Analyses

For a more accurate description and interpretation of the data, the experimental
period has been divided in three different stages: (i) dietary induction of obesity dur-
ing weeks 0–12, (ii) individual or combined weight loss interventions: dietary (caloric
restriction) and/or lifestyle (training protocol of mixed exercise during weeks 13–15, and
(iii) post-intervention maintenance stage with normocaloric, diet combined or not with a
training protocol weeks 16–21.

Significant differences in final body weight, body weight changes, caloric intake,
body weight/tibial length ratio, body composition parameters, bone microarchitecture
parameters and bone elemental composition were analyzed by t-test at 12 weeks of the
experimental period, and by one-way ANOVA at 15 and 21 weeks of experimental period.
Duncan’s test was used to detect differences between treatment means. Statistical analysis
was performed with the Statistical Package for Social Sciences (IBM SPSS for Windows®,
version 22.0, Armonk, NY, USA), and the level of significance was set at p < 0.05.

3. Results and Discussion

3.1. Caloric Intake, Body Weight Changes and Body Composition

The effects of a high-fat diet intake (12 weeks) followed by an intervention high-
protein diet (3 weeks) and weight maintenance normocaloric diet (6 weeks) combined or
not with the training program on bodyweight change and body composition are shown in
Figure 2a,b and in Table 1. As expected, caloric intake was significantly higher in the group
fed the high fat diet compared to the group fed a standard normocaloric diet on weeks 12th,
15th and 21st, leading to higher body weight gain (expressed as g/week) only on week
12th. The treatment with high-protein diet during weeks 13–15 caused a significant weight
loss, which was stronger when dietary treatment was combined with exercise.

During the weight maintenance stage (16–21 weeks), the intake of a normocaloric diet
combined or not with exercise led to stabilization of body weight without any further gain
or loss. Therefore, net body weight remained significantly lower in the intervention groups
compared to both standard diet or high fat diet fed animals.

Regarding body composition, the significantly higher bodyweight found in obese
groups (HFD 12, 15, and 21) was linked to similar lean body mass and total water but
significantly higher total fat mass, abdominal fat and epididymal fat, than the groups fed
the standard diet. The weight loss intervention (weeks 13–15) led to a significant reduction
in weight (similar values were found in sedentary and exercised groups), whereas LBM was
maintained, and fat mass was significantly reduced. Along the weeks 16–21 an effective
maintenance of lost weight was achieved, preserving LBM levels with similar values to the
group fed a standard diet (either in sedentary or exercised groups) and maintaining the
low levels of total, abdominal and epididymal fat achieved in the previous stage. Exercise
induced a further weight loss associated with an additional and significant loss of total,
abdominal and epididymal fat, and increased the amount of LBM and the LBM to total
body weight ratio on week 21. All these changes were reflected in the bodyweight to tibial
length ratio that was significantly higher in obese vs. control normocaloric groups and
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returned to values similar to the normocaloric controls after the weight-loss and lost-weight
maintenance interventions (Figure 2c).

(a) 

(b) 

Figure 2. Cont.
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(c) 

Figure 2. (a)Average weekly caloric intake (kcal/week) along the different experimental stages
(DIO, weight-loss intervention, and weight-maintenance). Results are means of eight rats ± SEM
depicted by vertical bars. *** p < 0.001 in t-test (12 weeks); A, B, C, D means with different letters are
significantly different (ANOVA treatment, p < 0.05; 15 and 21 weeks). SD, standard normocaloric diet;
HFD, high-fat diet; sed, sedentary lifestyle; exe, exercise training protocol. (b) Average weekly body
weight changes (g/week) along the different experimental stages (DIO, weight-loss intervention, and
weight-maintenance). Results are means of eight rats ± SEM depicted by vertical bars. *** p < 0.001
in t-test (12 weeks); A, B, C means with different letters are significantly different (ANOVA treatment,
p < 0.05; 15 and 21 weeks). SD, standard normocaloric diet; HFD, high-fat diet; sed, sedentary lifestyle;
exe, exercise training protocol. (c) Body weight/ tibial length ratio (g/cm2) at the end of the different
experimental stages (DIO, weight-loss intervention, and weight-maintenance). Results are means
of eight rats ± SEM depicted by vertical bars. *** p <0.001 in t-test (12 weeks); A, B means with
different letters are significantly different (ANOVA treatment, p < 0.05; 15 and 21 weeks). SD, standard
normocaloric diet; HFD, high-fat diet; sed, sedentary lifestyle; exe, exercise training protocol.

Discussion

At the beginning of the weight loss intervention period obese rats nearly doubled the
percentage body fat (18.4% to 10.6%) and were significantly heavier compared with SD rats
of the same age. In contrast, the contribution of LBM to total weight was lower in those ani-
mals. Obese rats responded to caloric restriction (CR) with an efficient weight loss, mainly
due to fat loss, while lean body mass increased in percentual terms. Bertrand et al. [24]
found that this reduction in fat content is due to a lifelong decrease in both the size of indi-
vidual adipocytes and the number of adipocytes in the fat depots. Barzilai and Gupta [25]
have reported that CR is particularly effective in decreasing visceral fat in rats, in agree-
ment to what has been reported in this experiment at the end of week 15, in which the
percentage of abdominal fat in treated animals is half of that in obese rats not subjected
to caloric restriction (3.5% to 6.1%). Besides, the exercise protocol followed enhanced the
positive changes induced by CR intervention. Several investigations have demonstrated
numerous adaptations to WAT in response to exercise that result in improved whole-body
metabolic health [26]. These adaptations include increased mitochondrial biogenesis and
gene expression [27–30] as well as changes in adipokine secretion. Certain beneficial effects
of exercise may be mediated by an altered adipokine profile [31]. Among all the adipokines,
leptin is significantly affected by exercise and acts as a satiety hormone to regulate energy
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balance through inhibition of hunger. The amount of circulating leptin correlates with
adipose tissue mass, and a loss of adipose tissue mass in rodents and humans results in
decreased serum concentrations of leptin [32,33], supporting the idea that adipose tissue
plays an important role as a major endocrine organ that can be stimulated by exercise.

Table 1. Effects of obesity induction and weight control interventions on bodyweight and body composition.

0 WEEKS
(Baseline)

Diet-Induced
Obesity

12 WEEKS

Weight-Loss Intervention (WL)
15 WEEKS

Lost-Weight Maintenance
Intervention (WM)

21 WEEKS

SD HFD SD HFD WLs WLe SD HFD WMs WMe

Body weight (g)
172.7
(2.21)

516.5
(18.9)

664.3 ***
(14.1)

503 a
(8.44)

705 b
(15.1)

566 c
(11.2)

552 abc
(23.4)

631 a
(19.8)

742 b
(24.6)

639 a
(9.33)

574 a
(19.9)

Lean body mass (g)
155.9
(2.13)

422.2
(12.9)

453.4
(14.8)

414.3 a
(8.21)

479 b
(5.80)

448.2 ab
(11.4)

442 ab
(16.9)

481.8 a
(12.9)

500.4 a
(14.6)

490.3 a
(9.67)

483.8 a
(11.2)

Total water (g)
136.3
(1.92)

351.8
(10.7)

377.7
(9.64)

339.3 a
(7.69)

397.6 b
(5.78)

375.8 ab
(11.8)

372.6 ab
(13.1)

405.0 a
(12.0)

416.1 a
(24.4)

408.6 a
(5.77)

409.1 a
(11.4)

ΔLBM/ΔBW
0.78

(0.02)
0.61 ***
(0.02)

0.76 a
(0.02)

0.61 b
(0.02)

0.74 a
(0.02)

0.76 a
(0.03)

0.71 a
(0.03)

0.60 b
(0.02)

0.74 ac
(0.03)

0.82 c
(0.03)

LB/TW
1.14

(0.004)
1.20

(0.02)
1.20

(0.02)
1.221
(0.02)

1.205
(0.02)

1.193
(0.02)

1.186
(0.02)

1.190
(0.02)

1.203
(0.02)

1.200
(0.02)

1.183
(0.02)

Fat mass (g)
8.06

(0.75)
54.8

(5.07)
122.8 ***

(9.34)
49.2 a
(6.68)

178.7 b
(12.6)

73.3 a
(10.2)

63.5 a
(10.8)

90.6 a
(7.54)

161.7 b
(15.1)

110.7 a
(8.70)

39.7 c
(7.25)

Abdominal fat (g)
0.69

(0.07)
12.9

(1.14)
28.8 ***
(2.16)

11.2 a
(1.46)

43.0 b
(3.0)

18.8 a
(2.65)

16.2 a
(2.32)

19.7 a
(2.02)

38.5 b
(2.49)

27.2 a
(2.44)

9.88 c
(1.57)

Epydidimal fat (g)
1.05

(0.09)
8.73

(0.79)
16.7 ***
(0.88)

8.19 a
(0.74)

20.7 b
(1.10)

12.8 a
(1.57)

12.2 a
(1.72)

11.6 a
(0.75)

21.0 b
(1.61)

12.5 a
(0.68)

7.34 c
(0.61)

SD, standard rat chow diet; HFD, hypercaloric diet for dietary induction of obesity; WLs, high-protein weight-loss
intervention diet with sedentary lifestyle (weeks 12–15); WLe, high-protein weight-loss intervention diet with
training protocol; WMs, high-protein weight-loss intervention diet with sedentary lifestyle (weeks 12–15) followed
by weight-maintenance stage (weeks 15–21) with SD dietary treatment and sedentary lifestyle; WMe, high-protein
weight-loss intervention diet with training protocol followed by weight-maintenance stage with SD dietary
treatment and training protocol. ΔLBM/ΔBW, changes in lean body mass vs. changes in body weight with respect
to control baseline group; LB/TW, lean body mass vs. total water ratio at each experimental stage. Results are
expressed as means of 8 rats and standard error of the mean (in parenthesis). *** p < 0.001 in t-test (12 weeks); a,b,c,
means within the same line of each experimental stage (15 and 21 weeks) with different letters are significantly
different (ANOVA treatment, p < 0.05).

3.2. Bone Weight and Length, Metabolism Markers and Microarchitecture

The effects of obesity and weight-loss interventions on bone parameters are described
in Tables 2–4. At the end of dietary induction of obesity stage (week 12), femur weight and
length were higher in HFD vs. SD group. In contrast, no significant differences in tibial
length or weight were observed between the former experimental groups. The intervention
period with a high protein diet (13–15 w) lead to a decrease in femur weight compared to
the HFD control, while a stabilization in femur length was observed in all experimental
groups. The combination of exercise with a high protein diet did not induce any further
changes in femur weight. During the weight maintenance period (16–21 w) femur weight
results followed the same trend as in the previous stage, whereas exercise intervention
tended to increase this parameter (Table 2).

Although due to high variability no statistically significant effects were established, a
clear biological trend can be inferred to relate the development of obesity and increased
content in medulla of the bone resorption marker RANKL, and the inflammatory markers
IL-1β and leptin. In general, the weight control interventions exhibited a positive effect on
such markers, returning them to levels similar to those of the SD controls.

The effects of DIO and weight control interventions on bone microarchitecture are
presented in Tables 3 and 4. Obesity produced a significant decrease in BV/TV index,
connectivity density (Conn.D), trabecular number (Tb.N), and mean density TV compared
to the SD fed group. In contrast, it increased Structure Model Index (SMI) and trabecular
spacing (Tb. Sp). The main changes induced by the intake of HFD along 12 weeks on
cortical bone microarchitecture were higher TV and BV values as well as a significant
decrease in mean pore diameter and Ct.Po associated to higher density of bone volume.
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These effects were still observed at the end of 15 w in the group fed HFD compared to the
group fed SD, although results were not significant.

Table 2. Effects of obesity and weight control interventions on bone anthropometry and bone markers
of structure and functionality in bone marrow.

0 WEEKS
(Baseline)

Diet-Induced
Obesity

12 WEEKS

Weight-Loss Intervention (WL)
15 WEEKS

Lost-Weight Maintenance Intervention (WM)
21 WEEKS

SD HFD SD HFD WLs WLe SD HFD WMs WMe

Femur weight (g)
0.58

(0.02)
1.37

(0.04)
1.94 ***
(0.09)

1.47 a
(0.02)

1.82 b
(0.03)

1.41 a
(0.06)

1.40 a
(0.06)

1.74 ab
(0.04)

1.77 b
(0.09)

1.57 a
(0.03)

1.73 ab
(0.06)

Femur length (cm)
2.89

(0.02)
4.15

(0.03)
4.35 **
(0.05)

4.21 a
(0.04)

4.32 a
(0.03)

4.28 a
(0.05)

4.33 a
(0.04)

4.36 a
(0.04)

4.34 a
(0.07)

4.36 a
(0.04)

4.36 a
(0.04)

Tibial weight (g)
0.74

(0.03)
1.44

(0.03)
1.54

(0.02)
1.31

(0.05)
1.56

(0.06)
1.58

(0.04)
1.52

(0.06)
1.57

(0.06)
1.72

(0.05)
1.53

(0.02)
1.68

(0.11)

Tibial length (cm)
3.36

(0.04)
4.66

(0.03)
4.64

(0.05)
4.59

(0.03)
4.65

(0.03)
4.79

(0.05)
4.77

(0.04)
4.82

(0.06)
4.92

(0.08)
4.73

(0.02)
4.84

(0.05)
Bone marrow

RANKL (pg/mL)
1339.5
(216.9)

990.3
(87.6)

1624.5
(310.6)

1154.9 a
(260.0)

1621.5 a
(233.5)

916.7 a
(209.4)

1044.5 a
(179.5)

1021.6 a
(280.3)

848.9 a
(137.5)

1024 a
(96.2)

1032.3 a
(260.4)

IL-1β (pg/mL)
69.1

(7.12)
133.6
(11.6)

117.8
(7.38)

128.1 a
(13.6)

139.9 a
(25.7)

153.2 a
(15.3)

126.0 a
(6.70)

134.0 a
(13.1)

180.6 a
(46.9)

151.0 a
(13.2)

159.7 a
(13.7)

Leptin (pg/mL)
5.29

(1.17)
32.4

(7.41)
27.4

(9.20)
26.5 a
(11.8)

46.2 a
(15.3)

23.5 a
(8.45)

35.2 a
(10.2)

39.9 a
(9.1)

59.9 a
(19.2)

44.5 a
(7.84)

34.4 a
(13.1)

SD, standard rat chow diet; HFD, hypercaloric diet for dietary induction of obesity; WLs, high-protein weight-loss
intervention diet with sedentary lifestyle (weeks 12–15); WLe, high-protein weight-loss intervention diet with
training protocol; WMs, high-protein weight-loss intervention diet with sedentary lifestyle (weeks 12–15) followed
by weight-maintenance stage (weeks 15–21) with SD dietary treatment and sedentary lifestyle; WMe, high-protein
weight-loss intervention diet with training protocol followed by weight-maintenance stage with SD dietary
treatment and training protocol. Results are expressed as means of 8 rats and standard error of the mean (in
parenthesis). ** p < 0.01, *** p < 0.001 in t-test (12 weeks); a,b, means within the same line of each experimental
stage (15 and 21 weeks) with different letters are significantly different (ANOVA treatment, p < 0.05). RANKL,
Receptor Activator for Nuclear Factor κB Ligand.

Table 3. Effects of obesity and weight control interventions on 3D outcomes for trabecular (metaph-
ysis) bone microarchitecture in femur.

0 WEEKS
(Baseline)

Diet-Induced
Obesity

12 WEEKS

Weight-Loss Intervention (WL)
15 WEEKS

Lost-Weight Maintenance Intervention (WM)
21 WEEKS

SD HFD SD HFD WLs WLe SD HFD WMs WMe

TV (mm3)
29.9
(0.9)

68.4
(3.3)

78.2
(4.0)

70.4
(2.5) ab

76.5
(1.9) b

65.1
(3.6) a

69.9
(2.9) ab

81.7
(3.2) b

76.6
(3.5) ab

70.9
(1.5) a

71.3
(2.7) a

BV (mm3)
2.78
(0.3)

20.8
(1.6)

18.6
(1.9)

22.4
(1.4) b

13.6
(0.9) a

12.7
(1.2) a

14.3
(1.1) a

19.4
(1.3) b

14.5
(0.6) a

17.8
(1.7) ab

19.1
(2.2) ab

BV/TV
0.09

(0.01)
0.30

(0.02)
0.24 *
(0.02)

0.32
(0.02) b

0.18
(0.01) a

0.20
(0.02) a

0.21
(0.01) a

0.24
(0.02) ab

0.19
(0.01) a

0.25
(0.02) a

0.27
(0.03) b

Conn. D (1/mm3)
44.3

(10.4)
92.9
(4.1)

67.0 ***
(3.5)

92.7
(4.9) b

52.9
(5.5) a

47.9
(2.3) a

48.2
(2.7) a

60.9
(3.1) b

45.5
(3.2) a

44.7
(4.2) a

44.8
(5.4) a

SMI
3.13
(0.1)

1.18
(0.2)

1.57
(0.1)

1.04
(0.1) a

1.91
(0.1) b

1.77
(0.1) b

1.69
(0.1) b

1.45
(0.1) bc

1.77
(0.1) c

1.19
(0.1) ab

0.98
(0.2) a

Tb. N (1/mm)
3.31

(0.23)
4.06

(0.13)
2.54 ***
(0.28)

3.91
(0.13) c

2.08
(0.18) a

2.62
(0.12) b

2.64
(0.11) b

2.72
(0.23) b

2.06
(0.17) a

2.85
(0.18) b

2.84
(0.21) b

Tb. Th (mm)
0.051

(0.002)
0.096

(0.004)
0.099

(0.004)
0.101

(0.005) c
0.091

(0.002) b
0.074

(0.003) a
0.077

(0.002) a
0.098

(0.005) b
0.093

(0.003) ab
0.087

(0.002) a
0.093

(0.003) ab

Tb. Sp (mm)
0.32

(0.02)
0.24

(0.01)
0.45 **
(0.06)

0.25
(0.01) a

0.53
(0.05) b

0.31
(0.02) a

0.31
(0.02) a

0.40
(0.04) b

0.53
(0.04) c

0.27
(0.03) a

0.27
(0.03) a

Mean density TV
(mg HA/cm3)

143.9
(11.4)

295.4
(16.9)

232.2 *
(16.8)

302.7
(12.8) b

177.8
(11.3) a

202.1
(11.9) a

208.4
(11.7) a

238.5
(18.5) ab

196.7
(10.4) a

237.8
(16.4) ab

253.6
(16.9)b

Mean density BV
(mg HA/cm3)

645.9
(2.9)

787.9
(6.0)

802.1
(6.9)

795.1
(7.6) a

791.8
(7.2) a

794.3
(5.0) a

792.1
(7.0) a

807.0
(8.6) a

811.4
(6.6) a

810.5
(5.1) a

817.8
(4.6) a

SD, standard rat chow diet; HFD, hypercaloric diet for dietary induction of obesity; WLs, high-protein weight-
loss intervention diet with sedentary lifestyle (weeks 12–15); WLe, high-protein weight-loss intervention diet
with training protocol; WMs, high-protein weight-loss intervention diet with sedentary lifestyle (weeks 12–15)
followed by weight-maintenance stage (weeks 15–21) with SD dietary treatment and sedentary lifestyle; WMe,
high-protein weight-loss intervention diet with training protocol followed by weight-maintenance stage with
SD dietary treatment and training protocol. Results are expressed as means of 8 rats and standard error of the
mean (in parenthesis). * p < 0.05, ** p < 0.01, *** p < 0.001 in t-test (12 weeks); a,b,c, means within the same line of
each experimental stage (15 and 21 weeks) with different letters are significantly different (ANOVA treatment,
p < 0.05). TV, total volume, BV, bone volume, BV/TV, bone volume density, Conn. D, connectivity density, SMI,
Structure Model Index, Tb. N, trabecular number, Tb. Th, trabecular thickness, Tb. Sp, trabecular spacing,
HA, hydroxyapatite.
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Table 4. Effects of obesity and weight control interventions on 3D outcomes for cortical (diaphysis)
bone microarchitecture in femur.

0 WEEKS
(Baseline)

Diet-Induced
Obesity

12 WEEKS

Weight-Loss Intervention (WL)
15 WEEKS

Lost-Weight Maintenance Intervention (WM)
21 WEEKS

SD HFD SD HFD WLs WLe SD HFD WMs WMe

TV (mm3)
22.0
(0.4)

56.4
(2.8)

64.2
(3.5)

56.7
(1.36) a

64.1
(1.43) b

60.1
(2.80) b

62.9
(2.38) b

69.8
(2.1) a

69.7
(3.2) a

70.1
(2.5) a

71.5
(3.0) a

BV (mm3)
9.26

(0.15)
33.8
(1.3)

39.3
(0.04) *

35.1
(0.82) a

39.9
(1.18) b

38.0
(1.58) b

39.4
(1.82) b

43.6
(0.9) a

44.2
(2.1) a

44.8
(1.3) a

45.6
(1.8) a

BV/TV
0.42

(0.09)
0.60

(0.01)
0.61

(0.003)
0.62

(0.01) a
0.62

(0.01) a
0.63

(0.01) a
0.63

(0.01) a
0.63

(0.01) a
0.63

(0.01) a
0.64

(0.01) a
0.64

(0.01) a

Ct. Th (mm)
0.35

(0.01)
0.77

(0.02)
0.78

(0.06)
0.80

(0.02) a
0.84

(0.02) a
0.85

(0.02) a
0.85

(0.02) a
0.87

(0.02) a
0.89

(0.02) a
0.90

(0.02) a
0.91

(0.03) a
Mean pore

diameter (mm)
0.063

(0.002)
0.040

(0.005)
0.028

(0.003) *
0.047

(0.007) ab
0.035

(0.007) a
0.050

(0.009) ab
0.085

(0.02) b
0.038

(0.006) ab
0.031

(0.004) a
0.042

(0.008) ab
0.087

(0.02) b

Ct.Po (%)
0.148

(0.004)
0.049

(0.001)
0.041

(0.001) ***
0.044

(0.001) a
0.041

(0.001) a
0.050

(0.001) b
0.044

(0.002) a
0.038

(0.001) a
0.037

(0.001) a
0.043

(0.004) a
0.039

(0.002) a
Mean density

of BV
(mg HA/cm3)

897.6
(4.8)

1050.6
(4.6)

1081.4
(4.9) ***

1074.3
(2.8) b

1083.9
(3.9) b

1022.8
(5.32) a

1068.2
(11.8) b

1107.2
(4.7) a

1098.5
(5.0) a

1088.9
(14.5) a

1101.5
(7.9) a

SD, standard rat chow diet; HFD, hypercaloric diet for dietary induction of obesity; WLs, high-protein weight-loss
intervention diet with sedentary lifestyle (weeks 12–15); WLe, high-protein weight-loss intervention diet with
training protocol; WMs, high-protein weight-loss intervention diet with sedentary lifestyle (weeks 12–15) followed
by weight-maintenance stage (weeks 15–21) with SD dietary treatment and sedentary lifestyle; WMe, high-protein
weight-loss intervention diet with training protocol followed by weight-maintenance stage with SD dietary
treatment and training protocol. Results are expressed as means of 8 rats and standard error of the mean (in
parenthesis). * p < 0.05, *** p < 0.001 in t-test (12 weeks); a,b, means within the same line of each experimental
stage (15 and 21 weeks) with different letters are significantly different (ANOVA treatment, p < 0.05). TV, total
volume, BV, bone volume, BV/TV, bone volume density, Ct. Th, cortical thickness, Ct.Po, cortical porosity,
HA, hydroxyapatite.

The intake of a high protein diet during the weight loss intervention period (w13–15)
led to marked changes in trabecular microarchitecture, with a significant decrease in
total volume (TV) but no changes in bone volume (BV). Therefore, the BV/TV index
remained similar to the group fed HFD and significantly lower than the control fed SD. The
intervention diet caused a significant increase in trabecular number (Tr.N) and a decrease
in trabecular spacing (Tr. Sp), while the trabecular thickness remained lower than the
values of either the HFD or the SD groups. A trend to recover the mean density of TV was
apparent. The main changes observed during the same period in cortical microarchitecture
were a marked increase in Ct.Po that runs in parallel to lower mean density of BV. The
training protocol significantly increased the pore diameter and reversed the changes in Ct.
Po and density of BV induced by the high protein diet. However, no significant alterations
were observed in both TV and BV, leading to no changes in the BV/TV index.

The effectiveness of the intervention period for maintaining the weight loss achieved
in the previous stage was very high. Concerning trabecular microarchitecture, the increase
in trabecular number compared to the HFD group was also clear, reaching similar values to
that of the SD group. Moreover, the decrease in trabecular spacing achieved in the previous
period remained, and a higher value for the density of BV was also observed that reached
significantly higher values than the HFD group as a result of the training protocol. Related
to cortical microarchitecture, no major changes in any of the measured parameters and
indices were apparent among the different experimental groups at this stage except for a
higher pore diameter in the femur of trained rats.

Discussion

To our knowledge, this is the first study that has investigated the effects of a high fat
diet intake (12 weeks) followed by a weight-loss intervention high-protein diet (three weeks)
and weight maintenance normocaloric diet (six weeks) combined or not with a training
program on bone metabolism parameters and trabecular and cortical microarchitecture in
the femur of male adult rats.

Obesity has been traditionally linked to greater bone mineral content that might be
expected to protect the skeleton [34]. Nevertheless, animal studies have shown that a rela-
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tionship exists between obesity and poor bone quality in diet-induced obese animals [35,36].
Because BMD only partially explains bone strength, we investigated the bone quality by
means of its micro-architecture. It is well known that trabecular bone structure parameters
could be affected in DIO [37,38]. In accordance with these findings, our results also demon-
strated notable trabecular bone loss and microarchitecture deterioration in the HFD group,
as evidenced by decreased BV/TV, Conn.D, Tb.N, and density of TV, as well as increased
Tb.Sp. In this regard, a study observed similar aggravated results in the cancellous bone
of rats fed HFD (58% fat of total kcal) after 16 weeks [39]. Gautam et al. [40] also showed
marked deterioration at the trabecular region in mice after 10 weeks of HFD treatment
(60% fat). However, in their study, HFD did not alter cortical bone mass. On the other
hand, Li et al. [41] found reduced bone density, Tb.Th, and Tb.N in Wistar rats fed with
HFD (40% fat) compared to the standard diet group at 10th week, while the BV/TV was
not significantly affected. Nevertheless, Cao et al. [35] reported decreased cancellous but
not cortical bone mass in tibia of mice fed a 45% HFD for 14 weeks. In our study, the main
changes on cortical bone microarchitecture induced by HFD along 12 weeks were higher
TV and BV, as well as a significant decrease in mean pore diameter and Ct.Po associated to
higher density of bone volume. Our results are consistent with the study by Cao et al. [35]
showing no significant effects of HFD on tibial cortical thickness. Other study [37] showed
unaffected both trabecular and cortical thickness in the fourth lumbar vertebra (L4) in
mice aged 31 weeks and fed high-fat chow (60% fat) for 24 weeks being coincident with
our results. Differences in the diet composition, age or strain of the rodent, length of the
study, and the site (femur, tibia, vertebra) could account for these discrepancies [35]. In
this regard, the effects of obesity on bone quality are complex and appear to vary with
several factors, including age, sex, and site [42]. Obesity has been linked to a site-specific
increase in fracture risk [43]. This risk has been partially attributed to a decrease in mineral
content, but the relationship between obesity and bone mineral density is incompletely
understood. Animal models of obesity show varying bone responses to obesity, with some
studies showing an increase in bone formation and others a decrease [44,45].

In the present study, weight-loss intervention led to marked changes in trabecular
microarchitecture. We observed trabecular changes as a decreased TV, but not the BV,
meaning that this therapy did not significantly modify the BV/TV index in comparison
with HFD. In this sense, we also observed a trend to recover the density of TV. These data
suggest that, at this time point, the weight-loss intervention (with or without exercise) does
not vary the cancellous bone mass and density in the femur of male adult rats. Nevertheless,
the intervention was effective at improving other trabecular parameters such an elevated
Tb.N together with a diminished Tb.Sp, but we did not observe any particular effect of the
training protocol. Interestingly, the thickness of trabeculae was significantly diminished,
although a trend of some positive effect of the exercise is clear; nevertheless, it was not
fully reversed to that of the SD group. Similarly, Gerbaix et al. [16] observed that a well-
balanced diet alone failed to alter total and tibia bone mass and BMD in obese rats after
2 months. However, Tb.Th and bone volume density of metaphysis were decreased by
the diet. The moderate intensity exercise performed significantly improved BMD possibly
by inhibiting the bone resorption without any trabecular and cortical adaptation. It is
known that exercise training added to a diet-induced weight loss can attenuate the weight
loss-induced reduction in BMD and lean body mass in obese human [46,47]. Just as reduced
loading of bone such as that experienced during weight loss induce dramatic decreases
in BMD, high forces that are rapidly developed may increase bone density by increased
loading. In this regard, jump exercise during hindlimb unloading protects against adverse
changes in trabecular bone microarchitecture in young rats [48].

In our study, at diaphysis level, the weight-loss intervention during the same period
led to no changes in both BV and TV, independently of the sedentary lifestyle or the training
protocol, suggesting a non-altered cortical bone mass. This finding is associated with a
higher density of BV in the femora of the WLe group. The training protocol seems to
improve the density of BV reaching the values of the control SD and HFD groups, meaning
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a beneficial effect on bone cortical microarchitecture despite the non-beneficial effect of the
weight-loss intervention. This effect is consistent with a marked increase in the mean pore
diameter and Ct.Po. However, the training protocol reversed the detrimental changes in Ct.
Po and density of BV induced by the high protein diet.

Regarding the weight-maintenance stage with SD dietary treatment (weeks 15–21),
we clearly observed an effect of both, the diet and the training protocol on trabecular
microarchitecture. Combination of the SD dietary therapy with exercise was effective on
the BV/TV and on the density of TV, which were evidently increased in this group (WMe).
Moreover, changes in the SMI were detectable in both groups (WMs and WMe). SMI
describes if an examined volume of trabecular bone has either plate- or rod-like properties
and is thus a suitable tool to describe subtle ongoing changes in bone microarchitecture.
The values for mammalian spongiosa range from 0 to 3, with 0 being the ideal plate
and 3 the ideal rod [49]. In our study, significantly decreased SMI values indicate the
presence of more plate-like spongiosa in both groups. Interestingly, and in a different
way to what happened in the weight-loss intervention, trabecular thickness remained
relatively unaffected in all groups. This finding was already explained by Patsch et al. [37]
considering the computation of the parameter itself: simplified, trabecular thickness is
calculated as the most frequently occurring diameter of a virtual ball fitting into trabecular
structures [50]. Furthermore, the increase in Tb.N compared to the HFD group, reaching
similar values to that of the SD group, confirms the effectiveness of the weight-maintenance
stage with SD dietary treatment. Also, the decrease in trabecular spacing achieved in the
previous period remained. Related to cortical microarchitecture, the WM groups showed no
significant alterations in any of the measured parameters and indices among the different
experimental groups, but an exaggerated increase in the mean pore diameter in the femur
of trained rats. Similar to our findings, Scheller et al. [12] investigated the impact of HFD
(60%) and subsequent weight loss on skeletal parameters in six-week old male mice. They
observed decreased trabecular bone volume fraction, mineral content, and number after
12, 16, or 20 weeks of HFD compared to normal chow diet controls, with only partial
recovery after weight loss (HFD for 12 weeks and then normal chow for eight weeks to
mimic weight loss).

In general terms, our study demonstrates that there are some reversible and some
permanent changes in bone quality with HFD, followed by WL. Diet-induced obesity
causes greater damage in growing bones [51]. Indeed, our animals started HFD at an age
in which skeletal development is still highly active, likely contributing to impaired bone
accrual during growth. For healthy aging, different regimens may be required to maintain
bone health after WL, possibly with a focus on activity and diet. Training strategies that
include heavy resistance training and high impact loading may be especially productive in
maintaining, or even increasing bone density with weight loss [52].

3.3. Ash and Bone Mineral Content

The effects of DIO and bodyweight control interventions on the elemental composition
of the femur are presented in Table 5. Although total mineral content represented by ash
percentage did not differ significantly among all the groups at the different stages of the
experimental period, some differences were apparent in specific elements. Generally, the
dietary induction of obesity caused a decrease in femur content of macrominerals P, Ca, and
Mg that was significant at week 12 of the experimental period but did not reach statistical
significance at week 15. By week 21 such differences were not apparent. Obesity induction
also caused a significant decrease in the content of certain microminerals and trace elements
such as Cu, Mn, Co, or As that remained on weeks 15 and 21 except for Cu in the later stage.
Besides, the femur content of K and Fe was significantly decreased by obesity from week 15
of the experimental period. The effects of weight control interventions were not consistent
for all the minerals studied, but tended to reverse the previously described action of obesity
in P, Ca, Mg, Fe and Mn.
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Table 5. Influence of obesity and weight control interventions on mineral content of femur.

0
WEEKS

(Base-
line)

Diet-Induced
Obesity

12 WEEKS

Weight-Loss Intervention (WL)
15 WEEKS

Lost-Weight Maintenance Intervention
(WM)

21 WEEKS

SD HFD SD HFD WLs WLe SD HFD WMs WMe

Ash (%)
53.3
(0.9)

58.3
(1.1)

57.4
(1.5)

56.2 a
(0.4)

56.7 a
(0.9)

60.7 a
(1.4)

58.7 ab
(0.8)

58.4 a
(0.7)

58.5 a
(0.9)

59.5 a
(0.7)

58.2 a
(1.4)

P (g/kg)
94.2
(2.3)

129.6
(3.8)

107.3 ***
(3.1)

116.6 a
(5.1)

107.8 a
(3.0)

114.3 a
(5.3)

132.0 a
(3.4)

119.6 a
(3.1)

131.3 b
(4.1)

130.6 b
(1.7)

117.9 a
(2.8)

Ca
(g/kg)

177.9
(4.7)

255.8
(7.3)

225.7 *
(6.7)

231.6 a
(9.4)

224.3 a
(6.3)

228.8 a
(1.2)

254.2 a
(3.8)

247.3 ab
(6.6)

237.5 a
(7.2)

259.5 b
(3.2)

237.1 a
(5.5)

Mg
(g/kg)

3.42
(0.08)

4.39
(0.15)

3.13 ***
(0.12)

3.54 ab
(0.20)

3.06 a
(0.10)

3.35 ab
(0.16)

4.17 b
(0.17)

3.72 b
(0.13)

4.17 c
(0.15)

3.78 b
(0.06)

3.36 a
(0.11)

K (g/kg)
5.04

(0.14)
1.71

(0.07)
1.79

(0.16)
2.36 c
(0.20)

1.82 ab
(0.12)

1.95 b
(0.10)

1.51 a
(0.07)

1.62 a
(0.10)

1.74 a
(0.08)

1.58 a
(0.08)

1.76 a
(0.12)

Fe
(mg/kg)

88.5
(6.4)

45.2
(7.1)

44.0
(7.8)

68.6 ab
(6.7)

46.8 a
(4.3)

72.1 ab
(9.1)

84.5 b
(17.4)

51.0 a
(3.5)

69.4 a
(8.4)

70.8 a
(11.4)

66.5 a
(7.7)

Zn
(mg/kg)

221.3
(11.5)

219.1
(6.6)

216.8
(10.8)

200.4 a
(6.9)

215.8 a
(3.5)

244.9 b
(10.4)

241.5 b
(8.7)

186.2 a
(7.2)

235.8 bc
(7.3)

257.5 c
(6.8)

230.8 b
(4.5)

Cu
(mg/kg)

2.11
(0.22)

1.00
(0.17)

0.78 *
(0.05)

1.57 b
(0.08)

0.91 a
(0.05)

1.93 c
(0.06)

0.82 a
(0.05)

0.73 a
(0.04)

1.01 ab
(0.05)

1.24 bc
(0.06)

1.63 c
(0.08)

Mn
(μg/kg)

428.1
(16.3)

358.1
(86.7)

205.0 ***
(21.5)

326.2 ab
(43.4)

189.8 a
(15.2)

374.9 b
(22.8)

288.2 ab
(28.3)

219.3 a
(17.4)

186.4 a
(9.0)

401.9 c
(32.5)

309.8 b
(11.7)

Se
(μg/kg)

395.2
(18.8)

238.8
(18.2)

245.8
(14.3)

272.9 a
(14.3)

261.0 a
(14.8)

229.8 a
(26.4)

274.6 a
(22.1)

244.5 a
(20.3)

266.6 a
(20.5)

218.6 a
(17.5)

239.8 a
(14.2)

V
(μg/kg)

10.7
(1.0)

31.0
(6.3)

19.5
(6.7)

15.4 a
(4.4)

60.4 c
(6.7)

34.1 b
(3.8)

26.4 ab
(4.2)

48.9 ab
(6.4)

61.7 b
(4.9)

26.5 a
(2.1)

25.1 a
(2.4)

Co
(μg/kg)

56.9
(2.2)

76.5
(2.3)

62.8 ***
(2.0)

79.1 bc
(4.1)

67.4 ab
(2.6)

89.0 c
(5.6)

62.3 a
(1.4)

88.5 d
(2.9)

51.8 a
(3.8)

79.0 c
(2.9)

69.4 b
(1.8)

Sc
(μg/kg)

435.8
(13.5)

483.8
(37.6)

551.9
(15.0)

509.3 ab
(29.0)

565.5 bc
(16.4)

612.7 c
(27.0)

442.4 a
(13.5)

631.3 b
(17.6)

666.4 b
(22.2)

502.0 a
(8.0)

493.3 a
(13.6)

As
(μg/kg)

67.8
(4.5)

91.2
(11.4)

23.9 ***
(2.7)

84.5 c
(5.3)

24.6 a
(1.8)

40.5 b
(5.1)

52.0 b
(4.9)

75.3 c
(4.8)

40.9 a
(3.1)

58.0 b
(5.2)

58.2 b
(7.0)

SD, standard rat chow diet; HFD, hypercaloric diet for dietary induction of obesity; WLs, high-protein weight-loss
intervention diet with sedentary lifestyle (weeks 12–15); WLe, high-protein weight-loss intervention diet with
training protocol; WMs, high-protein weight-loss intervention diet with sedentary lifestyle (weeks 12–15) followed
by weight-maintenance stage (weeks 15–21) with SD dietary treatment and sedentary lifestyle; WMe, high-protein
weight-loss intervention diet with training protocol followed by weight-maintenance stage with SD dietary
treatment and training protocol. Results are expressed as means of 8 rats and standard error of the mean (in
parenthesis). * p < 0.05, *** p < 0.001 in t-test (12 weeks); a,b,c, means within the same line of each experimental
stage (15 and 21 weeks) with different letters are significantly different (ANOVA treatment, p < 0.05).

Discussion

Metabolic syndrome and osteoporosis have been described to share some common
underlying pathways, such as regulation of calcium homeostasis, receptor activator of NF-
κB ligand (RANKL)/receptor activator of the NF-κB (RANK)/osteoprotegerin (OPG), and
Wnt-β-catenin signaling pathways [53]. Thus, metabolic syndrome may have a potential
role in the development of osteoporosis. In this regard, mineral homeostasis is significantly
affected in murine DIO models. The content of several elements in the liver, kidney,
heart, and pancreas has been shown to decrease in response to high-fat diet feeding [54].
Such altered trace elements status is supposed to be a primary modification and precedes
other metabolic obesity-related disturbances. Nevertheless, treatment of obesity-related
symptoms alleviated the altered trace elements metabolism induced by HFD by modulating
hyperglycemic and insulin resistance status [55]. Likewise, altered renal functionality
derived from T2DM, one of the associated metabolic disturbances of obesity in metabolic
syndrome, has been described to affect mineral metabolism and modify the elemental
composition of plasma and bone [56]. Here, the development of obesity appeared to
exert an inhibitory action on the bone mineral content of both macro and micro or trace
elements, although no differences in total mineral content of bone were observed despite
morphometric changes associated with obesity. In this regard, Ip et al. [57] reported no
significant differences in femur ash content of obese Zucker rats vs. their lean counterparts
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although a smaller femur size and weight was apparent in the obese animals. On the other
hand, Song and Sergeev [58] found a significant decrease in femur Ca and P content of
HFD-treated mice. Such deleterious effects were reversed by high intakes of vitamin D-3
and calcium.

Modifications of femur mineral content in obese animals was correlated to the changes
in microarchitecture parameters observed in trabecular rather than cortical bone. In the
former, a significant decrease in bone volume, connectivity density, trabecular number, and
BMD of total volume were caused by obesity. In addition to its possible relationship to
microarchitecture changes, the lower concentration of minerals in the femur could also be
due to a dilution effect caused by the accumulation of fat in the bone marrow.

Mathey et al. [59] eported that a continuous aerobic training protocol (35–40% VO2max,
20–50 min/day, 6 days/week, 89 days) induced an exercise-induced increment in BMD,
bone calcium content, diameter, and femoral failure load. The mixed training protocol
implemented in our experiment showed a trend to increase P, Ca, and Mg content when
compared to their sedentary controls. Nevertheless, such an effect was observable on
week 15 but not on week 21 of the experimental period. Other authors [60] have pointed
out the beneficial effects on fructose-induced obese rats of exercise (1-h running protocol
a day, six days per week, ten weeks) that reduced visceral fat and ameliorated glucose
intolerance, lowered blood lactic acid levels, improved lactic acid usage efficiency, and
increased oxidative stress and hepatic levels of Mn, Fe, Cu, and Zn in the normal and
obese animals.

4. Conclusions

The lifestyle interventions of caloric restriction and mixed training protocol imple-
mented as weight loss strategies have been effective to counteract some of the deleterious
effects caused by dietary induction of obesity in a Sprague Dawley rat model, specifically
in trabecular bone morphometric parameters and indices as well as on bone mineral con-
tent. Thus, the interventions can be used as efficient strategies in the treatment of obesity,
although some modifications in the training protocol could be of interest to maintain or
even increase bone density with weight loss.
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www.mdpi.com/article/10.3390/nu14183672/s1, Table S1: Details of the mixed training protocol*.

Author Contributions: Conceptualization, J.M.P., J.L., P.A., M.L.-J. and P.P.; methodology, E.N.,
R.M., C.S., J.L. and J.M.P.; validation, P.A. and M.L.-J.; formal analysis, E.N., R.M., C.S. and G.K.;
investigation, E.N., R.M. and G.K.; resources, P.A., J.M.P., M.L.-J. and P.P.; data curation, J.M.P.;
writing—original draft preparation, E.N., R.M., J.M.P., M.L.-J. and P.P.; writing—review and editing,
E.N., R.M., G.K., C.S., J.L., P.A., J.M.P., M.L.-J. and P.P.; visualization, E.N., R.M., G.K., P.A., J.M.P.,
M.L.-J. and P.P.; supervision, J.M.P.; project administration, P.A. and M.L.-J.; funding acquisition, P.A.
and J.M.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Spanish Ministry of Science, Innovation and Universities
and the European Union through projects DEP2014-58296-R, RTC-2017-6540-1, RTI2018-100934-B-I00
and FEDER program, respectively.

Institutional Review Board Statement: All experiments were undertaken according to Directional
Guides Related to Animal Housing and Care [20] and all procedures were approved by the An-
imal Experimentation Ethics Committee of the University of Granada, Spain (Project Reference
DEP2014-58296R).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors want to acknowledge the special contribution to the development
of the experiments by the Experimental Animal Unit of CIC (Universidad de Granada). Authors
want also to thank Carina Quack and Matthias Schmidt for their special contribution to this work.

111



Nutrients 2022, 14, 3672

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1. Hruby, A.; Manson, J.E.; Qi, L.; Malik, V.S.; Rimm, E.B.; Sun, Q.; Willett, W.C.; Hu, F.B. Determinants and Consequences of Obesity.
Am. J. Public Health 2016, 106, 1656–1662. [CrossRef]
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Abstract: Long-term excessive intake of high-calorie foods might lead to cognitive impairments and
overweight or obesity. The current study aimed to examine the effects of high-calorie foods on the
behavioral and neurological correlates of food-related conflict control ability. A food-related Stroop
task, which asked the participants to respond to the food images and ignore the calorie information,
were employed. A total of 61 individuals were recruited and who completed the food-related Stroop
task with event-related potentials (ERPs). Participants exhibited a slower reaction time and lower
accuracy in high-calorie food stimuli than that in low-calorie food stimuli. The ERP results exhibited
a reduction in N2 amplitudes when responding to high-calorie food stimuli compared to when
responding to low-calorie food stimuli. In addition, time-frequency analysis revealed that theta
power induced by low-calorie food stimuli was significantly greater than that of high-calorie food
stimuli. The findings indicated that high-calorie foods impair food-related conflict control. The
present study expands on the previous studies of the neural correlates of food cues and provides
new insights into the processing and resolving of conflicting information for eating behavior and
weight control.

Keywords: conflict control; high-calorie foods; food-related Stroop task; N2 and P3; theta power

1. Introduction

We live in an environment filled with various food temptations at our fingertips and
we are constantly struggling between maintaining a healthy eating style and giving in to
immediate food temptations. The excessive intake of high-calorie foods is considered a
contributing factor to obesity, while resisting high-calorie foods is considered to require
successful executive function [1–4]. Being overweight and obese can, in turn, have negative
effects on executive functions including response inhibition, conflict control, cognitive
flexibility, and decision-making [5–11].

Conflict control refers to the information processing capability of the brain to monitor
and respond to the emergence of conflicts and is considered a core component of the brain’s
executive function [12]. Previous behavioral data indicate that unhealthy food (high-calorie
food) may have negative effects on individuals’ conflict control. Nijs and colleagues (2010)
aims to investigate the food-related conflict control in individuals with obesity. During a
food-related Stroop task, participants were instructed to respond as fast as possible to the
font color of the words [grouped as food-related words (such as chocolate, meatball) and
neutral office-related words (such as scissor, desk)] shown on the screen and ignore the
meaning of the words. They found greater reaction times to food-related words than to
neutral words in participants of both obese and normal-weight groups, which indicated
general attentional biases toward food [13]. Lyu et al. used the food-related flanker task to
investigate the conflict control ability in Chinese females who report binge eating disorder
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characteristics and found that while the binge eating group displayed a slower reaction
time to incongruent trials than that of congruent trials, the control group did not exhibit
such a pattern, which indicated that the binge eating group had a relative conflict control
ability deficit [14]. Smith et al. utilized a food-choice task to explore conflict control when
making decisions between healthy and unhealthy food. All participants were asked to
choose the healthier food during the task. They found that more self-reported cravings and
desires for unhealthy food predicted a greater response conflict. The authors believed that
greater conflict management would be required for individuals to complete the food-choice
task efficiently [15]. In addition, during a food choice task, individuals who scored higher
on restrained eating were more likely to choose healthier foods compared to high-calorie
foods and exhibited less self-control conflict when choosing healthier foods compared to
individuals who scored lower on restrained eating [1]. Zhang et al. (2021) investigated the
effects of food-related thought suppression on conflict control ability in restrained-eating
adults. They found that after inhibiting thoughts about eating, the restrained eaters chose
more high-calorie foods. The findings also indicated that the suppression of food-related
thoughts could lead to a reduction in the ability to monitor conflicts between current
behaviors and goals, which might lead to unhealthy eating behaviors [16]. In addition,
high-calorie food may have a negative effect on the other cores of executive function. For
example, Meule et al. explored the effects of high-calorie food on working memory in high
food cravers and low food cravers. All participants performed an n-back task (the stimuli
consisted of high-calorie food and neutral items). They found slower reaction times and
lower accuracy in response to high-calorie food than to neutral items regardless of reported
cravings, which indicated that high-calorie food cues have immediate negative effects on
working memory performance [17].

Adding to behavior studies, prior neurophysiology studies have also investigated the
relationships between inhibition control and food-cues. Although most of the previous
studies have shown that high-calorie foods have a wide range of effects on P2, N2, P3,
N450, and late positive potential (LPP) amplitudes, they have revealed mixed findings.
Asmaro and his colleagues compared the neural-difference induced by high-calorie foods
(e.g., chocolate, milk.) and neutral objects (e.g., chair) during discrimination tasks using
event-related potentials (ERPs, a neuroscience tool with high temporal resolution, which is
often used in cognitive psychology research), and found that high-calorie foods elicited
significant enhancement of P2 and LPP amplitudes. The findings indicated that participants
exhibited attentional bias by allocating more attentional resources to high calorie food
stimuli compared to general stimuli [18]. When asked to inhibit during a go/no-go or
oddball task, the participants exhibited larger N2 amplitudes when inhibiting to high-
calorie food compared to when inhibiting to low-calorie or non-food-related stimuli [19–22].
Liu et al. found greater N2b amplitudes in response to high-calorie food cues than those
in response to low-calorie food cues during a food-related go/no-go task [7]. In addition,
Carbine et al., found that during a food-related go/no-go task, the P3 amplitudes were
greater when inhibiting to high-calorie food cues compared to when inhibiting to low-
calorie food cues [23]. Franken et al. also found that sweet food elicited greater P3
amplitudes compared to neutral-flavored food [24]. However, in successful restrained
eaters, Kong et al. found greater P3 amplitudes to neural image cues and low-calorie
food cues than to high-calorie food cues [21]. However, using a go/no-go task, Lapenta
et al. (2014) found no difference in N2 and P3 amplitudes when inhibiting toward food
cues or furniture cues [25]. Nijs and colleagues (2010) set out to investigate food-related
conflict control abilities in individuals with obesity. During a food-related words Stroop
task, the participants were instructed to respond as fast as possible to the font color of the
word shown on the screen and ignore the meaning of the word. They found enhanced P2
amplitudes in the obese group, which indicated that the obese participants’ attentional
bias towards food cues occurred at a heighted automatic, habitual, and preconscious
level [13]. A study conducted by Liu et al. showed that there were decreases in N2 and
N450 amplitudes and increases in P3 and LPP amplitudes in a food-related conflict task in
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individuals who were overweight [6]. Woltering and colleagues used an attention blink
task to reveal decreased P3 amplitudes during the onset of food stimuli in obese adolescents
compared to their normal-weight counterparts. Lower P3 amplitudes were related to a
higher body mass index (BMI) assessment. The findings suggested that an automatic
attentional bias to food should be considered as an key factor in the process of tackling the
rising obesity crisis [26]. As the findings present, the existing mechanism of high-calorie
food on conflict control ability remains unclear. It is beneficial to explore how high-calorie
food cues influence executive function since it would provide insights into the challenges
of developing healthier eating behaviors.

Theta power has also been a neural marker of focus for previous studies when dis-
cussing conflict control ability regarding food-related stimuli. Theta power of the medial
frontal cortex is sensitive to perception conflicts and reaction conflicts. Theta band activities
are usually involved in conflict processing, especially in the neural network that connects
reaction conflicts [27,28]. In addition, frontal midline theta power is related to increased
cognitive control [29–31]. A previous study aimed at examining the neural markers that are
in support of the effectiveness of food-related go/no-go training on reducing food intake
found that food cues requiring withholding responses induced larger increases in theta
power compared to cues that do not relate to withholding responses [32].

Up to now, there have been few EEG studies that have utilized a food-related Stroop
task to investigate the effects of high-calorie foods on conflict control. To add to previous
studies, the present study examined the influence of high-calorie food cues on the neural
correlates of conflict control. Based on previous studies, the neural correlates discussed in
the present study are N2, P3, and theta power and we hypothesized that high-calorie foods
would impair conflict control ability, which would be reflected by a slower reaction time,
lower accuracy, a reduction in N2 amplitudes and theta power, as well as an increase in P3
amplitudes when reacting to high-calorie foods compared to when reacting to low-calorie
foods during the food-related Stroop task.

2. Methods

2.1. Participants

Participants (n = 61; 29 females; Mage = 20.25 years, SDage = 1.96; MBMI = 21.75 kg/m2,
SDBMI = 2.98) were recruited from Chongqing Normal University, Chongqing. Before par-
ticipating in the study, all participants were required to abstain from substances (including
tea and coffee) and medications that could potentially affect their concentration during the
study, and were required to disclose any history of psychological disorders. They were also
required to have normal or corrected-to-normal vision. The participants were given the
chance to ask any questions about their participation before consenting to the study. The
present study was approved by the Southwest University Ethics Committee.

2.2. Food-Related Stroop Task

The food-related Stroop task (Figure 1) employed in the current study was modified
from the previous version used by Liu et al. [6]. The stimuli were food pictures (high- and
low-calorie foods) and calorie information text (high-calorie or low-calorie) attached to
them. Congruent and incongruent trials were generated by combining different stimuli. A
congruent trial would be when the displayed food cue with text was consistent, such as a
combination of a high-calorie food cue and the words “high-calorie”, and vice versa for
incongruent trials. Participants were instructed to respond to only the food pictures and
ignore the words (calorie information). During the food-related Stroop task, the participants
were instructed to press the “F” (or “J”) key on the keyboard if the high-calorie foods were
displayed and to press the “J” (or “F”) key if the low-calorie foods were displayed. The
responses were counterbalanced across the participants in the study. In the task, the
trial proceeded as follows: after a fixation appeared on the screen for 500 ms, the stimuli
would be presented on the monitor until the participants responded or would disappear
automatically after 2000 ms of first appearing. The stimuli were then followed by an
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inter-stimuli interval of 1000 ms. The food-related Stroop task consisted of a practice block
of 20 trials and an experimental block of 160 trials. Only data from the experimental trials
were used in the analysis process. The participants were instructed to sit as still as possible
and to minimize eye blinking during the task in order to reduce potential experimental
artifacts of the EEG data collection.

 

Figure 1. Two trials from the food-related Stroop task.

2.3. Behavioral Analysis

Two 2 (food: high- and low-calorie food) × 2 (congruence: congruent and incongruent)
repeated measures ANOVA was conducted on the reaction time (RT) and accuracy (ACC).
All analyses were conducted by SPSS 25.0. The p-values were computed for deviation in all
analyses, based on the Greenhouse–Geisser method. Post-hoc t-tests were conducted with
Bonferroni correction for multiple pairwise comparisons.

2.4. EEG Recording and Analyses

EEG data were recorded from 64 scalp sites using tin electrodes mounted in an elastic
cap (brain products GmbH, Gilching, Germany), with the reference electrode placed on the
fronto-central aspect and a ground electrode on the medial frontal aspect. All inter-electrode
impedance was maintained below 5 KΩ.

EEG data preprocessing was performed via EEGLAB, an open-source toolbox available
on the Matlab software. Individual and grand ERP averages were created for the food-
related Stroop task. We first down sampled the data from 1000 Hz to 256 Hz and performed
high-pass filtering at 0.1 Hz and low-pass filtering at 45 Hz. The mean values of the left
and right mastoids were selected as the re-reference. Data were epoched from 200 ms prior
to stimuli onset to 1000 ms after the onset, and were baseline corrected to the pre-stimuli
interval. Trials with large fluctuations in amplitudes were removed before the independent
component analysis (ICA). The components, including EOG artifacts (ocular movements
and eye blinks) and head movement, were then removed from the results of the ICA. Based
on the topographical distribution of the grand-average ERP activities, the ERP components
and their time window were as follows: N2 (250–360 ms), and P3 (360–400 ms). Based
on previous studies, the following electrode sites were selected, Fz, FCz, Cz, CPz, and
Pz. Two 2 (food: high- and low-calorie food) × 2 (congruence: congruent and incongruent)
× 5 (electrode site: Fz, FCz, Cz, CPz, and Pz) repeated measures ANOVAs were conducted
on the mean amplitudes of N2 and P3.

The time-frequency analysis for the EEG data, employed a windowed Fourier trans-
form (WFT) with a fixed 250 ms width Hanning window. The WFT yielded a complex
time-frequency spectral estimate F (t, f) at each point (t, f) of the time-frequency plane
extending from −200 ms to 1000 ms in the time domain, and from 1 Hz to 30 Hz (in step of
1 Hz) in the frequency domain, for each single trial. A baseline correction was applied at
the subject level using the pre-stimulus interval (pre-stimulus −200 to 0 ms) to calculate
the change of power according to the formula:

TFD(t, f ) = P(t, f )− R( f )

where P(t, f ) = |F(t, f )|2 is the power spectral density at a given time-frequency point
(t, f), and R(f) is the averaged power spectral density of the signal enclosed within the
pre-stimulus reference interval (−200 to 0 ms before the onset of the stimulation) for each
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estimated frequency f. Brain rhythmic activity of the theta (4–8 Hz, 80–250 ms) was selected
in the current analysis. A 2 (food: high- and low-calorie food) × 2 (congruence: congruent
and incongruent) × 5 (electrode site: Fz, FCz, Cz, CPz, and Pz) repeated measures ANOVA
was conducted on the value of theta.

All analyses were conducted via SPSS 25.0. Based on the Greenhouse–Geisser method,
p-values were computed for deviation in all analyses. Post-hoc t-tests were conducted with
Bonferroni correction for multiple pairwise comparisons.

3. Results

3.1. Behavior Results

The results on RT (Figure 2A) showed a main effect of food, F (1, 60) = 39.30, p < 0.001,
partial η2 = 0.40, RT to high-calorie foods was significantly greater than that to low-calorie
foods. The results on RT also showed a main effect of congruence, F (1, 60) = 39.30, p = 0.001,
partial η2 = 0.16, RT in incongruent trials was significantly greater than that in congru-
ent trials.

 

Figure 2. The behavioral results ((A). reaction time and (B). accuracy) from the food-related Stroop
task. HCF-C, high-calorie foods in congruent trials; HCF-INC, high-calorie foods in incongruent
trials; LCF-C, low-calorie foods in congruent trials; LCF-INC, low-calorie foods in incongruent trials.
* p < 0.05; *** p < 0.001.

The results on ACC (Figure 2B) showed a main effect of food, F (1, 60) = 19.48, p < 0.001,
partial η2 = 0.25, ACC of high-calorie foods was significantly lower than that of low-calorie
foods. The results on ACC also showed a main effect of congruence, F (1, 60) = 5.01,
p = 0.03, partial η2 = 0.08, ACC in congruent trials was significantly greater than that in
incongruent trials.

3.2. EEG Results

Grand average ERPs for N2 and P3 at Fz and topography plots are shown in Figure 3A.
The theta power at Fz is shown in Figure 3B.

N2
The results on N2 amplitudes showed an interaction of food and electrode site,

F (4, 240) = 13.55, p < 0.001, partial η2 = 0.18. The simple effect analysis showed that
N2 amplitudes of low-calorie foods were significantly greater than those of high-calorie
foods at Fz, F (1, 60) = 4.97, p = 0.03, partial η2 = 0.08. The results also showed an inter-
action of congruence and electrode site, F (4, 240) = 3.18, p = 0.048, partial η2 = 0.05. The
simple effect analysis showed that N2 amplitudes in incongruent trials were significantly
greater than those in congruent trials at Fz [F (1, 60) = 6.49, p = 0.013, partial η2 = 0.10],
FCz [F (1, 60) = 5.41, p = 0.023, partial η2 = 0.08], and Cz [F (1, 60) = 7.09, p = 0.01, partial
η2 = 0.11].
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P3
The results on P3 amplitudes showed a main effect of congruence, F (1, 60) = 24.55,

p < 0.001, partial η2 = 0.29, P3 amplitudes in congruent trials were significantly greater than
those in incongruent trials.

Theta
The results on theta showed a main effect of food, F (1, 60) = 8.25, p = 0.006, partial

η2 = 0.12, theta power of low-calorie foods (0.77) was significantly greater than that of high-
calorie foods (0.59). The results also showed an interaction of congruence and electrode
site, F (4, 240) = 9.46, p = 0.001, partial η2 = 0.14. The simple effect analysis showed that
theta power in incongruent trials was significantly greater than that in congruent trials at
Pz, F (1, 60) = 4.15, p = 0.046, partial η2 = 0.07.

 

Figure 3. (A). Stimuli-locked, grand average waveforms of N2 and P3 at site Fz; (B). The theta
power at site Fz. HCF−C, high-calorie foods in congruent trials; HCF−INC, high-calorie foods in
incongruent trials; LCF−C, low-calorie foods in congruent trials; LCF−INC, low-calorie foods in
incongruent trials.

4. Discussion

The present study used an originally modified food-related Stroop task to explore
the effects of high-calorie foods on conflict control and the underlying neurophysiological
responses. The hypothesis was partially confirmed by our original method of examination.
The results showed that the RT to high-calorie food cues was greater than that to low-calorie
food cues, whereas the ACC of high-calorie food cues was significantly lower than that of
low-calorie food cues. We also found that high-calorie foods induced lower N2 amplitudes
and theta power compared to low-calorie foods. No significant difference in P3 amplitudes
were found between high-calorie and low-calorie food cues.

As our modified task elicited data from both the mental processing of food images
combined with calorie information, as well as motor response performance, the current
results support previous findings that high-calorie foods impair cognitive performance [17].
Adding to previous studies, the current study employed a novel paradigm in which the
direct influences of food-related stimuli on reaction time and accuracy could be measured.
A previous study showed that individuals with binge eating disorder exhibited a flanker
effect to food-related stimuli while the controls did not [14], which might indicate that binge
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eating impairs food-related conflict control. It is also found that higher reported cravings for
unhealthy foods (high-calorie foods) are related to greater conflict when making decisions
between healthy and unhealthy foods [15], thus, indicating that high-calorie foods might
have a negative effect on conflict control. Consistent with a previous study using an
n-back task and food related flanker task [17,33], the current finding indicates that high-
calorie foods effect individuals’ conflict control, which was reflected by slower reaction
time and lower accuracy. Longer reaction time in reaction to high-calorie foods might
suggest that more attentional efforts are required when responding to high-calorie foods
compared to low-calorie foods, thus, resulting in longer processing time [33,34]. According
to the dual-process theories of self-control, a healthy lifestyle is depended on the balance
between impulsive and reflective systems, while the excessive consumption of high-calorie
foods indicate that this cognitive balance is not sufficiently maintained [3,35,36]. In return,
deficiencies in the ability to monitor high-calorie food conflicts might also lead to overeating
or obesity. Obese individuals displayed marked attentional bias to high-calorie foods and
food-related stimuli compared to lean individuals [37]. Enhanced spatial memory for
high-calorie foods also significantly predicted a higher BMI [38,39]. Therefore, existing
evidence indicates that conflict control ability plays a beneficial role in adopting healthier
eating behaviors.

The present study showed a reduction in N2 amplitudes in high-calorie foods com-
pared to low-calorie foods. Depending on the stimuli and tasks displayed, N2 amplitudes
reflect sensory processing, response inhibition, and conflict monitoring [20,40]. Folstein and
Van concluded that the fronto-central N2 is relevant to cognitive control, which included
response inhibition, response conflict, and error monitoring [40]. In addition, N2 reflects
the detection and monitoring of conflicts when confronted with choosing between correct
and incorrect options [40,41]. Previous studies showed that obese and overweight indi-
viduals exhibited decreased N2 amplitudes compared to normal-weight individuals [5–7].
Decreased N2 also indicates a deficit in the ability to recruit neural resources [42]. Thus, the
reduced N2 amplitudes in reaction to high-calorie foods would indicate that the individuals
are less able or less effective when allocating attentional and neural resources to monitor
food-specific conflicts when encountering high-calorie foods.

The result of decreased theta power in high-calorie foods was consistent with the
result of reduced N2 amplitudes in high-calorie foods. Frontal midline theta is located
in the anterior cingulate cortex (ACC) and the auxiliary frontal motor area of the medial
frontal cortex (MFC) [29] and is part of the physiological mechanism that operates cognitive
control through a series of coupling mechanisms [43]. Greater frontal midline theta power
is found to be related to increased cognitive control [29–31]. The significant increase in theta-
band oscillation of the frontal midline is related to an increased capability for adaptation,
behavioral regulation and overcoming conflicts [44,45]. Previous studies have found that
theta initiate a greater increase when experiencing stimuli such as stimulus-response
conflicts and response errors [27,46]. Therefore, the theta power is significantly lower when
reacting to high-calorie foods compared to when reacting to low-calorie foods, which might
indicate that high-calorie foods affect individuals’ ability for conflict monitoring, regulation,
and/or adaptation.

However, we did not find a difference in P3 amplitudes between high-calorie foods
and low-calorie foods. P3 reflects various cognitive processes including working memory
and attention allocation [47]. A previous study has shown that the onset of food-related
cues elicited a significant increase in P3 amplitudes, which would suggest that the salience
of food-related cues influence cognitive control [22]. Food-related stimuli elicited greater P3
amplitudes than neutral stimuli [22], and high-calorie foods elicited greater P3 amplitudes
compared to low-calorie foods [23], which would indicate that more cognitive resources
were required when responding to food-related stimuli, especially high-calorie foods.
Therefore, we hypothesized that high-calorie foods would affect the individuals’ cognitive
processing, which would be reflected by enhanced P3 amplitudes. The slower reaction
time and lower accuracy of the current study supported the hypothesis that more cognitive
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resources and efforts are needed when reacting to high-calorie foods compared to when
reacting to low-calorie foods. However, no significant difference in P3 amplitudes between
high-calorie and low-calorie foods was found in the present study. We believe a reason
might account for the finding. P3 represents a late motor inhibition process, which occurs
when a decision to withhold a response is made [48–50]. The food-related Stroop task did
not ask participants to withhold their response. Therefore, high-calorie foods did not have
effects on the individual’s response inhibition ability during the food-related Stroop task.

The present study has several limitations. First, the participants’ food cravings were
not measured. The relationship between food craving and food-related conflict control was
therefore not explored in the current study. Future research could measure the state of the
food craving (e.g., food craving questionnaire state) before and after the food-related Stroop
task. Second, the current study focused on the temporal measures of brain activity of the
EEG data, hence the lack of spatial measures of brain activity. Future studies could explore
both the temporal and spatial neural indices in a food-related Stroop task by collecting
both EEG and fMRI data. Third, general stimuli (e.g., flowers or office supplies) were not
adopted in the current study, and the influence of other characteristics such as the stimuli
colors or nutrient density on the experimental findings was not considered in the present
study, which might be worth exploring in future studies.

5. Conclusions

In conclusion, this study uses an originally modified food-specific Stroop task and
EEG to complement previous literatures. The current original version of the food-related
Stroop task may be a promising instrument to be implicated in future brain imaging studies
to further demonstrate the nuances of various types of foods on cognitive processing.
Furthermore, the task could be adopted to explore the underpinnings of the relationship
between high-calorie foods and conflict control, including its behavioral consequences.
The study has shown that high-calorie foods impair food-related conflict control ability,
expanding the studies of the neural mechanism of food cues while providing new insights
into the processing and solving of conflicting information for healthier eating behavior and
weight control.
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Abstract: Given the probiotic effects previously found in Bifidobacterium animalis subsp. lactis MN-
Gup (MN-Gup) and its great application potential in dairy products, this study aimed to investigate
the effects of fermented milk containing MN-Gup or MN-Gup-based synbiotics on high fat diet
(HFD)-induced obesity in rats. Galacto-oligosaccharides (GOS) and xylo-oligosaccharides (XOS) were
selected as the tested prebiotics in MN-Gup-based synbiotics due to their promotion of MN-Gup
growth in vitro. After nine weeks of HFD feeding, the obese rats were intervened with fermented
milk containing MN-Gup (MN-Gup FM) or its synbiotics (MN-Gup + GOS FM, MN-Gup + XOS FM)
for eight weeks. The results showed that the interventions could alleviate HFD-induced body weight
gain, epididymal fat deposition, adipocyte hypertrophy, dyslipidemia and inflammation, but GOS
and XOS did not exhibit significant synergies with MN-Gup on those alleviations. Furthermore, the
interventions could regulate the HFD-affected gut microbiota and microbial metabolites, as shown
by the increases in short chain fatty acids (SCFAs) and alterations in obesity-related bile acids (BAs),
which may play important roles in the mechanism underlying the alleviation of obesity. This study
revealed the probiotic effects of MN-Gup on alleviating obesity and provided the basis for MN-Gup
applications in the future.

Keywords: Bifidobacterium animalis subsp. lactis MN-Gup; obesity; gut microbiota; galacto-oligosaccharides;
xylo-oligosaccharides

1. Introduction

The prevalence of overweight and obesity has become a serious health problem in
the world. Obesity is usually associated with a high risk of chronic diseases, such as type
2 diabetes, gallbladder disease, cardiovascular disease and cancer [1,2]. People continue
to seek various methods to alleviate obesity, such as diet regulation, physical exercise and
bariatric surgery [3]. Recently, obesity has been found to be correlated with an imbalance in
gut microbiota, and gut microbiota has contributed to a new perspective for regulating host
energy metabolism [4]. A number of mechanisms have been proposed for gut microbiota-
influenced obesity [5]. For instance, some microbiota can promote the production of short
chain fatty acids (SCFAs), which can activate G protein-coupled receptors and induce
subsequent intestinal hormone secretion to regulate energy metabolism [6].

Probiotics, defined as “live microorganisms which give a health benefit to the host
when administered in adequate amounts” [7], have exerted excellent effects on modulating
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gut homeostasis via balancing beneficial and harmful bacteria, improving intestinal barrier
function, and regulating immune responses [8]. It is estimated that the probiotics market
grew 37% globally from 2016 to 2020 [9]. Accumulating animal and human data have shown
that probiotics exhibit great potential in anti-obesity applications [8]. Bifidobacterium lactis
and Lactobacillus paracasei are common probiotics that have been reported to regulate gut
microbiota and attenuate obesity in high fat diet (HFD)-fed mice [10–12]. Meanwhile, the
effects of probiotics or their applications in food on obesity were investigated in randomized
controlled trials (RCTs). For example, daily consumption of fermented milk containing
2 × 109 CFU of Lactobacillus gasseri SBT2055 for 12 weeks was found to significantly reduce
body mass index (BMI), waist, and hip circumferences in Japanese adults with large visceral
fat areas [13]. A meta-analysis study based on twenty-six RCTs showed that there were
significant effects of probiotics on reducing body weight, waist circumference, fat mass, total
cholesterol (TC), tumor necrosis factor-α (TNF-α) level of overweight/obese subjects [14].
Therefore, the dietary intervention using probiotics may provide a potential strategy to
alleviate obesity.

Furthermore, prebiotics, some non-digestible food ingredients that can selectively
stimulate the growth and/or activity of beneficial bacteria in the intestinal tract, have been
suggested to regulate gut microbiota and exhibit a synergy with probiotics [15]. As a result,
the combinations of probiotics and prebiotics, namely synbiotics, have attracted extensive
attention as tools to help humans maintain optimal health [16]. To date, prebiotics such as in-
ulin, fructo-oligosaccharides (FOS), galacto-oligosaccharides (GOS), xylo-oligosaccharides
(XOS) and polydextrose have been commonly used with probiotics as synbiotics in obesity
treatment [17,18]. For example, a synbiotic containing Lactobacillus fermentum CECT5716
and FOS could reverse HFD-induced gut microbial dysbiosis and metabolic syndrome
in rats [19]. A clinical study showed that Bifidobacterium animalis subsp. lactis 420 with
polydextrose could alter gut microbiota and microbial metabolism, which may support the
alleviation of obesity [20]. Synbiotic supplementation could not only reduce body weight,
but also improve obesity-related phenotypes like blood lipids, cytokines, and oxidative
stress [21]. Thus, it is of great significance to explore synbiotics for alleviating obesity.

Bifidobacterium animalis subsp. lactis MN-Gup (MN-Gup), an aerospace mutant and
screened according to high oxygen tolerance coefficient from the Shenzhou-11 re-entry
spacecraft, has been demonstrated to benefit health associated with gut microbiota [22].
Given the wide applications of probiotics in fermented milk, the current study aimed to
investigate the effects of fermented milk containing MN-Gup or MN-Gup-based synbiotics
on alleviation of obesity in HFD-fed rats and elucidate the underlying mechanism from
the perspectives of gut microbiota and its metabolites. This study will help to explain the
anti-obesity function of MN-Gup and its synbiotics, and provide the theoretical bases for
the applications of MN-Gup in foods.

2. Materials and Methods

2.1. Bacterial Strain and Its Prebiotics Screening In Vitro

Bifidobacterium animalis subsp. lactis MN-Gup (MN-Gup, CGMCC No. 15578) was
provided by Mengniu Hi-tech Dairy Product Beijing Co., Ltd. (Beijing, China). The
strain was activated in De Man, Rogosa, Sharpe (MRS) broth (Difco Laboratories, Detroit,
MI, USA) and then incubated at 37 ◦C for 24 h and repeated three times. Individual
prebiotics including fructo-oligosaccharides (FOS), resistance dextrin (RD), inulin, xylo-
oligosaccharides (XOS), and galacto-oligosaccharides (GOS) were purchased from Baoling
Bao Biology Company (Dezhou, China) and sterilized before use. The prebiotic index (PI)
was used to evaluate the relative growth-promoting capability of a prebiotic to that of
glucose [23]. The activated MN-Gup was placed in the MRS containing glucose or 1.5%
prebiotics as a carbon source, or in a glucose-free MRS medium, and statically cultivated at
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37 ◦C. The absorbance of the fermentation broth was measured at 660 nm at 0 h, 4 h, 8 h,
12 h, and 24 h, respectively, and the PI was calculated according to the following formula.

PI =
(APP24 − APP0)− (A PN24 − APN0)

(APG24 − APG0)− (A PN24 − APN0)

APP24 and APP0 represent the absorbance of fermentation broth of MN-Gup cultured
for 24 h and 0 h when the carbon source is a prebiotic in medium; APG24 and APG0 represent
the absorbance of fermentation broth of MN-Gup cultured for 24 h and 0 h when the carbon
source is glucose in medium; APN24 and APN0 represent the absorbance of fermentation
broth of probiotics strains cultured for 24 h and 0 h in a glucose-free MRS medium.

2.2. Preparation of the Test Fermented Milk

Fermented milk was prepared using a commonly used procedure for conventional
production of fermented milk with a modification [13], and the main ingredients of fer-
mented milk were provided by Mengniu Hi-tech Dairy Product Beijing Co., Ltd. (Beijing,
China). The test fermented milk was added with 1 × 108 CFU/g of MN-Gup or synbiotics
consisting of 1 × 108 CFU/g of MN-Gup with either 1.5% GOS or 1.5% XOS. Erythritol
was used as calorie-free sweetener in the fermented milk, and per 100 g of fermented milk
contained 3.0 g protein, 3.5 g fat, and 5.3 g carbohydrate and its total energy was 78 kcal.
The test fermented milk was kept in cold storage and delivered weekly.

2.3. Animals and Experimental Design

Male SD rats (six weeks old) were purchased from Charles River (Beijing, China) and
housed in an SPF-grade laboratory animal facility under a standard light/dark (12 h/12 h)
cycle with free access to water and food in Pony Testing International Group Co., LTD
(Beijing, China). The study was approved by the institutional animal ethics committee
(Approval Number: PONY-2021-FL-16). After a one-week acclimatization period, all rats
were divided into five groups, and each group consisted of five rats. One group was
continuously fed with a normal-chow diet (ND group) and the other four groups of rats
were changed to a refined HFD diet (45% fat, TROPHIC, Nantong, China). After nine
weeks, HFD induced obesity in rats based on 15% greater body weight gain than ND
group, and three groups of obese rats were intragastrically administered with 2 mL the
test fermented milk containing MN-Gup (MN-Gup FM), MN-Gup FM with GOS (MN-
Gup + GOS FM), and MN-Gup FM with XOS (MN-Gup + XOS FM), and the other group
of HFD-induced obese rats was intragastrically administered 2 mL of 0.9% sterile saline
(HFD group). The body weight of rats was recorded once a week, and the food intake
was replaced and recorded twice a week. After eight weeks of intervention, the rats were
euthanised and their blood samples were collected to prepare serum. The epididymal
fat pads were weighed and fixed in 4% paraformaldehyde, and colonic feces were also
collected and stored at −80 ◦C until analysis.

2.4. Biochemical Parameters Analysis in Serum

The levels of triglycerides (TG), total cholesterol (TC), low-density lipoprotein (LDL)
and high-density lipoprotein (HDL) cholesterol in serum were determined by commercial
kits according to the manufacturer’s recommendations. Cytokines concentration of tumor
necrosis factor-α (TNF-α), interleukin (IL)-6, IL-4 and IL-10 were measured by commercial
enzyme-linked immunosorbent assay (ELISA) kits.

2.5. Histological Analysis

The fixed epididymal fat tissues were embedded in paraffin and stained with haema-
toxylin and eosin (H&E). Finally, the histopathology of epididymal adipocyte was visu-
alized using an optical microscope (DMi8, Leica, Weztlar, Germany), and adipocyte size
was analyzed by Image-Pro Plus 6.0 software (Media Cybernetics, Silver Spring, MD, USA)
according a previous study.
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2.6. Gut Microbiota Analysis

Feces bacterial analysis was performed on the V3-V4 region of the 16S rRNA gene using
Illumina MiSeq sequencing as described previously [22]. Briefly, DNA was extracted from the
fecal samples using soil DNA extraction kits (Omega Bio-tek, Norcross, GA, USA) according
to the manufacturer’s protocols. The hypervariable region V3-V4 of 16S rRNA genes were
amplified by PCR using the primers 338F (5′-GTACTCCTACGGGAGGCAGCA-3′) and 806R
(5′-GTGGACTACHVGGGTWTCTAAT-3′). Sequencing of the PCR amplification products
was performed on an Illumina Miseq platform (PE300). Operational taxonomic units (OTUs)
were clustered using UPARSE (version 7.1) based on 97% similarity. The taxonomy of each
16S rRNA gene sequence was analyzed by an RDP Classifier algorithm.

2.7. Measurement of Short Chain Fatty Acids (SCFAs) in Colonic Feces

Acetate, propionate and butyrate were measured as previously described [24]. Briefly,
20 mg of fecal sample was acidified with 50 μL of 50% sulfuric acid and homogenised with
500 μL of diethyl ether (containing 19.8 mM 2-ethylbutyric acid as the internal standard) for
1 min using a Mini Bead beater-16 (BioSpec Products, Inc., Bartlesville, OK, USA). Then, the
samples were centrifugated at 14,000 rpm for 5 min, and then the supernatant was collected.
Extraction was repeated, and the supernatant was combined. After filtering through a
0.22 μm membrane, SCFA content was detected by a gas chromatograph (GC, Shimadzu,
GC-2010 Plus, Kyoto, Japan) equipped with the DB-FFAP column (30 m × 0.25 mm ×
0.25 μm, Agilent Technologies, Inc., Santa Clara, CA, USA) and FID detector. The splitless
injector temperature was 250 ◦C and the injection volume was 1 μL. The carrier gas was
nitrogen. The GC oven temperature program was set as below: maintained at 60 ◦C for
4 min, increased by 20 ◦C/min to 180 ◦C for 1 min, then increased by 50 ◦C/min to 220 ◦C
for 1 min. The temperature of the FID detector was maintained at 250 ◦C.

2.8. Measurement of Bile Acids (BAs) in Colonic Feces

An aliquot of 15 mg fecal sample was homogenised with 1 mL of ethanol containing 5%
ammonia water and isotope internal standards for five cycles of 15 s. After centrifugation at
14,000 rpm for 10 min at 4 ◦C, the supernatant was collected. Extraction was repeated three
times, and the supernatant was combined and dried under a gentle nitrogen flow. The
residue was accurately re-dissolved with 1.8 mL of solution consisting of acetonitrile and
water (75:25, v:v), and finally passed through a 0.22 μm of filter for UPLC-Q-TOF (G6540,
Agilent Technologies, Inc., Santa Clara, CA, USA) analysis. Bile acids were separated with a
BEH C18 (2.1 mm × 100 mm, 1.7 μm) UPLC column (Waters Inc., Milford, CT, USA), which
was kept at 30 ◦C with a 0.3 mL/min flow rate. The injection volume was 5 μL and the
separation was carried out using a gradient elution with water (containing 0.01% formic
acid and 2 mM acetic acid) and acetonitrile. The parameters of mass spectrum were set at
as follow: electrospray ionization (ESI) model, the detector operated in a low mass range
(1700 m/z) and a 2 GHz extended dynamic range, the MS scan range was 100–1200 m/z,
and the acquisition rate was two spectrum per second. Twenty-four BAs presented in
Table S1 were identified and quantified, but the concentrations of some BAs were too
low to reach the detection limits. The detectable BAs included taurocholic acid (TCA),
alpha-muricholic acid (α-MCA), tauro-alpha-muricholic acid (T-α-MCA), beta-muricholic
acid (β-MCA), tauro-beta-muricholic acid (T-β-MCA), omega-muricholic acid (ω-MCA),
deoxycholic acid (DCA), taurodeoxycholic acid (TDCA), hyodeoxycholic acid (HDCA) and
tauroursodeoxycholic acid (TUDCA).

2.9. Statistical Analysis

Data were shown as means ± standard deviations (SD). Statistical analysis was carried
out using SPSS software (version 23.0, Chicago, IL, USA). One-way ANOVA with Duncan’s
post hoc test was used to evaluate differences among groups, and significant difference
was set at p < 0.05.
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3. Results

3.1. Selection of Prebiotics with the Capability to Promote the Growth of MN-Gup In Vitro

FOS, RD, inulin, XOS and GOS are five well-defined prebiotics, and their capability to
promote the growth of MN-Gup was investigated. As shown in Figure S1A, the growth
of MN-Gup was very slow in the glucose-free medium. While in the medium containing
glucose, MN-Gup exponentially grew over time. FOS, RD, inulin, XOS and GOS all
promoted MN-Gup growth to varying degrees, indicating they could be used as carbon
sources for MN-Gup growth. During the 24-h incubation period, the trend of promotion
on MN-Gup growth of XOS was the most similar to that of glucose; and GOS had a
weak effect on the growth of MN-Gup before 12 h, but its growth-promoting effect was
suddenly accelerated after 12 h (Figure S1A). The prebiotic index (PI) of these five prebiotics
was GOS > XOS > inulin > RD > FOS (Figure S1B). Therefore, GOS and XOS were the
potential prebiotics that could be applied with MN-Gup in symbiotics, and selected for the
following study.

3.2. Effects of Fermented Milk Containing MN-Gup or MN-Gup-Based Synbiotics on Body Weight
and Body Fat in HFD-Induced Obese Rats

As shown in Figure S2A, body weight of all groups of rats had no significant difference
before HFD feeding, and the obese rat model was successfully established through a 9-week
HFD feeding base on a gain of at least 15% of body weight relative to ND-fed rats. During
the intervention period, HFD induced durative body weight gain, and interventions with
MN-Gup FM, MN-Gup + GOS FM and MN-Gup + XOS FM curbed the weight gain of rats
(Figure 1A), which may be related to the fewer energy intake in intervention groups (Figure
S2B). After eight weeks of intervention, HFD-fed rats showed a significant body weight gain
compared to ND-fed rats (p < 0.05), and MN-Gup FM, MN-Gup + GOS FM and MN-Gup
+ XOS FM resulted in less body weight gain in HFD-fed rats (Figure 1B). The body weight
gains in MN-Gup + GOS FM and MN-Gup + XOS FM group were significantly decreased
than that in HFD group (p < 0.05), whereas the body weight gain in MN-Gup FM group
was not significantly different from that in HFD group (Figure 1B). These results showed
that fermented milk containing MN-Gup and MN-Gup-based synbiotics could reverse
HFD-induced weight gain, and MN-Gup with GOS and XOS have a better performance
that MN-Gup alone on suppressing body weight gain.

Obesity is highly connected to body fat accumulation and adipocyte hypertrophy [25].
HFD significantly increased the percentage of epididymal fat mass, which was reversed by
interventions with MN-Gup FM, MN-Gup + GOS FM and MN-Gup + XOS FM (p < 0.05,
Figure 1C). As shown in Figure 1D,E, HFD caused epididymal adipocyte hypertrophy, and
MN-Gup FM, MN-Gup + GOS FM and MN-Gup + XOS FM all significantly reversed the
increased adipocyte sizes (p < 0.05). These results suggested that fermented milk containing
MN-Gup and its synbiotics with GOS or XOS could reduce the body fat induced by HFD,
but GOS and XOS did not exhibit a significant synergy with MN-Gup.

3.3. Effects of Fermented Milk Containing MN-Gup or MN-Gup-Based Synbiotics on Lipid Profile
Levels in HFD-Induced Obese Rats

Dyslipidemia is a common complication of obesity. The levels of TG, TC and LDL
were significantly elevated in serum of HFD-fed rats, whereas they were significantly
decreased by MN-Gup FM and MN-Gup + GOS FM interventions (p < 0.05, Figure 2A–C).
MN-Gup + XOS FM did not obviously influence the concentrations of TG and TC compared
to HFD group, but resulted in significant down-regulation of LDL concentration (p < 0.05).
No significant changes were found in HDL levels in all groups (Figure 2D). These results
indicated that fermented milk containing MN-Gup and its synbiotics with GOS exerted
better effects than its synbiotics with XOS in alleviating dyslipidemia.
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Figure 1. Effects of fermented milk containing MN-Gup or MN-Gup-based synbiotics on body
weight and body fat in HFD-fed rats. (A) changes of body weight during intervention period
(* indicates that ND group is significantly different from other groups); (B) body weight gain,
(C) percent of epididymal fat weight; (D) representative images of hematoxylin and eosin (H&E)
staining in epididymal adipose tissues; and (E) epididymal adipocyte size. Different lowercase letters
(e.g., a, b, c) indicate significant differences, p < 0.05, (n = 5).

3.4. Effects of Fermented Milk Containing MN-Gup or MN-Gup-Based Synbiotics on
Pro-Inflammatory and Anti-Inflammatory Cytokines in HFD-Induced Obese Rats

Obesity is associated with a chronic low-grade inflammation state of the host [26]. As
shown in Figure 3A,B, HFD induced a significant increase in the level of pro-inflammatory
cytokines IL-6 and TNF-α and a significant decrease in the level of anti-inflammatory cytokines
IL-10 and IL-4 in rat serum, which were significantly reversed by interventions with MN-Gup
FM and MN-Gup + GOS FM (p < 0.05). MN-Gup + XOS FM had no significant effects on
IL-6 and TNF-α levels, but significantly increased IL-4 and IL-10 levels compared to the HFD
group (p < 0.05). These results indicated that MN-Gup FM and MN-Gup + GOS FM could
reverse HFD-induced inflammation by down regulating pro-inflammatory cytokines and up
regulating anti-inflammatory cytokines, and MN-Gup + XOS FM may alleviate HFD-induced
inflammation by elevating anti-inflammatory cytokines.
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Figure 2. Effects of fermented milk containing MN-Gup or MN-Gup-based synbiotics on lipid
profile levels in HFD-induced obese rats. The concentrations of (A) triglyceride (TG), (B) total
cholesterol (TC), (C) low-density lipoprotein (LDL) cholesterol, and (D) high-density lipoprotein
(HDL) cholesterol were measured in rat serum. Different lowercase letters (e.g., a, b, c) indicate
significant differences, p < 0.05, (n = 5).

Figure 3. Effects of fermented milk containing MN-Gup or MN-Gup-based synbiotics on pro-
inflammatory and anti-inflammatory cytokines in HFD-induced obese rats. The levels of (A) tumor
necrosis factor α (TNF-α), (B) interleukin 6 (IL-6), (C) IL-10, and (D) IL-4 in serum were measured.
Different lowercase letters (e.g., a, b, c) indicate significant differences, p < 0.05, (n = 5).
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3.5. Effects of Fermented Milk Containing MN-Gup or MN-Gup-Based Synbiotics on Gut
Microbiota in HFD-Induced Obese Rats

There has been a lot of evidence for the important role of gut microbiota in obesity.
The changes in gut microbiota were investigated via 16S rDNA sequencing of colon fecal
genes. As shown in Figure 4A, principal coordinates analysis (PCoA) based on operational
taxonomic units (OTUs) presented that HFD feeding caused a distinct clustering from
ND feeding, indicating that the gut microbiota composition was apparently changed by
HFD feeding. The clustering of MN-Gup FM, MN-Gup + GOS FM and MN-Gup + XOS
FM groups was different from that of HFD group but has not been completely separated
(Figure 4A). A Venn diagram showed that there were 215 OTUs shared in all groups, and
31 OTUs were specific in the ND group and 1 OTU was respectively specific in MN-Gup FM
and the MN-Gup + GOS FM group (Figure 4B). The correlations between gut microbiota
(based on OTUs) and obesity related indexes (including body weight gain, percent of
epididymal fat weight, the levels of TG, TC, HDL, LDL, TNF-α, IL-6, IL-10, and IL-4) were
investigated using the Pearson correlation analysis. The heatmap in Figure 4C showed
the top 50 OTUs for total abundances associated with obesity and these OTU assignments
were shown in Table S2. Most of OTUs, such as OUT684, OUT790, OUT777, OUT469,
OUT810, OUT555, OUT625, OUT657, were positively correlated with body weight gain,
blood lipids and negatively correlated with anti-inflammatory cytokines (Figure 4C). In
particular, OTU479 and OUT545 were significantly positively correlated with the percent
of epididymal fat weight, TG, TC, LDL and TNF-α, and negatively correlated with IL-10,
and IL-4 levels, revealing that their changes were closely connected with changed obesity
in rats.

There were notable differences between gut microbiota of HFD and ND groups from
the taxonomic profiling at phylun and genus levels, and interventions with MN-Gup FM,
MN-Gup + GOS FM and MN-Gup + XOS FM had influences on the gut microbiota compo-
sition induced by HFD (Figure S3). Most obviously, the relative abundance of Bacteroidota
was significantly reduced by HFD, which was not reversed by interventions (Figure 4D).
Firmicutes, the dominant phylum, were significantly elevated in the HFD group compared
to the ND group, whereas its relative abundance was reduced by interventions, especially
by MN-Gup + XOS FM with significance (p < 0.05, Figure 4E). At the genus level, the relative
abundance of Lachnoclostridium and Allobaculum was found to be significantly increased in
the HFD group, but significantly reduced by MN-Gup FM (p < 0.05, Figure 4F,G). These
results indicate that fermented milk containing MN-Gup and its synbiotics with GOS and
XOS could regulate HFD-affected gut microbiota and may alleviate obesity through the
regulation of gut microbiota.

3.6. Effects of Fermented Milk Containing MN-Gup or MN-Gup-Based Synbiotics on the Profiles
of SCFAs and BAs in HFD-Induced Obese Rats

Gut microbiota-derived metabolites, such as SCFAs and BAs, have been considered as
key molecular mediators between the microbiota and host. Gut microbiota can produce
SCFAs via fermentation with dietary fiber, and modulate bile acid pool by metabolizing
primary BAs to their secondary forms [6,27]. To give an insight into the potential mechanism
associated with gut microbiota by which the interventions alleviated HFD-caused obesity,
the levels of SCFAs and BAs were detected in colonic feces. As shown in Figure 5A–C,
SCFAs, including acetate, propionate and butyrate, were significantly reduced by HFD
feeding, which was significantly elevated by all interventions (p < 0.05), suggesting that
fermented milk containing MN-Gup or MN-Gup-based synbiotics could promote the
production of SCFAs.
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Figure 4. Effects of fermented milk containing MN-Gup or MN-Gup-based synbiotics on gut mi-
crobiota in HFD-induced obese rats. (A) Principal coordinate analysis (PCoA) based on bacterial
operational taxonomic units (OTUs) using Bray-Curtis calculation; (B) Venn diagram; (C) the heatmap
of correlation analysis between gut microbiota (based on OTUs) and obesity related indexes (signifi-
cant correlations were noted by * p < 0.05, ** p < 0.01, and *** p < 0.001); (D,E) the significantly altered
bacteria at phylum level; (F,G) the significantly altered bacteria at genus level (different lowercase
letters (e.g., a, b, c) indicate significant differences, p < 0.05, n = 5).
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Figure 5. Effects of fermented milk containing MN-Gup or MN-Gup-based synbiotics on the pro-
files of short chain fatty acids (SCFAs) and bile acids (BAs) in HFD-induced obese rats. The con-
centration of (A) acetate, (B) propionate, and (C) butyrate was detected in colonic feces (n = 5).
(D) The detectable bile acids in colonic feces, taurocholic acid (TCA), alpha-muricholic acid (α-MCA),
tauro-alpha-muricholic acid (T-α-MCA), beta-muricholic acid (β-MCA), tauro-beta-muricholic acid
(T-β-MCA), omega-muricholic acid (ω-MCA), deoxycholic acid (DCA), taurodeoxycholic acid
(TDCA), hyodeoxycholic acid (HDCA) and tauroursodeoxycholic acid (TUDCA). Different low-
ercase letters (e.g., a, b, c) indicate significant differences, p < 0.05, (n = 4 in ND group, and n = 5 in
the rest groups).

Meanwhile, HFD feeding decreased the ratio of secondary BAs compared to ND feed-
ing, revealing that HFD may suppress the biotransformation of primary BAs
(Figure S4). MN-Gup FM and MN-Gup + GOS FM did not apparently change the ra-
tio of secondary BAs, while an increased ratio of secondary BAs was observed in the
MN-Gup + XOS FM group (Figure S4). Some primary BAs including α-MCA, T-α-MCA,
β-MCA, and ω-MCA were significantly elevated in the HFD group, most of which were
significantly reduced in the MN-Gup + XOS FM group (p < 0.05, Figure 5D). The levels of
DCA and TDCA (secondary BAs) were significantly higher in the HFD group compared to
the ND group (p < 0.05), but were lowered by all interventions. In contrast, HDCA and
TUDCA (secondary BAs) levels were decreased in HFD, and interventions had inapparent
reversions (Figure 5D). These results suggested that fermented milk containing MN-Gup or

134



Nutrients 2022, 14, 2631

MN-Gup-based synbiotics could affect BAs levels and composition, and MN-Gup + XOS
FM may show the best performance on regulating the HFD-changed bile acid pool.

4. Discussion

Given the high prevalence of obesity, finding an effective intervention to alleviate
obesity is important for public health. Accumulating evidence demonstrates that the gut
microbiota plays a crucial role in the development of obesity, and modifying gut microbiota
through a diet rich in probiotics has become one of the most potential interventions for
obesity [8]. Additionally, the synergism in the combination of prebiotics and probiotics
has been attracting more and more attention due to the beneficial effects of prebiotic on
gut microbiota and intestinal function [28]. Bifidobacterium animalis subsp. lactis MN-Gup
(MN-Gup) has been found to regulate gut microbiota and relieve constipation [22], but its
effects on obesity are still unknown. In this study, we evaluated the effects of MN-Gup-
containing fermented milk on alleviating obesity using a therapeutic obesity model based
on HFD-fed rats, and investigated whether prebiotics including GOS and XOS had the
synergistic effects with MN-Gup on obesity.

The results showed that treatment with MN-Gup-containing fermented milk signif-
icantly reduced body weight gain and fat mass in HFD-induced obese rats (Figure 1).
Although XOS and GOS could apparently promote the proliferation of MN-Gup in vitro
(Figure S1), their supplement did not promote a more significant weight/fat-loss than
MN-Gup alone in fermented milk, suggesting that they had no significant synergies with
MN-Gup on reducing obesity (Figure 1). In fact, current opinions support that it is more im-
portant to make obese people healthier, as with improvements in blood lipids and chronic
inflammation, rather than just focusing on body weight loss [29]. Similarly, MN-Gup FM,
MN-Gup + GOS FM and MN-Gup + XOS FM could reduce the levels of TG, TC, LDL, TNF-
α and IL-6, but GOS and XOS did not cause a significant synergistic effect with MN-Gup
(Figures 2 and 3). Pro-inflammatory cytokines, such as TNF-α and IL-6, could contribute to
systemic insulin resistance or metabolic disorder in obesity [30], while anti-inflammatory
cytokines, such as IL-10 and IL-4, could prevent diet-induced obesity and insulin resis-
tance [31,32]. In particular, MN-Gup + XOS FM did not significantly reverse the blood
lipids and pro-inflammatory cytokines, which was not as effective as the MN-Gup alone
and MN-Gup + GOS FM. However, MN-Gup + XOS FM significantly enhanced the level of
IL-10 and IL-4 (Figure 3), revealing that XOS may have had a promotion on health perhaps
in a unique way. These results suggested that prebiotics did not always have synergistic
effects with probiotics, and it is necessary to confirm the effectiveness of prebiotics for
probiotic strains through more experimental data including animal and clinical data before
commercial use.

In previous studies, gut microbiota showed differences in obese individuals compared
to normal individuals [33]. The results from PCoA (Figure 4A) and taxonomic composition
(Figure S3) analysis showed that HFD feeding apparently altered the composition of gut
microbiota in rats, which was consistent with previous reports [34,35]. Numerous OTUs
were found to correlate with the obesity-related indexes (Figure 4C). Notably, OTU479
and OTU545, which were respectively annotated as Enterococcus and Lachnoclostridium
genus (Table S2), were significantly positively correlated with most phenotypes pro-obesity
and were negatively correlated with the anti-obesity phenotypes (Figure 4C). Enterococcus
and Lachnoclostridium have been previously reported to be elevated in HFD-fed mice and
their increases were associated with obesity and related inflammation [36,37]. At the
phylum level, the Bacteroidota proportion was largely reduced by HFD and was hardly
changed by interventions (Figure 4D), suggesting that a long-term high fat diet could
cause an irreversible effect on Bacteroidota. A significant increase of Firmicutes proportion
was observed in the HFD group, and only MN-Gup FM could significantly reverse it
(Figure 4E), revealing that a GOS and XOS supplement may benefit the growth of Firmicutes.
At the genus level, the relative abundance of Lachnoclostridium was significantly elevated
by HFD and reversed by the interventions (Figure 4F), which was consistent with the
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correlation analysis (Figure 4C). Additionally, similar results were also observed in the
Allobaculum proportion (Figure 4G). Allobaculum has been demonstrated to be increased
in HFD and involved in lipid metabolism and fat deposition [38]. These results indicated
that fermented milk containing MN-Gup and MN-Gup based synbiotics may attenuate
HFD-induced obesity through the regulation of gut microbiota.

Previous research has considered that one potential mechanism underlying the regu-
lation of obesity by gut microbiota is through microbiome-derived bioactive metabolites
like SCFAs and BAs and their regulatory effects on the host metabolism [39,40]. The major
SCFAs, including acetate, propionate, and butyrate, have been demonstrated to reduce
lipogenesis and inflammation [6], and their significant increases in MN-Gup FM, MN-Gup
+ GOS FM and MN-Gup + XOS FM (Figure 5A–C) may be the explanations for the allevi-
ation of obesity. Interestingly, MN-Gup + XOS FM led to significantly higher propionate
concentration than MN-Gup FM and MN-Gup + GOS FM (Figure 5B). Propionate was
found to promote the secretion of a gut hormone related to energy metabolism and to
regulate appetite via the gut-brain axis [6]. It was speculated that XOS may benefit the
growth of propionate-producing bacteria, which may help to alleviate obesity.

Recent studies had also shown that gut microbiota could metabolize primary BAs
to secondary Bas, and that BAs levels and composition are associated with metabolic
diseases such as obesity, dyslipidemia, and diabetes [41]. Our results indicated that HFD
decreased the proportion of secondary BAs compared to ND (Figure S4), which may result
from the HFD-altered gut microbiota. Notably, significant increases of muricholic acids
(including α-MCA, T-α-MCA, β-MCA, and ω-MCA) were observed in the HFD group,
which were consistent with previous studies [42], and revealed the suppression of primary
BAs metabolism. MN-Gup + XOS FM showed significantly lower concentrations of α-MCA,
T-α-MCA, β-MCA, and ω-MCA than the HFD group (Figure 5D), suggesting its potential
role in regulation lipid and glucose metabolism. Moreover, DCA and its conjugated form
TDCA have been demonstrated to trigger the production of proinflammatory cytokines
like TNF-α and IL-6 [42,43], so their significant increase in HFD and decrease in the
intervention groups (especially MN-Gup + XOS FM) were consistent with the obesity-
related inflammation and the alleviation by interventions. Taken together, fermented milk
containing MN-Gup or MN-Gup-based synbiotics may alleviate HFD-induced obesity
through microbiome-associated SCFAs and BAs. In the MN-Gup-based synbiotics, MN-
Gup + GOS FM and MN-Gup + XOS FM had their own advantages and characteristics in
the regulation of gut microbiota and SCFAs and BAs.

5. Conclusions

In conclusion, our study demonstrated that fermented milk containing MN-Gup or
its synbiotics (MN-Gup + GOS, MN-Gup + XOS) had the potential effects on alleviating
obesity in HFD-induced obese rats, as shown by the decreases in body weight gain, epididy-
mal fat mass, adipocyte sizes and the improvement in dyslipidemia and obesity-related
inflammation. Furthermore, they could regulate the HFD-affected gut microbiota through
lowing obesity-related bacteria like Firmicutes, Lachnoclostridium and Allobaculum, and
modify the microbiota-driven metabolites including SCFAs and BAs, which may be the
potential mechanism for obesity alleviation. Although GOS and XOS could promote the
growth of MN-Gup in vitro, in vivo results did not show that GOS and XOS had signifi-
cant synergistic effects with MN-Gup on alleviating obesity, revealing that the symbiotic
applications based on MN-Gup will need more research and evidence. This study will
provide the underpinning for the future clinical trial of MN-Gup and scientific supports for
applications of MN-Gup in probiotic products.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu14132631/s1, Figure S1: Screening prebiotics with the capa-
bility to promote the growth of MN-Gup in vitro. (A)The growth curve of MN-Gup in 24 h; and
(B) Prebiotic index (PI) of prebiotics. FOS, fructo-oligosaccharides; RD, resistance dextrin; XOS,
xylo-oligosaccharides; GOS, galacto-oligosaccharides; Figure S2: (A) The body weight of rats be-
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fore high-fat diet (HFD) feeding, and the beginning of end of interventions; (B) The intake of feed
calories during intervention period (n = 5). ND, normal diet; HFD, fed high-fat diet; MN-Gup FM,
fermented milk containing MN-Gup; MN-Gup FM + GOS, fermented milk containing MN-Gup
and galacto-oligosaccharides (GOS); MN-Gup FM + XOS, fermented milk containing MN-Gup and
xylo-oligosaccharides (XOS); Figure S3: The average relative abundance of bacteria at (A) phylum and
(B) genus level (n = 5). ND, normal diet; HFD, fed high-fat diet; MN-Gup FM, fermented milk contain-
ing MN-Gup; MN-Gup FM + GOS, fermented milk containing MN-Gup and galacto-oligosaccharides
(GOS); MN-Gup FM + XOS, fermented milk containing MN-Gup and xylo-oligosaccharides (XOS);
Figure S4: Effects of fermented milk containing MN-Gup or MN-Gup-based synbiotics on the pro-
portion of primary and secondary bile acids (BAs) in colonic feces. ND, normal diet; HFD, fed
high-fat diet; MN-Gup FM, fermented milk containing MN-Gup; MN-Gup FM + GOS, fermented
milk containing MN-Gup and galacto-oligosaccharides (GOS); MN-Gup FM + XOS, fermented milk
containing MN-Gup and xylo-oligosaccharides (XOS) (n = 4 in ND group, and n = 5 in the rest
groups); Table S1: The tested bile acids and their abbreviation; Table S2: OTU assignments in the
correlation analysis.
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Abstract: Obesity is an important public health problem nowadays. Long-term obesity can trigger a
series of chronic diseases and impair the learning and memory function of the brain. Current studies
show that scientific exercise can effectively improve learning and memory capacity, which also can
provide benefits for obese people. However, the underlying mechanisms for the improvement of
cognitive capacity under the status of obesity still need to be further explored. In the present study, the
obesity-induced cognition-declined model was established using 4-week-old mice continuously fed
with a high-fat diet (HFD) for 12 weeks, and then the model mice were subjected to an 8-week swim-
ming intervention and corresponding evaluation of relevant indicators, including cognitive capacity,
inflammation, insulin signal pathway, brain-derived neurotrophic factor (BNDF), and apoptosis, for
exploring potential regulatory mechanisms. Compared with the mice fed with regular diets, the obese
mice revealed the impairment of cognitive capacity; in contrast, swimming intervention ameliorated
the decline in cognitive capacity of obese mice by reducing inflammatory factors, inhibiting the
JNK/IRS-1/PI3K/Akt signal pathway, and activating the PGC-1α/BDNF signal pathway, thereby
suppressing the apoptosis of neurons. Therefore, swimming may be an important interventional
strategy to compensate for obesity-induced cognitive impairment.

Keywords: obesity; swimming; cognitive capacity; inflammation; insulin resistance; BDNF

1. Introduction

Obesity, as a sub-health stage with the excessive accumulation of body fat, is mainly
affected by genetics and lifestyles. Due to the long-term chronic inflammatory state and
abnormal metabolism as the hotbed for metabolic, endocrine, cardiovascular, and nervous
system diseases, obesity has become a public health problem that is a current research focus
all over the world. Currently, nearly one-third of the world’s population is overweight or
obese [1]. According to the Epidemiological Survey in China from 2015–2019, the obesity
rate in China reveals a significant increase, and children and adolescents have also become
the hardest-hit areas for obesity [2]. Unhealthy diets such as high-fat and high-sugar diets
may cause damage of brain tissues, thus resulting in the decline in cognitive and learning
capacity [3]. Therefore, reducing high-fat diet (HFD)-induced obesity and alleviating the
impaired brain function have become an urgent problem to be solved.

There are many ways to intervene obesity, including exercise, diets, drugs, and surgery.
Previous studies have demonstrated that obesity-induced impairment of cognitive and
memory function can be suppressed and rescued after exercise [4], ketogenic diet [5], and
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surgical interventions due to body weight loss [6]. Therefore, the gain of body weight
may be the culprit. However, adolescents are in the rapid growth and development stage,
and surgical, drug, and dietary interventions may adversely affect the body. Exercise is
an economical and green intervention strategy for health promotion, physical fitness, and
obesity management. Considering the impact of different exercise methods on obesity,
swimming intervention that is more suitable for obesity was selected in this study. In
addition, previous studies on molecular mechanisms have shown that the decline in
cognitive function may be correlated with insulin resistance, neurotrophic factor deficiency,
apoptosis, and reduced synaptic plasticity in obesity models, as well as the long-term
chronic inflammation at the status of obesity [7]. Insulin resistance in the hippocampus
is an important factor that leads to the decline of cognitive function. Insulin resistance
may also indirectly result in the adverse impact on synaptic plasticity by reducing the
brain-derived neurotrophic factor (BDNF), eventually leading to the decline of cognitive
and memory function [8]. Many studies using HFD-induced obesity mouse models have
also documented the increased inflammation, insulin resistance, and reduced BDNF level
in the hippocampus [9–12]. Therefore, reduced inflammation, increased insulin sensitivity,
up-regulated BDNF, and suppressed apoptosis of neurons may be the critical molecular
mechanisms for ameliorating obesity-induced cognitive decline during the process of body
weight loss.

It is well known that scientific and reasonable exercise can significantly promote
the health of the body and reduce the occurrence of sports injuries. Relevant studies
have shown that swimming can effectively improve learning and memory functions and
increase hippocampal BDNF level [13]. Therefore, in this study, the relevant indicators
associated with inflammation, insulin resistance, BDNF level, and apoptosis in hippocampal
tissues were detected to uncover the molecular mechanisms for alleviating obesity-induced
cognitive impairment upon a swimming intervention in HFD-induced obese mice.

2. Materials and Methods

2.1. Animals, Experimental Design, and Ethics

Thirty 4-week-old specific pathogen-free (SPF) grade C57BL/6 male mice (body
weight: 19.9 ± 1.4 g) were purchased from the Experimental Animal Center of Hubei
Provincial Center for Disease Control and Prevention (Certificate No. 42010200005338).
The mice were randomly divided into the regular diet group (10 mice) as the normal
control (NC) group and the HFD group (20 mice) to establish the obesity model. The obese
mice were then divided into two subgroups, which were the obesity-control (OC) group
without swimming and the obesity-exercise (OE) group with loading-free swimming for
8 weeks (Figure 1A). The mice involved in this study were kept under the conditions with
a standard light and dark cycle (12:00–12:00) and temperature (22 ± 2 ◦C). The regular diet
had the energy ratio of 63.4% from carbohydrates, 22.8% from protein, and 13.8% from
fat, and the high-fat diet had the energy ratio of 60% from fat, 20% from protein, and 20%
from carbohydrates.

2.2. Swimming Training Protocol

The obese mice were subjected to non-intermittent swimming training in a swimming
tank (30 ± 1 ◦C) without weight bearing for 8 weeks, five times a week and 60 min
each time. In order to relieve the stress from swimming, the mice were provided with
incremental exercise time for adaptation from 15, 20, 30, 45, and 60 min in the first week. The
swimming time was set up in the early morning in accordance with the mouse biological
clock (18:00–20:00). During the exercise intervention in this study, all mice were abstained
from other additional physical stimulations.
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Figure 1. The diagram for describing animal grouping with corresponding feeding and exercise
intervention, as well as new object recognition test. (A) Flow chart of mouse grouping with corre-
sponding feeding and exercise intervention; (B) A 10-min test environment adaptation; (C) learning
and memory capacity test.

2.3. New Object Recognition Test

After the swimming intervention for 8 weeks, all mice were subjected to a new object
recognition test for evaluating the learning and memory function. The mice to be tested
were placed in the test environment for 24 h in advance for environmental adaptation, and
the training began to place two identical objects on the same side. The mouse was placed
in the field with its back facing the two same objects, and the heads of the mice were at
the same distance from the two objects. After the mice were put into the test environment
for 10 min to adapt to the test environment, the mice were immediately put back into the
rearing box, and after 1 h of rest, one of the objects was replaced with another object with a
different color and shape to conduct new object recognition tests within 5 min, as shown in
the general process (Figure 1B,C).

2.4. Histological Examination of Hippocampal Tissues

After the novel object recognition test, 3 mice in each group were sequentially perfused
with 0.9% saline and 4% paraformaldehyde (pH 7.4) under anesthesia. After perfusion,
the mice were sacrificed by the dislocation of cervical vertebrae, and the brain was re-
moved and placed in 4% paraformaldehyde at 4 ◦C overnight for paraffin embedding and
staining. The paraffin block of mouse brain tissue in each group was cut coronally into
sections with the thickness of 5 μm using a microtome, and the brain tissue sections were
then subjected to de-paraffinization and rehydration, Nissl staining, dehydration sealing,
and microscopic examination. HE staining and antigen retrieval were performed after
de-paraffinization and rehydration, endogenous peroxidase blocking, primary antibody
incubation at 4 ◦C overnight, secondary antibody incubation at room temperature, color
development, hematoxylin staining, dehydration, clearing, mounting, and microscopic
evaluation. In immunofluorescence, the primary antibody and corresponding secondary an-
tibody, CY3-TSA, were added for the probing. Nuclei were counterstained with DAPI. The
images were acquired by an imaging system (Eclipse-E100, Nikon, Japan) and fluorescence
was analyzed using ImageJ software (NIH, Bethesda, MD, USA).
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2.5. Western Blot

The hippocampal tissues of the mice were collected on a low-temperature plate and
placed in liquid nitrogen immediately and then transferred to a −80 ◦C refrigerator for
storage and future use. Hippocampal tissue samples were subjected to pre-cooled cell
lysis in the presence of protease inhibitors and to homogenization in ice for 30 min. The
supernatant was harvested by centrifuging at 10,000× g for 5 min at 4 ◦C. After protein
concentration of the supernatant was detected by the BCA method, the aliquots of the
supernatant were mixed with 2× loading buffer and then subjected to a metal-plate bath at
95 ◦C for 5 min to denature proteins. Approximately 25 μg of total protein in the prepared
samples were separated using 10% or 12% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and then transferred to a polyvinylidene fluoride (PVDF)
membrane. The target protein in the membrane was probed by a specific primary antibody
against IL-6, TNF-α and BDNF (GeneTex, Irvine, CA, USA), p-IRS-1ser307, IRS-1, p-Aktser473,
Akt, p-PI3K, PI3K, JNK, p-JNK, PSD95, and β-actin (Cell Signaling Technology, Danvers,
MA, USA), as well as the corresponding secondary antibody (Cell Signaling Technology,
Danvers, MA, USA). Protein bands were visualized by using an enhanced chemilumines-
cence (ECL) reagent and imaged using an ultra-sensitive fluorescence/chemiluminescence
imaging system ChemiScope6300 (CLiNX Science Instruments, Shanghai, China).

2.6. Statistical Analysis

All data were expressed as mean ± standard deviation (M ± SD). Statistical analysis
was conducted by GraphPad Prism software (La Jolla, CA, USA). A one-way analysis
of variance (ANOVA) was used to analyze statistically significant differences between
multiple groups for parametric data. Otherwise, a nonparametric Kruskal-Wallis analysis
was performed. The significant difference was considered at p < 0.05.

3. Results

3.1. Swimming Reduced Lee’s Index and Body Weight of HFD-Induced Obese Mice

In order to examine the effect of HFD on physical development and body weight, we
regularly measured the body weights and the trunk length from the nose to the anus of the
mice in each group once every two weeks to calculate Lee’s index (Figure 2A). Compared
with the normal control (NC) group, the mice from the HFD group revealed extremely
significant differences in Lee’s index (p < 0.001) from 6 to 12 weeks and extremely significant
differences in body weight from 4 to 20 weeks (p < 0.001), indicating that HFD can rapidly
promote the body development of the mice. After obesity modeling for 12 weeks, the obese
mice were divided into the obesity-exercise (OE) group and the obesity-control (OC) group.
Compared with the OC group, the body weights of the mice from the OE group showed
a significant decrease after a swimming intervention for 8 weeks (p < 0.05) (Figure 2B).
Therefore, 12 weeks of HFD administration significantly induced the development of
obesity in young mice, while the 8-week swimming intervention reduced the body weights
of the obese mice.

3.2. Swimming Intervention Enhanced Learning and Memory Capacity of Obese Mice

Usually, learning and memory functions reveal the rapid development during the
adolescent period, and the long-term consumption of high-fat diets has adverse effects
on the brain and nervous system [14]. Therefore, we used a novel object recognition test
to evaluate the changes in learning and memory capacity of obese mice (Figure 2A,B).
Compared with the NC group, the recognition capability to novel objects of the mice from
the OC and OE groups was significantly lower, indicating that a high-fat diet could suppress
the learning and memory capacity of the mice (p < 0.05). In contrast, after a swimming
intervention for 8 weeks, the learning and memory capacity of the mice from the OE group
was significantly higher than that in the OC group (p < 0.05) (Figure 2C). These results
suggest that the long-term consumption of a high-fat diet during the adolescent period
can lead to the impaired learning and memory capacity of the mice, while a swimming
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intervention can be beneficial to the improvement or rescuing of the declined learning and
memory capacity of the obese mice.

 
Figure 2. Effect of a swimming intervention on body weights of the mice after 12 weeks of normal
chow and high-fat feeding for 8 weeks, as well as the assessment of the learning and memory capacity
for the mice through a novel object recognition test. All data were presented as mean ± standard
deviation (M ± SD) (n = 7 mice per group). (A) statistical analysis for the changes in Lee’s index of
the mice within the 12-week feeding for establishment of the obesity model; (B) statistical analysis of
the changes in body weights of the mice in NC, OC, and OE groups upon swimming intervention;
(C) statistical analysis of recognition coefficients of the mice from the NC, OC, and OE groups, and the
recognition coefficient is equal to the times of recognizing new objects to the total times of recognizing
old and new objects. Compared with the NC group, * p < 0.05, *** p < 0.001; compared with the OE
group, # p < 0.05, ### p < 0.001.

3.3. Swimming Suppressed Hippocampal Neuronal Degeneration of Obese Mice

Long-term consumption of a high-fat diet may lead to the damage and functional
decline of hippocampal neurons [15]. In order to further understand the effect of obesity
on hippocampal neurons, we conducted HE, Nissl, and NeuN staining to evaluate the mor-
phological and pathological changes of the hippocampal neurons of the obese mice upon
the swimming intervention (Figure 3A–C). Compared with the NC group, the neuronal
damage, disordered and sparse neuron arrangement, and decreased number of mature
neurons in the mice from the OC group were observed. In contrast, the swimming inter-
vention rescued these obesity-induced impairments or abnormal changes of hippocampal
neurons, or it suppressed the hippocampal neuronal degeneration of the obese mice, as
shown in the deep and compact neuronal borders and nuclei with Nissl staining (Figure 3B)
and more mature neurons under the same background intensity (Figure 3D). These results
suggest that obesity can impair the maturation process and the corresponding functions of
neurons, while a swimming intervention can ameliorate hippocampal neuronal damage
and stimulate the maturation of neurons.
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Figure 3. Representative images for the HE, Nissl, and NeuN staining of hippocampal tissues. All
data were presented as mean ± standard deviation (M ± SD) (n = 3 mice per group). (A) HE staining
of the CA1, CA3, and DG hippocampal regions of the mice from the NC, OC, and OE groups; (B) Nissl
staining of the CA1, CA3, and DG hippocampal regions of the mice from the NC, OC, and OE groups;
(C) NeuN staining of the DG hippocampal region of the mice from the NC, OC, and OE groups. All
images were acquired under a 400× optical microscope. (D) Statistical analysis of mature neurons in
the DG regions of hippocampal tissues from the NC, OC, and OE groups. Compared with the NC
group, ** p < 0.01; compared with the OE group, # p < 0.05.

3.4. Swimming Suppressed Hippocampal Neuroinflammation of Obese Mice

Obesity can trigger chronic inflammation, and same changes can be observed in the
nervous system [16]. In order to determine the level of inflammation in hippocampal tissue
under the status of obesity, we evaluated inflammation-related proteins by Western blot
(Figure 4A). Compared with the NC group, the expression of IL-6 and TNF-α in hippocam-
pal tissues of the mice from the OC group showed a significant increase (p < 0.05); on
the contrary, swimming intervention reversed the obesity-induced increase of IL-6 and
TNF-α (p < 0.05; p < 0.01) (Figure 4B,C). The immunofluorescence results showed that the
obviously higher expression of NF-κB p65 in the hippocampal tissues of mice from the OC
and OE groups was observed when compared with the NC group; in contrast, swimming
intervention down-regulated the expression of NF-κB p65 in hippocampal tissues in com-
parison with the OC group (Figure 4D), indicating that the swimming intervention has an
obviously inhibitory effect on neuroinflammation, thereby executing the suppression of the
neuroinflammation-induced reduction of learning and memory capacity.

3.5. Swimming Activated Hippocampal Insulin Signaling in Obese Mice

Long-term obesity may lead to inflammation in the body, thus inducing insulin resis-
tance and impairing learning and memory functions [17]. To further explore the changes in
inflammation and insulin-related signaling in hippocampal tissues of obese mice, Western
blotting was used to evaluate the expression of the proteins associated with inflammation
and the insulin signal pathway (Figure 5A). Compared with the NC group, p-JNK/JNK and
p-IRS-1ser307/IRS-1 ratios in hippocampal tissues of the mice from the OC group revealed a
significant increase (p < 0.05); in contrast, p-PI3K/PI3K and p-Aktser473/Akt ratios exhibited
an obvious decrease (p < 0.05), suggesting that a high-fat diet contributes to inflammation-
induced insulin resistance. On the other hand, the swimming intervention suppressed
the increase of p-JNK/JNK and p-IRS-1ser307/IRS-1 ratios (p < 0.05) and the reduction of
p-PI3K/PI3K and p-Aktser473/Akt ratios (p < 0.05, p < 0.01) (Figure 5B–D), thereby stim-
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ulating the activation of the insulin signal pathway. These results suggest that elevated
levels of inflammation induced by long-term obesity can lead to insulin resistance in the
hippocampal tissue, while a swimming intervention can attenuate inflammation-induced
insulin resistance.

Figure 4. The Western blot of proteins associated with neuroinflammation (A) and corresponding
statistical analysis of IL-6 (B) and TNF-α (C) expression levels, as well as the immunofluorescence of
NF-κB p65 (D) in hippocampal tissues. All data were presented as mean ± standard deviation (M ± SD)
(n = 3 mice per group). Immunofluorescence images were acquired under a 400× optical microscope.
Compared with the NC group, * p < 0.05; compared with the OE group, # p < 0.05, ## p < 0.01.

3.6. Swimming Up-Regulated The Proteins Associated with Neurotrophic Factors and Synaptic
Plasticity in the Hippocampal Tissue of Obese Mice

The reduction of neurotrophic factors and synaptic plasticity in hippocampal tissues of
the mice with obesity may be the inducers for poor learning and memory capacity [18]. To
understand the effects of neurotrophic factors on the regeneration of hippocampal neurons
in an obese state, we conducted the evaluation of the corresponding protein expression
associated with neurotrophic factors and synaptic plasticity in the hippocampal tissue
of the mice through Western blot. The expression of PGC-1α, BDNF, and PSD95 in the
hippocampal tissues of the mice from the OC group revealed a significant decrease when
compared with the NC group (Figure 6A–D) (p < 0.05, p < 0.01), while a swimming inter-
vention could rescue the down-regulation of these proteins (p < 0.05, p < 0.01). Therefore,
a swimming intervention is beneficial to the rescuing of down-regulated PGC-1α, BDNF,
and PSD95 in hippocampal tissues of the mice caused by the long-term consumption of a
high-fat diet, thereby enhancing neurotrophic factors and synaptic plasticity.

146



Nutrients 2022, 14, 2432

Figure 5. The Western blot of proteins associated with insulin signal pathway (A) and corre-
sponding statistical analysis of p-JNK/JNK (B), p-IRS-1ser307/IRS-1 (C), p-PI3K p85/PI3K (D), and
p-Aktser473/Akt (E) ratios in the hippocampal tissues. All data were presented as mean ± standard
deviation (M ± SD) (n = 3 mice per group). Compared with the NC group, * p < 0.05; compared with
the OE group, # p < 0.05, ## p < 0.01.

 

Figure 6. The Western blot of proteins associated with neurotrophic factors and synaptic plasticity
(A) and corresponding statistical analysis of PGC-1α (B), BDNF (C), and PSD95 (D) expression levels
in hippocampal tissues of the mice. All data were presented as mean ± standard deviation (M ± SD)
(n = 3 mice per group). Compared with the NC group, * p < 0.05, ** p < 0.01; compared with the OE
group, # p < 0.05, ## p < 0.01.
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3.7. Swimming Inhibited Hippocampal Neuronal Apoptosis in Obese Mice

A high-fat diet can induce the oxidative stress for stimulating apoptosis of the hip-
pocampal neurons in mice, thereby triggering a reduced learning and memory capacity [19].
To further explore the effect of a long-term high-fat diet on apoptosis of the hippocam-
pal neurons in obese mice, we examined the expression of anti-apoptotic and apoptotic
proteins. Compared with the NC group, a significant decrease in Bcl-2 and an increase in
Bax in hippocampal tissues of the mice from the OC group were observed (p < 0.05); on
the contrary, a swimming intervention could up-regulate Bcl-2 and down-regulate Bax to
execute the suppression of hippocampal neuronal apoptosis (Figure 7A–C). Although Bax
did not appear to be significantly different between the OC and OE groups, the expression
of Bax in the OE group showed a downward trend when compared to the OC group, and it
could significantly reverse the Bcl-2/Bax ratio to suppress apoptosis of the hippocampal
neurons in obese mice (Figure 7D) (p < 0.05). These results suggest that the long-term
consumption of a high-fat diet may trigger apoptosis of the hippocampal neurons, and
swimming can rescue this phenomenon to some extent.

 
Figure 7. The Western blot of proteins associated with apoptosis (A) and corresponding statistical
analysis of Bcl-2 (B) and Bax (C) expression levels, as well as Bcl-2/Bax (D) in hippocampal tissues of
the mice. All data were presented as mean ± standard deviation (M ± SD) (n = 3 mice per group).
Compared with the NC group, * p < 0.05; compared with the OE group, # p < 0.05.

4. Discussion

Obesity can lead to the impairment of learning and memory capacity, which is con-
firmed by increasing studies. However, the molecular mechanisms for the impairment
of learning and memory capacity caused by obesity are unclear. The 1–6-months-old
C5BL/6 mice are equivalent to 12–30-year-old humans during the rapid development
period to adult period [20]. Therefore, this study highly mimicked the development of the
adolescent population with obesity using 4-week-old young male mouse models fed with
a high-fat diet to obesity for 3 months, which can avoid the uncertain factors such as the
physiological cycle of female mice as soon as possible. Exercise is an important external
means to promote the development of brain function accompanied by the suppression of
obesity [21]. However, considering the risk of exercise injury caused by larger body weight,
this study adopted a swimming intervention for 2 months. The experimental results were
consistent with the expectation. Swimming intervention significantly reduced body weight,
alleviated neuroinflammation and insulin resistance, and up-regulated neurotrophic factors
to achieve the reversal of learning and memory function in obese mice.

The occurrence of obesity may lead to a significant decline in memory, but some
studies have found that the decline in cognitive function caused by a high-fat diet may
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precede the occurrence of obesity [22]. Relevant studies have shown that short-term [23]
and long-term exposure [15] to high-fat diets can result in the obesity-induced impairment
of learning and memory capacity. Only 4 days of high-fat and high-sugar diets in humans
can impair hippocampal-dependent learning and memory function to some extents [24].
The 7–9-year-old adolescents with the long-term intake of saturated fatty acids present a
negative correlation with learning and memory function [25], as confirmed by the same per-
formance in Zebrafish [26], which stimulates the interest in exploring the beneficial effect of
regular exercise intervention on the mitigation of the HFD-induced impairment of learning
and memory function and precision mechanisms through the mouse model, thereby provid-
ing a reference or guidance for health promotion. However, in 12-month-term HFD feeding,
rats showed better learning and memory capacity and larger hippocampal volume [27], and
the consumption of HFD for 6 months showed no spatial memory impairment [28]. This
phenomenon, that a long-term high-fat diet does not trigger the changes in learning and
memory capacity, may be related to stress, self-resistance, and the adaptation of neurons
to high-fat diets, but the specific mechanisms need to be further explored. Similarly, the
level of inflammation from high-fat diets can be altered with a change in the duration of
diet interventions [29]. Although there is disagreement about the relationship between
the duration of high-fat diet intervention and the impairment of learning and memory
capacity, it has been widely reported and recognized that obesity can impair learning and
memory capacity.

From the point of view of molecular mechanisms, the impaired learning and memory
capacity may be related to the increased level of hippocampal inflammation caused by high-
fat diets [8]. It has been widely proven that obesity can increase inflammation in the body,
with a similar effect on brain tissue [30]. A cross-sectional study with 10,000 persons in the
USA has demonstrated that the level of inflammation is negatively correlated with memory,
and it also has the reference value in complex environments [31]. The exposure of juvenile
rats to HFD-induced inflammation and reduced learning and cognitive function [32,33].
In a clinical trial with a large volume of samples involving more than 8000 adolescents
and children, the results showed that the level of inflammation in obese adolescents is
usually accompanied by poor learning and memory capacity [34]. The mice subjected to
the consumption of short-term high-fat diets can result in the elevation of pro-inflammatory
cytokines such as IL-6 and TNF-α in hippocampal tissues [35]. Once JNK is activated, it can
act on NF-κB to enter the nucleus to promote the transcription of inflammatory genes, thus
resulting in the release of more inflammatory factors, eventually forming a vicious circle and
aggravating the degree of inflammation and impaired learning and cognitive capacity [36].
After reducing inflammation, the dietary intervention can fully or partially rescue the
impaired cognition of obese mice. Therefore, reducing inflammation may be a solid inducer
to delay or suppress the reduction of learning and memory function [37]. In the present
study, the impaired learning and memory capacity of the obese mice was highly modulated
by the expression levels of IL-6, TNF-α, NF-κB p65, and JNK in hippocampal tissues,
and a regular swimming intervention can significantly down-regulate these inflammatory
proteins. This is consistent with the significant reduction of inflammation levels in the
hippocampal tissues of animal models subjected to treadmill running, swimming, or
voluntary wheeling running interventions [38–40].

Inflammation caused by obesity may be an important factor associated with insulin
resistance [41]. Previous studies have also documented that adolescent mice fed with
high-fat diets present an increased level of inflammation in hippocampal tissues, and
insulin signaling is also significantly blocked [42,43]. As a bridge between inflammation
and insulin, inflammatory factors promote the phosphorylation of IRS-1 at the Ser307 site
by activating JNK phosphorylation, thereby hindering insulin signaling and exacerbating
insulin resistance. Long-term chronic inflammation can activate JNK and eventually
lead to the occurrence of insulin resistance [44]. Insulin resistance in the hippocampal
tissue is considered one of the important triggers for the decline in learning and memory
function; therefore, activating the insulin signaling pathway can rescue impaired learning
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and memory capacity [45]. In our study, the similar results with increased expression
levels of the proteins associated with the signal pathways of insulin resistance such as
JNK/IRS-1/PI3K/Akt in the hippocampal tissues of the obese mice were observed, and
the swimming intervention rescued the abnormal expression of these proteins (Figure 5),
further suggesting impaired learning and memory capacity due to the insulin resistance
from high-fat diets, and alleviated the obesity state and recovered insulin resistance for
enhancing learning and memory capacity upon regular exercise intervention.

In addition, neurotrophic factors and synaptic plasticity are closely related to im-
proving learning and memory functions. In the present study, the expression levels of
PGC-1α, BDNF, and PSD95 showed a downward trend in the hippocampal tissues of
obese mice, as consistency with the literature reports describing the alleviation of learning
and memory impairment caused by soybean oil-induced BDNF reduction [39]. As an
important neurotrophic factor, BDNF can play a critical role in the release and reception
of neurotransmitters in presynaptic and postsynaptic membranes, thus promoting the
connection between synapses and even the regeneration of nerves, thereby improving
learning and memory functions. As an intracellular protein, PSD95 plays a vital role in
neuronal synaptic plasticity and learning and memory functions [46]. A previous study
has also found that exercise can inhibit the reduction of BNDF in the hippocampal tissue
of an obesity model [47]. The feeding of high-fat diets for 3-month-old mice can trigger
the reduction of the PSD95 level [48], and both aerobic exercise and resistance exercise
training can up-regulate hippocampal PSD95 expression [49,50]. Therefore, a swimming
intervention for enhancing the learning and memory capacity of obese adolescents may
partly depend on the activation of the PGC-1α/BDNF signal pathway.

The long-term consumption of high-fat diets may be detrimental to the survival of
hippocampal neurons, and corresponding studies have shown that exercise interventions
can promote the improvement of hippocampal function by suppressing the apoptosis of
hippocampal neurons, thereby enhancing learning and memory capacity [19]. Exercise can
inhibit the apoptosis of hippocampal neurons in obese offspring [51], which is similar to our
experimental results with the up-regulated anti-apoptotic protein Bcl-2, down-regulated
pro-apoptotic protein Bax, and increased Bcl-2/Bax ratio (Figure 6), as well as the reduced
expression of the proteins in hippocampal tissues associated with inflammation and insulin
resistance upon the swimming intervention (Figures 4 and 5). However, endoplasmic retic-
ulum stress, mitochondrial dysfunction, elevated ROS level caused by high-fat diets, gut
microbiome change, and combinatorial stress responses under different dietary conditions
may also be important triggers for neuronal apoptosis [33,51–55]. Consistently, aerobic
exercise plays a positive role in reducing hippocampal neuronal apoptosis.

As is well known, dietary modification is another important way to mitigate obesity
and enhance learning and cognitive capacity. In order to better understand the effect of
exercise intervention on regulating the progression of obesity, in our study, the benefits of
exercise intervention were significantly highlighted. Swimming intervention can alleviate
inflammatory responses, promote insulin sensitivity, up-regulate neurotrophic factors,
increase synaptic plasticity, and suppress apoptosis (Figures 4B,C and 5A), as well as rescue
insulin resistance signaling (Figure 5B–D), suggesting that better nutritional supplemen-
tation combined with regular exercise training during the rapid development stage of
the body may have more benefits, including the rescuing of the high-fat diets-induced
impairment of learning and memory capacity.

5. Conclusions

Adolescents require more nutrients and energy, but the consumption of long-term
high-fat diets can also lead to body weight gain and impaired learning and memory
capacity, which is highly correlated with neuroinflammation, insulin resistance, reduced
neurotrophic factors, and increased neuronal apoptosis. Swimming intervention can
reverse these abnormal changes to rescue the impaired learning and memory capacity in
obese mice by reducing obesity, alleviating hippocampal neuroinflammation, activating
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insulin signaling, promoting the generation and secretion of neurotrophic factors, and
suppressing hippocampal neuronal apoptosis in adolescent mice, with the involvement of
the JNK/IRS-1/PI3K/Akt and PGC-1α/BDNF signal pathways (Figure 8).

 

Figure 8. Swimming rescued the impaired cognitive capacity in adolescent mice caused by high-fat diets
by suppressing inflammation, alleviating insulin resistance, up-regulating BDNF, and inhibiting apoptosis.
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5. Mohorko, N.; Černelič-Bizjak, M.; Poklar-Vatovec, T.; Grom, G.; Kenig, S.; Petelin, A.; Jenko-Pražnikar, Z. Weight loss, improved

physical performance, cognitive function, eating behavior, and metabolic profile in a 12-week ketogenic diet in obese adults.
Nutr. Res. 2019, 62, 64–77. [CrossRef]

6. Gunstad, J.; Strain, G.; Devlin, M.J.; Wing, R.; Cohen, R.A.; Paul, R.H.; Crosby, R.D.; Mitchell, J.E. Improved memory function 12
weeks after bariatric surgery. Surg. Obes. Relat. Dis. 2011, 7, 465–472. [CrossRef]

151



Nutrients 2022, 14, 2432

7. Crispino, M.; Trinchese, G.; Penna, E.; Cimmino, F.; Catapano, A.; Villano, I.; Perrone-Capano, C.; Mollica, M.P. Interplay
between peripheral and central inflammation in obesity-promoted disorders: The impact on synaptic mitochondrial functions.
Int. J. Mol. Sci. 2020, 21, 5964. [CrossRef]

8. Mi, Y.; Qi, G.; Fan, R.; Qiao, Q.; Sun, Y.; Gao, Y.; Liu, X. EGCG ameliorates high-fat- and high-fructose-induced cognitive defects
by regulating the IRS/AKT and ERK/CREB/BDNF signaling pathways in the CNS. FASEB J. 2017, 31, 4998–5011. [CrossRef]

9. Rivera, P.; Martos-Moreno, G.; Barrios, V.; Suárez, J.; Pavón, F.J.; Chowen, J.A.; de Fonseca, F.R.; Argente, J. A combination of
circulating chemokines as biomarkers of obesity-induced insulin resistance at puberty. Pediatr. Obes. 2021, 16, e12711. [CrossRef]

10. Mulati, A.; Ma, S.; Zhang, H.; Ren, B.; Zhao, B.; Wang, L.; Liu, X.; Zhao, T.; Kamanova, S.; Sair, A.T.; et al. Sea-buckthorn flavonoids
alleviate high-fat and high-fructose diet-induced cognitive impairment by inhibiting insulin resistance and neuroinflammation.
J. Agric. Food Chem. 2020, 68, 5835–5846. [CrossRef]

11. Zhuang, J.; Lu, J.; Wang, X.; Wang, X.; Hu, W.; Hong, F.; Zhao, X.X.; Zheng, Y.L. Purple sweet potato color protects against high-fat
diet-induced cognitive deficits through AMPK-mediated autophagy in mouse hippocampus. J. Nutr. Biochem. 2019, 65, 35–45.
[CrossRef] [PubMed]

12. Liu, Z.; Patil, I.Y.; Jiang, T.; Sancheti, H.; Walsh, J.P.; Stiles, B.L.; Yin, F.; Cadenas, E. High-fat diet induces hepatic insulin resistance
and impairment of synaptic plasticity. PLoS ONE 2015, 10, e0128274.

13. Khabour, O.F.; Alzoubi, K.H.; Alomari, M.A.; Alzubi, M.A. Changes in spatial memory and BDNF expression to simultaneous
dietary restriction and forced exercise. Brain Res. Bull. 2013, 90, 19–24. [CrossRef] [PubMed]

14. Tsan, L.; Décarie-Spain, L.; Noble, E.E.; Kanoski, S.E. Westerndiet consumption during development: Setting thestage for
neurocognitive dysfunction. Front. Neurosci. 2021, 15, 632312. [CrossRef]

15. Zhuang, H.; Yao, X.; Li, H.; Li, Q.; Yang, C.; Wang, C.; Xu, D.; Xiao, Y.; Gao, Y.; Gao, J.; et al. Long-term high-fat diet consumption
by mice throughout adulthood induces neurobehavioral alterations and hippocampal neuronal remodeling accompanied by
augmented microglial lipid accumulation. Brain Behav. Immun. 2022, 100, 155–171. [CrossRef]

16. Rohm, T.V.; Meier, D.T.; Olefsky, J.M.; Donath, M.Y. Inflammation in obesity, diabetes, and related disorders. Immunity 2022, 55,
31–55. [CrossRef]

17. Jeon, B.T.; Jeong, E.A.; Shin, H.J.; Lee, Y.; Lee, D.H.; Kim, H.J.; Kang, S.S.; Cho, G.J.; Choi, W.S.; Roh, G.S. Resveratrol attenuates
obesity-associated peripheral and central inflammation and improves memory deficit in mice fed a high-fat diet. Diabetes 2012,
61, 1444–1454. [CrossRef]

18. Fusco, S.; Spinelli, M.; Cocco, S.; Ripoli, C.; Mastrodonato, A.; Natale, F.; Rinaudo, M.; Livrizzi, G.; Grassi, C. Maternal insulin
resistance multigenerationally impairs synaptic plasticity and memory via gametic mechanisms. Nat. Commun. 2019, 10, 4799.
[CrossRef]

19. Park, H.S.; Cho, H.; Skim, T.W. Physical exercise promotes memory capability by enhancing hippocampal mitochondrial functions
and inhibiting apoptosis in obesity-induced insulin resistance by high fat diet. Metab. Brain Dis. 2018, 33, 283–292. [CrossRef]

20. Kevin, F.; Joanne, M.C.; Harrison, D.E. The mouse in biomedical research. In American College of Laboratory Animal Medicine,
American, 2nd ed.; Academic Press: Cambridge, MA, USA, 2006; pp. 637–672.

21. Mäkinen, E.; Lensu, S.; Honkanen, M.; Laitinen, P.; Wikgren, J.; Koch, L.G.; Britton, S.L.; Kainulainen, H.; Pekkala, S.; Nokia, M.S.
Rats bred for low intrinsic aerobic exercise capacity link obesity with brain inflammation and reduced structural plasticity of the
hippocampus. Brain Behav. Immun. 2021, 97, 250–259. [CrossRef]

22. Davidson, T.L.; Hargrave, S.L.; Swithers, S.E.; Sample, C.H.; Fu, X.; Kinzig, K.P.; Zheng, W. Inter-relationships among diet, obesity
and hippocampal-dependent cognitive function. Neuroscience 2013, 253, 110–122. [CrossRef] [PubMed]

23. Wang, Z.; Ge, Q.; Wu, Y.; Zhang, J.; Gu, Q.; Han, J. Impairment of long-term memory by a short-term high-fat diet via hippocampal
oxidative stress and alterations in synaptic plasticity. Neuroscience 2020, 424, 24–33. [CrossRef] [PubMed]

24. Attuquayefio, T.; Stevenson, R.J.; Oaten, M.J.; Francis, H.M. A four-day Western-style dietary intervention causes reductions in
hippocampal-dependent learning and memory and interoceptive sensitivity. PLoS ONE 2017, 12, e0172645. [CrossRef] [PubMed]

25. Baym, C.L.; Khan, N.A.; Monti, J.M.; Raine, L.B.; Drollette, E.S.; Moore, R.D.; Scudder, M.R.; Kramer, A.F.; Hillman, C.H.;
Cohen, N.J. Dietary lipids are differentially associated with hippocampal-dependent relational memory in prepubescent children.
Am. J. Clin. Nutr. 2014, 99, 1026–1032. [CrossRef] [PubMed]

26. Picolo, V.L.; Quadros, V.A.; Canzian, J.; Grisolia, C.K.; Goulart, J.T.; Pantoja, C.; de Bem, A.F.; Rosemberg, D.B. Short-term high-fat
diet induces cognitive decline, aggression, and anxiety-like behavior in adult zebrafish. Prog. Neuropsychopharmacol. Biol. Psychiatry
2021, 110, 110288. [CrossRef]
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Abstract: Coarse cereals rich in polyphenols, dietary fiber, and other functional components exert
multiple health benefits. We investigated the effects of cooked oats, tartary buckwheat, and foxtail
millet on lipid profile, oxido-inflammatory responses, gut microbiota, and colonic short-chain fatty
acids composition in high-fat diet (HFD) fed rats. Rats were fed with a basal diet, HFD, oats diet
(22% oat in HFD), tartary buckwheat diet (22% tartary buckwheat in HFD), and foxtail millet diet
(22% foxtail millet in HFD) for 12 weeks. Results demonstrated that oats and tartary buckwheat
attenuated oxidative stress and inflammatory responses in serum, and significantly increased the
relative abundance of Lactobacillus and Romboutsia in colonic digesta. Spearman’s correlation analysis
revealed that the changed bacteria were strongly correlated with oxidative stress and inflammation-
related parameters. The concentration of the butyrate level was elevated by 2.16-fold after oats
supplementation. In addition, oats and tartary buckwheat significantly downregulated the expression
of sterol regulatory element-binding protein 2 and peroxisome proliferator-activated receptors γ in
liver tissue. In summary, our results suggested that oats and tartary buckwheat could modulate gut
microbiota composition, improve lipid metabolism, and decrease oxidative stress and inflammatory
responses in HFD fed rats. The present work could provide scientific evidence for developing coarse
cereals-based functional food for preventing hyperlipidemia.

Keywords: coarse cereals; lipid metabolism; oxido-inflammatory responses; gut microbiota; short-
chain fatty acids

1. Introduction

Excessive intake of a high-fat diet (HFD) leads to abnormal lipid metabolism, which
further gives rise to various chronic diseases, such as obesity, hyperlipidemia, and type
2 diabetes. By 2030, the number of people who are obese or overweight might reach
867.06 million in China [1], and obesity has become a major public health concern through-
out the world. Meanwhile, gut microbiota and their metabolites such as short-chain fatty
acids (SCFAs) impact the lipids and carbohydrate metabolism in the liver and adipose tis-
sue, which is becoming a new target for anti-obesity treatment [2]. Thus, food intervention
aiming at modulating the gut microbiota is available to improve metabolic health [3].

The gut microbiome has emerged as a key factor affecting human health and dis-
ease [4,5]. Elucidating the changes in gut microbiota composition has contributed to
understanding the development and progress of obesity, metabolic syndrome, and type
2 diabetes mellitus [6]. The majority of gut microbiota serve as vital vehicles in the host
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metabolism by increasing energy harvest from the diet, which contributes to becoming over-
weight or obese [7]. In addition, microbiota-derived SCFA acetate can promote metabolic
syndrome through regulating the gut-brain axis [8]. Numerous studies have reported
that gut microbiome dysbiosis is directly or indirectly related to insulin resistance in type
2 diabetes mellitus [9]. Nevertheless, effective manipulation of the gut microbiota through
diet has the potential to reduce metabolic diseases such as obesity and diabetes [10].

Epidemiological studies suggest that higher whole-grain cereals consumption reduces
the risk of chronic diseases, including cardiovascular disease, type 2 diabetes, and cer-
tain types of cancer [11,12]. For instance, a barley kernel-based bread improved glucose
metabolism that was associated with increased Prevotella abundance [13]. Previous studies
reported that different varieties of coarse cereals reduced the blood glucose levels in rats
with streptozotocin-induced hyperglycemia [14,15]. Buckwheat and foxtail millet could
also improve lipid metabolism and blood glucose tolerance in vivo [16,17]. Moreover,
our previous study suggested that the consumption of whole grain rice and wheat could
regulate gut microbiota and improve SCFAs composition in rats [18].

Coarse cereals exert health-promoting benefits, which are largely due to their functional
components such as dietary fiber, polyphenols, polysaccharides, and peptides [15,19,20].
Dietary fiber and phytochemicals in coarse cereals have the potential to regulate the gut
microbiota, the balance of which is crucial to preserve gut homeostasis [21,22]. Furthermore,
dietary fibers promote SCFAs production through intestinal bacterial fermentation [23].
Specifically, our recent research revealed that administration of oats increased gut micro-
biota diversity and the concentrations of SCFAs in normal rats [24]. In addition, tartary
buckwheat protein markedly increased the SCFAs and the abundances of Lactobacillus and
Bifidobacterium in HFD fed mice [25].

Oats, tartary buckwheat, and foxtail millet are common cereal grains in China. The
impact of these three kinds of coarse cereal on gut health has gained great attention, but
the comparative effects of them on gut microbiota and lipid metabolism remain unclear.
Thus, the aim of this study was to determine the effects of these whole-grain cereals with
matrix on the gut microflora and lipid metabolism in HFD fed rats.

2. Materials and Methods

2.1. Materials and Reagents

Oats (Variety name: Bayou No.1), tartary buckwheat (Variety name: Chuanqiao No.1),
and foxtail millet (Variety name: Jingu No.21) were purchased from Hebei, Sichuan, and
Shanxi Province, respectively. Main nutritional contents of cooked oats, tartary buckwheat and
foxtail millet were shown in Table S1. The level of β-glucan was 4.19 ± 0.42 g/100 g in oats.
The contents of total flavonoids and resistant starch were 1.76 ± 0.06 and 0.39 ± 0.01 g/100 g
in tartary buckwheat, respectively. The levels of vitamin B1 was 0.27 ± 0.04 mg/100 g, and
total dietary fiber content was 2.16 ± 0.02 g/100 g in foxtail millet. The diets containing oats,
tartary buckwheat, and foxtail millet were ordered from Trophic Animal Feed High-tech Co.
Ltd. (Jiangsu, China). All of the coarse cereals were cooked using a commercially available
cooker as previously described [26]. All the cooked coarse cereals were ground prior to use
in the experimental diets. Composition and energy density of the diets are presented in
Table 1. Acetic, propionic, butyric, isobutyric, isovaleric, and valeric acid standards were
purchased from Sigma-Aldrich Chemical Co. (Purity ≥ 99.5%, St. Louis, MO, USA). The
primary antibody, anti-SREBP-2, was purchased from Santa Cruz Biotechnology (Dallas,
TX, USA). All other antibodies were procured from Abcam (Cambridge, MA, USA).
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Table 1. Composition and energy density of the diets.

Con HFD HFD + Oat HFD + Buc HFD + Mil

Oats 0 0 220 0 0
Tartary buckwheat 0 0 0 220 0

Foxtail millet 0 0 0 0 220
Casein 190 242 206 202 213

Corn starch 504 193 25 38 11
Dextrin 81 103 103 103 103
Sucrose 95 121 121 121 121

Soybean oil 24 30 30 30 30
Lard 16 195 183 187 186

Cellulose 48 61 51 41 56
Mineral mixture 27 36 35 34 35
Vitamin mixture 10 12 12 12 12

L-Cystine 3 4 4 4 4
Choline chloride 2 3 3 3 3

TBHQ 0.008 0.045 0.045 0.045 0.045
Total 1000 1000 993 995 994

Content of coarse
cereals/% 0 0 22.2 22.1 22.1

Energy density (Kcal/g) 3.5 4.5 4.6 4.7 4.6
Protein (% energy) 19 19 19 19 19

Carbohydrate (% energy) 71 36 36 36 36
Fat (% energy) 10 45 45 45 45

2.2. Animals, Diets and Experimental Design

Sixty male Sprague Dawley rats (5 weeks old) were purchased from Vital River
Laboratory Animal Technology Co., Ltd. (Beijing, China). After acclimating for 1 week, the
rats were randomly divided into five groups (n = 12 per group, three per cage): a basal diet
group (Con group), a high-fat diet group (HFD group), HFD containing 22% oat group (Oat
group), HFD containing 22% tartary buckwheat group (Buc group), and HFD containing
22% foxtail millet group (Mil group). The initial body weight of all groups was almost
the same, and the rats were treated with the aforementioned diets for 12 weeks. Food
intake was monitored daily and body weight was measured every week throughout the
experiment. The blood samples (5 mL) were collected by cardiac puncture, centrifuged
at 4000 rpm for 10 min, and stored at −80 ◦C. Liver and epididymal fat were carefully
collected, weighed, quickly frozen in liquid nitrogen, and stored at −80 ◦C for further study.
Pancreas and colon were also collected and frozen in liquid nitrogen.

2.3. Biochemical Analysis in Serum

The levels of total triglyceride (TG), total cholesterol (TC), high-density lipoprotein
cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), aspartate transaminase
(AST), alanine aminotransferase (ALT), and free fatty acid (FFA) in serum were analyzed
by the corresponding reagent kits (Zhongsheng Beikong Bioengineering Institute, Beijing,
China). The levels of fasting glucose were determined using a glucometer (Johnson &
Johnson, Milpitas, CA, USA).

2.4. Oral Glucose Tolerance Test (OGTT)

Rats were fasted 12-h overnight. Following that, OGTT was implemented 1 day prior
to sacrifice. Then, gavage with glucose (2 g/kg body weight) was performed on rats. Tail
blood was collected at 0, 30, 60, and 120 min using a glucometer. OGTT were calculated by
the trapezoidal method and expressed as area under the curve (AUC) [27].

2.5. Histological Analysis

Liver, pancreas, epididymal adipose, and colon tissues were fixed in 10% formalin,
embedded in paraffin, sliced into 4 μm thick sections, and then stained with hematoxylin-
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eosin (H&E). For the oil red O staining, frozen liver tissues were sliced and stained with
oil red O. The stained sections were observed by using an optical microscope (Olympus,
Tokyo, Japan). Pathology scoring was performed in a blinded manner by a pathologist in
Peking University.

2.6. Western Blot Analysis

Protein samples of liver tissues were extracted, separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, and loaded onto a nitrocellulose membrane according
to our previous procedures [28]. The membranes were blocked with 5% defatted milk and
then incubated with primary and secondary antibodies. Protein bands were visualized
by fluorescence using an ODYSSEY FC Imaging System (LI-COR Biosciences, Lincoln,
NE, USA).

2.7. Analysis of Cytokines and Antioxidant Status in Serum

The levels of tumor necrosis factor-alpha (TNF-α), interleukine-6 (IL-6), interleukin-1β
(IL-1β), adiponectin, and insulin in serum and the concentration of zonula occludens-1
(ZO-1) in the colon were measured using ELISA kits (R&D Systems, Minneapolis, MN,
USA). The levels of malondialdehyde (MDA) and total antioxidant capacity (T-AOC) and
the activities of superoxide dismutase (SOD) in serum were determined with commercial
kits (Nanjing Jiancheng Biological Technology Institute, Nanjing, China) following the
manufacturer’s instructions.

2.8. Determination of Colonic SCFAs

Colonic content samples (80 mg, n = 6 per group) were mixed with 500 μL of
methanol/water (v/v = 1:1) mixture and shaken by vortex for 30 min. Then, 50 μL su-
pernatant that was collected after centrifugation (14,000 rpm, 10 min) was mixed with
50 μL of internal standard (5 μg/mL propionic acid-d2). Samples were derivatized with
50 μL 3-nitrophenylhydrazine (200 μM) for 30 min, and the supernatant was collected
after centrifugation (14,000 rpm, 10 min). The resulting supernatant (5 μL) was analyzed
on an Acquity UPLC I-Class system equipped with a BEH C18 chromatographic column
(100 mm × 2.1 mm, 1.7 μm; Waters, Milford, MA, USA) coupled to a Xevo TQ-S mass
spectrometer [29].

2.9. Gut Microbiota Analysis

Microbial DNA in colonic content samples was extracted according to the protocol
described previously [18]. The V3-V4 hypervariable regions of 16S rRNA genes were
amplified with primers 515F and 806R by a T100™ thermal cycler (Bio-Rad, Hercules, CA,
USA). TruSeq DNA PCR-Free Library Preparation Kit (Illumina, San Diego, CA, USA) was
used to construct the sequencing library. The sequencing was obtained from the Illumina
NovaSeq 6000 platform at Novogene Bioinformatics Technology Co., Ltd. (Beijing, China).
The Quantitative Insight into Microbial Ecology (QIIME) was used for further analysis.
The sequences were classified into operational taxonomic units (OTUs) with 97% similarity.
Then, the OTUs were subjected to taxonomy-based analysis by RDP Classifier (v2.13).
Alpha diversity metrics and beta diversity were calculated using QIIME and displayed
with R software. The principal coordinates analysis (PCoA), Venn diagram, and heatmap
analysis of the major genus were performed by R software.

2.10. Statistical Analysis

All statistical analyses were performed using R 4.0.2. Continuous variables with nor-
mal distribution were presented as mean ± standard deviation (SD) and were performed
by one-way ANOVA followed by Tukey’s post hoc multiple comparison test. Skewed distri-
bution variables were indicated with P50 (P25, P75) and were examined by non-parametric
statistical hypothesis test. Spearman’s correlation analysis between gut microbiota and
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biochemical parameters was performed and a heat map was generated. p < 0.05 was
considered as statistically significant.

3. Results

3.1. Food Intake, Energy Intake, Body Weight, and Organ Weights

There were no significant differences in food intake among the five groups of rats
during 12 weeks (Figure 1A). Energy intake in HFD group was significantly increased
compared to Con group (Figure 1B), while Oat, Buc, and Mil groups were not significantly
different from HFD group. At the end of study, weight gain in the HFD group was
significantly higher than in the Con group (Figure 1C), but weight gain in the Oat, Buc,
and Mil groups was not significantly different from in the HFD group. The rats in the
HFD group showed a 45.57% increase in epididymal fat index compared to Con group
(Figure 1D). However, epididymal fat index was significantly lower in Buc group compared
with the HFD group. The liver indexes among the five groups of rats were not significantly
different (data not shown).

Figure 1. Effect of oats, tartary buckwheat, and foxtail millet supplementation on food intake (A),
energy intake (B), percent change in body weight (C), and epididymal fat index (D) in high-fat diet
fed rats. Con group, a basal diet group; HFD group, a high-fat diet group; Oat group, HFD containing
22% oat group; Buc group, HFD containing 22% tartary buckwheat group; Mil group, HFD containing
22% foxtail millet group. Data are presented as the mean ± SD (n = 12). # p < 0.05, compared to Con
group, * p < 0.05, compared to HFD group.

3.2. Lipid Metabolism-Related Parameters in Serum, Fasting Blood Glucose, and OGTT

HFD feeding resulted in a significant increase in TC and LDL-C levels in serum
(Figure 2B,D), but there were no significant differences in the TG and HDL-C levels in
serum (Figure 2A,C) compared with the Con group. Serum TC and LDL-C in the Oat and
Buc groups were remarkably decreased compared with that in the HFD group. There were
no significant differences in the serum AST and ALT levels among the five groups (Figure
S1). The HFD diet induced a higher level of FFA in the serum compared with the Con diet
(Figure 2E), but the level of FFA concentration was significantly reduced in the Oat group

158



Nutrients 2022, 14, 2760

compared with the HFD group. However, there were no significant differences in fasting
blood glucose and AUC of OGTT among the five groups (Figure 3).

Figure 2. Effect of oats, tartary buckwheat, and foxtail millet supplementation on serum TG (A), TC
(B), HDL-C (C), LDL-C (D), and FFA (E) in high-fat diet fed rats. Con group, a basal diet group;
HFD group, a high-fat diet group; Oat group, HFD containing 22% oat group; Buc group, HFD
containing 22% tartary buckwheat group; Mil group, HFD containing 22% foxtail millet group; TG,
total triglyceride; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-
density lipoprotein cholesterol; FFA, free fatty acid. Data are presented as the mean ± SD (n = 12).
# p < 0.05, compared to Con group, * p < 0.05, compared to HFD group.
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Figure 3. Effect of oats, tartary buckwheat, and foxtail millet supplementation on fasting blood
glucose (A), OTGG (B), and AUC of OGTT (C) in high-fat diet fed rats. Con group, a basal diet
group; HFD group, a high-fat diet group; Oat group, HFD containing 22% oat group; Buc group,
HFD containing 22% tartary buckwheat group; Mil group, HFD containing 22% foxtail millet group;
AUC, area under the curve; OGTT, oral glucose tolerance test. Data are presented as the mean ± SD
(n = 12).

3.3. Pro-Inflammatory Cytokine Levels, Antioxidant Capability, Adiponectin, and Insulin in Serum

Oat and Buc groups exerted beneficial effects on lipid metabolism-related parameters
in serum (TC, LDL-C, and FFA), so serum pro-inflammatory cytokine levels, antioxidant
capability, adiponectin and insulin, and colonic ZO-1 protein were measured for these
two kinds of coarse cereal. In HFD group, the levels of TNF-α, IL-6, and IL-1β were
significantly increased in serum, while oats supplementation significantly decreased their
levels (Figure 4A–C). Moreover, TNF-α and IL-6 were significantly down-regulated in
Buc group. HFD significantly reduced the activities of SOD and the concentrations of
T-AOC, and increased the level of MDA in serum (Figure 4D–F), indicating that HFD diet
decreased antioxidant capacity of the serum in rats. However, oat and tartary buckwheat
supplementation significantly lowered MDA levels and increased SOD activities, and
oats supplementation also significantly increased T-AOC when compared with the HFD
treatment. Although HFD did not result in a significant decrease in adiponectin level, oats
administration markedly increased adiponectin level (Figure 4G). In addition, fasting blood
insulin was significantly higher in the HFD group compared with the Con group, but oats
supplementation significantly reduced its level relative to the HFD group (Figure 4H).

3.4. Histological Analysis of the Liver, Pancreas, Epididymal Adipose, and Colon Tissues

The histological analysis of the liver tissue showed that the liver steatosis induced by
HFD was greatly attenuated following Buc supplementation (Figure 5A,B,F). An HFD diet
induced inflammatory cell infiltration in the pancreas of rats, while oats supplementation
significantly restored pancreatic islet morphology (Figure 5C,G). In line with the epididy-
mal fat index shown in Figure 1D, the H&E staining of epididymal fat tissue revealed a
drastically larger adipocyte size in HFD rats, while the oats and tartary buckwheat sup-
plementation suppressed the increase of the adipocyte size (Figure 5D). Inflammatory cell
infiltration in the colon can be observed in the HFD group, while oats supplementation
lowered inflammatory cell infiltration (Figure 5E). Colonic ZO-1 protein expression in the
HFD group was significantly lower than that in the Con group (Figure 5H), while ZO-1
protein was significantly higher in the Oat and Buc groups compared with the HFD group.
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Figure 4. Effect of oats and tartary buckwheat supplementation on serum TNF-α (A), IL-6 (B), IL-1β
(C), MDA (D), SOD (E), T-AOC (F), adiponectin (G), and fasting blood insulin (H) in high-fat diet fed
rats. Con group, a basal diet group; HFD group, a high-fat diet group; Oat group, HFD containing
22% oat group; Buc group, HFD containing 22% tartary buckwheat group; TNF-α, tumor necrosis
factor-alpha; IL-6, interleukine-6; IL-1β, interleukin-1β; MDA, malondialdehyde; SOD, superoxide
dismutase; T-AOC, total antioxidant capacity. Data are presented as the mean ± SD (n = 10). # p < 0.05,
compared to Con group, * p < 0.05, compared to HFD group.

3.5. Expression of Proteins Involved in Lipid Metabolism

The expression levels of sterol regulatory element-binding protein 2 (SREBP-2) and
peroxisome proliferator-activated receptors γ (PPAR-γ) in liver, which were involved
in lipid metabolism, were not significantly changed in HFD group compared to Con
group (Figure 5I–K). However, oats and tartary buckwheat supplementation significantly
decreased the expression of these proteins.
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Figure 5. Effect of oats, tartary buckwheat, and foxtail millet supplementation on liver (A,B), pancreas
(C), epididymal adipose (D), and colon (E) tissues in high-fat diet fed rats. Representative samples of
liver tissue were stained with H&E (A) and oil red O (B). (F) Scores based on hepatocyte steatosis
in the liver. (G) Scores based on inflammatory cell infiltration in the pancreas. (H) The protein
expression levels of ZO-1 in the colon. (I) Western blot bands of SREBP-2 and PPAR-γ in the liver.
(J,K) Densitometric analysis of SREBP-2 (J) and PPAR-γ (K) expressions relative to the loading control.
Con group, a basal diet group; HFD group, a high-fat diet group; Oat group, HFD containing 22% oat
group; Buc group, HFD containing 22% tartary buckwheat group; Mil group, HFD containing 22%
foxtail millet group; ZO-1, zonula occludens-1; SREBP-2, sterol regulatory element-binding protein 2;
PPAR-γ, peroxisome proliferator-activated receptors γ. Data are presented as the mean ± SD (n = 6).
# p < 0.05, compared to Con group, * p < 0.05, compared to HFD group.
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3.6. Coarse Cereals Supplementation Modulated the Gut Microbiota

HFD and coarse cereals supplementation has no significant effect on alpha diversity
of colonic microbiota (data not shown). PCoA analysis demonstrated that it generated a
distinct difference of microbial communities between HFD and Con groups (Figure 6A).
A total of 388 OTUs (38.3%) were common among different groups (Figure 6B). The Mil
group had more unique OTUs (67) than the Con (39), HFD (58), Oat (26), and Buc (32)
groups. The influences of coarse cereals on the composition of gut microbiota at the phylum
and genus levels was shown in Figure 6C,D. Furthermore, heatmap was used to show
the abundance of 35 key genera of different groups in order to evaluate the impact of
coarse cereals supplementation on the bacterial community of HFD fed rats (Figure 6E).
At the phylum level, Firmicutes, Verrucomicrobia, and Bacteroidetes were the absolute
dominated taxa in all groups, and the relative abundance of Firmicutes was much higher
in the HFD group compared with the Con group. Tartary buckwheat and foxtail millet
supplementation increased the Firmicutes (8.21% and 16.94%, respectively) and decreased
Verrucomicrobia (46.64% and 79.54%, respectively) compared with the HFD group. At
the genus level, HFD increased the relative abundance of unidentified Ruminococcaceae,
Blautia, Faecalitalea, Romboutsia, and Staphylococcus, and decreased the relative abundance of
Akkermansia and Bacteroides compared with the Con group. Oats and tartary buckwheat sig-
nificantly increased the abundance of Lactobacillus and Romboutsia, and tartary buckwheat
and foxtail millet significantly decreased the abundance of Akkermansia and Blautia.

3.7. Coarse Cereals Supplementation Regulated the Specific Bacteria

Figure 7 showed the significant differences of gut microbiota in the taxa among five
groups, including 9 genera. The Con group was dominated by Akkermansia, while the
Faecalitalea was the most prevalent bacteria in the HFD group. The Oat group exhibited a
predominance of Blautia, Romboutsia, Staphylococcus, and Lactobacillus at the genus level. The
Mil group featured the genera unidentified Ruminococcaceae, Nitrosomonas, and Enterobacter
at the genus level.

3.8. Correlation between Gut Microbiota and Pro-Inflammatory Cytokine, Antioxidant Capability
and Lipid Metabolism-Related Indices

Spearman’s correlation analysis showed that Lactobacillus abundance was positively as-
sociated with SOD and adiponectin, and negatively associated with TNF-α, IL-6 and MDA
(Figure 8). Akkermansia abundance was positively associated with ZO-1, but Faecalitalea and
unidentified Ruminococcaceae was negatively associated with ZO-1. Staphylococcus was neg-
atively associated with TNF-α and IL-6 and positively associated with SOD. Unidentified
Ruminococcaceae abundance was positively associated with LDL-C and FFA. Faecalitalea and
Caproiciproducens abundance was positively correlated with TNF-α, IL-6, and MDA, but
negatively correlated with SOD and T-AOC.

3.9. Coarse Cereals Supplementation Regulated the SCFAs Production

There were no significant differences in SCFAs production between Con and HFD
groups (Table 2). However, butyrate concentration was significantly increased by oat sup-
plementation when compared with the HFD treatment. In Oat and Buc groups, the butyrate
level was elevated by 2.16- and 1.77-fold when compared with the HFD group, respectively.
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Figure 6. Effect of oats, tartary buckwheat, and foxtail millet supplementation on gut microbiota
composition in high-fat diet fed rats. (A) Principal coordinate analysis (PCoA) of colonic microbiota
(n = 8). (B) Venn diagram showing the shared and unique OTUs among the five groups. (C) Microbial
community composition at the phylum level. (D) Microbial community composition at the genus
level. (E) Heatmap of clustering analysis at the genus level. Con group, a basal diet group; HFD
group, a high-fat diet group; Oat group, HFD containing 22% oat group; Buc group, HFD containing
22% tartary buckwheat group; Mil group, HFD containing 22% foxtail millet group.
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Figure 7. Linear discriminant analysis (LDA) effect size (LEfSe) analysis of the key genera of gut
microbiota in high-fat diet fed rats. (A) Histogram of the LDA scores for differentially abundant bac-
terial taxa. (B) Cladogram visualizing the phylogenetic distribution of the gut microbiota community.
Con group, a basal diet group; HFD group, a high-fat diet group; Oat group, HFD containing 22% oat
group; Mil group, HFD containing 22% foxtail millet group; p, phylum; c, class; o, order; f, family;
and g, genus.
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Figure 8. Heatmap of Spearman’s correlation between gut microbiota (top 10 at genus level) and
pro-inflammatory cytokine, antioxidant capability, and lipid metabolism-related indices. * p < 0.05,
** p < 0.01, *** p < 0.001. TG, total triglyceride; TC, total cholesterol; HDL-C, high-density lipoprotein
cholesterol; LDL-C, low-density lipoprotein cholesterol; FFA, free fatty acid; TNF-α, tumor necrosis
factor-alpha; IL-6, interleukine-6; IL-1β, interleukin-1β; MDA, malondialdehyde; SOD, superoxide
dismutase; T-AOC, total antioxidant capacity; ZO-1, zonula occludens-1.

Table 2. Effects of oats, tartary buckwheat, and foxtail millet supplementation on SCFAs in colonic
contents of rats at the end of 12 weeks.

Con HFD Oat Buc Mil

Acetic acid (μg/g) 44.22 ± 7.11 69.71 ± 18.29 76.17 ± 7.685 74.89 ± 13.54 66.82 ± 10.55
Propionic acid (μg/g) 22.41 ± 4.69 34.56± 8.99 41.28 ± 4.72 34.50 ± 6.02 33.42 ± 4.90

Butyric acid (μg/g) 16.77 ± 3.01 a 15.69 ± 1.98 a 33.92 ± 6.97 b 27.71 ± 3.49 a,b 15.96 ± 1.75 a

Isobutyric acid (μg/g) 5.20 ± 0.77 7.30 ± 1.25 8.56 ± 0.76 7.31 ± 0.84 6.90 ± 0.89
Isovaleric acid (μg/g) 4.19± 0.59 4.97 ± 0.60 5.85 ± 1.05 4.60 ± 0.63 4.43 ± 0.37

Valeric acid (μg/g) 5.08 ± 0.86 7.52 ± 1.43 9.31 ± 1.37 7.12 ± 1.03 6.74 ± 0.66

Total SCFAs (μg/g) 104.25 (71.95,
120.45)

126.82 (72.34,
223.53)

163.67 (141.09,
206.58)

159.76 (95.48,
212.05)

127.03 (99.15,
163.81)

The values are the means ± SD or P50 (P25, P75). Con group, a basal diet group; HFD group, a high-fat diet group;
Oat group, HFD containing 22% oat group; Buc group, HFD containing 22% tartary buckwheat group; Mil group,
HFD containing 22% foxtail millet group. Mean values not sharing the same superscript letter (a and b) within a
row are significantly different at p < 0.05 in a post hoc test.
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4. Discussion

In this study, intake of oat and tartary buckwheat attenuated oxidative stress, inflam-
matory responses, and hyperlipidemia in serum, downregulated the expression of lipid
metabolism-related protein in liver, and increased the relative abundance of Lactobacillus
and Romboutsia in colonic digesta of HFD-induced rats. Spearman’s correlation analy-
sis showed that the changed bacteria were strongly correlated with oxidative stress and
inflammation-related parameters. Histological analysis also demonstrated that intake
of tartary buckwheat reduced the excessive lipid droplet accumulation in the liver and
inhibited lipid accumulation in epididymal adipose tissue. In previous studies, oat and
tartary buckwheat consumption was associated with the cholesterol-lowering effect [30,31].
The increased concentrations of SCFAs and alterations in the gut microbiota probably have
an important role in ameliorating dyslipidemia [18].

Coarse cereals have potential health benefits through modulating intestinal flora.
Lactobacillus, Bifidobacterium, and Akkermansia have beneficial effects on metabolism, stimu-
lating fatty acid oxidation and inhibiting lipoprotein lipase activity in HFD fed mice [32,33].
Intake of embryo-remaining oat rice enhanced the production of SCFAs and increased the
abundance of Bifidobacterium and Akkermansia in HFD fed rats [34]. Tartary buckwheat
consumption alleviated hyperlipidemia and gastritis by maintaining intestinal homeosta-
sis [35,36] and markedly increased the abundances of Lactobacillus, Blautia, and Akkermansia
in HFD fed mice [16]. Foxtail millet supplementation ameliorated colorectal cancer by the
microbial metabolites (tryptophan metabolites and SCFAs) activating related gut recep-
tors [37]. Whole barley decreased cholesterol accumulation and counteracted gut dysbiosis
in obese mice [38]. In addition, dietary intake of mixture coarse cereals reduced fat accu-
mulation, decreased serum lipids levels, and increased the abundances of Lactobacillus and
Bifidobacterium in HFD fed mice [39]. To the best of our knowledge, few comparative studies
on the effects of these three kinds of coarse cereal on gut microbiota and lipid metabolism
in HFD fed rats.

In this study, Lactobacillus and Staphylococcus were thought to contribute to inhibiting
inflammatory response, while the abundances of Faecalitalea and Caproiciproducens were
positively correlated with levels of inflammatory factors. Furthermore, our work suggested
that oat supplementation increased the production of butyrate, which was an important
metabolite of gut microbiota because it promoted host intestinal barrier function and
alleviated inflammation [40]. Gao et al., (2020) also showed that dietary oat fiber was
conducive to produce SCFAs and increased the abundance of the gut bacteria that generated
anti-inflammatory metabolites and improved gut barrier function in LDLR−/− mice [41].
Moreover, quinoa and buckwheat protein-rich flours decreased the plasma TC and LDL-C
and elevated the production of SCFAs in rats [42].

Coarse cereals are rich in functional active substances such as dietary fiber and phyto-
chemicals, which are considered to be natural prebiotics. Epidemiological study demon-
strated that cardiometabolic risk was inversely associated with dietary fiber intake [43]. In
a randomized controlled trial, dietary fiber (oat bran, 30 g/d) supplement decreased blood
pressure and modulated the gut microbiota in patients with essential hypertension [44].
In another clinical trial, supplementation with 3 g/day of oat β-glucan reduced LDL-C,
TC, and non-HDL-C in mildly hypercholesterolemic subjects [45]. In addition, increased
consumption of coarse cereals containing dietary fiber contributes to healthy functioning
of the intestine. Oat β-glucan mitigated the inflammatory status in colon, enhanced colonic
barrier function, and increased gut microbiota-derived SCFAs (butyrate) in vivo [46,47].
Tartary buckwheat-resistant starch improved intestinal health by regulating the gut micro-
biota composition and increasing the yield of SCFAs in HFD fed mice [48]. In this study,
oat and tartary buckwheat supplementation were significantly increased the ZO-1 protein
expression, indicating they improved colonic barrier function in HFD-induced rats.

It is worth noting that purified fiber supplementation has no effect on gut microbiota
diversity in previous study [49]. The health benefits of whole grains were probably because
of the synergistic action of multiple components in grains [50]. For example, oat bran
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as a complex food matrix increased Bifidobacteria and SCFA production, rather than its
main functional compounds such as β-glucan and polyphenols in an in vitro fermentation
model [49]. Tartary buckwheat is rich in resistant starch and flavonoids, which may have
synergistic effects on lipid metabolism and gut microbiota [19]. Sorghum polyphenols and
fructooligosaccharides worked synergistically to increase the abundances of Bifidobacterium
and Lactobacillus during in vitro fermentation [51].

In addition to dietary fiber, phytochemicals (phenolic acids, flavonoids, etc.) in coarse
cereals also had the potential to combat common nutrition-related diseases including
cardiovascular disease, diabetes, and obesity. Flavonoids from oat exhibited an anti-
hyperlipidemic effect via regulating gut microbiota that increasing Akkermansia and de-
creasing Blautia in mice [52]. Polyphenols from foxtail millet bran and shell could remodel
the gut microbiota to prevent tumor and atherosclerosis in mice, respectively [53,54]. Fur-
thermore, vitexin as a millet-derived flavonoid suppressed HFD-induced brain oxidative
stress and inflammation by regulating gut microbiota in HFD fed mice [32].

There are some limitations of our study. First, the rodent gut microbiota differs
from the human gut microbiota [55]. Second, the analysis of lipid metabolism-related
protein expression is not enough, and relevant analysis is conducive to further elucidate
the mechanism of anti-hyperlipidemic effect of coarse cereals. Third, the synergistic health
benefits of functional components in coarse cereals such as dietary fiber and polyphenols
is unclear. Further studies are needed to investigate cereal dietary fiber and polyphenols
synergistic alleviating obesity via regulating gut microbiota.

5. Conclusions

Consumption of coarse cereals such as oats and tartary buckwheat was able to improve
lipid metabolism and modulate gut microbiota composition. Oats and tartary buckwheat
increased the abundance of Lactobacillus and Romboutsia, which was strongly correlated with
anti-oxidant and anti-inflammatory effects. The colonic level of SCFAs such as butyrate
was significantly increased after oats supplementation. This study can provide scientific
evidence for the development of cereal-based functional foods.
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foxtail millet supplementation on serum AST (A) and ALT (B) in high-fat diet fed rats. Con group,
a basal diet group; HFD group, a high-fat diet group; Oat group, HFD containing 22% oat group;
Buc group, HFD containing 22% tartary buckwheat group; Mil group, HFD containing 22% foxtail
millet group; AST, aspartate aminotransferase; ALT, alanine aminotransferase. Data are presented as
the mean ± SD (n = 12); Table S1: Main nutritional contents of cooked oats, tartary buckwheat and
foxtail millet.
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Abstract: Long-term consumption of a Western diet is a major cause of type 2 diabetes mellitus
(T2DM). However, the effects of diet on pancreatic structure and function remain unclear. Rats fed a
high-fat, high-fructose (HFHF) diet were compared with rats fed a normal diet for 3 and 18 months.
Plasma biochemical parameters and inflammatory factors were used to reflect metabolic profile and
inflammatory status. The rats developed metabolic disorders, and the size of the islets in the pancreas
increased after 3 months of HFHF treatment but decreased and became irregular after 18 months.
Fasting insulin, C-peptide, proinsulin, and intact proinsulin levels were significantly higher in the
HFHF group than those in the age-matched controls. Plasmatic oxidative parameters and nucleic
acid oxidation markers (8-oxo-Gsn and 8-oxo-dGsn) became elevated before inflammatory factors,
suggesting that the HFHF diet increased the degree of oxidative stress before affecting inflammation.
Single-cell RNA sequencing also verified that the transcriptional level of oxidoreductase changed
differently in islet subpopulations with aging and long-term HFHF diet. We demonstrated that long-
term HFHF diet and aging-associated structural and transcriptomic changes that underlie pancreatic
islet functional decay is a possible underlying mechanism of T2DM, and our study could provide
new insights to prevent the development of diet-induced T2DM.

Keywords: Western dietary pattern; metabolic disorders; pancreas; islets; single-cell RNA
sequencing analysis

1. Introduction

Diabetes mellitus, also known as diabetes, is a serious metabolic disorder with multiple
etiologies characterized by disturbances in carbohydrate, fat, and protein metabolism [1,2].
It is estimated that diabetes causes 11.3% of global deaths annually [3]. Overall, 4.2 million
people in the 20–79-year age group died of diabetes in 2019 [3]. The increasing mor-
tality associated with diabetes demonstrates the urgency to explore the pathogenesis of
the disease.

The WHO proposed several dietary practices according to the confirmed correlation
between obesity and type 2 diabetes mellitus (T2DM) risk [1,4]. The consumption of high
amounts of fat and refined carbohydrates in the diet may be risk factors for dyslipidemia [5],
obesity [6–8], insulin resistance [9], and heart disease [10,11]. In addition, many cross-
sectional studies and meta-analyses have reported a positive correlation between strong
adherence to a Western dietary pattern and an increased risk of T2DM [12–23]. However,
the target organs and pathogenic mechanisms of diet in T2DM remain unclear.
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In 2001, Brownlee first proposed that oxidative stress (OS) may play a major role in
the pathophysiology of diabetes and its complications [24]. OS is caused by an imbalance
between the production of reactive oxygen species (ROS) and the activity of the antioxidant
defense system [25]. Epidemiological studies have also confirmed the elevation of OS
biomarker levels in T2DM compared with those in healthy conditions, including antioxidant
enzyme activity, lipid peroxidation, and nucleic acid oxidation markers. In a study that
included 80 T2DM patients and 79 apparently healthy controls, the ferric reducing ability
of plasma, γ-glutamyltransferase, and plasma glutathione reductase (GR) levels were
significantly higher in patients with diabetes than those in nondiabetic people [26]. Bandeira
et al. found that the total superoxide dismutase (SOD) activity and lipid peroxidation levels
were higher in diabetes patients than those in non-diabetes patients through their case–
control study (in the 40 to 86 year old group). In further stratified groups, the rate of lipid
peroxidation was significantly higher in both groups of diabetes patients (hypertensive
and normotensive) than in the prediabetic groups and controls, revealing that increased
lipid peroxidation is closely related to T2DM [27]. Furthermore, the levels of the commonly
used nucleic acid oxidation markers 8-dihydroguanosine (8-oxo-Gsn) and 8-hydroxy-2-
deoxyguanosine (8-oxo-dGsn) were also higher in T2DM patients than those in healthy
controls. Broedbaek et al. found that the level of the RNA oxidation marker 8-oxo-Gsn
in urine independently predicted diabetes-related mortality [28,29]. Our previous study
also verified that 8-oxo-Gsn level in urine was correlated with diabetic nephropathy, and
that 8-oxo-Gsn might be a sensitive marker of diabetic nephropathy [30]. However, the
mechanisms underlying OS targets in T2DM remain unclear.

Many T2DM animal models, including spontaneous and induced diabetes models,
have been developed [31]. These models include characteristics such as insulin defi-
ciency, insulin resistance, and/or beta cell failure [31]. Among induced rodent models,
streptozotocin- or alloxan-induced diabetic models are the most common [31,32]. Both
chemicals act as cytotoxic glucose analogs that accumulate in pancreatic beta cells through
glucose transporter 2 (GLUT2), causing selective destruction of islet beta cells [31,32]. Al-
though these models are helpful for studying the pathogenesis of diabetes, they are not
in line with the internal environmental changes induced by long-term dietary treatments.
Through the administration of a combination of fructose and fat, Lozano et al. first devel-
oped an ideal model for researching the effect of diet on the development of T2DM [33].
They noted marked hepatic vacuolar degeneration and increased ROS levels in the liver and
vascular system of diabetic rats that had been fed a high-fat, high-fructose (HFHF) diet [33].
Dal et al. [34] and Werf et al. [35] found that diabetes symptoms and increased levels of
ROS in the liver and vascular system induced by HFHF diet were partially corrected by
supplementing the antioxidant-rich foods, such as cherries and red cabbages. Of note,
existing studies have mainly focused on the HFHF diet-induced impairment of the liver,
vascular system, cognition, and retina [36–40]. As an essential organ for sensing blood
glucose concentrations and synthesizing and releasing glucose-regulating hormones, islets
in the pancreas play a vital part in blood glucose homeostasis [41,42]. However, the effects
of an HFHF diet on pancreatic structure and function, as well as their potential mechanisms,
remain unclear.

Therefore, the present study explored the impact of a long-term HFHF diet on the rat
pancreas. An 18 month HFHF diet was used to trigger the onset of T2DM in rats, which was
confirmed by assessing metabolic, oxidative, and inflammatory parameters. After observ-
ing the changes in pancreatic structure and function, we used single-cell RNA-sequencing
(scRNA-seq) to explore the distribution and transcriptomic patterns in pancreatic cells
and islet cells. We decoded long-term HFHF diet and aging-associated structural and
transcriptomic changes that underlie pancreatic islet functional decay at single-cell resolu-
tion and indicated that inflammation occurs after oxidative stress, suggesting a possible
underlying mechanism of T2DM and providing new insights to prevent the development
of diet-induced T2DM.
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2. Materials and Methods

2.1. Ethics Statement

The animal use protocol was reviewed and approved by the Animal Ethics and Welfare
Committee of Beijing Stomatological Hospital (Approval No. KQYY-202103-001). All efforts
were made to minimize animal suffering and to reduce the number of animals used.

2.2. Animals and Induction of Diabetes

Forty male Wistar rats (male; 2 months old; 280.75± 8.19 g; SPF (Beijing Biotechnology Co.,
Ltd., Beijing, China), were fed in a temperature-controlled room with a 12 h light/dark
cycle and ad libitum access to water and food. After 1 week, eight rats were randomly
selected and sacrificed (baseline), and the other rats were then randomly divided into two
groups of 16 rats each (control and HFHF groups). The control and HFHF groups were
fed a normal diet and HFHF diet (SPF (Beijing) Biotechnology Co., Ltd.), respectively, as
previously reported [33]. The primary ingredients of each diet are shown in Table S1.

Eight rats per group were sacrificed 3 months after the start of the administration
of each diet. The rats were intraperitoneally anesthetized using Zoletil®50 (Boehringer
Ingelheim, Ingelheim, Rhein, Germany). Blood was collected from the heart, and plasma
was stored at −80 ◦C for subsequent analysis. All tissues were rinsed, weighed, and
embedded in Tissue-Tek® Optimal Cutting Temperature compound (Sakura Finetek USA,
Torrance, CA, USA) or frozen in liquid nitrogen. Spontaneous metabolism was assessed
using standard rodent metabolic cages, and then 24 h urine was collected. After 18 months
of feeding, six rats in each group were anesthetized and sacrificed according to the above
procedures. The remaining two rats per group had their islets isolated for single-cell RNA
sequencing analysis. The study outline is shown in Figure 1.

Figure 1. The study outline.

2.3. Metabolic, Inflammatory, and Oxidative Parameter Analyses
2.3.1. Glucose Measurement

Blood glucose levels were evaluated on the basis of the fasting glucose value (One-
Touch Ultra Easy® glucometer; Johnson & Johnson, New Brunswick, NJ, USA) and intraperi-
toneal glucose tolerance test (IpGTT). A 20% glucose solution was injected intraperitoneally
in rats at a 2 g/kg dose. A glucometer measured the caudal capillary glycemia of rats at 0,
15, 30, 60, and 120 min after injection.

2.3.2. Plasmatic Metabolic and Oxidative Parameters Assessments

All procedures for determining glycated serum protein (GSP; A037-2-1; Nanjing
Jiancheng Bioengineering Institute, Nanjing, China), pyruvic acid (A081), glucose (A154-1-1),
total triglycerides (TG; A110-1-1), total cholesterol (T-CHO; A111-1-1), low-density lipopro-
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tein cholesterol (LDL-C; A113-1-1), SOD (A001-3), xanthine oxidase (XOD; A002-1-1), total
antioxidant capacity (T-AOC; A05-3-1), lactate dehydrogenase (LDH; A020-2), T-GSH
(A061-1), GR (A062-1-1), hydrogen peroxide (H2O2; A064-1-1), and lipid hydroperoxide
(LPO; A106-1) were performed according to the manufacturer’s instructions (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China).

2.3.3. Detection of 8-oxo-Gsn and 8-oxo-dGsn in Urine

First, 100 μL of urine was mixed with 400 μL of 30% methanol (Sigma-Aldrich,
St. Louis, MO, USA) solution to acquire a 1:5 diluted urine sample for oxidized gua-
nine nucleoside analysis. Then, 10 μL of 80 pg/μL [15N5] 8-hydroxy-2-deoxyguanosine
(8-oxo-dGsn; Cambridge Isotope Laboratories, Andover, MA, USA) and 10 μL of 80 pg/μL
[15N2

13C1] 8-dihydroguanosine (8-oxo-Gsn; Toronto Research Chemicals, Toronto, ON,
Canada) were added as internal controls and centrifuged at 12,000× g for 15 min at 4 ◦C.

Next, 100 μL of supernatant was loaded in the liquid chromatograph with tandem mass
spectrometry (LC–MS/MS) (Agilent Technologies, Santa Clara, CA, USA) for the analysis
of 8-oxo-dGsn and 8-oxo-Gsn [30]. The mobile phase consisted of 20 mM ammonium
acetate (Thermo Fisher Scientific, Waltham, MA, USA) (A) and 100% methanol (B), which
was added in a Waters Sunfire C18 column (5 μm, 4.6 × 250 mm). Gradient elution was
performed from 0 to 6.0 min with 8% B at 0.8 mL/min, from 6.0 to 6.01 min changing from
8% B to 50% B at 1 mL/min (sixth curve), from 6.01 to 8 min in 50% B at 1 mL/min, from
8.0 to 8.01 min changing from 50% B to 8% B (sixth curve), and then from 8.01 to 10.0 min
in 8% B at 0.8 mL/min (sixth curve). The injection volume was 20 μL, and the UV detection
wavelength was 233 nm. The final concentrations of 8-oxo-dGsn and 8-oxo-Gsn in urine
were calculated on the standard curve.

2.3.4. Plasmatic Inflammatory Parameters

Interleukin (IL)-1β, IL-6, tumor necrosis factor (TNF)-α, vascular endothelial growth
factor (VEGF), intercellular cell adhesion molecule (ICAM)-1, and monocyte chemotactic
protein (MCP)-1 were detected using enzyme-linked immunosorbent assay (ELISA) at the
Nanjing Jiancheng Bioengineering Institute.

2.4. Histological Studies

To estimate histological changes, embedded pancreatic tissues were sectioned to a
thickness of 8 μm for hematoxylin/eosin (HE) staining (G1121; Beijing Solarbio Science &
Technology Co., Ltd., Beijing, China), Masson’s trichrome staining (G1346; Beijing Solarbio
Science s& Technology Co., Ltd., Beijing, China), and immunofluorescent staining. Mouse
anti-insulin (rat, 1:500, ab181547; Abcam, Waltham, MA, USA), rabbit anti-glucagon (rabbit,
1:150, 15954-1-AP; Proteintech, Rosemont, IL, USA), and the corresponding secondary anti-
bodies (donkey anti-rabbit IgG (H + L) Highly Cross-Adsorbed Secondary Antibody, Alexa
Fluor 555; donkey anti-mouse IgG (H + L) Highly Cross-Adsorbed Secondary Antibody,
Alexa Fluor 488(REF.A21202); Life Technologies, Carlsbad, CA, USA) were used to detect
alpha and beta islet cells. As described in Chansela et al.’s study, the islets could be cate-
gorized as small (<10,000 μm2), medium (10,000–50,000 μm2), large (50,000–100,000 μm2),
and extra large (>100,000 μm2) on the basis of the total area of islets [43]. The islet density
is calculated as follows: the number of each islet size/total number of islets ×100 [43].

2.5. Pancreas-Specific Endocrine Protein Expression in Plasma

To evaluate the function of the pancreatic islets, fasting plasma insulin (Mercodia
High Range Rat Insulin ELISA, Lot10-1145-01; Mercodia, Uppsala, Sweden) and C-peptide
levels (Mercodia Rat C-peptide ELISA, Lot10-1172-01; Mercodia) were tested using a
double-antibody sandwich enzyme-linked immunoassay. Proinsulin (Mercodia High
Range Rat Proinsulin ELISA, Lot 10-1232-01; Mercodia) and intact proinsulin (Mouse/Rat
Intact Proinsulin Assay Kit, No. 27706; Immuno-Biological Laboratories Co., Ltd., Naka,
Fujioka-Shi, Japan) were examined according to the manufacturer’s instructions.
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2.6. 10X Genomics Single-Cell RNA Sequencing Analysis of Pancreas in 18 Month HFHF Rats
2.6.1. Preparation of Single-Cell Suspension

Pancreases of two rats per group (baseline, HFHF, and control groups after 18 months
of feeding) were subjected to scRNA-seq. The islets were isolated as previously re-
ported [44,45]. Briefly, precooled 0.5 mg/mL collagenase P solution was injected into
the common bile duct to expand the pancreas, and then the pancreas was quickly extracted
and transferred into a digestion bottle. After incubation at 38 ◦C for 10 min, the suspension
was centrifuged at 1200× g for 2–3 min at 4 ◦C. The precipitate was washed twice with
Hanks’ solution and resuspended in Histopaque-1077. After gently adding RPMI 1640
(containing 10% fetal bovine serum) solution to the liquid surface, the tube was centrifuged
at 3000× g for 20 min at 4 ◦C. Granules scattered between the interfaces were collected
and resuspended in 1 mL TrypLE (12604013; Thermo Fisher Scientific) for further diges-
tion. DAPI staining was used to evaluate cell viability (Count Star, TANON SCIENCE &
TECHONLOGY CO, Shanghai, China). When cell viability reached 80% and the proportion
of doublets was less than 20%, an estimated 10,000 single cells per sample were suspended
in phosphate-buffered saline solution (containing 0.04% bovine serum albumin).

2.6.2. Cell Capture and cDNA Synthesis

Cell suspensions were loaded on a chromium single-cell controller (10× Genomics,
San Francisco, CA, USA) to generate single-cell gel beads in emulsion (GEMs). A Chromium
Next GEM Single Cell 3′ GEM, Library & Gel Bead Kit v3.1 (1000121; 10× Genomics,
Pleasanton, CA, USA) and Single-Cell B Chip Kit (1000127; 10× Genomics) were used
according to the manufacturer’s protocol. As previously described, single-cell droplet col-
lection, cDNA amplification, and sequencing library preparation were performed [46,47].
The cDNA libraries were sequenced on an Illumina Novaseq6000 sequencer with a se-
quencing depth of at least 30,000 reads per cell and a pair end of 150 bp (PE150; Capitalbio
Technology Corporation, Beijing, China).

2.6.3. scRNA-Seq Data Preprocessing

Data were analyzed by Capitalbio Technology Corporation (Beijing, China). Cell
Ranger software (ver 6.1.2 accessed on 25 October 2021; https://support.10xgenomics.
com/single-cell-gene-expression/software/downloads/latest) was used to perform align-
ment, filtering, barcode counting, and unique molecular identifier (UMI) counting and then
to generate a feature barcode matrix and determine clusters. Cells whose gene number
was <200, whose gene number was ranked in the top 1%, or whose mitochondrial gene
ratio was >25% were regarded as abnormal and filtered out. Data were then loaded into
Seurat 3.0 (accessed on 6 June 2019; http://satijalab.org/seurat) without normalization,
scaling, or centering. In addition to the expression data, metadata for each cell were
collected, including clone identity, cell-cycle phase, and sample source. Highly variable
genes were identified and used as inputs for dimensionality reduction using principal
component analysis. The resulting principal components (PCs) and correlated genes were
examined to determine the number of components included in the downstream analy-
sis. T-distributed stochastic neighbor embedding and uniform manifold approximation
and projection (UMAP) plots (based on the first 10 PCs) were used to visualize the cells
in a two-dimensional space. Gene Ontology (GO) enrichment analysis was performed
using the Rstudio (Version 4.1.2) software program with Benjamini–Hochberg multiple
testing adjustment, which was based on all differentially expressed genes (p-adj < 0.05,
avg_log2FC > 0.585).

2.7. Statistical Analyses

Results are expressed as the mean ± standard deviation (SD) or median (interquartile
range; IQR). Statistical analyses were performed using Student’s t-test, Mann–Whitney U
test for unpaired data (SPSS®, 22.0, Chicago, IL, USA), or two-way analysis of variance and
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Tukey’s post hoc test (GraphPad Prism®, 8.3.1, San Diego, CA, USA). Statistical significance
was set at p < 0.05.

3. Results

3.1. Long-Term HFHF Diet Induced Diabetes

Compared to those of the control group, after 3 months of HFHF treatment, the HFHF
diet induced a sharp increase in body weight (p < 0.0001) and body mass index (BMI;
p < 0.0001) in the rats of the HFHF group (Table S2, Figures 2A and S1). Fasting glycemia
increased significantly between groups (p < 0.05) (Figure 2B). Lipid-related biochemical
parameters increased in the HFHF group (Table S2). Obvious vacuolar degeneration in the
livers of HFHF diet-fed rats was also observed (Figure S2).

Figure 2. BMI, fasting glucose, and glucose tolerance measured in this study. (A) The body mass
index (BMI) in this study for the normal diet (control, blue) and high-fat, high-fructose diet (HFHF,
red) groups. (B) Evolution of fasting glycemia. (C–E) Evolution of glucose tolerance measured via
the intraperitoneal glucose tolerance test (IpGTT) in all groups at the beginning (baseline) and after
3 (month 3) and 18 (month 18) months of feeding. (F) The area under the curve (AUC) during the
IpGTT. Results are shown as the mean ± SD. * Significant results versus the age-matched control
group: * p < 0.05, **** p < 0.0001.

After 18 months of treatment, the HFHF group exhibited more severe metabolic
disorders, particularly dyslipidemia and hyperglycemia. Compared to the age-matched
control group, the fasting glycemia level (p < 0.0001) and AUC of the IpGTT test (p < 0.0001)
were significantly higher in the HFHF group (Figure 2). Lipid droplets showed further
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accumulation, and hepatic fibrosis was observed in the liver of HFHF rats (Figure S2).
These findings suggest that long-term HFHF induces T2DM.

3.2. HFHF Diet Influenced Islet Cell Function and Structure

Insulin, secreted by islet cells, is the essential hormone responsible for maintaining
glucose homeostasis [48]. Proinsulin, a precursor molecule of insulin, is intracellularly
cleaved by prohormone convertases, which hydrolyze positions 32–33 and 65–66 in proin-
sulin, and the carboxypeptidase E, which removes the basic residues 64–65 and 31–32 to
form insulin and C-peptide [41,49–52]. Therefore, the total proinsulin consists of several
partially hydrolyzed forms of proinsulin intermediate (32–33 split proinsulin, 65–66 split
proinsulin, des 64–65 proinsulin, and des 31–32 proinsulin) and intact proinsulin, which is
the unhydrolyzed form of proinsulin [51–54]. Hence, the detection of total proinsulin and
intact proinsulin could reflect the hormone-processing ability of islet cells.

To assess the functional consequences of an HFHF diet on the pancreas, levels of the
above hormones were measured using ELISA (Figure 3A–D). After 3 months of receiving
the appropriate diet, the fasting insulin level of HFHF rats was higher than that of the
age-matched control group, whereas there were no differences in C-peptide, proinsulin,
and intact proinsulin. After 18 months, the levels of these four hormones were significantly
higher in the HFHF group than in the control group. Furthermore, during the IpGTT, the
insulin, C-peptide, and proinsulin levels were also higher in the HFHF group than in the
control group at each timepoint (Figure S3).

Figure 3. Cont.
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Figure 3. Structural and function changes of the pancreas in this study. (A–D) Fasting plasmatic
insulin, C-peptide, proinsulin, and intact proinsulin levels during the study for the normal diet
(control, blue) and high-fat, high-fructose diet (HFHF, red) groups at the beginning (baseline) and after
3 (month 3) and 18 (month 3) months of feeding. Results are shown as the mean ± SD. * Significant
results versus the age-matched control group: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
(E) Changes in islets were visualized using hematoxylin/eosin staining, Masson’s Trichrome staining,
and insulin and glucagon immunofluorescence staining at the beginning (baseline) and after 3
(month 3) and 18 (month 18) months of normal (control) and high-fat, high-fructose (HFHF) diet
feeding. Scale bar = 100 μm.

The islet structure was examined using HE staining. As shown in Figures 3E and S4,
the size of islets in the pancreas of the HFHF group rats increased after 3 months. However,
after 18 months of feeding, islet size decreased, and the morphology became irregular. This
phenomenon was confirmed by immunofluorescence staining (Figure S4). At the same
time, the pancreatic tissue of rats in this group was found to have been infiltrated by a large
number of adipocytes (Figure S5).

3.3. HFHF Diet Increased the Plasmatic Degree of Oxidation

As shown in Figure 4A, 8-oxo-Gsn levels were significantly higher in the urine of
the HFHF group rats than that of the age-matched control group (3 months, p < 0.01;
6 months, p < 0.01; 12 months, p < 0.01; 18 months, p = 0.4). A similar trend was observed
in urinal 8-oxo-dGsn detection. After 12 months of HFHF treatment, the level of 8-oxo-
dGsn in the HFHF group increased significantly compared to the age-matched control
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group (12 months, p < 0.05; 18 months, p < 0.05) (Figure 4B), while the amount of 8-oxo-
dGsn in the normal diet group remained unchanged during the study. Thus, long-term
consumption of an HFHF diet induces RNA and DNA oxidation, suggesting the presence
of an over-oxidative environment.

Figure 4. Changes in oxidation and inflammation levels during this study. Evolution of 8-oxo-Gsn
(A) and 8-oxo-dGsn (B) during the study for the normal diet (control, blue) and high-fat, high-fructose
diet (HFHF, red) groups. Results are shown as the median (interquartile range). (C,D) Effects of
diet on SOD (C), GR (D), and XOD (E) activity at the beginning (baseline) and after 3 (month 3) and
18 (month 18) months of control and HFHF diet. (F–H). Effects of diet on VEGF (F), IL-1β (G), and
IL-6 (H) during the study at the beginning (baseline) and after 3 (month 3) and 18 (month 18) months
of treatments. Results are shown as the mean ± SD. * Significant results versus the age-matched
control group: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

After administering the HFHF diet for 3 months, the levels of plasma oxidative param-
eters were significantly higher than those in the age-matched control group (Figure 4C–E,
Table S2). After another 15 months of the HFHF diet, the levels of antioxidant enzyme
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activity (GR and XOD) and T-AOC in the HFHF group were twice those of the control
group, suggesting that plasma oxidation was further intensified (Figure 4D,E, Table S2).
Moreover, the expression of GSH, which acts as a ROS scavenger, decreased gradually
(Table S2). These results suggest that the degree of OS in rats increased with consumption
of the HFHF diet.

3.4. HFHF Diet Caused Inflammation

After feeding an HFHF diet for 3 months, compared with the age-matched group, there
was no significant change in the plasma inflammation indices, except for IL-6 (p < 0.05)
(Figure 4F–H, Table S2). Importantly, after 18 months, all inflammatory factors, including
IL-1β (p < 0.01), IL-6 (p < 0.0001), MCP-1 (p < 0.0001), TNF-α (p < 0.05), VEGF (p < 0.001),
and ICAM1 (p < 0.05) showed significant differences, indicating that the long-term HFHF
diet induced an elevation in inflammation.

3.5. Identification and Transcriptomic Pattern of Pancreatic Cells from Single-Cell Levels in HFHF
Rats after 18 Months

Six rats divided into baseline (young), HFHF (HFHF-old), and age-matched control
(old) groups after 18 months of treatment were sacrificed, and their pancreases were isolated
for scRNA-seq. A total of 78,024 cells were processed and qualified. After filtering the
abnormal cells, data from 76,383 cells were loaded into Seurat for subsequent analysis
(Figure S6F).

Unsupervised clustering analysis separated the cells into 10 clusters (Figures 5A and S7A).
Specific cell markers were used to recognize identities of cell clusters, including Cd3e and
Cd8a (T cells), Ccl24 and Cd83 (macrophage cells), Cpe and Pnliprp1 (secretory cells), Postn
and Ccdc80 (fibroblast cells), Irf8 and Ly86 (B cells), Aqp1 and Flt1 (endothelial cells), Acta2
and Myh11 (vascular smooth muscle cells), and Sox9 and EpCAM (ductal epithelial cells)
(Figure 5B). The number of cell types in the pancreas differed among the three groups
(Figure 5A,C). GO analysis indicated that inflammation and immune-related pathways were
significantly enriched in the HFHF-old group compared to the old group (Figure S7C–E),
which was consistent with a significant increase in the T-cell count (Figure 5C). These
observations indicate that long-term HFHF diet altered the pancreatic cellular composition.

Figure 5. Cont.
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Figure 5. Distinct cell populations with transcriptional signatures in pancreatic secretory cells
determined by a scRNA-Seq analysis of diabetic rats. (A) UMAP plot characterizing the differences
in pancreatic cell distribution at the beginning (young) and after 18 months (HFHF-old, old) of diet
feeding. Each point represents one cell. The distance between the two points is determined by the
Pearson correlation of the 500 most highly expressed genes in each cell. Cell identity is recognized by
the expression of marker genes. (B) UMAP plot of the marker gene expression in different cell types.
(C) The number of different pancreatic cells at the beginning (young) and after 18 months (HFHF-old,
old) of diet feeding. (D) Violin diagram of top 10 genes highly expressed in pancreatic secretory cells.
(E) Violin diagram of secretory function-related gene expression in secretory cells among HFHF-old
(HFHF, 18 months), old (control, 18 months), and young (baseline) groups. (F–H) Gene Ontology
terms of upregulated enrichment obtained in secretory cells after a pairwise comparison of three
groups (p < 0.05).

3.6. Long-Term HFHF Diet Affected the Expression of Characteristic Genes and Enriched
Oxidative and Inflammatory Pathways in Secretory Cells

We then explored the changes in the expression of characteristic genes in secretory
cells caused by the long-term HFHF diet and aging. As the cells in clusters 2 and 5 were
classified as secretory cells (Figure 5A,B), we combined the two clusters and compared
them with other types of cells. The top 10 differentially expressed genes in secretory cells
are shown in Figure 5D, most of which were related to the synthesis of glucose-regulating
hormones and pancreatic proteases. GO analysis indicated that peptide hormone secretion-
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and digestion-related pathways were significantly enriched in the secretory cells (Figure S8).
We found different expression patterns among the genes related to hormone synthesis in
the three experimental groups. As shown in Figure 5E, the expression of genes related to
glucose-regulating hormone synthesis decreased in the HFHF-old group, including Ins1,
Gcg, Ppy, and Pyy. The total number of secretory cells also confirmed this among the groups,
which showed that secretory cells number decreased in the old group, and the long-term
HFHF diet exacerbated this decline (Figure 5C). In addition, GO analysis indicated that OS-
related pathways were enriched in the secretory cell clusters of the HFHF-old group, while
endoplasmic reticulum unfolded protein response-related pathways were mainly enriched
in the old group (Figure 5F–H). Furthermore, inflammatory pathways were detected in the
HFHF-old and old groups (Figure 5F–H). All of the above results verified that endoplasmic
reticulum stress induced by unfolded proteins increases with age. A long-term HFHF diet
downregulated the expression of glucose-regulating hormones and secretory cell numbers,
while it potentially upregulated oxidative and inflammation-related pathways in pancreatic
secretory cells.

3.7. The Long-Term HFHF Diet Affected the Number of Islet Cells and the Expression of
Characteristic Genes

Four major endocrine cell types in islets and acinar cells were identified using specific
cell markers: Gcg and Gc (alpha cells), Ins1 and Pcsk2 (beta cells), Ppy and Pyy (polypeptide
(PP) cells), Sst (delta cell), and Prss2 and Cela1 (acinar cells) (Figures 6A,B and S9A,B). The
number of islet cells, especially alpha, PP, and delta cells, was significantly decreased in the
HFHF-old group, whereas that in the old group barely changed (Figure 6C). The number
of beta cells decreased slightly in the long-term HFHF group compared to that in the old
group. Since only eight delta cells were obtained in the long-term HFHF group, which was
too few to analyze the differential expressed genes between groups, these islet cells were
not included in subsequent transcriptional and functional studies.

Figure 6. Cont.

183



Nutrients 2022, 14, 2181

Figure 6. Distinct cell populations with transcriptional signatures in secreting islet cells. (A) UMAP
plot characterizing the differences in secretory cell subpopulation distribution at the beginning
(young) and after 18 months (HFHF-old, old) of diet feeding. Each point represents one cell. The
distance between the two points is determined by the Pearson correlation of the 500 most highly
expressed genes in each cell. Cell identity is recognized by the expression of marker genes. (B) UMAP
plot of the marker gene expression in four types of islet cells. (C) The number of different pancreatic
secretory cells at the beginning (young) and after 18 months (HFHF-old, old) of diet feeding. (D) Violin
diagram characterizing the marker genes expression level in islet alpha, beta, and PP cells at the
beginning (young) and after 18 months (HFHF-old, old) of diet feeding. (E) GO terms of upregulated
secretory function-related enrichment obtained in islet alpha, beta, and PP cells after pairwise
comparison of three groups (p < 0.05).

To further analyze the effects of long-term HFHF and the unavoidable aging on func-
tional genes in islets, we compared the expression of several of the most common marker
genes and transcriptional regulators of these three cells among the three experimental
groups. Several known beta cell markers were also identified, including Iapp encoding
islet amyloid polypeptide and Slc2a2 (also known as Glut2) which is responsible for glu-
cose uptake [55] (Figure 6D). During the aging process, the expression of major hormone-
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biosynthetic genes in islet cells, such as Gcg in alpha cells, Ins1 in beta cells, and Ppy and Pyy
in PP cells, was upregulated, but the long-term HFHF diet caused downregulation of these
genes (Figure 6D). Pdx1 (encoding pancreas/duodenum homeobox protein 1 and binding to
the regulatory elements to upregulate insulin gene transcription [56]) and Slc2a2 expression
in beta cells was upregulated with aging, and the long-term HFHF diet further upregulated
these genes. The expression of Pdx1 and Slc2a2 in alpha cells was also upregulated in the
HFHF group. The long-term HFHF diet further exacerbated the downregulation of Rbp4
(encoding retinol-binding protein 4, which is an adipokine involved in the development of
obesity and insulin resistance [57]) expression in beta cells compared to the age-matched
group. The expression of Pcsk1(encoding proprotein convertase subtilisin/kexin type 1,
which has been identified in patients with early-onset obesity [58,59]) increased in alpha
cells with a long-term HFHF diet. In addition, the expression of Ins1 in alpha cells was
increased in the HFHF group (Figure 6D). We further performed GO analysis to confirm
functional changes in different islet cells, and the results showed that the long-term HFHF
diet altered hormone secretion function as a positive regulation of protein secretion, while
cellular response to calcium ion and protein processing pathways were significantly en-
riched (Figure 6E). In alpha cells, positive regulation of secretion, exocytosis, and peptide
hormone processing were enriched in the HFHF-old group, suggesting that a long-term
HFHF diet might increase function-related hormone processing and secretion in alpha cells.
In beta cells, the positive regulation of protein secretion, insulin secretion, and positive
regulation biosynthetic processes were also enriched in the HFHF-old and age-matched
old groups. In PP cells, the protein hormone secretion and exocytosis pathways were
enriched only in the HFHF-old group. Long-term HFHF treatment might downregulate
the synthesis of glucose-regulating hormones but might increase hormone secretion in
subpopulations of islets.

3.8. Long-Term HFHF Diet Increased the Oxidative Stress Level in Islet Cells

As the blood oxidative parameters were significantly increased in the HFHF group,
we further investigated the oxidation-related genes and pathways that changed within
islet subpopulations. The oxidoreductase gene expression differed among islet cell types
(Figure 7A). The expression of Atox1 (antioxidant 1 copper chaperone) and Ndufs4 (ubiquinone
oxidoreductase subunit S4) in alpha, beta, and PP cells gradually decreased with age,
and the long-term HFHF diet further exacerbated the downregulation of these genes.
The expression level of Pyroxd1 (pyridine nucleotide-disulfide oxidoreductase domain 1)
decreased in the old group, while it recovered in the HFHF-old group. Among alpha
cells, Ero1b (endoplasmic reticulum oxidoreductase 1 beta) expression also decreased
with age but was upregulated by the long-term HFHF diet. In contrast, in beta and PP
cells, the expression of Ero1b was increased in the old group and further upregulated
in the HFHF-old group. In alpha cells, the Sod1 (superoxide dismutase 1) expression
decreased with age, and long-term administration of an HFHF diet further exacerbated
this decline. In beta cells, the expression of Nos1 (nitric oxide synthase 1) was decreased
in the old group, but the long-term HFHF diet induced partial recovery. In PP cells, the
expression of Gfod2 (glucose-fructose oxidoreductase domain containing 2) and Foxred2
(FAD-dependent oxidoreductase domain containing 2) was higher in the HFHF-old group
than in the old group. As the violin plots showed that a long-term HFHF diet increased the
expression of various oxidoreductases in different subpopulations of islets, GO analyses
were also proposed to determine changes in oxidative- and inflammation-related pathways
in different islet cells. Oxidative-related biological processes were enriched in islet cells
including beta and PP cells of HFHF-old group, such as response to reactive oxygen species
biological processes and cellular response to oxidative stress compared with the old group
(Figure 7B). However, negative regulation of reactive oxygen species was enriched in alpha
and beta cells from the old group, suggesting that ROS could also be produced with normal
aging. Combined with the slow change in plasma antioxidant parameters in the old group,
this suggested that the level of ROS induced by aging was still within the normal range
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and did not cause OS. In addition, inflammation-related biological processes, including
the response to IL-4 and IL-1, were only enriched in the HFHF-old group, suggesting that
long-term HFHF diet caused inflammation in the alpha, beta, and PP cells of islets. On the
basis of the above, a long-term HFHF diet changed the expression pattern of oxidoreductase
genes and increased oxidation and inflammation in islet subpopulations.

Figure 7. Distinct expression of oxidative-related oxidoreductase genes and Gene Ontology (GO) anal-
ysis findings among three groups. (A) Violin diagram characterizing the expression of oxidoreductase
genes in islet alpha, beta, and PP cells at the beginning (young) and after 18 months (HFHF-old, old)
of diet feeding. (B) GO terms of upregulated OS and inflammation-related enrichment obtained in
islet alpha, beta, and PP cells after a pairwise comparison of three groups (p < 0.05).
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4. Discussion

Various HFHF dietary patterns, which can induce diabetes in rats, have been re-
ported [33–40,60]. However, the dose of fructose and fat administered to rodents in many
studies was higher (50–60% of the diet) than that consumed by humans (10–15%) [61].
Therefore, we chose a model that more closely resembles the human diet (21.44% fat,
17.45% protein, 50.26% carbohydrate, and 20% fructose in water) [33]. Previous animal
studies have shown that an HFHF diet induces persistent metabolic disorders and OS
in pathogenesis, as well as hepatic and vascular complications [33–35]. We also found
abnormal glucose and lipid metabolism in rats after 3 months of the HFHF diet, with
significant abnormalities in glucose tolerance noted after 18 months. In our study, obvi-
ous vacuolar degeneration in the liver and an increase in oxidative parameters (such as
GR, SOD, and 8-oxo-Gsn in urine) were also observed, consistent with previous human
epidemiology [26–29] and animal [30,33–35] studies.

The function of islets is to secrete glucose-regulating hormones to maintain glucose
homeostasis; however, this function is impaired in T2DM patients [48]. Therefore, we fur-
ther explored changes in the structure and function of islets in a T2DM rat model induced
by a long-term HFHF diet. After 3 months of an HFHF diet, the size of the islets increased.
This morphological change was also verified in ovariectomized rats with an HFHF diet [43].
As only the level of insulin increased significantly and diabetes did not develop at this time,
the change in islets might suggest that compensatory hyperplasia occurred. This result
is consistent with previous research showing that beta-cell mass expansion is modulated
indirectly by insulin via the nuclear hormone receptor peroxisome proliferator-activated re-
ceptor γ in response to obesity [62–66]. Notably, after 18 months of feeding, the islet volume
decreased unexpectedly, and the morphology became irregular, which was consistent with
the significant increases in fasting glucose levels, glucose tolerance, and levels of immature
precursors of insulin. These results showed that an increase in islet mass occurred in the
early compensatory phase in T2DM, while islet mass decreased in the late phase.

As the pancreatic structure and its secretory function were remarkably changed,
scRNA-seq analysis was conducted to further explore changes in the cell composition
and transcriptome patterns of pancreatic cells, secretory cells, and subpopulations of islet
cells. A scRNA-seq analysis could help researchers to explore cell heterogeneity, identify
cell states, and show changes in cell-type-specific genes during aging or disease devel-
opment [67]. Previous studies have analyzed human islets via scRNA-seq, enabling a
better understanding of islet pathology in aging and T2DM. Wang et al. found that alpha
and beta cells from donors with T2DM had expression profiles with features observed in
children, which indicated a partial dedifferentiation process [68]. Enge et al. found that
an elevation of transcriptional noise and potential fate drift occurred in islet cells from
elders [69]. Xin et al. identified 245 genes with disturbed expression in type 2 diabetes,
92% of which were not involved in islet cell function or growth in the previous study [70].
Rat, a popular animal model for studying T2DM, has a loosely dispersed mesenteric pan-
creas, which makes it difficult for researchers to collect and prepare single-cell suspensions
for scRNA-seq studies. Thus, it would be worthwhile to explore methods and identify the
characteristics and transcriptome patterns of rat islets and their subpopulations. In this
study, cell-specific markers were used to identify secretory, immune, fibrocyte, endothelial,
vascular smooth muscle, and ductal epithelial cells in the pancreas. We found that the
secretory population decreased with age, and the long-term HFHF diet exacerbated this
decline. Examination of the secretory cell subtypes showed that the number of islet cells,
especially alpha, delta and PP cells, was significantly decreased in the HFHF-old group
compared to the young group, while that of the old group was nearly unchanged. Among
the three experimental groups, the expression of genes related to glucose-regulating hor-
mone synthesis was upregulated during the aging process; however, the long-term HFHF
diet caused downregulation. Nevertheless, GO analysis showed a positive regulation of
hormone secretion induced by a long-term HFHF diet, while the positive regulation of
protein secretion, exocytosis, peptide hormone processing, and positive regulation biosyn-
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thetic processes were enriched in islet cells of the HFHF group. These results suggest that
a long-term HFHF diet may reduce the synthesis of glucose-regulating hormones while
promoting the release of these hormones. Furthermore, the expression of Ins1 in alpha
cells increased with age and was further exacerbated by a long-term HFHF diet. This
was confirmed by the increase in plasma insulin, proinsulin, and intact proinsulin levels,
suggesting islet dysfunction.

Several studies have shown that the degree of oxidation increases in diabetic pa-
tients [24,26,27]. We also found elevated levels of plasma GR, SOD, XOD, GR, T-AOC, urine
8-oxo-Gsn, and 8-oxo-dGsn in rats fed an HFHF diet; however, the changes in the pancreas
or islets were still not clear. Therefore, we used scRNA-seq to explore the transcriptome
patterns of islet cells and their subgroups of oxidation-related genes and biological pro-
cesses. In the present study, scRNA-seq showed that the long-term HFHF diet increased the
degree of oxidation of secretory cells. GO analysis indicated that OS-related pathways were
enriched in secretory cell clusters with the long-term HFHF diet, whereas the endoplas-
mic reticulum stress response induced by unfolded proteins was more significant during
aging. In islet cells, different oxidoreductase gene expression in the HFHF-old group was
upregulated in three subtypes of islet cells (alpha, beta, and PP cells), including Pyroxd1,
Ero1b, Nos1, Gfod2, and Foxred2. Furthermore, compared with those of the old group,
oxidative-related biological processes, such as the response to reactive oxygen species, were
also enriched in the islet cells of the HFHF group. Moreover, the transcriptional level of
oxidoreductase also changed in islet cells with aging; for example, Sod1 decreased with age
in alpha and beta cells, and a long-term HFHF diet further exacerbated this decline. All
the above results verified that the long-term HFHF diet accelerated OS in the pancreas and
islet subpopulations.

In addition, inflammatory pathways have also been regarded as the potential pathogenic
mediators of overweight and DM [71,72]. Several reports support the notion that islet
inflammatory processes are involved in the pathophysiological changes in T2DM [73]. We
also found that inflammation levels were significantly increased in the long-term HFHF-
treated rats. However, the cause of islet inflammation remains unclear [72]. We found
that inflammation-related items, including the response to IL-4 and IL-1, were significantly
enriched in alpha, beta, and PP cells of islets in the HFHF-old group according to GO
analysis from the ScRNA-seq data. In addition, our plasma findings also confirmed that a
long-term HFHF diet induced inflammation. After feeding the HFHF diet for 3 months, the
levels of plasma oxidative parameters were significantly increased, while those of plasma
inflammatory factors, including IL-1β, IL-6, MCP-1, VEGF, and ICAM1, were only changed
after 18 months of feeding. The results showed that inflammation occurred after oxidative
stress, suggesting that oxidative stress might be the cause of the high inflammation in
T2DM patients.

5. Conclusions

In summary, our findings show that a long-term HFHF diet induces metabolic disor-
ders, oxidation, and inflammation, as well as changes in islet size and irregular secretory
functions in the pancreas. ScRNA-seq analysis of pancreatic cells revealed that the long-
term HFHF diet resulted in decreased islet cell counts and the enrichment of hormone
secretion biological processes, as well as of the oxidative and inflammatory pathways in
islet alpha, beta, and PP cells. During the aging process, the expression of major hormone-
synthesis genes is upregulated, and the transcriptional level of most oxidoreductases is
decreased in islet cells. This study decoded the long-term HFHF diet and aging-associated
structural and transcriptomic changes that underlie pancreatic islet functional decay at
a single-cell resolution and indicated that HFHF diet-induced inflammation occurred
after the accumulation of oxidative stress, suggesting an avenue to prevent improper
diet-related diabetes.
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Abstract: Obesity is a highly prevalent disease that can induce metabolic syndrome and is associated
with a greater risk of muscular atrophy. Mitochondria play central roles in regulating the physiological
metabolism of skeletal muscle; however, whether a decreased mitochondrial function is associated
with impaired muscle function is unclear. In this study, we evaluated the effects of a high-fat
diet on muscle mitochondrial function in a zebrafish model of sarcopenic obesity (SOB). In SOB
zebrafish, a significant decrease in exercise capacity and skeletal muscle fiber cross-sectional area
was detected, accompanied by high expression of the atrophy-related markers Atrogin-1 and muscle
RING-finger protein-1. Zebrafish with SOB exhibited inhibition of mitochondrial biogenesis and
fatty acid oxidation as well as disruption of mitochondrial fusion and fission in atrophic muscle.
Thus, our findings showed that muscle atrophy was associated with SOB-induced mitochondrial
dysfunction. Overall, these results showed that the SOB zebrafish model established in this study may
provide new insights into the development of therapeutic strategies to manage mitochondria-related
muscular atrophy.

Keywords: high-fat diet; muscle; sarcopenic obesity; mitochondria; zebrafish

1. Introduction

Obesity is an epidemic disease in economically developed and developing countries
and is associated with several chronic diseases, including diabetes mellitus and non-
alcoholic fatty liver disease [1]. Unhealthy diets, such as a high-fat diet (HFD), are major
causes of obesity [2,3]. Furthermore, HFDs can also contribute to metabolic disorders, pro-
inflammatory cytokine expression, and insulin resistance in skeletal muscle [4], the latter of
which is one of the primary causes of type 2 diabetes mellitus [5,6]. Long-term, high-fat
dietary intake can induce myofibrillar protein degradation and myonuclear apoptosis and
ultimately lead to sarcopenia [7]. Sarcopenic obesity (SOB) combined with the deteriora-
tion of skeletal muscle function can lead to decreased exercise capacity, accompanied by
increased disability and frailty [8]. Thus, further studies of the mechanisms underlying
the pathogenesis of SOB are necessary to facilitate the prevention and treatment of this
muscle disorder.

Mitochondria are crucial organelles responsible for the ATP supply and metabolic
status of skeletal muscle [9]. The reduction in muscle mass induced by SOB may contribute
to dysregulation of the mitochondrial network and impairment of mitochondrial func-
tion [10,11]. Additionally, the dysregulation of mitochondrial function can accelerate lipid
deposition and oxidative stress in muscle, thereby exacerbating the decrease in muscle
mass [12]. Thus, the investigation of the molecular mechanisms regulating mitochondrial
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function and how obesity leads to mitochondrial dysfunction in sarcopenia may facilitate
the development of strategies to manage SOB.

Many researchers have developed reliable zebrafish models to understand muscle
degeneration and its pathophysiology [13,14]. We hypothesized that zebrafish could be
an appropriate SOB model and that the molecular mechanism underlying the condition
was related to mitochondrial function. In the current study, we evaluated the effects of
HFD-induced SOB on muscle atrophy and exercise capacity in a zebrafish model. We
also explored the causal relationship between muscle mitochondrial function and SOB
in zebrafish. Our findings may provide insights into therapeutic targets and treatment
strategies for SOB.

2. Materials and Methods

2.1. Animal Ethics Statement

All experiments were conducted under the Chinese guidelines for animal welfare
and experimental protocols. Approval was obtained from the Animal Experiment Admin-
istration Committee of Hunan Normal University (Changsha, China; approval number:
2018/046).

2.2. Animals, Culture Conditions, and Dietary Experimental Design

Adult male zebrafish (AB strain, 4 months old) were raised under light at 28 ◦C for
14 h under standard husbandry conditions. Prior to the start of the experiment, zebrafish
were fed a commercial diet (TP1FM21051; Trophic Animal Feed High-Tech Co., Ltd.,
Nantong, China) containing 6% fat for 1 week of adaptation. Subsequently, 90 healthy
zebrafish were selected and randomly allocated to two diet groups (three tanks per dietary
treatment, 15 zebrafish per tank): a normal diet (6% fat; ND) or an HFD (24% fat). During
the 16-week feeding trial, experimental zebrafish were fed three times per day. At the
end of the trial, the final body weight and body length of the fish in each tank were
determined. Fifteen zebrafish from each dietary regimen group (5 fish/tank) were randomly
selected for quantification of swimming capacity. Subsequently, zebrafish were randomly
anesthetized with 20 mg/L tricaine methanesulfonate after fasting for 24 h, after which
blood samples were collected from the caudal vein using 10 μL heparin-treated capillaries
for blood glucose measurement. Liver and muscle samples were immediately collected for
further experiments.

2.3. Biochemical Analyses

Blood glucose levels were measured using a blood glucometer purchased from Yuwell
(Yuwell 580, Beijing, China). For measurement of muscle triglyceride, total cholesterol, cata-
lase, and total superoxide dismutase levels, 150 mg of muscle tissue (from three zebrafish)
from each group was homogenized in 0.9% normal saline (1:9, v/v) and centrifuged at
2000 rpm for 15 min. The supernatants were collected and aliquoted for further analysis.
Biochemical parameters were measured using specific commercial kits (Jiancheng Biotech
Co., Nanjing, China).

2.4. Histological Analysis

Liver samples from three zebrafish per group (one zebrafish per tank) were fixed in
4% paraformaldehyde solution for 24 h, embedded in paraffin, and sliced into 4-μm-thick
sections for hematoxylin-eosin (H&E) staining and Masson staining.

Three fresh liver samples were fixed in 4% paraformaldehyde for 4 h and embedded
in OCT. Frozen sections (8 μm thickness) were generated using a cryostat and the samples
were fixed with 4% paraformaldehyde for an additional 30 min. The slides were washed in
distilled water and stained with Oil Red O for 15 min. Oil Red O staining was performed
to determine the lipid contents in liver tissue.

The muscle tissues (for H&E staining) of zebrafish (n = 3) were fixed in 4% paraformal-
dehyde, dehydrated through an ethanol series, dewaxed with xylene, and embedded in
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paraffin wax. The samples were transversely cut into 4 μm thick slices, dewaxed, dried,
and stained with H&E under standard conditions. The images were captured using a
microscope (Leica, Heidelberg, Germany) and analyzed using ImageJ (NIH, Bethesda,
MD, USA).

2.5. Transmission Electron Microscopy

For transmission electron microscopy, tissues were fixed in 2.5% glutaraldehyde for
6–12 h. The fixative solution was discarded, and cells were transferred to phosphate-
buffered saline. Next, cells were fixed in 1% osmic acid for 1–2 h, and dehydration was
carried out by incubation in 30% ethanol for 10 min, 50% ethanol for 10 min, 70% uranyl
acetate in ethanol (stained before embedding) for 3 h or overnight, 80% ethanol for 10 min,
95% ethanol for 15 min, 100% ethanol twice for 50 min each, and propylene oxide for
30 min. Next, samples were incubated in propylene oxide: epoxy resin (1:1) for 1–2 h and
then in pure epoxy resin for 2–3 h. After embedding in pure epoxy resin, samples were
baked in an oven at 40 ◦C for 12 h and then at 60 ◦C for 48 h. Samples were then cut into
ultra-thin sections and placed on copper grids. Staining was then performed with lead and
uranium stain, and images were acquired using a Japan Electronics JEM1400 transmission
electron microscope and recorded with a Morada G3 digital camera.

2.6. Swimming Capacity and Oxygen Consumption Measurement

Analysis of the swimming performance and oxygen consumption of zebrafish was per-
formed using a miniature swimming tunnel respirator (Loligo Systems, Viborg, Denmark).
The following formula was used to calculate Ucrit values for the swimming tests: Ucrit = Uf
+ US × (Tf/TS), where Uf (cm/s) is the highest velocity, US (2.7 L) is the velocity increment,
Tf (min) is the time elapsed at fatigue velocity, and TS (14 min) is the prescribed interval
time. Ucrit is expressed in terms of body lengths per second (BL/s). Maximal oxygen
consumption (MO2) was calculated using AutoResp 1 software (Loligo Systems, Viborg,
Denmark). More detailed information can be found in our previous study [15].

2.7. Total RNA Extraction and Reverse Transcription-Quantitative Polymerase Chain Reaction
(RT-qPCR)

The total RNA from zebrafish muscle tissue (one sample with two fish muscle tis-
sues, n = 6) was extracted by homogenization in TRIzol solution (Thermo Fisher Scien-
tific, Waltham, MA, USA) according to the manufacturer′s protocol. RNA was reverse-
transcribed into cDNA using a reverse transcription system kit (Takara, Tokyo, Japan).
qPCR was performed using SYBR Green Master Mix (Thermo Fisher Scientific). Relative
mRNA expression was determined using a Bio-Rad real-time PCR system (CFX96; Bio-Rad
Laboratories, Hercules, CA, USA). Sangon Biotech synthesized primers for the detected
genes and the reference gene, gapdh. Relative mRNA expression was determined using the
2−ΔΔCT method.

2.8. Western Blot

Zebrafish skeletal muscle tissue (n = 6) was lysed in cold RIPA buffer (Solarbio, Beijing,
China) containing a mixture of protease and phosphatase inhibitors (Solarbio). Protein
quantification was performed using a bicinchoninic acid protein assay kit (cat. no. E112-
01/02; Vazyme, Nanjing, China), and the protein (30 mg) in each sample was separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis on 10% or 15% gels and then
transferred to 0.45 or 0.22 mm polyvinylidene difluoride (PVDF) membranes. For analysis
of phosphorylated proteins, membranes were blocked with 5% bovine serum albumin,
whereas for analysis of other proteins, membranes were blocked with 5% fat-free milk.
Membranes were incubated with primary antibodies overnight at 4 ◦C and washed with
TBST. Subsequently, membranes were incubated with appropriate secondary horseradish
peroxidase-conjugated antibodies. The proteins were detected using a gel imaging system
(Tanon, Shanghai, China). The antibodies used were as follows: rabbit anti-β-actin antibody
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(1:2000; Proteintech, Wuhan, China), rabbit anti-Atrogin-1 antibody (1:1000; Proteintech),
rabbit anti-muscle RING-finger protein-1 (MuRF1) antibody (1:1000; Proteintech), rabbit
anti-sirtuin 1 (SIRT1; 1:1500; Proteintech), rabbit anti-peroxisome proliferator-activated
receptor γ coactivator 1-α (PGC1α) antibody (1:1000; Bioss, Beijing, China), rabbit anti-optic
atrophy protein 1 (OPA1) antibody (1:1500; Proteintech), rabbit anti-mitofusin 2 (MFN2) an-
tibody (1:1500; Proteintech), rabbit anti-dynamin-related protein 1 (DRP1) antibody (1:1500;
Proteintech), and rabbit anti-phospho-AMP-activated protein kinase (AMPK; Thr172) an-
tibody (1:2000; Cell Signaling Technology, Danvers, MA, USA). Protein expression was
normalized to that of β-actin.

2.9. Statistical Analysis

Statistical analysis was performed using SPSS (version 22.0; IBM, Chicago, IL, USA)
or the GraphPad Prism software (version 9.0; San Diego, CA, USA). Data were expressed
as means ± standard deviations of three independent experiments. Unpaired t-tests were
used to compare the mean values of the two groups. All experiments were repeated three
times. Statistical significance was set at p < 0.05.

3. Results

3.1. Long-Term HFD Feeding Induced Obesity and Liver Injury in Zebrafish

As shown in Figure 1, zebrafish fed an HFD exhibited higher body weight compared
with those in the ND group (Figure 1A), whereas no significant differences in body length
were observed (Figure 1B). Fasting blood glucose and muscle triglyceride contents sig-
nificantly increased in the HFD group (Figure 1C,D). After 16 weeks, HFD-fed zebrafish
developed the characteristics of fatty liver with evident increases in lipid droplets, hepatic
steatosis severity, and collagen contents (Figure 1E). These data indicate the successful
establishment of HFD-induced obesity in zebrafish.

Figure 1. Long-term high-fat diet (HFD) feeding induced obesity and liver injury in zebrafish.
(A) Body weight of zebrafish. (B) Body length of zebrafish. (C) Fasting blood glucose of zebrafish.
(D) Muscle triglyceride contents. (E) Oil Red O staining, H&E staining, and Masson staining of
zebrafish livers. ***, p < 0.001. Data represent means, and error bars represent standard errors of the
means. Scale bar, 20 μm. ND, normal diet; HFD, high-fat diet.

196



Nutrients 2022, 14, 1975

3.2. Long-Term HFD Feeding Induced Skeletal Muscle Atrophy

After a 16-week feeding trial, we used transmission electron microscopy to examine
the fiber morphology of muscles. Compared with the ND group, in which zebrafish muscle
exhibited a normal structure, the muscles of zebrafish in the HFD group exhibited more
lipid droplets. H&E staining indicated that the muscle fiber sizes of transverse sections in
the HFD group were smaller than those in the ND group (Figure 2A,B). Furthermore, the
expression of muscle atrophy markers (Atrogin-1 and MuRF1) was significantly increased
in zebrafish in the HFD group (Figure 2C,D). These results demonstrated that long-term
HFD feeding caused muscular atrophy in zebrafish.

Figure 2. Comparison of skeletal muscle fiber size between zebrafish groups. (A) Representative
photomicrographs of muscle sections stained H&E or imaged using transmission electron microscopy.
(B) Average fiber size (based on H&E staining). (C,D) Atrogin-1 and MuRF1 protein expression.
*, p < 0.05, ***, p < 0.001. Data represent means, and error bars represent standard errors of the means.
Scale bars in transmission electron microscopy images, 2 μm. Scale bars in H&E-stained images,
20 μm. ND, normal diet; HFD, high-fat diet.

3.3. Long-Term HFD Feeding Impaired the Swimming Capacity of Zebrafish

We used exercise experimental protocols to measure the swimming capacity of the
two groups of zebrafish. As shown in Figure 3A,B, as the water sped up beyond 6.2 BL/s,
zebrafish in the ND group exhibited higher swimming capacity and MO2 levels than those
in the HFD group at each testing stage. Moreover, zebrafish in the HFD group exhibited
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decreased exhaustive swimming times and MO2max values compared with those in the ND
group (Figure 3C,D). Furthermore, zebrafish in the HFD group exhibited slower Ucrit and
Ucrit-r when compared with those in the ND group (Figure 3E,F). These results indicated
that the swimming capacity of HFD-fed zebrafish was impaired.

Figure 3. Comparison of swimming capacity tests between the two groups of zebrafish. (A) The
number of zebrafish in the two groups at each speed test stage. (B) MO2 levels in the two groups at
each testing stage. (C) Exhaustive swimming times of zebrafish. (D) MO2max of zebrafish. (E) Ucrit

of zebrafish. (F) Ucrit-r of zebrafish. ***, p < 0.001. Data represent means, and error bars represent
standard errors of the means. Scale bar, 20 μm. ND, normal diet; HFD, high-fat diet; Ucrit, critical
swimming speed; MO2, oxygen consumption.

3.4. Long-Term HFD Feeding Suppressed Skeletal Muscle Mitochondrial Biogenesis and Fatty Acid
Oxidation-Related Gene Expression in Zebrafish

We studied the biogenesis and oxidation functions of muscle mitochondria to elucidate
the potentially damaging effects of HFD feeding. AMPK, SIRT1, and PGC1α maintain
normal mitochondrial biogenesis and fatty acid oxidation in skeletal muscle. As expected,
we observed lower levels of phospho-AMPK, SIRT1, and PGC1α in the muscles of HFD-fed
zebrafish compared with those in zebrafish in the ND group (Figure 4A,B). Moreover, we
detected significant decreases in the expression of genes related to mitochondrial biogenesis
(pgc1α, nrf1, and tfam), fatty oxidation (pparab and cpt1a), and electron transport chain (ETC)
complex subunits (sdha, uqcrc2b, cox4il, and atp5f ; Figure 4C). These data showed that HFD
feeding may partially show a suppression of mitochondrial function.
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Figure 4. Long-term HFD feeding induced abnormal mitochondrial dysfunction. (A,B) Phospho-
AMPK, SIRT1, and PGC1α protein levels. (C) mRNA expression of genes related to mitochondrial
biogenesis, fatty oxidation, and ETC complexes subunits. *, p < 0.05, **, p < 0.01, ***, p < 0.001. Data
represent means, and error bars represent standard errors of the means. ND, normal diet; HFD,
high-fat diet; ETC, electron transport chain.

3.5. Long-Term HFD Feeding Induced Abnormal Mitochondrial Fusion and Fission in Zebrafish
Skeletal Muscle

Abnormal mitochondrial fusion and fission are responsible for the impairment of
mitochondrial function [16]. Compared with the ND group, skeletal muscles of zebrafish in
the HFD group exhibited higher expression levels of mitochondrial fission-related proteins
(e.g., DRP1) and lower levels of mitochondrial fusion-related proteins (e.g., OPA1 and
MFN2; Figure 5A,B). Moreover, as shown in Figure 5C, most mitochondria in the HFD
group were degenerated, enlarged, and swollen, and the mitochondrial cristae were broken
or absent. These data suggested that long-term HFD feeding could promote mitochondrial
fission and suppress mitochondrial fusion.
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Figure 5. Long-term HFD feeding induced abnormal mitochondrial fusion and fission. (A,B) Protein
expression of OPA1, MFN2, and DRP1. (C) Representative photomicrographs of muscle sections
imaged using transmission electron microscopy. M, mitochondria. *, p < 0.05, **, p < 0.01. Data
represent means, and error bars represent standard errors of the means. Scale bar in transmission
electron microscopy images, 0.5 μm. ND, normal diet; HFD, high-fat diet.

4. Discussion

Obesity is an epidemic condition [17]. Severe obesity is accompanied by excessive
accumulation of fat in visceral adipose tissue and normally lean tissues (e.g., the liver,
heart, and skeletal muscle) [18]. Lipid overload in the skeletal muscle lowers muscle
mass and induces sarcopenia [19,20]. Zebrafish is a promising model system for studying
human diseases, such as obesity and sarcopenia, because of the functional conservation in
substance and energy metabolism and the similar characteristics in muscular physiology.
In this study, we fed adult zebrafish an HFD for 16 weeks to induce SOB and showed
that long-term HFD feeding contributed to muscular atrophy and decreased swimming
capacity in obese zebrafish. Moreover, we demonstrated that this outcome was related to
mitochondrial dysfunction in the muscles of SOB-model zebrafish.

Obesity is primarily caused by the consumption of an unhealthy diet with a prolonged
imbalance of energy intake and energy expenditure Here, we observed a clear increase in
body weight and muscle triglyceride content in zebrafish in the HFD group. Additionally,
zebrafish fed an HFD exhibited typical characteristics of fatty liver. These results indicated
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that zebrafish developed obesity after 16 weeks of HFD feeding. Glucose disposal activated
by insulin is a vital metabolic function of skeletal muscle, and normal glucose metabolism
is important for health [21]. Moreover, excessive fat accumulation in skeletal muscles can
impair insulin signaling and glucose intake [22]. Most obese phenotypes are accompanied
by the inhibition of insulin receptor substrate and AKT and increased insulin resistance [23].
The current findings further confirmed that long-term HFD feeding contributed to obesity
in zebrafish.

SOB has become a subject of interest and research over the years [24]. SOB represents
a combination between sarcopenia and obesity, and there are several common pathophysio-
logical mechanisms between sarcopenia and obesity, resulting in increased disease severity
when both conditions are present [19]. Skeletal muscle fiber atrophy is the major pathologi-
cal trait observed in sarcopenia. In our study, we found that skeletal muscle fiber size was
decreased in obese zebrafish and that the expression levels of muscle atrophy marker pro-
teins (Atrogin-1 and MuRF1) were significantly elevated in obese skeletal muscles. These
findings indicate that increased protein degradation and muscle atrophy were induced
by HFD feeding in zebrafish. Moreover, we detected an evident decrease in swimming
capacity in SOB zebrafish, with clear reductions in exhaustive swimming time, MO2max,
Ucrit, and Ucrit-r.

Mitochondria play essential roles in regulating fatty acid metabolism and ATP pro-
duction, which are important for muscle contractibility and plasticity [25]. Impaired
mitochondrial function in skeletal muscle is thought to promote muscular atrophy in sub-
jects with obesity [10]. Indeed, a few weeks of HFD feeding can cause intramyocellular
lipid accumulation and reduce mitochondrial function [26]. The AMPK/SIRT1 pathway
maintains cellular energy stores in skeletal muscles [27]. In addition, as the main regulator
of mitochondrial biogenesis, PGC1α can be stimulated by the AMPK/SIRT1 pathway [28].
The AMPK/SIRT1/PGC1α pathway is inhibited in the skeletal muscles of humans and
mice with obesity [29,30]. These findings are also supported by our current results. In this
study, we observed decreased levels of phospho-AMPK, SIRT1, and PGC1α proteins as
well as downregulation of mRNA levels of various transcription factors (nrf1 and tfam) in
the muscles of SOB-model zebrafish. Moreover, mitochondrial biogenesis is responsible for
oxidative phosphorylation and fatty acid β-oxidation [31]. This reduction in mitochondrial
biogenesis may result in decreased ATP synthesis and fatty acid β-oxidation. In our study,
we also observed the downregulation of genes involved in the mitochondrial complex
and β-oxidation. These results indicated that skeletal muscle atrophy was associated with
mitochondrial dysfunction.

Mitochondria are unique and highly dynamic organelles that exhibit continuous fis-
sion and fusion [32]. Fusion and fission processes regulate the length, size, and morphology
of mitochondria, and these mitochondrial dynamics are associated with mitochondrial
function. Under abnormal physiological conditions, mitochondria cannot maintain an
appropriate balance between fission and fusion. Fusion ameliorates stress by mixing the
contents of partially damaged mitochondria as a form of complementation, whereas fis-
sion is thought to induce oxidative stress and cell apoptosis [33]. Thus, mitochondrial
homeostasis is critical for maintaining normal cellular events. MFN2 is responsible for
outer membrane fusion, whereas OPA1 is required for inner membrane fusion. In the
current study, we observed a strong inhibition of MFN and OPA1 in SOB model zebrafish.
Moreover, we observed increased expression of the mitochondria fission marker DRP1,
accompanied by abnormal mitochondrial structures in the HFD group. These findings
indicated that a decreased mitochondrial quality occurred in the skeletal muscles and
mitochondria of SOB model zebrafish.

In summary, in HFD-fed SOB model zebrafish, muscle atrophy was related to mito-
chondrial dysfunction. Considering the complex pathogenesis of SOB, such as lipotoxicity,
mitochondrial dysfunction, inflammation, and insulin resistance, the current study only
unveiled one aspect of it. Further comprehensive studies are necessary to investigate
the detailed mechanisms linking the pathogenesis of SOB and mitochondria dysfunction
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and to assess the efficacy of pharmacological and exercise-based interventions targeting
mitochondria to prevent or treat SOB.
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Abstract: Fatty acid β-oxidation (FAO) is confirmed to be impaired in obesity, especially in adipose
tissues. We previously proved that Bifidobacterium animalis subsp. lactis A6 (BAA6) had protective
effects against diet-induced obesity. However, whether BAA6 enhances FAO to ameliorate the
development of obesity has not been explored. After being fed with high-fat diet (HFD) for 9 weeks,
male C57BL/6J mice were fed HFD or BAA6 for 8 weeks. In vitro study was carried out using
3T3-L1 adipocytes to determine the effect of BAA6 culture supernatant (BAA6-CM). Here, we showed
that administration of BAA6 to mice fed with HFD decreased body weight gain (by 5.03 g) and
significantly up-regulated FAO in epididymal adipose tissues. In parallel, FAO in 3T3-L1 cells was
increased after BAA6-CM treatment. Acetate was identified as a constituent of BAA6-CM that showed
a similar effect to BAA6-CM. Furthermore, acetate treatment activated the GPR43-PPARα signaling,
thereby promoting FAO in 3T3-L1 cells. The levels of acetate were also elevated in serum and feces
(by 1.92- and 2.27-fold) of HFD-fed mice following BAA6 administration. The expression levels of
GPR43 and PPARα were increased by 55.45% and 69.84% after BAA6 supplement in the epididymal
fat of mice. Together, these data reveal that BAA6 promotes FAO of adipose tissues through the
GPR43-PPARα signaling, mainly by increasing acetate levels, leading to alleviating the development
of obesity.

Keywords: Bifidobacterium animalis subsp. lactis A6; obesity; fatty acid β-oxidation; acetate; GPR43; PPARα

1. Introduction

Obesity is a common health problem for individuals today, which could increase the
risk of metabolic diseases [1]. It is characterized by elevating fat mass through imbal-
ance of anabolism and catabolism, especially fatty acid β-oxidation (FAO) processes in
adipocytes [2]. FAO is shown to be low in obesity, and lean persons have high FAO [3].
Thus, the reduction in FAO has been supposed to be a key driver of the lipid accumulation
in obese individuals [4].

FAO is recognized as an essential factor in obesity [5,6]. It has been shown that obese
patients have decreased FAO protein levels in adipose tissues [7]. A large body of evidence
has shown that up-regulating the expression of FAO-related proteins could improve the
obese phenotype [8]. Others have demonstrated that overexpression of FAO-related pro-
teins, such as carnitine palmitoyltransferase-1 (CPT1), in adipocytes could decrease triglyc-
eride (TG) accumulation in obesity [9]. Currently, approaches of drug and phytochemical
modulation are used to promote FAO in obesity. Several drugs, such as rimonabant, have
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been used towards weight management by enhancing FAO [10]. However, the high cost
and potential side effects for this kind of drug causes dissatisfaction to patients [11]. Al-
though, phytochemicals such as phenolic compounds, polyunsaturated fatty acids, and
plant sterols could also increase FAO [11]. Their applications are limited by weak stabil-
ity [12]. Recently, probiotics are thought to possess various beneficial effects on human
health with great safety [13,14]. More and more research has proved the beneficial effects
of probiotics on enhancement of FAO in obesity, and this strategy has been regarded as a
natural therapeutic agent to control metabolic syndrome [15]. Indeed, many reports reveal
that Akkermansia muciniphila (AKK) could increase FAO to ameliorate obesity [16], which
has been used as a uniquely promising strain for its high therapeutic effects [17]. Several
findings have shown that administration of probiotic bacteria, such as Lactobacillus genus,
to a high-fat diet (HFD)-fed mice promotes FAO in fat tissues, thereby protecting against
obesity [18,19]. Further, probiotics such as Lactobacillus genus have been shown to be able
to reduce fat percentage in obese people [20]. Notably, probiotics treatment to enhance FAO
is considered as a means to alleviate obesity. However, the mechanism by which probiotics
increase FAO has not been fully clarified.

G protein-coupled receptors (GPRs) play pivotal roles in cell signaling to maintain
energy homeostasis [21,22]. They are known to regulate various adipocyte functions,
including FAO and thermogenesis [23]. GPR43 is a key member for GPRs which is involved
in adipocyte lipid metabolism [24,25]. Many studies have reported that GPR43 might
up-regulate FAO-related genes expression [26]. Besides, peroxisomal proliferator-activated
receptor α (PPARα) has a master function in the regulation of FAO [27]. Some findings
have pointed out that PPARα activation might enhance gene expression of fatty acid-
metabolizing proteins to promote FAO in adipose tissues [28]. Conversely, inhibition of
PPARα expression could reduce FAO in adipocytes [29]. Hence, GPR43-PPARα signaling
pathway is crucial to regulate FAO.

Bifidobacterium animalis subsp. lactis A6 (BAA6) is a probiotic which can stay active
under gastric juice environment [30]. Additionally, our previous research suggested that
administration of BAA6 to obese mice could reduce body weight gain [31]. However, the
mechanism of BAA6 to ameliorate the development of obesity has not been clarified. Thus,
the objective of this research was to test the hypothesis that BAA6 could promote FAO of
adipose tissues to ameliorate the development of obesity through GPR43-PPARα signaling.

2. Materials and Methods

2.1. Preparation of Bacterial Cultures, BAA6-CM and Dead BAA6

BAA6 (CGMCC No. 9273) was obtained from the feces of a centenarian (Bama,
Guangxi, China). BAA6 was incubated in none oxygen conditions, as described in previous
study [31].

AKK (JCM 30893) was provided by Japan Collection of Microorganisms RIKEN BioRe-
source Research Center (Ibaraki, Japan) and incubated in none oxygen condition, as pre-
sented previously [31].

BAA6 culture supernatant (BAA6-CM) was obtained as with the previous method [32].
Dead BAA6 was prepared as previously reported [33]. Briefly, BAA6 cells, grown to
109 colony-forming units (CFU)/mL, were centrifugated at 3000× g at 4 ◦C for 15 min.
BAA6-CM was obtained from the cell-free supernatant. Then, the collected BAA6 cells
were washed twice and reconstituted by physiological saline. Plate count was used to
measure bacterial concentration. The dead BAA6 was prepared at 80 ◦C for 30 min.

2.2. Animals and Experimental Design

Male C57BL/6J mice (4-week-old, Body weight 18.63 ± 1.02 g) were provided by Bei-
jing HFK Bioscience Co. Ltd. (Beijing, China). They were raised under a stable temperature
(23 ± 1 ◦C) and 12 h light/dark cycle for 1 week. Mice were randomly assigned into two
groups: normal diet (ND group, n = 6) and HFD (n = 22) for 9 weeks. Composition of diets
was shown in Supplementary Table S1. Then, mice fed HFD (Body weight 30.62 ± 1.21 g)
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were randomly divided into three groups (n = 6): (1) HFD group; (2) HFD + BAA6 group,
gavage of BAA6 at 109 CFU/kg per day for another 8 weeks; (3) HFD + AKK group (posi-
tive group), gavage of AKK at 109 CFU/kg per day for another 8 weeks. Mice were orally
administrated with 0.9% saline solution in ND and HFD groups. Body weight and food
intake were measured every week. When the experiment ended, mice were fasted for 12 h
and then anesthetized by CO2. Blood and fat tissues were collected. The fat tissues and
serum were preserved at −80 ◦C for further detection. The experimental processes were
approved by the Animal Experimentation Committee of China Agricultural University
(AW18080202-1).

2.3. Cell Differentiation

The 3T3-L1 preadipocytes were obtained from American Type Culture Collection
(Manassas, VA, USA). Cells were grown in six-well plates (2 × 105 cells/well) with Dul-
becco’s modified Eagle’s medium (DMEM), containing 10% fetal bovine serum (FBS, Gibco
Life Technologies, Rockville, MD, USA) at 37 ◦C and incubated to confluence. Subse-
quently, cells were differentiated, employing DMEM with FBS (10%), insulin (2 μg/mL),
3-isobutyl-1-methylxanthine (0.5 mmol/L), and dexamethasone (0.25 μmol/L) for 3 days.
They continued incubation with insulin for another 5 days to fully differentiate into
adipocytes [34].

2.4. Cell Viability Assay

The 3T3-L1 cell viability was detected by cell counting kit-8 assay (Beyotime Biotech-
nology, Beijing, China) according to the manufacturer’s instructions. In brief, 3T3-L1
preadipocytes were grown in 96-well plates (1 × 104 cells/well). Subsequently, cells were
differentiated into adipocytes. They were treated with BAA6-CM (0, 0.5, 1, 2, 4, and 8%) for
1–5 days and dead BAA6 (0, 104, 105, 106, 107, and 108 cells/mL) for 1–4 days, respectively.
After treatment, CCK8 reagent was added and incubated for 1 h at 37 ◦C. Microplate reader
(Bio-Rad, Hercules, CA, USA) was used to assess cell viability (at 450 nm) [35].

2.5. Biochemical Assay of Serum

Total cholesterol (TC), TG, and high-density lipoprotein cholesterol (HDL-C) were
analyzed by No. 3 Hospital of Beijing University [36].

2.6. Metabolic Assessment

Body fat was assessed by Body Composition Analysis (MiniQMR23-060H-I, Shanghai
Niumag Corporation, Shanghai, China). Oxygen consumption and respiratory exchange
ratio (RER) were measured through mouse Comprehensive Laboratory Animal Monitoring
System metabolic cages [34].

2.7. TG Quantification Assay in 3T3-L1 Cells

TG concentration was detected through commercial TG assay kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) as reported previously [37].

2.8. Hematoxylin and Eosin and Oil Red O Staining

Hematoxylin and eosin assay, in epididymal adipose tissues, was performed as with
the previous method [34]. Oil Red O (ORO) assay, in 3T3-L1 cells, was conducted as
previously described [38]. Images were obtained through a fluorescent inverted microscope
(DMi8, Leica, Weztlar, Germany) and analyzed by a blind observer using Image Pro Plus
A6 (version 6.0.0.260, Media Cybernetics Corporation, Las Vegas, NV, USA).

2.9. β Oxidation Study in 3T3-L1 Cells

β oxidation assessment was estimated through a Seahorse Bioscience XF96 Analyzer
(Seahorse Bioscience Inc., MA, USA), as described previously [39]. Briefly, oxygen con-
sumption rate (OCR) was analyzed in FAO Assay Medium, followed by treatment with
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or without etomoxir (45 mmol/L). Then, 25 mmol/L XF bovine serum albumin (BSA)
or 167 mmol/L XF Palmitate-BSA (#102720-100, Agilent Technologies, Wilmington, DE,
USA) was added in response to oligomycin (1.2 mmol/L), fluoro-carbonyl cyanide phenyl-
hydrazone (1 mmol/L), and rotenone/antimycin A (1 mmol/L) (#101706-100, Agilent
Technologies, Wilmington, DE, USA) based on recommending processes. β oxidation was
calculated according to Timper et al.’s protocol [39].

2.10. Analysis for Acetate in BAA6-CM, Serum and Feces

Acetate was detected by GC-MS/MS. Wuhan MetWare Biotechnology was in charge
of extracting the sample and quantifying metabolites, as previously described [40]. Briefly,
samples of BAA6-CM, serum, and feces were thawed and vortexed for 1 min prior to
analysis. Samples (50 μL) were added to 100 μL of 36% phosphoric acid solution. The
mixture was vortexed for 3 min and 150 μL methyl tert-butyl ether (containing 2 μg/mL
2-methylvaleric acid as an internal standard) solution was added. After that, centrifugal
force at 12,000× g was used to centrifuge the mixture at 4 ◦C for 10 min. The super-
natant was used for further analysis. Agilent 7890B instrument, coupled to a 7000D Triple
Quadrupole gas chromatography mass spectrometry system with a DB-FFAP column
(30 m × 0.25 mm × 0.25 μm, J&W Scientific, Folsom, CA, USA), was utilized. The carrier
gas was helium, and the flow rate was 1.2 mL/min. The oven temperature was held at
90 ◦C for 1 min, risen to 100 ◦C at a rate of 25 ◦C/min, risen to 150 ◦C at a rate of 20 ◦C/min,
held on 0.6 min, risen to 200 ◦C at a rate of 25 ◦C/min, and kept for 0.5 min after running
for 3 min. The quantitation of acetate in BAA6-CM, serum, and feces was counted using
constructing calibration curves.

2.11. Analysis of Intracellular Calcium Concentration in 3T3-L1 Cells

The content of intracellular calcium (Ca2+) was measured as previously reported [41].
In brief, 3T3-L1 cells were cultured in 24-well plates (1 × 105 cells/well). Then, cells were
treated with DMEM, including 5 μmol/L Fura-2/AM (Beyotime Biotechnology, Beijing,
China) for 45 min at 37 ◦C. Then, the 3T3-L1 cells were incubated with phosphate-buffered
saline containing BSA (0.2%) for 5 min. The ratio of fluorescence intensities was assessed
by changing excitation wavelengths of between 340 and 380 nm, with emission at 510 nm.
The concentration was calculated as in the previous study [41].

2.12. Western Blot Analysis

Western blots were carried out as previously described [31]. Image J software (version 2.0,
Microsoft Corporation, Redmond, WA, USA) was used to assess the band signal inten-
sities [42]. Primary antibodies were listed as follows: fatty acid synthase (FAS, 3189s),
phosphorylated acetyl CoA carboxylase (p-ACC, 3661s), ACC (3676s), hormone-sensitive li-
pase (HSL, 4107s), adipose triglyceride lipase (ATGL, 2138s), AMP-activated protein kinase
(AMPK, 2532s) and phosphorylated AMPK (p-AMPK, 2535s) antibodies (Cell Signaling
Technology, Boston, MA, USA). Carnitine palmitoyltransferase-2 (CPT2, 26555-1-AP) and
PPARα (66826-1-lg) antibodies were provided from Proteintech (Rosemont, IL, USA). CPT1
(YN3388), long-chain acyl-CoA dehydrogenase (ACADL, YT6498), medium-chain acyl-
CoA dehydrogenase (ACADM, YT5024), calcium/calmodulin-dependent protein kinase
β (CAMKKβ, YT0624), phosph-CAMKKβ (p-CAMKKβ, YP1285), and GPR41 (YT2020)
antibodies were from Immunoway (Plano, TX, USA). GPR43 (GTX00823) antibody was ob-
tained from Gene Tex (San Antonio, CA, USA). β-Actin (bs-10966R) antibody was provided
by Bioss (Beijing, China).

2.13. PPARα and GPR43 Knockdown

PPARα or GPR43-specific small interfering RNA (siRNA) was used to transfect
cells by Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA, USA) (Table S2,
Supplementary Materials), according to the manufacturer’s instruction.
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2.14. Statistical Analyses

All values were shown as mean ± standard deviation (SD). SPSS 21.0 (SPSS Inc.,
Chicago, IL, USA) was used to analyze data. The Shapiro–Wilk test was used to assess
Gaussian distribution. Equal variance was analyzed by Levene’s test. Statistical comparison
was measured by Tukey’s post-test after ANOVA analysis. Differences were considered
significant when p < 0.05.

3. Results

3.1. BAA6 Decelerated Body Weight Gain and Lipid Accumulation in Obese Mice

To investigate the effect of BAA6 in alleviating the development of obesity in mice, the
levels of body weight, food intake, fat mass, and serum lipid profiles of mice were measured.
There was no remarkable difference in food intake of all mice (Table S3, Supplementary
Materials). In HFD group, the body weight gain, final body weight, and relative fat weight
were higher than ND group, which were reduced after gavage of BAA6 and AKK (positive
control) (Figure 1A–C). Furthermore, the number of adipocytes increased, and the cell
area reduced after gavage with BAA6 and AKK, compared to HFD group (Figure 1D).
Meanwhile, HFD group displayed higher concentration of serum TG and TC, as well as
lower concentrations of HDL-C than ND group (Figure 1E–G). Importantly, BAA6 and
AKK treatment markedly increased HDL-C levels. Together, the above data indicated that
BAA6 treatment could decrease fat mass and body weight, and BAA6 showed similar
effects to AKK.

 

Figure 1. Effect of BAA6 administration on metabolic characteristics in high-fat diet (HFD)-fed mice.
(A) Body weight, (B) body weight gain, (C) relative adipose tissue, (D) representative hematoxylin
and eosin staining in epididymal adipose tissues (scale bar, 200 μm), serum levels of (E) triglyceride
(TG), (F) total cholesterol (TC), and (G) high-density lipoprotein cholesterol (HDL-C) were analyzed.
Values are shown as means ± SD (n = 6). Different lowercase letters mean remarkable differences
between groups at p < 0.05. ND, fed normal diet; HFD, fed high-fat diet; HFD + BAA6, fed high-fat
diet and administrated with Bifidobacterium animalis subsp. lactis A6 (BAA6); HFD + AKK, fed high-fat
diet and administrated with Akkermansia muciniphila (AKK).

3.2. BAA6 Enhanced FAO in Adipose Tissues of Obese Mice

A great deal of research proved that low FAO contributed to obesity. The efficacy of
BAA6, in alleviating the development of obesity, has been confirmed. Thus, the possible role
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of FAO was further explored. To investigate whether BAA6 alleviating the development
of obesity was associated with enhancement of FAO in fat tissues, we firstly assessed the
energy expenditure and FAO of obese mice in the resting state. Compared to ND group,
energy expenditure (indicated by decreased oxygen consumption, VO2) reduced in HFD
group in both light and dark phases, while it was increased by BAA6 and AKK treatments
(Figure 2A). Moreover, there was a remarkable decrease in FAO (indicated by increased
RER) in HFD group during light and dark phases compared with ND group, which
was recovered by BAA6 and AKK treatments during dark cycle (Figure 2B). Subsequently,
proteins associated with lipid metabolism in the epididymal adipose tissues were measured.
Western blotting of epididymal adipose tissues revealed the similar levels of lipid synthesis-
related proteins, such as FAS and p-ACC, in BAA6 and AKK-treated mice relative to HFD
mice, while lipid catabolism-related protein (HSL and ATGL) levels were significantly
higher, after BAA6 and AKK supplementations, compared with HFD group (Figure S1,
Supplementary Materials). Further, FAO-related proteins were assessed in the epididymal
adipose tissues. The FAO-related protein levels (CPT1, CPT2, ACADL, and ACADM)
in adipose tissues of HFD mice were lower than ND mice (Figure 2C), whereas these
protein levels were increased, after BAA6 and AKK treatments, compared to HFD group.
Our results indicated that BAA6 could enhance FAO in adipose tissues to alleviate the
development of obesity.

Figure 2. Effect of BAA6 on fatty acid β-oxidation (FAO) for epididymal adipose tissues in HFD-fed
mice. (A) O2 consumption and (B) respiratory exchange ratio (RER) were detected during a 12 h
light/dark cycle in mice. (C) Expression levels of CPT1, CPT2, ACADL, and ACADM in epididymal
adipose tissues were measured. Values are shown as means ± SD (n = 6). Different lowercase letters
mean remarkable differences between groups at p < 0.05. CPT1, carnitine palmitoyltransferase-1;
CPT2, carnitine palmitoyltransferase-2; ACADL, long-chain acyl-CoA dehydrogenase; ACADM,
medium-chain acyl-CoA dehydrogenase.
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3.3. BAA6-CM Promoted FAO in 3T3-L1 Adipocytes

To gain additional insights into the underlying mechanisms of BAA6 on FAO in
adipose tissues, 3T3-L1 cells were chosen for further study. BAA6-CM and dead BAA6
were used to treat 3T3-L1 cells because it’s unlikely that live BAA6 could reach adipose
tissues in vivo. 3T3-L1 cells were exposed to BAA6-CM at 0–4% for 1–4 days, and dead
BAA6 at 0–107 cells/mL for 1–3 days, to ensure cell viability (Figure S2A,B, Supplementary
Materials). As shown in Figure 3A, no significant differences were observed in the TG
content during various concentrations of BAA6-CM treatment for 1–2 days. However, TG
content was markedly decreased with the increase concentration of BAA6-CM for 3–4 days,
and there was no significant difference following BAA6-CM treatment between 3 and 4 days
at 4% BAA6-CM. In addition, dead BAA6 treatment showed no remarkable effect on TG
content (Figure S3, Supplementary Materials). Thus, BAA6-CM (0–4%) treatment for 3 days
was used for further analyses. As visualized by ORO staining, the supplement of BAA6-CM
diminished lipid accumulation of 3T3-L1 adipocytes in a concentration-dependent manner
(Figure 3B). These data indicated that BAA6-CM had a positive effect on lipid metabolism
in vitro.

 

Figure 3. Effect of BAA6 culture supernatant (BAA6-CM) on TG content and FAO in 3T3-L1 cells.
(A) TG concentration, in the presence of BAA6-CM (0–4%), for 1–4 days. (B) Photograph of Oil Red
O (ORO) staining (scale bar, 200 μm) and western blot analysis, showing the levels of (C) p-ACC,
FAS, HSL, and ATGL, and (D) levels of protein expression of CPT1, CPT2, ACADL, and ACADM
after treatment with 0–4% BAA6-CM for 3 days. (E) β oxidation, measured by Seahorse XF platform,
following various concentrations of 0–4% BAA6-CM for 3 days. Values are shown as means ± SD.
Different lowercase letters mean remarkable differences between groups at p < 0.05.

To test the effects of FAO on TG reduction after BAA6-CM treatment, lipid metabolism-related
proteins were firstly assessed. As displayed in Figure 3C, the lipid synthesis-related protein
levels (FAS and p-ACC) had no remarkable change in BAA6-CM-treated cells relative to
the control group. However, lipid catabolism-related protein (HSL and ATGL) contents
were significantly higher in the BAA6-CM group in a concentration-dependent manner,
indicating that BAA6-CM could promote lipid catabolism. Next, the key proteins in the
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processes of FAO were measured. BAA6-CM treatment significantly increased levels of
FAO-related proteins (CPT1, CPT2, ACADL, and ACADM) by a dose-dependent way
(Figure 3D). Further, FAO was evaluated using the Seahorse XF platform. As shown in
Figure 3E, BAA6-CM treatment could significantly up-regulate FAO, compared to con-
trol group. These results implicated that BAA6-CM could promote FAO to decrease TG
accumulation in vitro.

3.4. Acetate Is a Key BAA6-CM Metabolite That Increases FAO in 3T3-L1 Cells

We then wondered which kind of bioactive component in BAA6-CM was responsible
for enhancing FAO in 3T3-L1 cells. Interestingly, accumulating evidence suggested that
acetate could been generated by genus Bifidobacterium [43], and it was proved to enhance
FAO in vivo and in vitro [44]. We found that acetate levels in BAA6-CM was higher
compared with control media (Figure 4A). Subsequently, the effect of acetate on TG content
was tested in vitro. As displayed in Figure 4B, 11.98 mmol/L acetate treatment (acetate
concentration in 4% BAA6-CM group) had lower TG content in cells than control group,
which was about 62% of the function, as compared to BAA6-CM treatment. Acetate
treatment (23.96 mmol/L; two times of acetate concentration in 4% BAA6-CM group)
existed a higher effect on TG content than that of BAA6-CM treatment. As visualized by
ORO staining, the supplement of BAA6-CM and acetate could remarkably diminish lipid
accumulation in vitro, compared to the control group (Figure 4C).

 

Figure 4. Acetate, as a key BAA6-CM metabolite, enhanced FAO in 3T3-L1 cells. (A) Acetate contents
detected by GC-MS/MS in BAA6-CM. (B) TG levels after treatment with BAA6-CM (4%) or acetate
(11.98 and 23.96 mmol/L; one and two times of acetate concentration in 4% BAA6-CM treatment)
for 3 days. (C) Photograph of ORO staining (scale bar, 200 μm), and (D) levels of protein expression
of CPT1, CPT2, ACADL, and ACADM after treatment with 4% BAA6-CM or acetate (11.98 and
23.96 mmol/L) for 3 days in 3T3-L1 cells. (E) β oxidation, measured by Seahorse XF platform, after
treatment with 4% BAA6-CM or acetate (11.98 and 23.96 mmol/L) for 3 days. Values are shown as
means ± SD. Different lowercase letters mean remarkable differences between groups at p < 0.05.
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To assess the effect of acetate on FAO, the levels of key proteins involved in FAO were
firstly measured. Figure 4D showed that acetate and BAA6-CM treatment remarkably
elevated the expression of CPT1, CPT2, ACADL, and ACADM proteins relative to control
group. Then, FAO was assessed using the Seahorse XF platform after acetate treatment. As
shown in Figure 4E, FAO was remarkably enhanced by acetate and BAA6-CM treatments.
Meanwhile, acetate (23.96 mmol/L) treatment obviously promoted FAO compared to the
BAA6-CM group. Thus, acetate (23.96 mmol/L) treatment was used for further analyses.
These data indicated that acetate was essential for BAA6-CM to enhance FAO in vitro.

3.5. PPARα Signaling Mediated the Regulation of Acetate on FAO in 3T3-L1 Cells

PPARα signaling has a master role in the regulation of FAO. Firstly, the expression
of PPARα was investigated. The protein expression level of PPARα was significantly
enhanced by acetate and BAA6-CM treatments, which was lower in the control group
(Figure 5A). This data suggested that acetate could up-regulate PPARα expression. Then, to
better clarify the role of PPARα in acetate and BAA6-CM-regulating FAO, a PPARα-specific
siRNA was introduced into 3T3-L1 cells. The levels of PPARα expression were markedly
declined after silencing treatment (Figure 5B). Moreover, acetate and BAA6-CM-induced
increase in FAO key protein (CPT1, CPT2, ACADL, and ACADM) levels were diminished
by PPARα knockdown (Figure 5C). In these experiments, the siRNA control group was not
significantly different from the acetate and BAA6-only control, displaying no additional
siRNA effects. What’s more, knockdown of PPARα also disturbed the BAA6-CM and
acetate-induced up-regulation of FAO (Figure 5D). These results indicated that acetate
enhanced FAO through modulating PPARα signaling.

Figure 5. Effect of acetate or BAA6-CM on peroxisomal proliferator-activated receptor α (PPARα)
signaling in 3T3-L1 cells. (A) Protein expression levels of PPARα after treatment with 4% BAA6-CM
or 23.96 mmol/L acetate for 3 days. Levels of protein expression of (B) PPARα, and (C) CPT1, CPT2,
ACADL, and ACADM after cell treated with control or PPARα-special small interfering RNA (siRNA),
followed by addition of 4% BAA6-CM or 23.96 mmol/L acetate for 3 days. (D) β oxidation, measured
by Seahorse XF platform after cell treatment, with control or PPARα-special siRNA, followed by
addition of 4% BAA6-CM or 23.96 mmol/L acetate for 3 days. Values are shown as means ± SD.
Different lowercase letters mean remarkable differences between groups at p < 0.05.

Several pieces of evidence verified that PPARα was the downstream target of AMPK [45].
Therefore, to explore whether activation of PPARα signaling was related to AMPK, we
firstly determined the effects of acetate and BAA6-CM on AMPK activity in 3T3-L1 cells.
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Acetate and BAA6-CM markedly improved the p-AMPK protein expression, compared
to control group (Figure 6A). Then, when cells were pretreated with compound C (Com,
an AMPK inhibitor), the levels of p-AMPK protein expression were markedly reduced
(Figure 6B). Similarly, the up-regulation of acetate and BAA6-CM on PPARα, CPT1, CPT2,
ACADL, and ACADM protein levels were markedly abrogated after the addition of Com
(Figure 6B,C). Further, the increase in FAO for acetate and BAA6-CM was significantly
destroyed following pretreatment with Com (Figure 6D). These findings revealed that AMPK
played an important role in modulating PPARα signaling for acetate-mediated FAO in vitro.

Figure 6. Effect of acetate or BAA6-CM on AMPK activity in 3T3-L1 cells. (A) Western blot analysis
showing the levels of p-AMPK after treatment with 4% BAA6-CM or 23.96 mmol/L acetate for 3 days.
Protein expression levels of (B) p-AMPK and PPARα and (C) CPT1, CPT2, ACADL, and ACADM in
cells pretreated with 20 μmol/L compound C (Com), followed by treatment with 4% BAA6-CM or
23.96 mmol/L acetate for 3 days. (D) β oxidation, measured by Seahorse XF platform, after cells pre-
treatment with 20 μmol/L Com, followed by treatment with 4% BAA6-CM or 23.96 mmol/L acetate
for 3 days. Values are shown as means ± SD. Different lowercase letters mean remarkable differences
between groups at p < 0.05. AMPK, AMP-activated protein kinase; p-AMPK, phosphorylated AMPK.

3.6. Acetate Activated GPR43 in 3T3-L1 Cells

GPRs had a pivotal role in cell signaling, which could regulate energy homeostasis [21].
GPR43 and GPR41 are important members of GPRs, which are receptors of acetate [46].
Therefore, we investigated which receptor was activated following acetate and BAA6-CM
treatments. GPR43 protein expression was markedly increased in adipocytes after a supple-
ment of acetate and BAA6-CM, compared with control group (Figure 7A). However, there
was no significant difference on GPR41 expression after acetate and BAA6-CM treatments,
compared to control group (Figure S4, Supplementary Materials). These results showed
that acetate and BAA6-CM could activate GPR43. In addition, GPR43 might regulate
AMPK activity by Ca2+/CAMKKβ [47]. Thus, the concentration of intracellular Ca2+ and
p-CAMKKβ protein expression level were further measured. In the presence of acetate
and BAA6-CM, the levels of Ca2+ and p-CAMKKβ protein were remarkably increased,
compared with control group (Figure 7B,C).
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Figure 7. Effect of acetate or BAA6-CM on GPR43 signaling in 3T3-L1 cells. Western blot analysis
showing the levels of (A) GPR43, (B) Ca2+ contents, and (C) p-CAMKKβ in 3T3-L1 cells after
treatment with 4% BAA6-CM or 23.96 mmol/L acetate for 3 days. Protein expression levels of
(D) GPR43 and (E) Ca2+ concentration, after the cell is treated with control or GPR43-special siRNA,
followed by addition of 4% BAA6-CM or 23.96 mmol/L acetate for 3 days. (F) Protein expression
levels of p-CAMKKβ, p-AMPK, PPARα, (G) protein levels of CPT1, CPT2, ACADL, ACADM, and
(H) β oxidation after the cell is treated with control or GPR43-special siRNA, followed by addition
of 4% BAA6-CM or 23.96 mmol/L acetate for 3 days. Values are shown as means ± SD. Different
lowercase letters mean remarkable differences between groups at p < 0.05. GPR43, G protein-coupled
receptor 43; p-CAMKKβ, calcium/calmodulin-dependent protein kinase β phosphorylation.

To verify whether acetate actually activated GPR43 to elicit downstream signals, the
expression of GPR43 was silenced using GPR43 siRNA. Results showed that GPR43 siRNA
was effective in decreasing the expression of GPR43 (Figure 7D). Consistently, acetate and
BAA6-CM-induced up-regulation levels of intracellular Ca2+, p-CAMKKβ, p-AMPK, and
PPARα proteins were blunted by GPR43 knockdown (Figure 7E,F). Moreover, the acetate
and BAA6-CM-stimulated expression of proteins (CPT1, CPT2, ACADL, and ACADM)
and enhancement of FAO were also destroyed by the knockdown of GPR43 (Figure 7G,H).
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Hence, these data indicated that activation of GPR43 signaling, by acetate, was crucial to
regulate FAO in vitro.

3.7. BAA6 Activated GPR43-PPARα Signaling In Vivo

To determine whether GPR43-PPARα signaling was activated by BAA6 in adipose
tissues of obese mice, we firstly explored the acetate contents in serum and feces. HFD mice
had lower acetate concentration in serum and feces compared to ND mice. Meanwhile,
levels of acetate in the HFD group were also lower than HFD + BAA6 group (Figure 8A,B).
These results suggested that the raise of acetate level was due to BAA6. Then, we inves-
tigated the expression of GPR43, p-CAMKKβ, p-AMPK, and PPARα proteins. Results
showed that HFD mice had lower levels of GPR43, p-CAMKKβ, p-AMPK, and PPARα
proteins relative to ND mice. Compared with HFD group, BAA6 treatment of mice could
remarkably up-regulate the expression of GPR43, p-CAMKKβ, p-AMPK, and PPARα pro-
teins (Figure 8C). These findings suggested that GPR43-PPARα pathways in adipose tissues
were also activated by BAA6 treatment in vivo.

 

Figure 8. Effect of BAA6 administration on GPR43-PPARα signaling of epididymal adipose tissues in
HFD-fed mice. Acetate concentration in serum (A) and feces (B). (C) Western blot results of GPR43,
p-CAMKKβ, p-AMPK, and PPARα, following daily treatment with 109 CFU/kg of BAA6. Values
are shown as means ± SD (n = 6). Different lowercase letters mean remarkable differences between
groups at p < 0.05.

4. Discussion

Given abundant research indicating the positive influences for probiotics in the man-
agement of obesity, this approach is attracting more and more attention [15,48]. Our results
showed that BAA6 treatment had a similar effect in alleviating the development of obesity
to AKK, which was verified to ameliorate obesity in many studies [49]. Thus, in our study,
we investigated the mechanism of BAA6 to alleviate the development of obesity.

It was reported that O2 expenditure tended to decrease in HFD-fed mice, which
exhibited a high RER [50]. Elevated RER was a characteristic of weight gain in obesity [51].
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Meanwhile, RER was an indicator for FAO in obese mice, and low RER reflected the
enhancement of FAO [52]. Thus, FAO could be a vital means to manage obesity [6]. In
this study, these results suggested that BAA6 could remarkably increase O2 expenditure
and reduce RER during the dark cycle, which meant that BAA6 treatment was beneficial
to enhance FAO in obese mice. Some studies have demonstrated that FAO in obesity is
impaired, particularly in adipose tissues [53,54]. Adipose tissue is regarded as the largest
organ of the body [55]. In lean individuals, adipose tissue accounted for 10% of body
weight, but the proportion could increase up to 40% in obese subjects [55]. Meanwhile, FAO
is one of the major biochemical factors to maintain function of fat tissues [56]. Unfortunately,
the levels of CPT1, CPT2, ACADL, and ACADM proteins were decreased in the adipose
tissues of obese mice, which were the major modulators for FAO [57]. A series of studies
found that administration of probiotic bacteria, such as Lactobacillus genus, to HFD-fed mice
promoted FAO in adipose tissues [18,19]. In addition, Lactobacillus acidophilus NS1 could
enhance the FAO-related proteins expression and then, reduce body fat accumulation [58].
Our study also showed that the levels of CPT1, CPT2, ACADL, and ACADM proteins,
in epididymal adipose tissues, were elevated (by 121.06%, 87.88%, 109.71%, and 452.62%,
respectively) after BAA6 treatment. Above findings revealed that FAO, in the epididymal
adipose tissues for obese mice, could be remarkably enhanced by BAA6.

To gain additional insights into the underlying mechanisms of BAA6 on FAO in adi-
pose tissues, 3T3-L1 cells, as common models in vitro, were chosen for further study [59]. It
might be unlikely for live probiotics to directly arrive to the adipose tissue in vivo [60]. In
that case, the components of dead cells or metabolites might be used for adipocytes [60]. We
observed that TG content in 3T3-L1 cells was significantly decreased after BAA6-CM sup-
plementation, which was not remarkably different after dead BAA6 treatment. These phe-
nomena indicated that BAA6-CM had positive roles on lipid metabolism in vitro. Some re-
searchers found that culture supernatant of Bifidobacterium and Lactobacillus genera induced
the expression of FAO-related proteins in cells [61]. Thus, probiotic metabolites were impor-
tant factors for regulating FAO. Our study showed that the key proteins expression in FAO
was significantly increased under BAA6-CM treatment in vitro. Furthermore, results from
Seahorse XF platform also indicated that FAO was increased (by 1.11-, 2.30-, and 3.44- fold)
after different concentration of BAA6-CM treatment. According to these findings, we
assumed that BAA6-CM treatment could promote FAO in adipocytes.

However, it was necessary to confirm which bioactive components produced by BAA6
could enhance FAO. Many studies found that probiotics could generate short-chain fatty
acids (SCFAs), which had positive effects on the host [62]. Acetate is the most abundant
SCFA in humans, accounting for 50% of total SCFAs [63]. Accumulating studies suggested
that acetate could be produced by genus Bifidobacterium [43]. Similarly, we found that the
level of acetate in BAA6-CM was enhanced by 3.92-fold. Meanwhile, acetate concentration
in serum and feces of HFD-fed mice was significantly elevated after administration with
BAA6. These results indicated that the increased levels of acetate were due to BAA6. It
was well known that probiotic metabolites could play roles in regulating the expression
of metabolism-related proteins [64]. Dietary SCFAs supplementation might enhance the
proteins expression that related to FAO in adipose tissues [65]. Furthermore, the expression
levels of these proteins were also elevated, after acetate treatment, in vivo and in vitro [44].
As expected, our data further confirmed that acetate was the necessary metabolite of BAA6
to enhance FAO.

Evidence has pointed out that the PPARα pathway has a primary action in the reg-
ulation of FAO [27]. Virtually, expression of most of the proteins during FAO processes
was under the control of PPARα [66]. Rakhshandehroo et al. found that propionate up-
regulated the PPARα expression in intestinal epithelial cells [66]. Our research obtained
that acetate and BAA6-CM treatments could increase the protein expression of PPARα (by
16.51- and 3.84- fold) in vitro. Meanwhile, levels of PPARα protein were also enhanced,
after BAA6 treatment, in HFD-fed mice. Multiple reports showed that deletion of PPARα
would impair FAO in adipocytes of obese mice, resulting in fat accumulation [67]. In our
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study, acetate and BAA6-CM-induced enhancement of FAO were inhibited by PPARα
siRNA. This result indicated that BAA6-generated acetate could regulate PPARα signaling
to promote FAO. Besides, AMPK could mediate activation of PPARα signaling, which
was the underlying mechanism for enhancement of FAO [45]. We observed that the levels
of p-AMPK protein were significantly increased after acetate and BAA6-CM treatments.
Furthermore, when 3T3-L1 cells were pretreated with Com (an inhibitor of AMPK), acetate
and BAA6-CM-stimulated up-regulation of PPARα and FAO were diminished. Meanwhile,
the levels of p-AMPK protein were also markedly increased after BAA6 supplementa-
tion in HFD-fed mice. These results proved that BAA6-generated acetate might activate
AMPK-PPARα pathway signaling, which was associated with the up-regulation of FAO.

GPRs played an important role in cell signaling, especially in energy homeostasis, and
regulated various adipocyte functions, such as FAO [21,23]. GPR43, as a key member of
GPRs, might maintain the normal state of FAO through regulating related-genes expres-
sion [24,26]. Kimura et al. [68] reported that GPR43 knockout mice gained more weight
compared with wild-type. Based on these, GPR43 has attracted attention as a potential
therapeutic target for metabolic syndrome [69]. Low expression of GRP43 was found in the
adipose tissues of obese mice, and dietary SCFAs supplementation significantly recovered
its expression to decrease body weight [46]. As an important member of SCFAs, acetate
could activate GPR43 signaling in adipocytes [70]. Consistently, in our study, acetate and
BAA6-CM treatments could enhance the protein expression of GPR43 (by 181.55% and
131.78%) in vitro. Meanwhile, the levels of GPR43 protein were also remarkably raised in
HFD-fed mice after administration with BAA6. In most cases, GPR43 is the main receptor
of acetate [71]. Activation of GPR43 could regulate AMPK activity via Ca2+/CAMKKβ

pathway [47]. Several reports found that the levels of intracellular Ca2+ and p-CAMKKβ

were increased after treatment with the GPR43 agonist [72]. In line with these studies,
our data showed that acetate and BAA6-CM treatments could elevate levels of Ca2+ (by
45.85% and 33.76%) and p-CAMKKβ (by 17.61- and 4.60- fold) in vitro. Besides, inhibition
of GPR43 signaling abrogated expression of p-AMPK protein [73]. To further confirm the
role of GPR43 on downstream signals, the expression of GPR43 in 3T3-L1 cells was silenced
using GPR43 siRNA. Results showed that knockdown of GPR43 significantly prevented
acetate and BAA6-CM-elicited up-regulation of intracellular Ca2+, p-CAMKKβ, p-AMPK,
and PPARα. Moreover, acetate and BAA6-CM-induced enhancement of FAO were also
destroyed by GPR43 knockdown. These findings indicated that BAA6-generated acetate
could activate GPR43 signaling to promote FAO.

In conclusion, our study revealed that BAA6 supplementation could increase FAO in
adipose tissues and alleviate the development of obesity. Acetate, an important metabolite
of BAA6, was a pivotal factor to promote FAO through the GPR43-PPARα signaling. This
study indicates that BAA6 may be a potential therapy to ameliorate diet-induced obesity.
However, there are some limitations in our study. First, different age and sex of the mice
need to be considered. In the future, clinical trials could be conducted to confirm the
beneficial effect of BAA6 in obesity and obesity-related disorders.
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Abstract: The loss of functional pancreatic β-cell mass is an important hallmark of both type 1 and
type 2 diabetes. The RNA-binding protein NOVA1 is expressed in human and rodent pancreatic
β-cells. Previous in vitro studies indicated that NOVA1 is necessary for glucose-stimulated insulin
secretion and its deficiency-enhanced cytokine-induced apoptosis. Moreover, Bim, a proapoptotic
protein, is differentially spliced and potentiates apoptosis in NOVA1-deficient β-cells in culture. We
generated two novel mouse models by Cre-Lox technology lacking Nova1 (βNova1−/−) or Bim
(βBim−/−) in β-cells. To test the impact of Nova1 or Bim deletion on β-cell function, mice were
subjected to multiple low-dose streptozotocin (MLD-STZ)-induced diabetes or high-fat diet-induced
insulin resistance. β-cell-specific Nova1 or Bim deficiency failed to affect diabetes development in
response to MLD-STZ-induced β-cell dysfunction and death evidenced by unaltered blood glucose
levels and pancreatic insulin content. In addition, body composition, glucose and insulin tolerance
test, and pancreatic insulin content were indistinguishable between control and βNova1−/− or
βBim−/− mice on a high fat diet. Thus, Nova1 or Bim deletion in β-cells does not impact on glucose
homeostasis or diabetes development in mice. Together, these data argue against an in vivo role for
the Nova1-Bim axis in β-cells.

Keywords: pancreatic β-cells; Nova1; Bim; obesity; diabetes

1. Introduction

Humans and vertebrates respond to circulating glucose levels by secreting insulin
from β-cells in the pancreas. The loss of functional β-cell mass is an important hallmark
of type 1 diabetes (T1D) and can contribute to the development of type 2 diabetes (T2D).
This decline in β-cell mass is associated with apoptosis [1,2]. Genome Wide Association
Studies (GWAS) allowed the understanding of transcriptional regulation and identified
several candidate genes linked to β-cell dysfunction in T1D and T2D [3]. However, the gene
networks contributing to dysregulated insulin secretion and the pathogenesis of diabetes is
not fully understood. During transcription, the cellular machinery processes pre-mRNAs
through a complex series of events before a mature mRNA is formed. Alternative mRNA
splicing is one of the important post-transcriptional mechanisms in which a single gene
produces multiple mRNA transcripts that generate different protein isoforms [4]. Abnormal
alternative splicing has been associated with many diseases in the adipose tissue, liver, and
brain [5–7]. In the pancreas, alternative splicing in β-cells has recently gained momentum
with multiple lines of evidence suggesting its association with β-cell dysfunction in both
T1D and T2D [8–12].
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Alternative splicing of mRNA is achieved through multiple RNA-binding proteins
(RBPs) that bind to pre-mRNAs to facilitate intron removal by defining the exon slice recog-
nition site. Impaired RBP function has been linked to diabetes development [13]. RBPs are
enriched and play an important role in β-cell function and survival [8,14]. Interestingly,
RNA-Sequencing (RNA-Seq) of human tissues has revealed that pancreatic islets express
several neuron-specific splicing factors [15], indicating that (i) β-cells and neurons share
similar splicing signature and factors and (ii) there is a crucial role of neuron-enriched splic-
ing factors present in β-cell function [16]. The Neuro-Oncological Ventral Antigens (NOVA)
are a family of two RBPs (NOVA1 and NOVA2) that are associated with approximately
700 alternative splicing events in neurons, both in the cytoplasm and nucleus [17]. By
using a combination of RNA-Seq, siRNA technology, and functional studies, Villate O et al.
showed that Nova1 is necessary for glucose-stimulated insulin secretion in rodent INS-1E
β-cells. Furthermore, the silencing of NOVA1 in rodent β-cells and dispersed human islets
induces both basal and cytokine-induced apoptosis [18]. Moreover, the authors demon-
strated that Bcl-2 Interacting Mediator of cell death (Bim), a proapoptotic protein [19], was
differentially spliced and potentiated apoptosis in Nova1-deficient β-cells. In addition,
Bim has been shown to modulate several apoptotic events in β-cells under stress [2,19–22].
While results from this in vitro finding strongly suggest a crucial activity of NOVA1/BIM
in β-cell function and survival, the role of NOVA1 in β-cell functioning in vivo remains
elusive. Interestingly, a recent finding by Vernia S et al. showed that adipocyte-specific
Nova1-deficient mice exhibit augmented thermogenesis and improved glycemia, suggest-
ing an important physiological metabolic role of Nova1 in vivo [23]. Collectively, based on
these findings, we hypothesized that β-cell-specific deletion of Nova1-Bim will have a major
impact on β-cell function and survival in vivo. To address this, we used Cre-recombinase
technology to delete Nova1 or Bim specifically in β-cells in mice and characterized the
impact of deletion of the genes on glucose homeostasis in vivo.

2. Materials and Methods

2.1. Animal Models and In Vivo Procedures

Mice were studied in accordance with the ethics protocol approved by the Commi-
sion d’Ethicque du Bien-Être Animal (CEBEA), Faculté de Médecine, Université libre de
Bruxelles (dossier No. 732). β-cell-specific suppression of Nova1 or Bim were generated
using Cre-LoxP technology on C57BL/6N background. Homozygous Nova1floxed mice
(Nova1fl/fl Genome way, Lyon, France) were generated by insertion of floxed sequence in
addition to the endogenous exons 1–3 of Nova1 in chromosome 12 and kindly provided by
the ULB Center for Diabetes Research (Brussels, Belgium). Nova1fl/fl mice were crossed
with mice harboring one allele of Cre-recombinase under the mouse Ins1 promoter (Ins1Cre;
Jackson Laboratory, Bar Harbor, ME, USA) to generate mice heterozygous for the floxed
Nova1 gene and expressed the Ins1Cre transgene (Nova1+/fl/Cre). Nova1+/fl/Cre mice were
crossed with Nova1fl/fl mice to generate β-cell-specific Nova1 knockout mice (βNova1−/−).
β-cell-specific Bim knockout mice (βBim−/−) were generated by using a similar approach.
Thus, Bimfl/fl mice [24,25] (kindly provided by Philippe Bouillet, The Walter and Eliza
Hall Institute, Melbourne, Australia) were crossed with Ins1Cre to generate βBim−/− mice.
Animals were housed at 22 ◦C on a 12:12-h light-dark cycle with ad libitum access to food
and water. We have used littermates for our study.

2.2. Diabetes Induction and High Fat Diet Treatment

To induce diabetes in mice, we utilized a mouse multiple low-dose streptozotocin
(MLD-STZ) mouse model. Male mice were injected with streptozotocin (45 mg/kg body
weight) prepared in a 0.1 M citrate buffer (pH 4.5) for 5 consecutive days. Body weight and
blood glucose (blood drawn from tail vein) were measured every week. Body composition
was measured before STZ injection and every 2 weeks. To further test the impact of the loss
of Nova1 or Bim, we used a second mouse model of β-cell stress, where we fed mice with
a high fat diet (HFD, 60% kcal fat, D16042106i Research Diets, New Brunswick, NJ, USA)
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for 12 weeks. Tissues were collected under non-fasted conditions. Body fat, lean mass,
and total water mass were determined by using EchoMRITM3-in-1 (Houston, TX, USA).
We have used the following cohorts for the experiments: 11–12-week-old male Nova1fl/fl

and βNova1−/− for MLD-STZ; 10–11-week-old male Nova1fl/fl and βNova1−/− for high
fat diet; 9–10-week-old male Bimfl/fl and βBim−/− for MLD-STZ; 10–11-week-old male
Bimfl/fl and βBim−/− for high fat diet.

2.3. Isolation of Mouse Islet and Fluorescence-Activated Cell Sorting (FACS) of β-Cells

Mouse islets were isolated by digesting the pancreas with collagenase (Sigma-Aldrich,
St Louis, MI, USA; cat. #C9263) prepared in serum-free M199 media (Gibco-Thermo Fisher,
Waltham, MA, USA; cat #22350) at a concentration of 0.8 mg/mL. Isolated islets were
hand-picked under a stereomicroscope two or three times, until a population of pure islets
was obtained.

For FACS-sorting of β-cells, islets were first washed with cell dissociation medium
(124 mM NaCl, 5.4 mM KCl, 0.8 mM MgSO4, 1 mM Na2PO4, and 10 mM HEPES). Following
the washing, pancreatic islets were disaggregated by gentle continuous pipetting in trypsin
(1 mg/mL; Sigma-Aldrich; cat. #T9935) and DNase I (Sigma-Aldrich; cat. #10104159001;
1 mg/mL) in a water bath at 37 ◦C. Dispersed islet cells were centrifuged, and the cell pellet
was resuspended with FACS buffer, filtered through 35 μm nylon mesh cell strainer-caped
tubes (Fisher Scientific, Hampton, NH, USA; cat. #10100151), and β-cells were purified by
light scatter activity and autofluorescence by FACS (BD FACSAria™ III, BD Biosciences,
Franklin Lakes, NJ, USA) as previously described [26,27]. After sorting, β-cell fraction was
collected in a tube containing RPMI 1640 (Gibco-Thermo Fisher, cat. #61870044). Cells were
centrifuged and the pellet was lysed using RIPA buffer and processed for immunoblotting.

2.4. Glucose Stimulated Insulin Secretion

Isolated islets were allowed to recover for 1–2 h at 37 ◦C (5% CO2) in M199 medium
supplemented with streptomycin, penicillin, and 10% FBS. Following incubation, groups
of ten size-matched islets were incubated with 1 mL of Krebs buffer containing 1.6 mM
glucose at 37 ◦C in 5% CO2 incubator for 30 min. For stimulation, islets were switched to
a solution of the KRB buffer containing either 2.8 mM (control) or 16.7 mM (stimulated)
glucose for 60 min at 37 ◦C. The supernatant fraction was assayed for secreted insulin by
ELISA (Crystal Chem Cat 90080, Crystal Chem Inc., IL, USA) and the islets were collected
for measurements of protein for normalization.

2.5. Western Blotting

Total protein lysates were isolated in a RIPA buffer (150 mM NaCl, 1 mM EDTA,
50 mM Tris/HCl, 0.5% SDS, 1% NP-40), plus a HaltTM protease and phosphatase inhibitor
cocktail (Thermo Fisher, cat #78442). Protein was quantified by a BCA protein assay kit
(Thermo Fisher; cat. #PI23227). 50–100 μg protein lysate was separated on polyacrylamide
gels and transferred to a 0.22 μM nitrocellulose membrane (Bio-Rad, Hercules, CA, USA).
Membranes were immunoblotted with primary antibodies for NOVA1 (MilliporeSigma,
Burlington, MA, USA; cat. #07-637), NOVA2 (Proteintech, Rosemont, IL, USA; cat. #55002-
1-AP), BIM (Cell Signaling Technology Inc., Danvers, MA, USA; cat. #2933, clone C34C5),
or GAPDH (Trevigen, Wiesbaden, Germany; cat. #2275-PC-100) in a milk blocking buffer.
Proteins were detected using goat anti-rabbit IgG (Dako Agilent, Santa Clara, CA, USA; cat.
#P0448) secondary antibody labelled with HRP followed by signal visualization western
blot imaging system (Amersham ImageQuant 800 western blot imaging system, Cytiva
Life Science, Marlborough, MA, USA).

2.6. Histological Studies and Immunohistochemical Staining

The pancreata were harvested from the sacrificed mice after dissection and were
washed with saline. The specimens were fixed in 10% buffered formalin (pH 7.4) and
embedded into paraffin blocks. The blocks were cut into (7 μm) paraffin sections by a
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rotator microtome. The sections were stained with Hematoxylin and Eosin (H&E) and with
Masson trichrome stains as indicated [28,29].

7 μm thick paraffin sections were mounted on positively charged slides and subjected
to immunohistochemical procedures. Paraffin sections were dewaxed, and antigen unmask-
ing was performed using a heated citrate buffer (10 mM). Sections were permeabilized
using triton (0.1%) followed by blocking with 2% milk (15 min) and 10% normal goat
serum (30 min room temperature) was used to block non-specific binding sites. Specimens
were incubated with primary antibodies overnight (Insulin, Dako Agilent; cat. #A0564;
Glucagon, Sigma-Aldrich; cat. #G2654; CD68, Cell Signaling; cat. #97778) at 4 ◦C followed
by 1 h incubation with the secondary antibody conjugated to the fluorochrome for insulin
(Goat anti-Guinea Pig IgG Thermo Fisher, cat. #A21435 or #A11073), glucagon (Donkey
anti-Mouse IgG, Sigma-Aldrich, cat. #A21202 or #A32794), and CD68 (Donkey anti-Rabbit
IgG, Sigma-Aldrich, cat. #A31571). Specimen slices incubated only with secondary an-
tibody were used as negative controls. Nuclei were counterstained with DAPI (Vector
Laboratories, Burlingarme, CA, USA; cat. #H-1200) before mounting. Images were ana-
lyzed on a fluorescent microscope (Axio Observer D1, Carl Zeiss, Oberkochen, Germany).
The quantification of the percentage of insulin and glucagon positive cells per islet was
performed within the islets, which were analyzed using Cell profiler automated counting
software (Broad Institute, Cambridge, MA, USA).

2.7. Pancreatic Insulin Content

Pancreas pieces close to the intestine and liver were collected followed by homogeniza-
tion with ethanol/water/acid (75/23.5/1.5, % v/v). Homogenized samples were incubated
on a tube rotator for 24 h at 4 ◦C and centrifuged at 1500 g for 30 min. Supernatant was
collected and used for insulin measurement using a commercial Insulin ELISA kit (Crystal
Chem Inc., Chicago, IL, USA; cat. #90080). Insulin content was expressed as μg insulin/g
pancreas weight (μg/g).

2.8. Intraperitoneal Glucose and Insulin Tolerance Tests (IPGTT and ITT)

An intraperitoneal glucose tolerance test (IPGTT) was carried out after a 6 h fast in age-
matched male mice, and 2 g/Kg glucose/body weight was administered by intraperitoneal
injection. For MLD-STZ studies, 1 g/Kg body weight of glucose was administered. For the
insulin tolerance test (ITT), regular human insulin (Sigma-Aldrich; cat. #I9278; 0.65 U/kg
in saline) was administered intraperitoneally to 4 h fasted mice. Blood was collected
from the tail vein before (basal, 0 min) and at 15, 30, 60, 90, and 120 min after glucose
or insulin administration using a commercial glucometer (Accu-Check Perfoma, Roche,
Basel, Switzerland).

2.9. Statistical Analysis

Analyses were performed with GraphPad Prism 8.4 software (Prism, San Diego, CA,
USA). All the results are expressed as mean ± SEM. Student’s t-tests or, where appropriate,
two-way analysis of variance (ANOVA) was performed. Statistical analysis was performed
using the criterion for significance of p < 0.05 for all comparisons.

3. Results

3.1. Generation of Mice with β-Cell-Specific Loss of Nova1 (βNova1−/−) or Bim (βBim−/−)

To directly investigate the effects of β-cell-specific Nova1 knockout in mice, we used
the Cre-LoxP recombination system. Briefly, Nova1fl/fl mice were crossed with transgenic
mice expressing the Cre recombinase under the control of the mouse insulin promoter
(Ins1Cre). Nova1 deletion was confirmed by PCR analysis of genomic DNA isolated from
ear notches (data not shown) and immunoblot analysis of Nova1 protein expression in
isolated islets. As shown in Figure 1A (left panel and right panel), immunoblot analysis
confirmed a robust deletion (85%) of Nova1 in isolated islets. Since Nova1 is a neuron-
specific alternative splicing factor, we confirmed that Nova1 deletion was specific to β-cells
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and its expression not altered in the brain (Figure 1A). In addition, Nova2 expression in
pancreatic islets was not affected by Nova1 deletion in β-cells (Figure S1).

Figure 1. Impact of β-cell-specific Nova1 deletion on glucose homeostasis. Nova1 was deleted in
β-cells of mice using Cre-LoxP technology. Nova1 deletion was confirmed in isolated islets from
Nova1fl/fl or βNova1−/− mice by immunoblotting using anti-NOVA1 antibody (A). Ex vivo glucose
stimulated insulin secretion was performed in isolation from Nova1fl/fl or βNova1−/− mice in the
presence of low or high glucose (B). To test the impact of diabetes on glucose homeostasis Nova1fl/fl

or βNova1−/− mice were injected with 5-days of MLD-STZ and followed for 6 weeks. Body weight
(C), body composition (D,E), and blood glucose (F; top and bottom panel) were monitored following
STZ injection. GTT was performed in 6 h fasted mice after 6 weeks of STZ administration. Blood
glucose was measured at indicated time points and expressed as mmol/L (G) or % change in blood
glucose normalized to time 0 (H). Figure G (bottom panel) and H (bottom panel) represent glucose
areas under the curve. Pancreatic insulin content was measured in acid–ethanol extracted fraction
using a commercial ELISA kit (I). Pancreatic sections were stained for insulin, glucagon, and DNA
(J). Scale bar, 20 μm. Representative of 3 mice per genotype (J). Bottom panel (J) showing islet area,
insulin, and glucagon positive cells (calculated as % of total islet area). Histology of mouse pancreas
stained by Hematoxylin and Eosin (K). Destruction and distortion of endocrine cells in STZ-diabetic
mice with the presence of dead and inflammatory cells. Scale bar, 25 μm. Data are presented as Mean
± SEM. * p < 0.05 vs. Nova1fl/fl mice.
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3.2. In Vivo Glucose Homeostasis Was Unchanged in βNova1−/− Mice in Response to
MLD-STZ-Induced Diabetes

To test the impact of Nova1 deletion on β-cells, we first performed in vitro glucose
stimulated insulin secretion in the isolated islets from βNova1−/− mice. While basal insulin
secretion was unchanged between 2 genotypes, a trend towards increase (+32%) in glucose-
stimulated insulin secretion was observed in βNova1−/− mice compared to Nova1fl/fl mice
when stimulated with high glucose (Figure 1B). Next, to test our hypothesis that Nova1
deletion exacerbates the impaired glucose tolerance in diabetes, we subjected βNova1−/−
and littermate control mice to a model of inflammatory-mediated diabetes by injecting
MLD-STZ and followed the glycemia, body composition, and body weight. Nova1 deletion
in β-cells did not alter body weight (Figure 1C) or composition (Figures 1D,E and S2A–H).
Similarly, blood glucose measured every week was similar in both genotypes (Figure 1F; top
and bottom panels) and the mice had no differences in elevated blood glucose (Nova1fl/fl:
26 ± 1.1 mmol/L, βNova1−/−: 24.6 ± 1.1 mmol/L). At the end of 6 weeks, IPGTT per-
formed in βNova1−/− and littermate controls revealed no change between genotypes in
glucose tolerance indicated by blood glucose levels (Figure 1G; top and bottom panels) and
% change in blood glucose (Figure 1H; top and bottom panels) after glucose injection. No
change in insulin content in the pancreas was observed in these mice (Figure 1I). Finally, we
performed immunofluorescent staining with the pancreas sections of the mice to analyze
both insulin-secreting β-cells and glucagon-secreting α-cells. Most islets were disrupted
in both genotypes and no difference in the islet area or insulin area, or in the glucagon
area or macrophage numbers, were observed (Figures 1J and S3A,B). Similarly, histology of
pancreas stained by H&E showed no difference between two genotypes (Figure 1K). There
are several caveats and concerns about β-cell specific Cre mouse lines, and results should be
carefully interpreted with these models [30–32]. Importantly, the Ins1Cre mouse model used
in the present study does not affect body weights and glucose homeostasis when treated
with MLD-STZ compared to C57BL/6N control mice (Supplementary Figure S4A–F) [32].
In addition, we confirmed that the Cre transgene alone does not affect body composition
(Supplementary Figure S5A–H). Collectively, these results show that Nova1 deletion in
β-cells does not impair glucose homeostasis.

3.3. In Vivo Glucose Homeostasis Was Unchanged in βNova1−/− Mice un Response to
High-Fat Diet

To further understand the impact of Nova1 deletion in a model of moderate β-cell
stress, we induced metabolic stress (obesity and insulin resistance) by feeding the mice
a high-fat diet for 12 weeks [25,33]. The high-fat diet (HFD) increased body weight
(Figure 2A,B) and fat mass in both βNova1−/− and control mice (Figure 2C,D) after
12 weeks. Before starting the HFD, the glucose tolerance test was not different between
βNova1−/− and Nova1fl/fl control mice (Figure 2E,F). After 12 weeks of the HFD, fast-
ing blood glucose was elevated in both Nova1fl/fl (Before HFD: 9.6 ± 0.3, after HFD:
11.9 ± 0.8) and βNova1−/− mice (Before HFD: 10.2 ± 0.3, after HFD: 12.1 ± 0.3). Interest-
ingly, βNova1−/− mice demonstrated a moderate improvement in glucose tolerance at 60
and 120 min after glucose injection. However, the glucose area under curve demonstrated
the only trend towards reduction in (p = 0.056) in βNova1−/− mice (Figure 2G,H). To
assess insulin action, an intraperitoneal insulin tolerance test was performed 1 week after
the IPGTT. No change in ITT was observed between the 2 groups (Figure 2I,J). Moreover,
pancreatic insulin content was also indistinguishable between Nova1fl/fl and βNova1−/−
mice (Figure 2K). To further determine if Nova1 deletion altered insulin expression at the
histological level, we investigated the histology of the pancreas via H&E and immunofluo-
rescence analysis on pancreatic sections from high-fat fed Nova1fl/fl and βNova1−/− mice.
Interestingly, as depicted in Figure 2L (bottom panel), pancreatic sections from βNova1−/−
mice showed a significant reduction in the percentage insulin area (p = 0.0163) despite
the unchanged islet area between Nova1fl/fl and βNova1−/− mice. However, the H&E
staining did not show any notable change in the islet morphology between the two geno-
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types (Figure 2M). This suggests that although Nova1 deletion in β-cells reduces insulin
positive cells, it is not sufficient to bring change in the overall glucose homeostasis at the
whole-body level.

Figure 2. Effect of high-fat diet on glucose homeostasis of βNova1−/− mice. βNova1−/− mice were
fed a high-fat diet for 12 weeks. Body weight was measured weekly (A,B). Incremental body weight
(B) was calculated as cumulative gain in body weight (g) every week. Body composition (fat mass,
lean mass, and total water) was measured before and after 12 weeks of high-fat diet feeding (C,D). A
glucose tolerance test performed before high-fat diet feeding did not show any change in βNova1−/−

mice compared to Nova1fl/fl mice (E,F). After 12 weeks following the high-fat diet, βNova1−/− mice
exhibited a trend towards improved glucose tolerance compared to Nova1fl/fl mice (G,H). However,
an insulin tolerance test measured one week after the IPGTT did not show any difference between the
two genotypes (I,J). Pancreatic insulin content was measured in an acid–ethanol extracted fraction
using a commercial ELISA kit (K). Immunofluorescence staining of pancreatic sections (insulin,
glucagon, and DNA) from both high-fat-fed and control Nova1fl/fl and βNova1−/− mice (L). Insulin
(red staining) is contained in the core zone of the islet, while glucagon (green staining) is found in the
mantle zone. Scale bar, 20 μm. Representative of 3 mice per genotype (L). Bottom panel (L) showing
islet area, insulin, and glucagon positive cells (calculated as % of total islet area). Histology of
mouse pancreas stained by Hematoxylin and Eosin (M). Scale bar, 25 μm. Data are presented as
Mean ± SEM. * p < 0.05 vs. Nova1fl/fl mice.

3.4. Bim Deletion in β-Cells Did Not Alter In Vivo Glucose Homeostasis in Response to
MLD-STZ-Induced T1D or High-Fat Diet-Induced Obesity

The Bcl-2 homology domain 3 (BH3)-only protein Bim is a critical mediator of cytokine-
induced β-cell death and it has been shown that Bim is involved in β-cell apoptosis induced
by β-cell Nova1 deficiency [18]. However, the β-cell-specific role of Bim in vivo remains
elusive. Therefore, we generated a mouse model lacking Bim specifically in β-cells using a
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Cre-Lox approach similar to that used for βNova1−/− mice. Bim deletion was confirmed in
the β-cells of βBim−/− mice (Figure 3A). Bim deficiency in the β-cells did not alter diabetes
development induced by MLD-STZ, body weight or composition (Figure 3B–D and Figure
S6A–H), and weekly blood glucose (Figure 3E; top and bottom panels). At the end of
6 weeks, IPGTT performed in βBim−/− and littermate control mice did not show any
change in glucose tolerance indicated by blood glucose levels (Figure 3F; top and bottom
panels) and % change in blood glucose (Figure 3G; top and bottom panels) after glucose
bolus injection during IPGTT. The insulin content measured in the pancreas of these mice
was indistinguishable between the groups (Figure 3H). Immunofluorescence analysis of
pancreatic sections showed that the percentage insulin area was slightly reduced (p = 0.03)
in βBim−/− mice (Figure 3I; top and bottom panels). However, H&E staining did not show
any apparent changes between the two genotypes (Figure 3J). Collectively, these results
show that Bim deletion in β-cells does not impair glucose homeostasis. Next, we subjected
these mice to a 12-week HFD regimen to test the in vivo impact of Bim deletion in response
to obesity-induced metabolic stress. After 12 weeks of the HFD, body weight (Figure 4A,B)
and body composition (Figure 4C,D) were similar in βBim−/− and littermate control mice.
Before starting the HFD, the glucose tolerance test was unchanged between Bimfl/fl and
βBim−/− mice (Figure 4E,F). The HFD feeding did not affect the blood glucose levels
measured during IPGTT (Figure 4G,H) or ITT (Figure 4I,J), between Bimfl/fl and βBim−/−
obese mice. Similarly, pancreatic insulin content (Figure 4K), immunofluorescence staining
(Figure 4L), and histological analysis of H&E (Figure 4M) did not show any major change
between high-fat diet fed Bimfl/fl and βBim−/− littermate mice. Taken together, these
results show that Bim deletion in β-cells does not improve glucose homeostasis in obese or
MLD-STZ-mediated diabetic mice.

Figure 3. Impact of β-cell-specific Bim deletion on glucose homeostasis. Bim was deleted in β-cells
of mice using Cre-LoxP technology. Bim deletion was confirmed in FACS-purified β-cells isolated
from islets of Bimfl/fl or βBim−/− mice by immunoblotting using anti-Bim antibody (A). To test the

229



Nutrients 2022, 14, 3866

impact of diabetes on glucose homeostasis, Bimfl/fl or βBim−/− mice were injected with 5-days of
MLD-STZ and followed for 6 weeks. Body weight (B), body composition (C,D), and blood glucose
(E; top and bottom panel) were monitored following STZ injection. GTT was performed in 6 h fasted
mice after 6 weeks of STZ administration. Blood glucose was measured at indicated time points
and expressed as mmol/L (F) or % change in blood glucose normalized to time 0 (G). Figure (F)
(bottom panel) and G (bottom panel) represent glucose areas under the curve. Pancreatic insulin
content was measured in an acid–ethanol extracted fraction using a commercial ELISA kit (H).
Destruction and distortion of endocrine cells was observed in STZ-diabetic mice with the presence
of dead and inflammatory cells. Pancreatic sections were stained for insulin and glucagon and
DNA. Scale bar, 20 μm. Representative of 3 mice per genotype (I). Bottom panel (I) showing islet
area, insulin, and glucagon positive cells (calculated as % of total islet area). Histology of mouse
pancreas stained by Hematoxylin and Eosin (J). Scale bar, 25 μm. Data are presented as Mean ± SEM.
* p < 0.05 vs. Bimfl/fl mice.

Figure 4. Effect of high-fat diet on glucose homeostasis of βBim−/− mice. βBim−/− mice were
subjected to a high-fat diet regimen for 12 weeks. Body weight was measured weekly (A,B). Body
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(fat mass, lean mass, and total water) was measured before and after 12 weeks of high-fat diet
feeding (C,D). Glucose tolerance tests measured before (E,F) and 12 weeks after high-fat diet feeding
(G,H) did not show change in βBim−/− mice compared to Bimfl/fl mice. Similarly, an insulin
tolerance test measured one week after the IPGTT did not show any difference between the two
genotypes (I,J). Pancreatic insulin content was measured in an acid–ethanol extracted fraction using
a commercial ELISA kit (K). Pancreatic sections were stained for insulin, glucagon, and DNA (L).
Bottom panel (L) showing islet area, insulin, and glucagon positive cells (calculated as % of total islet
area). Representative of 3 mice per genotype. Scale bar, 20 μm. Histology of mouse pancreas stained
by Hematoxylin and Eosin (M). Scale bar, 25 μm. Data are presented as Mean ± SEM.

4. Discussion

The importance of alternative splicing in diabetes and pancreatic β-cell function is
gaining interest. Previous findings have suggested an important role for NOVA1 in pancre-
atic β-cell function and survival including the following: (i) studies showing expression of
NOVA1 in human pancreatic islets [15] and purified rat β-cells [34]; (ii) NOVA1 knockdown
in vitro induced apoptosis (basal and cytokine-induced) in human islets impairs glucose-
stimulated insulin secretion in INS-1E cells and regulates transcripts involved in exocytosis,
apoptosis, insulin signaling, splicing, and transcription in FACS-purified rat β-cells [18].
Despite this convincing in vitro evidence, the in vivo function and physiological relevance
of NOVA1 in β-cells remain unclear. Here, we determined the in vivo metabolic effect of
β-cell-specific Nova1 deletion in mice to directly test the hypothesis that the loss of Nova1
in β-cells will adversely affect glucose homeostasis. Surprisingly, we did not detect any
changes in glucose-stimulated insulin secretion in mice with a β-cell specific loss of Nova1.
Conversely, βNova1−/− mice islets demonstrated a trend towards increased—albeit not
significant—insulin secretion under high glucose stimulation. Nova1 is known to be in-
dispensable for neuronal survival as Nova1-null mice die postnatally due to neuronal
apoptosis [35] and motor neuron dysfunction [36]. However, βNova1−/− mice did not
show any adverse phenotypes, suggesting that Nova1 may not be necessary for β-cell
survival or function. Since we did not observe any spontaneous adverse phenotypes in
βNova1−/− mice, we reasoned that Nova1 may be necessary under pathological conditions.
Therefore, we challenged Nova1 deficient β-cells with inflammatory stress (MLD-STZ) or
moderate metabolic stress (insulin resistance) conditions. To address this question, we
subjected these mice to two independent models of metabolic stress with impaired β-cell
function. First, we used MLD-STZ-induced diabetes, which is a widely used model for
studying β-cell inflammation and death. We injected STZ to Nova1fl/fl and βNova1−/−
mice and followed them for 6 weeks. We did not see any changes in blood glucose, glucose
tolerance (only a trend towards a reduction at later time points after glucose bolus), or
pancreatic insulin content between the two genotypes. Second, it is established that a long-
term high-fat diet enhances β-cell proliferation and mass [37]. Therefore, to test the impact
of Nova1 loss in β-cells, we fed βNova1−/− mice a high-fat diet. No difference in body
composition and pancreatic levels was observed between the two genotypes. Surprisingly,
βNova1−/− mice exhibited a moderate improvement in HFD-induced impaired glucose
tolerance compared to Nova1fl/fl mice. Overall, from two metabolic stress mouse models,
our data clearly argue against a β-cell-specific physiological/pathological role of Nova1.

It has also been shown that Nova1 knockdown in INS-1E cells induces basal and
cytokine-induced apoptosis and this cell death is mediated by the BH3-only protein Bim [18].
Both in vitro and in in vivo studies [38,39] have previously shown that Bim is downstream
Nova1 and plays an important role in β-cell apoptosis in diabetes. Moreover, Bim activates
apoptosis in several models of β-cell stress and high mRNA levels of Bim is detected in
islets of T2D patients [21]. These findings collectively suggest that BIM plays a physiological
metabolic role. However, the impact of β-cell-specific role of Bim in glucose homeostasis
in vivo has not been previously studied. We generated a mouse model with β-cell-specific
deletion of Bim and found indistinguishable parameters both under physiological condition
and in response to inflammatory-mediated diabetes or HFD-induced obesity. Hence, our

231



Nutrients 2022, 14, 3866

finding shows for the first time that the loss of Bim in β-cells is not sufficient to improve
β-cell function and/or survival in vivo.

Thus, the question remains: why did the loss of Nova1-Bim in β-cells have no effect
on glucose homeostasis in vivo? Several plausible reasons emerge that may explain the
discrepancy between previous strong in vitro data supporting a beneficial role of Nova1 in
β-cells and our in vivo findings in this study. First, though NOVA1 expression has been
detected in human pancreatic islets [15] and purified rat β-cells [34], their expression pattern
in the diseased context is largely unknown. Detailed characterization of pancreatic NOVA1
expression in diabetic patients or rodent models of diabetes would help to determine if
altered NOVA1 expression is adaptive or maladaptive during diabetes. Second, it is possible
that β-cells-specific Nova1 knockout induces a compensatory increase of alternative RBPs
other than Nova2. This is not in line with the indispensable role of Nova1 in neurons. Global
knockout mice of Nova1 die postnatally from a motor deficit associated with apoptotic
death of spinal and brainstem neurons [35]. It is conceivable that deletion of both Nova1
and Nova2 expression is necessary to induce β-cell dysfunction in vivo. In line with this, a
recent study using adipocyte-specific deletion of Nova1 and Nova2 has shown an additive
effect, promoting adipose tissue thermogenesis and improving glycemia [23]. Finally, to
our knowledge, the study by Villate O et al. is the only study that has used multiple in vitro
models to show the importance of Nova1 in β-cell function and survival [18]. Therefore, it
is important to consider that in vitro studies may provide molecular insights into cellular
processes, but they do not often completely recapitulate the complexity of in vivo physio
and pathophysiology, which makes it difficult to translate the relevance of the findings.

A limitation of our studies is that we focused our in vivo work on adult male mice,
but the role of Nova1 and Bim in β-cell function should also be clarified in the development
of obesity and diabetes at different ages and in females [40]. In addition, we have not
performed mechanistic/gene sequencing studies to identify altered gene expression or
post-transcriptional gene modifications by knocking out Nova1 or Bim in β-cells. In the
present work, our main goal was to determine whether deficiency of Nova1 or Bim in
β-cells has an in vivo metabolic impact and whether previous in vitro findings can be
translated to an in vivo set up. In summary, our data provide evidence against a role for
Nova1 and Bim in β-cell function.

5. Conclusions

The loss of functional pancreatic β-cell mass is an important hallmark of both T1D and
T2D. Our data from two independent mouse models provide evidence against a critical
role for Nova1 and Bim in β-cells and do not support their modulation to improve β-cell
survival. It is important to note, however, that our data do not completely rule out a
potential contribution of NOVA1/BIM to β-cell dysfunction in human T1D or T2D.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu14183866/s1, Supplementary Figure S1: Nova2 expression
is not affected in βNova1−/− islets, Supplementary Figure S2: Change in body composition of
βNova1−/− mice after MLD-STZ administration, Supplementary Figure S3: Expression of insulin,
glucagon and the macrophage marker CD68 in pancreas of MLD-STZ-treated βNOVA1−/−, βBim−/−
and control mice, Supplementary Figure S4: Transgenic expression of the Cre gene did not affect
impaired glucose homeostasis induced by MLD-STZ, Supplementary Figure S5: Change in body
composition of Ins1Cre mice after MLD-STZ administration, Supplementary Figure S6: Change in
body composition of βBim−/− mice after MLD-STZ administration.
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