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Abstract: In this study, an obese C57BL/6J mice model was induced to compare the effect of different
high protein diets (soybean protein and pork protein) on obesity. The obese mice were randomly
divided into four groups: natural recovery (NR), high-fat diet (HF), high soybean protein diet (HSP),
and high pork protein diet (HPP) groups. After 12 weeks of dietary intervention, the obesity-related
indexes of mice were measured, such as body weight, fat coefficients, blood lipid indexes and so
on. Results showed that HSP and HPP decreased the weight and fat coefficients of mice, the levels
of serum total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C) and leptin (p < 0.05).
Soybean protein was shown to be more effective in reducing the weight and fat mass of obese mice,
although pork protein seemed to have a better effect on regulating serum triglyceride (TG). In addition,
the two high protein diets both alleviated hepatic fat deposition effectively. Furthermore, HPP and
HSP decreased the expression of hepatic peroxisome proliferator-activated receptor-γ (PPAR-γ)
and increased the protein expression of phosphorylated AMP-activated protein kinase (pAMPK),
phosphorylated acetyl CoA carboxylase (pACC), and uncoupling protein 2 (UCP2) (p < 0.05). In
conclusion, the study shows that high protein diets based on both pork protein and soybean protein
alleviated abdominal obesity in mice effectively by regulating lipid metabolism, probably via the
UCP2-AMPK-ACC signaling pathway.

Keywords: high protein diet; obesity; pork protein; soybean protein; mice

1. Introduction

Obesity is a chronic metabolic disease characterized by abnormal accumulation of fat
in the body due to the imbalance in energy metabolism [1,2]. The prevalence of obesity has
increased substantially over the past 40 years, from less than 1% in 1975, to 6–8% in 2016 [3].
According to the World Health Organization, more than 1.9 billion adults are overweight,
and more than 650 million adults are obese globally [4]. Approximately 46% of adults and
15% of children in China are obese or overweight [5]. In addition, obesity increases the risk
of dyslipidemia and oxidative stress [6,7], which is also closely linked to other common
chronic diseases such as cardiovascular disease, type 2 diabetes, hypertension, and certain
cancers [8,9]. Moreover, it is thought to be a risk factor for COVID-19 deterioration [10]. So,
prevention and treatment of obesity are critical and necessary.

Currently, regulating dietary protein intake is a potential strategy for alleviating
obesity and controlling weight [11,12]. As a macronutrient regulation method, high protein
diets establish a negative energy balance, by decreasing energy intake and increasing
energy consumption, to improve metabolic function [13]. In addition, high protein diets are
beneficial in reducing body weight and fat, but it is unclear whether the effect is influenced
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by protein sources [14,15]. Some studies [16,17] have reported that meat proteins are high-
quality protein sources for body growth and health maintenance, with a higher proportion
of essential amino acids (EAAs) and better absorption and utilization effects than plant
proteins [18–20]. Amino acid contents of proteins fluctuate between sources, resulting in
diverse impacts on physiology, metabolism, gene, and protein expression [21].

In addition, the liver is the primary site of metabolism diseases, such as obesity and
diabetes. AMP-activated protein kinase (AMPK) is a key regulator of energy homeostasis,
which coordinates metabolic pathways and thus balances energy demand [22]. Peroxisome
proliferator-activated receptor-γ (PPAR-γ) is related to lipid metabolism, and its down-
stream uncoupling protein 2 (UCP2) -AMPK- acetyl CoA carboxylase (ACC) signaling
pathway is involved in the regulation of hepatic lipid metabolism [23]. Thus, we speculated
that high protein diets could promote the autophosphorylation of AMPK and the phos-
phorylation of downstream ACC, enhancing fatty acid oxidation and regulating hepatic
lipid metabolism.

Therefore, this study carried out a high protein dietary intervention of different sources
on diet-induced obese mice to evaluate the effects of soybean protein and pork protein and
explored the associated mechanism. The results will provide appropriate and practical
guidance for the dietary intervention of overweight and obese people.

2. Materials and Methods
2.1. Protein Samples and Animal Diets

Soybean protein isolate (purity 90%) was purchased from Qilu Biotechnology Co., Ltd.
(Shandong, China). Pork protein (purity 95%) was from Guohao Biotechnology Co., Ltd.
(Xi’an, China).

The feed used in the experiment was granular, including the normal feed, high-fat
feed, and two kinds of high protein feed. They were all prepared by Jiangsu synergy
Bioengineering Co., Ltd. (Nanjing, China). The high protein feed formula was modified
according to the AIN-93G standard formula, and the energy supply ratio of protein was
35%. See Table 1. Composition of different dietary patterns for each feed formula.

Table 1. Composition of different dietary patterns.

Groups

NC HF NR HSP HPP

Ingredient gm kcal gm kcal gm kcal gm kcal gm kcal
Pork protein 0 0 0 0 0 0 0 0 368.42 1400
Soy protein 0 0 0 0 0 0 388.89 1400 0 0

Casein 200 800 200 800 200 800 0 0 0 0
L-cystine 3 12 3 12 3 12 3 12 3 12

Corn starch 506.2 2024.8 0 0 506.2 2024.8 304.61 1218.44 325.08 1300.32
Maltodextrin 125 500 125 500 125 500 116 464 116 464

Sucrose 68.8 275.2 68.8 275 68.8 275.2 50 200 50 200
Cellulose 50 0 50 0 50 0 50 0 50 0

Soybean oil 25 225 25 225 25 225 40 360 40 360
Lard 20 180 245 2205 20 180 0 0 0 0

Vitamin mix V10037 10 40 10 40 10 40 10 40 10 40
Mineral mix S10022G 35 0 35 0 35 0 35 0 35 0

Line bitartrate 2.5 0 2.5 0 2.5 0 2.5 0 2.5 0
Total 1045.5 4057 764.3 4057 1045.5 4057 1000 3694.44 1000 3776.32

NC: the control group; HF: the high-fat diet group; NR: the natural recovery group; HSP: the high soybean protein
diet group; HPP: the high pork protein diet group.

2.2. Experimental Protocol

A total of 48 4-week-old male C57BL/6J mice (13–16 g) were obtained from Cavens
Biogle Model Animal Research Co., Ltd. (Suzhou, China, SCXK (Su) 2018–0002). They were
raised in the experimental animal center of Yangzhou University and kept under standard
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laboratory conditions (temperature (22 ± 1 ◦C), and humidity (55 ± 5%) with a 12/12 h
light/dark cycle (8:00–20:00)). Mice fed and drank freely throughout the experiment.

After a one-week acclimatization period, C57BL/6J mice were randomly divided into
the obesity model group (Model group, n = 40) and control group (NC group, n = 8). They
were fed with a high-fat diet or control diet for 16 weeks, respectively. According to the
standard [24] that the body weight of the obese mice exceeded 20% of the average body
weight of NC group, 32 obese mice were selected and randomly divided into 4 groups:
high-fat diet group (HF group, n = 8), natural recovery group (NR group, n = 8), high
soybean protein diet group (HSP group, n = 8) and high pork protein diet group (HPP
group, n = 8). Except for HF, the calories per 100 g of feed of other groups were almost the
same. The NC group was fed with control feed for another 12 weeks until the end of the
experiment. On week 28, mice were deprived of feed but were given free access to water
for 12 h before sacrifice.

All experimental procedures were approved by the Animal Care and Use Committee
of Yangzhou University (No. YXYLL-2021-56) and were performed in accordance with the
National Guidelines for the Ethical Review of Experimental Animal Welfare.

2.3. Determination of Body Weight and Fat Coefficients

During this experiment, the body weight of mice was measured twice a week. In
addition, their mental and physical conditions and feed consumption were monitored
every day. After euthanasia, the epididymal fat and perirenal fat of mice were isolated and
taken out. The surface tissue fluid was sucked dry with filter paper before weighing, and
the ratios of fat mass and body weight were calculated.

2.4. Biochemical Analysis

Immediately following euthanasia, blood samples without anticoagulation were col-
lected and centrifuged (3000 rpm) at 4 ◦C for 10 min to separate the serum. The automatic
biochemical analyzer (bs-850, Mindray Inc, Shenzhen, China) was used to measure the
levels of total cholesterol (TC), triglyceride (TG), low-density lipoprotein cholesterol (LDL-
C), and high-density lipoprotein cholesterol (HDL-C). Leptin and β-Hydroxybutyric acid
(β-HB) levels were determined by enzyme-linked immunosorbent assay (ELISA) kits (eBio-
science Inc, San Diego, California, USA) according to the instructions. Serum creatinine
(SCr) and blood urea nitrogen (BUN) levels were monitored by diagnostic kits (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China).

2.5. Hematoxylin-Eosin (HE) Staining and Oil Red O (ORO) Staining

When the mice were euthanized, parts of the liver were taken under sterile conditions.
The liver tissues of the mice were placed in 4% paraformaldehyde (Servicebio) overnight
and dehydrated and embedded in paraffin. Then, liver tissues were sliced into 5-µm-thick
sections, fixed on a glass slide, and baked dry. Subsequently, the sections were soaked in
xylene (SCRC), ethanol in gradient concentration (SCRC), hematoxylin solution (Servicebio),
ethanol in gradient concentration, and eosin dye (Servicebio), respectively, and sealed with
neutral gum (10004160, SCRC).

After the fixation of liver tissues, optimal cutting temperature (OCT) compound was
added for embedding. Then, the tissues were frozen into lumps and sliced into 5-µm-
thick sections. Frozen sections were reheated at room temperature and fixed with 10%
paraformaldehyde. After washing, soaking, and dehydration, ORO working solution
(Servicebio) was added for staining (10 min) under dark conditions. Subsequently, the
sections were sunk in 60% isopropanol (SCRC). Hematoxylin was used for counterstain to
visualize the nucleus. Then, the sections were treated with scott tap bluing (Servicebio).
Finally, the staining sections were observed under an upright optical microscope (Eclipse
E100, Nikon Inc, Shanghai, China) to analyze the histopathological changes, and Image
J (National Institutes of Health, Bethesda, MD, USA) was used for morphological semi-
quantitative statistical analysis.
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2.6. Determination of Amino Acid Levels

The amino acid levels of dietary protein were determined by high-performance liquid
chromatography. The sample and HCl were added into the hydrolysis tube and put
into an oven and hydrolyzed at 110 ◦C for 22 h. After cooling, it was transferred to a
colorimetric tube for constant volume. The sample was taken and put into a centrifuge
tube filled with nitrogen, drying at 60 ◦C for 2 h. Then, 50 µL of derivatization reagent,
ethanol:phenylisothiocyanate:water:triethylamine = 7:1:1:1 (prepared just before use, filled
with nitrogen) was added. After the 12-week intervention, blood samples with EDTAK2
were used to obtain the plasma. Then, the plasma amino acid level was measured by an
Ag1260 high-performance liquid chromatography system (Agilent Technologies Inc, Palo
Alto, CA, USA).

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

The total RNA in liver samples was extracted with Trizol (15596-026, Invitrogen), and
the purity and concentration of RNA were detected with nucleic acid protein quantizer (ds-
11, Denovix, Wilmington, Delaware, USA). Reverse transcriptase kits (CW2582M, CWBIO,
Beijing, China) were used for reverse transcription of RNA into cDNA in strict accordance
with the instructions. After primers, cDNA, and SYBR Green Master Mix were mixed
thoroughly, and a real-time PCR instrument (Bio-Rad, Hercules, California, USA) was
used to amplify and detect fluorescence intensity with the following parameters: 95 ◦C for
15 min for 1 cycle; 95 ◦C for 10 s, 53~58 ◦C for 30 s, and 72 ◦C for 30 s for 40 cycles. Gene
expression was calculated by the 2−∆∆CT method, using β-actin as a reference gene. The
design of gene primers used for experiments was referred to the primer bank database. In
addition, the primer sequences are shown in Table 2. Sequences of primers in RT-qPCR.

Table 2. Sequences of primers in RT-qPCR.

Gene Upstream Primer (5′-3′) Downstream Primer (3′-5′)

PPAR-γ TCGCTGATGCACTGCCTATG GAGAGGTCCACAGAGCTGATT
UCP2 ATGGTTGGTTTCAAGGCCACA CGGTATCCAGAGGGAAAGTGAT
β-actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT

2.8. Western Blot

When the mice were euthanized, parts of the liver tissue were taken under sterile
conditions. The liver tissues were cut into pieces with surgical scissors. After that, they
were ground and homogenized in the precooled RIPA protein lysis buffer (50 mM Tris-
HCl, pH 7.4, 150 mM NaCl, 1% NP-40, 0.1% SDS) added with protease inhibitor cocktail
(Roche, Shanghai, China). The supernatant was taken after centrifugation, which was the
extracted total tissue protein. Bicinchoninic acid (BCA) protein quantitative kits (02912e,
Cwbiotech, Beijing, China) were used to determine the protein concentration. According to
the molecular weight of the target protein, 28 µg protein samples were taken for 10% gel
electrophoresis (SDS-PAGE). Briefly, the membranes were transferred by the wet-transfer
system, and the PVDF membranes were stained with the ponceau staining reagent. The
membranes were blocked in 5% BSA prepared in 1× Tris-buffered saline with 20% Tween
20 (TBST) for 1 h. The membranes were incubated overnight with anti-PPAR-γ (bs-0530R,
1:1000), anti-UCP2 (bs-1926R, 1:1000), anti-pAMPK (bs-4002R, 1:1000), anti-pACC (bs-
3039R, 1:1000), anti-AMPK (bs-2771R, 1:1000) or anti-β-actin (bs-10966R, 1:1000) antibody
(Bioss, Beijing, China). Then, the membranes were washed with 1× TBST and incubated
with HRP-conjugated anti-rabbit (111-035-003, 1:10,000) or anti-goat (115-035-003, 1:10,000)
antibody (Jackson) for 40 min at room temperature. Finally, the membranes were incubated
in ECL reagents (WBKLS0500, Millipore, Shanghai, China) and scanned using Gel Image
System 4.00 (Tanon, Shanghai, China) for semi-quantification analysis.
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2.9. Statistical Analysis

SPSS 26.0 (IBM, Armonk, NY, USA) was used to analyze all the data. The independent
sample t-test was used to compare the data between the two groups; the differences of mul-
tiple groups were analyzed by one-way ANOVA and the least significant difference (LSD).
p < 0.05 was statistically significant, and the results were expressed as mean ± standard
deviation (Mean ± SD). GraphPad Prism 5.0 were used for drawing.

3. Results
3.1. Changes in Body Weight and Physiological Status of Mice

In this study, diet-induced obese mice were treated with high protein diets (Figure 1A).
During the molding, there was no significant variation in food intake between the obese
and normal mice. Nonetheless, the mice in the Model group had glossy and oily hair. In
addition, the amount of drinking water was increased as compared with the blank control
group. After feeding with high-fat diets for 4 weeks, the mice in Model group gained
weight significantly compared with the control group (p < 0.05). Finally, 32 obese mice were
selected to receive a 12-week dietary intervention.
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Model and Control groups within 16 weeks, * p < 0.05, compared with Model and Control groups; 
(C) changes in body weight within the 12-week intervention of five dietary patterns, * p < 0.05, 
compared with NR and HF groups; & p < 0.05, compared with HPP and HF groups; # p < 0.05, 
compared with HSP and HF groups. 

3.2. Effect of Different Proteins on Epididymis and Perirenal Fat Coefficients in Obese Mice 
To further evaluate the effects of high protein diets from different sources on the 

visceral fat of obese mice, the fat coefficients of mice were measured after the 12-week 

Figure 1. Changes in body weight and physiological status of mice. (A) Outline of the animal
experimental protocol. C57BL/6J mice were fed with high-fat diets for 16 weeks and then randomly
divided into 4 groups for a 12-week intervention. The high-fat diet group (HF group, n = 8) was still
fed with a high-fat diet, the natural recovery group (NR group, n = 8) was fed with a normal diet, the
high soybean protein group (HSP group, n = 8) was fed with a high soybean protein diet, and the high
pork protein group (HPP group, n = 8) was fed with a high pork protein diet; the control group (NC
group, n = 8) was fed with a normal diet for 28 weeks; (B) changes in the body weight of Model and
Control groups within 16 weeks, * p < 0.05, compared with Model and Control groups; (C) changes in
body weight within the 12-week intervention of five dietary patterns, * p < 0.05, compared with NR
and HF groups; & p < 0.05, compared with HPP and HF groups; # p < 0.05, compared with HSP and
HF groups.
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During the intervention, the weight and physiological status of mice in different
groups were monitored. The obese mice in NR, HSP, and HPP groups lost weight to varying
degrees (Figure 1C). Among them, the weight of mice in the HSP group was significantly
decreased compared with the HF group after the 3-week intervention (p < 0.05); that of HPP
group was significantly decreased compared with HF group after the 7-week intervention
(p < 0.05); that of NR group was significantly decreased compared with HF group after
the 9-week intervention (p < 0.05). Furthermore, after 12 weeks, the mice in HSP and HPP
groups lost 25.9% and 20.9% more weight than the HF group, respectively. These results
indicate that the high protein diets based on soybean protein and pork protein significantly
reduced the weight of obese mice, and HSP was more effective.

3.2. Effect of Different Proteins on Epididymis and Perirenal Fat Coefficients in Obese Mice

To further evaluate the effects of high protein diets from different sources on the
visceral fat of obese mice, the fat coefficients of mice were measured after the 12-week
intervention. As shown in Figure 2, the epididymis and perirenal fat coefficients of NR, HSP,
and HPP groups mice were significantly decreased compared with HF group (p < 0.05).
Notably, there was no statistical difference in epididymal fat coefficients between HPP and
NR groups (p > 0.05). Moreover, the epididymal and perirenal fat coefficients of HSP group
mice were decreased compared with NR and HPP groups (p < 0.05), and even NC group
(p < 0.05), indicating that the high protein diet based on soybean protein showed more
benefits in reducing visceral fat in obese mice than pork protein.
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3.3. Effect of Different Proteins on Serum TC, TG, LDL-C, and HDL-C in Obese Mice

Blood lipids usually reflect the state of lipid metabolism [25,26]. Therefore, the levels
of serum TC, TG, LDL-C, and HDL-C of mice were measured. As shown in Figure 3,
compared with the HF group, the serum TC and LDL-C levels of obese mice in the NR, HSP,
and HPP groups were significantly reduced (p < 0.05). Interestingly, only HPP reduced
the serum TG level of obese mice (p < 0.05). The serum TG level of mice in the HSP group
was slightly decreased compared with HF group, but there was no statistical significance
(p = 0.051). In addition, HSP and HPP groups significantly increased the level of serum
HDL-C compared with HF and NR groups (p < 0.05). From what has been discussed
above, the different sources of high protein diets both regulated the blood lipid levels of
obese mice.

3.4. Effect of Different Proteins on Serum Leptin and β-HB in Obese Mice

Leptin inhibits appetite and enhances heat production, which is strongly associated
with body fat [27]. To investigate the impact of different proteins on fat deposition and
metabolic capability, serum leptin and β-HB levels were measured. As shown in Figure 4,
the serum leptin levels of HSP and HPP group mice were decreased compared with the
HF group (p < 0.05). In comparison with the HPP group, the leptin level of HSP group
mice was also decreased significantly (p < 0.05), which was positively correlated with the
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decrease of visceral fat mass. Moreover, in terms of ketone, the serum β-HB levels of NR,
HSP, and HPP groups were increased significantly (p < 0.05). These results demonstrate that
high protein diets successfully modulated blood leptin levels in obese mice. In addition,
the intervention of high protein diets and regular diets accelerated the metabolism of fatty
acids in the liver of obese mice, to promote the production of β-HB in the body.
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3.5. Effect of Different Proteins on SCr and BUN in Obese Mice

To explore whether high protein diets have side effects on the kidneys of obese mice,
the SCr and BUN levels were measured in each group. As shown in Figure 5, compared
with the NC group, the levels of SCr in other groups were significantly increased (p < 0.05).
It is worth noting that the SCr levels of HPP and HSP groups were decreased in comparison
with the HF group. HSP and HPP increased the BUN level in obese mice (p < 0.05), and
this may be caused by excessive amino acid metabolism. These results indicate that the
high fat diet for a long period of time had certain side effects on the kidneys, while the two
high protein diets did not in this study.
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3.6. Effect of Different Proteins on Liver and Fat Histomorphology in Obese Mice

Diet-induced obesity causes morphological changes of liver tissues and steatosis of
hepatocytes [28–30]. As shown in Figure 6, the HE staining of the liver showed that HF
group mice had much steatosis in hepatocytes, the unclear boundary of hepatic lobules,
the disordered arrangement of the hepatic cord, and a large number of lipid droplets and
vacuoles. However, no obvious vacuoles were observed in the hepatocytes of HSP and
HPP groups. In parallel, the ORO staining of the liver also suggested similar results. There
were a large number of red lipid droplets in the liver sections of mice in the HF group and
almost no lipid droplets in the liver sections of mice in the HSP and HPP groups.
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In addition, the HE staining of epididymal fat sections showed that the epididymal
adipocytes in the HF group became larger significantly, and those in the HSP and HPP
groups became smaller significantly compared with the NR group. Image J was used
for morphological semi-quantitative statistical analysis. Compared with the HF and NR
groups, the HSP and HPP groups decreased the relative hepatic lipid level (p < 0.05). In
addition, the average area of epididymal adipocytes in the NR, HSP, and HPP groups was
decreased significantly compared with the HF group (p < 0.05). Meanwhile, compared with
the NR and NC groups, the area of epididymal adipocytes in the HSP and HPP groups was
also significantly decreased (p < 0.05). These results indicate that the high protein diets
based on pork protein and soybean protein effectively reduced the lipid degeneration of
the liver and visceral fat deposition in obese mice.

3.7. Dietary Amino Acid (AA) Components of Different Proteins and Effect on Plasma Amino
Acids in Obese Mice

To explore the mechanism of different effects of soybean protein and pork protein
on lipid metabolism in obese mice, the dietary amino acid components of soybean and
pork proteins and the plasma amino acid components of HSP and HPP group mice were
measured. As shown in Figure 7, the levels of most dietary amino acids of pork protein
were significantly higher than those of soybean protein, such as methionine, valine, alanine,
tyrosine, leucine, and arginine. Meanwhile, the levels of total amino acids (TAAs), branched-
chain amino acids (BCAAs), and essential amino acids (EAAs) of pork protein were higher.
Soybean protein demonstrates methionine restriction. However, after 12-week dietary
intervention, most of the plasma amino acids levels of mice in the HPP group were the
same as or at even lower levels than those in the HSP group, indicating that the amino acid
advantage of pork protein was wiped out by consumption, absorption, and metabolism.
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Foods 2022, 11, 1227 10 of 16

3.8. Effect of Different Protein Sources on the Expression of Hepatic PPAR-γ, UCP2, pAMPK, and
pACC in Obese Mice

PPAR-γ and its downstream molecules have shown to be beneficial to lipid metabolism [23].
To further study the mechanism of different sources of high protein diets affecting hepatic lipid
metabolism, we explored the effect of different dietary modes on lipid metabolism-related gene
and protein expression in the liver of obese mice. As shown in Figure 8A, compared with HF
and NR groups, the mRNA expression of hepatic PPAR-γ in HSP and HPP group mice was
decreased significantly (p < 0.05); the mRNA expression of hepatic PPAR-γ in HPP group mice
was decreased compared with HSP group (p < 0.05). At the same time, the mRNA expression
of hepatic UCP2 in the HSP and HPP groups was significantly increased compared with the
other groups (p < 0.05); there was no significant difference between the two groups (p > 0.05).
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Figure 8. Effect of different protein sources on the expression of hepatic peroxisome proliferator-
activated receptor-γ (PPAR-γ), uncoupling protein 2 (UCP2), phosphorylated AMP-activated protein
kinase (pAMPK), and phosphorylated acetyl CoA carboxylase (pACC) in obese mice. (A) Effect
of different proteins on hepatic PPAR-γ and UCP2 on gene expression in obese mice; (B) effect of
different proteins on hepatic PPAR-γ, UCP2, pAMPK, and pACC on protein expression in obese mice.
Different letters indicate significant differences between groups (p < 0.05).
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In addition, compared with NC group, the protein expression of hepatic PPAR-γ in the
HF group was significantly increased (p < 0.05); the protein expression of hepatic PPAR-γ
in mice in the HSP and HPP groups was significantly decreased compared with the NR
group (p < 0.05). In addition, HSP and HPP significantly increased the protein expression of
the hepatic UCP2 of mice (p < 0.05). Furthermore, the protein expression of hepatic pAMPK
(to t-AMPK) of the HSP and HPP groups was significantly increased compared with the
HF and NR groups (p < 0.05), and there was no significant difference between the NR and
HF groups (p > 0.05). Compared with the HF and NR groups, the protein expression of the
hepatic pACC (to t-ACC) of the HSP and HPP groups was significantly increased (p < 0.05).
As a result, high protein diets promoted the expression of hepatic UCP2 in obese mice,
reduced the expression of PPAR-γ, and accelerated the oxidative decomposition of fat in
the liver.

4. Discussion

Different dietary proteins often play distinctive roles in the human body [31–34]. The
objective of this study is to investigate the different effects of pork and soybean proteins
on obese mice to explore this dietary therapy for obese people. In this experiment, we
compared the weight and physiological state of obese mice, visceral fat coefficients, and
other relevant indicators to evaluate the therapeutic effect of different high protein diets on
obese mice. Furthermore, the possible mechanisms were preliminarily explored.

Although some animal studies have identified the different effects of plant and meat
proteins on changing lipid, energy and amino acid metabolism, as well as the insulin
signaling pathway [33], there have been few studies on the specific roles of different protein
sources in changing lipid metabolism in certain disease states. Our findings revealed that
after the long-term intervention, high protein diets based on soybean protein and pork
protein reduced the weight and adipose tissues of already obese mice to varying degrees.
During the 12-week dietary intervention, there was no significant difference in the food
intake of the mice in different groups, which suggested that the weight loss had nothing to
do with the food intake. From the comparison of the fat coefficients among groups, it was
speculated that the weight loss of obese mice could be attributed to the fall in fat mass rather
than lean weight. Leptin is a hormone released by adipose tissues in direct proportion
to their mass, and it can enhance energy release [35]. Therefore, we considered that the
decrease of serum leptin levels in the HSP and HPP groups was closely correlated to the
loss of adipose tissues. Simultaneously, the levels of pAMPK and pACC protein expression
in the liver and serum β-HB were increased, indicating that high amounts of soybean
protein and pork protein intake could convert excess amino acids and fats into ketones
through indirect oxidization [36]. At the same time, the levels of SCr and BUN indicated
that the 12-week high protein diets did not cause additional renal impairment in obese mice.
The staining results of liver and fat sections suggested that long-term high protein diets
reduced fat accumulation in the liver of abdominal obese mice, relieved hepatic steatosis,
and remolded fatty liver. Furthermore, we observed that soybean protein in reducing
the mass of visceral fat was more effective than pork protein, which was similar to the
findings of Liisberg [37] and Myrmel [38]. They found that the high-fat and high-protein
(HP/HF) diets from different protein sources showed great differences in the capacity
of regulating the development of obesity in lean mice. Only the diet based on casein
successfully prevented obesity induced by high-fat diets, while the diets based on pork and
chicken proteins were even more likely to lead to obesity. At the same time, pork protein
diets decreased the expression of uncoupling protein 1 (UCP1), deiodinase iodothyronine
type II (DIO2), and peroxisome proliferator-activated receptor-gamma coactivator-1α (PGC-
1α), resulting in the gain of body weight and fat mass in mice [37]. This suggested that
the role of dietary protein sources in high protein diets was more important in preventing
obesity than reversing it. Conversely, Shi et al. [39] found that pork protein reduced the
mass of epididymal fat and liver in rats compared with soybean protein and other dietary
proteins. In our study, high protein diets based on pork protein and soybean protein
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effectively decreased the weight and visceral fat coefficients of obese mice after the 12-week
intervention. These different results might be related to the animal strains, protocols, and
so on.

In addition, we found that long-term HPP and HSP decreased the serum TC concen-
tration of obese mice; HPP reduced the serum TG concentration, whereas HSP had no
obvious effect. Moreover, both patterns of the two dietary proteins decreased the levels of
serum LDL-C and increased the levels of serum HDL-C. These findings were consistent
with previous results. Brandsch [40] found that pork protein decreased the concentration
of plasma TG in rats compared with casein, and the concentration of plasma TG in rats was
increased due to the intake of soybean protein. In parallel, several previous studies showed
that the highly expressed scavenger receptor class B type I (SR-BI) gene in the liver of rats
reversed cholesterol absorption and decreased cholesterol levels via comparatively high
bile acid synthesis after ingesting pork protein [39,41]. Compared with casein, soybean
protein inhibited cholesterol absorption and boosted cholesterol degradation to generate
bile acids [42]. As a result, it was suspected that the two dietary proteins activated the
expression of the low-density lipoprotein receptor (LDLR) gene via the cholesterol negative
feedback regulatory mechanism and promoted the liver to absorb cholesterol from LDL.

To explore the mechanisms of the different effects of soybean protein and pork protein
in the treatment of obesity, the amino acid levels in dietary proteins and plasma were
analyzed and compared. The amino acid composition of dietary protein can affect its
metabolism in the body [43]. It is worth noting that soybean protein resulted in methionine
restriction. The content of dietary methionine was strongly positively correlated with
the serum cholesterol level. Dietary methionine restriction enhances the expression of
fibroblast growth factor 21 (FGF21) and activates the AMPK/PGC-1α signal to regulate
lipid metabolism [44–46]. However, we found that the levels of BCAAs and aromatic amino
acids (AAAS) in the pork protein were higher than those in soybean protein. BCAAs have
proven to effectively improve lipid metabolism and reduce the concentration of TG in the
liver and skeletal muscle [47]. Under this, the higher contents of BCAAs in pork protein
explained, in part, the better ability to reduce blood lipid. In addition, the content of leucine
in pork protein was also higher than soybean protein; leucine is a ketogenic amino acid
that can reduce fat production by inducing autophagy-related molecules [48]. Moreover,
the decrease of plasma amino acid levels after ingesting pork protein might be due to the
insufficient absorption of amino acids by the small intestine, or the sufficient metabolism
of amino acids of mice in the HPP group. Proteins from various sources influenced the
body’s amino acid supply through their amino acid components, as well as the body’s
protein synthesis via the Mammalian Target of Rapamycin (mTOR) signal pathway, which
senses amino acid abundance. When sufficient dietary amino acids are consumed, p70
ribosomal protein S6 kinase (p70S6K) is activated through the mTOR signal pathway to
phosphorylate eukaryotic translation initiation factor 4E binding protein 1 (4EBP1), which
promotes protein translation and expression; nevertheless, amino acid deficiency causes
the opposite condition [49].

Overexpression of PPAR-γ in the liver led to the accumulation of fat in liver tis-
sues [50,51]. At the recommended protein levels, the hepatic PPAR-γ transcription levels
of growing rats fed with pork protein were decreased compared with that of rats fed
soybean protein [41], which is similar to our research results. We also found the lower
gene expression of the hepatic PPAR-γ of mice in the HPP group. Nonetheless, from the
protein expression, the expression levels of PPAR-γ in the liver of already obese mice had
no statistical difference (p > 0.05). As a proton carrier, uncoupling protein (UCP) on the
inner membrane of mitochondria changed the electrochemical gradients on both sides of
the membrane by transporting H+ and uncoupled the processes of oxidation and phospho-
rylation [52]. These changes resulted in the decrease of ATP generation and the increase in
energy consumption. The enzymes in the mitochondrial electron transport chain of the rat
liver after long-term intake of meat protein were mainly mildly expressed at the protein
level, especially ATP synthase [53]. From this, there was an uncoupling phenomenon be-
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tween oxidation and phosphorylation in mice with the intake of meat proteins, promoting
adaptive heat production. In addition, UCP2 was widely distributed in most mammalian
tissues and activated AMPK [23,54]. It promoted the phosphorylation of downstream ACC
through the increase of autophosphorylation, to enhance the oxidation of fatty acids and
regulate lipid metabolism [55,56]. The AMPK-ACC pathway was shown to regulate lipid
metabolism in obese rats [57,58], and PPAR-γ is a known regulator of UCP2 [59]. In this
study, the two dietary proteins reduced the expression of hepatic PPAR-γ in obese mice
and enhanced the expression of UCP2. Meanwhile, the protein expression of pAMPK and
pACC were increased. According to the latest research results, high protein diets from
different sources aided in weight loss by regulating intestinal flora to participate in energy
and lipid metabolism [60,61]. Thus, the regulation of pork protein and soybean protein on
intestinal flora is hypothesized to be the reason for their different therapeutic effects on
obesity; this needs further study.

5. Conclusions

To summarize, the study demonstrated that high protein diets based on both pork
protein and soybean protein effectively alleviated nutritional obesity in already obese
mice, which might regulate hepatic lipid metabolism via the UCP2-AMPK-ACC signaling
pathway. In terms of apparent indicators, there were differences in the therapeutic effects
of pork protein and soybean protein on obesity in mice. Soybean protein was shown to be
more effective in reducing weight and the fat mass of obese mice, although pork protein
seemed to have a better effect on regulating serum TG. These discrepancies might be due
to the amino acid composition and protein metabolic properties. It is worth noting that,
considering the species differences between humans and animals as well as the dietary
complexity, the results of this study need further verification in human beings. Despite this,
we think that these findings will provide scientific strategies and suggestions for better
weight management.

Author Contributions: Conceptualization, X.M.; methodology, S.J. (Songsong Jiang); software, S.J.
(Shanshan Ji); validation, X.T. and T.W.; formal analysis, H.W.; investigation, S.J. (Songsong Jiang)
and S.J. (Shanshan Ji); resources, S.J. (Songsong Jiang); data curation, S.J. (Shanshan Ji); writing—
original draft preparation, S.J. (Songsong Jiang); writing—review and editing, S.J. (Songsong Jiang);
visualization, S.J. (Shanshan Ji); supervision, X.M.; project administration, X.M.; funding acquisition,
S.J. (Songsong Jiang). All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by High-level Scientific Research Foundation for the introduction
of talent, grant number 137011691.

Institutional Review Board Statement: The animal study protocol approved was by the Animal
Care and Use Committee of Yangzhou University (No. YXYLL-2021-56) and performed in accordance
with the National Guidelines for the Ethical Review of Experimental Animal Welfare.

Informed Consent Statement: Not applicable for studies not involving humans.

Data Availability Statement: Data is contained within the article.

Acknowledgments: We thank all our colleagues who contributed to this research.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ghanemi, A.; St-Amand, J. Redefining obesity toward classifying as a disease. Eur. J. Intern. Med. 2018, 55, 20–22. [CrossRef]
2. 8th Fribourg Obesity Research Conference (FORC-2015) Abstracts: ‘Nutrition, Movement & Sleep Behaviors: Their interactions in

pathways to Obesity and Cardiometabolic diseases’. Obes. Rev. 2017, 18 (Suppl. 1), 88–93.
3. Jaacks, L.M.; Vandevijvere, S.; Pan, A.; McGowan, C.J.; Wallace, C.; Imamura, F.; Mozaffarian, D.; Swinburn, B.; Ezzati, M. The

obesity transition: Stages of the global epidemic. Lancet Diabetes Endo. 2019, 7, 231–240. [CrossRef]
4. Obesity and Overweight. Available online: https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight

(accessed on 9 February 2022).

http://doi.org/10.1016/j.ejim.2018.05.025
http://doi.org/10.1016/S2213-8587(19)30026-9
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight


Foods 2022, 11, 1227 14 of 16

5. Wang, Y.; Sun, M.; Xue, H.; Zhao, W.; Yang, X.; Zhu, X.; Zhao, L.; Yang, Y. Understanding the China Blue Paper on Obesity
Prevention and Control and policy implications and recommendations for obesity prevention and control in China. Chin. J. Prev.
Med. 2019, 53, 875–884.

6. Bing, G.; Si-Qi, L.; Shu-Feng, L. The obesity indices mediate the relationships of blood lipids and bone mineral density in Chinese
elders. Mol. Cell. Probes 2021, 56, 101705–102709.

7. Jeong, N.I.; Sun, P.J.; Byul, P.S. Association between Abdominal Obesity and Oxidative Stress in Korean Adults. Korean J. Fam.
Med. 2019, 40, 395–398.

8. Musaad, S.; Haynes, E.N. Biomarkers of obesity and subsequent cardiovascular events. Epidemiol. Rev. 2007, 29, 98–114. [CrossRef]
9. Bramante, C.T.; Lee, C.J.; Gudzune, K.A. Treatment of Obesity in Patients With Diabetes. Diabetes Spectr. 2017, 30, 237–243.

[CrossRef] [PubMed]
10. Popkin, B.M.; Du, S.; Green, W.D.; Beck, M.A.; Algaith, T.; Herbst, C.H.; Alsukait, R.F.; Alluhidan, M.; Alazemi, N.; Shekar, M.

Individuals with obesity and COVID-19: A global perspective on the epidemiology and biological relationships. Obes. Rev. 2020,
21, 13128–13144. [CrossRef]

11. van Baak, M.A.; Larsen, T.M.; Jebb, S.A.; Martinez, A.; Saris, W.H.M.; Handjieva-Darlenska, T.; Kafatos, A.; Pfeiffer, A.F.H.;
Kunešová, M.; Astrup, A. Dietary Intake of Protein from Different Sources and Weight Regain, Changes in Body Composition
and Cardiometabolic Risk Factors after Weight Loss: The DIOGenes Study. Nutrients 2017, 9, 1326. [CrossRef] [PubMed]

12. So, E.; Choi, S.K.; Joung, H. Impact of dietary protein intake and obesity on lean mass in middle-aged individuals after a 12-year
follow-up: The Korean Genome and Epidemiology Study (KoGES). Br. J. Nutr. 2019, 122, 322–330. [CrossRef] [PubMed]

13. Wen, Y.; Yue, L.; Ci, H.; Ci, X.; Wang, H. Effect of high protein diet intervention on obesity and chronic diseases. Chin. Bull. Life
Sci. 2020, 32, 170–178.

14. Speaker, K.J.; Sayer, R.D.; Peters, J.C.; Foley, H.N.; Pan, Z.; Wyatt, H.R.; Flock, M.R.; Mukherjea, R.; Hill, J.O. Effects of consuming
a high-protein diet with or without soy protein during weight loss and maintenance: A non-inferiority, randomized clinical
efficacy trial. Obes. Sci. Pract. 2018, 4, 357–366. [CrossRef] [PubMed]

15. Shumei, X.; Ying, X. Protein intake and obesity in young adolescents. Exp. Ther. Med. 2016, 11, 1545–1549.
16. Pereira, P.M.d.C.C.; Vicente, A.F.d.R.B. Meat nutritional composition and nutritive role in the human diet. Meat Sci. 2013,

93, 586–592. [CrossRef] [PubMed]
17. Xing, L.; Liu, R.; Cao, S.; Zhang, W.; Guanghong, Z. Meat protein based bioactive peptides and their potential functional activity:

A review. Int. J. Food Sci. Technol. 2019, 54, 1956–1966. [CrossRef]
18. Sbodio, J.I.; Snyder, S.H.; Paul, B.D. Regulators of the transsulfuration pathway. Br. J. Pharmacol. 2019, 176, 583–593. [CrossRef]

[PubMed]
19. Gilbert, J.-A.; Bendsen, N.T.; Tremblay, A.; Astrup, A. Effect of proteins from different sources on body composition. Nutr. Metab.

Cardiovasc. Dis. 2010, 21, B16–B31. [CrossRef] [PubMed]
20. Millward, D.J.; Layman, D.K.; Tomé, D.; Schaafsma, G. Protein quality assessment: Impact of expanding understanding of protein

and amino acid needs for optimal health. Am. J. Clin. Nutr. 2008, 87, 1576S–1581S. [CrossRef] [PubMed]
21. Song, S. Effects of Different Dietary Protein Sources on Growth, Blood Metabolic Items, Liver Transcriptomics and Proteomics of

Rats. Ph.D. Thesis, Nanjing Agricultural University, Nanjing, China, 2016.
22. Hardie, D.G.; Ross, F.A.; Hawley, S.A. AMPK: A nutrient and energy sensor that maintains energy homeostasis. Nat. Rev. Mol.

Cell Biol. 2012, 13, 251–262. [CrossRef] [PubMed]
23. Besten, G.D.; Bleeker, A.; Gerding, A.; Eunen, K.V.; Havinga, R.; Dijk, T.V.; Oosterveer, M.H.; Jonker, J.W.; Groen, A.K.;

Reijngoud, D.J. Short-Chain Fatty Acids Protect Against High-Fat Diet-Induced Obesity via a PPARγ-Dependent Switch from
Lipogenesis to Fat Oxidation. Diabetes 2015, 64, 2398–2408. [CrossRef] [PubMed]

24. Gu, Q.; Chen, F.; Ye, H.; Yin, Y.; Sun, J.; Wu, Y. Effect of different treatment on expression of tumor necrosis factor-alpha in adipose
tissues of high fat diet-induced obese mice. Shanghai Med. J. 2010, 33, 81–84.

25. Yang, Q.; Wang, J.-H.; Huang, D.-D.; Li, D.-G.; Chen, B.; Zhang, L.-M.; Yuan, C.-L.; Cai, L.-J. Clinical significance of analysis of the
level of blood fat, CRP and hemorheological indicators in the diagnosis of elder coronary heart disease. Saudi J. Biol. Sci. 2018,
25, 1812–1816. [CrossRef]

26. Yuanyuan, S.; Qigui, Y.; Jun, X. Investigating the changes in the levels of HbA1c, blood fat and insulin sensitivity in elder patients
with type II diabetes mellitus due to combined medication of pioglitazone and melbine and single-use of pioglitazone. Cell. Mol.
Biol. (Noisy-Le-Grand) 2020, 66, 21–28.

27. Tovar, A.R.; Torre-Villalvazo, I.; Ochoa, M.; Elias, A.L.; Ortiz, V.; Aguilar-Salina, C.A.; Torres, N. Soy protein reduces hepatic
lipotoxicity in hyperinsulinemic obese Zucker fa/fa rats. J. Lipid. Res. 2005, 46, 1823–1832. [CrossRef] [PubMed]

28. Manuela, M.; Barbara, L.; Francesca, A. Sarcopenic obesity in fatty liver. Curr. Opin. Clin. Nutr. 2019, 22, 185–190.
29. Zhang, Y.; Wan, J.; Xu, Z.; Hua, T.; Sun, Q. Exercise ameliorates insulin resistance via regulating TGFβ-activated kinase

1 (TAK1)-mediated insulin signaling in liver of high-fat diet-induced obese rats. J. Cell. Physiol. 2019, 234, 7467–7474. [CrossRef]
[PubMed]

30. Qiu, Y.Q.; Yang, X.F.; Ma, X.Y.; Xiong, Y.X.; Tian, Z.M.; Fan, Q.L.; Wang, L.; Jiang, Z.Y. CIDE gene expression in adipose tissue,
liver, and skeletal muscle from obese and lean pigs. J. Zhejiang Univ. Sci. B 2017, 18, 492–500.

31. Zhang, L.; Piao, X. Different dietary protein sources influence growth performance, antioxidant capacity, immunity, fecal
microbiota and metabolites in weaned piglets. Anim. Nutr. 2022, 8, 71–81.

http://doi.org/10.1093/epirev/mxm005
http://doi.org/10.2337/ds17-0030
http://www.ncbi.nlm.nih.gov/pubmed/29151713
http://doi.org/10.1111/obr.13128
http://doi.org/10.3390/nu9121326
http://www.ncbi.nlm.nih.gov/pubmed/29211027
http://doi.org/10.1017/S000711451900117X
http://www.ncbi.nlm.nih.gov/pubmed/31177993
http://doi.org/10.1002/osp4.278
http://www.ncbi.nlm.nih.gov/pubmed/30151230
http://doi.org/10.1016/j.meatsci.2012.09.018
http://www.ncbi.nlm.nih.gov/pubmed/23273468
http://doi.org/10.1111/ijfs.14132
http://doi.org/10.1111/bph.14446
http://www.ncbi.nlm.nih.gov/pubmed/30007014
http://doi.org/10.1016/j.numecd.2010.12.008
http://www.ncbi.nlm.nih.gov/pubmed/21565478
http://doi.org/10.1093/ajcn/87.5.1576S
http://www.ncbi.nlm.nih.gov/pubmed/18469291
http://doi.org/10.1038/nrm3311
http://www.ncbi.nlm.nih.gov/pubmed/22436748
http://doi.org/10.2337/db14-1213
http://www.ncbi.nlm.nih.gov/pubmed/25695945
http://doi.org/10.1016/j.sjbs.2018.09.002
http://doi.org/10.1194/jlr.M500067-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/15995177
http://doi.org/10.1002/jcp.27508
http://www.ncbi.nlm.nih.gov/pubmed/30367484


Foods 2022, 11, 1227 15 of 16

32. Parisa, H.; Razieh, H.; Fahimeh, H.; Noushin, M.; Masoumeh, S.; Hamidreza, R.; Firoozeh, S.; Nizal, S. The long-term association
of different dietary protein sources with metabolic syndrome. Sci. Rep. 2021, 11, 19394.

33. Song, S.; Hooiveld, G.; Li, M.; Zhao, F.; Zhang, W.; Xu, X.; Muller, M.; Li, C.; Zhou, G. Dietary soy and meat proteins induce
distinct physiological and gene expression changes in rats. Sci. Rep. 2016, 6, 20036. [CrossRef] [PubMed]

34. Song, S.; Hooiveld, G.; Li, M.; Zhao, F.; Zhang, W.; Xu, X.; Muller, M.; Li, C.; Zhou, G. Distinct physiological, plasma amino acid,
and liver transcriptome responses to purified dietary beef, chicken, fish, and pork proteins in young rats. Mol. Nutr. Food Res.
2016, 60, 1199–1205. [CrossRef] [PubMed]

35. Yuki, F.; Katsuyasu, K.; Kumiko, O.; Harunobu, N.; Masayuki, I. Leptin mediates the relationship between fat mass and blood
pressure: The Hamamatsu School-based health study. Medicine 2019, 98, e14934.

36. Zhou, J.; Lu, Y.; Jia, Y.; Lu, J.; Jiang, Z.; Chen, K. Ketogenic diet ameliorates lipid dysregulation in type 2 diabetic mice by
downregulating hepatic pescadillo 1. Mol. Med. 2022, 28, 1. [CrossRef] [PubMed]

37. Liisberg, U.; Myrmel, L.S.; Fjære, E.; Rønnevik, A.K.; Bjelland, S.; Fauske, K.R.; Nolm, J.B.; Basse, A.L.; Hansen, J.B.; Liaset, B.; et al.
The protein source determines the potential of high protein diets to attenuate obesity development in C57BL/6J mice. Adipocyte
2016, 5, 196–211. [CrossRef] [PubMed]

38. Myrmel, L.S.; Fauske, K.R.; Fjære, E.; Bernhard, A.; Liisberg, U.; Hasselberg, A.E.; Øyen, J.; Kristiansen, K.; Madsen, L. The Impact
of Different Animal-Derived Protein Sources on Adiposity and Glucose Homeostasis during Ad Libitum Feeding and Energy
Restriction in Already Obese Mice. Nutrients 2019, 11, 1153. [CrossRef] [PubMed]

39. Shi, X.; Huang, Z.; Zhou, G.; Li, C. Dietary Protein From Different Sources Exerted a Great Impact on Lipid Metabolism and
Mitochondrial Oxidative Phosphorylation in Rat Liver. Front. Nutr. 2021, 8, 719144. [CrossRef] [PubMed]

40. Brandsch, C.; Shukla, A.; Hirche, F.; Stangl, G.I.; Eder, K. Effect of proteins from beef, pork, and turkey meat on plasma and liver
lipids of rats compared with casein and soy protein. Nutrition 2006, 22, 1162–1170. [CrossRef]

41. Shi, X. Different Meat Protein Long-Term Feeding Effect on Rat Liver Metabolism. Ph.D. Thesis, Nanjing Agricultural University,
Nanjing, China, 2018.

42. Takahashi, Y.; Ide, T. Effects of soy protein and isoflavone on hepatic fatty acid synthesis and oxidation and mRNA expression of
uncoupling proteins and peroxisome proliferator-activated receptor γ in adipose tissues of rats. J. Nutr. Biochem. 2007, 19, 682–693.
[CrossRef] [PubMed]

43. Haidari, F.; Hojhabrimanesh, A.; Helli, B.; Seyedian, S.-S.; Ahmadi-Angali, K. An energy-restricted high-protein diet supplemented
with β-cryptoxanthin alleviated oxidative stress and inflammation in nonalcoholic fatty liver disease: A randomized controlled
trial. Nutr. Res. 2020, 73, 15–26. [CrossRef] [PubMed]

44. Li, T.; Yan, H.; Geng, Y.; Shi, H.; Li, H.; Wang, S.; Wang, Y.; Xu, J.; Zhao, G.; Lu, X. Target genes associated with lipid and glucose
metabolism in non-alcoholic fatty liver disease. Lipids Health Dis. 2019, 18, 211–220. [CrossRef] [PubMed]

45. Gettys, T.W. Dietary methionine restriction: An approach to treating obesity that does not involve food restriction. J. Anim. Sci.
2020, 98, 66. [CrossRef]

46. Wang, L.; Ren, B.; Zhang, Q.; Chu, C.; Zhao, Z.; Wu, J.; Zhao, W.; Liu, Z.; Liu, X. Methionine restriction alleviates high-fat
diet-induced obesity: Involvement of diurnal metabolism of lipids and bile acids. BBA-Mol. Basis Dis. 2020, 1866, 165908.
[CrossRef] [PubMed]

47. Freudenberg, A.; Petzke, K.J.; Klaus, S. Dietary L-leucine and L-alanine supplementation have similar acute effects in the
prevention of high-fat diet-induced obesity. Amino Acids 2013, 44, 519–528. [CrossRef] [PubMed]

48. Fang, H.; Stone, K.P.; Forney, L.A.; Sims, L.C.; Gutierrez, G.C.; Ghosh, S.; Gettys, T.W. Implementation of dietary methionine
restriction using casein after selective, oxidative deletion of methionine. iScience 2021, 24, 102470–102491. [CrossRef] [PubMed]

49. Kwak, S.S.; Kang, K.H.; Kim, S.; Lee, S.; Lee, J.-H.; Kim, J.W.; Byun, B.; Meadows, G.G.; Joe, C.O. Amino acid-dependent NPRL2
interaction with Raptor determines mTOR Complex 1 activation. Cell Signal. 2016, 28, 32–41. [CrossRef]

50. Abbasi, A.; Moghadam, A.A.; Kahrarian, Z.; Abbsavaran, R.; Yari, K.; Alizadeh, E. Molecular effects of leptin on peroxisome
proliferator activated receptor gamma (PPAR-γ) mRNA expression in rat’s adipose and liver tissue. Cell. Mol. Biol. 2017, 63, 89–93.
[CrossRef] [PubMed]

51. Gong, D.; Yang, R.; Munir, K.M.; Horenstein, R.B.; Shuldiner, A.R. New progress in adipocytokine research. Curr. Opin. Endocrinol.
2003, 10, 115–121. [CrossRef]

52. Aquila, H.; Link, T.A.; Klingenberg, M. The uncoupling protein from brown fat mitochondria is related to the mitochondrial
ADP/ATP carrier. Analysis of sequence homologies and of folding of the protein in the membrane. EMBO J. 1985, 4, 2369–2376.
[CrossRef]

53. Song, S.; Hooiveld, G.J.; Zhang, W.; Li, M.; Zhao, F.; Zhu, J.; Xu, X.; Muller, M.; Li, C.; Zhou, G. Comparative Proteomics Provides
Insights into Metabolic Responses in Rat Liver to Isolated Soy and Meat Proteins. J. Proteome Res. 2016, 15, 1135–1142. [CrossRef]

54. Carling, D.; Mayer, F.V.; Sanders, M.J.; Gamblin, S.J. AMP-activated protein kinase: Nature’s energy sensor. Nat. Chem. Biol. 2011,
7, 512–518. [CrossRef]

55. Zhang, B.B.; Zhou, G.; Li, C. AMPK: An Emerging Drug Target for Diabetes and the Metabolic Syndrome. Cell Metab. 2009,
9, 407–416. [CrossRef]

56. Foretz, M.; Even, P.; Andreelli, F.; Kahn, A.; Vaulont, S.; Viollet, B. Regulation of the oxydation of the fatty acids by the
AMP-activated protein kinase (AMPK) in the liver during fast. Diabetes Metab. 2006, 32, S14.

http://doi.org/10.1038/srep20036
http://www.ncbi.nlm.nih.gov/pubmed/26857845
http://doi.org/10.1002/mnfr.201500789
http://www.ncbi.nlm.nih.gov/pubmed/26833809
http://doi.org/10.1186/s10020-021-00429-6
http://www.ncbi.nlm.nih.gov/pubmed/34979900
http://doi.org/10.1080/21623945.2015.1122855
http://www.ncbi.nlm.nih.gov/pubmed/27386160
http://doi.org/10.3390/nu11051153
http://www.ncbi.nlm.nih.gov/pubmed/31126082
http://doi.org/10.3389/fnut.2021.719144
http://www.ncbi.nlm.nih.gov/pubmed/34513904
http://doi.org/10.1016/j.nut.2006.06.009
http://doi.org/10.1016/j.jnutbio.2007.09.003
http://www.ncbi.nlm.nih.gov/pubmed/18328687
http://doi.org/10.1016/j.nutres.2019.08.009
http://www.ncbi.nlm.nih.gov/pubmed/31841744
http://doi.org/10.1186/s12944-019-1154-9
http://www.ncbi.nlm.nih.gov/pubmed/31805951
http://doi.org/10.1093/jas/skaa278.120
http://doi.org/10.1016/j.bbadis.2020.165908
http://www.ncbi.nlm.nih.gov/pubmed/32745530
http://doi.org/10.1007/s00726-012-1363-2
http://www.ncbi.nlm.nih.gov/pubmed/22847780
http://doi.org/10.1016/j.isci.2021.102470
http://www.ncbi.nlm.nih.gov/pubmed/34113817
http://doi.org/10.1016/j.cellsig.2015.11.008
http://doi.org/10.14715/cmb/2017.63.7.15
http://www.ncbi.nlm.nih.gov/pubmed/28838346
http://doi.org/10.1097/00060793-200304000-00004
http://doi.org/10.1002/j.1460-2075.1985.tb03941.x
http://doi.org/10.1021/acs.jproteome.5b00922
http://doi.org/10.1038/nchembio.610
http://doi.org/10.1016/j.cmet.2009.03.012


Foods 2022, 11, 1227 16 of 16

57. Yuan, E.; Duan, X.; Xiang, L.; Ren, J.; Lai, X.; Li, Q.; Sun, L.; Sun, S. Aged Oolong Tea Reduces High-Fat Diet-Induced Fat
Accumulation and Dyslipidemia by Regulating the AMPK/ACC Signaling Pathway. Nutrients 2018, 10, 187. [CrossRef] [PubMed]

58. Ke, F.; Fan, W.; Guang, C.; Hui, D.; Jingbin, L.; Yan, Z.; Lijun, X.; Xin, Z.; Fuer, L. Diosgenin ameliorates palmitic acid-induced
lipid accumulation via AMPK/ACC/CPT-1A and SREBP-1c/FAS signaling pathways in LO2 cells. BMC Complement. Altern.
Med. 2019, 19, 255.

59. Bugge, A.; Siersbæk, M.; Madsen, M.S.; Göndör, A.; Rougier, C.; Mandrup, S. A novel intronic peroxisome proliferator-activated
receptor gamma enhancer in the uncoupling protein (UCP) 3 gene as a regulator of both UCP2 and -3 expression in adipocytes. J.
Biol. Chem. 2010, 285, 17310–17317. [CrossRef] [PubMed]

60. Lin, N.; Yuan, K.; Chen, G.; Sun, J.; Chen, H. Research Progress in High Protein Diet Regulating Gut Microbes to Influence Obesity.
Med. Recapitul. 2019, 25, 1960–1964.

61. Pia, K.; Secher, M.L.; Even, F.; Qin, H.; Floor, H.; Brask, S.S.; Muriel, D.; Møller, P.L.; Koefoed, P.R.; Alicja, M.; et al. Effect of a
long-term high-protein diet on survival, obesity development, and gut microbiota in mice. Am. J. Physiol.-Endocrinol. Metab. 2016,
310, E886–E899.

http://doi.org/10.3390/nu10020187
http://www.ncbi.nlm.nih.gov/pubmed/29419789
http://doi.org/10.1074/jbc.M110.120584
http://www.ncbi.nlm.nih.gov/pubmed/20360005

	Introduction 
	Materials and Methods 
	Protein Samples and Animal Diets 
	Experimental Protocol 
	Determination of Body Weight and Fat Coefficients 
	Biochemical Analysis 
	Hematoxylin-Eosin (HE) Staining and Oil Red O (ORO) Staining 
	Determination of Amino Acid Levels 
	RNA Extraction and Quantitative Real-Time Reverse Transcription-Polymerase Chain Reaction (RT-qPCR) 
	Western Blot 
	Statistical Analysis 

	Results 
	Changes in Body Weight and Physiological Status of Mice 
	Effect of Different Proteins on Epididymis and Perirenal Fat Coefficients in Obese Mice 
	Effect of Different Proteins on Serum TC, TG, LDL-C, and HDL-C in Obese Mice 
	Effect of Different Proteins on Serum Leptin and -HB in Obese Mice 
	Effect of Different Proteins on SCr and BUN in Obese Mice 
	Effect of Different Proteins on Liver and Fat Histomorphology in Obese Mice 
	Dietary Amino Acid (AA) Components of Different Proteins and Effect on Plasma Amino Acids in Obese Mice 
	Effect of Different Protein Sources on the Expression of Hepatic PPAR-, UCP2, pAMPK, and pACC in Obese Mice 

	Discussion 
	Conclusions 
	References

