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A high-fat diet and high-fat and high-cholesterol diet 
may affect glucose and lipid metabolism differentially 
through gut microbiota in mice
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Abstract: This study was conducted to investigate the effects of a high-fat diet (HFD) and high-fat and high-
cholesterol diet (HFHCD) on glucose and lipid metabolism and on the intestinal microbiota of the host animal. A 
total of 30 four-week-old female C57BL/6 mice were randomly divided into three groups (n=10) and fed with a 
normal diet (ND), HFD, or HFHCD for 12 weeks, respectively. The HFD significantly increased body weight and 
visceral adipose accumulation and partly lowered oral glucose tolerance compared with the ND and HFHCD. The 
HFHCD increased liver weight, liver fat infiltration, liver triglycerides, and liver total cholesterol compared with the 
ND and HFD. Moreover, it increased serum high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, 
and total cholesterol compared with the ND and HFD and upregulated alanine aminotransferase, aspartate 
aminotransferase, and alkaline phosphatase significantly. The HFHCD also significantly decreased the α-diversity 
of the fecal bacteria of the mice, to a greater extent than the HFD. The composition of fecal bacteria among the 
three groups was apparently different. Compared with the HFHCD-fed mice, the HFD-fed mice had more Oscillospira, 
Odoribacter, Bacteroides, and [Prevotella], but less [Ruminococcus] and Akkermansia. Cecal short-chain fatty 
acids were significantly decreased after the mice were fed the HFD or HFHCD for 12 weeks. Our findings indicate 
that an HFD and HFHCD can alter the glucose and lipid metabolism of the host animal differentially; modifications 
of intestinal microbiota and their metabolites may be an important underlying mechanism.
Key words: glucose metabolism, high-fat and high-cholesterol diet, high-fat diet, intestinal microbiota, lipid 
metabolism

Introduction

in recent years, the incidence of various metabolic 
diseases, such as obesity and non-alcoholic fatty liver 
disease (naFLD), has been increasing in various regions 
of the world [1, 2]. The occurrence of these chronic 
metabolic diseases is closely related to changes in dietary 
structure [3, 4], especially the intake ratio of the three 
major macronutrients (carbohydrates, fats, and proteins). 
Studies have demonstrated that a high-fat diet (HFD) 

could induce obesity. intake of a high-fat and high-
cholesterol diet (HFHCD) can cause steatohepatitis, 
inflammation, and fibrosis. This diet also causes severe 
weight loss, abnormal serum transaminase, and choles-
terol as the main lipid in the liver [5].

Recently, many studies have demonstrated that the gut 
microbiota is closely related to obesity and naFLD [6]. 
Bäckhed et al. elucidated the role of the gut microbiota 
in host energy metabolism and growth by showing that 
germ-free mice have lower body weights and levels of 
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fat than do conventional mice [7]. The gut microbiota can 
regulate the host’s ability to harvest and store energy, 
which may lead to obesity [7, 8]. The occurrence of obe-
sity is accompanied by changes in the structure and func-
tion of the gut microbiota. animal and human studies 
both showed that the most common change in gut micro-
biota in obese individuals is an increased ratio of Fir-
micutes to Bacteroidetes (F/B). F/B is often used as an 
important indicator of malnutrition or metabolism-relat-
ed diseases. The Western diet was demonstrated to cause 
changes in the composition of the gut microbiota, with 
decreased levels of Bacteroidetes and Bifidobacterium 
and increased levels of Firmicutes and Proteobacteria 
[9, 10]. Compared with conventionally bred mice, HFD-
fed germ-free mice have lower lipid levels in the liver 
[11], suggesting that liver lipid accumulation is related 
to gut microbiota. Le Roy et al. transplanted the gut mi-
crobiota of fasting mice with hyperglycemia and insu-
linemia into germ-free mice, and this caused naFLD in 
these animals [12]. Relative to healthy individuals, the 
gut microbiota of patients with NAFLD is significantly 
different, with higher levels of Proteobacteria, Entero-
bacteria, and Escherichia [13]. Moreover, in the progres-
sion of naFLD, the content of Proteobacteria is in-
creased, and the content of Firmicutes is decreased [14].

Gut microbiota metabolites significantly affect host 
metabolism and lead to the development of obesity and 
naFLD [15]. Because of the existence of the intestinal-
liver axis in the body, if the intestinal barrier is broken, 
the liver is the first organ in the body to encounter mi-
croorganisms, toxins, and microbial metabolites from 
the intestine [15]. Bile acids are synthesized from cho-
lesterol in the liver and released into the intestines to aid 
in the digestion of dietary lipids. The gut microbiota can 
affect bile acid metabolism and reabsorption and play an 
important role in host health [16]. Bile acids and their 
metabolites help maintain the homeostasis of glycogen, 
cholesterol, and triglycerides. Clinical studies have 
shown that bile acids can promote the development of 
naFLD by altering the signaling of the nuclear bile acid 
receptor farnesoid X receptor (FXR) [17, 18]. gut mi-
croorganisms produce short-chain fatty acids (SCFas) 
by digesting nondigestible carbohydrates. Clinical stud-
ies have demonstrated that SCFAs can affect the develop-
ment of obesity and metabolic diseases by activating 
g-protein-coupled receptors (gPCRs) and can partici-
pate in the occurrence of naFLD through a variety of 
mechanisms. However, the differential roles of gut mi-
crobiota and their metabolites in obesity and naFLD 
have not been clarified fully.

The aim of this study was to investigate the differ-
ences in the effects of obesity-related diets and NAFLD-

related diets on liver function, glucose and lipid me-
tabolism, and gut microbiota in mice. The relationships 
among diet, gut microbiota, and metabolic function were 
explored. These results may provide a basis for interven-
tions in diet-induced metabolic diseases by changing the 
structure of the gut microbiota.

Methods and Materials

Mice
Thirty 4-week-old female C57BL/6 mice were pur-

chased from Chengdu Dashuo experimental animal Co., 
Ltd. All mice were housed in a specific pathogen-free 
facility at an ambient temperature of 23 ± 1°C and a 
humidity of 50–70% under a 12 h light/dark cycle with 
access to water and food ad libitum. after adaptive feed-
ing for one week, the tested mice were randomly di-
vided into three groups (n=10 per group) and fed either 
a normal diet (nD; 270 kcal/100 g; 10% of energy from 
fat, 20% from protein, and 70% from carbohydrates), 
HFD (521 kcal/100 g; 60% of energy from fat, 20% from 
protein, and 20% from carbohydrates; D12492; Research 
Diets, new Brunswick, nJ, uSa), or HFHCD (453 
kcal/100 g; 40% of energy from fat, 20% from protein, 
and 40% from carbohydrates; D12109C; Research Diets) 
for 12 weeks. The HFHCD also contained 1.25 g of cho-
lesterol (1.25%) per 100 g. at the end of week 12, all of 
the tested mice were anesthetized by intraperitoneal 
injection of 1% pentobarbital sodium solution (50 mg/
kg of body weight). Thereafter, blood samples were col-
lected by eyeball extirpation and then the mice were 
sacrificed by cervical dislocation.

all experimental procedures were performed in ac-
cordance with the guidelines for animal experiments 
at West China School of Public Health, Sichuan univer-
sity. The animal experimental facility and animals used 
in this study were officially approved by the Experimen-
tal animal Management Committee of the Sichuan gov-
ernment (approval no. SYXK2018-011). The experimen-
tal protocols were approved by the Medical ethics 
Committee of the West China School of Public Health, 
Sichuan university.

Histopathology
one square centimeter of the hepatic lobe was col-

lected and fixed in 10% neutral phosphate-buffered saline 
formalin for 24 h. Subsequently, it was routinely stained 
with hematoxylin and eosin (H&e). one square centi-
meter of visceral adipose tissue were collected and fixed 
in fat fixative and stained with oil red O. Tissue sections 
were observed by a professional physician blinded to the 
experimental design.
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Oral glucose tolerance test (OGTT)
an ogTT was performed on each mouse at the end 

of week 12 using the method described by andrikopou-
los et al. [19]. Mice were fasted for 8 h, and the fasting 
blood glucose levels were measured with a glucose me-
ter using blood collected from the tip of the tail vein. 
Thereafter, each of the tested mice were fed with glucose 
(2 g/kg of body weight), and the blood glucose level was 
measured at 30, 60, 90, and 120 min after glucose ga-
vage.

Serum and tissue analyses
The serum was collected by centrifugation at 2,000× 

g for 20 min. Serum high-density lipoprotein choles-
terol (HDL-C), low-density lipoprotein cholesterol 
(LDL-C), total triglyceride (Tg), total cholesterol (TC), 
alanine aminotransferase (aLT), aspartate aminotrans-
ferase (aST), and alkaline phosphatase (aLP) levels 
were assayed using corresponding commercial kits 
(Changchun Huili Biotech Co., Ltd., Changchun, China) 
by an automatic biochemical analyzer (Rayto Life and 
analytical Sciences Co., Ltd., Shenzhen, China).

The liver tissue was homogenized and subjected to 
centrifugation, and the supernatant was then collected. 
Protein concentrations were determined by BCa assay 
and normalized to equal concentrations. TC and Tg 
levels in the liver tissues were measured using com-
mercial TC and Tg assay kits (Changchun Huili) by an 
automatic biochemical analyzer (Rayto).

Bacterial DNA extraction and 16s rRNA sequencing
Fresh stool pellets from mice were collected at 12 

weeks of feeding and frozen at −80°C. Total DNA was 
extracted using a Tianamp Stool Dna Kit (Tiangen 
Biotech Co., Ltd., Beijing, China) according to the 
manufacturer’s instructions.

Fecal microbiota communities were determined by 
16S rRna sequencing using universal primers (forward 
primer, 338F, 5’-aCTCCTaCgggaggCagCag-3’; 
reverse primer, 806R, 5’-ggaCTaCHVgggTWTC-
TaaT-3’) [20]. PCR amplification was performed in a 
25 µl reaction mixture containing 50 ng of template 
Dna, 12.5 µl of Phusion Hot Start Flex 2× Master Mix 
(new england Biolabs inc., Beverly, Ma, uSa), and 
2.5 µl of each primer. ddH2O was used to adjust the final 
volume. The PCR cycling conditions were as follows: 
initial denaturation at 98°C for 30 s; followed by 35 
cycles of denaturation at 98°C for 10 s, annealing at 54°C 
for 30 s, and extension at 72°C for 45 s; and a final exten-
sion at 72°C for 10 min. The amplicon pools were pre-
pared for sequencing, and the size and quantity of the 
amplicon library were assessed. The libraries were se-

quenced on an illumina MiSeq instrument (illumina inc., 
San Diego, Ca, uSa) using the 300 bp paired-end pro-
tocol and the standard illumina sequencing primers.

Bioinformatics
The bioinformatics analysis was performed as de-

scribed previously [20]. Briefly, the sequencing data 
were filtered, and the effective tags were clustered into 
operational taxonomic units (oTus) with a similarity of 
97% using the uparse 7.0.1001 software (https://drive5.
com/uparse/). The taxonomic assignment was performed 
with an SSu rRna database, and the oTu abundance 
table was constructed using QiiMe python scripts. Mul-
tiple sequence alignment was conducted using the 
MuSCLe3.8.31 software (https://www.drive5.com/
muscle/). The α-diversity, β-diversity, and relative abun-
dance of the microbes in each sample were calculated 
based on the normalized read count.

Cecal SCFA detection
Cecal contents (100 mg) were acidified with 15% 

phosphoric acid and fixed with an internal standard (iso-
caproic acid) solution and ether. The mixture was ex-
tracted, and the supernatant was collected. Detection was 
performed by agilent 7890B gas chromatography (agi-
lent Technologies, inc., Santa Clara, Ca, uSa).

Fecal bile acid detection
Feces collected at week 12 (10 mg) were added to 

methanol and then shaken, sonicated, and centrifuged. 
The supernatant (100 µl) was mixed with 900 µl of 
methanol and vortexed for 30 s. The filtrate was added 
to the test bottle. Detection was performed by an aB4000 
triple quadrupole mass spectrometer (aB Sciex, Con-
cord, Canada) coupled to a Waters aCQuiTY uPLC 
liquid chromatography system (Waters Corporation, 
Milford, Ma, uSa).

Statistical analysis
graphPad Prism 7.0 was used for statistical analyses 

(graphPad Software, inc., San Diego, Ca, uSa). Data 
are presented as the mean ± SD. one-way anoVa or 
the Kruskal-Wallis nonparametric test was used to com-
pare multiple groups of independent samples. Signifi-
cance was set at P<0.05. all tests were two-tailed.

Results

Body weight and blood glucose
During the whole experiment, the body weights of 

mice in the HFD group were significantly higher than 
those of mice in the nD and HFHCD groups (P<0.05). 
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There was no significant difference in body weight be-
tween the nD and HFHCD groups (P>0.05; Fig. 1a). 
The visceral adipose tissue accumulation in the HFD 
group was greater than that observed in the nD 
(P=0.0360) and HFHCD (P=0.0540) groups (Fig. 1b), 
especially in the gonadal adipose tissue (Fig. 1c). oil 
red o staining revealed greater adipose accumulation in 
the HFD and HFHCD groups (Fig. 1d). However, no 
significant difference was found in visceral adipose tis-
sue content between the nD and HFHCD groups. as 
shown in Fig. 1e, there was no significant difference in 
blood glucose during the whole ogTT test in the tested 
mice among three groups, although an increased ten-
dency was found in the HFD group at 30 min compared 

with the nD group (P=0.0813).

Liver tissue and lipid metabolism
as shown in Fig. 2a, the livers of nD-fed mice and 

HFD-fed mice were similar and relatively normal. How-
ever, the livers of the HFHCD-fed mice were obviously 
whiter and larger. The profiles of H&E staining (Fig. 2b) 
showed that fat infiltration occurred in the livers of the 
HFD- and HFHCD-fed mice and that obvious fat mi-
crovesicles and macrovesicles were present in the livers 
of the HFHCD-fed mice. as shown in Figs. 2c–e, HF-
HCD-fed mice exhibited significantly higher liver 
weights and liver tissue Tg and TC levels than the nD- 
and HFD-fed mice (P<0.01).

Fig. 1. Body weight, adipose tissue weight, and the glucose response of mice (n=6–10 per group). (a) The body 
weights of mice during feeding with different diets. aP<0.05 compared with the nD group. bP<0.05 compared 
with the HFHCD group. (b) Visceral fat/body weight ratios of mice. *P<0.05. (c) Representative images 
for visceral adipose tissue of mice in the three groups. (d) oil red o staining of the visceral adipose tissue. 
Scale bars: 500 µm. (e) an oral glucose tolerance test (ogTT) was performed on mice at week 12. nD, 
normal diet; HFD, high-fat diet; HFHCD, high-fat and high-cholesterol diet.
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Blood biochemical indicators
after 12 weeks of feeding, HFHCD-fed mice had 

significantly higher serum HDL-C, LDL-C, TC, ALT, 
aST, and aLP levels than the nD- and HFD-fed mice 
(P<0.05; Figs. 3a–g). There was no significant difference 
in any of the tested serum biochemical indicators be-
tween the nD and HFD groups (P>0.05).

Fecal bile acid and cecal SCFAs
as shown in Figs. 4a and b, there was no significant 

difference in fecal cholic acid (CA) and deoxycholic acid 
(DCa) levels among the three groups, whereas the HF-
HCD group exhibited an increasing trend. as for cecal 
SCFAs levels, HFHCD-fed mice had a significantly 
lower acetic acid levels than nD- and HFD-fed mice 
(P<0.05; Fig. 4c). The levels of propionic acid and bu-
tyric acid were decreased significantly after the mice 
were fed the HFD or HFHCD for 12 weeks (P<0.001; 
Figs. 4d and e).

Microbiota analysis
at week 12 of feeding, the analysis of microbial 

α-diversity using the Observed_species, Chao 1, Shan-

non, and PD_whole_tree indices revealed a significant-
ly lower species richness and diversity in the HFHCD-
fed mice compared with the nD- and HFD-fed mice 
(P<0.05; Table 1). The Observed_species, Shannon, and 
PD_whole_tree indices were lower in the HFD-fed mice 
compared with the nD-fed mice (P<0.05; Table 1). ac-
cording to a principal coordinates analysis (PCoa), the 
compositions of the fecal microbiotas of the three groups 
were clearly different (Fig. 5).

The modifications of the intestinal microbiota com-
position at two different taxonomic levels are summa-
rized in Tables 2 and 3. at the phylum level (Table 2), 
the HFD significantly reduced the relative abundance of 
Bacteroidetes, whereas it increased the relative abun-
dances of Firmicutes and Proteobacteria and increased 
the F/B value in the fecal microbiota of mice at week 12 
(P<0.05; compared with the nD group). The HFHCD 
significantly reduced the relative abundances of Bacte-
roidetes and Firmicutes, whereas it increased the relative 
abundance of Proteobacteria and increased the F/B 
value compared with both the nD and HFD groups 
(P<0.05).

at the genus level (Table 3), the HFD-fed mice had 

Fig. 2. Liver parameters of mice at week 12 of feeding (n=6–10 per group). (a) Representative images of livers of 
mice in the three groups. (b) The H&E staining profiles of liver tissues. Scale bars: 500 µm. (c) Liver weight, 
(d) liver tissue triglyceride (Tg) levels and (e) liver tissue total cholesterol (TC) levels of each group. *P<0.05; 
**P<0.01; ***P<0.001. nD, normal diet; HFD, high-fat diet; HFHCD, high-fat and high-cholesterol diet.
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higher relative abundances of Oscillospira, Odoribacter, 
Bacteroides, and [Ruminococcus] and lower relative 
abundances of Lactobacillus and [Prevotella] (P<0.05; 
compared with the nD group), whereas the HFHCD-fed 

mice had higher relative abundances of [Ruminococcus] 
and Akkermansia and lower relative abundances Lacto-
bacillus and [Prevotella] (P<0.05; compared with the 
nD group). Compared with the HFHCD group, the HFD-

Fig. 3. Serum biochemical parameters of mice at week 12 of feeding (n=6–10 per group). (a) High-density lipoprotein cholesterol 
(HDL-C) levels. (b) Low-density lipoprotein cholesterol (LDL-C) levels. (c) Triglyceride (Tg) levels. (d) Total cholesterol (TC) 
levels. (e) alanine aminotransferase (aLT) levels. (f) aspartate aminotransferase (aST) levels. (g) alkaline phosphatase (aLP) 
levels. *P<0.05; **P<0.01; ***P<0.001. nD, normal diet; HFD, high-fat diet; HFHCD, high-fat and high-cholesterol diet.

Fig. 4. Fecal bile acid levels and cecal SCFas levels of mice at week 12 of feeding (µg/g wet weight of feces; 
n=6–10 per group) (a) Cholic acid levels in fecal samples. (b) Deoxycholic acid levels in fecal samples. (c) 
Cecal acetic acid levels. (d) Cecal propionic acid levels. (e) Cecal butyric acid levels. *P<0.05; **P<0.01; 
***P<0.001. nD, normal diet; HFD, high-fat diet; HFHCD, high-fat and high-cholesterol diet.
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fed mice had higher relative abundances of Oscillospira, 
Odoribacter, Bacteroides, and [Prevotella] and lower 
relative abundances of [Ruminococcus] and Akkerman-
sia (P<0.05). Brackets indicate that the nucleotide se-
quence of the bacterium is recorded in the greengenes 
database but is not recorded by nCBi.

Discussion

Accumulating scientific evidence from many well-
designed clinical and animal studies have demonstrated 
the strong relationship between obesity and intestinal 
microbiota; moreover, these studies have indicated that 
several specific gut microbes can regulate metabolic 
syndrome (MS), especially obesity, one the most impor-
tant aspects of MS [21, 22]. Furthermore, the possible 

Table 1. The α-diversity of fecal microbiota in mice at week 12 (n=4 per group)

group nD HFD HFHCD

Observed_species 692.43 ± 31.43 570.65 ± 27.94a 430.50 ± 11.17ab

Chao1 994.80 ± 59.34 938.60 ± 49.68 715.00 ± 42.82ab

Shannon 6.91 ± 0.15 6.47 ± 0.17a 4.87 ± 0.27ab

PD_whole_tree 30.24 ± 1.10 24.72 ± 0.82a 21.24 ± 0.34ab

aP<0.05 compared with the nD group. bP<0.05 compared with the HFD group. nD, normal 
diet; HFD, high-fat diet; HFHCD, high-fat and high-cholesterol diet.

Fig. 5. Principal coordinates analysis (PCoa) of fecal microbiota 
of mice at week 12 of feeding (n=4 per group). nD, normal 
diet; HFD, high-fat diet; HFHCD, high-fat and high-cho-
lesterol diet.

Table 2. Relative abundance of the top six oTus of species at the phylum level in fecal 
samples at week 12 (n=4 per group)

group nD HFD HFHCD

Bacteroidetes (%) 56.4 ± 4.84 27.90 ± 6.41a 6.10 ± 0.73ab

Firmicutes (%) 36.29 ± 5.68 52.35 ± 2.55a 25.99 ± 4.38ab

Proteobacteria (%) 5.95 ± 1.70 14.59 ± 2.86a 53.35 ± 4.17ab

TM7 (%) 0.63 ± 0.15 0.21 ± 0.07a 0ab

Actinobacteria (%) 0. 35 ± 0.13 0.24 ± 0.14 0.06 ± 0.01a

Deferribacteres (%) 0.14 ± 0.03 3.96 ± 1.32a 0.56 ± 0.27b

F/B 0.65 ± 0.16 1.98 ± 0.61a 4.25 ± 0.25ab

aP<0.05 compared with the nD group. bP<0.05 compared with the HFD group. nD, normal 
diet; HFD, high-fat diet; HFHCD, high-fat and high-cholesterol diet; F/B, the ratio of Fir-
micutes to Bacteroidetes.

Table 3. Relative abundance of the top ten oTus of species at the genus level in fecal sam-
ples at week 12 (n=4 per group)

group (%) nD HFD HFHCD

Lactobacillus 5.13 ± 1.45 0.97 ± 0.17a 1.25 ± 0.29a

Oscillospira 3.02 ± 0.55 9.05 ± 1.79a 3.48 ± 1.00b

Odoribacter 0.20 ± 0.07 2.38 ± 0.65a 0.10 ± 0.02b

[Prevotella] 5.08 ± 0.80 2.64 ± 1.10a 0.22 ± 0.04ab

Bacteroides 1.87 ± 0.58 5.41 ± 1.89a 1.15 ± 0.06b

Dorea 0.13 ± 0.03 0.84 ± 0.33a 0.33 ± 0.10b

[Ruminococcus] 0.18 ± 0.08 1.43 ± 0.23a 2.74 ± 0.67ab

Sutterella 3.56 ± 1.54 0.01 ± 0.01a 0.93 ± 0.20a

Desulfovibrio 0.40 ± 0.12 0.88 ± 0.14a 0.70 ± 0.05a

Akkermansia 0.02 ± 0.01 0.01 ± 0.01 13.47 ± 1.60ab

aP<0.05 compared with the nD group. bP<0.05 compared with the HFD group. nD, normal 
diet; HFD, high-fat diet; HFHCD, high-fat and high-cholesterol diet. Brackets indicate that the 
sequence of a bacterium is recorded in the greengenes database but is not recorded by nCBi.
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relationship between naFLD and intestinal microbiota 
has also been the focus of several recent studies, which 
found that intestinal bacteria produce a g-protein-cou-
pled receptor ligand protein [23], release FXR signals 
to regulate gut-liver axis activity [24], and change intes-
tinal permeability [25] to regulate the progress of 
NAFLD. Therefore, it would be interesting to profile the 
microbiota related to obesity and naFLD and character-
ize or differentiate the function of intestinal microbes 
related to obesity and naFLD, respectively. So two 
types of test diet, HFD and HFHCD, were used to cause 
obesity and naFLD, and comparative studies were con-
ducted to characterize their differential effects on glucose 
and lipid metabolism via gut microbiota.

In the present study, the HFD significantly increased 
the body weights of the tested mice and caused more 
visceral adipose tissue than the HFHCD. The tested HFD 
also tended to damage, at least partly, the glucose me-
tabolism of mice based on the results of the ogTT at 30 
min. However, it did not significantly change the blood 
and liver biochemical parameters of the tested mice that 
are indicative of serum lipid metabolism and liver func-
tion. These results indicate that the mice that were fed 
the HFD were overweight or obese without a significant 
metabolism disorder in the serum or liver. Similar results 
were found in studies with Wistar rats fed an HFD 
(40–75% of the diet energy) [26, 27], while conflicting 
results were also found in mice fed an HFD (60% of the 
diet energy), with both overweight and dyslipidemia 
observed in the mice [28]. These conflicting findings 
indicate that excessive dietary fat and energy intake can-
not fully explain the abnormal changes in serum lipids 
in obese people. Kübeck et al. [29] highlighted that the 
functional signals generated from interactions between 
intestinal microbiota and dietary components could play 
an important role in host energy homeostasis and the 
development of obesity. The intestinal microbiota and 
its metabolites might be important targets in the manage-
ment and prevention of diet-induced obesity and related 
metabolism disorders.

Conversely, in this study, the HFHCD significantly 
increased serum TC, HDL-C, and LDL-C levels, as well 
as liver weight and liver Tg and TC levels. Furthermore, 
it also apparently increased liver aLT, aST, and aLP 
levels. all of these parameters are deeply associated with 
the health of the host animal. For example, a higher con-
tent of LDL-C is related to the incidence and severity of 
cardiovascular disease [30], and elevated liver aLT, aST, 
and aLP levels are considered hallmarks of liver damage 
[31]. our results showed that the HFHCD negatively 
altered serum lipid metabolism and liver function in the 
tested mice but did not increase body weight and body 

fat, which was consistent with a similar study [26]. These 
results demonstrated well that an HFHCD may induce 
nonalcoholic steatohepatitis, as pointed out in previous 
studies [1]. An HFHCD might negatively affect the 
health of the host animal to a greater extent and faster 
than an HFD.

in the present study, the HFD and HFHCD were com-
pared with regard to their abilities to affect the intestinal 
microbiota of host animals. The HFHCD significantly 
decreased the α-diversity index of the fecal bacteria of 
mice, to a greater extent than the HFD. a decline in the 
diversity of intestinal microbiota is considered to be 
characteristic of obese people [32]. an observational 
study of adolescents showed that lower α-diversity was 
associated with higher liver fat accumulation and that 
there was no significant association between the tested 
dietary components and hepatic steatosis [33]. The sharp 
decrease in microbial richness and diversity caused by 
the HFHCD may be one of the important causes of 
NAFLD. Additionally, the decrease of α-diversity in the 
HFD-fed mice in this study was smaller than in similar 
studies [28], which partly explains why the HFD did not 
cause severe dyslipidemia in mice. Furthermore, the 
β-diversity parameter clearly distinguished the fecal 
bacteria of mice fed with the nD, HFD, and HFHCD. 
These results indicated that the HFHCD and HFD dy-
namically damaged the richness, diversity, and composi-
tion of the intestinal microbiota in different manners.

Regarding the composition of the fecal microbiota 
among the tested mice at the taxonomic phylum level, 
both the HFD and HFHCD significantly increased the 
F/B value and relative abundance of Proteobacteria in 
the intestinal microbiota. it is well known that a higher 
abundance of Firmicutes than Bacteroidetes is associ-
ated with obesity and MS. individuals with high F/B 
values have a high ability to obtain energy from food 
[34]. additionally, the excessive intake of fat can lead 
to elevated levels of Proteobacteria, as well as obesity 
[9, 10]. in the present study, the tested mice fed with the 
HFHCD showed higher F/B ratios, with much more 
Proteobacteria, but they did not become obese like the 
HFD-fed mice. additional dietary fat from the HFHCD 
accumulates in the liver of mice, rather than in visceral 
adipose tissues. Hildebrandt et al. [10] demonstrated the 
importance of diet as a determinant of intestinal micro-
biome composition independent of obesity using RELMβ 
knockout mice. We believe that dietary components, such 
as cholesterol in the HFHCD and saturated fatty acid in 
the HFD, may interact with intestinal microbiota in a 
variety of manners, leading to different physiological 
outcomes. The characteristic alternation in the diversity 
and composition of the intestinal microbiota may be one 
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of the underlying mechanisms of obesity and naFLD 
induced by the HFD and HFHCD respectively.

Regarding the composition of the fecal bacteria in the 
tested mice at the taxonomic genus level, both the HFD 
and HFHCD significantly decreased the abundance of 
Lactobacillus, an active uncoupling bacterium in bile 
acids. Lactobacilli play an important role in the hepato-
biliary circulation of the host animal, in particular in the 
excretion and absorption of bile acids in the small intes-
tine by maintaining the homeostasis of the intestinal 
epithelium [16]. Fecal lactobacilli also possess bile salt 
hydrolase, which is associated with increased resistance 
to bile toxicity in host animals [35, 36]. The depletion 
in intestinal lactobacilli might be related to the abilities 
of the HFD and HFHCD to affect lipid metabolism and 
liver function. in addition to lactobacilli, the HFD and 
HFHCD also caused a significant decrease in fecal [Pre-
votella] and a significant increase in fecal [Ruminococ-
cus]. Previous studies have demonstrated that [Pre-
votella] is related to the ability to decompose 
carbohydrates [37, 38] and that [Ruminococcus] is re-
lated to the occurrence of atherosclerosis [39]. Moreover, 
the HFD and HFHCD have different effects on the 
amount of Oscillospira, Odoribacter, Bacteroides, and 
Akkermansia. This may explain why the two diets caused 
different metabolic reactions. Further studies should be 
conducted to analyze how an HFD or HFHCD affects 
the health of the animal host through each of these in-
testinal microbes.

Dietary fiber can be converted into SCFAs via fermen-
tation by intestinal microorganisms, which could be 
generally used as an energy source and may be involved 
in a variety of metabolic pathways in the host animal, 
including gluconeogenesis [40, 41] and adipogenesis [5]. 
Rodent studies have shown that SCFas can increase 
aMPK activity in the liver and skeletal muscle [42, 43], 
increase the amount of PGC1-α and UCP1 in brown fat 
[42], and promote thermogenesis and fatty acid oxidation 
to prevent diet-induced obesity [44]. The reduction of 
SCFas may cause weakened glucose and lipid metabo-
lism, decreased immunity, and decreased changes in the 
structure of the gut microbiota. in the present study, the 
HFHCD significantly decreased acetic acid, propionic 
acid, and butyric acid, whereas the HFD also decreased 
propionic acid and butyric acid. These results indicate 
that both the tested HFD and HFHCD could influence 
intestinal SCFas differentially, which might be the 
mechanism underlying the triggering of obesity, abnor-
mal serum and lipid metabolism, and abnormal liver 
function by the HFD and HFHCD. The difference in 
damage to SCFa metabolism caused by the HFD or HF-
HCD could result from the characteristic effects of the 

HFD or HFHCD on intestinal microbiota diversity and 
composition. on the other hand, as other important me-
tabolites of intestinal microbiota, bile acids and their 
metabolites help maintain the homeostasis of glycogen, 
cholesterol, and triglycerides. increased levels of intes-
tinal bile acids were found to increase the F/B ratio and 
alter the gut microbiota composition, partly due to their 
antimicrobial activity. The imbalanced regulation be-
tween bile acids and intestinal microorganisms is in-
volved in the pathogenesis of obesity and naFLD [45]. 
The HFHCD used in this study tended to increase intes-
tinal primary and secondary bile acids, and this might 
be the mechanism underlying the damaging of micro-
biota and the triggering of naFLD.

in conclusion, the intake of an HFD can cause over-
weight or obesity without a significant metabolism dis-
order in the serum and liver, whereas an HFHCD can 
negatively alter serum lipid metabolism and liver func-
tion without increasing body weight and body fat, which 
may affect the health of the host animal to a greater 
extent. The HFHCD in this study damaged the richness, 
diversity, and composition of the intestinal microbiota 
much more severer than the HFD and affected the me-
tabolism of SCFAs and bile acids more significantly. 
each of the characteristic diet-microbiota interactions 
may play an important and different role in metabolic 
diseases, such as obesity and naFLD. Further studies 
focusing upon a specific bacterium and the associated 
signaling pathways involved in different metabolic dis-
eases might be of critical significance.
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