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The study aimed to explore the similarities and differences in gut microorganisms
and their functions in regulating body mass in Eothenomys miletus across
different altitudes in the Hengduan Mountains when exposed to a high-fat diet.
Eothenomys miletus specimens were gathered from Dali (DL) and Xianggelila
(XGLL) in Yunnan Province, China, and categorized into control, high-fat (1 week
of high-fat diet), and re-feeding groups (1week of high-fat diet followed by
2 weeks of standard food). The analysis utilized 16S rRNA sequencing to assess
the diversity and structure of intestinal microbial communities in E. miletus. The
investigation focused on the impact of high-fat diet consumption and different
altitudes on gut microbial diversity, structure, and physiological markers. Results
revealed that a high-fat diet influenced the beta diversity of gut microorganisms
in E. miletus, leading to variations in microbial community structure between
the two regions with different altitudes. High-fat food significantly affected body
mass, white adipose tissue mass, triglycerides, and leptin levels, but not food
intake. Specific intestinal microorganisms were observed in the high-fat groups,
aiding in food digestion and being enriched in particular flora. In particular,
microbial genera like Lactobacillus and Hylemonella were enriched in the high-
fat group of DL. The enriched microbiota in the control group was associated
with plant polysaccharide and cellulose decomposition. Following a high-fat
diet, gut microbiota adapted to support lipid metabolism and energy supply,
while upon re-feeding, the focus shifted back to cellulose digestion. These
findings suggested that alterations in gut microbial composition, alongside
physiological markers, play a vital role in adaptation of E. miletus to the diverse
habitats of the Hengduan Mountains at varying altitudes.
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Eothenomys miletus, high-fat food, body mass regulation, gut microorganisms,
different altitudes, adaptive strategy, host—microbe interactions

01 frontiersin.org


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2024.1434346&domain=pdf&date_stamp=2024-07-10
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1434346/full
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1434346/full
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1434346/full
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1434346/full
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1434346/full
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1434346/full
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1434346/full
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1434346/full
mailto:3961@ynnu.edu.cn
mailto:2093@ynnu.edu.cn
https://doi.org/10.3389/fmicb.2024.1434346
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2024.1434346

Jiaetal.

1 Introduction

During long-term co-evolution, the host provides the living
environment and nutrients for the gut microbes, which can assist the
host in digesting food, producing short-chain fatty acids (SCFAs) and
other metabolites, participating in physiological processes, such as
individual development, nutrient absorption, energy metabolism, or
immune responses, which play an important role in the adaptation of
host under environmental changing (Sender et al., 2016; Moran et al.,
2019). The makeup and variety of microorganisms in the gastrointestinal
tract are impacted by factors such as the dietary choices of the host, their
genetic predisposition, and the environmental conditions of their habitat
(Carmody et al., 2015; Thaiss et al., 2016). The nutritional makeup of a
diet is acknowledged as a significant factor influencing the diversity of
gut microbiota, leading to substantial variations in the microbial
populations of mammals following different dietary patterns (Amato
etal,2013; Guo etal., 2021). As the environmental food changes, the gut
microorganisms adjust accordingly as follows: Apodemus sylvaticus shifts
its food from insectivorous to seed-feeding during seasonal changes, its
gut microbial community showed a gradual decrease in the content of
Lactobacillus, and a significant increase in the content of Helicobacter and
Alistipes during the food transition (Maurice et al., 2015). In their native
habitats, animals consume a diverse array of food sources in order to
fulfill their daily energy and nutritional needs (Bolnick et al., 2014).
Studying the relationship between gut microbiota and diet in animals can
help our understanding of the multidirectional interaction between
microorganisms, hosts, and the environment, providing more evidence
to reveal the different adaptations of animals to the environment.

The lipid composition of dietary items plays a significant role in the
accumulation of adipose tissue, and the consumption of high-fat
products in conjunction with surplus caloric intake may result in atypical
physical structure and have adverse effects on general wellbeing and
immune function (Neyrinck et al., 2016). Various nutrients can offer
distinct nutritional ecological niches that are capable of sustaining
diverse microbial communities (Tan and Norhaizan, 2019). The gut
microbiota is closely related to the digestion, absorption, and energy
metabolism of food ingredients, and hence, intestinal microorganisms
will affect energy absorption and fat storage (Tremaroli et al., 2010).
Studies have shown that the consumption of high-fat foods leads to rapid
and continuous changes in the gut microbiota of both mice and humans
within a timeframe of 24 to 48h (David et al., 2014). High-fat foods
promoted lipid accumulation, and gut microbiota diseases in mice
reduced the diversity of the gut microbiota, reduced its SCFAs content
and the number of beneficial bacteria, and increased the number of
pathogenic bacteria (Yin et al.,, 2018; Kong et al,, 2019). Furthermore, the
consumption of high-fat foods led to an elevation in the presence of
lipopolysaccharide (LPS) generating bacteria within the intestinal tract,
resulting in the upregulation of tumor necrosis factor o (TNF-ar)
expression in the ileum of mice (Konrad and Wueest, 2014). LPS and
TNF-« inhibited adipose tissue browning, causing a decrease in energy
expenditure and indirectly leading to obesity and related metabolic
diseases (Lucchini et al., 2020). Consumption of high-fat foods led to a
notable decrease in the prevalence of Bacteroidetes and a significant
increase in the prevalence of Firmicutes in the gastrointestinal tract of
animals (Zhang and Yang, 2016). Some studies have also shown that
high-fat food increased the relative abundance of Bacteroidota; for
example, high-fat food significantly increased the relative abundance of
Bacteroidota in male C57BL/6 mice and significantly reduced the relative
abundance of Actinobacteria and Firmicutes (Zhou et al., 2017). At
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present, the existing research studies pertaining to the impact of high-fat
diets on host physiology and gut microbial diversity remain inconclusive.

Hengduan mountain regions are regions of higher climatic and
geographic diversity, and the red-backed vole (Eothenomys miletus) is an
inherent species of this region (Gong et al., 2001; Zhu et al., 2014a,b). At
present, it has been confirmed that temperature, photoperiod, and food
quantity or quality are major ecological variables that affect the energy
metabolism of E. miletus (Zhu et al., 2010; Zhu W. L. et al., 2011). Seasonal
differences in thermogenesis and metabolism of E. miletus may be related
to differences in food resources in different seasons, and significant
differences in body mass were found when treated with different food
conditions (Zhu et al,, 2014a). It has been proposed that the consumption
of high-fat food has a notable impact on body mass, food consumption,
and resting metabolic rate (RMR) in E. miletus, leading to significant
variations in the expression of leptin (Gong et al., 2021). Our research
discovered variations in the intestinal microorganisms of E. miletus across
different regions of the Hengduan mountains, such as Dali, Jianchuan,
Lijiang, Deqin, and Xianggelila (Yan et al., 2022). Dali (DL) and
Xianggelila (XGLL), the southernmost and northernmost points of the
Hengduan Mountains in Yunnan Province, exhibit distinctive
environmental conditions, making them ideal study sites to effectively
showcase the adaptation of E. miletus to the Hengduan Mountain region.
Based on previous research, the present study was conducted to study the
variation in the influence that high-fat food has on the gut microorganisms
and body mass adjustment of E. miletus between two regions with
different altitudes, DL (low altitude region) and XGLL (high altitude
region) in winter, and to ultimately elucidate the relationship between the
gut microorganisms and the body mass regulation.

2 Materials and methods
2.1 Collection of experimental animals

Eothenomys miletus from DL and XGLL were collected in the
winter of 2022, respectively. The experimental animals were all
non-breeding healthy adult individuals. The positions, climates, and
sample data of the sampling sites are shown in Table 1.

2.2 Experimental designs

Eothenomys miletus were captured from two sites and brought to
Yunnan Normal University for rearing in the animal breeding room
through sterilization and flea killing. After 4 days of acclimatization in
the laboratory, specimens of E. miletus from DL and XGLL with different
altitudes were chosen for the experiment. The experiment involved
high-fat foods and different regions as variables, with E. miletus
specimens from each region being categorized into a control group (Con,
0day of execution), high-fat group (HE provided with high-fat food for
1 week), and high-fat re-feeding group (Re, given high-fat food for 1 week
followed by a return to standard food for 2 weeks). These groups were
designated as DLC, XGC, DLHE XGHE DLRe, and XGRe, respectively.
The experiment was conducted for a period of 3weeks at a room
temperature of 25+ 1°C and an environmental photoperiod condition of
12L:12D (light: dark). During the experimental period, E. miletus had
free access to food and water and were fed standard diets and high-fat
diets produced by Kunming Medical University (Table 2). Body mass,
food intake, and RMR were measured on days 0, 7, and 21, respectively,
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TABLE 1 Detailed information on the sampling sites in Eothenomys miletus.

10.3389/fmicb.2024.1434346

: . Geographic . Average temperatures S
Regions Sample size . Altitude/m . Precipitation/mm
9 P location / (winter)/°C P /
XGLL 20(310, 210) 99°83’16” E, 27°90'73” N 3,321 4.5 984.2
DL 19(310, Q9) 100°4249” E, 24°90'30” N 2,217 17.5 597.0 ‘

XGLL, Xianggelila; DL, Dali.

TABLE 2 Food ingredients.

TABLE 3 Kit numbers.

Contents Standard diet High-fat diet
Crude fat (%) 6.2 21.4 Leptin ELISA kit JM-11498 M1
Crude protein (%) 20.8 17.6 Glu ELISA kit S0104F-1
Neutral detergent fiber (%) 21.5 19.6 Tg ELISA kit S01400-1
Acid detergent fiber (%) 12.5 10.6 Tc ELISA kit S05042-1
Ash (%) 10.0 8.5 SCFAs ELISA kit JM-11498 M1
Caloric value (kJ/g) 17.5 19.7 LPS ELISA kit M-12488 M1
FIAF ELISA kit JM-12613 M1
TNF-a ELISA kit JM-02415M1
measurement methods as described by Steelman et al. (2012) and Zhu
etal. (2012). Finally, E. miletus was euthanized, which was reported in UCP1 ELISA kit JM-12185M1

accordance with ARRIVE guidelines (Zhu et al., 2008); then, serum was
taken, and rectal feces were obtained.

2.3 Measurement of physiological indices

At the end of the experiment for each group, blood was collected,
allowed to stand for 1h in the refrigerator at 4°C, and was centrifuged
at 4°C (4,000 r/min, 30 min), taking up serum in a centrifuge tube,
stored in the refrigerator (—80°C), and set aside. Measurements of
leptin, glucose (Glu), triglyceride (Tg), total cholesterol (Tc), SCFAs,
LPS, fasting-induced adipocyte factor (FIAF), and TNF-a were
measured by the serum using an enzyme-linked immunosorbent
assay (ELISA). After the experimental animals were executed, brown
adipose tissue (BAT) was carefully removed, weighed and put into
centrifuge tubes, and stored in a refrigerator (—80°C) for storage. The
content of uncoupling protein 1 (UCP1) was determined using
ELISA. The assay was conducted following the instruction manual,
and the product numbers of the assay kits are listed in Table 3.

2.4 Measurement of digestive tract
morphology

After separating the organs and removing other tissues, weigh after
draining the surface liquid using filter paper (accurate to 0.001g).
Remove the digestive tract, to separate the stomach, small intestine, large
intestine, and cecum, remove carefully the mesentery and connective
tissue and fat of each organ, and then weigh and measure the length.

2.5 DNA extraction and 16S rRNA gene
sequencing

Rectal feces were collected, and the total DNA was enriched on the
filter membrane using a centrifugal column-based soil genome extraction

kit (DNeasy®PowerSoil®Kit, Germany). The purified DNA samples were
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subjected to sequencing on the Illumina MiSeq platform (Illumina, San
Diego, CA, United States), which was operated by Beijing Novozymes Co.

2.6 Bioinformatics analysis

By QIIME software, the raw data were processed, using Flash
software to clear low-quality sequences, and then removing the
chimeras in the sequences by Usearch 7.0 software. The OTU sequences
with more than 97% recognition were clustered using the Uclust
algorithm, and the representative OTU sequences were analyzed and
identified based on the Ribosomal Database Project, finally, the
sequences of all samples were normalized by the “Daisychopper” script
code (Zhu L. et al, 2011; Percie du Sert et al, 2020). Finally,
we standardized the sequences of all the samples by using the code
“Daisychopper;” and the standard of each sample was 5,437 sequences.

2.7 Data analysis

2.7.1 Microbiology-related analyses

Two diversity indices, Chaol and Shannon diversity, were employed
for the evaluation of « diversity; p diversity was assessed through the
utilization of unweighted and weighted UniFrac distance matrices.
Graphical representations of the pertinent metrics have been generated
using Origin 2018. Venn diagrams were drawn using Venn 2.1 to describe
common and gap flora between groups.' To analyze the enriched flora of
each group, one-way analysis of variance (ANOVA) method was used.
Heat maps of dominant bacteria and correlation of physiological and
serum biochemical indices were obtained using Pearson analysis with
SPSS 21 and R3.6.2. Canoco 5.0 was used to assess the correlation between

1 https://bioinfogp.cnb.csic.es/tools/venny/index.html
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FIGURE 1
Community composition at the microbial phylum level. DLC, Dali control group; DLHF, Dali high-fat group; DLRe, Dali high-fat re-feeding group;
XGLC, Xianggelila control group; DXGHF, Xianggelila high-fat group; XGRe, Xianggelila high-fat re-feeding group.

dominant genera and physicochemical factors using redundancy analysis
(RDA). These results were further analyzed using R3.6.2 and Gephiv.0.9.2
software to generate network analyses (p<0.05, |r| >0.4).

2.7.2 Physiological indicator analysis

To analyze the data, SPSS 26.0 software (SPSS Inc., Chicago, IL,
United States) was used. Differences in measurement indicators
between the different sexes in E. miletus were not significant, so all
data were combined and counted. Moreover, two-way ANOVA or
two-way ANCOVA was used to analyze the variability of the different
indicators between the two regions with body mass as a covariate. It
is expressed as mean + standard error (mean + SE), where p<0.05 is
considered as significant difference.

3 Results

In the present study, a total of 39 samples were collected to extract
the DNA and amplify the PCR products, which were normalized to
8,296 sequences per sample after eliminating low-quality sequences,
chimeras, monomers, and chloroplasts.

3.1 Microbial community composition

On the level of phylum, Firmicutes, Bacteroidetes, and
Spirochaetes were the dominant fecal microbial phylum in two
different elevation areas of E. miletus, with mean relative
abundances within all groups of 76.94%, 21.39%, and 0.92%,
respectively. It had a higher proportion of Bacteroidetes in the
DLRe group than in the other two groups, and a higher proportion
of Firmicutes/Bacteroidetes in the DLHF group compared to the
other two groups. Spirochaetes had higher proportions in the
control and Re groups than in the HF group, and the proportion of
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Firmicutes was relatively higher in the HF group than in the other
two groups in both two regions (Figure 1). The major genera of
Hologeometricum, Clostridiales (UG), and S24-7(UG) were the
dominant genera of fecal microorganisms of E. miletus at the genus
level, with mean relative abundances within all groups of 36.39%,
19.52%, and 12.96%, respectively. Halogeometricum was relatively
higher in the HF group than in the control and Re groups, and
$24-7(UG) was lower in the HF group relative to the other two
groups (Figure 2).

3.2 Microbial community alpha diversity
analysis

Chaol diversity was found to be not significantly different
between two different altitudes (p>0.05). The Shannon diversity of
fecal microorganisms in E. miletus of the XGRe group was significantly
different from the DLHF and XGHF groups, which was lower than
that of the DLHF and XGHF groups (p <0.05, Figure 3).

3.3 Microbial community  diversity
analysis

There was no significant trend of aggregation of fecal microbial
diversity on PCoA plots in two regions of the HF group in E. miletus
(Figure 4). However, the overall distribution of fecal microbial 8
diversity (weighted and unweighted matrices) was found to
be significantly different (p < 0.05) in different regions of the HF group
according to the PERMANOVA test (Table 4). Additional
PERMANOVA indicated that there was no statistically significant
variation (p>0.05) in the fecal microbial p diversity among regions
within the same timeframe. However, there were notable alterations
(p<0.05) in p diversity over time within the same region. Specifically,
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Community composition at the genus level of microorganisms. DLC, Dali control group; DLHF, Dali high-fat group; DLRe, Dali high-fat re-feeding
group; XGLC, Xianggelila control group; DXGHF, Xianggelila high-fat group; XGRe, Xianggelila high-fat re-feeding group.
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FIGURE 3

Microbial a-diversity in different groups. DLC, Dali control group; DLHF, Dali high-fat group; DLRe, Dali high-fat re-feeding group; XGLC, Xianggelila
control group; DXGHF, Xianggelila high-fat group; XGRe, Xianggelila high-fat re-feeding group. Different letters indicate significant differences

there were significant shifts in microbial community composition
observed from the control group to the high-fat (HF) group and from
the HF group to the Re group.

3.4 Distribution of common and unique
microorganisms in different altitudes and
periods

In DL, the total number of microorganisms in the feces of E. miletus
was 81 genera. The fecal microorganisms of the DLC and the DLHF
groups contained more unique genera than those of the DLRe group.
The number of common genera of fecal microorganisms in the XGLL
region was 84, which was lower in the XGHF group than in the other

Frontiers in Microbiology

05

two groups. Among the fecal microorganisms from different regions
and food conditions, 71 genera were found in the feces of E. miletus.
DLHF group had a higher number of unique genera than the XGHF
group, but the DLC and the DLHF groups had a lower number of
unique genera than the XGC group and the XGHF group, with the
XGC group had the highest number of unique genera (Figure 5).

3.5 Analysis of microbial enrichment
differences in different altitudes and
periods

The relative abundance of microorganisms differed between DL and
XGLL as shown in Figure 6. Microbial genera enriched in the DLC
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FIGURE 4
Microbial p-diversity in different groups. DLC, Dali control group; DLHF, Dali high-fat group; DLRe, Dali high-fat re-feeding group; XGLC, Xianggelila
control group; DXGHF, Xianggelila high-fat group; XGRe, Xianggelila high-fat re-feeding group.

TABLE 4 Microbiological PERMANOVA test for feces of Eothenomys miletus feces.

Unweighted Unifrac Weighted Unifrac
PERMANOVA
R2 R2

DLC vs. DLHF 2.753 0216 0.029 3.784 0.275 0.056
DLHF vs. DLRe 4.645 0.297 0.002 4.539 0.292 0.002
XGC vs. XGHF 2.886 0.224 0.014 3.090 0.236 0.038
XGHEF vs. XGRe 3.732 0.237 0.005 5.403 0310 0.004
DLC vs. XGC 1.745 0.149 0.075 2.405 0.194 0.077
DLHF vs. XGHF 0.938 0.086 0.438 0.351 0.034 0.865
DLRe vs. XGRe 1.377 0.096 0.163 2.440 0.158 0.103

P<0.05 indicates a significant difference.
DLC, Dali control group; DLHE, Dali high-fat group; DLRe, Dali high-fat re-feeding group; XGLC, Xianggelila control group; DXGHE, Xianggelila high-fat group; XGRe, Xianggelila high-fat
re-feeding group.

A B Cc
DLC
DLC DLHF XGC XGHF
66
DLHF = XGRe
68 , q@
Core: 71
DLRe XGHF
DLRe XGRe XGC
FIGURE 5
Venn diagrams of microorganisms in different groups. DLC, Dali control group; DLHF, Dali high-fat group; DLRe, Dali high-fat re-feeding group; XGLC,
Xianggelila control group; DXGHF, Xianggelila high-fat group; XGRe, Xianggelila high-fat re-feeding group.

group included Clostridium, Oscillospira, and Butyricimonas (p<0.05).  Prevotella were significantly enriched in the feces of the DLRe group
Microbial genera enriched in the DLHF group included Lactobacillus ~ compared to the DLC and DLHF groups (p <0.05). The XGC group
and Hylemonella (p<0.05). Genera such as Parabacteroides and  showed a significantly different enrichment distribution from the XGHF
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Analysis of microbial differences in different groups. DLC, Dali control group; DLHF, Dali high-fat group; DLRe, Dali high-fat re-feeding group; XGLC,
Xianggelila control group; DXGHF, Xianggelila high-fat group; XGRe, Xianggelila high-fat re-feeding group.

TABLE 5 Physiologic indices in Eothenomys miletus as affected by high-fat food and different altitude.

DL

Parameter

Con group
n=6

HF group
n=6

Re group

n=7

XGLL
Con group
n=6

HF group
n=6

Re group
n=8

Body mass (g)*! 36.59+2.06 39.10+1.87 35.78+1.80 32.16+2.17 34.90+2.64 31.43+1.25
Food intake (g/d)* 6.31+£1.02 5.77+0.79 6.85+0.35 8.17+1.06 8.69+0.74 8.80+0.55
Food calories (kJ/d)*! 110.37£17.87 113.63+15.62 119.93+6.14 142.95+18.51 171.10£14.65 155.83+17.55
RMR (mLO2/g.h)* 1.91+£0.23 1.69+0.49 1.93+£0.23 2.72+0.36 2.92+0.16 2.87+0.43
Heart mass (g) 0.24+0.04 0.27£0.06 0.28+0.03 0.29+0.02 0.27+0.04 0.33+0.03
Liver mass (g)* 1.85+0.15 1.84+0.27 1.92+0.15 2.48+0.31 2.20+0.17 242+0.17
Spleen mass (g) 0.07£0.016 0.07£0.02 0.07£0.02 0.11+0.04 0.08+0.03 0.10+0.04
Kidney mass (g) 0.54+0.13 0.55+0.18 0.55+0.12 0.54+0.13 0.66+0.21 0.60+0.18
Lung weight (g) 0.30+0.06 0.28+0.02 0.27+0.02 0.27+0.04 0.31+0.06 0.30+0.04
Small intestine length (cm) 37.72+4.55 39.39+2.77 39.62+4.24 40.49+6.10 43.06+7.31 41.00+8.61
Cecal length (cm)* 8.92+0.31 8.70+0.24 9.24+0.46 10.11+£0.89 10.15£0.60 10.36£0.35
WAT mass (g)*"* 0.45+0.07 0.49+0.10 0.45+0.08 0.30+0.10 0.49+0.06 0.45+0.05
BAT mass (g)* 0.17£0.06 0.18+0.04 0.17+0.04 0.23+0.03 0.28+0.06 0.30+0.05

Data are presented as mean + SE; *Means that there is a significant difference in the impact of the indicator by altitude.

"Means that there is a significant difference in the impact of the indicator by high-fat food.

“Means that there is a significant difference in the interaction between altitude and high-fat food on the indicator; XGLL, Xianggelila; DL, Dali.

and the XGRe groups, with the enrichment of Anaerostipes, Desulfovibrio,
Candidatus Anaeroplasma, and  Butyricimomas.
Anaerostipes and Desulfovibrio enriched significantly (p <0.05) in the
XGRe group as compared to the XGHF and XGC groups (Figure 6).

Arthromitus,

3.6 Effects of high-fat foods and altitudes
on physiological indicators

It found that high-fat food had a significant effect on body mass,

food calories, and WAT mass of E. miletus (body mass: F=10.493,
p<0.001; food calorie: F=3.487, p<0.05; WAT mass: F=12.269,
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p<0.001), and the body mass and WAT mass in the HF group were
significantly higher than that in the other two groups (Table 5). Tg and
leptin were significantly higher in the HF group than in the other
groups (Tg: F=6.960, p=0.003; leptin: F=28.657, p<0.001; Table 6).
Further analyses revealed that heart mass in the XGLL region differed
significantly between the HF and Re groups, with lower heart mass in
the HF group (Table 5). In XGLL, TNF-a was significantly affected by
high-fat food, which was significantly higher in the HF group than in
the other groups; meanwhile, Tc was significantly affected by high-fat
food in DL (Table 6).

It was found that the body mass, food intake, food calories, RMR,
liver mass, cecum length, WAT mass, and BAT mass of E. miletus
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TABLE 6 Serum physiological indices in Eothenomys miletus as affected by high-fat food and different altitudes.

DL XGLL
Parameter Con group HF group Re group Con group HF group Re group
n=6 n=6 n=7 n=6 n=6 n=8

Tg (ng/g)*! 4001.35+278.66 4520.28 +206.11 4093.16+215.59 3399.26+225.32 3733.27+252.03 3451.32£255.57
Tc (ng/g) 1875.87 +144.65 2196.83+154.29 1826.61+£272.91 1739.56 £ 117.02 1853.08+159.69 1715.59+263.38
Glu (mg/mL) 0.65+0.20 0.73+0.08 0.65+0.11 0.62+0.13 0.66+0.09 0.62+0.10
Leptin (pg/mL)*'* 1529.46 + 126.04 1959.12+109.03 1589.15+100.73 1033.89+130.95 1222.42+99.67 1023.46+70.88
UCP1(pg/mL)* 1222.23+74.58 1201.65 +80.52 1293.84+119.04 149630 +175.43 1407.05 +65.50 1495.23+117.71
SCFAs (pmol/L)* 32.46+7.31 29.50+5.59 34.11+5.14 33.85+7.23 33.08+7.57 33.09+3.02
FAIF (ng/L) 55.26+7.67 64.32+£12.70 55.01+8.99 61.93+10.53 66.84+10.42 60.61+13.04
LPS (ng/mL)* 11.59+1.96 12.05+2.03 12.03+1.109 11.75+1.32 1121111 11.74+1.31
TNT-o (ng/L) 1075.21+129.91 1124.03£113.54 1070.69 + 148.44 1078.89 +86.04 1205.62 % 90.94 1028.90+78.07

Data are presented as mean + SE; *Means that there is a significant difference in the impact of the indicator by altitude.

"Means that there is a significant difference in the impact of the indicator by high-fat food.

*Means that there is a significant difference in the interaction between of altitude and high-fat food on the indicator; XGLL, Xianggelila; DL, Dali; Glu, glucose; Tg, triglyceride; Tc, total
cholesterol; SCFAs, short-chain fatty acids; LPS, lipopolysaccharide; FIAF, fasting-induced adipocyte factor; TNF-a, tumor necrosis factor-ct.

were significantly different between the two regions (body mass:
F=45.590, p<0.001; food intake: F=31.353, p<0.001; food calories:
F=32.123, p<0.001; RMR: F=25.574, p<0.001; liver mass:
F=20.373, p<0.001; cecum length: F=22.114, p <0.001; WAT mass:
F=12.404, p=0.001; BAT weight: F=18.926, p<0.001), and other
indexes except body mass and WAT mass were significantly higher
in DL than in XGLL (Table 5). Tg and leptin were significantly higher
in DL than in XGLL (Tg: F=30.008, p <0.001, leptin: F=164.165,
p<0.001; Table 6). The SCFAs and UCP1 were significantly affected
by different altitudes (SCFAs: F=5.582, p=0.024, UCP1: F=19.276,
p<0.001), and both were significantly more abundant in XGLL than
in DL (Table 6). Further analyses revealed significant differences in
Tc in the HF groups in both regions (Table 6). Moreover, the
interaction of high-fat food and region was significantly affected by
WAT mass and leptin in E. miletus (WAT mass: F=5.215, p=0.011;
leptin: F=4.221, p=0.024).

3.7 Relationship between physiological
indicators and microorganisms in different
altitudes and periods

In DL, it revealed that lung mass correlated significantly and
positively with the abundance of Actinomyces (p <0.05; Figure 7A).
Leptin was positively related to the abundance of Hologeometricum
and Lachnospiraceae (UG) and negatively related to the abundance of
Bacteroidaceae (UG; p <0.05). Moreover, Tc positively related to the
abundance of Hologeometricum and negatively related to S27-4 (UG)
and Paraprevotellaceae (UG; p <0.05; Figure 7B).

In XGLL, it was found the BAT mass and Lachnospiraceae (UG)
abundance correlated positively (p <0.05); lung weight and WAT
mass related dramatically and negatively to Paraprevotellaceae (UG)
abundance (p <0.05; Figure 7C). Hologeometricum abundance was
significantly positively correlated with Tg and Leptin (p <0.05); a
significant positive correlation was found between Lachnospiraceae
(UG) and UCP1 (p<0.05); and a significant negative correlation
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was found between Bacteroidaceae (UG) and TNF-a (p<0.05,
Figure 7D).

The analysis of the relevance of physiological indicators to
microbial dominance OTUs in DL and XGLL of E. miletus showed
positive associations among Tg, Tc, leptin, TNF-o, and denovo624899
abundance. Positive correlations were found between small intestine
length and denovo465996, denovo112642, and denovo206196. There
were positive correlations between UCP1 and denovol97961,
denovo352370, denovo316475, and denovo355694. The length of the
cecum, LBP, and FIAF was positively correlated with denovo 387,376
and denovo 557,186 (Figure 8).

3.8 The fecal microbial co-occurrence
network

This network analysis included the top 200 OTUs with a relative
abundance and constructed a network with 200 nodes and 1,198
edges, with 1,198 positive edges and 0 negative edges, which showed
that the dominant OTU co-occurrence network has a cooperative
relationship dominated by microorganisms (Figure 9).

4 Discussion
4.1 Gut microorganism composition

A higher Firmicutes/Bacteroidetes (F/B) ratio has been found to
facilitate the digestion of indigestible cellulose and hemicellulose in
phytophagous animals such as horses and rabbits (Edgar et al,,
2011). Research indicates that Clostridiales aids in the breakdown of
cellulose and hemicellulose, while S24-7 is linked to complex
carbohydrates and can enhance carbohydrate utilization in animals
(Van Dyke and McCarthy, 2002; Ormerod et al., 2016). In the
current study, the gut microbiota of E. miletus at the phylum level
was predominantly composed of Firmicutes and Bacteroidetes, with
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*Means significant impact, **Means highly significant impact.

Heat map of physiological indicators associated with dominant microorganisms in different regions. (A) Indicators of physiology in Dali. (B) Indicators
of serum physiology in Dali. (C) Indicators of physiology in Xianggelila. (D) Indicators of serum physiology in Xianggelila. Glu, glucose; Tg, triglyceride;
Tc, total cholesterol; SCFAs, short-chain fatty acids; LPS, lipopolysaccharide, FIAF, fasting-induced adipocyte factor; TNF-«, tumor necrosis factor-a.
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FIGURE 8

Redundancy analysis of correlations between physiological
indicators and dominant microbial communities.

the most prevalent genera being Hologeometricum of Euryarchaeota,
S24-7 of Bacteroidetes, and Firmicutes of Clostridiales. This
composition suggested that the gut microbiota of E. miletus is well
suited for phytophagy, consistent with previous research (Yan et al.,
2022). The F/B ratio was lower in the HF group compared to the
control and Re groups, possibly due to the lower fiber content in
high-fat diets, which may not necessitate a higher F/B ratio (Zhang
and Yang, 2016).

Frontiers in Microbiology

4.2 Effect of high-fat food and different
altitudes on gut microorganisms and
physiological indices

High-fat diets are commonly utilized to induce obesity, and
E. miletus subjected to a high-fat diet for 1 week exhibited a notable
increase in body mass, which subsequently returned to control levels
following re-feeding, indicating a high degree of adaptability. The
consumption of high-fat foods led to elevated body weight and food
calories as well as a decrease in RMR. Additionally, the ingestion of
high-fat foods resulted in an augmentation of WAT, BAT masses, and
Tg content, mirroring the changes observed in body mass. The
metabolism of the high-fat diet group primarily relied on lipid-based
processes, as evidenced by a significant rise in leptin levels within the
high-fat diet group, suggesting heightened lipid metabolism in
response to high-fat foods. While mice on high-fat diets often
experience disruptions in blood glucose and lipid levels, notably,
blood glucose and cholesterol levels did not exhibit significant
alterations in this study, potentially due to the duration of high-fat
food consumption, necessitating further investigation in subsequent
studies (Neyrinck et al., 2016). It is noteworthy that the cecum of
E. miletus from DL was shortened after the high-fat diet. Studies have
shown that the cecum is a fermentation site for cellulose that can
respond to changes in food quality, so the cecum of E. miletus from
DL showed more sensitivity to high-fat food (Liu and Wang, 2007).

The stability and metabolic capacity of the host are influenced by
the diversity of gut microbes, with a greater diversity indicating a
heightened ability to utilize various metabolic pathways (Findriks,
2017). The richness and diversity of the gut microflora can be assessed
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through the analysis of gut microbial o diversity. In the present
investigation, while there was no notable distinction in the Chao index
across all groups, the Shannon index in the XGRe group exhibited
lower values compared to the DLHF and XGHF groups, potentially
due to adaptation to a high-fat diet. Results from the PERMANOVA
indicated significant disparities in the gut microbial community
structure between the control and high-fat diet groups, as well as
between the high-fat diet and resistant starch groups within the same
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region, suggesting that consumption of high-fat food can modify the
gut microbial community structure in E. miletus. Previous research
has demonstrated that high-fat diets can impact the diversity of
intestinal flora, a finding that aligns with the outcomes of our study
and that distinct dietary components may lead to specific microbial
diversity patterns (Daniel et al., 2014).

The specificity of gut microorganisms in the host was linked to an
increase in food nutrients, leading to the depletion or reorganization
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of bacteria (Kremer et al., 2013). For instance, E. miletus of the control
group in DL exhibited an enrichment of microbial genera such as
Clostridium, Oscillospira, and Butyricimonas. Clostridium is known to
possess genes encoding fibrous and vegetative hemicellulases crucial
for breaking down plant polysaccharides in ruminal animals (Dai
etal.,, 2015). Butyricimonas are beneficial bacteria that produce butyric
acid, along with various enzymes and nutrients that impact host
metabolic conditions, inhibit harmful bacteria, and promote the
growth of beneficial bacteria (Duan et al., 2019). In the XGC group,
Anaerostipes, Anaeroplasma, Desulfovibrio, Candidatus Arthromitus,
and Butyricimomas were found to be enriched. Anaerostipes have the
ability to ferment and metabolize indigestible plant polysaccharides to
provide cellular energy, while Anaeroplasma is primarily involved in
cellulose digestion and reducing inflammation-related factors (Javier
et al., 2016; Liang et al, 2018). Desulfovibrio can produce LPS,
influencing probiotic colonization, and high levels of Desulfovibrio
may harm intestinal epithelial cells and the intestinal barrier (Chen
etal., 2018). Candidatus Arthromitus and Butyricimomas are probiotic
bacteria associated with immune system functions and metabolism
(Bolotin et al, 2014). In the DLHF group, Lactobacillus and
Hylemonella were predominantly enriched. Lactobacillus has been
shown to regulate the expression of receptors linked to fat absorption
and plays a significant role in reducing blood lipids and glucose levels
(Gan et al, 2020; Lv et al., 2021). The DLRe group exhibited
enrichment in Parabacteroides and Prevotella, which support host
metabolism, increase adipose tissue thermogenesis, reduce
inflammation, and combat insulin resistance. Prevotella is positively
correlated with Clostridium abundance and is associated with cellulose
digestion and catabolism (Dai et al., 2015; Wu et al., 2019). XGRe was
mainly enriched in Anaerostipes and Desulfovibrio. These findings
suggested that E. miletus in the control group harbored flora involved
in the breakdown of plant polysaccharides and cellulose, with a shift
in intestinal flora toward aiding lipid metabolism to supply energy
post high-fat-diet consumption. Following re-feeding, the intestinal
flora transitions back to a predominantly fiber-digesting flora, with the
presence of probiotics promoting lipolysis and assisting in regulating
obesity induced by high-fat diets, counteracting the inflammatory
response triggered by such dietary habits.

The
microorganisms revealed a negative correlation between
Bacteroidaceae and leptin in DL, as well as TNF-o in XGLL. Research
has indicated that Bacteroides aids in the digestion of carbohydrates

association between physiological markers and

within the host and produces primarily SCFAs (Turnbaugh et al.,
2006). It has been observed that a diet high in fat can decrease the
presence of Bacteroides in the body and that obese individuals tend to
harbor gut microbes that are more efficient at extracting energy from
their diet compared to lean individuals (Wexler, 2007). Additionally,
some studies have shown an increase in Bacteroides levels following
weight loss in obese individuals (Turnbaugh et al., 2006; Wexler,
2007). Leptin plays a role in regulating the body’s energy balance by
reducing food intake, increasing energy expenditure, and inhibiting
fat synthesis (Gonzdlez Jiménez et al., 2010). It is suggested that a
decrease in leptin levels may be compensated for by an increase in
Bacteroidaceae during the re-feeding process after a high-fat diet in
E. miletus, thus achieving a balance in energy capacity (Gonzalez
Jiménez et al., 2010). Bacteroides fragilis within the Bacteroides genus
can modulate inflammatory factors, stimulate T-cell immunity, and
potentially regulate the inflammatory response induced by high-fat
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diets in E. miletus (Weiss, 2002). Lachnospiraceae exhibited a positive
correlation with leptin in DL and BAT mass in XGLL. Studies have
shown that Lachnospiraceae ferment plant polysaccharides into
SCFAs, thereby regulating energy supply and immunity and it is
hypothesized that Lachnospiraceae help the E. miletus digest food for
energy (Pascale et al., 2018). Cholesterol and S27-4(UG) displayed a
negative correlation with Paraprevotellaceae in E. miletus in DL, while
WAT mass was negatively associated with Paraprevotellaceae in
XGLL. Studies have indicated that S27-4(UG) breaks down plant fiber
and Paraprevotellaceae selectively absorbs SCFAs, providing increased
energy to the host (Ormerod et al., 2016; Abbas et al., 2020). As
high-fat diets lead to an increase in WAT mass and cholesterol, the
abundance of S27-4(UG) and Paraprevotellaceac may decline,
suggesting that E. miletus can regulate gut microbe populations to
extract energy from various foods and maintain energy balance.
Halogeometricum exhibited a positive correlation with leptin and
cholesterol in DL, as well as leptin and triglycerides in XGLL. Although
Halogeometricum is commonly found in mammalian gut microbes, it
is typically present in low quantities. The current findings suggest that
Halogeometricum may assist the body in extracting more energy from
consumed food. Tg, Tc, leptin, and TNF-a were positively correlated
with denovo624899 abundance, indicating that denovo624899 in
E. miletus may have a preference for high-fat foods, potentially
contributing to obesity under conditions of high-fat food
consumption. The study results suggested that specific gut microbial
flora may play a role in regulating energy metabolism and immunity
in response to high-fat diets, thereby influencing the adaptation of
E. miletus to varying altitudes.

4.3 Regional differences in body mass
regulation under the influence of high-fat
food

The study observed no increase in food intake in DL and
XGLL of E. miletus when acclimated to high-fat diets, but the
increase in food calories in the high-fat groups suggested that the
increase of body mass may be related to the increase in energy
intake. The species appeared to adjust its metabolism in response
to improved food and environmental conditions. Higher levels of
leptin, a hormone that suppresses appetite, and a decrease in
Bacteroidetes, a type of gut bacteria associated with reduced food
intake, were noted (Gonzdlez Jiménez et al., 2010; Mack et al.,
2016). Leptin levels were higher in DL compared to XGLL,
correlating with the significantly greater body mass in
DL. Additionally, leptin levels were significantly elevated in the
high-fat group compared to other groups, while this group
exhibited a lower proportion of Bacteroidetes, potentially
explaining the lack of increased food intake. These findings suggest
regional variations in the physiological regulation of E. miletus
between the two regions.

Previous research has demonstrated that variations in gut microbiota
in E. miletus can be linked to dietary resources. This current experimental
investigation revealed that the impact of a high-fat diet on the gut
microbiota of E. miletus from different regions varied. The Venn diagram
results indicated that in the control group, DL exhibited fewer intestinal
microbial genera compared to XGLL. However, after being subjected to
a high-fat diet, DL showed an increase in microbial genera while XGLL
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exhibited a decrease. Following a period of re-feeding, DL once again
displayed fewer microbial genera than XGLL. The interplay between
environmental factors and host gut microbiota is closely associated with
dietary patterns. It is postulated that varying food availability and
composition influence the energy intake of E. miletus, consequently
impacting the composition of gut flora. As food diversity increases, the
diversity of bacteria and functional genera in the host gut microbiota also
increases (Yan and Zhu, 2023). Compared with the E. miletus in DL,
XGLL has a higher altitude and a lower temperature in winter. Studies
have shown that food diversity was higher in XGLL than in DL and that
gut microbial diversity correlates with food diversity so that XGLL has
more genera of gut microbes in order to assist E. miletus in obtaining
more energy and improve its adaptation in winter (Yan and Zhu, 2023).
Analysis of co-occurrence networks suggested that gut microbes in
E. miletus exhibit cooperative relationships, with positive cooperativity
facilitating the adaptation of E. miletus to diverse environmental
challenges (Li et al., 2019).

5 Conclusion

The current research was the first to examine the effects of a high-fat
diet on the intestinal microbiota of E. miletus across different altitudes.
The findings revealed that high-fat foods led to alterations in gut
microbiota diversity and specific microbial abundance in E. miletus, with
both commonalities and differences observed in the changes of gut
microbial organisms between the two regions. Parameters related to
energy regulation such as body mass, BAT mass, WAT mass, leptin, and
Tg were influenced by a high-fat diet and showed correlations with the
abundance  of  Halogeometricum,  Lachnospiraceae (UG),
Paraprevotellaceae (UG), and Bacteroidaceae (UG) in E. miletus. The
interaction between gut microbes and physiological indices of E. miletus
on a high-fat diet played a role in digestion and the regulation of energy
metabolism and immunity through signaling molecules and metabolites.
The adaptability of the gut microbiota composition in E. miletus, along
with a diverse metabolic pool of microorganisms, facilitated a swift
transition to a new dietary ecological niche.
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