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Abstract: Prolonged exposure to hypoxic conditions can lead to reduced appetite, stunted growth,
systemic inflammation, and pulmonary hypertension. Previous studies have indicated a correlation
between gut dysbiosis and the development of hypoxia-related hazards. We designed an experiment
to investigate the effect of microbiota on mitigating hypoxic damage. Gut microbiota from high-
altitude-adapted species (Ochotona curzoniae) were transplanted into Sprague Dawley (SD) rats, which
were then housed in a simulated 6000 m altitude environment for 30 days. After the experiment,
we conducted analyses on average daily weight gain (ADG), feed conversion ratio (FCR), mean
pulmonary artery pressure (mPAP), gut flora, and fecal metabolism. The results demonstrated that
the ADG in the transplantation group (2.98 & 0.17 g) was significantly higher than in the control
groups (2.68 £ 0.19 g and 2.26 + 0.13 g) (p < 0.05). The FCR was reduced in the transplantation group
(6.30 = 0.33 g) compared to the control groups (8.20 & 1.15 g and 8.83 & 0.45 g) (p < 0.05). The mPAP
was decreased in the transplantation group (38.1 & 1.13 mmHg) compared to the control groups
(43.4 £ 1.30 mmHg and 43.5 &+ 1.22 mmHg) (p < 0.05). Multi-omics analysis revealed that Lach-
nospiraceae, Desulfovibrionaceae, and specific amino acid metabolic pathways play crucial roles
in hypoxia and are associated with both inflammation and nutritional metabolism. This study pro-
poses a novel approach to the treatment of hypoxic pulmonary hypertension and holds potential
significance for improving high-altitude developmental potential.

Keywords: hypoxic pulmonary hypertension; gut microbiota; feed conversion ratio; metabolome;
hypoxic and hypobaric exposure

1. Introduction

The detrimental effects of hypoxia on humans and animals are well documented,
including decreased appetite, stunted growth, metabolic dysregulation, systemic inflamma-
tion, pulmonary hypertension, right ventricular hypertrophy, and heart failure [1-3]. Many
populations and animals residing in high-altitude regions endure the severe consequences
of chronic hypoxia, which significantly hinders the development of these areas [4—0].
Previous research indicates a correlation between gut dysbiosis and the progression of
hypoxic damage. The gut microbiota plays a crucial role in executing essential physiological
functions such as digesting food, harvesting energy, and regulating the immune system.
Additionally, it impacts host ecology and aids in adaptation to extreme environments [7,8].
For example, Lachnospiraceae and Ruminococcaceae produce short-chain fatty acids (SC-
FAs) like butyrate, which help maintain gut health, support energy metabolism, and reduce
inflammation. The genus Blautia has been found to respond rapidly to high-altitude hy-
poxia, helping to maintain intestinal health by reducing inflammation and protecting the
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intestinal barrier. Overall, high-altitude animals typically have a diverse gut microbiota, en-
suring that the gut ecosystem remains stable and functional even under extreme conditions.
Furthermore, the gut microbiota of different species exhibits convergence, with shared
core microbiota playing a significant role in helping these species adapt to high-altitude
environments [9]. The therapeutic targeting of bacterial dysbiosis can be achieved using
probiotics (live strains of selected bacteria) or prebiotics (food components that modulate
the microbiota). The administration of probiotics, prebiotics, and synbiotics has been shown
to significantly attenuate cardiac hypertrophy caused by prolonged hypobaric hypoxia
exposure. These interventions have also been found to ameliorate gut microbiome shifts,
as well as alterations in short-chain fatty acids, bile acids, amino acids, neurotransmitters,
and free fatty acids [10,11]. However, further research is needed to fully understand the
practical applications of prebiotics and probiotics [12,13].

Ochotona curzoniae (Plateau pika), a small mammal endemic to the Qinghai-Tibet
Plateau, is well adapted to the alpine, anoxic, and resource-scarce environment of the
plateau, which ranges from 3000 to 5000 m in altitude [14,15]. They inhabit an open and
complex environment characterized by extreme climate changes, food scarcity, and ex-
posure to a wide array of environmental microorganisms [16]. Research shows that the
composition and function of the gut microbial communities of Ochotona curzoniae are crucial
for their ability to adapt to extreme climate conditions and thrive in this challenging plateau
environment [17-19].

During periods of food scarcity, particularly in winter, Ochotona curzoniae supplements
its diet by consuming yak feces, resulting in increased convergence of the yak and Ochotona
curzonige microbiota. This behavior aids Ochotona curzoniae in adapting to the high-altitude
environment [20]. Inspired by this, we designed an experiment to transplant gut microbiota
from high-altitude-adapted species (Ochotona curzoniae) to SD rats, establishing a low-
pressure, hypoxia adaptation model. We hypothesized that gut microbiota transplantation
would induce significant influence in the physiological responses of the rats to low-pressure
hypoxia. This study aims to reveal the effects of gut microbiota transplantation from high-
altitude animals on the gut microbiota structure, growth performance, and physiological
metabolism of rats under low-pressure, hypoxic conditions. The findings will provide new
methods and insights for improving hypoxia adaptation and promoting the health of living
beings in high-altitude regions.

2. Materials and Methods
2.1. Animals and Study Design

As seen in Figure 1, a total of 30 SD rats, male, three weeks old, weighing
61 £+ 10 g from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing,
China), were raised in homogeneous conditions in Xining, Qinghai (2200 m above sea
level), fed and watered ad libitum under natural conditions. Weight differences were
eliminated at the beginning of the experiments and the rats were randomly assigned to
three groups (10 rats per group), as follows: HAO group = Antibiotics + Transplanted
microbiota of Ochotona curzoniae + Hypoxia; H group =10%PBS + Hypoxia; HA group =
Antibiotics + Hypoxia. HAO was the experimental group, HA and H were the control
groups. All animal procedures were approved by the Institutional Animal Care and Use
Committee of Qinghai University under permission number SL-2021027.
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Figure 1. Schematic overview of the experiment.

2.2. Antibiotic Pretreatment

Following the grouping process, antibiotics were administered as a pretreatment
to eliminate the gut microbiome of the rats. The HAO and HA groups were fed an
antibiotic (ABx) cocktail (vancomycin 0.5 g L~!, ampicillin 1 g L~!, neomycin 1 g L=, and
metronidazole 1 g L~!) for one week before the trial. After this, the HAO and HA groups
were subjected to intragastric gavage with 0.5 mL of ABx once daily for three consecutive
days. The H group received sterile water for one week prior to being given 0.5 mL of
10% PBS daily for three days via gavage. Upon completion of antibiotic pre-treatment, we
promptly collected fecal samples from the H group and ABx group for comparative gut
microbiota analysis [21,22].

2.3. Fecal Microbiota Donor

Five Ochotona curzoniae were live-trapped in Huangyuan, Qinghai Province, at an
altitude of 3500 m. An additional five were trapped after three days. Fresh feces from
plateau zokors were collected daily, dissolved in 10 mL PBS (1:10) per 1 g, vigorously
mixed and homogenized, and centrifuged at 600 x g for 15 min, and the supernatant was
immediately administered orally to the rats in the HAO group [21,22].

2.4. Fecal Microbiota Transplantation

After a 24 h antibiotic-free period, the HAO group received 500 pL microbiota suspen-
sion once a day by oral gavage for seven days, and the HA and H groups were gavaged
with 500 uL of 10% PBS once a day for seven days.

2.5. Feeding Experiment

Following the FMT, all rats were fed in situ for two weeks and then transferred to the
hypobaric chamber (DYC-300, Guizhou Feng Lei Oxygen Chamber Co., Ltd., Guizhou,
China) to be maintained for a period of 30 days. The hypobaric chamber simulated the low-
pressure and hypoxic environment at an altitude of 6000 m, with an oxygen concentration
of 9.2%.

We entered the chamber once a day to clean, collect information, and observe. At
the end of the 30-day feeding period, all rats were weighed, measured for mPAP, and
euthanized with urethane.

2.6. Hemodynamic Measurements

After 30 days of exposure to hypoxia, 2 rats died in the HAO and HA groups, and
5 rats died in the H group. Urethane (1.0 g/kg) was then used for intraperitoneal anesthesia
in the rats. Right heart catheterization was performed through the right jugular vein
into the right ventricle and down into the main pulmonary artery to measure mPAP. The
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inserted catheter was positioned correctly using the waveform shown on the biological
function experimental system (BL-420, Tai Meng Technology Co., Ltd., Chengdu, China).

2.7. 165 rRDA Sequencing

Fecal samples were collected when the rats were sacrificed, placed in sterile tubes, and
stored at —80 °C immediately. The total genomic DNA was extracted using the CTAB/SDS
method. The V4 region of the 165 rRNA gene was amplified using barcoded primers for
the Illumina platform. The samples were pooled and sequenced with the Illumina NovaSeq
platform (NOVOGENE Company Limited, Beijing, China) and 250 bp paired-end reads
were generated. Using QIIME and UCHIME, sequences were quality-filtered and trimmed.
The operational taxonomic units (OTUs) were chosen based on 97% sequence similarity to
the Silva Database. To identify common and unique OTUs among the groups, we evaluated
the OTUs using abundance metrics, alpha diversity calculations, Venn diagrams, and other
methods. To investigate the differences in community structure among the groups, we
performed PCoA dimensionality reduction. Additionally, we used the linear discriminant
analysis effect size (LEfSe) statistical analysis to examine the significance of differences in
species composition and community structure among the groups.

2.8. Fecal Metabolism

Fecal samples were stored at —80 °C and were then sent to NOVOGENE Company
Limited (Beijing, China) for metabolite extraction and liquid chromatography—-tandem
mass spectrometry analysis. Metabolites were annotated using the Kyoto Encyclopedia
of Genes and Genomes (KEGG) database, HMDB database, and LIPID Maps Database. A
t-test was applied to calculate the statistical significance. The metabolites with VIP > 1.0,
FC > 1.2 or FC < 0.833 and p-value < 0.05 were considered differential metabolites.

2.9. Statistical Analysis

The data were analyzed using SPSS 26.0 statistical software (IBM Co., New York, NY,
USA) with a one-way analysis of variance (ANOVA) followed by LSD multiple comparison
tests. All groups were compared with each other for every parameter. Values are shown as the
means = standard deviation. Statistical significance was based on p < 0.05. The correlation ma-
trix was generated using Spearman’s correlation coefficient performed using the OmicStudio
toolsV2.9.1 at https:/ /www.omicstudio.cn/tool /59.3 (accessed on 28 October 2024).

3. Results
3.1. FMT Improves Weight Gain, Feed Conversion Ratio, and Mean Pulmonary Arterial Pressure
in SD Rats

As shown in Figure 2, the ADG of the rats at low altitude (2200 m) was HAO
(6.85 £ 0.21 g) > HA (6.59 £ 0.39 g) > H (6.23 & 0.23 g). The differences among the groups
were not significant (p > 0.05) (Figure 2a). At high altitude (6000 m), the ADG was HAO
(298 £0.17 g) > HA (2.68 £ 0.19 g) > H (2.26 £ 0.13 g), with the daily weight gain in the HAO
group being significantly higher than that in the HA and H groups (p < 0.05). The difference
between the HA and H groups was not significant (p > 0.05) (Figure 2b). The FCR in the HAQ,
HA, and H groups was 6.30 + 0.33 g, 8.20 £ 1.15 g, and 8.83 + 0.45 g, respectively. It was
significantly lower in the HAO group compared to the HA and H groups (p < 0.05), with
no significant differences between the HA and H groups (p > 0.05) (Figure 2c). The mean
pulmonary arterial pressure (mPAP) in the HAO, HA, and H groups was 38.1 & 1.13 mmHg,
43.5 + 1.22 mmHg, and 43.4 + 1.30 mmHg, respectively. The mPAP was significantly lower
in the HAO group compared to the HA and H groups. The differences in mPAP between the
HA and H groups were not significant (Figure 2d).


https://www.omicstudio.cn/tool/59.3

Curr. Issues Mol. Biol. 2024, 46

12737

0.18 0.1
1
8 0.094 0.00082
T 1 r 1
0.46 0.045
I — |

~

ADG(1200m)
{HHZ
ADG(6000m)
{THIHT

W

HAO HA H HAO HA H
Group Group
(a) (b)
0.51
1 0.62

0.001

T ! 0.022
r
50

002 | 0.0083

FCR
{THIHE
mPAP
{HHD

40

HAO HA H Group
Group

() (d)

Figure 2. Fecal microbiota transplantation (FMT) modulates weight gain and alleviates pulmonary
arterial hypertension. (a) Average daily gain (ADG) of the rats at low altitude (2200 m) after FMT.
Data are presented as the mean =+ standard error of mean (SEM). p-values were determined using
the t-test. (b) Average daily gain (ADG) of the rats at high altitude (6000 m) after FMT. (c) Feed
conversion ratio (FCR) of each group. (d) Mean pulmonary arterial pressure (mPAP) in the three
groups after FMT.

3.2. FMT Contributed to Different Compositions of Gut Microbiota

To elucidate the gut microbial profiles, we conducted 16S rRNA analyses on the
fecal samples. The gut microbial profiles of HAO, HA, and H rats were evaluated using
metataxonomic methods. After binning the sequences into operational taxonomic units
(OTUs, i.e., groups of sequences sharing a minimum of 97% nucleotide identity), a total
of 1562 different OTUs were initially detected across all groups, with 60 of these OTUs
detected exclusively in the HAO group; 81 and 39 of these OTUs were only in the HA or H
group, respectively (Figure 3a). An alpha diversity analysis showed that the Chaol was
not significantly different between the three groups (p > 0.05), nor was the Shannon index
(Figure 3b,c). Principal coordinate analysis based on unweighted UniFrac distance yielded
dispersed data points on the plots of all groups, implying significant microbial differences
in the guts of all groups (p < 0.05) (Figure 3d).

The relative abundance of species at the phylum level in each group is shown in Figure
S1. The two most abundant species in the three groups were Bacteroidetes and Firmicutes.
At the family level, the predominant bacteria were Muribaculaceae, Bacteroidaceae, and
Lachnospiraceae and Prevotellaceae (Figure 3e). At the genus level, the top 20 genera were
displayed. These were mainly Bacteroides, Prevotella, Christensenellaceae_R-7_group,
Lactobacillus and Ruminococcus, and g_Lachnospiraceae_NK4A136_group (Figure 3f).
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Figure 3. Comparison of gut microbiome between HAO, HA, and H. (a) Venn diagram for three
groups. (b) «-Diversity of different groups as per Chaol. p-values were determined using the
Wilcoxon test. (c) a-Diversity of different groups as per the Shannon index. p-values were determined
using the Wilcoxon test. (d) PCoA analysis based on the unweighted UniFrac distance was performed
to visually explore the similarity and variations between the samples’ microbial composition. The
percentages in parentheses refer to the proportions of variation explained by each ordination axis.
Average relative abundances of dominant bacterial family level (e) and genus level (f).

Differentially abundant fecal bacterial taxa were further identified using linear discrim-
inant analysis effect size. o_Lachnospirales, f Lachnospiraceae, and g_Lachnospiraceae_ NK
4A136_group were abundant in the HAO group, g_Desulfovbrio, f Desulfovibrionaceae
were abundant in the HA group, and f_Prevotellaceae and g_Prevotella_9 were abundant
in the H group. Thus, there were remarkable differences in the microbial composition
among these groups (Figure 4).
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Figure 4. Linear discriminate analysis effect size (LEfSe) was performed to determine the differ-
ence in abundance; the threshold of LDA score was 3.0. (a) LDA value distribution histogram.
(b) Evolutionary branch diagram.

3.3. Differential Gut Microbiota Induces Differences in Fecal Metabolites

The gut microbiota plays a crucial role in nutrient digestion and absorption, thereby
impacting metabolism. In this study, we delved into the effects of FMT on the fecal
metabolome using liquid chromatography—tandem mass spectrometry and explored the
correlation between metabolites and the gut microbiota. Notably, HAO exhibited distinct
metabolites compared to those of HA and H. These differences are visually represented
in the partial least squares discriminant analysis plot, illustrating variations in metabolite
composition between HAO and HA, as well as between HAO and H (Figure 5a,b).

We employed the following criteria to identify significantly altered metabolites:
VIP > 1.0, FC > 1.2 or FC < 0.833, and p-value < 0.05. Our analysis revealed 220 and
119 significantly altered metabolites (positive and negative modes) in the HAO vs. HA
and HAO vs. H comparisons, respectively. Among these, 35 and 28 metabolites were
significantly upregulated in HAO vs. HA and HAO vs. H, respectively, while 185 and
91 metabolites were significantly downregulated (Figure 5c,d). The functions of these
metabolites were determined using the KEGG pathway analysis. We analyzed 20 KEGG
enrichment pathways, as shown in Figure S2a,b. The results indicated that, in terms of fecal
metabolism, the pathways of cysteine and methionine metabolism; biosynthesis of amino
acids; aminoacyl-tRNA biosynthesis; glycine, serine, and threonine metabolism; pheny-
lalanine, tyrosine, and tryptophan biosynthesis; C5-branched dibasic acid metabolism;
glucosinolate biosynthesis; protein digestion and absorption; methane metabolism; mi-
crobial metabolism in diverse environments; and mineral absorption were significantly
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different between the HAO and HA groups (p < 0.05) (Figure S2a). Compared to the H
group, the HAO group showed significant differences in methane metabolism, protein
digestion and absorption, sphingolipid metabolism, cysteine and methionine metabolism,
beta-alanine metabolism, C5-branched dibasic acid metabolism, vitamin B6 metabolism,
aminoacyl-tRNA biosynthesis, sphingolipid signaling pathway, and metabolic pathways
(p < 0.05) (Figure S2b). The relative concentrations of fecal metabolites in the HAO, HA, and
H groups were visualized using a heatmap (Figure S3a,b). It showed significant differences
in fecal metabolic expression patterns between the HAO group and the HA and H groups.
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Figure 5. Effect of FMT on the fecal metabolome. (a) PLS-DA of fecal metabolites in HAO vs. HA
groups. (b) PLS-DA of fecal metabolites in HAO vs. HA groups. (c) Volcano plot of differential
metabolites in HAO vs. H groups. (d) Volcano plot of differential metabolites in HAO vs. H groups.

We selected 30 significantly different metabolites, which are listed and clustered
in Figure 6a. The metabolites enriched in the three groups were significantly different.
Metabolites such as agmatine, traumatic acid, LPC 20:1, LPE 18:3, LPC 18:1, and LPC
22:6 are enriched in HAO. L-Serine, DL-O-Tyrosine, L-Tyrosine, tyrosine, methionine, and
L-Histidine are enriched in HA and H, particularly in HA. As shown in Figure 6b, we
conducted Spearman correlation analysis to examine the relationship between fecal mi-
crobes and mPAP, ADG (2200 m), and ADG (6000 m). The results revealed a positive
correlation between mPAP and Muribaculaceae and Desulfovbrionaceae, and a negative
correlation with Lachnospiraceae and Sutterellaceae. Furthermore, we observed a posi-
tive correlation between ADG (6000 m) and Lachnospiraceae, and a negative correlation
with Muribaculaceae. Additionally, ADG (2200 m) exhibited a positive correlation with
Sutterellaceae.
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4. Discussion

The importance of the gut microbiota in influencing health and susceptibility to disease
is gaining recognition. Weight gain is a crucial indicator of animal growth and development.
In this study, under prolonged hypoxic conditions, there were significant differences in
weight gain among the rats. The HAO group exhibited superior weight gain and FCR
compared to the other groups, demonstrating that microbiota transplantation improved
the growth and development of rats in hypoxic environments. Additionally, the mPAP
results indicated that the HAO group experienced the least physiological negative impact
and hypoxic damage, further confirming that the restructured gut microbiota helped the
rats better adapt to hypoxic conditions.

Desulfovibrionaceae, a lipopolysaccharide-producing bacterium, has been implicated
in the induction of inflammation and metabolic disorders [23,24], potentially serving as a
significant contributor to pulmonary arterial hypertension. Phospholipid metabolites from
Desulfovibrio within Desulfovibrionaceae have been identified in the intestinal epithelial
CD1d, leading to the proliferation of IL-17A-producing v T cells in hypoxic conditions,
exacerbating intestinal injury [25]. Notably, the 16s rRNA analysis revealed the lowest
levels of Desulfovibrionaceae and Desulfovibrionaceae in the HAO group. Conversely,
Lachnospiraceae, known for its production of short-chain fatty acids and conversion of
primary to secondary bile acids, plays a crucial role in host-microbe interactions, providing
a spectrum of beneficial effects for the host in terms of metabolism and immune regulation,
thereby enhancing resistance against intestinal pathogens [26,27]. A reduction in the
abundance of Lachnospiraceae may have adverse health implications due to the loss of
its multifaceted beneficial functions. Notably, it has been associated with altitude-related
cardiac hypertrophy and pulmonary arterial hypertension [13,28]. In addition to these
identified bacteria, numerous unknown species are yet to be characterized, necessitating
further research to elucidate their roles.
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In our experiment, we concentrated on the fecal metabolome to explore the impact of
FMT on gut metabolism. While the specific role of the metabolites we identified in hypoxic
pulmonary hypertension requires further validation, it is evident that FMT enhanced the
metabolic status of the rats, improved their digestive and absorptive capacity, and elevated
their overall health. Intestinal microflora have the capability to synthesize and release
specific metabolites, which exert a crucial role in regulating various physiological functions
in the host. Further investigation into the specific metabolites and their impact on hypoxic
pulmonary hypertension could provide valuable insights into the potential mechanisms
underlying the observed improvements in the rats” health.

Amino acids constitute a fundamental class of bioactive macromolecules that play
a pivotal role in the construction of biological organisms, serving as essential building
blocks for cells and facilitating tissue repair [29]. The metabolic pathway of amino acids is
a prerequisite for a myriad of other metabolic processes [30]. The analysis of differential
metabolites revealed a substantial presence of amino acid substances in HA and H, in-
cluding L-Serine, DL-O-Tyrosine, L-Tyrosine, Methionine, and L-Histidine. A comparative
analysis of HAO with HA and H further underscored significant disparities in various
amino acid metabolic pathways. Intestinal amino acid metabolism is known to be particu-
larly responsive to environmental stress [31], potentially leading to disruptions in amino
acid metabolism due to exposure to low pressure and hypoxia. Research has demonstrated
the capacity of intestinal microorganisms to influence the host’s intestinal homeostasis,
primarily through metabolic pathways such as amino acid metabolism [32]. Furthermore,
disorders in amino acid metabolism have been associated with increased intestinal perme-
ability and inflammatory reactions [33], while post-fecal bacterial transplantation, HAQO,
has been observed to modulate intestinal metabolism, contributing to the maintenance of
intestinal homeostasis and nutritional metabolism to a certain extent. To date, there is a
limited amount of literature on the implications of alterations in the intestinal environment
on the host’s physiological metabolism [34], and this speculation necessitates extensive
experimental validation.

The gut microbiota of rats is susceptible to dysbiosis under hypoxic and hypobaric
exposure [35]. An imbalance in intestinal flora can alter the intestinal permeability of rats,
resulting in fewer mucin-producing goblet cells, shortened villus lengths, and increased
intestinal fibrosis and muscular tissue. For example, a reduction in Lachnospiraceae can
lead to decreased production of SCFAs, which can alter gut epithelial cells and increase
intestinal permeability. An increase in gut permeability allows commensal bacteria to
translocate from the enteric cavity into circulation, promoting the generation of periph-
eral blood bacterial products, which may include endotoxins [36]. Gut dysbiosis can
also lead to the high production of inflammatory substances, exacerbating pulmonary
hypertension. In this study, the results demonstrated a significant correlation between
pulmonary hypertension and the presence of Lachnospiraceae and Desulfovibrionaceae.
Desulfovibrionaceae, producers of lipopolysaccharides, have been linked to inflammation
and metabolic dysregulation. Conversely, Lachnospiraceae, as producers of short-chain
fatty acids, exert influence over the host’s immune functions and inhibit the expression
of various inflammatory cytokines [37,38]. Indeed, an increase in Lachnospiraceae and a
decrease in Desulfovibrionaceae were observed in the HAO group. Additionally, the HAO
group of rats demonstrated the highest feed efficiency, requiring the least amount of feed
per unit of body weight. This indicates that, after gut microbiota modification, not only
was pulmonary arterial pressure reduced, but the rats’ digestive and metabolic capabilities
were also enhanced, leading to improved growth and development.

5. Conclusions

This intervention not only enhanced gut flora, such as increasing Lachnospiraceae
and decreasing Desulfovibrionaceae, but also improved metabolism, including amino acid
metabolism. By altering the microbiota to influence the expression of gut metabolites,
FMT mitigated inflammatory responses and improved digestive metabolism. This resulted
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in enhanced overall health in the rats, promoted their growth and development, and
reduced pulmonary arterial pressure. The modification of the gut microbiota significantly
enhanced the adaptation of rats to hypoxic environments. However, this study is based
on a low-pressure oxygen chamber simulating a high-altitude environment. In reality,
high-altitude environments are more complex, involving low pressure, low oxygen levels,
low temperatures, and strong ultraviolet radiation. Therefore, further research is needed
to determine whether the same effective results can be achieved in practical applications.
This study proposes a novel approach to the treatment of hypoxic pulmonary hypertension
and provides valuable insights into improving hypoxia adaptation in animals.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/cimb46110756/s1, Figure S1. Average relative abundances of dominant
bacterial phylum level. Figure S2. KEGG enrichment pathways. (a) 20 KEGG enrichment pathways in
HAO vs. HA group. (b) 20 KEGG enrichment pathways in HA vs. H group. Figure S3. Heatmap of
fecal metabolites. (a) Relative concentrations of fecal metabolites in HAO vs. HA group. (b) Relative
concentrations of fecal metabolites in HA vs. H group.

Author Contributions: Z.C., Y.L., and S.W. conceived and designed the study. S.L. and S.C. helped to
prepare the manuscript. Z.C., Y.L., and S.W. analyzed the data and wrote the manuscript. Y.Y.,S.L.,
R.G., and Q.G. helped to finish the experiment. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was supported by the Qinghai Province Cattle Industry Science and Tech-
nology Innovation Platform under Grant [2130122.1779.36], and the Experimental Demonstration of
Adaptive Production Technology for High-Altitude Dairy Cattle, Ministry of Agriculture and Rural
Affairs of the People’s Republic of China under Grant [16190318, k991942].

Institutional Review Board Statement: All animal experiments were conducted in accordance with
the ARRIVE guidelines and the EU Directive 2010/63/EU for animal experiments, as well as the
animal management regulations of the Ministry of Health of China. The experimental protocols
and sample collection were approved by Qinghai University’s Ethics Committee under permission
number SL-2021027. All rats used in the experiment were male.

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data (16s rRNA Gene Sequencing) that support the findings
of this study have been deposited into NCBI under accession number PRJNA767340. The data
(Metabolomics and Transcriptome) have been deposited into China National GeneBank DataBase
(CNGBdb) under accession number CNP0003641.

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

References

1.  Hassoun, PM. Pulmonary Arterial Hypertension. N. Engl. |. Med. 2021, 385, 2361-2376. [CrossRef] [PubMed]

2. Flores, K,; Siques, P,; Brito, J.; Arribas, S.M. AMPK and the Challenge of Treating Hypoxic Pulmonary Hypertension. Int. |. Mol.
Sci. 2022, 23, 6205. [CrossRef]

3. Cao, W,; Wang, L.; Mo, Q.; Peng, F; Hong, W.; Zhou, Y.; Sun, R; Li, H.; Liang, C.; Zhao, D.; et al. Disease-associated gut
microbiome and metabolome changes in rats with chronic hypoxia-induced pulmonary hypertension. Front. Cell Dev. Biol. 2024,
12,1022181. [CrossRef]

4. Thenappan, T.; Ormiston, M.L.; Ryanm, J.J.; Archer, S.L. Pulmonary arterial hypertension: Pathogenesis and clinical management.
BM]J 2018, 360, j5492. [CrossRef]

5. Humbert, M.; Guignabert, C.; Bonnet, S.; Dorfmiiller, P.; Klinger, J.R.; Nicolls, M.R.; Olschewski Andrea, J.; Pullamsetti, S.S.;
Schermuly, R.T.; Stenmark Kurt, R.; et al. Pathology and pathobiology of pulmonary hypertension: State of the art and research
perspectives. Eur. Respir. ]. 2019, 53, 1801887. [CrossRef] [PubMed]

6. El Alam, S.; Pena, E.; Aguilera, D.; Siques, P,; Brito, J. Inflammation in Pulmonary Hypertension and Edema Induced by Hypobaric
Hypoxia Exposure. Int. J. Mol. Sci. 2022, 23, 12656. [CrossRef]

7. Zhang, T.; Chen, J.; Zhang, J.; Guo, Y.T.; Zhou, X.; Li, M.W.; Zheng, Z.Z.; Zhang, T.Z.; Murphy, RW.; Nevo, E.; et al. Phenotypic
and genomic adaptations to the extremely high elevation in plateau zokor (Myospalax baileyi). Mol. Ecol. 2021, 30, 5765-5779.
[CrossRef] [PubMed]

8.  Wang, Y,; Zhou, R;; Yu, Q.; Feng, T,; Li, H. Gut microbiome adaptation to extreme cold winter in wild plateau pika (Ochotona

curzoniae) on the Qinghai-Tibet Plateau. FEMS Microbiol. Lett. 2020, 367, fnaal34. [CrossRef]


https://www.mdpi.com/article/10.3390/cimb46110756/s1
https://www.mdpi.com/article/10.3390/cimb46110756/s1
https://doi.org/10.1056/NEJMra2000348
https://www.ncbi.nlm.nih.gov/pubmed/34910865
https://doi.org/10.3390/ijms23116205
https://doi.org/10.3389/fcell.2024.1022181
https://doi.org/10.1136/bmj.j5492
https://doi.org/10.1183/13993003.01887-2018
https://www.ncbi.nlm.nih.gov/pubmed/30545970
https://doi.org/10.3390/ijms232012656
https://doi.org/10.1111/mec.16174
https://www.ncbi.nlm.nih.gov/pubmed/34510615
https://doi.org/10.1093/femsle/fnaa134

Curr. Issues Mol. Biol. 2024, 46 12744

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Zhao, ].; Yao, Y.; Dong, M.; Xiao, H.; Xiong, Y.; Yang, S.; Li, D.; Xie, M.; Ni, Q.; Zhang, M.; et al. Diet and high altitude strongly
drive convergent adaptation of gut microbiota in wild macaques, humans, and dogs to high altitude environments. Front.
Microbiol. 2023, 14, 1067240. [CrossRef]

Hu, Y;; Pan, Z.; Huang, Z.; Li, Y.; Han, N.; Peng, H.; Gao, Q.; Wang, Q.; Lee, B.].Y.; Zhang, H.; et al. Gut Microbiome-Targeted
Modulations Regulate Metabolic Profiles and Alleviate Altitude-Related Cardiac Hypertrophy in Rats. Microbiol. Spectr. 2022, 10,
€0105321. [CrossRef]

Markowiak, P; Slizewska, K. Effects of Probiotics, Prebiotics, and Synbiotics on Human Health. Nutrients 2017, 9, 1021. [CrossRef]
[PubMed]

Wu, P; Zhu, T; Tan, Z.; Chen, S.; Fang, Z. Role of Gut Microbiota in Pulmonary Arterial Hypertension. Front. Cell Infect. Microbiol.
2022, 12, 812303. [CrossRef]

Kristensen, N.B.; Bryrup, T.; Allin, K.H.; Nielsen, T.; Hansen, T.H.; Pedersen, O. Alterations in fecal microbiota composition
by probiotic supplementation in healthy adults: A systematic review of randomized controlled trials. Genome Med. 2016, 8, 52.
[CrossRef]

Zhu, H.; Zhong, L.; Li, ].; Wang, S.; Qu, ]. Differential Expression of Metabolism-Related Genes in Plateau Pika (Ochotona curzoniae)
at Different Altitudes on the Qinghai-Tibet Plateau. Front. Genet. 2021, 12, 784811. [CrossRef]

Cai, X.; Bao, D.; Hua, R;; Cai, B.; Wang, L.; Dong, R.; Hua, L. A Comparative Study on the Distribution Pattern of Endocrine Cells
in the Gastrointestinal Tract of Two Small Alpine Mammals, Plateau Zokor (Eospalax baileyi) and Plateau Pika (Ochotona curzoniae).
Animals 2023, 13, 640. [CrossRef] [PubMed]

Qiu, J.; Ma, C.; Jia, YH.; Wang, ].Z.; Cao, S.K,; Li, EF. The distribution and behavioral characteristics of plateau pikas (Ochotonacur-
zoniae). Zookeys 2021, 1059, 157-171. [CrossRef] [PubMed]

Speakman, J.R.; Chi, Q.; Otdakowski, L.; Fu, H.; Fletcher, Q.E.; Hambly, C.; Togo, J.; Liu, X.; Piertney, S.B.; Wang, X.; et al.
Surviving winter on the Qinghai-Tibetan Plateau: Pikas suppress energy demands and exploit yak feces to survive winter. Proc.
Natl. Acad. Sci. USA 2021, 118, e2100707118. [CrossRef]

Li, H.; Zhou, R.; Zhu, J.; Huang, X.; Qu, ]. Environmental filtering increases with elevation for the assembly of gut microbiota in
wild pikas. Microb. Biotechnol. 2019, 12, 976-992. [CrossRef]

David, L.A.; Maurice, C.F; Carmody, R.N.; Gootenberg, D.B.; Button, J.E.; Wolfe, B.E.; Ling, A.V,; Devlin, A.S.; Varma, Y,;
Fischbach, M.A ; et al. Diet rapidly and reproducibly alters the human gut microbiome. Nature 2014, 505, 559-563. [CrossRef]
Li, H,; Qu, J; Li, T.; Wirth, S.; Zhang, Y.; Zhao, X,; Li, X. Diet simplification selects for high gut microbial diversity and strong
fermenting ability in high-altitude pikas. Appl. Microbiol. Biotechnol. 2018, 102, 6739—-6751. [CrossRef]

Chen, X,; Su, X,; Li, J.; Yang, Y.; Wang, P; Yan, F;; Yao, J.; Wu, S. Real-time monitoring of ruminal microbiota reveals their roles in
dairy goats during subacute ruminal acidosis. NPJ Biofilms Microbiomes 2021, 7, 45. [CrossRef]

Bércena, C.; Valdés-Mas, R.; Mayoral, P.; Garabaya, C.; Durand, S.; Rodriguez, E; Fernandez-Garcia, M.T.; Salazar, N.; Nogacka,
AM.; Garatachea, N.; et al. Healthspan and lifespan extension by fecal microbiota transplantation into progeroid mice. Nat. Med.
2019, 25, 1234-1242. [CrossRef] [PubMed]

Wang, R.; Yao, L.; Meng, T.; Li, C.; Wang, L. Rhodomyrtus tomentosa (Ait.) Hassk fruit phenolic-rich extract mitigates intestinal
barrier dysfunction and inflammation in mice. Food Chem. 2022, 393, 133438. [CrossRef] [PubMed]

Zhao, Q.; Liu, Z,; Zhu, Y.; Wang, H.; Dai, Z.; Yang, X.; Ren, X.; Xue, Y.; Shen, Q. Cooked Adzuki Bean Reduces High-Fat
Diet-Induced Body Weight Gain, Ameliorates Inflammation, and Modulates Intestinal Homeostasis in Mice. Front. Nutr. 2022, 9,
918696. [CrossRef] [PubMed]

Li, Y.; Wang, Y.; Shi, F; Zhang, X.; Zhang, Y.; Bi, K.; Chen, X.; Li, L.; Diao, H. Phospholipid metabolites of the gut microbiota
promote hypoxia-induced intestinal injury via CD1d-dependent gammadelta T cells. Gut Microbes 2022, 14, 2096994. [CrossRef]
Sorbara, M.T.; Littmann, E.R.; Fontana, E.; Moody, T.U.; Kohout, C.E.; Gjonbalaj, M.; Eaton, V.; Seok, R.; Leiner, L. M.; Pamer,
E.G. Functional and Genomic Variation between Human-Derived Isolates of Lachnospiraceae Reveals Inter- and Intra-Species
Diversity. Cell Host Microbe 2020, 28, 134-146.e4. [CrossRef]

Hu, B.; Wang, J.; Li, Y;; Ge, ].; Pan, J.; Li, G.; He, Y.; Zhong, H.; Wang, B.; Huang, Y.; et al. Gut microbiota facilitates adaptation of
the plateau zokor (Myospalax baileyi) to the plateau living environment. Front. Microbiol. 2023, 14, 1136845. [CrossRef]

Kim, S.; Rigatto, K.; Gazzana, M.B.; Knorst, M.M.; Richards, E.M.; Pepine, C.J.; Raizada, M.K. Altered Gut Microbiome Profile in
Patients With Pulmonary Arterial Hypertension. Hypertension 2020, 75, 1063-1071. [CrossRef]

Li, Z.-M.; Shao, Z.-].; Qu, D.; Huo, X.-H.; Hua, M.; Chen, ].-B.; Lu, Y.-S.; Sha, J.-Y.; Li, S.-S.; Sun, Y.-S. Transformation mechanism
of rare ginsenosides in American ginseng by different processing methods and antitumour effects. Front. Nutr. 2022, 9, 833859.
[CrossRef]

Shi, Q.; Yang, C.; Zhang, B.; Chen, D.; Lu, E; Zhao, H. Bacillus coagulans Alleviates Intestinal Damage Induced by TiO,
Nanoparticles in Mice on a High-Fat Diet. Foods 2022, 11, 3368. [CrossRef]

Ajaz, S.; McPhail, M.].; Gnudi, L.; Trovato, EM.; Mujib, S.; Napoli, S.; Carey, I.; Agarwal, K. Mitochondrial dysfunction as a
mechanistic biomarker in patients with non-alcoholic fatty liver disease (NAFLD). Mitochondrion 2021, 57, 119-130. [CrossRef]
[PubMed]

Li, H; Xu, H.; Li, Y;; Jiang, Y.; Hu, Y;; Liu, T.; Tian, X.; Zhao, X.; Zhu, Y.; Wang, S.; et al. Alterations of gut microbiota contribute to
the progression of unruptured intracranial aneurysms. Nat. Commun. 2020, 11, 3218. [CrossRef] [PubMed]


https://doi.org/10.3389/fmicb.2023.1067240
https://doi.org/10.1128/spectrum.01053-21
https://doi.org/10.3390/nu9091021
https://www.ncbi.nlm.nih.gov/pubmed/28914794
https://doi.org/10.3389/fcimb.2022.812303
https://doi.org/10.1186/s13073-016-0300-5
https://doi.org/10.3389/fgene.2021.784811
https://doi.org/10.3390/ani13040640
https://www.ncbi.nlm.nih.gov/pubmed/36830427
https://doi.org/10.3897/zookeys.1059.63581
https://www.ncbi.nlm.nih.gov/pubmed/34616199
https://doi.org/10.1073/pnas.2100707118
https://doi.org/10.1111/1751-7915.13450
https://doi.org/10.1038/nature12820
https://doi.org/10.1007/s00253-018-9097-z
https://doi.org/10.1038/s41522-021-00215-6
https://doi.org/10.1038/s41591-019-0504-5
https://www.ncbi.nlm.nih.gov/pubmed/31332389
https://doi.org/10.1016/j.foodchem.2022.133438
https://www.ncbi.nlm.nih.gov/pubmed/35696951
https://doi.org/10.3389/fnut.2022.918696
https://www.ncbi.nlm.nih.gov/pubmed/35782919
https://doi.org/10.1080/19490976.2022.2096994
https://doi.org/10.1016/j.chom.2020.05.005
https://doi.org/10.3389/fmicb.2023.1136845
https://doi.org/10.1161/HYPERTENSIONAHA.119.14294
https://doi.org/10.3389/fnut.2022.833859
https://doi.org/10.3390/foods11213368
https://doi.org/10.1016/j.mito.2020.12.010
https://www.ncbi.nlm.nih.gov/pubmed/33387664
https://doi.org/10.1038/s41467-020-16990-3
https://www.ncbi.nlm.nih.gov/pubmed/32587239

Curr. Issues Mol. Biol. 2024, 46 12745

33.

34.

35.

36.

37.

38.

Liu, F; Fan, C,; Zhang, L.; Li, Y.; Hou, H.; Ma, Y,; Fan, J.; Tan, Y.; Wu, T;; Jia, S.; et al. Alterations of Gut Microbiome in Tibetan
Patients With Coronary Heart Disease. Front. Cell. Infect. Microbiol. 2020, 10, 373. [CrossRef] [PubMed]

Gong, Y.; Xia, W.; Wen, X.; Lyu, W.; Xiao, Y.; Yang, H.; Zou, X. Early inoculation with caecal fermentation broth alters small
intestine morphology, gene expression of tight junction proteins in the ileum, and the caecal metabolomic profiling of broilers. J.
Anim. Sci. Biotechnol. 2020, 11, 8. [CrossRef]

Han, N,; Pan, Z,; Liu, G.; Yang, R; Bi, Y. Hypoxia: The “Invisible Pusher” of Gut Microbiota. Front. Microbiol. 2021, 12, 690600.
[CrossRef]

Chen, Y.H.; Yuan, W.; Meng, L.K.; Zhong, ].C.; Liu, X.Y. The Role and Mechanism of Gut Microbiota in Pulmonary Arterial
Hypertension. Nutrients 2022, 14, 4278. [CrossRef]

Karoor, V.; Strassheim, D.; Sullivan, T.; Verin, A.; Umapathy, N.S.; Dempsey, E.C.; Frank, D.N.; Stenmark, K.R.; Gerasimovskaya,
E. The Short-Chain Fatty Acid Butyrate Attenuates Pulmonary Vascular Remodeling and Inflammation in Hypoxia-Induced
Pulmonary Hypertension. Int. J. Mol. Sci. 2021, 22, 9916. [CrossRef]

Zhang, L.; Ko, C.Y.; Zeng, Y.M. Immunoregulatory Effect of Short-Chain Fatty Acids from Gut Microbiota on Obstructive Sleep
Apnea-Associated Hypertension. Nat. Sci. Sleep. 2022, 14, 393—405. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3389/fcimb.2020.00373
https://www.ncbi.nlm.nih.gov/pubmed/32793515
https://doi.org/10.1186/s40104-019-0410-1
https://doi.org/10.3389/fmicb.2021.690600
https://doi.org/10.3390/nu14204278
https://doi.org/10.3390/ijms22189916
https://doi.org/10.2147/NSS.S354742

	Introduction 
	Materials and Methods 
	Animals and Study Design 
	Antibiotic Pretreatment 
	Fecal Microbiota Donor 
	Fecal Microbiota Transplantation 
	Feeding Experiment 
	Hemodynamic Measurements 
	16S rRDA Sequencing 
	Fecal Metabolism 
	Statistical Analysis 

	Results 
	FMT Improves Weight Gain, Feed Conversion Ratio, and Mean Pulmonary Arterial Pressure in SD Rats 
	FMT Contributed to Different Compositions of Gut Microbiota 
	Differential Gut Microbiota Induces Differences in Fecal Metabolites 

	Discussion 
	Conclusions 
	References

