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Simple Summary: Upon release into the wild, Przewalski’s horses (Equus ferus przewalskii) undergo
adaptation to diverse habitats and dietary patterns. These environmental shifts prompt adaptive
alterations in fecal microbiota, yet render them vulnerable to gastrointestinal ailments, notably
diarrhea. However, the interplay between fecal microbiota, hormones, and diarrhea in Przewalski’s
horses remains largely unexplored. An analysis of fecal samples revealed substantial shifts in
the composition and diversity of fecal microbiota, as well as fluctuations in hormone levels during
episodes of diarrhea in Przewalski’s horses. These findings highlight the potential significance of fecal
microbiota and hormonal dynamics as factors contributing to diarrhea occurrences in Przewalski’s
horse populations.

Abstract: Diarrhea serves as a vital health indicator for assessing wildlife populations post-reintroduction.
Upon release into the wild, wild animals undergo adaptation to diverse habitats and dietary pat-
terns. While such changes prompt adaptive responses in the fecal microbiota, they also render these
animals susceptible to gastrointestinal diseases, particularly diarrhea. This study investigates variations
in fecal microorganisms and hormone levels between diarrhea-afflicted and healthy Przewalski’s horses.
The results demonstrate a significant reduction in the alpha diversity of the fecal bacterial community
among diarrheal Przewalski’s horses, accompanied by notable alterations in taxonomic composition.
Firmicutes, Proteobacteria, and Bacteroidetes emerge as dominant phyla across all fecal samples, irre-
spective of health status. However, discernible differences in fecal bacterial abundance are observed
between healthy and diarrhea-stricken individuals at the genus level, specifically, a diminished relative
abundance of Pseudobutyrivibrio is observed. The majority of the bacteria that facilitate the synthesis of
short-chain fatty acids, Christensenellaceae_R_7_group (Christensenellaceae), NK4A214_group (Ruminococcus),
Lachnospiraceae_XPB1014_group (Lachnospiraceae), [Eubacterium]_coprostanoligenes_group (Eubacterium),
Rikenellaceae_RC9_gut_group, Lachnospiraceae_AC2044_group (Lachnospiraceae), and Prevotellaceae_UcG_001
(Prevotella) are noted in diarrhea-affected Przewalski’s horses, while Erysipelotrichaceae, Phoenicibac-
ter, Candidatus_Saccharimonas (Salmonella), and Mogibacterium are present in significantly increased
amounts. Moreover, levels of immunoglobulin IgA and cortisol are significantly elevated in the diarrhea
group compared with the non-diarrhea group. Overall, this study underscores substantial shifts in fecal
bacterial diversity, abundance, and hormone levels in Przewalski’s horses during episodes of diarrhea.

Keywords: Przewalski’s horse; diarrhea; fecal microbial; 16S rDNA; cortisol; triiodothyronine (T3);
immunoglobulin A

1. Introduction

Diarrhea represents a significant contributing factor to the decline and mortality of
wildlife populations [1]. Previous studies have consistently demonstrated the prevalence
of diarrhea in a range of wildlife species. Given the deleterious effects of diarrhea on
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wildlife, it is of paramount importance to investigate the causes and treatment of this
condition. A multitude of studies have highlighted the pivotal role of the microbiome in the
prevention, management, and diagnosis of diarrhea [2,3]. Dysregulation of gut flora can
precipitate a spectrum of gastrointestinal disorders, encompassing diarrhea, enteritis, and
irritable bowel syndrome [4,5]. Recent investigations have demonstrated that episodes of
diarrhea in goats and giraffes are associated with significant alterations in the composition
of the fecal microbiota, which correlate with elevated mortality rates [6]. Likewise, research
on the fecal microbiota of yaks and mice has indicated that dysbiosis of gut microbes could
be a contributing factor to diarrhea [7,8]. Concurrently, the interplay between microbes and
hormones exerts a significant influence on the metabolism, immunity, and behavior of the
host organism. This interaction is bidirectional, with the microbiome exerting an influence
on and being influenced by host hormones. The microbiome exerts a significant influence
on the regulation of hormones, which span across various functional categories and exert a
broad spectrum of effects on host behavior, metabolism, appetite, growth, reproduction,
and immunity [9].

The microbiome’s impact on the host’s hormone levels can be both direct and indirect.
Direct influence occurs when the microbiome produces hormones, while indirect influence
encompasses the modulation of adrenocortical function, regulation of stress responses, and
modulation of inflammatory and immune responses [10,11]. Triiodothyronine (T3) plays
a crucial role in nutritional physiology, governing the basal metabolic rate of the body
and serving as a reliable indicator for assessing the nutritional status of animals. Hence,
cortisol, triiodothyronine T3, and immunoglobulin IgA were chosen as hormone markers
for detection.

Equus ferus przewalskii was previously believed to be extinct in China and Mongolia [12].
In 1945, a mere 31 horses survived in captivity, but concerted conservation endeavors across
multiple nations saw their numbers burgeon to over 1500. China undertook its inaugural
reintroduction of the Przewalski’s horse in 2001, successfully releasing 206 horses into the
Kalamaili Mountain Hoofed Animal Nature Reserve in Xinjiang province. By 2023, the
population of Przewalski’s horses in the reserve had swelled to 386 individuals [13,14].
Przewalski’s horses undergo a crucial period of adaptation to varied habitats and a diverse
array of food sources upon release into the wild. This shift in living conditions can trigger
an adaptive response in their fecal flora while also rendering them vulnerable to a range of
gastrointestinal diseases, notably diarrhea [15–18]. Nevertheless, the potential interplay
between the fecal microbiota, hormones, and diarrhea in Przewalski’s horses remains to be
elucidated. The objective of this study was to comprehensively analyze and compare the
composition and structure of the fecal microbiota, along with fecal hormone levels, between
healthy and diarrheal Przewalski’s horses. The objective of this study is to provide a
scientific foundation for the prevention and management of diarrhea in Przewalski’s horses.
This will enhance the overall health of the reintroduced population. To achieve this, we
employed high-throughput 16S rRNA gene sequencing technology and the enzyme-linked
immunosorbent assay.

2. Materials and Methods
2.1. Animals and Sample Collection

In total, 14 Przewalski’s horses (7 healthy and 7 experiencing diarrhea) were procured
from the hoofed nature reserve of Karamaili Mountain in Xinjiang, China, for the exper-
iment. These horses were reintroduced into the reserve in 2020 after being reared using
standardized breeding practices, with immunization being observed at the Xinjiang Prze-
walski’s Horse Conservation Center. Additionally, a qualified veterinarian conducted an
assessment to confirm the health status of each horse before procuring stool samples. Fresh
stool specimens weighing approximately 200 g were promptly collected post-defecation,
encompassing both healthy and diarrheal samples, and immediately placed in sterile plastic
containers for preservation in liquid nitrogen during transportation to the laboratory, where
they were stored at −80 ◦C for subsequent analysis.
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2.2. Gene Amplicon Sequencing of 16 SrDNA

Total genomic DNA was extracted from 14 fecal Przewalski’s horse samples using TGuide
S96 Magnetic Soil/Stool DNA Kit (Tiangen Biotech (Beijing) Co., Ltd., Beijing, China) in
accordance with the manufacturer’s instructions. Hypervariable regions V3-V4 of the bacterial
16S rRNA gene were amplified with primer pair 338F (5′-ACTCCTACGGGAGGCAGCA-3′)
and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). PCR products were checked on agarose gel
and purified through the Omega DNA purification kit (Omega Inc., Norcross, GA, USA). The
purified PCR products were collected, and paired ends (2 × 250 bp) were performed on the
Illumina Novaseq 6000 platform (Source from Illumina, San Diego, CA, USA).

2.3. Bioinformatics and Data Analysis

The initial data from Illumina MiSeq sequencing were evaluated for quality to obtain
valid data. In brief, Trimmomatic (v0.33) and Cutadapt (1.9.1) were used to screen the
original data containing problem sequences (including short, unqualified, and mismatched
sequences) and remove the primer sequences to obtain clean reads. Usearch (vlO) was
used to splice clean reads, and then the spliced sequences were screened twice based on the
sequence length range. Then, UCHIME (v4.2) was used to identify and eliminate chimeric
sequences to obtain the final valid reads. The valid reads that passed the quality check were
clustered, and OTUs were divided based on 97% similarity. In addition, a Venn diagram was
generated to characterize the distribution and abundance of bacterial OTUs in each sample.
To further investigate the changes in intestinal microbial diversity and abundance during
diarrhea, multiple alpha diversity indices were calculated based on OTU distribution.
Principal component analysis was also performed to dissect the β diversity of intestinal
bacteria between the two groups. The sequencing depth and evenness of each sample were
evaluated via rank abundance and the sparse curve. Metastats and LEfSe analysis were
used to identify the differential bacterial taxa associated with diarrhea exposure. SPSS
statistical program (v20.0) was used for data analysis, and p values (mean ± SD) < 0.05
were considered statistically significant.

2.4. Hormone Extraction and Detection

Extraction was conducted following the method outlined by Wasser with some modi-
fications. Briefly, 1 g of fresh feces was weighed and placed into a 15 mL centrifuge tube.
Subsequently, 10 mL of 90% ethanol aqueous solution was added, and the mixture was
vigorously vortexed for 5 min, followed by being incubated at 60 ◦C for 20 min. After
centrifugation at 2500 rpm for 20 min, the supernatant was carefully collected. To the
sediment, 5 mL of ethanol solution of the same concentration was added. After shaking
for 2 min and another round of centrifugation, the two supernatants were combined. The
combined supernatants were then evaporated at 60 ◦C, reconstituted with 1 mL of PBS,
and stored at −20 ◦C for further analysis.For moisture content determination, 1 g of wet
feces was weighed and dried in a container.

The immunoglobulin extraction method was optimized based on the methodology
established by Peters et al. [19]. Briefly, 1 g of freshly ground wet feces was homoge-
nized in a 15 mL plastic centrifugal tube containing 10 mL of PBS buffer. The resulting
mixture underwent vortexing for 10 min at low speed and subsequent centrifugation at
room temperature for 20 min at 2000 r/min. Following this, 2 mL of supernatant was
carefully transferred to a new tube and subjected to ultra-low-temperature centrifugation
(10,000 r/min) using an ordinary high-speed centrifuge for an additional 20 min. Subse-
quently, 1.5 mL of supernatant was aliquoted into a new tube and stored below −20 ◦C for
further analysis.

Commercial enzyme-linked immunosorbent assay (ELISA) kits from Enzo Life Sci-
ences and Arbor Assays were utilized for quantifying cortisol metabolites (Cortisol Kit
#ADI-900-071; https://www.enzolifesciences.com) (accessed on 16 April 2024) and thyroid
metabolites (T3 Kit #K056-H1; https://www.arborassays.com) (accessed on 16 April 2024),
respectively. Immunoglobulin metabolites were extracted utilizing the immunoglobu-

https://www.enzolifesciences.com
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lin kit manufactured by North Biotechnology (http://www.bnibt.com/) (accessed on
16 April 2024). These antibodies were chosen based on their successful application in fecal
hormone metabolite quantification across various mammalian species [20].

2.5. Verification of Determination

The validation of the analysis entails standard measurements of parallelism and
accuracy. Parallelism is evaluated through serial dilution of the combined samples in the
assay buffer provided in each kit. For both cortisol and T3, pure solutions (undiluted)
and seven dilutions (ranging from 1:2 to 1:64) are included. This test determines the
sample dilution at 50% binding, representing the most accurate part of the hormone curve
measured. Accuracy is assessed according to each hormone standard in the mixed sample
at 50% binding. All combined validation, standard, and control samples were tested in two
replicates for parallelism and in three replicates for accuracy. Acceptance criteria included
a batch-to-batch coefficient of variation (CV) of <15% and an intra-batch CV of <10%. Each
plate includes complete standard curves, non-specific binding wells, total reactive wells,
and blank wells.

3. Results
3.1. Sequences Analyses

In this study, high-throughput sequencing analysis was conducted on seven healthy and
seven diarrheic fecal samples. Following optimization of the raw data, 1,120,777 high-quality
sequences in total were obtained from the 14 samples (see Table 1). Additionally, the number
of valid sequences in healthy Przewalski’s horses ranged from 799.70 to 802.56 (healthy fecal
samples: CY1–7), whereas in the diarrhea group, it ranged from 797.87 to 801.35 (diarrheic
fecal samples: DY1–7).

Table 1. Bacterial sequence information for each sample.

Sample Raw Reads Clean Reads Effective Reads AvgLen Q20 (%) Q30 (%) GC (%) Effective (%)

CY1 80,135 79,935 78,718 410 52.9 99.35 97.1 98.23
CY2 80,097 79,898 78,957 412 53.06 99.33 96.99 98.58
CY3 79,993 79,796 78,385 411 53.03 99.34 97.04 97.99
CY4 79,870 79,681 78,252 410 52.85 99.36 97.11 97.97
CY5 79,962 79,767 78,507 412 52.69 99.36 97.09 98.18
CY6 80,151 79,966 79,105 411 52.89 99.37 97.16 98.69
CY7 80,106 79,913 79,090 411 53.35 99.35 97.08 98.73
DY1 80,007 79,808 78,941 411 53.24 99.33 97.04 98.67
DY2 79,988 79,805 78,733 411 53.46 99.34 97.07 98.43
DY3 80,256 80,054 78,555 411 53.53 99.36 97.16 97.88
DY4 79,970 79,764 77,554 411 53.59 99.32 96.97 96.98
DY5 80,174 80,002 78,609 411 53.24 99.34 97.05 98.05
DY6 80,051 79,833 79,364 406 53.66 99.34 97.08 99.14
DY7 80,017 79,807 78,545 411 53.32 99.35 97.07 98.16

The Chao1, Shannon, and rank abundance curves exhibited a saturation trend, indicat-
ing sufficient depth and evenness of sequencing (see Figure 1A–C). High-quality sequences,
characterized by 97% nucleotide sequence similarity, were clustered into operational taxo-
nomic units (OTUs). In total, 4182 OTUs were identified in the gut bacterial community,
ranging from 1657 to 2320 in each sample (see Figure 1E). Furthermore, 3582 and 3581 OTUs
were observed in healthy and diarrheic Przewalski’s horses, respectively, with a total of
2981 OTUs shared between the two groups, representing approximately 71.28% of the total
OTUs (see Figure 1D).

http://www.bnibt.com/
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Figure 1. Feasibility analysis of sequencing data (healthy: CY; diarrheic: DY). The sequencing depth
and evenness of fecal flora can be assessed using sparsity (A,B) and grade abundance curves (C).
The distribution of OTUs in intestinal bacteria from different samples is represented by (D–F).
Additionally, the number of OTUs in the sample can also be determined (G).

3.2. Analysis of Microbial Diversity in the Healthy and Diarrheic Horses

Chao1, ACE, Shannon, and Good’s coverage indices were calculated to assess the alpha di-
versity of the microbial community. Good coverage estimates ranged from 99.88% to 99.96% for
all samples, indicating satisfactory coverage. The average Chao1 and ACE indices in
healthy Przewalski’s horses were 2397.18 and 2287.90, respectively, while in the diarrhea
group, they were 2287.90 and 2302.63 (see Figure 2A,B). Additionally, the average Shannon
indices in healthy and diarrheic Przewalski’s horses were 8.65 and 8.16, respectively (see
Figure 2C). Statistical analysis revealed that the Chao1 and ACE diversity indices in healthy
Przewalski’s horses were significantly higher than those in the diarrhea group. These
results suggest notable differences in the abundance and diversity of intestinal microbial
populations between healthy and diarrheic Przewalski’s horses.

Furthermore, principal coordinates analysis (PCoA) scatter plots of fecal flora exhibited
distinct separation between samples from healthy and diarrheic Przewalski’s horses. This
separation was consistent with the results of the unweighted pair group method with
arithmetic mean (UPGMA), indicating significant alterations in the major composition of
the intestinal microbial population (see Figure 2D–F).
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3.3. Composition Analysis of the Gut Microbial Community in Healthy and Diarrheic Horses

The fecal microbial community composition of healthy and diarrheic Przewalski’s horses
was assessed at various taxonomic levels. At the phylum level, Firmicutes (73.98% and
73.67%), Bacteroidetes (16.31% and 3.71%), Actinobacteria (1.26% and 11.10%), and Verru-
comicrobia (3.71% and 5.12%) emerged as the dominant phyla in both healthy and diarrheic
P. przewalskii horses, irrespective of health status (see Figure 3A).

Furthermore, comparisons were made between fecal microbiota at the phylum and
genus levels in healthy and diarrheic P. przewalskii horses. At the phylum level, the relative
abundance of Actinobacteria and Bacteroidetes in healthy P. przewalskii horses was signifi-
cantly higher than that in diarrheic P. przewalskii horses, while that of Acinetobacter, Verru-
comicrobia, Flavobacteria, Spirochaetes, Firmicutes, Patescibacteria, and Proteobacteria was
lower. Additionally, other phyla such as Proteobacteria (0.41% and 1.4%), Cyanobacteria
(0.54% and 1.02%), Spirochaetes (0.49% and 0.72%), and Desulfobacterota (0.03% and 0.81%)
were lower in abundance in both groups.

At the genus level, Lachnospiraceae, Christensenellaceae_R_7_group, Erysipelotrichaceae,
NK4A214_group, Lachnospiraceae_XPB1014_group, uncultured_rumen_bacterium, and Can-
didatus_Saccharimonas were the dominant bacteria in both groups (see Figure 3B). The
distribution of and variability in fecal microbiota in diarrheic P. przewalskii horses are
depicted by a heatmap (see Figure 4). The comparison between diarrheic and healthy Prze-
walski’s horses showed significantly increased abundances of Christensenellaceae_R_7_group,
Erysipelotrichaceae, Phoenicibacter, and WCHB1_41, and significantly decreased abundances
of Lachnospiraceae_XPB1014_group, p_251_o5, and Lachnospiraceae_AC2044_group. Combina-
tion of LEfSe and LDA scores was performed to further investigate the changes in fecal
flora. In addition to the above differential taxa, diarrheic Przewalski’s horses also showed
significantly higher abundances of Phoenicibacter and Coriobacteriales (Figure 5A,B).
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Figure 5. Differential biomarkers of diarrhea-associated horse fecal microbiota. (A) Phylogenetic
distribution of taxa with significant differences visualized via a branching graph. (B) Criteria for
Scheme 3. (healthy: Group A; diarrheic: Group B).

3.4. Hormone and Immunoglobulin Assays

Analytical validation of the wild horse feces samples showed excellent accuracy. The
results were plotted as the known standard dose versus apparent dose (the standard con-
centration minus added doses of the standard substance) with a slope of 1 (range 0.9–1.1),
indicating that fecal components did not interfere with the accuracy of the determination
at the detection dilutions. The within-batch coefficients of variation (CVs) of the con-
trol samples were as follows: Cor: 4.93%; T3: 7.32%; and immunoglobulin IgA: 7.63%.
The between-batch CVs were as follows: Cor: 10.22%; T3: 14.74%; and immunoglobulin
IgA: 13.68%. These values met the requirements of the method validation guidelines.

Conducting hormone and immunoglobulin detection on the two groups of animals
showed that the cortisol level in the diarrhea group was significantly higher than that in the
normal group (p = 0.048, n = 7), there was no significant difference in the T3 level (p = 0.547,
n = 7), and the IgA level in the diarrhea group was significantly higher than that in the
normal group (p = 0.015, n = 7). The content of cortisol is an important indicator with which
to measure the stress levels of animals. In this experiment, the cortisol level in the healthy
group was significantly lower than that in the diarrhea group (p < 0.05). This indicates that
diarrhea increases the stress level to a certain extent. T3 indicates the nutritional metabolism
level of animals, and the experimental results did not reflect the impact of diarrhea on
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the nutritional metabolism level of animals; IgA indicates the intestinal immune level of
animals, and the IgA level in the diarrhea group was increased, indicating that the body
may be invaded by pathogens, thus increasing the IgA level (Figure 6A–C).
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4. Discussion

Diarrhea is a disease that is particularly prevalent in wildlife, with a significant impact
on the decline in wildlife populations [21,22]. The prevalence of diarrhea in Przewalski’s
horses after their reintroduction to the wild in the Kalamaili Mountains Horse Reserve is
high, posing a health risk to the reintroduction of Przewalski’s horses. However, several
factors, including a harsh environment, nutritional imbalance, and the stress response, make
the prevention and treatment of diarrhea in Przewalski’s horses particularly difficult. Recent
studies on the fecal microbiota have highlighted its important role in the prevention and
treatment of diarrhea [23,24]. The crucial role of gut microbiota in immunity, metabolism,
and intestinal barrier function is widely acknowledged [25]. Hence, the elevated diarrhea
rate among Przewalski’s horses may be attributed not only to their habitat environment
but also to their intestinal flora. As members of the Equidae family, Przewalski’s horses are
roughage herbivores adept at efficiently utilizing high-fiber grasses and other forages. The
bulk of ingested plant fiber comprises structural carbohydrates like cellulose, hemicellulose,
and lignin, which remain undigested by host enzymes in the foregut [26]. Undigested
plant material reaches the hindgut where it undergoes microbial fermentation processes.
These processes break down cellulose and hemicellulose, resulting in the production of
energy-generating products such as short-chain fatty acids (SCFAs) [27]. It is estimated
that a horse fed a forage-based diet can derive 50–70% of its energy requirements from
short-chain fatty acids (SCFAs) [28]. In the arid environment of the Kalamaili Mountains,
Przewalski’s horses require ample food to sustain their energy expenditure and support
growth [29]. Our observations revealed a noteworthy reduction in bacteria, including
those associated with cellulose degradation, during episodes of diarrhea, suggesting a
diminished capacity for food digestion and degradation. Additionally, in the diarrhea
group, IgA levels were elevated, indicating an activated immune response, while elevated
cortisol levels pointed to increased stress and reduced immunity in diarrheic Przewalski’s
horsess. Moreover, significant variations were observed among certain bacterial taxa in
diarrheic Przewalski’s horses, underscoring their potential importance in maintaining
intestinal microbial balance and intestinal function.

This study demonstrated that Firmicutes, Bacteroidetes, Actinobacteria, and Verru-
comicrobia were the most dominant microbial phyla in Przewalski’s horses, regardless
of health status. This finding aligns with previous studies on Przewalski’s horses [30].
Furthermore, these dominant phyla have been widely observed in other herbivorous
animals such as goats, giraffes, and cattle, underscoring their importance in intestinal
ecology and function across various species. Interestingly, our study revealed a significant
reduction in certain bacterial genera in diarrheic Przewalski’s horses, including Chris-
tensenellaceae_R_7_group, NK4A214_group, Lachnospiraceae_XPB1014_group, p_251_o5, [Eubac-
terium]_coprostanoligenes_group, Rikenellaceae_RC9_gut_group, Lachnospiraceae_AC2044_group,
Ruminococcus, and Prevotellaceae_UcG_001. These genera are recognized as beneficial bacteria
in the intestine, known to play pivotal roles in enhancing digestion, metabolism, immunity,
and fecal flora balance [31–36].

In fact, [Eubacterium]_coprostanoligenes_group is known to produce beneficial short-chain
fatty acids (SCFAs) with anti-inflammatory effects. In addition, several of the bacterial gen-
era mentioned above, including Prevotella, Trichosporon, and Ruminococcaceae, are recognized
as SCFA producers. The SCFAs produced by these bacteria help to maintain gut health
and exert anti-inflammatory properties, thus playing an essential role in gut homeosta-
sis [25]. Previous studies have indicated a decrease in the abundance of SCFA-producing
bacteria [37]. Indeed, SCFAs play multifaceted roles in regulating intestinal homeostasis, im-
munity, and barrier function. Additionally, they are crucial in mitigating inflammation and
modulating energy intake [38]. SCFAs also play a vital role in inhibiting the proliferation
of pathogenic bacteria, thereby enhancing the intestinal environment and contributing to
disease prevention [39]. SCFAs play a multifaceted role in the regulation of several physio-
logical processes. They facilitate communication between the gut and the brain through the
brain–gut axis, modulating appetite and energy expenditure. In addition, SCFAs influence
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metabolic processes, contributing to wildlife adaptation to their environment. Additionally,
by altering the pH of the gastrointestinal tract, SCFAs create an environment that is less
favorable for the proliferation of pathogens, thereby aiding in disease prevention [40].
SCFAs have shown a strong correlation with cortisol and triiodothyronine T3. Specifically,
SCFAs have been shown to stimulate the release of triiodothyronine T3, as well as serotonin
(5-HT) and peptide YY (PYY). Peptide YY is a postprandial hormone involved in reducing
appetite and intestinal motility [41,42]. Neuropeptides involved in appetite control and
metabolism regulation may be influenced by the composition of the fecal microbiota. Stud-
ies have shown differences in microbiota composition between patients with diarrhea and
healthy controls, suggesting a potential link between gut microbiota and the neuropeptide
regulation of appetite and metabolism [43].

It is evident that there is a growing body of evidence demonstrating the intricate
interplay between hormones and microbiota in immune responses, both in health and
disease. There are numerous interconnections between them, and the microbiome and
hormones can influence immune responses through shared pathways. This crosstalk be-
tween microbiota and hormones underscores the complexity of immune regulation and
highlights the importance of considering these interactions in understanding immune
function and disease pathology. High levels of intestinal microbial diversity and abundance
are conducive to maintaining intestinal ecological balance and function. A diverse and
abundant microbial community helps to prevent the overgrowth of potentially harmful
bacteria, promotes the production of beneficial metabolites such as short-chain fatty acids
(SCFAs), and enhances immune regulation. This equilibrium in the gut microbiota is of
paramount importance for the overall health of the gut and plays a pivotal role in various
physiological processes, including digestion, metabolism, and immune function [44]. It
is indeed the case that a dysbiosis of intestinal microorganisms can impair the immune
function of the intestine, thereby increasing the susceptibility to invasion by pathogenic
and disease-causing bacteria. When the equilibrium of the gut microbiota is disrupted, it
can result in an overgrowth of harmful bacteria and a decrease in beneficial bacteria, which
in turn can lead to inflammation, compromised barrier function, and dysregulated immune
responses. This dysbiosis creates an environment that is more conducive to the proliferation
of pathogenic bacteria, thereby increasing the risk of infection and disease. It is therefore
evident that maintaining a healthy balance of intestinal microorganisms is of paramount
importance in order to support optimal immune function and overall health [45].

Diarrhea in Przewalski’s horses is associated with an increased risk of intestinal dys-
function and other diseases. This is thought to be due to a dysbiosis of the intestinal
microbiota. β diversity analysis revealed significant differences in the major components
of gut bacteria between healthy and diarrheic Przewalski’s horses, despite the fact that
they share the same habitat and diet. This indicates that diarrhea may act as a fundamen-
tal driver of gut bacterial community change. Principal coordinate analysis (PCoA) was
conducted to further elucidate the effects of diarrhea on the major components of gut
microbiota in Przewalski’s horses. The results demonstrated that samples from healthy
Przewalski’s horses formed a distinct cluster and were distinct from samples from diarrheic
horses. Despite all selected Przewalski’s horses having identical diets and environments,
alterations were observed in their fecal microbiota during episodes of diarrhea. Dysbiosis
of the microbiota can significantly impact host immunity and gut reabsorption capacity,
thereby increasing susceptibility to pathogens and predisposing individuals to various
gastrointestinal diseases. This highlights the intricate relationship between the composition
of the gut microbiota, the health of the host, and the susceptibility of Przewalski’s horses to
gastrointestinal disorders [46,47].

Dysbiosis of the gut microbiome can contribute to the development of diseases char-
acterized by hormone imbalances by modulating hormone levels. Glucocorticoids, such
as corticosterone and cortisol, play a crucial role in modulating inflammation and have
profound effects on both innate and adaptive immune responses. Dysbiosis-induced alter-
ations in glucocorticoid levels can disrupt immune homeostasis, leading to dysregulated
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inflammatory responses and increased susceptibility to immune-related diseases. Conse-
quently, maintaining a balanced gut microbiome is crucial for regulating hormone levels
and supporting optimal immune function [48]. It is evident that, in addition to the sup-
pression of pathogenic microorganisms, the fecal microbiota also plays a pivotal role in the
regulation of immune responses, both locally within the gut and systemically throughout
the body [48]. In the absence of commensal bacteria, the development of both the innate
and adaptive immune systems of mice was impaired [49–52]. In this study, the levels of
cortisol and immunoglobulin IgA in the diarrhea group were significantly higher than
those in the healthy group. Cortisol, being a stress hormone, is known to suppress immune
function, elevate physiological stress levels in animals, and consequently increase the
susceptibility to intestinal infections [53,54]. Concomitantly, alterations in the intestinal
bacterial community can result in increased intestinal mucosal permeability, thereby ini-
tiating an immune response. Consequently, this heightened immune response results in
increased levels of serum IgA. Furthermore, the metabolism of the microbiome can influ-
ence the regulation of hormones involved in cholesterol, peptide, or amino acid production.
Studies have demonstrated that elevated cortisol levels can impact the diversity of the
intestinal microbiome in mice, potentially facilitating the invasion of intestinal pathogens
such as Citrobacter rodentium into the body [55]. In a similar vein, our study revealed
that cortisol levels were significantly elevated in individuals with diarrhea in comparison
with those in healthy individuals. Conversely, intestinal beneficial bacteria were found
to be significantly diminished in diarrheic Przewalski’s horses. It is postulated that this
dysbiosis of the intestinal microbiota is a key driver of diarrhea in Przewalski’s horses.
Furthermore, alterations in the relative abundance of specific bacteria within the intestinal
tract may influence the functionality of other bacteria, thereby exacerbating alterations in
the fecal flora.

Correlation network analysis revealed significant correlations among bacterial genera
exhibiting significant changes, suggesting the potential for interactions that may weaken
bacterial functions and affect overall intestinal function. This study demonstrates that
diarrhea has a direct impact on the composition and diversity of fecal microorganisms,
subsequently affecting the function of intestinal flora in Przewalski’s horses.

5. Conclusions

In conclusion, this study represents an inaugural investigation into the alterations in
fecal microbiota and hormone levels in Przewalski’s horses with diarrhea. The results demon-
strated that diarrhea was associated with elevated cortisol and IgA levels, accompanied by a
significant reduction in fecal microbiota diversity and alterations in taxonomic composition.
In particular, we observed a reduction in the proportion of beneficial bacteria and an increase
in the abundance of pathogenic bacteria in fecal samples from horses with diarrhea.

This study addresses a significant gap in our understanding of the relationship be-
tween fecal microbiota and hormone levels in both healthy and diarrheal horses. It is of
significant importance to note that this study highlights the potential role of intestinal
microbial dysbiosis as a contributing factor to diarrhea in horses. Building upon these
insights, our findings provide valuable implications for the prevention and treatment of
diarrhea in Przewalski’s horses by targeting intestinal microbiota.

Author Contributions: Conceptualization, Z.L. (Zhenghao Li); methodology, Z.L. (Zhenghao Li);
software, Z.L. (Zhenghao Li) and Z.L. (Zhengwei Luo); validation, D.H.; formal analysis, Z.L.
(Zhengwei Luo); investigation, Z.L. (Zhengwei Luo); resources, Z.L. (Zhenghao Li); data curation,
Z.L. (Zhenghao Li); writing—original draft preparation, Z.L. (Zhenghao Li); writing—review and
editing, D.H.; visualization, D.H.; supervision, D.H.; project administration, Z.L. (Zhenghao Li)
and D.H.; funding acquisition, D.H. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (NSFC).
Grant number: 30970545.



Animals 2024, 14, 2616 13 of 15

Institutional Review Board Statement: This study was based on non-invasive sampling and obtained
permission from Kalameli Mountains Hedgehog Nature Reserve.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We are grateful to the Kalamali Mountain Ungulate Nature Reserve in Xinjiang
for its support to the sample collection.

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

References
1. Li, Y.; Hu, X.; Yang, S.; Zhou, J.; Qi, L.; Sun, X.; Fan, M.; Xu, S.; Cha, M.; Zhang, M.; et al. Comparison between the fecal bacterial

microbiota of healthy and diarrheic captive musk deer. Front. Microbiol. 2018, 9, 300. [CrossRef] [PubMed]
2. Gresse, R.; Chaucheyras-Durand, F.; Fleury, M.A.; van de Wiele, T.; Forano, E.; Blanquet-Diot, S. Gut microbiota dysbiosis in

postweaning piglets: Understanding the keys to health. Trends Microbiol. 2017, 25, 851–873. [CrossRef] [PubMed]
3. Kwon, M.-S.; Jo, H.E.; Lee, J.; Choi, K.-S.; Yu, D.; Oh, Y.; Park, J.; Choi, H.-J. Alteration of the gut microbiota in post-weaned calves

following recovery from bovine coronavirus-mediated diarrhea. J. Anim. Sci. Technol. 2021, 63, 125. [CrossRef] [PubMed]
4. Qi, M.; Cao, Z.; Shang, P.; Zhang, H.; Hussain, R.; Mehmood, K.; Chang, Z.; Wu, Q.; Dong, H. Comparative analysis of fecal

microbiota composition diversity in Tibetan piglets suffering from diarrheagenic Escherichia coli (DEC). Microb. Pathog. 2021,
158, 105106. [CrossRef]

5. Yan, R.; Andrew, L.; Marlow, E.; Kunaratnam, K.; Devine, A.; Dunican, I.C.; Christophersen, C.T. Dietary fibre intervention for
gut microbiota, sleep, and mental health in adults with irritable bowel syndrome: A scoping review. Nutrients 2021, 13, 2159.
[CrossRef]

6. Wang, Y.; Zhang, H.; Zhu, L.; Xu, Y.; Liu, N.; Sun, X.; Hu, L.; Huang, H.; Wei, K.; Zhu, R. Dynamic distribution of gut microbiota
in goats at different ages and health states. Front. Microbiol. 2018, 9, 2509. [CrossRef] [PubMed]

7. Han, Z.; Li, K.; Shahzad, M.; Zhang, H.; Luo, H.; Qiu, G.; Lan, Y.; Wang, X.; Mehmood, K.; Li, J. Analysis of the intestinal microbial
community in healthy and diarrheal perinatal yaks by high-throughput sequencing. Microb. Pathog. 2017, 111, 60–70. [CrossRef]

8. Shao, H.; Zhang, C.; Xiao, N.; Tan, Z. Gut microbiota characteristics in mice with antibiotic-associated diarrhea. BMC Microbiol.
2020, 20, 313. [CrossRef]

9. Clarke, G.; Grenham, S.; Scully, P.; Fitzgerald, P.; Moloney, R.D.; Shanahan, F.; Dinan, T.G.; Cryan, J. The microbiome-gut-brain
axis during early life regulates the hippocampal serotonergic system in a sex-dependent manner. Mol. Psychiatry 2013, 18, 666–673.
[CrossRef]

10. Wei, F.; Wu, Q.; Hu, Y.; Huang, G.; Nie, Y.; Yan, L. Conservation metagenomics: A new branch of conservation biology. Sci. China
Life Sci. 2019, 62, 168–178. [CrossRef]

11. Elahi, S.; Ertelt, J.M.; Kinder, J.M.; Jiang, T.T.; Zhang, X.; Xin, L.; Chaturvedi, V.; Strong, B.S.; Qualls, J.E.; Steinbrecher, K.A.
Immunosuppressive CD71+ erythroid cells compromise neonatal host defence against infection. Nature 2013, 504, 158–162.
[CrossRef] [PubMed]

12. Gaunitz, C.; Fages, A.; Hanghøj, K.; Albrechtsen, A.; Khan, N.; Schubert, M.; Seguin-Orlando, A.; Owens, I.J.; Felkel, S.;
Bignon-Lau, O. Ancient genomes revisit the ancestry of domestic and Przewalski’s horses. Science 2018, 360, 111–114. [CrossRef]
[PubMed]

13. Chen, J.; Hu, D.; Li, K.; Cao, J.; Meng, Y.; Cui, Y. The diurnal feeding behavior comparison between the realeased and captive
adult female Przewalski’s horse (Equus przewalskii) in summer. Acta Ecol. Sin. 2008, 28, 1104–1108.

14. Liu, G.; Shafer, A.B.A.; Zimmermann, W.; Hu, D.; Wang, W.; Chu, H.; Cao, J.; Zhao, C. Evaluating the reintroduction project of
Przewalski’s horse in China using genetic and pedigree data. Biol. Conserv. 2014, 171, 288–298. [CrossRef]

15. Conlon, M.A.; Bird, A.R. The impact of diet and lifestyle on gut microbiota and human health. Nutrients 2014, 7, 17–44. [CrossRef]
[PubMed]

16. Zhang, M.; Yang, X.-J. Effects of a high fat diet on intestinal microbiota and gastrointestinal diseases. World J. Gastroenterol. 2016,
22, 8905. [CrossRef] [PubMed]

17. Jandhyala, S.M.; Talukdar, R.; Subramanyam, C.; Vuyyuru, H.; Sasikala, M.; Reddy, D.N. Role of the normal gut microbiota. World
J. Gastroenterol. WJG 2015, 21, 8787. [CrossRef]

18. Metcalf, J.L.; Song, S.J.; Morton, J.T.; Weiss, S.; Seguin-Orlando, A.; Joly, F.; Feh, C.; Taberlet, P.; Coissac, E.; Amir, A.; et al.
Evaluating the impact of domestication and captivity on the horse gut microbiome. Sci. Rep. 2017, 7, 15497. [CrossRef]

19. Peters, I.R.; Calvert, E.L.; Hall, E.J.; Day, M.J. Measurement of immunoglobulin concentrations in the feces of healthy dogs.
Clin. Vaccine Immunol. 2004, 11, 841–848. [CrossRef]

20. Li, A.; Yang, Y.; Qin, S.; Lv, S.; Jin, T.; Li, K.; Han, Z.; Li, Y. Microbiome analysis reveals gut microbiota alteration of early-weaned
Yimeng black goats with the effect of milk replacer and age. Microb. Cell Fact. 2021, 20, 78. [CrossRef]

https://doi.org/10.3389/fmicb.2018.00300
https://www.ncbi.nlm.nih.gov/pubmed/29551996
https://doi.org/10.1016/j.tim.2017.05.004
https://www.ncbi.nlm.nih.gov/pubmed/28602521
https://doi.org/10.5187/jast.2021.e20
https://www.ncbi.nlm.nih.gov/pubmed/33987590
https://doi.org/10.1016/j.micpath.2021.105106
https://doi.org/10.3390/nu13072159
https://doi.org/10.3389/fmicb.2018.02509
https://www.ncbi.nlm.nih.gov/pubmed/30405569
https://doi.org/10.1016/j.micpath.2017.08.025
https://doi.org/10.1186/s12866-020-01999-x
https://doi.org/10.1038/mp.2012.77
https://doi.org/10.1007/s11427-018-9423-3
https://doi.org/10.1038/nature12675
https://www.ncbi.nlm.nih.gov/pubmed/24196717
https://doi.org/10.1126/science.aao3297
https://www.ncbi.nlm.nih.gov/pubmed/29472442
https://doi.org/10.1016/j.biocon.2013.11.022
https://doi.org/10.3390/nu7010017
https://www.ncbi.nlm.nih.gov/pubmed/25545101
https://doi.org/10.3748/wjg.v22.i40.8905
https://www.ncbi.nlm.nih.gov/pubmed/27833381
https://doi.org/10.3748/wjg.v21.i29.8787
https://doi.org/10.1038/s41598-017-15375-9
https://doi.org/10.1128/CDLI.11.5.841-848.2004
https://doi.org/10.1186/s12934-021-01568-5


Animals 2024, 14, 2616 14 of 15

21. Rehman, M.U.; Zhang, H.; Iqbal, M.K.; Mehmood, K.; Huang, S.; Nabi, F.; Luo, H.; Lan, Y.; Li, J. Antibiotic resistance, serogroups,
virulence genes, and phylogenetic groups of Escherichia coli isolated from yaks with diarrhea in Qinghai Plateau, China. Gut Pathog.
2017, 9, 24. [CrossRef] [PubMed]

22. Dong, H.; Liu, B.; Li, A.; Iqbal, M.; Mehmood, K.; Jamil, T.; Chang, Y.F.; Zhang, H.; Wu, Q. Microbiome Analysis Reveals the
Attenuation Effect of Lactobacillus From Yaks on Diarrhea via Modulation of Gut Microbiota. Front. Cell. Infect. Microbiol. 2021,
10, 610781. [CrossRef]

23. Wang, Y.; Li, A.; Liu, J.; Mehmood, K.; Wangdui, B.; Shi, H.; Luo, X.; Zhang, H.; Li, J. L. pseudomesenteroides and L. johnsonii isolated
from yaks in Tibet modulate gut microbiota in mice to ameliorate enteroinvasive Escherichia coli-induced diarrhea. Microb. Pathog.
2019, 132, 1–9. [CrossRef]

24. Baothman, O.A.; Zamzami, M.A.; Taher, I.; Abubaker, J.; Abu-Farha, M. The role of Gut Microbiota in the development of obesity
and Diabetes. Lipids Health Dis. 2016, 15, 108. [CrossRef]

25. Ley, R.E.; Hamady, M.; Lozupone, C.; Turnbaugh, P.J.; Ramey, R.R.; Bircher, J.S.; Schlegel, M.L.; Tucker, T.A.; Schrenzel, M.D.;
Knight, R.; et al. Evolution of Mammals and Their Gut Microbes. Wild 2008, 1647, 1647–1652. [CrossRef]

26. Vermorel, M.; Martin-Rosset, W. Concepts, scientific bases, structure and validation of the French horse net energy system (UFC).
Livest. Prod. Sci. 1997, 47, 261–275. [CrossRef]

27. Glinsky, M.J.; Smith, R.M.; Spires, H.R.; Davis, C.L. Measurement of Volatile Fatty Acid Production Rates in the Cecum of the
Pony. J. Anim. Sci. 1976, 42, 1465–1470. [CrossRef] [PubMed]

28. Pei, P.; Wang, L.; Shao, Y.; Shi, C.; Yang, Y.; Bao, X. Re-introduced Przewalski’s horses’s breeding success and population viability
analysis in Anxi National Nature Reserve. Acta Theriol. Sin. 2018, 38, 128.

29. Hu, D.; Wang, C.; Ente, M.; Zhang, K.; Zhang, D.; Li, X.; Li, K.; Chu, H. Assessment of Adaptation Status of Reintroduced
Equus Przewalskii Based on Comparative Analysis of Fecal Bacteria with Those of Captive E. Przewalskii, Domestic Horse and
Mongolian Wild Ass. Animals 2022, 12, 2874. [CrossRef]

30. Konturek, P.C.; Konturek, K.; Brzozowski, T.; Wojcik, D.; Magierowski, M.; Targosz, A.; Krzysiek-Maczka, G.; Sliwowski, Z.;
Strzalka, M.; Magierowska, K.; et al. Participation of the intestinal microbiota in the mechanism of beneficial effect of treatment
with synbiotic syngut on experimental colitis under stress conditions. J. Physiol. Pharmacol. 2020, 71, 329–342. [CrossRef]

31. Ma, Y.; Deng, X.; Yang, X.; Wang, J.; Li, T.; Hua, G.; Han, D.; Da, L.; Li, R.; Rong, W.; et al. Characteristics of Bacterial Microbiota in
Different Intestinal Segments of Aohan Fine-Wool Sheep. Front. Microbiol. 2022, 13, 874536. [CrossRef] [PubMed]

32. Zhang, T.; Sun, P.; Geng, Q.; Fan, H.; Gong, Y.; Hu, Y.; Shan, L.; Sun, Y.; Shen, W.; Zhou, Y. Disrupted spermatogenesis in a
metabolic syndrome model: The role of vitamin A metabolism in the gut–testis axis. Gut 2022, 71, 78–87. [CrossRef] [PubMed]

33. Kang, L.; Li, P.; Wang, D.; Wang, T.; Hao, D.; Qu, X. Alterations in intestinal microbiota diversity, composition, and function in
patients with sarcopenia. Sci. Rep. 2021, 11, 4628. [CrossRef] [PubMed]

34. Cao, K.; Wang, Y.; Bai, X.; Wang, J.; Zhang, L.; Tang, Y.; Thuku, R.C.; Hou, W.; Mo, G.; Chen, F.; et al. Comparison of Fecal
Antimicrobial Resistance Genes in Captive and Wild Asian Elephants. Antibiotics 2023, 12, 859. [CrossRef] [PubMed]

35. Wei, W.; Jiang, W.; Tian, Z.; Wu, H.; Ning, H.; Yan, G.; Zhang, Z.; Li, Z.; Dong, F.; Sun, Y.; et al. Fecal g. Streptococcus and
g. Eubacterium_coprostanoligenes_group combined with sphingosine to modulate the serum dyslipidemia in high-fat diet mice.
Clin. Nutr. 2021, 40, 4234–4245. [CrossRef] [PubMed]

36. Li, Y.; Lan, Y.; Zhang, S.; Wang, X. Comparative Analysis of Gut Microbiota Between Healthy and Diarrheic Horses. Front. Vet.
Sci. 2022, 9, 882423. [CrossRef] [PubMed]

37. Melbye, P.; Olsson, A.; Hansen, T.H.; Søndergaard, H.B.; Bang Oturai, A. Short-chain fatty acids and gut microbiota in multiple
sclerosis. Acta Neurol. Scand. 2019, 139, 208–219. [CrossRef] [PubMed]

38. Goverse, G. Environmental Control of the Mucosal Immune System; Springer: Cham, Switerland, 2014; ISBN 9789090287768.
39. Puddu, A.; Sanguineti, R.; Montecucco, F.; Viviani, G.L. Evidence for the gut microbiota short-chain fatty acids as key pathophysi-

ological molecules improving diabetes. Mediators Inflamm. 2014, 2014, 162021. [CrossRef]
40. Cherbut, C.; Ferrier, L.; Rozé, C.; Anini, Y.; Blottière, H.; Lecannu, G.; Galmiche, J.-P. Short-chain fatty acids modify colonic

motility through nerves and polypeptide YY release in the rat. Am. J. Physiol. Liver Physiol. 1998, 275, G1415–G1422. [CrossRef]
41. Fukumoto, S.; Tatewaki, M.; Yamada, T.; Fujimiya, M.; Mantyh, C.; Voss, M.; Eubanks, S.; Harris, M.; Pappas, T.N.; Takahashi, T.

Short-chain fatty acids stimulate colonic transit via intraluminal 5-HT release in rats. Am. J. Physiol. Integr. Comp. Physiol. 2003,
284, R1269–R1276. [CrossRef]

42. Armougom, F.; Henry, M.; Vialettes, B.; Raccah, D.; Raoult, D. Monitoring bacterial community of human gut microbiota reveals
an increase in Lactobacillus in obese patients and Methanogens in anorexic patients. PLoS ONE 2009, 4, e7125. [CrossRef]

43. Tremaroli, V.; Bäckhed, F. Functional interactions between the gut microbiota and host metabolism. Nature 2012, 489, 242–249.
[CrossRef] [PubMed]

44. Round, J.L.; Mazmanian, S.K. The gut microbiota shapes intestinal immune responses during health and disease. Nat. Rev.
Immunol. 2009, 9, 313–323. [CrossRef] [PubMed]

45. Liu, J.; Wang, H.-W.; Lin, L.; Miao, C.-Y.; Zhang, Y.; Zhou, B.-H. hua Intestinal barrier damage involved in intestinal microflora
changes in fluoride-induced mice. Chemosphere 2019, 234, 409–418. [CrossRef] [PubMed]

46. Li, H.; Chen, X.; Liu, J.; Chen, M.; Huang, M.; Huang, G.; Chen, X.; Du, Q.; Su, J.; Lin, R. Ethanol extract of Centella asiatica allevi-
ated dextran sulfate sodium-induced colitis: Restoration on mucosa barrier and gut microbiota homeostasis. J. Ethnopharmacol.
2021, 267, 113445. [CrossRef] [PubMed]

https://doi.org/10.1186/s13099-017-0174-0
https://www.ncbi.nlm.nih.gov/pubmed/28546830
https://doi.org/10.3389/fcimb.2020.610781
https://doi.org/10.1016/j.micpath.2019.04.020
https://doi.org/10.1186/s12944-016-0278-4
https://doi.org/10.1126/science.1155725
https://doi.org/10.1016/S0301-6226(96)01410-8
https://doi.org/10.2527/jas1976.4261465x
https://www.ncbi.nlm.nih.gov/pubmed/931822
https://doi.org/10.3390/ani12202874
https://doi.org/10.26402/jpp.2020.3.03
https://doi.org/10.3389/fmicb.2022.874536
https://www.ncbi.nlm.nih.gov/pubmed/35572716
https://doi.org/10.1136/gutjnl-2020-323347
https://www.ncbi.nlm.nih.gov/pubmed/33504491
https://doi.org/10.1038/s41598-021-84031-0
https://www.ncbi.nlm.nih.gov/pubmed/33633246
https://doi.org/10.3390/antibiotics12050859
https://www.ncbi.nlm.nih.gov/pubmed/37237762
https://doi.org/10.1016/j.clnu.2021.01.031
https://www.ncbi.nlm.nih.gov/pubmed/33608131
https://doi.org/10.3389/fvets.2022.882423
https://www.ncbi.nlm.nih.gov/pubmed/35585860
https://doi.org/10.1111/ane.13045
https://www.ncbi.nlm.nih.gov/pubmed/30427062
https://doi.org/10.1155/2014/162021
https://doi.org/10.1152/ajpgi.1998.275.6.G1415
https://doi.org/10.1152/ajpregu.00442.2002
https://doi.org/10.1371/journal.pone.0007125
https://doi.org/10.1038/nature11552
https://www.ncbi.nlm.nih.gov/pubmed/22972297
https://doi.org/10.1038/nri2515
https://www.ncbi.nlm.nih.gov/pubmed/19343057
https://doi.org/10.1016/j.chemosphere.2019.06.080
https://www.ncbi.nlm.nih.gov/pubmed/31228844
https://doi.org/10.1016/j.jep.2020.113445
https://www.ncbi.nlm.nih.gov/pubmed/33022343


Animals 2024, 14, 2616 15 of 15

47. Franchimont, D. Overview of the actions of glucocorticoids on the immune response: A good model to characterize new pathways
of immunosuppression for new treatment strategies. Ann. N. Y. Acad. Sci. 2004, 1024, 124–137. [CrossRef]

48. Kamada, N.; Seo, S.-U.; Chen, G.Y.; Núñez, G. Role of the gut microbiota in immunity and inflammatory disease. Nat. Rev.
Immunol. 2013, 13, 321–335. [CrossRef]

49. Littman, D.R.; Pamer, E.G. Role of the commensal microbiota in normal and pathogenic host immune responses. Cell Host Microbe
2011, 10, 311–323. [CrossRef] [PubMed]

50. Hill, D.A.; Artis, D. Intestinal bacteria and the regulation of immune cell homeostasis. Annu. Rev. Immunol. 2009, 28, 623–667.
[CrossRef] [PubMed]

51. Honda, K.; Littman, D.R. The microbiome in infectious disease and inflammation. Annu. Rev. Immunol. 2012, 30, 759–795.
[CrossRef]

52. Hooper, L.V.; Littman, D.R.; Macpherson, A.J. Interactions between the microbiota and the immune system. Science 2012,
336, 1268–1273. [CrossRef] [PubMed]

53. Reiche, E.M.V.; Nunes, S.O.V.; Morimoto, H.K. Stress, depression, the immune system, and cancer. Lancet Oncol. 2004, 5, 617–625.
[CrossRef] [PubMed]

54. Glaser, R.; Kiecolt-Glaser, J.K. Stress-induced immune dysfunction: Implications for health. Nat. Rev. Immunol. 2005, 5, 243–251.
[CrossRef] [PubMed]

55. Bailey, M.T.; Dowd, S.E.; Parry, N.M.A.; Galley, J.D.; Schauer, D.B.; Lyte, M. Stressor exposure disrupts commensal microbial
populations in the intestines and leads to increased colonization by Citrobacter rodentium. Infect. Immun. 2010, 78, 1509–1519.
[CrossRef] [PubMed]

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/10.1196/annals.1321.009
https://doi.org/10.1038/nri3430
https://doi.org/10.1016/j.chom.2011.10.004
https://www.ncbi.nlm.nih.gov/pubmed/22018232
https://doi.org/10.1146/annurev-immunol-030409-101330
https://www.ncbi.nlm.nih.gov/pubmed/20192812
https://doi.org/10.1146/annurev-immunol-020711-074937
https://doi.org/10.1126/science.1223490
https://www.ncbi.nlm.nih.gov/pubmed/22674334
https://doi.org/10.1016/S1470-2045(04)01597-9
https://www.ncbi.nlm.nih.gov/pubmed/15465465
https://doi.org/10.1038/nri1571
https://www.ncbi.nlm.nih.gov/pubmed/15738954
https://doi.org/10.1128/IAI.00862-09
https://www.ncbi.nlm.nih.gov/pubmed/20145094

	Introduction 
	Materials and Methods 
	Animals and Sample Collection 
	Gene Amplicon Sequencing of 16 SrDNA 
	Bioinformatics and Data Analysis 
	Hormone Extraction and Detection 
	Verification of Determination 

	Results 
	Sequences Analyses 
	Analysis of Microbial Diversity in the Healthy and Diarrheic Horses 
	Composition Analysis of the Gut Microbial Community in Healthy and Diarrheic Horses 
	Hormone and Immunoglobulin Assays 
	Correlation Network Analysis 

	Discussion 
	Conclusions 
	References

