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Abstract: This study aimed to observe the therapeutic effect of Lactiplantibacillus plantarun HFY11
(LP-HFY11) on lincomycin hydrochloride-induced diarrhea in mice. The results showed that LP-
HFY11 alleviated weight loss and intestinal and colon tissue lesions caused by diarrhea. The serum
assay showed that LP-HFY11 decreased interleukin 17A (IL-17A), IL-6, 5-hydroxytryptamine, and
malondialdehyde levels and increased total antioxidant capacity in mice with diarrhea. LP-HFY11
also downregulated the mRNA expression of cystic fibrosis transmembrane conductance regulator
(CFTR), epidermal growth factor receptor (EGFR), and transforming growth factor beta 1 (TGFβ1)
and upregulated the expression of recombinant sodium/hydrogen exchanger 1 (NHE1) and NHE4
in the colon tissues of mice with diarrhea. In conclusion, the study showed that LP-HFY11 could
effectively inhibit diarrhea, and the effect was better than that of the drug Bifidobacterium tetragenous
viable bacteria tablets (Bifidobacterium-TVBT).
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1. Introduction

A strong relationship exists between diarrhea and intestinal health. Diarrhea is a
digestive disorder characterized by loose or liquid stools and an increased frequency of
bowel movements. It is often caused by intestinal infections, food poisoning, allergic
reactions, side effects of drugs, or inflammation of the bowel. A certain association has
been reported between diarrhea and antibiotics [1]. Antibiotics are drugs used to treat
bacterial infections. They not only kill the bacteria that cause infection but also destroy the
beneficial flora in the gut. This imbalance of flora leads to intestinal dysfunction, causing
dyspepsia and diarrhea. Diarrhea is often accompanied by substantial fluid loss, especially
when it occurs for a prolonged duration [2]. This leads to dehydration and loss of water
and electrolyte balance in the body. Diarrhea may lead to inflammation of the bowel,
such as inflammatory bowel disease. These inflammatory diseases cause chronic diarrhea,
abdominal pain, and other kinds of discomfort; in severe cases, they even affect bowel
function and overall health [3].

Plateau yak yogurt is a unique fermented dairy product, which is mainly made
from plateau yak milk. Compared with ordinary yoghourt, plateau yak yoghourt has
some unique advantages in microbial composition [4]. Plateau yaks are native to the
plateau region, and this special growth environment contributes to the unique tolerance
of microorganisms in their dairy products. These microorganisms can still ferment well
under low oxygen and low temperature conditions and have stronger adaptability [5].
Microbial metabolites (such as lactic acid and alcohols) in plateau yak yogurt can inhibit
the growth of harmful microorganisms and have certain natural antiseptic properties [6].
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The probiotics and fermentation products in plateau yak yogurt help to enhance immunity,
improve digestive function, reduce cholesterol, etc., and have a positive effect on overall
health [7–9].

Lactic acid bacteria are a kind of probiotic bacteria. Lactic acid bacteria are widely
distributed, usually found in meat, milk and vegetables and other foods and products.
Lactiplantibacillus plantarun is a kind of lactic acid bacteria, which has a positive impact on
the living environment of intestinal microorganisms. It can colonize the intestine and play
a beneficial role. For example, it can produce a large amount of acid, thus inhibiting the
colonization and propagation of intestinal harmful bacteria, promoting the propagation of
beneficial intestinal bacteria, regulating the balance of intestinal flora and maintaining the
stability of intestinal flora. It is also helpful to improve intestinal flora disorders caused
by constipation, diarrhea and other uncomfortable symptoms [1,4,5]. The Qinghai–Tibet
Plateau of China has a unique natural environment, and local herdsmen have been eating
naturally fermented yak yogurt for more than 1000 years. Lactiplantibacillus plantarun
HFY11 (LP-HFY11), a lactic acid bacteria isolated from naturally fermented yak yogurt on
the Qinghai–Tibet Plateau at an altitude of more than 4000 m, has strong in vitro ability to
resist gastric acid and bile salt, and is expected to colonize the intestinal tract well. Thus, it
exerts its biological activity.

The intestinal tract has a barrier function and is also the main place for the digestion
and absorption of nutrients in the body. The normal intestinal barrier function includes
the intestinal flora and endocrine system, the intestinal immune system, and the intestinal
mucosal epithelial barrier; the most important of these three functions is the intestinal
mucosal epithelial barrier [10]. If the intestinal mucosa is damaged, the water and salt
balance is disrupted, the permeability increases, and the intestinal flora is disordered,
which can cause intestinal inflammatory diseases, reduce physiological activities, and even
lead to death [11]. Probiotics provide beneficial flora to restore the normal composition of
intestinal flora, thereby enhancing the intestinal barrier function, protecting the intestinal
mucosa, preventing the invasion of harmful substances and pathogenic bacteria, and
alleviating the symptoms of diarrhea [12]. Bifidobacterium tetragenous viable bacteria tablet
is a clinical drug used to treat diarrhea associated with intestinal dysbiosis. This study
used it as a positive control drug for investigating diarrhea due to intestinal dysbiosis
caused by antibiotics. To our knowledge, this was the first in vivo study of LP-HFY11, a
newly discovered strain of naturally fermented yak yogurt from Qinghai–Tibet Plateau,
China, to investigate its role in inhibiting diarrhea and verify its potential application as an
anti-diarrheal probiotic.

2. Materials and Methods
2.1. Isolation and Purification of Lactic Acid Bacteria

The yogurt samples in this study were traditional naturally fermented yak yogurt
collected by the team from the homes of herdsmen in the Hongyuan County area of Aba
Tibetan and Qiang Autonomous Prefecture, Sichuan Province, China. A 1 mL yogurt
sample was taken and diluted in sterile physiological saline solution to a 10-fold gradient
(10−6). The plates were then incubated at 37 ◦C for 24–48 h, and the colony morphology
was recorded and observed. Colonies of different morphologies were selected and then
streaked onto fresh plates.

2.2. Preliminary Identification of Lactic Acid Bacteria

The supernatant was disposed of after the bacterial pellet was resuspended in a sterile
physiological saline solution. When Gram staining was first performed, bacteria showing a
positive result were first believed to be lactic acid bacteria.
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2.3. Polymerase Chain Reaction Amplification of Genomic DNA and Agarose Gel
Electrophoresis Detection

DNA was extracted using a bacterial genomic DNA extraction kit (Solarbio Life
Sciences, Beijing, China). The obtained DNA was amplified through polymerase chain
reaction (PCR) using specific primers. Further, 1 µL each of DNA was added for the
downstream primer 1495R (5′-CTACGGCTACCTTGTTACGA-3′) and the upstream primer
27F (5′-AGAGTTTGATCCTGGCTCAG-3′). The amplified PCR products were sent to
Beijing Qengke Biotechnology Co., Ltd. (Beijing, China) for sequencing. The obtained
sequences were aligned and assessed using the Basic Local Alignment Search program
available in the NCBI database. The identified strains were deposited in China General
Microbiological Culture Collection Center (Beijing, China), the preservation number is
CGMCC No.16644.

2.4. Tolerance of Lactic Acid Bacteria to 0.3% Bile Salt

Pig bile salt was added to MRS-THIO medium (Solarbio Life Sciences) to achieve a
concentration of 0.3%. The OD600 nm values of the various medium concentrations were
measured after a 24 h incubation at 37 ◦C. The following formula was used to calculate
the bile salt tolerance of the strain: tolerance (%) = (OD600 nm of 0.3% bile salt media −
OD600 nm of control)/(OD600 nm of 0.3% bile salt medium − OD600 nm of control) × 1000.

2.5. Artificial Gastric Juice Tolerance Test

A solution of 0.2% sodium chloride and 0.35% pepsin was used to obtain the artificial
gastric juice. After serially diluting the samples 10 times in 0 and 3 h, the live bacteria were
counted using the pour plate method. The plates were incubated in a solid MRS medium at
37 ◦C for 48 h. The survival rate (%) was calculated using the following formula: survival
rate (%) = (number of viable bacteria in 3 h number of viable bacteria in 0 h) × 100.

2.6. Animal Experiment

A total of 50 male SPF-grade BALB/c mice, weighing 25–30 g and aged 7 weeks, were
obtained from Chongqing Medical University Animal Experiment Center (Chongqing,
China), with animal license number SCXK (Yu) 2022-0010. Ten BALB/c mice each were ran-
domly assigned to the following five groups: model, normal, LP-HFY11 high-concentration
therapy (LP-HFY11H), Bifidobacterium tetragenous viable bacteria tablets (Bifidobacterium-
TVBT, positive control group), and LP-HFY11 low-concentration treatment (LP-HFY11L).
From the first day of the experiment, the mice in all groups except the normal group were
given 120 mg/kg lincomycin hydrochloride oral via gavage every day for seven consecutive
days. The mice in the normal group were given the same dose of normal saline. At the same
time, the mice in the Bifidobacterium-TVBT group were fed 0.1% (w/w) Bifidobacterium hy-
drochloride tetragenous viable bacteria tablet powder and drinking water freely. The mice
in the LP-HFY11L and LP-HFY11H groups were fed 0.01% (w/w, 107 CFU LP-HFY11/g
feed) and 0.1% (w/w, 108 CFU LP-HFY11/g feed) LP-HFY11 lyophilized powder and water
ad libitum for 7 days, respectively. The body weight of mice was measured and recorded
daily. On day 8, all mice were fasted for 12 h and sacrificed. The serum, small intestine, and
colon were collected after dissection. Every operation followed the guidelines for breeding
experimental mice, and other experimental techniques complied with the ethical standards
for using experimental animals (Collaborative Innovation Center for Child Nutrition and
Health Development approval number: 202402021B).

2.7. Hematoxylin and Eosin Staining of Sections of Intestinal Tissues

The intestinal tissues (small intestine and colon) of mice were fixed by immersion in
neutral formalin, embedded, sectioned, stained, and prepared. Finally, the pathological
changes were observed under a light microscope (BX53, Olympus, Tokyo, Japan), and the
images were taken [13].
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2.8. Determination of Serum Cytokine and Antioxidant Levels in Mice

The whole blood of mice was centrifuged at 14,000 rpm for 10 min at 4 ◦C in a high-
speed freezer centrifuge, and the supernatant of mouse serum was collected to repeat
the procedure three times. The supernatant after the third centrifugation was used to
determine the total antioxidant capacity (T-AOC) and the levels of malondialdehyde
(MDA), 5-hydroxytryptamine (5-HT), mouse interleukins (IL-6 and IL-17) in the serum
of mice following the instructions on the corresponding kits (Thermo Fisher Scientific,
Waltham, MA, USA).

2.9. Determination of Gene Expression Using Reverse Transcription–PCR

After crushing mouse tissue, RNAzol reagent (Solarbio Life Sciences) was used to sepa-
rate the whole RNA from the colon and small intestine tissue. The total RNA concentration
was reduced to 1 µg/µL. Then, 1 µL of oligodT18, RNase, deoxy-ribonucleoside triphos-
phate (dNTP), murine leukemia virus (MLV) enzyme, and 10 µL of 5× buffer (Thermo
Fisher Scientific) were mixed with 2 µL of diluted total RNA extract. The cDNA was
produced under the following conditions: 37 ◦C for 120 min, 99 ◦C for 4 min, and 4 ◦C for
3 min. The reverse transcription (RT)-PCR was then used to increase the mRNA expression
(Table 1, Thermo Fisher Scientific). Meanwhile, the housekeeping gene GAPDH was ampli-
fied under the same conditions and used as an internal reference. Ultimately, the 2−∆∆Ct

method was employed to determine the relative expression level of every gene [14,15].

Table 1. Primer sequence for the reverse transcription-polymerase chain reaction in this study.

Gene Primer Sequence

CFTR
F: 5′-CCCTTCGGCGATGCTTTTTC-3′

R: 5′-AAGCCTATGCCAAGGTAAATGG-3′

EGFR
F: 5′-GCCATCTGGGCCAAAGATACC-3′

R: 5′-GTCTTCGCATGAATAGGCCAAT-3′

TGFβ1 F: 5′-CCACCTGCAAGACCATCGAC-3′

R: 5′-CTGGCGAGCCTTAGTTTGGAC-3′

NHE1
F: 5′-GACGAAGGTCCAGTTCCAGGC-3′

R: 5′-GCCAACATCTCCCACAAGTCC-3′

NHE4
F: 5′-CTGGGTGAAACGGGTGATAAA-3′

R: 5′-GGACATTTTGGCTGGATGTG-3′

GAPDH
F: 5′-AATGGATTTGGACGCATTGGT-3′

R: 5′-TTTGCACTGGTACGTGTTGAT-3′

2.10. Statistical Analysis

The average value of the parallel experiments was determined following three repeti-
tions. The data from each group were analyzed for significant differences using SAS 9.1
statistical software by one-way analysis of variance at a p value less than 0.05.

3. Results
3.1. Determination of Lactic Acid Bacteria in the Sample

Figure 1A depicts the microbial colonies isolated and purified from the yak yogurt
sample, typically white or off-white with a round shape, clean edges, and a wet, smooth
surface. The cells were rod-shaped, and no budding reproduction was observed. Gram
staining showed a positive result (Figure 1B). Figure 1C shows the 1.2% agarose gel elec-
trophoresis findings for the 16S rDNA amplification. The lane containing sterile ultra-
pure water as a negative control revealed no bands, demonstrating no contamination
during PCR amplification. The amplification of fragment length in the lane was around
1500 bp, which was in line with the predicted amplification fragment length. The sequenc-
ing results showed 100% homology with the known strains of Lactiplantibacillus plantarun
in the GeneBank database. Thus, the isolated strain from the sample was recognized as L.
plantarum and classified as HFY11 based on morphological observations and 16S rDNA
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species analysis. LP-HFY11, isolated by our research group from naturally fermented
yak milk in the homes of herders in Hongyuan County, Aba Tibetan-Qiang Autonomous
Prefecture, Sichuan Province, China, is now housed at the China General Microbiological
Culture Collection Center (CGMCC) under the accession number CGMCC No. 16644.
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electrophoresis of PCR amplification products (C) of Lactiplantibacillus plantarun HFY11. M: D2000
DNA Marker; 0: Negative control group; 11: Lactiplantibacillus plantarun HFY11.

3.2. In Vitro Resistance of L. plantarum HFY11

LP-HFY11 exhibited 82.15% viability in pH 3.0 artificial gastric juice and 51.35%
growth efficiency in 0.3% bile salt (Table 2). This indicated that the strain could tolerate
artificial gastric acid and bile salts, demonstrating good in vitro resistance. These findings
provided initial conditions for further development of LP-HFY11 as a probiotic. Conse-
quently, animal experiments were conducted to validate the intervention effect of LP-HFY11
on diarrhea.

Table 2. In vitro resistance of Lactiplantibacillus plantarun HFY11.

Strain Viability in pH 3.0 artificial gastric juice (%)
NO (µmol/gprot)

Growth efficiency in 0.3% bile salt (%)
MDA (nmol/mg) (nmol/mg)

LP-HFY11 82.15% ± 1.87 51.35 ± 1.08

3.3. Body Weight Change in Mice

As shown in Figure 2, the weight of mice gradually decreased over time in the diarrhea
group compared with the normal group. After feeding LP-HFY11 bacteria powder, the
weight of mice with diarrhea increased significantly, but it was still lower than that in
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the normal group. The Bifidobacterium-TVBT group showed the same trend as that in the
low-dose LP-HFY11 group. Moreover, the effect of high-dose LP-HFY11 was significantly
better than that in the Bifidobacterium-TVBT group.
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3.4. Serum Index Detection in Mice

Figure 3 shows the changes in T-AOC and the levels of IL-17A, IL-6, 5-HT, and MDA
in the serum of mice. The expression levels of pro-inflammatory factors IL-6, IL-17A,
MDA, and gastrointestinal hormones were high in the serum of mice in the diarrhea
model group. The levels significantly decreased after intervention with LP-HFY11 and
Bifidobacterium-TVBT (p < 0.05). The T-AOC in the serum of mice was significantly increased
in the LP-HFY11H group compared with the diarrhea group, and was higher than that in
the Bifidobacterium-TVBT and LP-HFY11L groups (p < 0.05).

3.5. Pathological Observation of the Small Intestine of Mice

As shown in Figure 4, the intestinal villi were intact, and the intestinal epithelial cells
were closely arranged in the normal group. In the model group, the villi and epithelial
structures of the small intestine were destroyed, accompanied by edema and necrosis. The
intestinal villi of mice in the Bifidobacterium-TVBT group were found to be intact under the
microscope; the villi were wider than those in the normal group. Some of the villi were
broken or dissolved. The villi of the small intestine in the LP-HFY11H group were widened
and relatively intact. The intestinal structure in the LP-HFY11L group was similar to that
in the Bifidobacterium-TVBT group.
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3.6. Pathological Observation of the Colon of Mice

The structure of the colon was complete, the epithelial cells were arranged neatly,
and the tree-like structure was clear in the normal group (Figure 5). In the model group,
the colon tissue structure was extremely damaged, and the intestinal villi were severely
shed or broken, accompanied by pathological changes or necrosis. The intestinal villi were
significantly wider, the structure was intact, no obvious edema was observed, and no
obvious shedding or fusing occurred in the Bifidobacterium-TVBT group compared with the
normal group, except for a small amount of inflammatory cell infiltration. The intestinal
villi in the LP-HFY11H group were wider than those in the normal group, and the intestinal
epithelial cells were relatively intact.
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3.7. mRNA Expression of Related Genes in the Small Intestine and Colon of Mice

Figure 6A,B shows that the expression levels of cystic fibrosis transmembrane conduc-
tance regulator (CFTR), epidermal growth factor receptor (EGFR), and transforming growth
factor beta 1 (TGFβ1) were high in the small intestine and colon tissues of mice in the model
group, whereas the expression levels of sodium/hydrogen exchanger 1 (NHE1) and NHE4
significantly decreased compared with those in the normal group. The expression levels of
CFTR, EGFR, and TGFβ1 in the tissues significantly decreased, while the expression levels
of NHE1 and NHE4 significantly increased, in the LP-HFY11H, Bifidobacterium-TVBT, and
LP-HFY11L groups, compared with the model group (p < 0.05). The expression levels in
the LP-HFY11H and normal groups were most similar.
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4. Discussion

The resistance of bacterial strains in pH 3.0 artificial gastric acid and 0.3% bile salt is a
basic in vitro evaluation method for assessing the probiotic potential of bacterial strains [14].
LP-HFY11 has good anti artificial gastric acid and bile salt ability, and preliminary evalua-
tion suggests that it has probiotic potential. Therefore, this study continues to use animal
models to evaluate its application in intervening in diarrhea.

The loss or destruction of intestinal mucosa can reduce the body’s ability to digest and
absorb, and the ability to fight against the invasion of antigens in vitro, leading to many
intestinal diseases [16]. The diarrhea model was induced by lincomycin hydrochloride
injection in this study. Lincomycin can cause dysbiosis of the gut microbiota, lincomycin
can kill bacteria that are beneficial to human health in the intestine, causing bacterial
flora disorders, food metabolism disorders, and osmotic diarrhea. The imbalance of flora
destroys the protective barrier of the intestinal mucosa, leading to infectious diarrhea [17].
After diarrhea, the body suffers from dehydration, loss of appetite, dyspepsia, and other
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diseases, resulting in weight loss. In this experiment, the weight of mice with diarrhea
also decreased significantly. LP-HFY11 inhibited the weight loss caused by diarrhea and
alleviated the disease.

Antibiotic-induced diarrhea is often accompanied by systemic inflammation and an
increase in the secretion of pro-inflammatory cytokines IL-6 and IL-17A [18]. T-AOC is one
of the indexes to measure the level of oxidative stress in the body. During diarrhea, the
oxygen free radicals in the body increase dramatically, triggering a chain reaction of free
radicals, causing lipid peroxidation and an increase in MDA levels [19]. 5-HT is one of the
essential neurotransmitters present in the gastrointestinal tract. Its expression increases
when diarrhea occurs in the body, which also causes contraction in the gastrointestinal
tract [20]. The experimental results showed that LP-HFY11H effectively adjusted the T-AOC
and the levels of IL-6, IL-17A, MDA, and 5-HT in mice with diarrhea, thus maintaining
intestinal health and alleviating symptoms of diarrhea.

Diarrhea can cause soft tissue damage, which may stimulate the intestinal mucosa and
lead to rupture and bleeding of the intestinal mucosa, causing intestinal ischemia. In severe
cases, it can also induce bacterial infection and cause enteritis, resulting in pathological
damage to intestinal tissue. Therefore, hematoxylin and eosin staining observations of in-
testinal tissue pathology is also an important means of checking the degree of diarrhea [21].
This study also confirmed that LP-HFY11 can effectively alleviate intestinal tissue lesions
caused by diarrhea, intervene in diarrhea, and promote body recovery.

The disturbance of electrolyte balance in the gastrointestinal tract and increased water
content in the stool often induce diarrhea. The electroneutral pathway mediated by Na+/H+

exchangers (NHEs) located on the side of the intestinal lumen can absorb a large amount of
NaCl [22]. NHE1 and NHE4 are the carriers playing an important role in the electroneutral
sodium absorption in the intestine [23]. TGF-β1 is a multifunctional cytokine that regulates
the growth and differentiation of various cell types, promotes inflammation, and inhibits
immunity [24]. CFTR regulates cystic fibrosis transmembrane transduction, which mainly
regulates cell water content by activating the chloride pathway, whereas EGFR can also
cause intestinal edema by inhibiting cell growth [25]. The experimental data showed that
LP-HFY11 regulated mRNA expression in the small intestine and colon so that the intestinal
tissue could restore normal function.

Probiotics help maintain the balance of microbes in the gut and inhibit the growth of
pathogenic bacteria by competing with harmful bacteria for nutrients and living space. This
microecological balance is essential for digestive and absorptive functions [26]. Probiotics
can promote the growth and repair of intestinal epithelial cells, enhance the integrity of
the intestinal barrier, and reduce harmful substances and inflammatory factors entering
the blood through the intestinal barrier. This helps prevent diseases caused by increased
intestinal permeability [27]. Probiotics can help restore the balance of microbes in the gut.
Diarrhea often leads to the reduction in beneficial bacteria and the increase in pathogenic
bacteria in the gut. Probiotics help to restore a healthy microecological environment by
using competition, inhibiting the growth of pathogenic bacteria, and enhancing the im-
mune response [28]. Probiotics can stimulate the intestinal immune system and enhance
the body’s resistance to infection, thereby reducing the risk of diarrhea, especially acute
diarrhea caused by viruses or bacteria [29]. Probiotics can promote the repair and re-
generation of intestinal epithelial cells and enhance the integrity of the intestinal barrier,
thereby reducing the penetration of harmful substances and pathogens and reducing the
possibility of diarrhea [30]. When treated with certain antibiotics, probiotics can reduce
the discomfort of antibiotic-associated diarrhea (AAD) and enhance the intestinal recovery
capacity [12]. Other studies have shown that probiotics can alleviate the uncomfortable
symptoms caused by diarrhea, such as abdominal pain and bloating, and improve the
quality of life [31]. LP-HFY11 could reduce inflammation, regulate intestinal tract and
inhibit diarrhea, suggesting that LP-HFY11 could be used as a novel probiotic.
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5. Conclusions

With diarrhea, the gut may have fewer good bacteria and more harmful bacteria.
Probiotics can help restore the balance of healthy flora in the gut and inhibit the growth
of harmful bacteria [32]. Probiotics can enhance the tight junction of intestinal epithelial
cells, improve intestinal barrier function, and reduce intestinal leakage, thereby reducing
the risk of infection and inflammation. Probiotics can reduce the occurrence of diarrhea
by regulating the response of the intestinal immune system. They enhance the activity
of immune cells in the gut and help fight pathogens [33]. Some probiotics, especially
lactic acid bacteria, produce short-chain fatty acids, which reduce intestinal discomfort and
relieve symptoms caused by diarrhea [34]. In summary, LP-HFY11 is a microbe which plays
an essential role in the gut. It enhances intestinal function, restores the intestinal structure
to its normal state, protects the intestinal structure, and promotes intestinal motility. In
addition, it also regulates the disordered intestinal flora and relieves diarrhea in mice, thus
potentially serving as an anti-diarrheal probiotic. This study has preliminarily verified the
intervention effect of LP-HFY11 on diarrhea. In the future, it is necessary to strengthen
relevant studies in animal and human clinical practice, observe the changes in intestinal
flora by sequencing the intestinal microbes, and verify the effect of LP-HFY11 through
clinical practice, in order to fully study the mechanism of LP-HFY11.
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