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Adipose-derived mesenchymal stem cells ")
attenuate acute lung injury and improve
the gut microbiota in septic rats

Junyi Sun'?", Xianfei Ding"", Shaohua Liu', Xiaoguang Duan', Huoyan Liang"? and Tongwen Sun'"

Abstract

Background: We hypothesized that adipose-derived mesenchymal stem cells (ADMSCs) may ameliorate sepsis-
induced acute lung injury (ALl) and change microorganism populations in the gut microbiota, such as that of
Firmicutes and Bacteroidetes.

Methods: A total of 60 male adult Sprague-Dawley (SD) rats were separated into three groups: the sham control
(SO) group, the sepsis induced by cecal ligation and puncture (CLP) group, and the ADMSC treatment (CLP-ADMS
Cs) group, in which rats underwent the CLP procedure and then received 1 x 10° ADMSCs. Rats were sacrificed 24 h
after the SC or CLP procedures. To study the role of ADMSCs during ALl caused by sepsis and examine the impact
of ADMSCs on the gut microbiome composition, rat lungs were histologically evaluated using hematoxylin and
eosin (H&E) staining, serum levels of pro-inflammatory factors were detected using enzyme-linked immunosorbent
assay (ELISA), and fecal samples were collected and analyzed using 16S rDNA sequencing.

Results: The serum levels of inflammatory cytokines, tumor necrosis factor (TNF)-a and interleukin (IL)-6, were
significantly increased in rats after the CLP procedure, but were significantly decreased in rats treated with ADMSCs.
Histological evaluation of the rat lungs yielded results consistent with the changes in IL-6 levels among all groups.
Treatment with ADMSCs significantly increased the diversity of the gut microbiota in rats with sepsis. The principal
coordinates analysis (PCoA) results showed that there was a significant difference between the gut microbiota of
the CLP-ADMSCs group and that of the CLP group. In rats with sepsis, the proportion of Escherichia-Shigella (P =
0.01) related to lipopolysaccharide production increased, and the proportion of Akkermansia (P=0.02) related to the
regulation of intestinal mucosal thickness and the maintenance of intestinal barrier function decreased. These
changes in the gut microbiota break the energy balance, aggravate inflammatory reactions, reduce intestinal barrier
functions, and promote the translocation of intestinal bacteria. Intervention with ADMSCs increased the proportion
of beneficial bacteria, reduced the proportion of harmful bacteria, and normalized the gut microbiota.

Conclusions: Therapeutically administered ADMSCs ameliorate CLP-induced ALl and improves gut microbiota,
which provides a potential therapeutic mechanism for ADMSCs in the treatment of sepsis.
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Introduction

Sepsis is a public health problem characterized by life-
threatening organ dysfunction due to maladjustment of
the host response to infection [1, 2]. In the intensive care
unit (ICU), the global mortality rate of sepsis is close to
25% [3, 4]. Sepsis involves the damage of various import-
ant organ functions, including brain, kidney, and heart
functions [5-8]. ALI can easily occur in the early stage
of sepsis due to the involvement of the lungs in suppura-
tive inflammation [9]. And there are many potential
pathogens that can cause sepsis [10]. More importantly,
there is no drug or treatment that can effectively cure
sepsis [11]. Therefore, it is necessary for us to develop
new therapeutic methods for ALI treatment.

In recent years, ADMSCs have been used as a new treat-
ment strategy for diseases related to inflammation and tis-
sue damage [12—15]. MSCs are easy to obtain and possess
immunomodulatory therapeutic properties and genetic sta-
bility [16]. MSCs can actively balance cytokines [17], stimu-
late the phagocytosis of monocytes and macrophages [18,
19], promote bacterial clearance, and prevent ALI and
organ dysfunction [20]. Our previous studies also found
that ADMSCs attenuate sepsis-related ALI by releasing
STNFRI1 [21]. ADMSCs can alleviate inflammation and oxi-
dative stress [22, 23], and many studies have confirmed the
therapeutic effect of mesenchymal stem cells (MSCs) in
sepsis animal models [24—27]. Furthermore, MSCs can in-
hibit the MAPK pathway activation during sepsis [28]. In
recent years, studies have found that the mechanisms by
which MSCs exert their therapeutic effects are manifold,
but in general, MSCs are considered to be able to form a
balanced inflammation and regeneration microenvironment
in damaged tissues under severe inflammation [29], which
provides an idea for our research. Recent studies have
found that ADMSCs and cord-derived MSCs show thera-
peutic effects on inflammation and maintain the balance of
the gut microbiota after early cell injection [30].

The gut microbiota is a complex microbial community
that has been shown to play a major role in health and
disease [31]. The gut microbiota consists of microorgan-
isms that reside in the host gastrointestinal tract. These
microorganisms provide protection against pathogen
colonization and invasion through appropriate re-
sponses, leading to inflammation or tolerance. Humans
have nearly 100 trillion gut bacteria that are vital for
good health. Millions of years of coevolution have
shaped the symbiotic relationship between humans and
microorganisms, in which the gut bacteria play a crucial
role in the metabolism of human nutrients, while the
human gut provides a nutrient rich environment for the
bacteria. Therefore, an imbalance in the gut microecol-
ogy leads to the occurrence or aggravation of disease
[32-37]. Dysfunction of the intestinal epithelium, dys-
function of the immune system, and translocation of
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enteropathogenic bacteria are considered to be the key
factors leading to infectious complications and multiple
organ dysfunction syndromes. The gut is considered to
be a driving factor for sepsis and multiple organ dys-
function syndromes [38]. As most of the microorganisms
in the human intestine are anaerobic, once excreted with
feces, their biological activity is lost [39]. Therefore, the
composition of the intestinal microflora detected by clin-
ical fecal samples through bacterial culture does not fully
reflect the overall picture of the human intestinal micro-
ecology. To address this problem, in animal experiments,
feces collected directly from the intestine can be used
for microbiological analysis to better reflect the overall
picture of the intestinal microecology. Because of the
barrier function of intestinal mucosa to bacteria in
physiological state, it can avoid the interference of harm-
ful bacteria to other tissues and organs of the human
body [40]. But the occurrence of sepsis will destroy the
intestinal barrier and cause the imbalance of intestinal
flora and the translocation of intestinal endogenous bac-
teria [41, 42], which will lead to the lung becomes the
most common and important damaged organ [43].
Therefore, intestinal endogenous bacterial infection is an
important reason of ALIL In addition, studies on the re-
lationship between pulmonary microbiome and disease
are also increasing [44-49]. The studies found that
healthy lungs also have microbiome [50], and the state
of pulmonary microbiome changes with the severity of
the disease [51, 52]. Some studies have found that the
intestinal and pulmonary microbiome of severe patients
have obvious changes after passing through the gut-lung
axis, which has an impact on sepsis-associated ALI or
acute respiratory distress syndrome (ARDS) [45, 53].
The composition of the microbiome in healthy lungs is
determined by the migration, clearance balance, and
growth rate of microorganisms [54, 55]. At present, the
repertoire of the airway microbiome of human beings
has been established [56], which is convenient for com-
parative analysis with other microbial components. Some
studies have shown that early use of antibiotics is benefi-
cial to patients with severe sepsis [57], but the high mor-
tality caused by sepsis and acute organ injury remains to
be solved. However, the use of drugs, such as antibiotics,
may change the microbiome in the body and disrupt the
relationship between microbiota and host [58]. And anti-
biotic treatment reduced the number of bacteria in the
blood of sepsis mice, which will interfere the efficacy of
MSCs [59]. Steroids can also affect the microbiome [51].
Some animal experiments and clinical studies have
found that the bronchoalveolar lavage fluid (BAL) can
be extracted or lung tissue can be sequenced to observe
characteristics of the lung microbiome, which greatly re-
duces the impact on host microbiome [48, 52, 60]. In
addition to sequencing methods, the microbiome can
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also be identified by conventional culture methods [52,
61]. 16S rDNA sequencing is a method for high-
throughput and rapid identification of bacterial species
[62]. In this study, we used 16S rDNA technology to ob-
serve the effect of early treatment with ADMSCs on the
intestinal microecology of rats with sepsis, and we com-
pared the general changes in intestinal bacteria between
different groups.

In this study, SD rats with sepsis induced by CLP were
used to test whether treatment with ADMSCs could im-
prove the ALI caused by sepsis and change the intestinal
microbiome.

Materials and methods

Experimental materials

Animals

A total of 60 male adult SD rats (200-250 g, 6—8 weeks
old) were purchased from Charles River (Beijing, China,
http://www.vitalriver.com) and placed in the temperature
control and light control room (20-25°C, 1:1 light dark
cycle) for free feeding and drinking. We used the method
of computer random assignment for grouping. And the
animals used in the experiment are the same batch of rats.
Rats were randomly divided into three groups (20 rats in
each group): the SC group, the CLP group, and the CLP-
ADMSCs treatment group. The SC and CLP groups were
injected with normal saline, and the CLP-ADMSCs group
was injected with 1 x 10° ADMSCs through the tail vein 1
h after CLP operation. Rats were killed 24 h after the oper-
ation and their serum, feces, and lung tissue samples were
collected for analysis. This study was conducted in accord-
ance with the principles described in the National Insti-
tutes of Health (NIH) guidelines for the care and use of
laboratory animals (http://grantsl.nih.gov/grants/olaw/).
All experiments were approved by the ethics review com-
mittee of life sciences at Zhengzhou University.

Main reagents

Ten percent chloral hydrate was purchased from SLB-
bio (Beijing, China). ADMSCs were purchased from
Cyagen (China). ELISA kits of rat IL-6 and TNF-a were
purchased from R&D Systems (USA). 0.25% ethylenedi-
aminetetraacetic acid (EDTA) trypsin was purchased
from SLB-bio. Phosphate-buffered saline (PBS) and the
E.ZN.A." Stool DNA Kit were purchased from HyClone
Laboratories (USA) and Omega Bio-tek (USA), respect-
ively. The Library Quantification Kit for Illumina® was
purchased from Kapa Biosciences (Woburn, USA). Fetal
bovine serum and penicillin-streptomycin solution
(100x) were purchased from Gemini Bio (USA) and
SLB-bio (Beijing, China), respectively. Dimethyl sulfoxide
(DMSO) and isopropyl alcohol were purchased from
Sigma (USA) and Tianjin Hengxing Chemical Reagent
Manufacturing Co., Ltd. (Tianjin, China), respectively.
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Main instruments

The ultra-clean workbench and carbon dioxide incuba-
tor used in this study were produced by Thermo Fisher
Scientific (USA). The water bath was manufactured by
Zhongkelianyi Technology (Beijing, China). The manu-
facturers of the optical microscopes and micro-samplers
were Olympus (Japan) and Eppendorf (USA), respect-
ively. The cell culture plates, cell cryopreservation tubes,
and culture flasks were produced by Corning (USA).
The 2100 Bioanalyzer system was manufactured by Agi-
lent (Santa Clara, USA). The manufacturers of the -
20°C and - 80°C refrigerators were Haier (China) and
Thermo Fisher Scientific, respectively.

Methods

CLP-induced sepsis rat model

The CLP model was simulated based on previous litera-
ture [42]. Briefly, after intra-peritoneal injection of 10%
chloral hydrate (350 mg/kg), the rat abdomen was
scraped and thoroughly cleaned with compound iodine,
and surgery was performed on a sterile plate. The lapar-
otomy was performed under anesthesia in rats, and then,
a 2.0-cm incision was made at the midline of the abdo-
men. The cecum was ligated and punctured twice with a
10-mL syringe needle at the blind end, and a certain
quantity of feces was squeezed out and placed in the
peritoneal cavity. The abdominal muscle layer was su-
tured with sterile 5+0 surgical sutures, and the skin was
sutured with sterile 3+0 surgical sutures. Antibiotics
were not given to the rats during abdominal closure in
order to obtain the simple therapeutic effect of MSCs.
All rats were immediately placed in a warm environment
after surgery and subcutaneously injected with pre-
heated normal saline (50 mL/kg) for fluid resuscitation
[63]. We choose subcutaneous injection of normal saline
can be absorbed more quickly, accelerate the recovery of
animals, and prevent dehydration caused by surgery.
Rats in the SC group were treated similarly, but the
cecum was not ligated or punctured.

ADMSC culture and labeling

Second-generation ADMSCs extracted from rat groin fat
were purchased from Cyagen Biotechnology (Yangzhou,
China, http://www.cyagen.com/cn/zh-cn/). Cells were
cultured according to the manufacturer’s instructions.
Flow cytometry analysis showed that CD29, CD90, and
CD44 were positively expressed, while CD45, CD11b,
and CD34 were negatively expressed in the ADMSCs.
Penicillin-streptomycin solution (100x) was used to pre-
vent bacterial contamination in cell culture. The cells
were cultured in medium (25 umol/L) to the fourth pas-
sage and maintained for 24 h for later use.
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ELISA analysis

Blood samples were collected from the abdominal aorta
of the rats. After 30 min, serum was collected and centri-
fuged (2500 rpm, 15 min). Serum samples were stored at
- 80°C for ELISA analysis.

Histological analysis of rat lungs

Rat chests were opened to expose the heart, the inferior
vena cava was cut off, and a perfusion needle was
inserted into the apex of the heart. One hundred to 200
mL of cold saline was rapidly pushed into the left ven-
tricle and aorta. When the lung turned white, half of the
lung tissue was extracted and put into 4% paraformalde-
hyde for histological analysis, and the other half was rap-
idly frozen in liquid nitrogen. The lung tissue was
embedded in paraffin and sliced using a slicer. H&E
staining was used to evaluate the lung tissue from the
rats. The procedure has been described in detail in the
related literature [64]. The lung tissue was resected at a
size of 5pum and sectioned. H&E staining was used to
analyze the lung tissue.

Sequencing and analysis of the gut microbiota

Twenty-four hours after the operation, the rat feces from
each group was squeezed into 2-mL cryopreservation
tubes, labeled uniformly, and stored at — 80 °C. The 16S
rDNA was sequenced using a NovaSeq PE250 platform
(Illumina) after the bacterial DNA was extracted from
the rat intestine (Hangzhou Lianchuan Biotechnology
Co., Ltd., Hangzhou, China). In order to ensure the effi-
ciency and quality of the DNA extracted from the differ-
ent microorganism sample sources, the best DNA
extraction method for the microorganism group was se-
lected and the quality of the extracted DNA was de-
tected using agarose gel electrophoresis. Meanwhile,
DNA was quantified using an ultraviolet spectrophotom-
eter. The electrophoresis detection time of the polymer-
ase chain reaction (PCR) products was generally within
48 h, and the bands were irregular or even disappeared
after 48 h. LC-bio uses AMPure XT beads (Beckman
Coulter Genomics, Danvers, MA, USA) to purify PCR
products and Qubit (Invitrogen, USA) for quantification.
The size and quantity of the amplification library were
evaluated using the library quantitative kit of the 2100
Bioanalyzer and Illumina (Kapa Biosciences, Woburn,
MA, USA), respectively. Alpha diversity was used to
analyze the complexity of the sample species diversity.
The five indicators, including Chaol, Observed species,
Goods coverage, Shannon, and Simpson, in the samples,
were calculated using the QIIME2 microbiome bioinfor-
matics platform (https://qiime2.org). Other diagrams
were implemented using R-package (v3.5.2) [65-67]. 16S
rDNA high-throughput sequencing technology was used
to analyze the intestinal microecological diversity, as well
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as to identify and compare the differences in the com-
position of the gut microbiota from the different treat-
ment groups.

Statistical analysis

All results were expressed as the mean + standard error.
One-way analysis of variance (ANOVA) and Tukey’s
post hoc test were used to evaluate the differences
among the three groups. The difference was statistically
significant when P <0.05. We used SPSS Statistics 21.0
(IBM, Chicago, IL) software to analyze the data.

Results

ADMSCs can improve the 24-h survival rate of rats,
reduce lung injury, and reduce TNF-a and IL-6 serum
levels

The cecum of CLP-induced sepsis rats was congested
and necrotic, while the cecum of rats from the CLP-
ADMSCs group was significantly improved (Fig. S1,
macroscopic view of the rat model). In addition, the 24-
h mortality rates of the SC group, CLP group, and CLP-
ADMSCs group were 0% (0/20), 40.0% (8/20), and 25.0%
(5/20), respectively. The 24-h mortality rate of the SC
group compared with that of the CLP group (P = 0.003).
The 24-h mortality rate of the CLP group compared
with that of the CLP-ADMSCs group (P=0.501). The
24-h mortality rates and P values for each experimental
group are shown in Table 1.

ELISA was used to detect the levels of IL-6 and TNEF-
a in 24-h serum. The results showed that the serum
levels of IL-6 (P <0.001) and TNF-a (P <0.01) were sig-
nificantly increased, and treatment with ADMSCs sig-
nificantly reduced the levels of IL-6 (P <0.01) and TNEF-
a (P <0.05), as shown in Fig. 1a, b.

As shown in Fig. 1c, H&E staining revealed increased
inflammatory infiltration, edema, and hemorrhage in the
CLP group, and treatment with ADMSCs improved
these abnormal pathological manifestations.

Alpha diversity of the gut microbiota in rats

The abundance curve shown in Fig. 2 was used to evalu-
ate whether the detected 16S rDNA sequences covered
all microbial species in the sample. The abscissa in the
graph represents the number of randomly selected se-
quences, and the ordinate represents the number of ob-
served operational taxonomic units (OTUs). A short

Table 1 24-h mortality of animals in each group

Group Fatality rate (deaths/total) P value
SC 0% (0/20) 0.003 *
cLp 40.0% (8/20) 0501°

CLP-ADMSCs 25.0% (5/20)

®Compared with CLP group
bCompared with CLP-ADMSCs group
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Fig. 1 Effect of adipose-derived mesenchymal stem cells (ADMSCs) on systemic inflammatory response in rats with cecal ligation and puncture
(CLP)-induced acute lung injury (ALI). The serum levels of IL-6 (a) and TNF-a (b) were measured using enzyme-linked immunosorbent assay (ELIS
A). *Compared with the sham control (SC) group; "compared with the CLP group; *, *P < 0.05; **, P < 0.01; ***, *p < 0.001. ¢ Effect of CLP and
ADMSCs on 24-h lung histology. Hematoxylin and eosin staining showed that inflammatory infiltration, edema, and hemorrhage of rat lung tissue
from the CLP group were significantly enhanced. Treatment with ADMSCs improved these anomalies (bar = 100 um)
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sample curve indicated a small number of sequences. A
plateau in the curve indicated that the sequencing was
saturated and increasing the amount of data would not
obtain new OTUs; however, if the curve did not plateau,
the sequencing was not saturated and increasing the
amount of data would yield more OTUs. It can be seen
from Fig. 2 that there is a turning point in the richness
curve of each sample when the sequence number was
about 3000 and that the Shannon curve tends to be flat.
This proves that the amount of sequencing data from
each group of samples was saturated.

Beta diversity of the gut microbiota in rats

Beta diversity refers to the species diversity among dif-
ferent environmental communities. Together, beta diver-
sity and alpha diversity constitute the overall diversity or
the biological heterogeneity of a certain environmental
community. To observe differences between samples,
beta diversity analysis usually starts with the calculation
of the distance matrix between environmental samples,
which includes the distance between any two samples,

mainly through principal component analysis (PCA),
principal coordinates analysis (PCoA), clustering analysis
(UPGMA), multidimensional scaling (NMDS), analysis
of similarities (ANOSIM), permutational multivariate
ANOVA (PERMANOVA, also known as Adonis), and
other methods.

PCoA analysis is a visual method to study the similar-
ities or differences between data. PCoA can also be used
to observe the differences between individuals or groups.
In the two-dimensional scatter diagram of the PCoA in
Fig. 3a, the different groups are represented by different
colors. The distance between the samples represents the
similarity between the samples, where samples that are
closer together are more similar in microbial compos-
ition. In the scatter plot, rat samples from the same
group gathered together, indicating that the similarity
between the gut microbiota of rats from the same group
was very high. The greater the distance between differ-
ent rat groups, the lower the similarity between the sam-
ples. In Fig. 3, the degree of contribution by PCoA1l and
PCoA2 is 0.3585 and 0.1063, respectively, which can be
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used to distinguish the intestinal microflora of the rats
from the different treatment groups. Therefore, based on
the unweighted PCoA in Fig. 3a, the CLP group was sig-
nificantly different from the control group and, after
ADMSC treatment, the overall similarity between the SC
group and the CLP-ADMSCs group was restored. In
addition, the PCA in Fig. 3b was consistent with the
PCoA results, indicating that ADMSCs had a positive
impact on the number and diversity of intestinal micro-
organisms. The PCA showed that the structure of the
gut microbiota changed significantly after CLP treatment
compared to the SC group, but there was little difference
between ADMSC-treated rats and the SC group.

Structure analysis of the gut microbiota in rats

In order to further explore the effect of treatment with
ADMSCs on the composition of the rat gut microbiota,
we statistically analyzed the phylum and genus of the
microorganisms in the gut flora. Figure 4a shows the
distribution of Bacteroidetes, Firmicutes, Verrucomicro-
bia, and Proteobacteria. Compared to the CLP group,
the abundance of Proteobacteria decreased, and the pro-
portion of Verrucomicrobia increased in the SC group,
indicating that CLP had a great influence on the com-
position of the intestinal microflora. On the contrary,
treatment with ADMSCs reduced the intestinal disturb-
ance and the abundance of Proteobacteria. Figure 4b
shows the genus distribution. Under normal conditions,
the abundance of Escherichia-Shigella was very low,
while that of the CLP group was significantly increased.
The production of lipopolysaccharide (LPS) by Escheri-
chia-Shigella destroys the balance of the gut microbiota
[68-70]. Figure 4c shows that treatment with ADMSCs
increased the abundance of Akkermansia, which can
regulate the thickness of the intestinal mucosa, so as to
maintain the intestinal barrier and provide a protective
effect [71-73]. The results showed that treatment with
ADMSCs could regulate and improve the microflora of
rats with sepsis and had a tendency to restore its abun-
dance. Figure 4d shows that the bacterial abundance of
the CLP-ADMSCs group is close to that of the SC
group, and that there is no significant difference or the
difference is smaller than that of the SC group. Overall,
the above results suggest that sepsis causes structural
changes to the gut microbiota in rats.

According to the results of Fig. 4, species diversity was
tested by Kruskal-Wallis test. The test showed the mi-
croorganisms with significant difference between SC
group and CLP group, and between CLP group and CLP
ADMSCs group. According to the above statistical test,
the corresponding P value was obtained to judge
whether there was significant difference among the three
groups. We defined P <0.05 as the species with signifi-
cant difference. We analyzed the differences between the
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genus levels and different groups and found the import-
ant flora that affected the different groups. In septic rats,
the proportion of Escherichia—Shigella (P =0.01) related
to lipopolysaccharide production increased, and the pro-
portion of Akkermansia (P =0.02) related to the regula-
tion of intestinal mucosal thickness and the maintenance
of intestinal barrier function decreased. Furthermore,
the proportion of Firmicutes related to energy storage,
such as Bacillus (P=0.44), decreased. CLP-ADMSCs
group compared with CLP group, the proportion of
Escherichia—Shigella (P=0.02) and the proportion of
Pygmaiobacter (P =0.03) decreased. But the proportion
of Akkermansia (P = 0.02) increased.

Discussion

This study shows that the gut microbiota of rats is sig-
nificantly disturbed after sepsis and that the imbalance
of the intestinal ecosystem plays an important role in
the development of sepsis-induced ALI. Furthermore,
treatment with ADMSCs can alleviate or even restore its
normal microbial state and improve ALI This finding
suggests that the potential mechanism by which ADMS
Cs treat sepsis-induced ALI in rats involves the regula-
tion of the gut microbiota.

MSCs have different tissue sources, but they have
similar biological characteristics. ADMSCs and BMSCs
are more valuable. ADMSCs have a similar regulatory ef-
fect with bone marrow-derived MSCs (BMSCs) in sepsis
model, but ADMSCs are more easily obtained in clinical
treatment [16]. ADMSCs are currently commercialized
and easier to buy. More and importantly, we have been
using ADMSCs, which has been published in our previ-
ous papers on sepsis [21, 74].

In order to study the role of the gut microbiota in rats
with sepsis, our research team used 16S rDNA analysis
technology for the first time to evaluate changes in the
gut microbiota of rats after treatment with ADMSCs in
the early stage of ALI caused by sepsis. The histological
staining results showed that the lungs of rats with sepsis
had serious lung injury, and the 16S rDNA sequencing
results showed the characteristics of the gut microbiota
disorder in the rats. Intervention with ADMSCs reduced
organ damage, as well as inflammatory infiltration and
hemorrhage, in the lungs, and the diversity of the flora
and the content of pathogenic bacteria in rats with sepsis
increased significantly. According to the recommenda-
tions in the official document of the American Thoracic
Society (ATS), at least three of four main characteristics
of ALI should be present in the ALI animal model, in-
cluding histological evidence of tissue injury, alteration
of the alveolar capillary barrier, inflammatory response,
and physiological dysfunction [75]. In our results, pul-
monary H&E showed typical inflammatory infiltration in
sepsis-associated ALI, and decreased plasma IL-6/TNF-«
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through MSCs treatment, effectively alleviated inflam-
matory infiltration, and reduced bleeding and edema. In
addition, we evaluated pulmonary edema by the lung
wet/dry (W/D) weight ratios [21]. The percentage of
apoptotic cells in CLP group was the highest by terminal
deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) staining [21]. Here, we described the main
relevant indicators of ALI that should be present. Some
preclinical studies have shown that MSCs can signifi-
cantly attenuate sepsis-associated ALI through immune
regulation [76-79]. Some studies have shown that

pulmonary H&E, inflammatory factors, and wet/dry (W/
D) weight of lung tissue can evaluate the ALI model [80,
81]. In addition, we found that treatment with ADMSCs
also reduced the expression of pro-inflammatory factors,
such as TNF—a and IL-6, which is consistent with our
previous studies [21, 74].

Firmicutes and Bacteroidetes are the main microflora
in the human intestinal tract, and they are also the two
most abundant microflora in the rat intestinal tract. Fir-
micutes and Bacteroidetes mainly participate in the
regulation of fat and bile acid metabolism and the
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maintenance of the energy balance in the host [82].
Firmicutes help the body absorb and store energy
from food, while Bacteroidetes do the opposite. This
study showed that sepsis changed the gut microbiota
and led to a significant decrease in food intake and
energy storage in the rats. Therefore, the imbalance
in the gut microbiota further aggravates the lung in-
jury induced by sepsis. After ADMSC intervention in
the SD rats, the proportion of Bacteroidetes and Fir-
micutes was partially corrected, energy intake and
consumption was gradually balanced, the mortality of
sepsis was effectively reduced, the inflammatory re-
sponse in rats with sepsis was reduced, and the
sepsis-induced ALI was improved.

Therefore, ADMSCs may reduce lung injury by block-
ing the release of inflammatory factors and may
normalize the intestinal flora structure of septic rats, in-
creasing beneficial bacteria, and reducing harmful bac-
teria. Overall, we studied the therapeutic effect of
ADMSCs on ALI in sepsis and found that treatment
with ADMSCs may relieve ALI and regulate the gut
microbiota, so as to significantly improve the survival
rate of rats with sepsis. Although the reduction of tissue
damage was observed in our study, the specific relation-
ship between the gut microbiota and lung tissue damage
is still unclear. A study has shown that lower intestinal
permeability has lower bacterial translocation and less
epithelial damage [83]. The use of drugs can reduce in-
flammation and inhibit fibrosis by remodeling the
microbiota to reduce damage [84]. In addition, some
animal experiments and clinical studies have found that
in mice and humans with sepsis-associated ALI, intes-
tinal flora is transferred to the lung through the gut-lung
axis [45, 53]. However, a study has found that when lung
injury occurs, bacteria will enter the bloodstream, result-
ing in an increase in the load of intestinal flora [59].
Therefore, the potential mechanism of MSCs in the
treatment of sepsis needs more exploration. There are
other potential therapies for the clinics, such as micro-
biological guided therapy, including fecal microbiota
transplantation (FMT) or probiotic therapy [85-87]. Pre-
vious studies of our team have found that the use of
stem cells significantly reduces the mortality of septic
rats and mice [21, 27, 74]. In future sepsis research, our
team will continue to focus on the potential treatment
and explore the treatment mechanism. A shortcoming of
this study is that it is not yet verified whether ADMSCs
may damage other organs in rats with sepsis at the same
time, or whether they have a tendency to aggregate. This
paper may provide potential drug treatment options for
patients with sepsis, that is, to maintain the balance of
the body’s own response by controlling the inflammatory
response and maintaining the stability of the intestinal
microecology.
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Conclusions

This is the first basic study on the changes of intestinal
microorganisms caused by ADMSCs in the treatment of
septic rats with ALIL The results show that ADMSCs re-
lieve the ALI induced by CLP and improve the intestinal
microflora, providing a potential mechanism for MSCs
to treat sepsis.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/513287-020-01902-5.
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