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Abstract

Background
We hypothesized that adipose-derived mesenchymal stem cells (ADMSCs) may ameliorate sepsis-
induced acute lung injury (ALI) by increasing or decreasing 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
(SC) group, the sepsis induced by cecal ligation and puncture (CLP) group, and the ADMSC treatment
(CLP-ADMSCs) group, in which rats underwent the CLP procedure and then received 1 × 106 ADMSCs.
Rats were sacri�ced 24 hours after the SC or CLP procedures. To investigate the relationship between
sepsis-induced ALI and the gut microbiota, rat lungs were histologically evaluated using hematoxylin and
eosin (H&E) staining, serum levels of pro-in�ammatory 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 in�ammatory cytokines, tumor necrosis factor (TNF)-α and interleukin (IL)-6, were
signi�cantly increased in rats after the CLP procedure, but were signi�cantly 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 signi�cantly increased the diversity of the gut
microbiota in rats with sepsis. The principal coordinates analysis (PCoA) results showed that there was a
signi�cant difference between the gut microbiota of the CLP-ADMSCs group and that of the CLP group. In
rats with sepsis, the proportion of Bacteroides related to energy consumption and Escherichia–Shigella
related to lipopolysaccharide production increased, and the proportion of Akkermansia related to the
regulation of intestinal mucosal thickness and the maintenance of intestinal barrier function decreased.
Furthermore, the proportion of Firmicutes related to energy storage, such as Verrucomicrobia, decreased.
Intervention with ADMSCs increased the proportion of bene�cial bacteria, reduced the proportion of
harmful bacteria, and normalized the gut microbiota, thus, improving the sepsis-induced ALI.

Conclusions
Therapeutically administered ADMSCs may improve CLP-induced ALI by regulating the gut microbiota,
providing a potential mechanism by which mesenchymal stem cells treat sepsis.
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Background
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 important 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 suppurative in�ammation[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 treatment strategy for diseases related to
in�ammation and tissue damage[12–15]. ADMSCs can alleviate in�ammation and oxidative stress[16, 17],
and many studies have con�rmed the therapeutic effect of mesenchymal stem cells (MSCs) in sepsis
animal models[18–20]. Recent studies have found that ADMSCs and cord-derived MSCs show therapeutic
effects on in�ammation and maintain the balance of the gut microbiota after early cell injection[21].

The gut microbiota is a complex microbial community that has been shown to play a major role in health
and disease[23]. The gut microbiota consists of microorganisms that reside in the host gastrointestinal
tract. These microorganisms provide protection against pathogen colonization and invasion through
appropriate responses, leading to in�ammation 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 microecology leads to the occurrence or aggravation of disease[24–29]. Dysfunction
of the intestinal epithelium, dysfunction of the immune system, and translocation of 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
dysfunction syndromes [30]. As most of the microorganisms in the human intestine are anaerobic, once
excreted with feces, their biological activity is lost[31]. Therefore, the composition of the intestinal
micro�ora detected by clinical fecal samples through bacterial culture does not fully re�ect the overall
picture of the human intestinal microecology. To address this problem, in animal experiments, feces
collected directly from the intestine can be used for microbiological analysis to better re�ect the overall
picture of the intestinal microecology. 16S rDNA sequencing is a method for high-throughput and rapid
identi�cation of bacterial species[32]. In this study, we used 16S rDNA technology to observe the effect of
early treatment with ADMSCs on the intestinal microecology of rats with sepsis, and we compared the
general changes in intestinal bacteria between the different treatment groups.

In this study, SD rats with sepsis induced by CLP were used to test whether treatment with ADMSCs could
improve the ALI caused by sepsis through changes in the intestinal microbiome.
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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. 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 × 106 ADMSCs
through the tail vein 1 hour after CLP operation. Rats were killed 24 hours after the operation and their
serum, feces, and lung tissue samples were collected for analysis. This study was conducted in
accordance with the principles described in the National Institutes of Health (NIH) guidelines for the care
and use of laboratory animals (http://grants1.nih.gov/grants/olaw/). All experiments were approved by
the ethics review committee of life sciences at Zhengzhou University.

Main reagents

10% chloral hydrate was purchased from SLB-bio (Beijing, China). ADMSCs were purchased from Cyagen
(China). ELISA kits of rat IL-6 and TNF-α were purchased from R&D Systems (USA). 0.25%
ethylenediaminetetraacetic acid (EDTA) trypsin was purchased from SLB-bio. Phosphate buffered saline
(PBS) and the E.Z.N.A.® Stool DNA Kit were purchased from HyClone Laboratories (USA) and Omega Bio-
tek (USA), respectively. The Library Quanti�cation Kit for Illumina® was purchased from Kapa
Biosciences (Woburn, USA). Fetal bovine serum and penicillin mixture (100 ×) were purchased from
Gemini Bio (USA) and SLB-bio, respectively. Dimethyl sulfoxide (DMSO) and isopropyl alcohol were
purchased from Sigma (USA) and Tianjin Hengxing Chemical Reagent Manufacturing Co., Ltd. (Tianjin,
China), respectively.

Main instruments

The ultra-clean workbench and carbon dioxide incubator used in this study were produced by Thermo
Fisher Scienti�c (USA). The water bath was manufactured by Zhongkelianyi Technology (Beijing, China).
The manufacturers of the optical microscopes and micro-samplers were Olympus (Japan) and Eppendorf
(USA), respectively. The cell culture plates, cell cryopreservation tubes, and culture �asks were produced
by Corning (USA). The 2100 Bioanalyzer system was manufactured by Agilent (Santa Clara, USA). The
manufacturers of the − 20 °C and − 80 °C refrigerators were Haier (China) and Thermo Fisher Scienti�c,
respectively.

Methods

CLP-induced sepsis rat model
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The CLP model was simulated based on previous literature[33]. Brie�y, 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. A 2.0 cm incision was made at the midline of the
abdomen. 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 sutured with sterile 5 + 0 surgical sutures, and the skin was sutured with sterile 3 + 0 surgical
sutures. All rats were immediately placed in a warm environment after surgery and subcutaneously
injected with pre-heated normal saline (50 mL/kg) for �uid resuscitation[34]. 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. The cells were
cultured in medium (25 µmol/L) to the fourth passage and maintained for 24 hours for later use.

ELISA analysis

Blood samples were collected from the abdominal aorta of the rats. After 30 minutes, serum was
collected and centrifuged (2500 rpm, 15 minutes). 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. 100–200 mL of cold saline was rapidly pushed into the left
ventricle and aorta. When the lung turned white, half of the lung tissue was extracted and put into 4%
paraformaldehyde for histological analysis, and the other half was rapidly frozen in liquid nitrogen. The
lung tissue was embedded in para�n 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[35]. The lung
tissue was resected at a size of 5 µm and sectioned. H&E staining was used to analyze the lung tissue.

Sequencing and analysis of the gut microbiota

24 hours after the operation, the rat feces from each group was squeezed into 2 mL cryopreservation
tubes, labeled uniformly, and stored at -80 ℃. 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 e�ciency and quality of the DNA
extracted from the different microorganism sample sources, the best DNA extraction method for the
microorganism group was selected and the quality of the extracted DNA was detected using agarose gel
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electrophoresis. Meanwhile, DNA was quanti�ed using an ultraviolet spectrophotometer. The
electrophoresis detection time of the polymerase chain reaction (PCR) products was generally within 48
hours, and the bands were irregular or even disappeared after 48 hours. LC-bio uses AMPure XT beads
(Beckman Coulter Genomics, Danvers, MA, USA) to purify PCR products and Qubit (Invitrogen, USA) for
quanti�cation. The size and quantity of the ampli�cation 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 �ve indicators,
including Chao1, Observed species, Goods coverage, Shannon, and Simpson, in the samples, were
calculated using the QIIME2 microbiome bioinformatics platform (https://qiime2.org). Other diagrams
were implemented using R-package (v3.5.2)[36–38]. 16S rDNA high-throughput sequencing technology
was used to analyze the intestinal microecological diversity, as well as to identify and compare the
differences in the composition of the gut microbiota from the different treatment 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 signi�cant when P < 0.05. We used SPSS Statistics 21.0 (IBM, Chicago, IL) software to
analyze the data.

Results
ADMSCs can improve the 24-hour survival rate of rats, reduce lung injury, and reduce TNF-α 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 signi�cantly improved (Figure S1, macroscopic view of the rat model). In
addition, the 24-hour 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-hour mortality rate of the CLP group was
signi�cantly higher than that of the SC group (P = 0.003) and the CLP-ADMSCs group (P = 0.501). The 24-
hour mortality rates and P values for each experimental group are shown in Table 1.

Table 1
24-hour mortality of animals in each group.

Group Fatality rate (deaths / total) P value

SC 0% (0/20) 0.003 a

CLP 40.0% (8/20) 0.501 b

CLP-ADMSCs 25.0% (5/20)  

a, Compared with CLP group;b, Compared with CLP-ADMSCs group
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ELISA was used to detect the levels of IL-6 and TNF-α in 24-hour serum. The results showed that the
serum levels of IL-6 (P < 0.001) and TNF-α (P < 0.01) were signi�cantly increased, and treatment with
ADMSCs signi�cantly reduced the levels of IL-6 (P < 0.01) and TNF-α (P < 0.05), as shown in Fig. 1(A&B).

As shown in Fig. 1(C), H&E staining revealed increased in�ammatory in�ltration, 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 evaluate whether the detected 16S rDNA sequences
covered all microbial species in the sample. The abscissa in the graph represents the number of
randomly selected sequences, and the ordinate represents the number of observed operational taxonomic
units (OTUs). A short 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 �at. 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 different environmental communities. Together, beta
diversity 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 similarities 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. 3(A), 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 composition. 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 different rat groups, the lower the similarity between the samples. In Fig. 3,
the degree of contribution by pcoa1 and pcoa2 is 0.3585 and 0.1063, respectively, which can be used to
distinguish the intestinal micro�ora of the rats from the different treatment groups. Therefore, based on
the unweighted PCoA in Fig. 3(A), the CLP group was signi�cantly 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. 3(B) was consistent with the PCoA results, indicating that ADMSCs
had a positive impact on the number and diversity of intestinal microorganisms. The PCA showed that
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the structure of the gut microbiota changed signi�cantly 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 �ora.
Figure 4(A) shows the distribution of Bacteroidetes, Firmicutes, Verrucomicrobia, and Proteobacteria.
Compared to the CLP Group, the abundance of Proteobacteria and Bacteroidetes decreased, and the
proportion of Verrucomicrobia increased in the SC group, indicating that CLP had a great in�uence on the
composition of the intestinal micro�ora. On the contrary, treatment with ADMSCs reduced the intestinal
disturbance and the abundance of Proteobacteria. Figure 4(B) shows the genus distribution. Under
normal conditions, the abundance of Escherichia-Shigella was very low, while that of the CLP Group was
signi�cantly increased. The production of lipopolysaccharide (LPS) by Escherichia-Shigella destroys the
balance of the gut microbiota[39–41]. The abundance of Bacteroidetes in the SC group was the highest,
but that in the CLP group was signi�cantly lower. Figure 4(C) 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[42–44]. The results showed that
treatment with ADMSCs could regulate and improve the micro�ora of rats with sepsis, and had a
tendency to restore its abundance. Figure 4(D) shows that the bacterial abundance of the CLP-ADMSCs
group is close to that of the SC group, and that there is no signi�cant 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.

Discussion
This study shows that the gut microbiota of rats is signi�cantly 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 �nding suggests that the potential mechanism by which ADMSCs treat sepsis-induced ALI in
rats involves the regulation of the gut microbiota.

The purpose of this study was to determine whether ADMSC treatment could improve ALI in rats with
sepsis through alterations in the gut microbiota. At present, more and more bone marrow-derived stem
cells are used to treat diseases related to in�ammation and organ damage[45]. However, little is known
about the contribution of ADMSCs to the development of ALI in rats with sepsis[46]. Therefore, in order to
�ll this knowledge gap, in this study, we analyzed changes in the intestinal micro�ora of sepsis-induced
SD rats using 16S rDNA sequencing. Through the systematic analysis of human fecal samples, it has
been reported that the characteristics of the intestinal micro�ora are completely changed during sepsis. In
the case of severe sepsis, there are serious disorders of the intestinal microenvironment and micro�ora
composition. Since most of the microorganisms in the human intestinal tract are anaerobes, once
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excreted with feces, these microorganisms lose their biological activity. Therefore, it is unnecessary to
sequence the feces of patients. To accurately re�ect the gut microbiota of patients, this study uses an
animal experiment, in which feces is taken from the intestine for �ora analysis[47, 48].

In order to study the role of the gut microbiota in rats with sepsis, our research team used 16S rDNA
analysis technology for the �rst 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 in�ammatory in�ltration and hemorrhage, in the lungs, and the diversity of the �ora
and the content of pathogenic bacteria in rats with sepsis increased signi�cantly. In addition, we found
that treatment with ADMSCs also reduced the expression of pro-in�ammatory factors, such as TNF–α
and IL-6, which is consistent with our previous studies[49, 50].

Firmicutes and Bacteroidetes are the main micro�ora in the human intestinal tract, and they are also the
two most abundant micro�ora in the rat intestinal tract. Firmicutes and Bacteroidetes mainly participate
in the regulation of fat and bile acid metabolism and the maintenance of the energy balance in the
host[51]. Firmicutes help the body absorb and store energy from food, while Bacteroidetes do the opposite.
This study showed that sepsis changed the gut microbiota, in which the number of Firmicutes decreased
and the number of Bacteroidetes increased, which led to a signi�cant decrease in food intake and energy
storage in the rats. Therefore, the imbalance in the gut microbiota further aggravates the lung injury
induced by sepsis. After ADMSC intervention in the SD rats, the proportion of Bacteroidetes and
Firmicutes was partially corrected, energy intake and consumption was gradually balanced, the mortality
of sepsis was effectively reduced, the in�ammatory response in rats with sepsis was reduced, and the
sepsis-induced ALI was improved.

Therefore, ADMSCs may reduce lung injury by blocking the release of in�ammatory factors, or it may
improve the ALI caused by sepsis by normalizing the intestinal �ora structure of septic rats, increasing
bene�cial bacteria, and reducing harmful bacteria. Overall, we studied the therapeutic effect of ADMSCs
on ALI in sepsis and found that treatment with ADMSCs may improve ALI and reduce systemic
in�ammation through alterations to the gut microbiota, so as to signi�cantly improve the survival rate of
rats with sepsis. A shortcoming of this study is that it is not yet veri�ed 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 in�ammatory response and maintaining the
stability of the intestinal microecology.

Conclusions
This is the �rst basic study on the changes of intestinal microorganisms caused by ADMSCs in the
treatment of septic rats with ALI. The results show that ADMSCs may improve the ALI induced by CLP by
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regulating intestinal micro�ora, providing a potential mechanism for MSCs to treat sepsis.

Abbreviations
ADMSCs: Adipose-derived mesenchymal stem cells; ALI: Acute lung injury; H&E: hematoxylin and eosin;
ELISA: enzyme-linked immunosorbent assay; PCoA: Principal coordinates analysis; MSCs: Mesenchymal
stem cells; OTUs: Operational taxonomic units.
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Supplementary Figure Legend
Figure S1. Macroscopic view of the rat model.
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Figure 1

Effect of adipose-derived mesenchymal stem cells (ADMSCs) on systemic in�ammatory response in rats
with cecal ligation and puncture (CLP)-induced acute lung injury (ALI). The serum levels of IL-6 (A) and
TNF-α (B) were measured using enzyme-linked immunosorbent assay (ELISA). *Compared with the sham
control (SC) group; #Compared with the CLP group; *, #, P < 0.05; **, ##, P < 0.01; ***, ###, P < 0.001. (C)
Effect of CLP and ADMSCs on 24-hour lung histology. Hematoxylin and eosin staining showed that
in�ammatory in�ltration, edema, and hemorrhage of rat lung tissue from the CLP group were signi�cantly
enhanced. Treatment with ADMSCs improved these anomalies (bar = 100 μm).
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Figure 2

Abundance analysis of intestinal microecology. The abscissa represents the number of randomly
selected sequences. The ordinate represents the number of operational taxonomic units (OTUs) observed.
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Figure 3

(A) Principal coordinates analysis (PCoA) based on unweighted UniFrac values of rats from the different
treatment groups. (B) Principal component analysis (PCA) of rats from the different treatment groups.
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Figure 4

(A) Distribution of phylum in the gut microbiota of rats from the different treatment groups. (B)
Distribution of genus in the gut microbiota of rats from the different treatment groups. (C) Cluster graphs.
Left: The Bray-Curtis distance clustering tree structure. Closer sample clustering and shorter branches
indicate a higher degree of similarity in the sample species composition. Right: The relative abundance
distribution map of each sample at the gate level. A larger proportion indicates higher abundance. (D)
Heat map. The gradient colors from blue to red re�ect the change in abundance from low to high. Colors
closer to blue indicate a lower abundance; colors closer to red indicate a higher abundance.


