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Abstract

Neuroinflammation is a key factor leading to the oc-
currence of neurodegenerative diseases. Human Umbili-
cal Cord Mesenchymal Stem Cells (hUC-MSCs) exert anti-
inflammatory functions. However, the mechanism of the 
effect of hUC-MSCs therapy on the intestinal flora of neu-
roinflammatory models is still unclear. The purpose of this 
study is to explore the regulatory effect of hUC-MSCs on the 
intestinal flora of the LPS-induced neuroinflammation mod-
els. We used the hUC-MSCs and LPS-induced neuroinflam-
mation mouse model as the research object. To explore the 
neuroprotective effect of hUC-MSCs on neuroinflammation 
models, behavioral tests, Nissl stain, Western Blot, 16S rRNA 
sequencing, and bioinformatics analysis were performed. 
We found that LPS suppressed the cognition and behav-
ior of mice, but the treatment of hUC-MSCs could improve 
them, and hUC-MSCs inhibited LPS-induced neuronal death 
in the hippocampus and cortex. In addition, the results of 
Western Blot showed that hUC-MSCs could inhibit the ac-
tivation of astrocytes and microglia and the expression of 
inflammatory factors. 16S rRNA sequencing showed that 
LPS induction reduced Oscillospira and Odoribacter, and in-
creased Prevotella, Coprococcus, Dialister, Veillionella, and 
Ruminnococcus. This study indicated that hUC-MSCs may 
play a neuroprotective effect by regulating intestinal flora.
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Introduction

Neuroinflammation is the main pathogenic factor of neuro-
degenerative diseases, which is closely related to the activation 
of astrocytes and microglia in the central nervous system [1,2]. 
Microglia and astrocytes can be activated by sensing external 
harmful substances or pro-inflammatory stimulus [3], leading 
to neuroinflammation, cognitive and behavioral dysfunction, 
and neuronal damage [4]. Therefore, modulating neuroinflam-
mation is a potential therapeutic strategy for preventing/treat-
ing neuroinflammation-related diseases.

Lipopolysaccharide (LPS) is an endotoxin derived from gram-
negative bacteria that is a strong stimulator of activation of mi-
croglia and astrocytes [5]. LPS can interact with Toll-Like Recep-
tor 4 (TLR4) in microglia with triggering Nuclear Factor Kappa-B 
(NF-κB) and Mitogen-Activated Protein Kinase (MAPK) signaling 
pathways, thus inducing the secretion of pro-inflammatory fac-
tors [6]. The secretion of pro-inflammatory factors will promote 
activation of microglia and astrocytes further inducing neuron 
death, Blood-Brain Barrier (BBB) and gut barrier disruption, 
abnormal cognition and behavior, and imbalance of gut micro-
biota [7,8]. Therefore, the LPS-induced mouse models are used 
as a model of neuroinflammation.

Human Umbilical Cord Mesenchymal Stem Cells (hUC-MSCs) 
are characterized by high proliferation, multi-lineage differen-
tiation potential, and immune regulation. It is known that hUC-
MSCs can treat degenerative diseases through immunomodu-
lation, paracrine, and regeneration effects [9]. In this study, 
we investigated the efficacy of hUC-MSCs in a mouse model 
of LPS-induced neuroinflammation. The results indicate hUC-
MSCs administration may affect the gut microbiota and have 
a neuroprotective effect via immunomodulatory and brain-gut-
microbiota axis, providing strong support for the use of hUC-
MSCs as a uniform and sustainable source of cells for neuroin-
flammation-related diseases therapy. 

Methods

Cultivation of hUC-MSCs

The hUC-MSCs (Cat. No.1163, Kangyanbao, China) were pur-
chased from Kangyanbao (Beijing) Stem Cell Technology Co., Ltd 
(http://www.go007.com/zp/comp_10997163.html), and the 
isolation and extraction of this cell obtained ethical approval. 
The cells were cultured in a DMEM medium (BI, Israel), which 
contained 10% Fetal Bovine Serum (FBS, BI, Israel) and100 U/
mL penicillin (BI, Israel), and 100 μg/mL streptomycin (BI, Isra-
el). The new medium was replaced with fresh medium every 2 
days. When the confluency of the cells reached 80%-90%, the 
cultured cells were passaged with 0.25% trypsin (BI, Israel). The 
cells at passages 3-5 were used for the experiments.

Detection of surface markers 

When hUC-MSCs reached 80-90% confluence, hUC-MSCs 
were harvested and prepared into a single cell suspension of 
1×106 cells, fixed with 4% paraformaldehyde (Solarbio, China), 
and washed with PBS. The cells were labeled with surface mark-
ers, including CD73 (FITC, BD Biosciences, San Jose, CA, USA), 
CD90 (FITC, BD Biosciences, San Jose, CA, USA), and CD105 
(FITC, BD Biosciences, San Jose, CA, USA). The negative marker 
was a mixture of CD34, CD45, CD11b, CD19 and HLA-DR (PE, BD 
Biosciences, San Jose, CA, USA). Negative control (BD Bioscienc-
es, San Jose, CA, USA) and isotype control (BD Biosciences, San 
Jose, CA, USA) were used to calibrate the fluorescence intensity 

of the cells. The expression of surface markers on labeled cells 
was detected by flow cytometry (BD Biosciences, NJ).

Osteogenesis, adipogenesis, and chondrogenesis differen-
tiation

For adipogenic differentiation, hUC-MSCs were seeded in a 
6-well plate (Eppendorf, USA). After hUC-MSCs reached 100% 
confluence, the cell was cultured with an adipogenic differ-
entiation medium (Cyagen Biosciences, China). hUC-MSCs in 
routine culture medium served as control. All mediums were 
changed twice per week for 3 weeks. Staining of hUC-MSCs was 
performed with Oil Red O (Cyagen Biosciences, China). For os-
teogenic induction, hUC-MSCs were cultured to a confluence 
of 60-70%. The supernatant was discarded, and an osteogenic 
differentiation medium (Cyagen Biosciences, China) was added. 
The osteogenic medium was changed every 3 days, and Alizarin 
Red (Cyagen Biosciences, China) staining was performed after 3 
weeks of induction. For chondrogenic differentiation, 3-4×105 
cells were transferred to a 15 mL centrifuge tube, centrifuged at 
250 g for 4 min to form a pellet. Chondrogenic induction com-
plete medium (Cyagen Biosciences, China) was added. Finally, 
the cap of the centrifuge tube was loosened and placed in a 
37°C, 5% CO2 incubator. Change the culture medium every 2-3 
days. With 21-28 days of continuous induction, the cartilage 
balls were fixed with paraformaldehyde and cut by a cryostat. 
And then the slice was stained with Alcian Blue (Cyagen Biosci-
ences, China) and observed with a microscope.

LPS modeled

Derived from E. coli 055: B5, LPS (Sigma-Aldrich, L2880) was 
dissolved in 1 mL of normal saline to prepare a mother liquor 
of 10 mg/mL and stored in a refrigerator at -20°C. According 
to the injection dose of 0.5 mg/kg/day, the working solution 
was prepared, and the 0.22 μm filter was used for filtration and 
sterilization. Each mouse was injected with a 100 μL working 
solution of LPS for 5 days by intraperitoneal injection.

Animal and treatment 

Twenty-one C57BL/6 mice (male, 6-8 weeks) were purchased 
from the Peking University School of Medicine. In a stable en-
vironment with constant temperature (25 ± 1°C) and relative 
humidity (55 ± 5%), all animals are kept in standard animal cag-
es, having free access to feed and water. The procedures for 
the care and use of animals have been approved by the ethics 
committee of Peking University School of Medicine, and all ap-
plicable institutions and government regulations regarding the 
ethical use of animals have been complied with. The mice were 
randomly divided into 3 groups (n=7), including the control 
group, the LPS group (intraperitoneal injection of LPS 0.5 mg/kg 
for 5 days and tail intravenous injection of normal saline), and 
the LPS+hUC-MSCs group (It is abbreviated as hUC-MSCs in the 
article below), the hUC-MSCs group (1×106 cells/mouse) was 
administered by tail vein injection 4 times at 1, 5, 9, 13 days, 0.5 
mg/kg LPS was injected into each recipient mouse by intraperi-
toneal injection at 9-13 day in the hUC-MSCs group.

Behavioral experiment

Morris water maze (MWM) 

MWM [10] was mainly used to evaluate the learning and 
memory abilities of mice. Each mouse was trained for 5 days. 
The platform was 1 cm above the water surface on the first day, 
and on the second to fifth days added white dye to the water 
and hide the platform 1cm below the water surface. Trained 3 
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times a day, the mice were put in different water points, and we 
recorded the time of the mice landing within 60 s. If a mouse 
didn’t find the platform, we guided the mouse to the platform, 
where the mouse was allowed to sit for 10 s, and then we dried 
it with a paper towel and placed a heat lamp under it to dry 
before we put it in a cage. On the sixth day, the platform was 
removed. The staying time of the mouse in the target quadrant 
and the time passing through the platform were observed to 
evaluate the learning and memory ability of the mouse.

Novel object recognition test 

Novel Object Recognition (NOR) test was also used to an-
alyze the learning and memory abilities of mice [11]. On the 
first day, a mouse was stayed in an empty box for 10 minutes to 
adapt to the environment of the box. On the second day, two 
of Object A (cylinder) were placed in the box. A 10-min object 
familiarization phase was conducted. An hour later Object A 
was replaced by Object B (cylinder and cone), and a 6-min test-
ing period was conducted. We observed the object recognition 
times. The novel object recognition ratio = time novel object/ 
(time novel object + time old object) ×100%. Object exploration 
was defined when a rat directed its nose at an object within 2 
cm or less and was actively investigating the object.

The pole test, wire hang test and rotarod test

A self-made wooden pole with a diameter of 1 cm and a 
height of 60 cm was placed in the home cage. The mouse was 
placed head upon the top of the rod, and the time that it took 
the mouse to fall from the top of the rod to the ground was 
recorded. The interval between each test is l min. As Kuriba-
ra’s test method said that a metal wire is placed horizontally 
on both ends of the self-made plexiglass suspension test box, 
distancing 30 cm from the ground [12]. In the experiment, the 
mouse’s front paws were suspended on the metal online. We 
checked the number of paws that the mouse could grasp on 
the main wire. The scoring standards range from 1 to 3 (zero= 
1 points, one= 2 points, two= 3 points). The interval of each 
test is 1 min. The rotarod test requires animals to keep balance 
and move continuously on a roller, which is widely used to de-
tect movement coordination [13]. The diameter of the roller is 
6 cm, and the speed is 20 r/min. After each mouse was trained 5 
times, the time that the mouse was on the roller was recorded. 
The interval of each test is 1 min. In the above test, high-speed 
cameras were used to record the behavioral effects of mice and 
were analyzed by people who were not involved in the experi-
ment. All experiments were performed 3 times.

Tissue preparation 

After the behavioral test was over, the mice were cut off 
from feeding for 12 h to facilitate obtaining materials. First, 
the mice were anesthetized to let the mice lose consciousness. 
Brain tissue was quickly placed in a -80 °C freezer after the addi-
tion of liquid nitrogen. After the tissue to be sliced was fixed in 
4% paraformaldehyde for 24 h, dehydrated with 10% and 15% 
sucrose solution overnight in turn, and then soaked in 30% su-
crose solution. After the tissue was completely sunk to the bot-
tom in a 30% sucrose solution, the tissue samples were embed-
ded in OCT (Sakura, China), stored at -80 °C.

Western blot

The brain tissue was lysed in 8 M urea (Xilong Scientific, 
China), centrifuged the lysis buffer mixture and collected the 
supernatant. The protein concentration was quantified by BCA 

(Beyotime, China). The proteins were separated by 15% sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis, transferred 
to PVDF membrane (Millipore), and incubated for 1 h at room 
temperature with 5% skimmed milk powder in PBST. Subse-
quently, the bands of specific protein molecular weights were 
cut out and combined with primary antibodies overnight at 4°C, 
including, IL-6 Mouse Monoclonal Antibody (Beyotime, China, 
AF0201, 1:1000), IL1B Rabbit Polyclonal Antibody (Beyotime, 
China, AF7209, 1:1000), TNF-α Rabbit Polyclonal Antibody (Be-
yotime, China, AF8208, 1:1000), GFAP Mouse Monoclonal Anti-
body (Beyotime, China, AF0156, 1:1000), Iba-1 Rabbit Polyclonal 
Antibody (Beyotime, China, AF7143, 1:1000) and β-Actin Mouse 
Monoclonal Antibody (Beyotime, China, AF5001, 1:1000). Then, 
the protein bands were washed with PBST 3 times for 10 min, 
incubated with the diluent of the HRP-labeled Goat Anti-Rabbit 
IgG(H+L) (Beyotime, China, A0208, 1:1000) or HRP-labeled Goat 
Anti-Mouse IgG(H+L) (Beyotime, China, A0216, 1:1000) at room 
temperature for 1 h. After being covered with the substrate, 
each protein band was visualized and recorded by a chemilumi-
nometer (Shenhua Technology, China). The data were obtained 
using ImageJ analysis software.

Nissl stain 

Washed by PBST, a 30 μm frozen section was fixed with 4% 
paraformaldehyde for 10 min, washed with distilled water for 
2 min. Then the brain slice was stained with Nissl stain for 10 
min and was washed twice with distilled water, and the brain 
slice was dehydrated with 95% ethanol for 2 min 2 times. We 
dropped xylene on the brain slice for 5 min twice to promote 
the transparency of the brain slice. The morphology of hippo-
campal neurons was observed under a microscope to get 5 pic-
tures for each section.

16 S rRNA Sequencing

We used sterilized tweezers to collect 2-3 pieces of fresh fe-
ces from each mouse, putting them in the sample storage solu-
tion (n=3, Guhe, China). The DNA of samples was extracted, us-
ing nucleic acid extraction or purification reagents (GHFDE100, 
Guhe, China). The quantity and quality of DNA were determined 
by the NanoDrop ND-1000 spectrophotometer (Thermo Fisher 
Scientific, Waltham, MA, USA). We performed a quality inspec-
tion on the sample, selected one or several variant regions after 
passing the quality inspection, and designed universal primers 
for amplification. The configured PCR system performs PCR am-
plification according to the following reaction conditions: pre-
denaturation at 98°C for 30 s, and the next 25 cycles: denatur-
ation 98°C 15 s, annealing at 58°C 15 s, and extension at 72°C 
15 s. The final extension is 72°C for 1 min. The PCR product was 
purified with AMPure XP Beads (Beckman Coulter, Indianapo-
lis, IN) and quantified using PicoGreen dsDNA Assay Kit (Invi-
trogen, Carlsbad, CA, USA). After quantification, the Illlumina 
HiSeq4000 pair-end 2×150 bp platform was used for sequenc-
ing. The obtained sequencing data were used for species iden-
tification analysis.

Bioinformatics analysis

Based on the OTU clustering results and taxonomic informa-
tion, we could further in-depth statistical analysis and visual 
analysis of community structure and phylogeny, and function 
prediction analysis. Sequence data analysis mainly uses QIIME 
and R package (v3.2.0). We used QIIME software to calculate 
the alpha diversity index. Beta diversity analysis was to calculate 
the UniFrac distance metric through Qimme software [14,15], 
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Figure 1: Morphological observation and identification of 
hUC-MSCs. (a) Morphological observation of hUC-MSCs un-
der the ordinary light microscope. (b) Adipogenesis of hUC-
MSCs stained with oil red O. (c) Osteogenesis image of hUC-
MSCs induced by an osteogenic medium. (d) The frozen 
sections of cartilage balls of hUC-MSCs were stained with 
Alcian blue and were positive. (e) Flow cytometry to identify 
stem cell surface markers. The expression of negative mark-
ers (including CD34, CD45, CD11b, CD19, and HLA-DR) was 
0.00%. The expression levels of the positive markers CD73, 
CD90, and CD105 were 100%, 96.37%, and 100%, respectively. 
hUC-MSCs: Human umbilical cord mesenchymal stem cells.

drawing PCA and PCoA diagrams to perform Beta diversity anal-
ysis on the microbial community structure of different samples.

The t-tests and the Monte Carlo permutation tests were used 
to draw box plots to compare the differences in Unifrac distanc-
es between groups. PERMANOVA (Permutational Multivariate 
Analysis of Variance) [15] was used to evaluate the markers of 
microbial community structure differentiation between groups, 
from the “vegan” of the R package. Taxonomic groups and 
abundance were visualized by MEGAN [16] and GraPhlAn [17]. 
The Venn diagram was generated based on the “VennDiagram” 
of the R package to visualize the common and unique OTUs be-
tween samples or groups. Kruskal method of the R stats pack-
age was used to compare the differences in phyla, class, order, 
family, and genus among samples or groups. LEfSe analysis used 
LEfSe default settings to detect differences in taxonomies be-
tween groups. Random forest analysis used the default settings 
of the R package’s “random Forest” to compare differences be-
tween groups. Prediction of microbial function was based on 
the PICRUSt [18]. Metagenomic Profiles (STAMP, v2.1.3) [19] 
were used to further analyze the output files. The analysis of 
β diversity in species and function based on Meta-Storms dis-
tance was done with Parallel-META 3 (version 3.3.2).

Statistical analysis 

All data in the article were presented as means ± SD from at 
least three independent experiments. For analysis of learning 
and cognitive abilities, neuronal death, and western blot, one 
one-way ANOVA was performed, and comparisons between 
two groups were processed with Student’s t-test. The t-tests 
and the Monte Carlo permutation tests were used to draw box 
plots to compare the differences in Unifrac distances between 
groups in the 16 S rRNA Sequencing. P<0.05 was considered sig-
nificant. ***P < 0.001; **P < 0.01; *P < 0.05.

Results

Morphological observation and identification of hUC-MSCs

Under the ordinary light microscope, the hUC-MSCs have 
a uniform fibrous morphology (Fig. 1a). There was no obvious 
change in cell morphology during cell proliferation. When hUC-
MSCs were cultured in the osteogenic and the adipogenic in-
duction medium for 21 days, small red lipid droplets could be 
found in the cytoplasm of cells after staining with Oil Red O (Fig. 
1b), and many red nodules could be observed after staining 
with Alizarin Red (Fig. 1c). We added cartilage complete me-
dium to hUC-MSCs for about 4 weeks, took out the cartilage, 
and stained the frozen section with Alcian blue. It was found 
that the cells produced blue glycosaminoglycans, which was an 
important raw material for the formation of articular cartilage 
tissue. So, this result showed that hUC-MSCs have formed car-
tilage (Fig. 1d). Overall, these results suggested that hUC-MSCs 
had the abilities of adipogenic differentiation, osteogenic dif-
ferentiation, and chondrogenic differentiation. In addition, 
the surface marker identification results showed that the ex-
pression of negative markers (CD34, CD45, CD11b, CD19, and 
HLA-DR) were 0% in the experimental samples, and the expres-
sion levels of the positive markers, including CD73, CD90, and 
CD105, were 100%, 100% and 96.37%, respectively (Fig. 1e). To 
sum up, those results showed that hUC-MSCs extracted had a 
high proliferation capacity, multi-lineage differentiation poten-
tial, and stable immune phenotype of MSCs according to the 
International Society for Cell Therapy [20].

The hUC-MSCs could improve the learning and cognitive 
abilities in LPS-induced mice 

We explored the effect of hUC-MSCs on the mouse models 
induced by LPS. The experimental flow chart was shown in Fig-
ure 2a. To evaluate the learning and cognitive ability of hUC-
MSCs in LPS-induced mice, we conducted MWM and NOR tests. 
In the MWM test, we found significant differences in more pre-
cise and less precise time to plateau in the control group com-
pared with the other two groups. In the behavioral trajectories 
of mice, target platform learning and memory abilities were in-
vestigated. We found that the swimming route of LPS-induced 
mice was tortuous, and the swimming route of hUC-MSCs-
treated mice was simple (Figure 2b). It was also found that the 
residence time in the target quadrant of the LPS-induced mice 
was significantly reduced compared with the control group (P 
< 0.01), and the hUC-MSCs treatment group was significantly 
higher than the LPS-induced mice (P < 0.001, Figure 2c). Be-
sides, the number of crossing the platform of LPS-inducted mice 
was significantly reduced compared with the control group (P 
< 0.01), and the hUC-MSCs treatment group had a significant 
improvement compared with the LPS group (P < 0.01, Figure 
2d). Similarly, the results of the NOR test further showed that 
the new object recognition index of the LPS treatment group 
was significantly reduced (P < 0.001), but the treatment of hUC-
MSCs significantly increased the new object recognition index 
(P < 0.01, Figure 2e). So, we concluded that the treatment of 
hUC-MSCs could improve the learning and cognitive abilities of 
the LPS-induced mice.
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Figure 2: The learning and cognitive functions of LPS-induced 
mice were improved by hUC-MSCs (n=7). (a) Schematic diagram 
of the experimental process. The black syringe represents the in-
jection of the same amount of normal saline, and the green sy-
ringe represents the injection of hUC-MSCs. In the MWM test, (b) 
Mouse behavior trajectory on the 5th day. (c) Platform crossing 
times. (d) Numbers of platform crossings. (e) The new object rec-
ognition index in the NOR test. The experimental data in the figure 
are presented in the form of means ± SD; P-value was calculated 
with ANOVA analysis. ***P < 0.001; **P < 0.01; *P < 0.05. Control 
group: the health mice; LPS group: the LPS-induced mice; hUC-
MSCs group: the LPS-induced mice with hUC-MSCs treatment. 
MWM: Morris Water Maze; NOR: Novel Object Recognition.

pole test, compared with the LPS group, the time of mouse fall-
ing from the top of the rood to the ground in the control group 
was significantly low and the hUC-MSCs treatment group was 
lower than the LPS group in latency to fall (P < 0.05, Figure 3b). 
In the wire hang test, compared with the LPS group, the scores 
of the control group and the hUC-MSCs treatment group was 
significantly different, which meant that an improved grip by 
hUC-MSCs treatment was detected as a higher score in the wire 
hang test than the LPS group (P < 0.001, Figure 3c). Meanwhile, 
the longer time of mice staying on the rotating rod, the stronger 
the coordination ability of mice in the rotarod test. Compared 
with the LPS group, the treatment of the hUC-MSCs group ex-
tremely increased the residence time of LPS-induced mice (P < 
0.001, Figure 3d). The results showed that hUC-MSCs treatment 
could improve behavioral disorders in the LPS-induced mice.

The hUC-MSCs inhibited LPS-induced neuronal death

To explore the survival state of neurons, we performed a 
Nissl stain to observe the distribution and number of neurons 
in the hippocampus, CD3 area, and cortex. Compared with the 
control group, the number of stained neurons in the LPS group 
was smaller and the staining color was lighter, indicating that 
there were fewer Nissl bodies in the cell. Compared with the 
LPS group, the hUC-MSCs group has more neurons and darker 
staining of neurons, indicating that the number of intracellular 
Nissl bodies was larger and the neuronal cells were good (Fig-
ure 4a). To further count the number of neurons in different 
parts, we used ImageJ to count the area ratio of neurons and 
the number of neurons. In the hippocampus, the proportion of 
neurons in the LPS group is lower than that in the control group 
(P < 0.01), and hUC-MSCs could increase the proportion of neu-
rons (Figure 4b, P < 0.001). In addition, the number of neurons 
in the CD3 area (Figure 4c) and cortex (Figure 4d) was signifi-
cantly lower in the LPS group than in the control group, and 
the number of neurons in the hUC-MSCs group was higher than 
that in the LPS group. In short, these results indicated that LPS 
promoted the loss of neurons, and the treatment of hUC-MSCs 
provided neuroprotective effects in the brain.

Figure 3: Behavioral disorders improvement with the hUC-MSCs 
treatment (n=7). (a) Behavioral test time point. (b) Pole test. (c) 
Wire hang test. (d) Rotarod test. The experimental data in the fig-
ure are presented in the form of means ± SD; P-value was calcu-
lated with ANOVA analysis. ***P < 0.001; **P < 0.01; *P < 0.05.

The hUC-MSCs abrogated motor deficits in LPS-induced 
neuroinflammatory mice models

To explore the influence of hUC-MSCs on the motor behav-
ior of LPS-induced neuroinflammation models, we conducted 
a pole test, wire hang test, and rotarod test. The test time was 
arranged on the 17th day of the experiment (Figure 3a). In the 

Figure 4: Pictures of Nissl stain (n=3). (a) Stained images of 
neurons in the hippocampal dentate gyrus, CD3, and cortex. (b) A 
statistical picture of the area ratio of neurons in the cortex. (c) The 
number of neurons in CD3. (d) The number of neurons in the cor-
tex. The experimental data in the figure are presented in the form 
of means ± SD; P-value was calculated with ANOVA analysis. ***P 
< 0.001; **P < 0.01; *P < 0.05. HCP: the hippocampus.
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The hUC-MSCs inhibited activation of microglia and astro-
cytes and expression of pro-inflammatory cytokines

To evaluate the neuroprotective effect of hUC-MSCs, we 
used western blot to detect the expression level of inflamma-
tory factors in the brain, including IL-6, IL1B, TNF-α, Iba-1 and 
GFAP. We found that inflammatory factors, Iba-1 and GFAP in 
the LPS mice were highly expressed, and the expression was de-
creased after hUC-MSCs treatment (Figure 5a). The expression 
of IL-6, IL1B and TNF-α were decreased in LPS-induced mice, 
and were increased under the treatment of hUC-MSCs (Figure 
5b). These results demonstrated that treatment with hUC-MSCs 
improved LPS-induced neuroinflammation.

Figure 5: Expression of neuroinflammatory factors (n=3). (a) 
Representative western blot immunolabeling of GFAP, Iba-1, IL1B, 
TNF-α, and IL-6. (b) Protein expression/β-Actin of GFAP, Iba-1 and 
IL1B, TNF-α and IL-6. The experimental data in the figure are pre-
sented in the form of means ± SD; P-value was calculated with 
ANOVA analysis. ***P < 0.001; **P < 0.01; *P < 0.05.

The hUC-MSCs reversed the reduction of gut microbial di-
versity and richness in LPS-induced mice

To explore the effects of inflammation and stem cell therapy 
on the gut microbiota, we performed 16S rRNA sequencing and 
analyzed the Alpha and Beta diversity analysis of gut microbes. 
Shannon, Simpson, and Chao1 indexes were three important in-
dexes that reflect the diversity of Alpha. Generally speaking, the 
Shannon index was larger, and the species richness was higher. 
Compared with the other two groups, we found that the Shan-
non index of the control group was the lowest. It was worth 
mentioning that the abundance of the hUC-MSCs group was 
increased, compared with the LPS group (Figure 6a). Contrary 
to the Shannon index, when the Simpson index value was big, 
the community diversity was low. The control group had the 
highest community diversity and the LPS group had the lowest 
community diversity (Figure 6b). Chao1 index was used to esti-
mate the diversity of microorganisms. Like the Shannon index, 
the Chao1 index was bigger, community diversity was higher. 
Here we found that compared with the LPS group, the gut mi-
crobial diversity of the normal group was reduced, while the gut 
microbial diversity of the hUC-MSCs treatment was significantly 

increased, even it was higher than the control group (Figure 6c). 
The above results indicated that the hUC-MSCs improved the 
decline in the diversity of gut microbes in the LPS-induced mice. 
Multivariate statistical methods principal component analysis 
(PCA, Principal Component Analysis) and principal coordinate 
analysis (PCoA, Principal) were other analysis dimension that 
reflects biodiversity. The PCA results showed that the LPS group 
deviated greatly from the control group because the 3 points 
of the LPS group were not in the circle of the control group. 
Compared with the LPS group, the hUC-MSCs treatment group 
deviated significantly, and the hUC-MSCs treatment group was 
closer to the control group (Figure 6d). To explore the similari-
ties and differences in the evolution of intestinal flora in differ-
ent groups of mice, we conducted a PCoA analysis. The results 
revealed distinct microbiota composition clustering among 
control, LPS and hUC-MSCs groups, indicating that hUC-MSCs 
altered the gut microbiota, and hUC-MSCs treatment influences 
the microbiota composition significantly (Figure 6e). In sum-
mary, the intervention of hUC-MSCs improved the diversity and 
richness of the intestinal flora of LPS-induced mice to a certain 
extent.

Figure 6: 16S rRNA sequencing and analysis results (n=3). (a) 
Shannon index. (b) Simpson index. (c) Chao1 index. (d) Principal 
Component Analysis (PCA, Principal Component Analysis). (e) Prin-
cipal Coordinate Analysis (PCoA, Principal). Each dot represents a 
mouse and each circle represents a group. The experimental data 
in the figure are presented in the form of means ± SD; P-value was 
calculated with t-tests and the Monte Carlo permutation tests. 
***P < 0.001; **P < 0.01; *P < 0.05.

The hUC-MSCs reduced the abundance of pro-inflammato-
ry bacteria 

To find different groups of different flora, we first analyzed 
the intestinal microbial differences between different groups at 
the genus level. The study found that there were obvious dif-
ferences in Oscillospira, Prevotella, Odoribacter, Coprococcus, 
and Ruminnococcu, and other bacterial species. Studies have 
shown that compared with healthy patients, the abundance of 
Oscillospira in PD patients has increased [10]. Consistent with 
the results of this study, we found that the relative abundance 
of Oscillospira in the LPS treatment group was higher than that 
in the control group, while the abundance of Oscillospira in the 
hUC-MSCs treatment group was decreased. Coprococcus is also 
a kind of beneficial bacteria. In this study, we found that the 
Coprococcus richness of the hUC-MSCs treatment group was 
higher than that of the LPS induction group (Figure 7a). In order 
to select the difference markers, we performed LEfSe analysis, 
which showed that there are obvious difference markers be-
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tween the LPS group and other groups, and the main difference 
was the difference in bacteria (Figure 7b). We also conducted 
a heat map analysis between groups based on the genus level 
and found that there was a clear trend in Dialister and Veillio-
nella. LPS enhanced the expression of Dialister and Veillionella 
(Figure 7c). In addition, we also used the sample community 
distribution map of the species evolution tree to analyze the 
dominant species between different groups (Figure7d). The in-
terrelationship between microorganisms meant the interrela-
tionship between Cyaobactcria, Bactcroidctcs, Vcrrucomicrobia, 
and Actinobactcria (Figure 7d).

Figure 7: LPS-induced differences in the bacterial flora of mice. 
(a) A rich map of species composition between groups, taking 
the genus level as an example. (b) Out_formant. cladogram. (c) 
Thermal map analysis non_norm_100log10. (d) Graphlan, differ-
ent color branches represent different classes (the legend in the 
upper right corner), in which the values   of the heat map and the 
histogram are the original scale × 10000 after log2 conversion. (e) 
Phylum_networkand the node is larger, and the richness is higher. 
The green line indicates a positive correlation, and the red line in-
dicates a negative correlation. 

Discussion

Multiple intraperitoneal injections of LPS are the primary 
method for inducing neuroinflammation in mouse models 
[21,22], and LPS injections alter the composition of healthy 
gut microbiota. In the present study, we found that hUC-MSCs 
ameliorated LPS-induced cognitive deficits and behavioral im-
pairments. Meanwhile, hUC-MSCs transplantation suppressed 
neuronal death in the hippocampus and the expression of in-
flammatory factors in the mouse brain, and improved gut mi-
crobiota composition in LPS-induced neuroinflammation mouse 
models. This study provides some data support for exploring the 
therapeutic mechanism of hUC-MSCs for neuroinflammation 
and neurodegenerative diseases and explaining the connection 
between stem cells, microorganisms and neuroinflammation.

It has been previously reported that hUC-MSCs transplan-
tation has anti-inflammatory and neuroprotective effects in a 
microbead induced ocular hypertension rat model [23,24], and 
another study showed that hUC-MSCs regulate intestinal mi-
croorganisms in a rodent model of PD [25]. This provides some 
theoretical support for our experimental research. 3 times in-
jections of hUC-MSCs before LPS induction was performed in 
this study. One reason is that MSCs are alive and have no spe-
cific targets. Studies suggest that MSCs can exert a wide range 
of effects in various aspects of disease, such as changing the 
microenvironment, enhancing cell activity, and immune regula-

tion [26,27]. This also means that MSCs do not achieve strong 
unique therapeutic effects, especially in small doses. Stem cell 
secretion changes in response to the microenvironment for 
survival. In addition, the harsh blood environment can lead to 
massive cell death. Strictly speaking, inflammation is a chronic 
injury. Stem cell pre-treatment helps to improve the microen-
vironment slowly, avoiding the generation of side effects such 
as factor storm and shock in the clinic [28]. Therefore, our ex-
perimental design is mainly focused on increasing the total dose 
administered to improve cell survival. On the other hand, stem 
cells are able to gradually adapt and respond to changes in the 
systemic environment upon LPS treatment, which is beneficial 
for relatively prolonged access to the secretory response of 
stem cells, improving the blood microenvironment [29].

In LPS-induced mice, the MWM test and NOR test were per-
formed, which are used to assess learning and memory abilities 
[30]. The pole test, wire hang test, and rotarod test were used 
to evaluate the limb movement and coordination ability of mice 
[31,32]. Studies have shown that AD and PD are mainly caused 
by neuroinflammation [33,34]. In addition, the research found 
that Bone Marrow-Derived Mesenchymal Stem Cells (BM-
MSCs) improved the cognitive impairment of AD mice [35], and 
one study reported that hUC-MSCs affect behavioral disorders 
and mobility in a rat of advanced PD model [36]. Our experi-
mental results suggested that hUC-MSCs improved cognitive 
and behavioral impairments in a neuroinflammation model. It 
implied that hUC-MSCs may improve cognitive or behavioral 
impairments in AD or PD by affecting neuroinflammation. 

Recent studies have shown that neuroinflammation leaded 
to changes in the gut microbiota [37], and hUC-MSCs have a 
certain effect on the ecological balance of intestinal flora [38]. 
Indeed, there is currently no reported direct evidence to ex-
plain how stem cells affect the gut microbiota. In our study, 
the intravenously injected stem cells did not come into direct 
contact with the gut, and there was no spatial intersection be-
tween them. However, our results identified changes in the mi-
crobiota in cell therapy strategies. In previous reports, changes 
in the gut microbiota were easily explained because the drug 
was absorbed by the gut and administered by gavage [39,40]. 
Therefore, we agreed that the mechanism after reading a lot of 
literature and having heated discussions, and the mechanism of 
hUC-MSCs how to affect the microbiota can be summarized into 
two points: the brain-gut axis and immune regulation. 

In short, paracrine and endocrine plays a crucial role between 
MSCs, microbiota and neuroinflammation [41,42]. Although 
there is no spatiotemporal intersection between stem cells and 
gut tissue, several pathways can link hUC-MSCs, microbiota and 
neuroinflammation. On the one hand, hUC-MSCs that cross the 
blood-brain barrier alter the intracerebral microenvironment 
and influence the response of the gut microbiota through the 
vagus plexus [43]. we found that a variety of harmful bacteria 
were up-regulated in neuroinflammation but decreased in the 
cell therapy group, such as Oscillospira and Odoribacter, and we 
found that multiple probiotics were up-regulated in response 
to cell therapy, including Prevotella, Coprococcus and Ruminno-
coccus. Some researchers found Oscillospira was a key regula-
tor of the colony in the related nervous syste [44], and the ag-
gressive treatment reduces the composition of the Oscillospira 
microbial colony [45]. Previous studies have confirmed that 
Coprococcus and Bacteroides has anti-inflammatory and neuro-
protective effects [28, 46-48]. Our findings are consistent with 
the microbiota changes of these studies. On the other hand, 
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stem cells injected into the blood after intravenous injection can 
improve the immune microenvironment of the blood, leading 
to endocrine changes, which in turn trigger the response of the 
intestinal flora[43]. LPS secretes pro-inflammatory cytokines by 
activating NF-κB and STAT1 pathways. The secretion of these 
inflammatory factors can trigger the inflammatory response of 
astrocytes and microglia in the brain [49], release more inflam-
matory factors, aggravate the inflammatory response of the 
brain, and lead to neuronal damage [50]. Studies have found 
that MSCs can modulate glial cells in neurodegenerative diseas-
es in vivo and in vitro [51,52]. However, our work only supports 
that hUC-MSCs are neuroprotective and alter gut microbiota, 
but we do not clear the detailed mechanism of the effect, so 
further work is needed to explore.

Conclusions

In conclusion, this study found beneficial effects of hUC-
MSCs transplantation in a model of LPS-induced neuroinflam-
mation, and the hUC-MSCs transplantation can not only im-
prove learning and cognitive ability but also improve behavioral 
disorders in the LPS model. The treatment of hUC-MSCs inhib-
ited the activation of microglia and astrocytes, reduced the ex-
pression of pro-inflammatory cytokines, and inhibited neuronal 
death in the hippocampus. 16S rRNA sequencing showed that 
LPS changed the number and relative abundance of intestinal 
flora, especially for Oscillospira and Coprococcus, which were 
closely related to the occurrence of inflammation. This study 
suggested that the mechanism of hUC-MSCs how to affect the 
microbiota can be summarized into two points: the brain-gut 
axis and immune regulation. This discovery provided a poten-
tial treatment for preventing and delaying the development of 
neuroinflammation.
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