
Research Article
Peripheral Transplantation of Mesenchymal Stem Cells at Sepsis
Convalescence Improves Cognitive Function of Sepsis
Surviving Mice

Longjiao Tan,1,2 Yong Cheng,1,3 Hui Wang,1,2 Jianbin Tong,1,4 and Xian Qin 1

1Hunan Province Key Laboratory of Brain Homeostasis, Third Xiangya Hospital, Central South University, Changsha,
410013 Hunan, China
2Department of Anatomy and Neurobiology, School of Basic Medical Sciences, Central South University, Changsha,
410013 Hunan, China
3Department of Plastic and Burns Surgery, Huazhong University of Science and Technology Union Shenzhen Hospital, Shenzhen,
Guangdong, China
4Department of Anesthesiology, Third Xiangya Hospital, Central South University, Changsha, 410013 Hunan, China

Correspondence should be addressed to Xian Qin; 17592692@qq.com

Received 30 May 2022; Revised 10 August 2022; Accepted 31 August 2022; Published 19 September 2022

Academic Editor: Ajinkya Sase

Copyright © 2022 Longjiao Tan et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Objective. To investigate the effects of peripheral transplantation of mesenchymal stem cells (MSCs) at sepsis convalescence on
post-sepsis cognitive function and underlying mechanisms in mice. Methods. Sepsis was induced by cecal ligation and puncture
(CLP) in mice. Bone marrow-derived MSCs from mice were cultured and injected via tail vein on the 8th day after CLP.
Cognitive function was detected in open field, novel object recognition task, and delayed matching-to-place water maze task
during 10-26 days after CLP. Neuroinflammation, neurogenesis, and peripheral inflammation were detected on the 12th and
31th days after CLP. MSCs tracing was detected during 8-10 days after CLP. Results. Transplanted MSCs were located at
peripheral organs (lung, spleen, liver) and had no obvious effects on survival and weight of sepsis mice. Transplanted MSCs
mitigated cognitive impairments and hippocampal microglial activation, improved hippocampal neurogenesis of sepsis
surviving mice, and had no obvious effect on the leukocyte amount, the neutrophil percentage, and the inflammatory factors of
peripheral blood, and the hippocampal inflammatory factors. Conclusions. Our data indicated that MSCs transplantation via
peripheral vein at later phase of sepsis can improve post-sepsis cognitive impairment and hippocampal neurogenesis of sepsis
surviving mice.

1. Introduction

Sepsis and its associated complications are one of the fore-
most causations of death in intensive care units worldwide
[1, 2]. More than half of septic patients have sepsis-
associated encephalopathy (SAE), which remains badly
understood and is deemed to be reversible [2, 3]. However,
septic survivors who had been diagnosed with SAE may have
permanent neurocognitive dysfunction, which could result
in some serious socioeconomic burden [3–5]. Currently,
SAE is mainly considered to be a peripheral inflammation-
induced brain dysfunction [3]. However, numerous efforts

focusing on targeting the inflammatory cytokines network
have proved unprofitable for the treatments of sepsis and
SAE [6]. The search for novel potential therapeutic targets
still needs to be continued.

Stem cell therapy is proved to be beneficial for central
nervous system diseases, such as Alzheimer’s diseases, Par-
kinson’s diseases, and traumatic brain injury, due to the
self-renewal potentialities, multiple differentiation activities,
neurotrophic properties, and immuno-regulatory effects of
the stem cells [7, 8]. A recent study has demonstrated that
bone marrow-derived mesenchymal stem cell (BM-MSCs)
transplantation in the first 6 hours after sepsis improves
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the cognitive and behavioral impairments of septic surviving
mice [9]. However, if the MSCs treatment will be applied to
the sepsis patients at the early phase to prevent cognitive and
behavioral alterations, some problems should be taken into
account. First, symptomatic support treatment and anti-
inflammatory treatment are preferred at the early phase of
sepsis patients. Second, complicated inflammatory environ-
ment is a main feature of sepsis at the early phase [10],
which can affect the efficacy of MSCs treatment [11]. In con-
trast, it may be easy to implement and achieve stable thera-
peutic effects, if the stem cell therapy is given during sepsis
convalescence.

The present study investigated whether peripheral
administration of MSCs at the sepsis convalescence could
mitigates post-sepsis cognitive function in the well-
established cecal ligation and puncture (CLP) model mice
of sepsis. Toward this end, we further explored the underly-
ing mechanisms of MSCs treatment.

2. Materials and Methods

2.1. Animals. Adult old C57BL/6 J male mice weighing 25-
30 g were obtained from the experimental animal center of
Central South University, China. The protocol
[LLSC(LA)2017-061] was approved by the ethics committee
of the 3rd Xiangya Hospital of Central South University. All
mice were housed under a 12 h light-dark cycle, an adequate
temperature of 23°C, and a relative humidity of 50%-60%
with free access to water and food. Animals were utilized
with age- and weight-match and also were treated to mini-
mize their suffering in experiments.

2.2. Sepsis Model. Mice were randomly divided into Sham
+NS, Sham+MSC, CLP+NS, and CLP+MSC groups. The
last two groups received CLP surgery, while the former two
groups did not. CLP surgery was performed as previously
described [12, 13]. Briefly, animals were anesthetized with
the 2% sevoflurane (Maruishi Pharmaceutical Co., Ltd.,
Japan) in a well-ventilated room. 40% of the cecum was
ligated and punctured once with a 20-gauge needle. The
Sham+NS and Sham+MSC groups underwent only identical
laparotomy but without CLP. Bupivacaine (3mg/kg) and
Buprenorphine (0.1mg/kg) were injected subcutaneously
once to avoid postoperative pain. All animals were given
1mL of saline subcutaneously every 8 hours for 5 days.

2.3. MSC Culture and Delivery. Bone marrow-derived MSCs
(Cyagen Biosciences Inc, Guangzhou, China) from the
C57BL/6 J mice were cultured in an incubator (Thermo,
USA) under an appropriately maintained temperature of
37°C and an atmosphere of 5% CO2. Culture medium
(MUBMX-90011, Cyagen) was subsequently renewed every
2 days after removing nonadherent cells on day 2. When
the cells population density reached 80%-90%, it was
digested by 0.25% trypsin and subcultured according to
the density of 2.5~ 4:0 × 104/cm2. The mice in CLP
+MSC and Sham+MSC groups were injected with MSCs
(1 × 106 diluted in 200μl of physiological saline) within
twelve passages via tail vein on the 8th day after CLP sur-

gery, while the other groups were admitted equal volume
of normal saline.

2.4. MSC Labeling and Tracing. The MSCs were directly
labeled via incubating in 1μM Lipophilic Tracers DiR (Invi-
trogen, USA) for 30 minutes at 37°C [14] . MSCs then were
washed twice with new culture medium for 10 minutes each
time to remove residual DiR solution. Mice were injected
with 3 × 106 of DiR labeled MSCs (1 × 106 diluted in 200μl
of normal saline) via tail vein on the 8th day after surgery.
These mice were sacrificed at 6 h, 24 h, or 72h after injection,
and the organs (brain, lung, kidney, spleen, liver) were dis-
sected for fluorescent signal by IVIS Lumina II (PerkinEl-
mer, USA). The fluorescence intensity was quantified with
ImageJ in a blind manner.

2.5. Behavior Test. Mice were subjected to open field, novel
object recognition, and delayed matching-to-place tasks on
postoperative day 10-26 as shown in Figure 1(a). Before
the test began, mice were placed in a sound-isolated behav-
ioral testing room for half an hour. All tests were carried
out by the same person who was blind to the animal’s group.

2.5.1. Open Field Test. Open field test was used to assess
locomotive activities. Each mouse was gently placed in the
center of apparatus (width:50 cm, length:50 cm,
height:38 cm) and was left alone to explore the arena for
5min. At the end, the mouse was immediately taken back
to its home cage. Using 75% alcohol solution to clean the
apparatus after the fecal and urine were removed left by
the previous mouse. The total ambulatory distances and
time in central zone were analyzed.

2.5.2. Novel Object Recognition (NOR) Test. Object recogni-
tion experiment was conducted to test hippocampus-
related learning and memory described in previously studies
[15]. It was performed in a 30 cm×30 cm×38 cm open-field
apparatus. The test included training and testing phases. In
the training phase, two identical objects were parallelized
equidistant from the center of arena, and equidistant from
the arena walls. The mice were gently placed in the arena
keeping their heads away from the two identical objects.
Then, the mice were permitted to freely explore the objects
for 10min. 24 hours later, one of the familiar objects was
replaced with a novel object, and animals were also allowed
to freely explore for 10min. The apparatus and objects were
cleaned with 75% alcohol solution between trials to remove
the remaining scent. The behaviors were recorded using a
digital camera. The preference index (defined as novel object
investigation time/(novel object investigation time + familiar
object investigation time)) was used to assess the learning
and memory.

2.5.3. Delayed Matching-to-Place (DMP) Task. The DMP
water maze task is used to evaluate working memory
[16–18]. Following the reported protocol [16–18], mice were
pretrained using four trials per day for 5 days. After pre-train-
ing, the mice were given the testing tasks usingmemory inter-
vals (intertrial intervals between trials 1 and 2) of 5 sec, 20min,
and 2 h. Each testing phase period was 3 days. Testing phase
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Figure 1: Continued.
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performance was recorded by an overhead video camera
(Logitech, China) connected to video recorder and a computer
running custom-written Smart 3.0 software, and was calcu-
lated by subtracting the trial 2 time/path-length for each
mouse from its trial 1 time/path-length. Greater time/path-
length differences indicated better performance.

2.6. Immunohistochemisty. Hippocampal neurogenesis and
microglia were measured using the doublecortin (DCX)
and Iba-1 staining, respectively. On the 12th and 31th days
after CLP surgery, mice were deeply anesthetized with
inhaled sevoflurane, and were perfused with 0.01M PBS
and 4% PFA. The brains were collected and postfixed in
4% PFA for 24h at 4°C. After dehydrating in 15% and 30%
sucrose at 4°C, brains were cut into 20μm thick serial sec-
tions using a freezing microtome (Leica CM1950, Eetzlar,
Germany). Sections of brains were treated with 3% hydrogen
peroxide (H2O2) for 10min, were blocked with 5% bovine
serum albumin (BSA, Sigma, MO, USA) for 1 hour at room
temperature, and were incubated in primary antibodies (rab-
bit anti-Iba1: 1 : 500, Wako, Japan; rabbit anti- DCX (1 : 500,
Cell Signaling Technology, Danvers, United states) at 4°C

overnight and secondary antibody (Iba-1: goat-anti rabbit,
Vector Laboratories; DCX: 1 : 400, Alexa Fluor® 488, abcam,
USA) for 2 h at room temperature. For the Iba-1 staining,
immunoreaction products were visualized by DAB Kit (Bei-
jing Zhongshan Jinqiao Biological Technology Co., Ltd,
China) while the DCX staining slices were cover- slipped
in anti-fade mounting medium (VECTASHIELD® with
DAPI, Vector labs, USA).

The photographs were acquired under a microscope
(Nikon, Tokyo, Japan) and LSM800 confocal microscope
(Carl Zeiss, Jane, Germany). Based on the Iba-1 staining
(n = 12 slices from three mice for each group), the number
of Iba-1 positive (Iba-1+) microglia and the percent of acti-
vated microglia in the CA1 and dentate gyrus (DG) were
counted and analyzed as described by our previous study
[19]. According to the report, resting microglia was defined
as when the cell body was small and round and the branches
were thin, highly ramified, and equally distributed around
the cell body. In contrast, activated microglia was defined
as when the cell body was bigger, pleomorphic bi- or tri-
polar, or spindle/rod-shaped, and the branches were short-
ened, twisted or displayed no ramification [19]. For the
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Figure 1: Transplanted MSCs were located at peripheral organs and had no obvious side effects. (a) Experimental time course for CLP,
MSCs transplantation, and behavioral tests. (b) The survival of each group during 0-25 days after CLP surgery (Sham+NS N = 10, Sham
+MSC N = 10, CLP +NS N = 22, CLP +MSC N = 22; Log-rank (Mantel-Cox) test, p < 0:05); (c) The body weight recovery of each group
during experimental phases (Sham+NS N = 13, Sham+MSC N = 13, CLP +NS N = 15, CLP +MSC N = 15; two-way ANOVA followed by
multiple comparison tests); (d) Fluorescent signal was detected in peripheral organs (lung, spleen, liver) at 6 h, 24 h, and 72 h after CLP
surgery (N = 3 for each group/time point). Sham+NS: mice received laparotomy and tail vein injection of normal saline; Sham+MSC:
mice received laparotomy and tail vein injection of MSCs; CLP+NS: mice received CLP surgery and tail vein injection of normal saline
CLP+MSC: mice received CLP surgery and tail vein injection of MSCs.
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DCX staining, according to the reports [20, 21], the number
of DCX positive (DCX+) cell and DCX+

fibers were com-
puted in subgranular zone (SGZ) and middle molecular
layer (MLm) of the entire DG (n = 9 slices, × 400). Three
mice were counted for each group.

2.7. Western Blot. The hippocampal tissues were collected on
the 12th and 31th days after CLP surgery, and homogenized
in cold lysis buffer. The supernatants were collected and
their protein concentrations were determined using a BCA
protein assay kit (CWbio, China) according to the manufac-
turer’s instructions. Samples were separated by 10% SDS-
polyacrylamide gel electrophoresis and transferred to PVDF
membranes, which were subsequently blocked using 10%
milk for 1 h. Blots were detected using primary antibodies
against PSD-95 (1 : 1000, Cell signaling technology, Denver,
USA), synaptophysin (1 : 2000, lot 17785-1-AP, proteintech),
and α-tubulin (1 : 1500, lot 60008-1-lg, proteintech). Subse-
quently, after three times washed, blots were incubated with
a secondary antibody (1 : 8000, 926-32211, LI-COR®, United
States). Finally, the proteins were visualized with Odyssey-
CLX infrared imaging systems (LI-COR®, Lincoln, United
States). Protein levels were quantified by densitometry using
Image J software (National Institutes of Health, MD, United
States) and were, respectively, normalized to α-tubulin.

2.8. Quantitative Real-Time PCR (RT-qPCR) Assay. Total
RNAs of hippocampal tissues were extracted using the Tri-
zol Reagent (Invitrogen, United States) and reverse tran-
scribed into complementary DNA using a cDNA Synthesis
Kit (GeneCopoeia, United States) according to the manufac-
turer’s instructions. RT-qPCR was performed with the
mRNA qPCR mix (GeneCopoeia, United States) accord-
ingly. The primers (Table 1) for all assayed genes were deter-
mined utilizing revealed sequences as listed. The annealing
temperature was 60°C, and the reaction was conducted uti-
lizing LightCycler®480 II analyzer (Roche, Mannheim,
Germany).

2.9. Peripheral Blood White Blood Cell Counting and ELISA
Assay. The blood was collected from the right atrium into
EDTA-coated tubes for white blood cell counts and high
mobility group box 1 (HMGB1) protein detection on the
12th day after CLP surgery. After a three-fold dilution with

saline, the blood was rapidly calculated by a Mindray BC-
5300 blood analyzer. HMGB1 concentration of plasma was
measured using ELISA (Nanjing Jiancheng Biological Engi-
neering Research Institute, China) according to the manufac-
turer’s instructions. Six mice were detected for each group.

2.10. Statistical Analysis. All data were analyzed with Prism 9
(Graphpad Software Inc., La Jolla, CA, USA), and were pre-
sented as mean ± standard error (SEM). Log-rank (Mantel-
Cox) test was used to analyze the factors of the survival time
for any significant differences. The body weight changes and
DMP task performance were analyzed with two-way
ANOVA followed by multiple comparison tests. The one-
way ANOVA followed by multiple comparison tests was
used for other results. A significant level was set at p < 0:05.

3. Results

3.1. Transplanted MSCs Were Located at Peripheral Organs
and Had no Obvious Side Effects. To determine the safety
of MSCs transplantation at later phase of sepsis, we detected
the survival and weight of sepsis mice (Figure 1(a). Com-
pared to the Sham+NS and Sham+MSC groups, the survival
rate and weight of CLP+NS group decrease significantly
(Figures 1(b) and 1(c)). There were no significant difference
of survival rate and weight between CLP+NS and CLP
+MSC groups (Figures 1(b) and 1(c)). These suggested no
obvious side effects of MSCs transplantation at later phase
of sepsis. To trace the transplanted MSCs with DiR marker,
we detected the fluorescent signal of the organs (brain, lung,
kidney, spleen, liver) at 6 h, 24 h, and 72 h after tail vein
injection. Fluorescent signal was mainly detected in lung,
spleen, and liver. (Figure 1(d), suggesting that MSCs were
mainly located at peripheral organs.

3.2. MSCs Transplantation Mitigated Cognitive Impairments
of Sepsis Surviving Mice. We next investigated whether
MSCs transplantation at later phase of sepsis could improve
cognitive function of sepsis surviving mice via open field
test, novel object recognition test and delayed matching-to-
place (DMP) water maze task (Figure 1(a). There was no sig-
nificant difference between four groups in open field test
(Figure 2(a). In the novel object recognition test, the prefer-
ence index of the CLP+NS group was significantly less than
that of Sham+NS, Sham+MSC, and CLP+MSC groups
(Figure 2(b). DMP task was used to evaluate working mem-
ory which began at 13 days after CLP surgery. In this task,
mice were pre-trained for 5 days and then, tested using four
sessions with intertrial intervals of 5 sec, 20min, or 2 h
between trials 1 and 2. Greater latency and path-length sav-
ing between trial 1 and trial 2 indicated better performance.
The latency and path length saving of CLP+NS group at 5 s
and 20min intertrial intervals (ITI) were significantly less
than that of Sham+NS, Sham+MSC, and CLP+MSC groups
(Figure 2(c). This above information supported an improve-
ment of cognitive function of sepsis surviving mice with
MSCs transplantation at later phase of sepsis.

3.3. MSCs Transplantation Improved Hippocampal
Neurogenesis of Sepsis Surviving Mice. Neuroplasticity is

Table 1: Primers used for quantitative real-time PCR.

Target
gene

Primers Sequence(5′-3′)

GAPDH
Forward CATGGCCTTCCGTGTTCCTA

Reverse TACTTGGCAGGTTTCTCCAGG

IL-1
Forward CGCAGCAGCACATCAACAAGAGC

Reverse TGTCCTCATCCTGGAAGGTCCACG

IL-6
Forward

GCTTAATTACACATGTTCTCTGGG
AAA

Reverse CAAGTGCATCGTTGTTCATAC

TNF-α
Forward CCACCACGCTCTTCTGTCTA

Reverse GAGGCCATTTGGGAACTTCTCATC
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Figure 2: MSCs transplantation mitigated cognitive impairment of sepsis survival mice are as follows: (a) total distance and time in center
zone of open field test on the 10th day after CLP surgery (One-way ANOVA followed by multiple comparison tests, N = 10 for each group);
(b) preference index for novel object in novel object recognition task on the 11th and 12th days after CLP surgery (One-way ANOVA
followed by multiple comparison tests, N = 10 for each group); and (c) the performances of delayed matching-to-place (DMP) task in a
water maze from the 13th to 26th days after CLP surgery. Greater latency and path length saving between trial 1 and trial 2 with intertrial
intervals (ITI) of 5 sec, 20min, or 2 h indicated better performance (two-way ANOVA followed by multiple comparison tests, N = 10 for
each group). The data were expressed as mean ± SEM; ∗P < 0 · 05, ∗∗P < 0 · 01, ∗∗∗P < 0 · 001.Sham+NS: mice received laparotomy and
tail vein injection of normal saline. Sham+MSC: mice received laparotomy and tail vein injection of MSCs; CLP+NS: mice received CLP
surgery and tail vein injection of normal saline; CLP+MSC: mice received CLP surgery and tail vein injection of MSCs.
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Figure 3: MSCs transplantation improved hippocampal neurogenesis of sepsis survival mice. (a) Representative images of doublecortin
(DCX) staining in the hippocampus on the 12th and 31th days after CLP surgery (bar = 20 μm); (b) number of DCX+ cells in dentate
gyrus of the hippocampus and the density of DCX+ fibers in middle molecular layer (MLm) on the 12th and 31th days after CLP surgery
(unpaired t test, N = 9 sections from 3 mice per group); (c) representative western blot analysis of PSD-95 and synaptophysin (SYP) in
the hippocampus on the 12th and 31th days after CLP surgery (One-way ANOVA followed by multiple comparison tests, N = 3 mice per
group). The data were expressed as mean ± SEM; ∗P < 0 · 05, ∗∗P < 0 · 01, ∗∗∗P < 0 · 001. Ns: no significance; Molecular layer (ML) of DG
was divided into 3 sub-regions of inner (MLi), middle (MLm), and outer (MLo). GCL indicates granule cell layer. SGZ indicates
subgranular zone; Sham+NS: mice received laparotomy and tail vein injection of normal saline; Sham+MSC: mice received laparotomy
and tail vein injection of MSCs; CLP+NS: mice received CLP surgery and tail vein injection of normal saline; CLP+MSC: mice received
CLP surgery and tail vein injection of MSCs.
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Figure 4: MSCs transplantation alleviated microglial activation of the hippocampus of sepsis surviving mice: (a) schematic diagram of four
hippocampal levels and 7 counting areas in each hippocampal level; (b) representative images of Iba-1 staining (yellow), the number of total
microglial cells, and the percentage of Iba-1+ activated microglia in the hippocampus on the 12th and 31th days after CLP surgery (Bar = 50
μm, unpaired t test, N = 12 sections from 3 mice per group); (c) represent qPCR analysis of mRNA levels of inflammatory factors IL-1, IL-6,
and TNF-α in the hippocampus on the 12th day after CLP surgery (one-way ANOVA followed by multiple comparison tests, N = 3 per
group). The data were expressed as mean ± SEM; ∗P < 0 · 05, ∗∗P < 0 · 01, ∗∗∗P < 0 · 001; Sham+NS: mice received laparotomy and tail
vein injection of normal saline; Sham+MSC: mice received laparotomy and tail vein injection of MSCs; CLP+NS: mice received CLP
surgery and tail vein injection of normal saline; CLP+MSC: mice received CLP surgery and tail vein injection of MSCs.

8 Oxidative Medicine and Cellular Longevity



the basis of cognitive function and is usually evaluated by the
adult neurogenesis marker doublecortin (DCX) and synaptic
protein postsynaptic density-95 (PSD-95) and synaptophy-
sin in the hippocampus. Comparing with Sham+NS and
Sham+MSC groups, the number of DCX+ cell and DCX+

fibers (middle molecular layer, MLm) per DCX+ cell of
entire DG on the 12th and 31th days after CLP surgery in
CLP+NS group significantly decreased, which were signifi-
cantly improved in CLP+MSC group (Figures 3(a) and
3(b), and Figure S1). In contrast, no significant changes of
hippocampal PSD-95 and synaptophysin were detected
between Sham+NS, Sham+MSC, CLP+ NS, and CLP
+MSC groups (Figure 3(c)).

3.4. MSCs Transplantation Alleviated Microglial Activation
of the Hippocampus of Sepsis Surviving Mice. Neuroinflam-
mation plays an important role in pathogenesis of post-
sepsis cognitive dysfunction [11]. Thus, we detected micro-
glial activation and inflammatory factor levels (IL-1, IL-6
and TNF-α) in the hippocampus. The percentages of acti-
vated microglial cells in CLP+NS group on the 12th and
31th days after CLP surgery significantly increased, relative
to the Sham+NS, Sham+MSC, and CLP+MSC groups
(Figures 4(a) and 4(b)). However, we did not observe differ-
ences in the mRNA levels of IL-1, IL-6, and TNF-α
expressed in the the hippocampus among each group on
the 12th day after CLP surgery (Figure 4(c).

3.5. MSCs Transplantation Did Not Affect Peripheral
Inflammation Level of Sepsis Surviving Mice. Compared to
the Sham+NS, Sham+MSC groups, the leukocyte amount
and the neutrophil percentage in the peripheral blood of
CLP+NS group significantly increased on the 12th day after
surgery, but the HMGB1 level did not (Figure 5(a) and 5(b)).
There were no significant differences between CLP+NS

group and CLP+MSC group in the leukocyte amount, the
neutrophil percentage and the HMGB1 level of the periph-
eral blood on the 12th day after surgery (Figure 5(a) and (b)).

4. Discussion

Post-sepsis cognitive impairment as a common post-sepsis
sequela is influentially associated with discount life quality
and decreased life independence in sepsis survivors [4, 5].
Our study tried to explore whether MSCs transplantation
via tail vein at the later phase of sepsis could improve the
post-sepsis cognitive function in sepsis surviving mice. We
found that sepsis mice with MSCs transplantation at the
later phase of sepsis showed better long-term memory and
working memory in novel object recognition test and
delayed matching-to-place (DMP) water maze task, respec-
tively. No obvious side effects marked by weight and survival
rate were detected. This was in line with previous study
about MSCs transplantation at the early phase of sepsis
[9]. They found that MSCs transplantation at the first 6
hours after sepsis was also protective for the cognitive func-
tion of septic surviving mice. These data may suggest that
MSCs transplantation via peripheral vein is a simple, safe,
and effective intervention for the prevention and treatment
of post-sepsis cognitive impairment, although its impact on
long-term outcomes or survival warrants further study.

Neuroinflammation plays an important role in patho-
genesis of post-sepsis cognitive dysfunction [10, 22, 23].
Limiting neuroinflammation and reverting microcirculatory
dysfunction improved post-sepsis cognitive function by the
statins in experimental models, although they had been
unprofitable in a randomized controlled clinic trial [24,
25]. In the study reported by Silva et al. [9], MSCs transplan-
tation at the first 6 hours after sepsis improved post-sepsis
cognitive function, corresponding to the inhibition of
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Figure 5: MSCs transplantation did not affect peripheral inflammation level of sepsis surviving mice. The leukocyte number and neutrophil
percentages in peripheral blood on the 12th day after CLP surgery (one-way ANOVA, N = 5 per group); (b) The HMGB1 protein level in
peripheral blood on the 12th day after CLP surgery (one-way ANOVA followed by multiple comparison tests, N = 6 per group). The data
were expressed as the mean ± SEM; ∗P < 0 · 05, ∗∗P < 0 · 01, ∗∗∗P < 0 · 001. Sham+NS: mice received laparotomy and tail vein injection of
normal saline; Sham+MSC: mice received laparotomy and tail vein injection of MSCs; CLP+NS: mice received CLP surgery and tail vein
injection of normal saline; CLP+MSC: mice received CLP surgery and tail vein injection of MSCs.
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neuroinflammation and peripheral inflammation (marked
by the levels of IL-1β, IL-6, and MCP1 in plasma) in mice.
Thus, in this study, we also evaluated the peripheral inflam-
mation with leukocyte number, neutrophil percentages, and
HMGb1 level (a critical molecule in pathogenesis of sepsis
[26]) in peripheral blood, and the neuroinflammation with
microglial activation and inflammatory factors (IL-1,IL-6,
and TNF-α) in the hippocampus. However, we found, MSCs
transplantation at the later phase of sepsis had no significant
effects on the peripheral inflammation and the level of hip-
pocampal inflammatory factors, suggesting that anti-
inflammation was not the underlying protective mechanism
of MSCs transplantation at the later phase of sepsis. Interest-
ingly, we found that MSCs transplantation at the later phase
of sepsis significantly improved the neurogenesis impair-
ment of septic surviving mice. These suggest that the protec-
tive mechanism of transplanted MSCs to post-sepsis
cognitive function is sepsis-phase dependent. In addition,
we did not trace transplanted MSCs in brain, but traced
them in peripheral organs. Previous studies had shown that
MSCs transplanted in the hippocampus could increase hip-
pocampal neurogenesis in immunodeficient mice [27, 28].
Transplanted MSCs could promote tissue recovery and
regeneration via secreting lots of specific mediators, confer-
ring immunomodulatory, anti-inflammatory, antimicrobial,
angiogenic, antifibrotic, and structural reparative properties
[9, 18]. Notably, Islam et al. revealed that MSCs protected
against acute lung injury via transferring its mitochondria
to pulmonary alveoli [29]. This provides a further explana-
tion for the protective mechanism of peripherally trans-
planted MSCs to central nervous system connected
cognitive function in our study. However, the intermediators
need further investigation.

5. Conclusion

In conclusion, our results demonstrated that MSCs trans-
plantation via peripheral vein at later phase of sepsis could
be considered as a ‘proof of concept’ for the prevention
and treatment of post-sepsis cognitive impairment
(Figure 6). The effectiveness of this therapy and the underly-
ing mechanism needed to be evaluated further in the future
trial(s) and model animals.
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Figure 1: MSC transplantation improved the hippocampal
neurogenesis of sepsis survival mice. (a) Representative
images of DAPI and doublecortin (DCX) staining in the hip-
pocampus on the 12th 397 398 days after CLP surgery
(bar = 50μm). (b) Representative images of doublecortin
(DCX) staining in the hippocampus on the 12th 399 days
after CLP surgery (bar = 20 μm). (c) Representative images
of DAPI and doublecortin (DCX) staining in the hippocam-
pus on the 31th 400 days after CLP surgery (bar = 50 μm).
(d) Representative images of doublecortin (DCX) staining
in the hippocampus on the 31th 401 days after CLP 402 sur-
gery (bar = 20 μm). (Supplementary Materials)
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