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ABSTRACT
Background  Enterobacterial translocation is a leading 
contributor to fatal infection among patients with acute 
ischaemic stroke (AIS). Accumulative evidence suggests 
that mesenchymal stem cell (MSC) effectively ameliorates 
stroke outcomes. Whether MSC could inhibit post-stroke 
enterobacterial translocation remains elusive.
Methods  Patients with AIS and healthy individuals 
were enrolled in the study. Mice subjected to transient 
middle cerebral artery occlusion were treated with bone 
marrow-derived MSC (BM-MSC) right after reperfusion. 
Enterobacterial translocation was evaluated with Stroke 
Dysbiosis Index and circulating endotoxin. Thickness of 
mucus was assessed with Alcian blue staining. Hepatic 
glucocorticoid (GC) metabolism was analysed with 
expression of HSD11B2, HSD11B1 and SRD5A1.
Results  We report that the gut mucus layer was attenuated 
after the stroke leading to pronounced enterobacterial 
translocation. The attenuation of the gut mucus was attributed 
to diminished mucin production by goblet cells in response to 
the elevated systemic GC after cerebral ischaemia. Transferred-
BM-MSC restored the mucus thickness, thus preserving 
gut microbiota homeostasis and preventing enterobacterial 
invasion. Mechanistically, the transferred-BM-MSC stationed 
in the liver and enhanced peroxisome proliferator-activated 
receptor γ signalling in hepatocytes. Consequently, expression 
of HSD11B2 and SRD5A1 was increased while HSD11B1 
expression was downregulated which promoted GC catabolism 
and subsequently restored mucin production.
Conclusions  Our findings reveal that MSC transfer 
improves post-stroke gut barrier integrity and inhibits 
enterobacterial translocation by enhancing the hepatic GC 
metabolism thus representing a protective modulator of the 
liver-gut-brain axis in AIS.

INTRODUCTION
Acute ischaemic stroke (AIS) is one of the 
leading causes of death worldwide.1 Accu-
mulative evidence reveals the dysbiosis of 
gut microbiota in patients with AIS and the 
subsequent detrimental impacts on stroke 
outcomes.2 3 Translocation of enterobacteria 
and the consequent systemic infection exac-
erbate neurological dysfunction and worsen 
stroke prognosis.4 5 Therefore, inhibition of 
enterobacteria translocation is regarded as a 
promising therapeutic strategy in AIS.

Despite the evident translocation of entero-
bacteria, gut serosal, muscular and submucous 
layers remain to be intact in stroke models 
after cerebral ischaemia.6 The mucus layer, 
which consists of mucin produced by goblet 
cells, represents a non-structural barrier in 

WHAT IS ALREADY KNOWN ON THIS TOPIC

	⇒ Acute ischaemic stroke (AIS) is a serious global 
health burden. Enterobacterial translocation me-
diates post-stroke infection and is thus a leading 
contributor to the mortality of AIS which may be a 
promising target.

	⇒ Accumulative evidence suggests that bone marrow-
derived mesenchymal stem cell (BM-MSC) effec-
tively improves stroke outcomes and protect against 
infectious diseases.

WHAT THIS STUDY ADDS

	⇒ Thickness of the gut mucus layer is attenuated af-
ter stroke. BM-MSC transfer restores the mucus 
thickness and subsequently inhibits enterobacterial 
translocation.

	⇒ Systemic elevation of glucocorticoid (GC) after stroke 
inhibits mucin production by gut goblet cells which is 
reversed by BM-MSC treatment.

	⇒ The transferred-BM-MSC is largely stationed in the 
liver but hardly infiltrates into the gut. The curative 
effects of BM-MSC are attributed to the enhanced 
GC catabolism in hepatocytes.

	⇒ Mechanistically, BM-MSC activates peroxisome 
proliferator-activated receptor γ signalling in he-
patocytes leading to increased GC catabolism which 
inhibits the injurious effect of GC on gut barrier 
integrity.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Mucus layer attenuation facilitates enterobacte-
rial translocation after stroke. To preserve mucus 
thickness and to enhance mucin production by gut 
goblet cells represent promising preventive strate-
gies against enterobacterial translocation and post-
stroke infection.

	⇒ Liver-gut-brain axis affects stroke prognosis. BM-
MSC improves stroke outcomes through modulating 
the liver-gut axis.
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the gut that precludes pathogen invasion.7 Nevertheless, 
alteration of the gut mucus after stroke remains elusive.

Mesenchymal stem cell (MSC) has been shown to effec-
tively ameliorate stroke outcomes in several studies.8 9 
Recent research reveals that the transfer of MSC modu-
lates the composition of gut microbiota.10–12 Therapeutic 
benefits of MSC transfer against post-stroke infection 
have been documented.13 Nevertheless, the impacts of 
MSC treatment on enterobacterial translocation are to 
be investigated. On the other hand, intravenously trans-
ferred MSC hardly infiltrated into the gut. The under-
lying mechanisms of how MSC modulates gut activities 
and the homeostasis of gut microbiota are questions to 
be answered.

The current study explores the therapeutic effects of 
bone marrow-derived MSC (BM-MSC) against post-stroke 
enterobacterial translocation. We found that the thick-
ness of the gut mucus layer was attenuated after stroke 
which permitted the translocation of gut bacteria. Mech-
anistically, systemic elevation of glucocorticoid (GC) in 
response to cerebral ischaemia suppresses mucin produc-
tion by gut goblet cells. BM-MSC transfer accelerates GC 
degradation in the liver thus preserving mucin produc-
tion. As a result, attenuation of the mucus layer is reversed 
in BM-MSC recipients and the subsequent enterobacterial 
translocation is forbidden. We thus propose that BM-MSC 
transfer is a promising therapy against post-stroke entero-
bacterial translocation through regulating the liver-gut 
axis.

MATERIALS AND METHODS
Human samples
The cohort consisted of 74 patients with AIS, 40 age-
matched and sex-matched healthy controls. Patient 
demographics were summarised in online supplemental 
table 1. Samples of patients with AIS were collected within 
0–7 days after stroke onset. Plasma samples were obtained 
by centrifuging peripheral blood at 15 000 g for 15 min at 
4℃. Genomic DNA protective solution (Longsee, LS-R-P-
003) was used to collect fresh faecal samples donated by 
recruited patients.

Animals
Wild-type (WT) C57/BL6 mice were purchased from 
Guangdong Medical Laboratory Animal Center (Guang-
zhou, China) and were kept in a facility with controlled 
temperature and humidity. For the in vivo experiments, 
mice aged 8–10 weeks with a body weight of 18–25 g were 
used.

Cells
Human BM-MSC was obtained as previously described.14 
Briefly, a density gradient centrifugation method 
using Ficoll-Paque (17-1440-02, GE) was used to isolate 
BM-MSC from bone marrow. The separated BM-MSC 
were cultured in an MSC medium (GIBCO, A13829-01 
and A11577-01). Details of BM-MSC identification were 
indicated in Expanded methods in online supplemental 

material. MC38 and HEK293T cells were obtained from 
American Type Culture Collection. MC38 was used as 
a goblet cell and was cultured in RPMI1640 medium 
(GIBCO, C11875500BT) with 10% fetal bovine serum 
(FBS) and 1% P/S. HEK293T was cultured in a Dulbec-
co’s Modified Eagle’s Medium-high glucose medium 
(GIBCO, C11995500BT) with 10% FBS and 1% P/S. 
Primary hepatocytes were obtained by employing a two-
stage perfusion technique.15 Livers digested with colla-
genase IV (100 U/mL; Sigma-Aldrich, C5138) were 
washed by centrifugation at 50 g for 1 min at 4°C. Resus-
pended used Williams’ Medium E (GIBCO, 12551032) 
with 10% FBS and 2% P/S, the hepatocytes were seeded 
on type I rat tail collagen-coated culture plates (Invit-
rogen, A048301) and incubated at 37°C. The medium 
was refreshed at 2 hours after incubation. Hepatocytes 
were changed to serum-free medium 6 hours later and 
used for experiments on the following day. Details about 
the experimental procedure are given in the Expanded 
methods in online supplemental material.

Murine acute cerebral ischaemic stroke models
As described previously, a transient middle cerebral artery 
occlusion model (tMCAO) was used to induce an AIS.16 
Mice were anaesthetised with 5% isoflurane and were 
maintained with 1.5% isoflurane. Then, a silicone rubber-
covered monofilament matching the body weight of the 
mouse (weight: 15–20 g, diameter: 0.19±0.01 mm; weight: 
20–25 g, diameter: 0.21±0.01 mm) was inserted into the 
internal carotid artery through the external carotid 
artery. The monofilament was retracted after 60 min later 
for brain reperfusion. The model group recruited mice 
with 70% or more regional cerebral blood flow reduc-
tion under laser speckle blood flow imager (SIM BFI HR 
Pro, SIM Opto-Technology Co., Ltd) monitoring and 
randomly assigned them to the treatment group. Mice 
that died or developed subarachnoid haemorrhage were 
excluded. The sham group experienced the same oper-
ation except that the monofilament was not inserted. 
Assessment of neurological function and infarct volume 
were indicated in Expanded methods in online supple-
mental material.

Treatments of mice
For BM-MSC transplantation, 2×106 cells (5–8 passages) 
were suspended in 0.1 mL phosphate-buffered saline and 
transplanted via the inner canthal orbital vein right after 
reperfusion. Mice in the Veh group were injected intra-
peritoneally with equal amounts of vehicle. For the broad-
spectrum antibiotics (ABX) experiment, the drinking 
water of mice was replaced with an ABX cocktail for 28 
days to deprive the intestinal microbiota until tMCAO 
was conducted. To prepare the ABX cocktail, ampi-
cillin (1 g/L, Macklin, A830931), metronidazole (1 g/L, 
Macklin, M813526), neomycin (1 g/L, Macklin, N6063) 
and vancomycin (0.5 g/L, Macklin, V871983) were 
dissolved in autoclaved water. In the GC therapy exper-
iment, mice in the dexamethasone (DEX) group were 
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injected with DEX (0.25 mg/kg, intraperitoneally (i.p)) 
at 2 hours after reperfusion while mice in the DEX+MSC 
group received DEX (0.25 mg/kg, i.p) in addition to 
BM-MSC transplantation. Details of experimental proce-
dures were provided in the Expanded methods in online 
supplemental material.

Statistical analysis
GraphPad Prism software (V.9.5) was used for statistical 
analysis. Data were presented as the mean and error bars 
represent SD. Student’s t-test or Welch’s t-test was used 
to compare data between two groups, as appropriate. 
For multiple comparisons, differences were evaluated by 
using one-way or two-way analysis of variance (ANOVA) or 
Welch ANOVA followed by Tukey’s multiple comparison 
test or Dunnett’s multiple comparison test. The associa-
tion between indicators was assessed through Spearman’s 

correlation analysis. The analysis of survival data was 
conducted using Kaplan-Meier survival curves followed 
by a comparison with a log-rank test. Differences with p 
values <0.05 were considered significant.

RESULTS
BM-MSC transfer ameliorates post-stroke enterobacterial 
translocation
In consistent with previous reports, we recorded gut 
bacteria translocation in patients with AIS (figure 1A) as 
revealed by increased concentration of plasma lipopol-
ysaccharides (LPS, figure  1B) and LPS binding protein 
(LBP, figure 1C). In the meantime, the Stroke Dysbiosis 
Index17 (SDI, online supplemental figure 1A–C) which 
revealed the disorder of gut microbiota was increased in 
the recruited patients with AIS (figure 1D). Notably, SDI 

Figure 1  BM-MSC transfer ameliorates post-stroke enterobacterial translocation. (A) Experimental design of gut bacteria 
translocation in patients with AIS. Serum LPS (B) and LBP (C) level of patients with AIS (N=31) and HC (N=12) assessed by 
ELISA. *p<0.05, **p<0.01; by Welch’s t-test (mean±SD). (D) Comparison of SDI in patients with AIS (N=43) and HC (N=28), 
***p<0.001, by Welch’s t-test (mean±SD). SDI of patients who had a stroke correlating with the admission NIHSS score (E), 
CRP level (F) and infarct size (G) in patients with AIS, by Spearman rank correlation test. (H–K) Wild-type C57/BL6 mice were 
subjected to 60 min of tMCAO and transferred with a single dose of BM-MSC (2×106 cells per mice, intravenous) or an equal 
volume of vehicle (Veh, intravenous) right after reperfusion. Serum and faecal samples were collected at 3 days after tMCAO. 
(H) Schematic diagram of the gut barrier integrity assay and the results of fluorescence quantification. N=6 in each group, 
*p<0.05, by Welch ANOVA (mean±SD). Serum LPS (I) and LBP (J) level of sham and stroke mice. N=6 mice in each group, 
*p<0.05, **p<0.01, ***p<0.001, by Welch ANOVA (mean±SD). (K) Comparison of SDI in sham and stroke mice. N=3 mice in 
each group, *p<0.05, by Welch ANOVA (mean±SD). AIS, acute ischaemic stroke; ANOVA, analysis of variance; BM-MSC, bone 
marrow-derived mesenchymal stem cell; CRP, C reactive protein; FITC, fluorescein isothiocyanate; HC, healthy control; LBP, 
lipopolysaccharides binding protein; LPS, lipopolysaccharides; NIHSS, National Institute of Health stroke scale; SDI, Stroke 
Dysbiosis Index; tMCAO, transient middle cerebral artery occlusion.
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was positively correlated with NIHSS (National Institute 
of Health stroke scale) score in admission (figure  1E) 
and plasma C reactive protein level (figure 1F) in patients 
with AIS while seemed to be irrelevant to infarct size 
(figure  1G). The results revealed that enterobacterial 
dysbiosis of patients with AIS could affect neurological 
functions though the impact on lesion size was mild.

To explore the therapeutic effect of BM-MSC (online 
supplemental figure 2A–B) against post-stroke gut 
bacteria translocation, WT mice were subjected to 60 min 
of tMCAO and transferred with a single dose of BM-MSC 
(2×106 cells per mice, intravenous) or an equal volume 
of vehicle (Veh, intravenous) right after reperfusion 
(figure 1H–K). In accordance with previous reports, the 
BM-MSC recipients displayed ameliorated stroke severity 
with decreased infarct volume (online supplemental 
figure 3A–B), improved neurological function (online 
supplemental figure 3C–D) and increased post-stroke 
survival (online supplemental figure 3E). Accordingly, 
BM-MSC also improved the sensorimotor functions at 
3–14 days after tMCAO (online supplemental figure 3F). 
To evaluate the gut barrier permeability of the stroke 
models, tMCAO mice were gavaged with fluorescein 
isothiocyanate-dextran (FITC-dextran; 3–5 kDa) at 3 days 
after stroke. Pronounced extravasation of FITC-dextran 
from the enteric cavity into the circulation was recorded 
in tMCAO models (figure 1H). As with patients with AIS, 
the stroke mice displayed increased LPS (figure 1I), LBP 
(figure 1J) and SDI (figure 1K). Increment of gut barrier 
permeability and bacterial products in the circulation 
revealed the enterobacterial translocation after stroke. 
Impressively, BM-MSC transfer downregulated FITC-
dextran extravasation from the gut (figure  1H), serum 
LPS (figure  1I) and LBP (figure  1J) level and the SDI 
(figure 1K) indicating that the gut barrier integrity was 
preserved in the recipients and the enterobacterial trans-
location was inhibited. Our data suggested that besides 
improving stroke outcomes, BM-MSC treatment displayed 
promising therapeutic effects against post-stroke bacteria 
translocation.

BM-MSC transfer does not modulate the gut structure
As far as we are concerned, post-stroke enterobacterial 
translocation was dependent on three elements: Integ-
rity of the gut structure, the thickness of mucus layer and 
construction of gut microbiota. To explore the mecha-
nisms of how BM-MSC protect against post-stroke entero-
bacterial translocation, gut structure integrity was first 
assessed.

We documented that although the body weight of 
mice was decreased after stroke, it was not reversed by 
BM-MSC transfer (figure 2A). The length of the gut was 
comparable among sham-operated controls, Veh-treated 
and BM-MSC-treated tMCAO models (figure  2B) and 
the hierarchical structure was similar as assessed by HE 
staining (figure  2C). Bulk RNA sequencing (RNA-seq) 
with the colon tissue showed unaltered transcription of 
tight junction proteins between the stroke models with 

or without BM-MSC treatment (figure  2D) which was 
further confirmed by immunostaining of zona occludens 
1 (figure 2E) and Claudin 4 (figure 2F) in colon epithe-
lial cells. Therefore, we concluded that the protection 
against post-stroke enterobacterial translocation by 
BM-MSC transfer was independent of the modulation of 
the gut structure.

Colon mucus layer is attenuated after stroke which is 
preserved by BM-MSC transfer
We next explored the impacts of BM-MSC transfer on 
the colon mucus layer. Alcian blue staining revealed 
attenuation of the colon mucus layer and compression 
of the colon crypt (figure 3A,B) after stroke. Strikingly, 
BM-MSC transfer efficiently reversed the thickness of the 
mucus layer (figure 3A,B). Mucins are major constituent 
proteins of the mucus layer.7 18 As revealed by RNA-seq 
with colon tissue, BM-MSC recipients showed upregu-
lated mucin synthesis (figure 3C,D). Consistently, immu-
nostaining (figure  3E) and ELISA (figure  3F) demon-
strated the increased expression of Mucin-2 (MUC2) in 
the colon of BM-MSC-transferred mice. We thus inferred 
that inhibition of post-stroke enterobacterial transloca-
tion by BM-MSC transfer could be attributed to the pres-
ervation of the colon mucus layer.

BM-MSC improve gut microbiota construction through 
preserving colon mucus layer
We further evaluated the gut microbiota construction 
of tMCAO mice after BM-MSC treatment with 16S ribo-
somal RNA sequencing of faeces samples. Principal 
coordinate analysis (figure  4A) and unweighted pair 
group method with arithmetic mean analysis (figure 4B) 
revealed the alteration of gut microbiota construction 
after tMCAO which was reversed by BM-MSC treatment. 
BM-MSC upregulated the abundance of several probi-
otics including members of the phylum of Verrucomicro-
biota and the subordinated species of Akkermansia mucin-
iphila (figure 4C–F). Considering the mutual promotion 
of the mucus layer and Akkermansia muciniphila,19–21 we 
sought to figure out the causal relationship between the 
improved colon mucus layer and the expanded Akker-
mansia muciniphila abundance in BM-MSC recipients. 
Gut microbiota was depleted with pretreatment of ABX 
for 28 days before tMCAO (figure 4G and online supple-
mental figure 4A–E). Interestingly, the neural protective 
effects of BM-MSC against AIS were unabolished by ABX 
(online supplemental figure 4A–D). Moreover, the pres-
ervation of gut barrier integrity was unaffected by ABX 
treatment in the BM-MSC recipients as evidenced by the 
improved thickness of colon mucus layer (figure  4H), 
the increased goblet cell count in the colon crypt 
(figure 4H) and the decreased extravasation of garaged 
FITC-dextran (figure  4I). These results illustrated that 
the reconstruction of gut microbiota by MSC transfer was 
attributed to the improved integrity of the colon mucus 
layer.
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BM-MSC preserve gut barrier integrity through liver-gut axis
In AIS, activation of the hypothalamic-pituitary-adrenal 
(HPA) axis in response to the brain injury results in the 
elevation of systemic GCs. We verified the elevation of GCs 
in patients with AIS (online supplemental figure 5A). At 
3 days after tMCAO, plasma cortisol concentration was 
pronouncedly upregulated in the stroke models which 
was ameliorated by BM-MSC transfer (figure 5A). Corre-
spondingly, with bulk RNA-seq, we observed that steroid 
hormone biosynthesis was among the top 10 downreg-
ulated signalling pathways in BM-MSC-treated mice as 
assessed with Kyoto Encyclopedia of Genes and Genomes 
enrichment (figure 5B). To be noticed, DEX suppressed 
transcription (figure 5C) and translation (figure 5D–E) 
of MUC2 in goblet cells in dose-dependent manner with 

no significant effects on the cell survival (online supple-
mental figure 5B). When DEX was injected into BM-MSC 
recipients to reinforce the systemic GC level (online 
supplemental figure 5C), the protection against mucus 
layer attenuation by BM-MSC was abolished (figure 5F). 
Accordingly, DEX-treated BM-MSC recipients displayed 
increased infarct volume (online supplemental figure 
5D), exacerbated gut barrier impairment (online 
supplemental figure 5E) which illustrated that BM-MSC 
preserved the mucus layer by inhibiting GC-dependent 
mucus injury.

The liver is the major organ responsible for GC catab-
olism. Hepatocytes express multiple enzymes to regu-
late the level and effects of GC. For example, HSD11B1 
enforces the effects of GC while HSD11B2, CYP3A11, 

Figure 2  BM-MSC transfer does not modulate gut structure. (A) Weight loss (d3–d1) in mice of sham, tMCAO+Veh and 
tMCAO+MSC. N=6 mice in each group. ***p<0.001, compared with sham group. Not significant, by one-way ANOVA 
(mean±SD). (B) Representative picture of colon in sham, tMCAO+Veh and tMCAO+MSC mice and the quantification of colon 
length. N=6 mice in each group. Not significant, by one-way ANOVA (mean±SD). (C) Colon H&E stained and statistics of 
the histological score, crypt length and width in sham, tMCAO+Veh and tMCAO+MSC mice. N=6 mice in each group. Not 
significant, by one-way ANOVA (mean±SD). (D) Heatmap of tight junction-related genes of colon tissue between Veh and MSC 
after 3 days of tMCAO according to bulk RNA sequencing (RNA-seq), N=3 mice in each group. (E–F) Representative images 
of ZO1(E) and CLDN4 (F) of colon tissue in mice of in sham, tMCAO+Veh and tMCAO+MSC groups. N=3 mice in each group. 
ANOVA, analysis of variance; BM-MSC, bone marrow-derived mesenchymal stem cell; CLDN4, Claudin 4; tMCAO, transient 
middle cerebral artery occlusion; ZO1, zona occludens 1.
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SRD5A1, SRD5A2 and AKR1D1 suppresses GC functions 
through accelerating its inactivation.22–25 To be noticed, 
the transferred BM-MSC showed preferential infiltration 
into the liver but hardly stayed in the colon as revealed 
by optical in vivo imaging (figure 5G) and fluorescence 
microscopy (figure 5H). We thus hypothesised that liver 
functions were implicated in the mechanisms of BM-MSC-
offered protection.

With the quantitative PCR array, we documented 
that the expression of Hsd11b1 was increased while the 
transcription of GC inactivating enzymes including 
Hsd11b2 and Srd5a1 was declined in the liver at 3 days 
after tMCAO (figure  5I). Western blot (figure  5J) and 
immunostaining (figure  5K) revealed similar alteration 
of the proteins’ expression illustrating that hepatocytes 
favoured enhancing GC effects after stroke. Notably, 
BM-MSC transfer reversed the upregulated expression 
of HSD1B1 and the decreased level of HSD11B2 and 
SRD5A1 (figure 5I–K). In consistence, bile acid analysis 
with targeted metabolomics showed that the metabolic 
status of the liver was similar between the BM-MSC recip-
ients and sham-operated mice (online supplemental 
figure 6A,B). Meanwhile, RNA-seq with the liver tissue 

revealed that BM-MSC transfer enhanced steroids metab-
olism in hepatocytes (online supplemental figure 6C). 
Our data indicated that BM-MSC promoted GC inactiva-
tion by liver which subsequently preserved mucin produc-
tion in the colon mucus layer.

BM-MSC accelerate GC inactivation through enhancing PPARγ 
signalling in hepatocytes
We next studied the underlying mechanisms of how 
BM-MSC promoted GC inactivation. A previous study 
reported that BM-MSC could modulated protein expres-
sion through epigenetic regulation.26 The CpG island 
content of a gene tends to reflect the ease of its modi-
fication by methylation.27 Nevertheless, we found that 
the predicted content of CpG island of Hsd11b2 (online 
supplemental figure 7A) and the methylation of promoter 
and exon1 verified by bisulfite sequencing PCR analysis 
(online supplemental figure 7B) levels were all compa-
rably low in the liver among the Sham-operated group, 
Veh-treated stroke mice and BM-MSC recipients. Similarly 
low CpG island content was predicted in the remaining 
genes (online supplemental figure 7C). Therefore, we 

Figure 3  Colon mucus layer is attenuated after stroke which is preserved by BM-MSC transferred. (A–B) Alcian stain of colon 
tissue of sham, tMCAO+Veh and tMCAO+MSC mice. N=6 mice in each group. (A) Representative image of the mucus layer. 
(B) Corresponding quantitation of mucus layer thickness and number of goblet cells. Data were analysed using one-way ANOVA 
(mean±SD). *p<0.05, **p<0.01. (C–D) Analysis of sequencing results of colon tissue between tMCAO+Veh and tMCAO+MSC 
group. N=3 mice in each group. (C) GSEA showed that the upregulated genes in the MSC-treated group were enriched in the 
O-linked glycosylation of mucins pathway and the specific gene expression of this pathway was shown in the heatmap (D).  (E) 
Immunostaining showed increased expression of MUC2 in the colon of BM-MSC-transferred mice. N=3 mice in each group. 
(F) Expression of colon MUC2 was quantified by ELISA. N=6 mice in each group. *p<0.05, ***p<0.001, by one-way ANOVA 
(mean±SD). ANOVA, analysis of variance; BM-MSC, bone marrow-derived mesenchymal stem cell; GSEA, gene set enrichment 
analysis; MUC2, Mucin-2; tMCAO, transient middle cerebral artery occlusion.
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Figure 4  BM-MSC improves gut microbiota construction through preserving the colon mucus layer. (A–F) Faecal samples 
of mice at day 3 after tMCAO were collected and performed the 16S rRNA sequencing for the following analysis. N=3 mice 
in each group. (A) PCoA of the gut microbiome composition on the genus level. (B) Cluster analysis was performed using 
the unweighted pair group method with arithmetic mean (UPGMA) based on the weighted UniFrac distances to compare 
the community composition similarity of samples. (C) Characteristics of gut microbiota in the groups were evaluated with 
LEfSe. Bacterial populations with LDA score >3.5 were displayed. Relative abundance of gut bacterial phylum (D) and species 
(E) level in each group at day 3 after tMCAO. (F) Cladogram based on LEfSe analysis depicted the phylogenetic tree of the 
taxa enriched in microbiota from tMCAO mice received BM-MSC. (G–I) Gut microbiota was depleted with pretreatment of 
broad-spectrum antibiotics (ABX) for 28 days before tMCAO. (G) Experimental design. (H) Representative images of Alcian 
blue staining and statistics of mucus layer thickness showed that the repairing effect of BM-MSC on the mucus layer was 
inhibited by dexamethasone. N=4 mice of each group in the experiment measured the mucus layer, **p<0.01, by Student’s t-
test (mean±SD). N=7 mice in each group in the experiment measured the number of goblet cells. ***p<0.001, by Welch’s t-test 
(mean±SD). (I) Gut barrier integrity was assessed as the results of fluorescence quantification of FITC-dextran. N=5 mice in each 
group, ***p<0.001, by Student’s t-test (mean±SD). BM-MSC, bone marrow-derived mesenchymal stem cell; FITC, fluorescein 
isothiocyanate; LDA, linear discriminant analysis; LEfSe, linear discriminant analysis effect size; PCoA, principal coordinate 
analysis; rRNA, ribosomal RNA; tMCAO, transient middle cerebral artery occlusion.
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Figure 5  BM-MSC preserves gut barrier integrity through liver-gut axis. (A) Changes in plasma cortisol concentrations 
after stroke in mice. N=4 mice in each group. **p<0.01, ***p<0.001, comparisons were made between the two groups 
labelled. ##p<0.01 compared with baseline cortisol level in the whole experiment, by two-way ANOVA (mean±SD). (B) The 
differentially expressed genes down-regulated in the colons of BM-MSC treated group were enriched in the steroid hormone 
biosynthesis pathway. (C–E) To explore the inhibitory effect of glucocorticoid on the mucus layer, goblet cells were treated with 
a concentration gradient of dexamethasone for 18 hours. The transcription and translation of MUC2 were assessed by QPCR 
(C) and ELISA (D), respectively. Experiments were repeated for 3–4 times. *p<0.05, compared with the control group (0 nM), 
by one-way ANOVA (mean±SD). The slope of Muc2 mRNA and MUC2 protein expression line treated with the concentration 
gradient dexamethasone were also calculated by simple linear regression. (E) Expression of MUC2 (red) of goblet cells after 
concentration gradients of dexamethasone treatment was assessed by immunofluorescence staining. Experiments were 
repeated for three times. In addition, the dexamethasone treatment at these concentrations did not accelerate apoptosis in 
goblet cells. Data were shown in online supplemental figure 5A. (F) Representative images of Alcian blue staining and statistics 
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concluded that DNA methylation was independent of the 
GC metabolic regulation by BM-MSC.

Since we observed the opposite effects of BM-MSC on 
the expression of HSD11B1, HSD11B2 and SRD5A1 in 
the liver, we inferred that a common coordinator that 
regulated HSD11B1, HSD11B2 and SRD5A1 transcription 
was implicated in the therapeutic mechanism. Transcrip-
tional factors (TFs) that downregulated HSD11B1 expres-
sion or upregulated HSD11B2 and SRD5A1 transcription 
were searched through the signalling pathways project. 
We found there are 64 TFs that could mediate the expres-
sion of all the three mentioned molecules (figure  6A). 
Among the 64 TFs, peroxisome proliferator-activated 
receptor γ (PPARγ) was the only TF that simultaneously 
suppressed HSD11B1 but promoted HSD11B2 and 
SRD5A1 transcription (figure 6A). With immunostaining 
(figure 6B), we documented that expression of PPARγ in 
the liver was suppressed after stroke which was rescued 
by BM-MSC transfer. After co-culture of BM-MSC with 
hepatocytes, PPARγ was observed to have translocation to 
the nucleus as assessed with immunostaining (figure 6C). 
An increased expression of Pparg was also detected in 
the hepatocytes (figure  6D). Simultaneously, BM-MSC 
downregulated Hsd11b1 and increased the expression of 
Hsd11b2 and Srd5a1 in hepatocytes (figure  6D). These 
effects of BM-MSC were abolished when PPARγ signalling 
was inhibited by knocking down of Pparg in hepatocytes 
(figure  6E–F). Our results demonstrated that BM-MSC 
enhanced PPARγ signalling in hepatocytes thus promoted 
GC inactivation through coordination of HSD11B1, 
HSD11B2 and SRD5A1 expression. Therefore, the integ-
rity of the colon mucus layer was preserved by BM-MSC 
treatment after cerebral ischaemic stroke.

DISCUSSION
The current study describes a previously unidentified 
alteration of the gut barrier after AIS. We find that 
systemic elevation of GCs induced by cerebral ischaemia 
leads to attenuation of the gut mucus layer which subse-
quently results in enterobacterial translocation. Transfer 
of BM-MSC preserves the gut barrier integrity and inhibits 
enterobacterial translocation through enhancing the 
metabolism of GCs by hepatocytes.

The perspective on stroke has evolved from a brain-
centric view to a multi-organ viewpoint.28 29 In consistent 
with previous studies, we recorded that the structure 
of serosal, muscular and submucous layer was intact in 
stroke models6 while the thickness of the mucus layer was 
attenuated. The colonic mucus layer, as the main habitat 
for intestinal microorganisms, is mainly formed by mucin 
produced by goblet cells.30 31 This study unveiled a deli-
cate and sensitive change in the intestinal environment 
of the host after stroke. The loss of the mucus layer was 
the important reason for the post-stroke translocation of 
enterobacteria. Cerebral ischaemia provokes the HPA 
axis resulting in systemic elevation of GC level. Our data 
show that GC attenuates the productivity of mucin by 
goblet cells. Favourably, MSC treatment improves mucin 
production by goblet cells thus preserves the thickness of 
the gut mucus layer after stroke.

Besides the mucin production of goblet cells, the 
construction of gut microbiota contributes to the mainte-
nance of the mucus layer.32 Previous studies revealed that 
mucus components supported the survival of Akkermansia 
muciniphila.33 In the meantime, Akkermansia muciniphila 
enhances mucin production and is thus beneficial for 
mucus preservation.34 According to our results, the abun-
dance of Akkermansia muciniphila was increased in the 
MSC-transferred stroke recipients. However, enrichment 
of Akkermansia muciniphila in the microbiota turned out 
to be a subsequent effect of improved mucus integrity 
in the MSC-recipients and was dispensable for the cura-
tive effects of MSC. Our findings emphasise the impor-
tance of host reaction in the protection offered by MSC 
while the improvement of gut microbiota composition is 
favourable side benefit.

In line with a previous study,17 no significant correla-
tion was found between SDI and infarct size, suggesting 
that the extent of infarction in the short term is mainly 
influenced by vascular factors. SDI serves as a quantitative 
measure reflecting the degree of gut dysbiosis in patients 
who had a stroke. The study indicates that SDI correlates 
with the NIHSS score suggesting a potentially significant 
role of the gut in influencing patient who had stroke 
outcomes. This underscores the need for further inves-
tigation into the relationship between gut dysbiosis and 
stroke prognosis.

of mucus layer thickness showed that the repairing effect of BM-MSC on the mucus layer was inhibited by dexamethasone. 
N=5 in each group. ***p<0.001, by one-way ANOVA (mean±SD). Additional data for dexamethasone treatment under these 
subgroups were presented in online supplemental figure B–D. (G) In vivo imaging of major organs from tMCAO mice at 0 day, 
1 day and 3 days after intravenously injection of DiR-labelled BM-MSC (2×106 cells per mouse). N=3 mice in each group. (H) 
Infiltration of WGA-labelled BM-MSC of the liver and colon at 0 day, 1 day and 3 days after intravenously injection were tracked 
by immunofluorescence. N=3 mice in each group. (I–K) Liver tissue of stroke mice was isolated at 3 days after tMCAO and used 
for the following experiments. The expression of enzymes that regulated the level and effects of glucocorticoid were detected 
by QPCR array (I). N=6 mice in each group. *p<0.05, **p<0.01, by one-way ANOVA (mean±SD). The change of HSD11B1, 
HSD11B2 and SRD5A1 were further verified by Western blot (J) and immunostaining (K). N=3 mice in each group. *p<0.05, 
***p<0.001, by one-way ANOVA (mean±SD). ANOVA, analysis of variance; BM-MSC, bone marrow-derived mesenchymal stem 
cell; DAPI, 4‘,6-diamidino-2-phenylindole; DEX, dexamethasone; IgA, immunoglobulin A; KEGG, Kyoto Encyclopedia of Genes 
and Genomes; mRNA, messenger RNA; MUC2, Mucin-2; QPCR, quantitative PCR; tMCAO, transient middle cerebral artery 
occlusion.
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Figure 6  BM-MSC accelerates GC inactivation through enhancing PPARγ signalling in hepatocytes. (A) Venn diagram showed 
the intersection of TFs that modulated the transcription of Hsd11b1, Hsd11b2 and Srd5a1. Among the 64 TFs intersected, 
PPARγ could simultaneously downregulated the transcription of Hsd11b1 and upregulate the transcription of Hsd11b2 and 
Srd5a1. Data for the analysis were obtained from the signalling pathways project (SPP, http://signalingpathways.org/). (B) Liver 
sections were subjected to immunostaining of PPARγ (red) and DAPI (blue) at 3 days after tMCAO. Experiments were repeated 
for three times. (C–D) Murine primary hepatocytes were co-cultured with BM-MSC (hepatocytes:BM-MSC=5:1) for 18 hours. 
(C) Immunofluorescence images showed enhanced nuclear localisation of PPARγ (grey) after co-culture of murine primary 
hepatocytes with BM-MSC. Experiments were repeated for three times. (D) The mRNA level of Pparg, Hsd11b1, Hsd11b2 
and Srd5a1 in murine primary hepatocytes were assessed with QPCR. Experiments were repeated for three times. *p<0.05, 
***p<0.001, by one-way ANOVA (mean±SD). (E–F) Pparg was knocked-down in murine primary hepatocytes by lentivirus-shRNA 
(PpargKD). Murine primary hepatocytes transfected with vector plasmid were set as control. The effect of Pparg in the promotion 
of glucocorticoid metabolism in hepatocytes by BM-MSC was verified by QPCR (E) and immunofluorescence (F). Experiments 
were repeated three times. *p<0.05, **p<0.01, ***p<0.001, by one-way ANOVA (mean±SD). ANOVA, analysis of variance; BM-
MSC, bone marrow-derived mesenchymal stem cell; DAPI, 4‘,6-diamidino-2-phenylindole; mRNA, messenger RNA; PPARγ, 
peroxisome proliferator-activated receptor γ; QPCR, quantitative PCR; shRNA, short hairpin RNA; TFs, transcriptional factors; 
tMCAO, transient middle cerebral artery occlusion.

 on M
ay 4, 2025 by guest. P

rotected by copyright.
http://svn.bm

j.com
/

S
troke V

asc N
eurol: first published as 10.1136/svn-2024-003494 on 4 O

ctober 2024. D
ow

nloaded from
 

http://signalingpathways.org/
http://svn.bmj.com/


� 11Su X, et al. Stroke & Vascular Neurology 2024;0. doi:10.1136/svn-2024-003494

Open access

Intravenous infusion of MSC is a promising treatment 
for stroke.8 As revealed by in vivo tracing, the transferred-
BM-MSC favour infiltration into the liver rather than the 
gut. Interestingly, we demonstrate that it is the interac-
tion of transferred-MSC and hepatocyte that mediates the 
mucus-preserving effects. We found that MSC enhanced 
GC metabolism in hepatocytes through increasing the 
expression of GC catabolic enzymes including HSD11B2. 
It has been recorded that the level of HSD11B2 in hepato-
cyte is regulated by DNA methylation35 and Hedgehog 
signalling.36 37 Nevertheless, the methylation status of the 
Hsd11b2 gene and the activity of the Hedgehog pathway 
were both stable in the hepatocytes of the MSC recipients. 
Instead, MSC enhances the activation of PPARγ signalling, 
a key regulator of cellular metabolism, thus promoting 
the expression of HSD11B2 in hepatocytes and further 
improving mucin production by gut goblet cell. Our data 
suggest that the intravenously transferred-MSC syntheti-
cally protects against post-stroke enterobacterial translo-
cation through coordinating systemic metabolism.

The present study has several limitations. First, the 
study used young mice whereas AIS commonly affects 
the elderly. Future research should include aged animal 
models to better reflect the clinical scenarios and eval-
uate age-specific treatment responses. Second, the exper-
iments demonstrating that BM-MSC accelerates GC 
inactivation by enhancing PPARγ signalling in hepatocytes 
were all performed in vitro. Further in vivo studies are 
necessary to comprehensively elucidate the interactions 
and communications within these multi-organ systems.

Conclusively, we confirm that post-stroke MSC treat-
ment improves gut barrier integrity and inhibits entero-
bacterial translocation by enhancing GC metabolism by 
hepatocytes. MSC transfer represents a protective modu-
lator of the brain-liver-gut axis after AIS.
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