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Abstract

Brain injury caused by stroke has a high rate of mortality and remains a major medical challenge worldwide. In recent years,
there has been significant attention given to the use of human Umbilical cord-derived Mesenchymal Stem Cells (hUC-MSCs)
for the treatment of stroke in different adult and neonate animal models of stroke. However, using hUC-MSCs by systemic
administration to treat ischemic stroke has not been investigated sufficiently. In this study, we conducted various experiments
to explore the neuroprotection of hUC-MSC:s in rats. Our findings demonstrate that an intravenous injection of a high dose
of hUC-MSC:s at 2 x 1017 cells/kg markedly ameliorated brain injury resulting from ischemic stroke. This improvement
was observed one day after inducing transient middle cerebral artery occlusion (MCAO) and subsequent reperfusion in rats.
Notably, the efficacy of this single administration of hUC-MSCs surpassed that of edaravone, even when the latter was used
continuously over three days. Mechanistically, secretory factors derived from hUC-MSCs, such as HGF, BDNF, and TNFR1,
ameliorated the levels of MDA and T-SOD to regulate oxidative stress. In particular, TNFR1 also improved the expression
of NQO-1 and HO-1, important proteins associated with oxidative stress. More importantly, TNFR1 played a significant
role in reducing inflammation by modulating IL-6 levels in the blood. Furthermore, TNFR1 was observed to influence the
permeability of the blood—brain barrier (BBB) as demonstrated in the evan’s blue experiment and protein expression of ZO-1.
This study represented a breakthrough in traditional methods and provided a novel strategy for clinical medication and trials.
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Introduction

Stroke, the second leading cause of death in the world, has
an extremely high proportion of disability and mortality,
which can be classified into hemorrhagic stroke and ischemic
stroke [1]. Notably, the rate of ischemic stroke accounts for
85% of all strokes and affects approximately 15 million
people annually [2, 3]. Generally, patients with stroke show
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like glucose, to the brain during transient ischemia, result-
ing in damage to the affected brain region. Reperfusion of
cerebral blood flow after ischemia has also garnered sig-
nificant interest among researchers due to its potential to
cause irreversible secondary damage in the ischemic region
[7]. Besides, permanent ischemia is associated with higher
mortality rates [8, 9]. Thus, considering the complex nature
of pathological mechanisms and the variability of diseases,
ischemic stroke continues to be a significant global medical
challenge that requires resolution.

Previous research has demonstrated that inflammation,
oxidative stress, cellular excitatory toxicity, and cell death
processes are the primary molecular mechanisms of stroke-
induced brain injury [10]. According to the pathogenesis,
thrombolysis is the predominant effective therapeutic strat-
egy apart from mechanical thrombectomy. Recombinant
tissue plasminogen activator (rt-PA) is an example of such
strategies, as it can timely protect patients from ischemic
stroke injury. However, the side effects of rt-PA, particularly
the potential for cerebral hemorrhage and worsening stroke
damage, contribute to a poor prognosis for patients [11].
Therefore, longer therapeutic time windows, enhanced repair
capabilities, and prolonged effectiveness of new therapeutic
drugs and strategies received the world’s attention.

Mesenchymal Stem Cells (MSCs) are pluripotent stem
cells that share common characteristics with other types of
stem cells, such as self-renewal and multi-directional dif-
ferentiation. MSCs can be derived from various tissues,
including bone marrow, adipose tissue, and umbilical cord
blood, and thus have their unique treatment characteristics
[12].With the swift advancement in research, the transplan-
tation of MSCs has emerged as a promising therapeutic
method for resolving ischemic diseases, including stroke,
coronary artery disease, and peripheral artery disease, with
excellent therapeutic effects [13—15]. Multiple reports have
demonstrated the remarkable neuroprotective effect of
MSCs in protecting patients from ischemic stroke injuries
[16-18]. Additionally, MSCs possess vital characteristics
that promote the repair of damaged tissues [19], which is
particularly beneficial for patients who are unable to receive
timely treatment when an ischemic stroke occurs. So far,
mechanism studies have demonstrated that MSCs can repair
neural function, reduce the area of cerebral infarction, and
promote vascular and nerve regeneration to alleviate brain
damage caused by ischemic stroke, whose beneficial effects
are attributed to the paracrine secretion, immunoregulation,
and regulation of cell apoptosis [20-22]. In recent years,
researchers have been increasingly interested in using human
umbilical cord-derived MSCs (hUC-MSCs) to treat complex
diseases such as liver fibrosis, subacute spinal cord injury,
and acute kidney injury [23-25].

Still, there is inadequate research on the preclinical phase
and mechanisms of hUC-MSCs especially by systemic

@ Springer

administration in mitigating brain injury from ischemic
stroke. Thus, in this study, we aimed to determine the admin-
istration route, therapeutic time window, and multiple-dose
study of hUC-MSC:s in an in vivo model of ischemic stroke.
Edaravone, a clinically proven neuroprotective agent in
ischemic stroke, effectively clears free radicals during the
acute phase [26, 27]. In this study, we hypothesized that the
mechanism of hUC-MSCs is similar to that of edaravone.
Thus, we selected edaravone as the positive control. Addi-
tionally, we further investigated the mechanism of action
of hUC-MSC:s to provide a research foundation and new
therapeutic strategy for future clinical medication and trials
of ischemic stroke.

Materials and Methods
Human UC-MSCs Culture

Human UC-MSCs were obtained from Baylx Biotech Co.,
Ltd (Beijing, China) and cultured in Dulbecco’s modified
Eagle’s medium: nutrient mixture F12 (DMEM/F12, Inv-
itrogen, California, USA) supplemented with 10% fetal
bovine serum (FBS, Gibco, California, USA) and incubated
at 37 °C in a 5% CO, environment. For the experiments,
cells from passages 6 to 7 were used. The characteristics of
the hUC-MSCs were determined by using a flow cytometer
(Beckman, Indiana, USA) and FITC- or PE-conjugated anti-
bodies against specific membrane markers (CD19, CD34,
CD31, CD11b, CD45, CD73, CD90, CD105 and HLA-DR).
In this study, the hUC-MSCs were suspended in saline for
injection purposes.

Small Interfering RNA Transfection

Human UC-MSCs were transfected with 10 nM siRNA
against tumor necrosis factor receptor 1 (labeled as siT-
NFR1-MSCs, Invitrogen), brain-derived neurotrophic factor
(labeled as siBDNF-MSCs, Invitrogen), hepatocyte growth
factor (labeled as stHGF-MSCs, Synbio China) or negative
control siRNA (labeled as siNC-MSCs, Synbio China) for
24 h (Table 1). Transfection was performed using Lipo-
fectamine 2000 transfection reagent (Thermo Fisher Scien-
tific, Massachusetts, USA) according to the manufacturer's
instructions. The effect of siRNA on hUC-MSCs was veri-
fied using PCR (Supplementary Fig. 1). The primers were
synthesized by Genewiz Biotechnology Co., Ltd (Suzhou,
China) (Table 2). Subsequent assessments of cytodifferentia-
tion, immunophenotype and cell proliferation of hUC-MSCs
post-siRNA transfection were illustrated in Supplementary
Fig. 2.
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Table 1 siRNA sequences

siRNA sense (5'-3") antisense (5'-3") Supplier/Cat No
siNC UUCUCCGAACGUGUCACGUATAT ACGUGACACGUUCGGAGAAdTAT Synbio

siHGF CAGGAAAACUACUGUCGAAATAT UUCGACAGUAGUUUUCCUGATAT Synbio

siTNFR1 CCCUCAAAAUAAUUCGAUULt AAUCGAAUUAUUUUGAGGGtg Invitrogen/s14266
siBDNF CCCUUACCAUGGAUAGCAALt UUGCUAUCCAUGGUAAGGGcc Invitrogen/ s1964

Table 2 Primer sequences

Primer Forward (5'-3") Reverse (5'-3")

HGF CAGAGGGACAAAGGAAAAGAAGA TTGAAGGGGAACCAGAGGC
BDNF CTCTTTCTGCTGGAGGAATACAA CCGCCGTTACCCACTCACTA
TNFR1 GCCCAGTTCCACCTTCACCT TAGGCTCTGTGGCTTGTGGG

Rat Transient Middle Cerebral Artery Occlusion
(MCAOQ) Model

Male Sprague-Dawley rats (7 weeks old, weighing
250-280 g) were obtained from Beijing SiPeifu Biotech Co.,
Ltd. (Beijing, China). The animals were treated humanely
and maintained in a temperature and humidity-controlled
room with a 12-h light/dark cycle, food and water avail-
able ad libitum. All experimental procedures involving
animals were conducted by the national legislation and
approved by the Laboratory Animal Ethics Committee
(IACUC NO: TACUC20211123-04, IACUC20220408-04,
IACUC20220408-03, Yugen Pharmaceutical Technology
Co., Ltd, Tianjin, China).

Animals were allowed to acclimatize to the laboratory
1 week before experiments. Rats were anesthetized with
isoflurane via a face mask and kept in the supine position.
Throughout the surgical procedure, the body temperature
was maintained at 37 °C. Middle cerebral artery occlusion
(MCAO) and reperfusion surgery was conducted corre-
sponding to previous report [28]. Rats in the sham group
underwent the same procedure without MCAQO. Following
reperfusion for 24 h, a neurological function assessment was
conducted to score the degree of neurological impairment
based on predefined criteria. Rats exhibiting obvious neu-
rological deficits (score > 8) were selected for subsequent
experiments in this study.

Neurological Severity Score Determination

Modified Neurological Severity Scores (mNSS) were used
to assess the motor function, reflexes, and balance of rats
(normal score: 0; maximal deficit score: 16). For the motor
function test, each animal was lifted by its tail to observe
and record specific behaviors. These included the flexion
of the forelimb and hindlimb, the posture of head raising
(0-3), and the gait observed after the animal was placed

on the floor (0-3). The reflexes absent test (0—4) included
evaluations of the pinna reflex, corneal reflex, panic reflex,
and spasticity. Rats with total scores greater than or equal
to 8 were considered to have obvious neurological deficits.
The improvement rate of mNSS was calculated using the
formula: (mNSS before treatment—mNSS after treatment)/
mNSS before treatment X 100%.

Experiments Design

Animals with significant neurological deficits following
MCADO (score > 8) were randomly allocated into different
groups (n=10). At the end point of experiments, the ani-
mals were anesthetized with isoflurane and euthanized, and
brain tissues were collected for experiments. Timeline were
showed in corresponding Figures.

Experiment I: Administration route study of hUC-MSCs
for treating MCAO rats.

Sham group and model group treated with a cell sol-
vent by intravenous injection (2 mL/kg); treatment groups
received hUC-MSCs (5 x 10° cells/kg or 1x 107 cells/kg)
by intravenous injection (2 mL/kg, i.v.) or received hUC-
MSCs (5 x 10° cells/kg) by intrathecal injection (80 pL/kg,
i.t.) [24]. The treatment was performed 24 h post reperfu-
sion. Modified NSS were performed before treatment and at
1, 3,7, and 14 days after treatment.

Experiment 2: Therapeutic time window study of hUC-
MSC:s for treating MCAO rats.

Four treatment groups received hUC-MSCs—designated
as hUC-MSCs-1, hUC-MSCs-2, hUC-MSCs-3, and hUC-
MSCs-4. The treatment groups were administered a single
intravenous injection of hUC-MSCs at a dose of 1x 10’
cells/kg (2 mL/kg) at different time points—3 h, 1 day,
3 days, or 7 days after MCAO and reperfusion, respectively.
The sham and model groups received an equivalent volume
of cell solvent after one day of reperfusion. Modified NSS
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were performed before treatment and at 1, 3, 7, 14, 21, and
28 days after treatment.

Experiment 3: Multiple-dose study of hUC-MSCs for
treating MCAO rats.

The sham group and model group were treated with a cell
solvent. Three groups received different doses of hUC-MSCs
(5% 10% cells/kg, 1 x 107 cells/kg, or 2 x 10 cells/kg) at 24 h
after reperfusion with a single intravenous injection (4 mL/
kg). A positive control group was treated with Edaravone
(6 mg/kg, Simcere, Nanjing, China) immediately after rep-
erfusion via intravenous injection (4 mL/kg) correspond-
ing to previous reports [29, 30], once daily for three days.
(1) Short-term study: mNSS were performed before treat-
ment and at 1, 2, and 3 days after treatment. Blood samples
were extracted from the jugular vein of each animal at 1 and
3 days after treatment. (2) Long-term study: mNSS were
performed before treatment and at 7, 14, 21, and 28 days
after treatment.

Experiment 4: Mechanism study of hUC-MSC:s for treat-
ing MCAQO rats.

The sham group and model group were treated with a cell
solvent. The hUC-MSCs treatment group was divided into
four subgroups: siHGF-MSCs, siTNFR1-MSCs, siBDNF-
MSCs, and a negative control group (siNC-MSCs). Each
subgroups received intravenous stem cell injections at a dos-
age of 2x 107 cells/kg (2 mL/kg) at 24 h after reperfusion.
(1) Short-term mechanism study: mNSS were performed
before treatment and at 1, 2, and 3 days after treatment. (2)
Long-term mechanism study: mNSS were performed before
treatment and at 7, 14, 21, and 28 days after treatment. (3)
This part consisted of sham group, model group, siRNA
negative control group, and siRNA-TNFR1 group. Blood
from the abdominal aorta were collected for experiments.

TTC Staining of Brain Tissue

Brain tissue was first thoroughly frozen at liquid nitrogen
and transferred to — 20 °C. It was then cut into 2 mm slices
and incubated in a 2% solution of 2,3,5-triphenyltetrazolium
chloride (TTC) at 37 °C for 5 min. In the imaging, infarct
areas appeared white, while non-infarct areas were red.
Measuring the infarct volumes with image J software and
calculating the percentage of infarct volumes of total brain
area by an investigator who was blind to the groups. The
formula used was: Infarct volumes percentage (%) = infarct
volumes / total brain volumes X 100%.

Measurement of Malondialdehyde (MDA) and Total
Superoxide Dismutase (T-SOD)

The hippocampus of the brain was homogenized with nor-

mal saline to make 10% tissue homogenate. After centrifuga-
tion at 3000 rpm for 10 min, the supernatant was collected
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to determine the content of MDA and T-SOD by using a
commercial kit (A003-1-2 and A001-3-2, Jiancheng Bioen-
gineering Institute, Nanjing, China) according to the manu-
facturer's instructions.

Peripheral and Neural Inflammatory Factors
Detection

Blood samples, collected from the jugular vein or abdominal
aorta of rats, were centrifuged at 3000 rpm for 10 min to
acquire blood serum and used to detect peripheral inflam-
matory factors. Brain tissue from rats was homogenized
with PBS to prepare the 10% homogenate and used to detect
neural inflammatory factors. The supernatant from jugular
vein was analyzed to determine the levels of IL-1p, IL-6,
TNF-«, IFN-y, IL-10, VEGF, MCP-1, IL-17A, and IL-12
by using Bead-Based Multiplex Assays (Millipore, Massa-
chusetts, USA) according to manufacturer's instruction. The
level of TNF-a, IL-1p, and IL-6 in brain tissue homogen-
ate and blood serum from abdominal aorta were measured
using the Rat Quantikine ELISA Kit (R&D, Minneapolis,
USA). Results were determined by a fluorescence bioreac-
tion detection system based on Luminex technology (Ther-
moFisher, Massachusetts, USA).

Blood-Brain Barrier Permeability Test

One hour before the experiment’s endpoint, rats were admin-
istered 2% Evan’s Blue solution via tail vein injection at a
dosage of 4 mL/kg. Subsequently, the rats were humanely
euthanized and underwent cardiac perfusion with PBS to
facilitate the collection of brain tissue samples. After pre-
paring the homogenate by mixing brain tissue with forma-
mide and incubating it at 37 °C for 24 h, the supernatant
was obtained by centrifuging at 14,000 rpm for 30 min.
The optical density of this supernatant was then measured
at a wavelength of 630 nm. Simultaneously, Evan's Blue
standard samples were also measured to construct a stand-
ard curve, which was used for calculating the content in the
brain tissue.

Western Blotting Analysis

Total proteins (approximately 30—40 pg) were separated by
10% SDS-PAGE using TGX FastCast Acrylamide Solu-
tions (Bio-Rad, California, USA) and transferred to PVDF
membranes by using Trans-Blot Turbo Transfer Packs (Bio-
Rad, California, USA) in the Trans-Blot® Turbo™ Transfer
System (Bio-Rad, California, USA). After blocking for 2 h
at room temperature, the membranes were incubated with
the primary antibodies diluted in blocking buffer at 4 °C
overnight. Antibodies against NQO-1 (1:2000, ab80588),
HO-1 (1: 2000, ab189491), and B-actin (1: 2000, ab8227)
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were obtained from Abcam (Cambridge, United Kingdom).
Antibody against ZO-1 (1: 2000, 21,773-1-AP) was obtained
from Proteintech (Rosemont, USA). After incubation with
Horseradish peroxidase (HRP)-conjugated goat anti-rabbit
IgG (H+L) secondary antibody (1:5000, ab205718) that
purchased from Abcam (Cambridge, United Kingdom),
the target protein was detected using the BeyoECL Moon
Extreme Hypersensitivity Chemiluminescent Kit (Beyotime,
Shanghai, China) in the iBright FL1500 gel imaging analysis
system (Invitrogen, California, USA). f-actin was used as an
internal control to normalize the relative expression of each
protein. The optical densities of the bands were quantified
using Image J software.

Statistical Analysis

All data are presented as the Mean + Standard Error of Mean
(SEM). Experimental data with homogeneity of variance
were analyzed by one-way or two-way analysis of variance
(ANOVA) followed by Fisher’s least significant difference
(LSD) test, otherwise, Kruskal-Wallis followed by uncor-
rected Dunn’s test was used to compare the difference
between multiple groups by using GraphPad Prism software
(Version 9.0, San Diego, CA). Statistical significance was
considered at P <0.05.

Results

Intravenous Injection of hUC-MSCs is More Effective
in Treating Ischemic Stroke

As shown in Fig. 1b, compared with the sham group, the
mNSS of the model group was significantly increased after
MCAO and reperfusion for 24 h and at 1, 3, 7, and 14 days
after treatment (P <0.001). The main manifestations of rats
in the model group were forelimb and posterior limb flexion
when lifting the tail, turning to the hemiparetic side during
crawling, and falling off during the beam balance test. Com-
pared with the model group, hUC-MSCs treatment (1 x 10’
cells/kg) by intravenous injection remarkably decreased
the mNSS at 3,7 and 14 days after treatment (P <0.05
or P<0.01). At 7 and 14 days after treatment, the hUC-
MSCs group (5x 10° cells/kg, i.v.) represented a noticeable
decrease compared with the model group (P <0.01). The
significant difference between the intrathecal injection of
hUC-MSCs (5 x 10° cells/kg, i.t.) group and the model group
was only detected at 14 days after treatment (P <0.01).
Furthermore, after treatment for 7 days, mNSS have
been significantly ameliorated by intravenous injection of
hUC-MSCs (5% 10° cells/kg and 1 x 107 cells/kg) compared
with the model group (P <0.001), and all treatment groups
have also appeared significant improvement rate at 14 days

after treatment compared with the model group (P <0.01
or P<0.001).

The results of infarction rate in the brain are shown in
Figs. lc. Compared with the sham group, severe cerebral
infarction has appeared in the model group (P <0.001).
Intravenous injection of hUC-MSCs (5 x 10° cells/kg and
1x 107 cells/kg) significantly decreased infarction rate
(P<0.05 or P<0.01), with improvements of 15.2% and
20.9%, respectively, in the brain affected by MCAO and
reperfusion.

In summary, intravenous injection of hUC-MSCs appears
to be an effective administration route for alleviating
ischemic stroke induced by MCAO and reperfusion in rats.

24 Hours After Ischemic Stroke is the Best Time
for hUC-MSCs Treatment

Compared with the sham group, mNSS of the model group
showed significant differences at all time points (P < 0.001,
Fig. 2b). However, there was a notable decrease of mNSS
in the hUC-MSCs-2 and hUC-MSCs-3 groups (treated after
reperfusion for 1 or 3 days) from 7 to 28 days post-treatment
(P<0.05 or P<0.01). Furthermore, the mNSS of the hUC-
MSCs-4 group (treated after reperfusion for 7 days) dem-
onstrated a significant improvement from day 14 to 28 post-
treatment (P <0.05). Intriguingly, an earlier administration
(hUC-MSCs-1 group) displayed limited effect.

Similar to the significant difference of mNSS between the
model group and treatment groups, the hUC-MSCs-2 and
hUC-MSCs-4 groups showed a significant improvement in
mNSS from day 3 to 28 compared to the severe neurologi-
cal dysfunction in model group (P <0.001, Fig. 2¢). Simi-
larly, the hUC-MSCs-3 group also exhibited a significant
positive impact on the mNSS, with noticeable improvements
observed at day 1 and persisting from day 7 to 28 post-treat-
ment (P <0.05, P<0.01, or P <0.001). Moreover, compared
to the sham group, the model group exhibited significant cer-
ebral infarction (P <0.001, Figs. 2d). Additionally, the hUC-
MSCs-2 and hUC-MSCs-3 groups significantly reduced the
total cerebral infarction rate (P <0.05), with improvement
rates of 22.2% and 19.4%, respectively.

Altogether, our findings revealed that within 1 to 7 days
after MCAO and reperfusion is the efficacious time of hUC-
MSC:s to alleviate ischemic stroke.

High-Dose hUC-MSCs Have Better Therapeutic
Effects on Ischemic Stroke

Compared with the obvious neurological dysfunction in
the model group (P <0.001, Fig. 3b), the hUC-MSCs
group (2x 107 cells/kg) and edaravone group significantly
decreased mNSS at 2 days after treatment (P <0.05). The
hUC-MSCs group (2% 107 cells/kg) remarkably decreased
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Fig. 1 Administration route study of hUC-MSCs alleviated ischemic
stroke induced brain damage in rats. a Timeline about experi-
ment design. b Modified Neurological severity scores (mNSS) of
rats at different time points after MCAO and reperfusion according
to experiment design and improved rate (%) at different time points
compared with pretreatment in rats (n=10). ¢ Coronal brain sections
of rats stained with 2,3,5-triphenyltetrazolium hydrochloride at end-
point. Total cerebral infarction rate (%) and improved rate (%) com-

mNSS (P <0.05) with an improved rate of 20.0% at 3 days
after treatment. Similarly, the positive control edara-
vone group (6 mg/kg) also significantly decreased mNSS
(P<0.001) with an improvement rate of 17.6%.
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sents white. Data are expressed as the mean + standard error of mean
(SEM). Statistical analyses were performed using one-way analysis
of variance (ANOVA) followed by Fisher’s least significant differ-
ence (LSD) test or Kruskal-Wallis followed by uncorrected Dunn’s
test. #p <0.01, ##p <0.001 compared with the sham group; “p <0.05,
“p<0.01, "p<0.001 compared with the model group with MCAO

Subsequently, we found that hUC-MSCs treatment
groups decreased the total cerebral infarction rate of the
model group that has significant differences from the sham
group (P <0.001, Fig. 3c and d). A single injection of
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Fig.2 The therapeutic time windows study of hUC-MSCs allevi-
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experiment design. Timepoints of each groups conducting mNSS
listed on the left side of the timeline. Timepoints about rats receiv-
ing treatment after MCAO and reperfusion listed on the right side
of the timeline. b mNSS of rats at different time points after MCAO
and reperfusion according to experiment design and ¢ improved
rate (%) at different time points compared with pretreatment in rats
(n=10). d Coronal brain sections of rats stained with 2,3,5-triph-

hUC-MSCs (2x 107 cells/kg) significantly alleviated the
infarction rate (P <0.05) with an improvement rate of
32.4% compared with the model group, which was higher
than the positive control edaravone group (P <0.05,31.1%
of improve rate).

Above all, our results indicated that the effect of hUC-
MSCs on treating ischemic stroke is dose-dependent,
with higher doses of hUC-MSCs (2 x 107 cells/kg) yield-
ing more effective results. Furthermore, one single treat-
ment of hUC-MSCs is better than a continuous injection
of edaravone for 3 days.

enyltetrazolium hydrochloride at endpoint. Total cerebral infarction
rate (%) and improved rate (%) compared with the model group in
rats (n=10). The infarction area presents white. Data are expressed
as the mean + standard error of mean (SEM). Statistical analyses were
performed using one-way analysis of variance (ANOVA) followed
by Fisher’s least significant difference (LSD) test or Kruskal-Wal-
lis followed by uncorrected Dunn’s test. ##5 <0.001 compared with
the sham group; "p <0.05, “p<0.01, “*p<0.001 compared with the
model group with MCAO

hUC-MSCs Alleviate Oxidative Stress
and Neuroinflammation of Ischemic Stroke

Compared with the sham group, the model group has a sig-
nificant increase in MDA levels (P <0.05, Fig. 3e) accom-
panied by a decreasing trend of T-SOD levels without
significant difference (P> 0.05, Fig. 3f). Treatment with
hUC-MSCs (5x 10° cells/kg, 1x 107 cells/kg, and 2x 107
cells/kg) and edaravone significantly decreased MDA con-
tent (P <0.05 or P <0.01) and improved the level of T-SOD
(P<0.05).
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Fig.3 Short-term multiple-dose study of hUC-MSCs allevi-
ated ischemic stroke induced brain damage in rats. a Timeline
about experiment design. b mNSS of rats at different time points
after MCAO and reperfusion according to experiment design and
improved rate (%) 3 days after treatment compared with the model
group in rats (n=10). ¢ Coronal brain sections of rats stained with
2,3,5-triphenyltetrazolium hydrochloride at endpoint (n=10). The
infarction area presents white. d Total cerebral infarction rate (%) and
improved rate (%) compared with the model group in rats (n=10).

Next, we determined the peripheral inflammatory fac-
tors levels in the blood serum from jugular vein of rats at
1-day and 3-day post-treatment (Fig. 3g). Compared with the
sham group, the levels of TNF-a, IL-6, IL-12 p70, IL-17A,
and MCP-1 were significantly increased (P <0.05, P<0.01,
or P<0.001) in the model group at 1 day after treatment.
Treatment with hUC-MSCs (5 X 10° cells/kg, 1x 107 cells/
kg and 2 x 107 cells/kg) or edaravone have a significant effect
ameliorated these changes, which remarkably decreased
TNF-a (P <0.05), IL-6 (P <0.001), IL-12 p70 (P <0.05 or
P <0.01), IL-17A (P <0.05), and hUC-MSCs (2 x 107 cells/
kg) notably increased VEGF (P <0.01) that is the key of
promoting angiogenesis.
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cal analyses were performed using one-way analysis of variance
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These data suggested that the potential mechanisms by
which hUC-MSCs alleviate ischemic stroke may include
ameliorating oxidative stress and neuroinflammation, as well
as inducing activation of vascular endothelial cells.

Powerful Long-Term Restorative Effect of hUC-MSCs
on Ischemic Stroke

After treatment for 1, 2, 3, and 4 weeks, compared with
the model group, hUC-MSCs groups (1x 107 cells/
kg and 2x 107 cells/kg) significantly decreased mNSS
(P<0.05~0.001, Fig. 4b), and showed obvious neurological
repairment (P <0.001) with 21.6% and 25.5% improve rate
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at the end point of study, which was higher than the positive
edaravone group (15.7%, Fig. 4b).

In the same way, compared with the infarction rate in
the brain of the model group (P <0.001, Fig. 4c), hUC-
MSCs groups (1 x 107 cells/kg and 2 x 107 cells/kg) have
a significant ameliorating effect to ameliorate total cer-
ebral infarction rate at 4 weeks after treatment (P <0.05,
P <0.01) with the improvement rates of 37.9% and 43.6%
respectively. The positive edaravone group also remarkably

decreased brain infarction area (P <0.05), but the improv-
ing outcome (38.5%) was lower than the hUC-MSCs group
(2% 107 cells/kg). Besides, oxidative stress relative protein
detection results showed that even if 4 weeks after a single
injection, hUC-MSCs (2x 10 cells/kg) treatment remains
significantly decreased HO-1 and NQO-1 protein expression
(P<0.05 and P<0.01, Fig. 4d) compared with model group,
whose HO-1 and NQO-1 expression was higher than sham
group (P <0.01 or P<0.001).
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Thus, the above data suggested that hUC-MSCs pos-
sess the effect of enduring prompting repair of neurologi-
cal dysfunction induced by MCAO and reperfusion, and
high-dose hUC-MSCs single injection is better than the
continuous injection of edaravone.

Injection (i.v.)

MCAO
|

Reperfusion

Key Factors Secreted by hUC-MSCs Related to Their
Therapeutic Effect for Ischemic Stroke

The short-term study revealed that, compared with the
model group, the total cerebral infarction rate of the siNC-
MSCs group has decreased remarkably (P <0.05, Fig. 5b).
However, the total cerebral infarction rate of sSi(HGF-MSCs
and siTNFR1-MSCs groups were significantly higher than
siNC-MSCs group (P <0.05).
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Fig.5 Key secretory factors derived from hUC-MSCs ameliorated
ischemic stroke induced brain damage of rats in the acute stage. a
Timeline about experiment design. b Coronal brain sections of rats
stained with 2,3,5-triphenyltetrazolium hydrochloride at endpoint
and total cerebral infarction rate (%) in rats (n=10). The infarction
area presents white. ¢ mNSS of rats at different time points after
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The obvious elevating mNSS in the model group
(P<0.001, Fig. 5c) has been significantly alleviated at 2
and 3 days after treatment with siNC-MSCs (P < 0.05). But
this effect was decreased in three genes silencing groups, and
the mNSS of the siHGF-MSCs group remarkably increased
compared with siNC-MSCs group on the third day after
treatment (P <0.05).

Besides, the MDA level was increased and the T-SOD
level was decreased in the model group compared with
the sham group (P <0.001, Fig. 5d). The siNC-MSCs
group showed a decreased MDA level (P <0.001) and an
improved T-SOD level (P <0.01). But siHGF-MSCs and
siTNFR1-MSCs groups significantly decreased the effect
of hUC-MSCs in MDA (P <0.01), and there was a signifi-
cant difference between the gene silencing groups and sham
group (P <0.01 or P <0.001). Correspondingly, the content
of T-SOD in gene silencing groups was decreased but still
had a significant difference compared with the sham group
(P<0.01 or P<0.001).

We also conducted long-term study. The total cerebral
infarction rate increased in the model group (P <0.001,
Fig. 6b), which could be significantly alleviated when treated
with siNC-MSCs (P <0.001). Similarly, three genes silenc-
ing groups could significantly reverse the effect of hUC-
MSC:s in total cerebral infarction rate (P <0.05, P<0.01,
or P<0.001). Also, hUC-MSCs significantly improved
mNSS from day 7 to 28 (P <0.05 or P <0.01, Fig. 6¢). But
this improvement was notably reduced in the siHGF-MSCs
group at 7 days post-treatment (P < 0.05).

These findings indicated that HGF and TNFR1 were cru-
cial genes in hUC-MSC:s for mitigating brain damage caused
by ischemic stroke. Additionally, BDNF from hUC-MSCs
may also play a therapeutic role in the recovery phase.

TNFR1 of hUC-MSCs Regulates Inflammation
and Oxidative Stress

First, day 3 after treatmen, the results of blood superna-
tant from abdominal aorta and brain homogenate showed
that peripheral and neural inflammatory factors induced
by ischemic strokes, such as TNF-a, IL-1f, and IL-6, sig-
nificantly improved in the model group (P <0.05, P <0.01
or P<0.001, Fig. 7b), while siNC-MSCs significantly
decreased the levels of peripheral inflammatory factors
(P<0.05 or P<0.01). In particular, IL-6 in the blood super-
natant of siTNFR1-MSCs has a significant increase com-
pared with that of siNC-MSCs group (P <0.05).

Second, MCAO and reperfusion resulted in MDA
improvement and T-SOD decrease (P <0.001 and P <0.05,
Fig. 7c), which could be remarkably reversed by treatment
with siNC-MSCs (P <0.001). Accordingly, the MDA con-
tent of the siTNFR1-MSCs group was significantly higher
than the siNC-MSCs group (P <0.01). Compared with the

sham group, the model group significantly improved the
HO-1 and NQO-1 levels (P <0.01 and P<0.001, Fig. 7d),
which are the key proteins of oxidative stress. Noticeably,
the silencing of TNFR1 expression in hUC-MSCs reversed
hUC-MSCs’ effect (P <0.05) in decreasing NQO-1 expres-
sion (P<0.01).

Third, the results of Evan’s blue test demonstrated a sig-
nificant improvement in BBB permeability in the model
group even at 4 days after treatment (P <0.001 Fig. 7e),
while the siNC-MSCs group had the effect of repairing
the BBB permeability (P <0.01). More important is that
siTNFR1-MSCs group remarkably reversed the treatment
effect of hUC-MSCs (P <0.05). Likewise, the expression
of the BBB-related protein ZO-1 significantly diminished
in the model group (P <0.01). However, hUC-MSCs treat-
ment (specifically of siNC-MSCs) led to an increase in ZO-1
levels (P <0.05), although this increase was less pronounced
in the siTNFR1-MSCs group.

The above data indicated that TNFR1 was the key mol-
ecule of hUC-MSCs involved in alleviating MCAO and
reperfusion-induced brain injury, including inflammation,
oxidative stress, and BBB permeability improvement.

Discussion

This study showed that the effectiveness of hUC-MSCs
in treating ischemic stroke depends on the dosage, with a
higher dose of hUC-MSCs (2 107 cells/kg) yielding more
effective results. We also observed that a single treatment
of hUC-MSCs had a greater effect compared to a continu-
ous injection of edaravone for 3 days. Further investigation
revealed that treatment with hUC-MSCs showed significant
improvement in reducing oxidative stress and neuroin-
flammation, which are two major mechanisms of ischemic
stroke. Interestingly, long-term experiments demonstrated
remarkable reparative effect of hUC-MSCs. Of particular
importance, this study provided the first evidence that HGF,
BDNF, and especially TNFR1 play a key role in the treat-
ment of ischemic stroke using hUC-MSCs.

Stem cell therapy has rapidly emerged as a prominent
research field in recent years, garnering significant atten-
tion in the life sciences. Recent reports indicated that MSCs
derived from bone marrow (BM-MSCs) are particularly
effective in ameliorating damage to the brain and spinal
marrow, adipose-derived MSCs (AD-MSCs) show greater
efficacy in treating ovarian injuries and promoting skin
regeneration, and UC-MSCs demonstrate superior efficacy
in alleviating pulmonary diseases and acute respiratory dis-
tress syndrome [12]. In numerous animal models of ischemic
stroke, the transplantation of MSCs has shown remarkable
treatment effects [31, 32]. Furthermore, the use of three-
dimensional (3D) spheroid-cultured MSCs has demonstrated
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Fig.6 Key secretory factors derived from hUC-MSCs ameliorated
ischemic stroke induced brain damage of rats in the long-term study.
a Timeline about experiment design. b Coronal brain sections of rats
stained with 2,3,5-triphenyltetrazolium hydrochloride at endpoint
and total cerebral infarction rate (%) in rats (n=10). The infarction
area presents white. ¢ mNSS of rats at different time points after
MCAO and reperfusion according to experiment design (n=10).

enhanced reparative effects on ischemic stroke by inhibit-
ing the activation of microglia [33]. Studies have reported
that intravenous injection of BM-MSCs resulted in reduced
infarct volumes and improved neurological function through
their migration to the ischemic border zone of the brain and
subsequent differentiation into neurons and astrocytes [34].
AD-MSCs alleviate ischemic stroke through their immu-
nomodulatory properties on microglia [35]. However, sys-
temic administration of hUC-MSCs in treating ischemic
stroke have not been systematically studied.
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Data are expressed as the mean +standard error of mean (SEM). Sta-
tistical analyses were performed using one-way analysis of variance
(ANOVA) followed by Fisher’s least significant difference (LSD) test
or Kruskal-Wallis followed by uncorrected Dunn’s test. *#p <0.001
compared with the sham group. *p<0.05, “p<0.01, “p<0.001
compared with the model group with MCAO. p <0.05, 4p<0.01,
&&&p, £0.001 compared with the NC-hUC-MSC group with MCAO

In this study, we investigated the protective and restora-
tive effects of hUC-MSCs on an ischemic stroke rat model
induced by MCAO and reperfusion. We also investigated
critical aspects including the route of administration, tim-
ing of delivery, and optimal dosage. While systemic and
local administration have been explored as methods for
MSC delivery, intrathecal delivery of MSCs may be con-
sidered as an alternative to direct injection, allowing for
better accumulation of stem cells. However, it is important
to note that this invasive method may come with inevitable
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Fig.7 TNFRI derived from hUC-MSCs maybe the key of regulating
inflammation, oxidative stress and blood—brain barrier permeability
in ishchemic stroke induced brain damage of rats. a Timeline about
experiment design. b The concentration of peripheral inflammatory
factors in blood supernatant from abdominal aorta and neural inflam-
matory factors in brain tissue of rats (n=10). ¢ Malondialdehyde con-
tent and total superoxide dismutase activity in the hippocampus of
the rats brain (n=10). d Western blot of oxidative stress and blood—
brain barrier relative protein expression in the brains of rats (n=10).

complications [36, 37]. In comparison, intravenous injection
of MSCs has been widely used in preclinical and clinical
research on stroke, showing promising therapeutic potential

e Evan’s blue content in the brains of rats (n=10). Data are expressed
as the mean + standard error of mean (SEM). Statistical analyses were
performed using one-way analysis of variance (ANOVA) followed by
Fisher’s least significant difference (LSD) test or Kruskal-Wallis fol-
lowed by uncorrected Dunn’s test. #p<0.05, ##p<0.01, Mﬁ#p<0.001
compared with the model group with MCAO. %p <0.05, ¥4¢p <0.01
compared with the NC-hUC-MSC group with MCAO

in improving neurological recovery [38—40]. Similarly,
our findings indicated that intravenous injection is a more
effective route for administering hUC-MSCs to alleviate
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ischemic stroke in rats. However, it is important to note that
this method may induce side effects in certain individuals,
such as anaphylaxis accompanied by symptoms similar to
fever [41, 42].

Clinical research has demonstrated that the narrow thera-
peutic time window of traditional methods, specifically only
4.5 h, restricts the number of patients who can receive timely
treatment with rt-PA [43]. Additionally, the risk of recur-
rent stroke increases over time [44]. In contrast, our study
overcomes this limitation by using hUC-MSC:s to effectively
alleviate brain injury caused by ischemic stroke, even within
24 h of onset. And the preferable time of hUC-MSC:s to alle-
viate ischemic stroke is within 1 to 7 days after MCAO and
reperfusion (acute stage), and treatment with hUC-MSCs at
the hyperacute stage has shown limited effectiveness, which
may subvert the conventional wisdom that the sooner get
treatment after ischemic stroke the better recovery. Further-
more, we found that the beneficial treatment and reparative
effects of hUC-MSCs persisted for a long time, even up to
day 28, surpassing the effects of edaravone administered
consecutively for 3 days. Compared to the limitations of tra-
ditional methods, such as their narrow therapeutic time win-
dow, poor prognosis, and associated side effects, this novel
therapeutic strategy presents a viable option for patients who
cannot receive prompt drug intervention for brain damage
caused by ischemic stroke. It offers a sustained repair effect
and minimizes secondary damage often seen with conven-
tional treatments. Additionally, this study identifies an opti-
mal dosage of hUC-MSCs at 2x 107 cells/kg for clinical use.

The pathological mechanisms underlying ischemic stroke
encompass a range of molecular processes, such as oxidative
stress, inflammation, calcium overload, and apoptosis [45].
Oxidative stress and neuroinflammation are important path-
ological mechanisms involved in ischemic stroke-induced
brain damage [46]. Oxidative stress, considered a major
mechanism in ischemic stroke, has been extensively studied.
During the early stage of ischemic stroke, the intracellular
concentration of Ca>* remarkably increases due to reduced
blood flow in the brain, leading to the activation of oxidative
stress [47]. In central nervous system disorders, a notable
correlation exists between the excessive production of reac-
tive oxygen species (ROS) and the increased expression of
NADPH oxidase (NOX) in cells. This process plays a crucial
role in causing oxidative stress [48—50]. Thus, inhibiting
the production of ROS or enhancing the scavenging activity
of ROS are effective strategies for treating ischemic stroke
[51]. SOD, an antioxidant enzyme, can efficiently lower
ROS levels, similar to MDA, which indicates the extent of
lipid peroxidation. Both SOD and MDA serve as crucial
biomarkers for oxidative stress and indirectly signify the lev-
els of ROS [52, 53]. Thus, regulating oxidative stress is an
essential aspect of treating ischemic stroke. Our study found
that hUC-MSCs effectively ameliorated oxidative stress in
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the hippocampus by reducing MDA levels and increasing
T-SOD levels. These results indicated that the antioxidant
capacity of hUC-MSCs plays a crucial role in combating
oxidative stress in ischemic stroke.

Numerous reports have demonstrated the significant
impact of neuroinflammation on ischemic stroke [54-56].
Microglia, a vital immunocyte in the central nervous sys-
tem, undergo rapid activation following an ischemic stroke
and release proinflammatory factors, notably IL-6, IL-1f
and TNF-a, which contribute to brain damage by causing
neuronal cell death and disrupting the integrity of the vas-
cular endothelial cells in the BBB [57-59]. This inflamma-
tory signaling is primarily regulated by the NF-xB path-
way, which plays a key role in activating microglial cells
and inducing neuroinflammation [60—63]. A recent report
has shown that apoptosis induced by ischemic stroke can
be alleviated through co-culture with MSCs, resulting in
reduced inflammation [58]. Similarly, hUC-MSCs reduced
inflammatory factors, including TNF-a, IL-10 and IL-17,
in peripheral blood serum from mice after stroke [64]. This
study was consistent with previous researches, hUC-MSCs
demonstrate excellent anti-inflammatory activity in vivo
by detecting peripheral and neural inflammatory factors,
especially in the decrease of IL-6. The combination of anti-
inflammation and anti-oxidative stress capabilities in hUC-
MSCs plays a crucial role in ameliorating damage and pro-
moting long-term repair in rats with ischemic stroke induced
by MCAO and reperfusion.

Based on the aforementioned study, we conducted addi-
tional research to explore the potential molecular mecha-
nisms through which hUC-MSCs alleviate brain injury
caused by MCAO and reperfusion. Previous reports have
shown that BDNF, a neurotrophin primarily secreted by
astrocytes and vital for neuron function, plays a neuropro-
tective role in ischemic brain injury by regulating various
molecular signaling pathways, with its binding to the TrkB
receptor being particularly important [65-68]. BDNF is a
well-known regulatory factor in the treatment of stroke for
its ability to ameliorate oxidative stress [69]. Furthermore,
it's noted that HGF performs diverse regulatory roles in vari-
ous cell types by activating its receptor, the tyrosine kinase
cMet [70]. Mechanically, HGF is key in mitigating damage
caused by hypoxia, which is closely associated with oxi-
dative stress, a frequent trait of ischemic stroke [71]. Fur-
thermore, this study not only observed a marked increase
in inflammation, but other research has also demonstrated
that TNF-a, a key proinflammatory cytokine in the intri-
cate inflammation network, can initiate pro-survival signal-
ing pathways by binding to its receptors like TNFR1 [72,
73]. Previous research has shown that the activated TNFR 1
pathway can protect rats from liver injury caused by LPS by
reducing oxidative stress [74]. Thus, we hypothesized that
BDNF, HGF, and TNFR1 are the possible key molecules in
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alleviating brain injury caused by ischemic stroke, therefore
we conducted experiments to verify the involvement of these
molecules. First, our findings revealed that HGF and TNFR1
are particularly significant in regulating the treatment of
acute ischemic stroke using hUC-MSCs, which was based on
the results of the total cerebral infarction rate, mNSS scores,
and the regulation of oxidative stress by reducing MDA con-
tent. Subsequent experiments demonstrated that BDNF and
TNFRI1 exhibited superior therapeutic and repair effects in
long-term studies. All three molecules derived from hUC-
MSCs displayed remarkable abilities to ameliorate brain
injury caused by MCAO and reperfusion at various stages
of ischemic stroke.

Building upon the above findings, we conducted addi-
tional experiments to further investigate the underlying
mechanism of TNFR1 in mitigating ischemic stroke. Con-
sistent with previous reports, we discovered that the anti-
inflammatory effect of hUC-MSCs was associated with
TNFR1, particularly the concentration of IL-6 in blood,
which plays a crucial role in the TNF-a induced inflamma-
tory cascade reaction. This can be attributed to the competi-
tive inhibitory effect of TNFR1 derived from hUC-MSCs,
which hinders the binding of TNF-a to TNFR1 on cells,
thereby alleviating inflammation.

Furthermore, oxidative stress plays a central role in brain
injury caused by ischemic stroke and is closely related to
the levels of ROS in the brain. The Nrf2 signaling pathway,
which is a vital system for combating oxidative stress in
the body, effectively reduces apoptosis and oxidative stress
induced by ischemic stroke by regulating the transcriptional
expression of various antioxidant proteins, including NQO-1
and HO-1 [75]. Recent reports have demonstrated that MSCs
reduce apoptosis through the Nrf2 pathway, and TNF-«
plays a key role in regulating this pathway in cardiomyocytes
[76, 77]. Therefore, the TNF-o/TNFR1 pathway may be the
crucial link connecting inflammation and oxidative stress.
Our results confirmed the aforementioned hypothesis that
TNFR1 from hUC-MSCs has a significant regulatory effect
on oxidative stress, as evidenced by the changes in MDA
content and NQO-1 expression.

Additionally, it is widely recognized that the BBB plays
a crucial role in protecting the central nervous system, and
damage to the BBB is a key factor contributing to second-
ary brain injury following central nervous system diseases
like stroke [78]. Recent research has reported that necrop-
tosis of cells in BBB, a passive form of cell death caused
by overwhelming inflammation or injury stress, was the
primary mechanism of brain injury induced by ischemic
stroke [79, 80]. A previous report has demonstrated that
glucose oxygen deprivation and reperfusion (OGD/R)
significantly induce the secretion of TNF-a in microglia
is considered a critical factor that triggers necroptosis of

endothelial cells in in vitro experiments, which in turn
leads to the disruption of the BBB [81]. Reports have indi-
cated that MSCs can protect BBB stability from stroke by
regulating inflammatory factors [58, 82]. Consistent with
the above reports, our study found that TNFR1 derived
from hUC-MSCs protects the permeability and integrity
of BBB from damage caused by MCAO and reperfusion,
which can be confirmed by the expression of ZO-1, a bio-
marker of BBB. Above findings indicated that TNFR1
derived from hUC-MSCs is the most critical molecule in
alleviating MCAO and reperfusion-induced brain injury by
modulating inflammation and oxidative stress and repair-
ing the BBB to maintain brain homeostasis.

Taken together, this study has shown that intrave-
nous injection of hUC-MSCs at 2 x 107 cells/kg follow-
ing MCAO and 24-h reperfusion effectively reduced
brain injury from ischemic stroke in rats. Additionally,
our findings suggested that the reduction of neuroinflam-
mation and oxidative stress, along with the repair of the
BBB, were potential mechanisms by which hUC-MSCs
alleviated ischemic stroke. Key molecules in this process
include HGF, TNFR1, and BDNF, with TNFR1 being
particularly significant. Overall, this study indicated that
hUC-MSCs could represent a novel approach for treat-
ing brain injury in ischemic stroke and offered important
insights for developing clinical protocols for future trials
involving hUC-MSCs.
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