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Pretreatment with human urine-derived stem cells
protects neurological function in rats following
cardiopulmonary resuscitation after cardiac arrest
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Abstract. Cardiopulmonary resuscitation (CPR) after cardiac
arrest (CA) often leads to neurological deficits in the absence
of effective treatment. The aim of the present basic research
study was to investigate the effects of human urine-derived
stem cells (hUSCs) on the recovery of neurological function in
rats after CA/CPR. hUSCs were isolated in vitro and identified
using flow cytometry. A rat model of CA was established, and
CPR was performed. Animals were scored for neurofunctional
deficits following hUSC transplantation. The expression levels
of brain-derived neurotrophic factor (BDNF) and vascular
endothelial growth factor (VEGF) in the hippocampus and
temporal cortex were detected via immunofluorescence.
Moreover, brain water content and serum S100 calcium
binding protein B (S100B) levels were measured 7 days
following hUSC transplantation. The results demonstrated
that hUSCs had upregulated expression levels of CD29, CD90,
CD44, CD105, CD73, CD224 and CD146, and expressed low
levels of CD34 and human leukocyte antigen-DR isotype. In
addition, hUSCs were able to differentiate into neuronal cells
in vitro. The SPSS 19.0 statistical package was used for statis-
tical analysis, and it was found that the neurological function
of the rats after CA/CPR was significantly improved following
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hUSC transplantation. Furthermore, hUSCs aggregated in the
hippocampus and temporal cortex, and secreted large amounts
of BDNF and VEGF. hUSC transplantation also effectively
inhibited brain edema and serum S100B levels after CPR.
Therefore, the results suggested that hUSC transplantation
significantly improved the neurological function of rats after
CA/CPR, possibly by promoting the expression levels of
BDNF and VEGEF, as well as inhibiting brain edema.

Introduction

Cardiac arrest (CA) for >5 min often leads to irreversible
brain damage (1). Implementing effective brain resuscitation
to save ischemic neurons and accelerate the repair of damaged
nerve tissue to maintain normal nerve function has become
a global challenge (2,3), but the study of drug-induced
cerebral resuscitation has progressed slowly (4,5). Although
hypothermia therapy has certain neuroprotective effects, it
remains difficult to reverse neurological damage following
CA/cardiopulmonary resuscitation (CPR) (6). Currently, there
is no effective treatment for improving neurological function
after CA/CPR, although numerous clinical and basic studies
have been performed to identify effective therapies to improve
the quality of cerebral resuscitation (7).

Oxidative stress injury serves a key role in cerebral
ischemia. The abrupt cessation of blood flow often leads to
cerebral ischemia and hypoxia followed by CA, and ATP,
an oxygen-dependent membrane ion transporter, stops func-
tioning when ischemia and hypoxia occur (8). Subsequently,
calcium floods into cells and promotes the apoptosis of brain
cells (8). In addition to excitotoxicity, the excessive stimulation
of neurotransmitters can also lead to neuronal damage (9).
Moreover, reperfusion injury following CPR may induce
oxidative stress and promote the formation of free radicals and
reactive oxygen species (ROS), which can react with numerous
macromolecules and destroy intracellular macromolecules,
including DNA, proteins and lipids (10,11).

Human urine-derived stem cells (hUSCs) have been
reported to be promising candidates for tissue engineering
therapies due to their expansion efficiency and multilineage
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differentiation properties, as well as their capacity to secrete
vasoactive peptides that regulate the function of vessels (12).
The advantages of the transplantation of hUSCs, which
have become an ideal adult stem cell system, include the
non-invasiveness of their collection and their wide range of
sources (13). For example, hUSCs can be harvested from voided
urine through a simple, and low-cost procedure. Additionally,
hUSCs have been revealed to be involved in the repair and
reconstruction of bone, skin, the intestinal tract and the urinary
tract (12). Previous studies have shown that the transplantation
of hUSCs can improve the function of the kidney and bladder
in pathological model rats (14,15). Another study revealed
that hUSCs can promote vascular endothelial growth factor
(VEGF) expression in collagen hydrogels during myogenesis
and innervation following subcutaneous implantation in nude
mice (16). In addition, hUSC transplantation is beneficial for
wound recovery in diabetic patients (17). Therefore, hUSCs are
considered promising multipotent stem cells.

To the best of our knowledge, no studies of the protective
effects of hUSCs on neurological function after CA/CPR
have been previously reported. Thus, the aim of the present
study was to investigate the effects of hUSCs on the recovery
of neurological function in rats after CA/CPR. The current
study evaluated the hypothesis that hUSC transplantation can
effectively improve the neurological function of rats following
CA/CPR, which may benefit patients with CA in the future.

Materials and methods

Ethical approval. This study was approved by the Ethics
Committee of The Affiliated Suzhou Hospital of Nanjing
Medical University. All urine donors provided informed
written consent before giving urine samples. Voided urine
samples (80-400 ml) from four healthy men (age, 25-33 years)
were collected between June and December 2018 at The
Affiliated Suzhou Hospital of Nanjing Medical University. All
animal experiments were conducted according to the National
Institutes of Health guidelines (18).

Cell isolation, culture and identification. Volumes of 300 ml
urine, either pooled from multiple donors or from a single donor
if the sample volume was low, were centrifuged at 500 x g for
5 min at room temperature and then at 2,000 x g for 10 min
at 4°C. The cell pellets were then suspended in mixed medium
composed of embryo fibroblast medium (EFM; Gibco; Thermo
Fisher Scientific, Inc.) and keratinocyte serum-free medium
(KSFM; Gibco; Thermo Fisher Scientific, Inc.; EFM-KSFM,
1:1 ratio) supplemented with 10% FBS (Gibco; Thermo Fisher
Scientific, Inc.). The cells were cultured at 37°C in a humidi-
fied atmosphere with 5% CO, in 24-well plates (~10°/well) for
3-5 days, at which point hUSC clones appeared. When the cells
reached 60-70% confluence, they were transferred to 6-well
plates. The cells adhered to the bottom of the flask, and cell
colonies formed (passage 1). At passage , hUSCs were seeded
in a 6-well tissue culture plate at a density of 10° cells/cm?.
The majority of these cells were adherent to the plate, and they
displayed a mixture of morphologies.

The neuronal differentiation potential of hUSCs was
evaluated using immunofluorescence staining for neurofilament
protein-200 (NF200) and glial fibrillary acidic protein (GFAP)

on day 14. Briefly, cells (5x10%) were seeded in 24-well plates
and washed with PBS. Cells were then fixed with 4% para-
formaldehyde for 20 min at room temperature and blocked
with 0.3% Triton X-100 in 0.5% BSA (Beyotime Institute of
Biotechnology) for 1 h. Primary antibodies for NF200 (cat.
no.sc-32729; 1:300; Santa Cruz Biotechnologies Inc.), GFAP (cat.
no. sc-33673; 1:500; Santa Cruz Biotechnologies Inc.) were added
and incubated overnight at 4°C. The Alexa Fluor® 488-labeled
secondary IgG antibody (cat. no. ab150157; 1:200; Abcam)
was added for 3 h at 4°C, and the cells were then incubated
with DAPI (Beyotime Institute of Biotechnology) for a further
45 min at 4°C. Cells were observed using a fluorescence
microscope (Carl Zeiss AG). The expression levels of surface
marker proteins, including CD29 (cat. no. ab134179), CD90 (cat.
no. ab23894), CD44 (cat. no. ab6124), CD105 (cat. no. ab44967),
CD73 (cat. no. ab202122), CD224 (cat. no. ab55138), CD146 (cat.
no. ab75769), CD34 (cat. no. ab81289) and human leukocyte
antigen-DR isotype (HLA-DR; cat. no. ab92511), on hUSCs
were detected using flow cytometry (Beckman Coulter, Inc.).
All flow cytometry antibodies were obtained from Abcam and
the dilution of all antibodies was 1:100.

Experimental groups. Male Sprague-Dawley rats were purchased
from Zhao Yan New Drug Research Center. Rats were housed in
microisolator cages with sterile bedding and water and food was
available ad libitum. The rats were maintained in an environment
of 24-26°C, at a humidity of 50-60% on 12 h light/dark cycles.
Healthy male specific pathogen free Sprague-Dawley rats (n=36;
age, 6-12 weeks; weight, 200-300 g) were randomly divided
into three groups: Sham (no CA/CPR model established; n=12),
blank (CA/CPR model established; n=12) and hUSCs (CA/CPR
model established and cells added; n=12) groups. In the hUSCs
group, 5x10%0.1 ml hUSCs labeled with PKH26 (Merck KGaA)
at room temperature for 3 min, according to the manufacturer's
instructions, were administered three times (with an interval of
6 h between each administration) via caudal vein injection 1 day
before the CA/CPR model was established. Equivalent volumes
of PBS to the volumes of cells were injected into the sham group
and blank group (Fig. 1). Prior to injection the rats were anesthe-
tized using pentobarbital sodium via intraperitoneal injection at
a dose of 40 mg/kg. The animals were allowed to recover from
anesthesia and returned to their cages for 7 days.

Rat model of CA/CPR. The rat CA/CPR model were estab-
lished based on previously published studies (19,20). Rats were
anesthetized using pentobarbital sodium via intraperitoneal
injection at a dose of 40 mg/kg. The rats were then fixed on
the operating table in the supine position, and limb leads
were connected for electrocardiographic monitoring. The
24 G venous catheters were placed in the right femoral artery
and left femoral vein, which were connected to the Powerlab
system (ADInstuments Pty Ltd.), used to monitor blood pres-
sure, and an infusion device (RWD Life Science Co., Ltd.),
respectively. A 16 G venous indwelling soft cannula was
inserted via the mouth and connected to a small animal venti-
lator (RWD Life Science Co., Ltd.) for mechanical ventilation.
The respiratory rate was adjusted to 80 times/min, the tidal
volume was 6 ml/kg and the fraction of inspired oxygen was
21%, and the parameters were kept stable for 10 min. Changes
in blood pressure and electrocardiographic changes were
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Figure 1. Schematic diagram of hUSC transplantation. hUSC were administered before the CA/CPR model was established. Equivalent volumes of PBS were
injected into the sham group and blank group. hUSC, human urine-derived stem cells; CA/CPR, cardiac arrest/cardiopulmonary resuscitation.

closely observed after the clipping of the tracheal tube at the
end of expiration. Systolic blood pressure (SBP) <25 mmHg
was used as the criterion for CA.

Chest compression was performed at 200 times per min
according to the thythm of a metronome. The compression depth
was maintained at 1/3 of the diameter of the thorax of the rats.
Adrenaline (0.04 mg/kg; Shanghai Harvest Pharmaceutical,
Co., Ltd.) and 1 ml Wanwen (hydroxyethyl starch 130/0.4
sodium chloride injection; cat. no. H2012043 Fresenius Kabi
Deutschland GmbH) were injected via the femoral vein, and then
blood pressure and heart rate were measured, and electrocardio-
grams were recorded. Restoration of spontaneous circulation
was defined as an increase in mean arterial pressure >60 mmHg
lasting =10 min following spontaneous rhythm (21). If sponta-
neous rhythm did not appear after 3 min of chest compressions
or if the SBP fell <60 mmHg, rescue was abandoned, and resus-
citation was considered unsuccessful. Surviving rats continued
to receive ventilator support, and mechanical ventilation was
stopped after spontaneous breathing recovered.

During the operation, rectal temperature was monitored
using a temperature feedback system and maintained at
37.0+0.5°C. All rats were subcutaneously injected with 2 ml
10% glucose every 6 h after the operation until the animals
could drink water and eat independently, and the rats were
placed in a separate cage with food at a constant temperature
of 23°C. The rats were euthanized using cervical dislocation
at 7 days after surgery under deep anesthesia. No signs of
pain or distress were observed throughout the whole process.
Mortality was confirmed by physical signs of apnea, CA and
absence of brain stem reflexes.

Immunofluorescence histochemistry. The hippocampus and
temporal cortex were removed quickly after the rats were
euthanized. Each region was identified and punched under a
stereomicroscope. The hippocampus and temporal cortex were
dissected from brain slices. Immunofluorescence histochem-
istry was performed as previously described (22). Briefly, after
perfusion with 4% PFA at room temperature overnight, dehy-
dration through graded sucrose (20 and 30%) and embedding in
optimal cutting temperature compound (Sakura Finetek USA,
Inc.), the tissue was cut at 5 ym by freezing microtome (model,
CM 1850; Leica Microsystems GmbH) for immunofluorescence
staining. Transverse spinal sections were cut using a cryostat
and collected in 0.01 M PBS, pH 7.3. The tissues were incubated

with 0.3% Triton X-100 at room temperature for 30 min and
then with rabbit anti-rat NF200 (cat. no. sc-32729; 1:300), GFAP
(cat. no. sc-33673; 1:500), brain-derived neurotrophic factor
(BDNF,; cat. no. sc-65514; 1:500) and VEGF (cat. no. sc-7269;
1:200) primary antibodies (all from Santa Cruz Biotechnology,
Inc.) overnight at 4°C. Then, the slices were washed twice with
PBS and incubated with secondary antibodies (rabbit anti-goat
IgG; cat. no. ZF-0314; 1:100; Zhongshanjingiao, Inc.) for 60 min
at room temperature. The slices were observed under a fluores-
cent microscope (Carl Zeiss AG).

Analysis of brain water content. Resected brain tissues were
wiped clean with filter paper before being weighed, to obtain
the wet weight. The dry-wet ratio was used to analyze brain
edema. The brain tissues were dried at 70°C overnight to deter-
mine the dry weight. Brain water content (%)=(wet weight-dry
weight)/wet weight x100%.

Serum S100 calcium binding protein B (S100B) analysis. In
total, 1 ml fresh blood was extracted from the tail vein of each
rat. The fresh blood was centrifuged at 1,000 x g for 10 min
at room temperature after heparin anticoagulation, and the
supernatant collected as serum for follow-up experiments.
According to the instructions of a commercial ELISA kit (cat.
no. ab234573; Abcam) the absorbance (optical density) was
measured at 450 nm using a microplate reader, and the concen-
tration of S100B was calculated according to a standard curve.

Western blotting. The total protein expression of cleaved
caspase-3 (C-caspase-3; 1:1,000; cat. no. 9661s; Cell Signaling
Technology, Inc.), Bax (1:1,000; cat. no. 2772s; Cell Signaling
Technology, Inc.) and B-cell lymphoma 2 (Bcl-2; 1:1,000; cat.
no. 59348; Abcam) and GAPDH (1:1,000; cat. no. AF1186;
Beyotime Institute of Biotechnology) in tumor tissues was
analyzed by western blotting. Western blotting was performed
as previously described (23). Briefly, after quantification
with a BCA kit (cat. no. PO012S, Beyotime Institute of
Biotechnology), 20 ug of protein samples were resolved by
10% SDS-PAGE and transferred to nitrocellulose membranes.
The nitrocellulose membrane was then blocked with 5% nonfat
milk for 1 h at room temperature. After washing, the nitrocel-
lulose membrane was incubated with C-caspase-3 (1:1,000;
cat. no. 9661s; Cell Signaling Technology), Bax (1:1,000;
cat. no. 2772s; Cell Signaling Technology), BCL-2 (1:1,000;
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Figure 2. Identification of hUSCs. (A) NF200 and GFAP immunofluorescence of hUSC. Magnification, x100; scale bar, 50 ym. Increased protein expression
levels of NF200 and GFAP were observed after neurogenesis induction. (B) Phenotypic expression of hUSCs was evaluated using flow cytometry. hUSCs had
upregulated CD29, CD90, CD44, CD105, CD73, CD224 and CD146, and expressed low levels CD34 and HLA-DR. hUSC, human urine-derived stem cells;
HLA-DR, human leukocyte antigen-DR isotype; GFAP, glial fibrillary acidic protein; NF200, neurofilament protein-200.

cat. no. 59348, Abcam, Cambridge, UK) and GAPDH antibody
(1:1,000; cat. no. AF1186; Beyotime Institute of Biotechnology,
China) overnight at 4°C. After incubation with the secondary
antibody (1:2,000; cat. no. A0181; Beyotime Institute of
Biotechnology) for 2 h at room temperature, the membranes
were then visualized using an ECL kit (Tanon Science and
Technology Co., Ltd.) on the Tanon Imaging System.

Neural deficit scores (NDS). Neurological functions were
assessed by three investigators blinded to the treatment using
an established NDS scale (24), which evaluated general
behavior, neurological function, sensory function, motor func-
tion and coordination. NDS of the surviving rats was assessed
at days 1, 3 and 7 after CA/CPR. On this scale, normal rats
have an NDS of 80, and O indicates death.

Statistical analysis. The SPSS 19.0 statistical package (IBM
Corp.) was used for statistical analysis. All data were obtained
from at least 3 independent experiments. Data are presented as
the mean + SD. A one-way ANOVA was performed to analyze
multiple group comparisons of quantitative data. Bonferroni
post hoc test was used after the one-way ANOVA. P<0.05 was
considered to indicate a statistically significant difference.

Results

Characterization of hUSCs. Immunofluorescence staining
demonstrated thathUSCs expressed NF200 and GFAP following
neurogenesis induction in vitro, which suggested that hUSCs
had the potential for multidirectional differentiation (Fig. 2A).
The immunophenotypes of hUSCs were determined using flow
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Figure 3. Expression levels of GFAP and PKH26 in the hippocampus and temporal cortex, as evaluated using immunofluorescence. Magnification, x100;
scale bar, 50 ym. High expression of PKH26-labeled hUSCs was observed after hUSC transplantation. GFAP, glial fibrillary acidic protein; hUSC, human

urine-derived stem cells.

cytometry. It was found that the surface markers CD29, CD90,
CD44, CDI105, CD73, CD224, CD146, CD34 and HLA-DR
were expressed on 97.6, 84.1, 76.1, 81.7,96.9, 62.8, 73.5, 0.45
and 0.74% of hUSCs, respectively (Fig. 2B).

Prognosis of the rats and the distribution of hUSCs after trans-
plantation. In two rats, one from the hUSCs group, one from
the blank group and none from the sham group, CPR failed.
The remaining rats survived and met the experimental criteria.

To observe the distribution of cells in the brain, hUSCs
were labeled with PKH26 before transplantation. High
expression of PKH26 was identified in the hippocampus
and temporal cortex of rats after pretreatment with hUSCs
in comparison with sham group or blank group, indicating
that hUSCs aggregated and were distributed in brain tissue
following CA/CPR (Fig. 3).

BDNF and VEGF expression levels after hUSC transplanta-
tion. To evaluate the expression levels of BDNF and VEGF in
brain tissue following hUSC transplantation, an immunofluo-
rescence assay was performed. The results demonstrated that
the expression levels of BDNF and VEGEF in both the hippo-
campus and temporal cortex were significantly decreased after
CA/CPR. Moreover, pretreatment with hUSC transplantation
significantly increased the expression levels of BDNF and
VEGF in brain tissue after CA/CPR in comparison with blank
group (Fig. 4).

Evaluation of brain tissue injury after hUSC transplantation.
To assess the degree of recovery from brain injury after hUSC
transplantation, brain water content, serum S100B levels and
apoptosis were evaluated. These experiments demonstrated

that brain water content and serum S100B levels were signifi-
cantly increased after CA/CPR, and that these increases were
significantly reversed by hUSC transplantation. In addition,
western blot results show that the expression of Bax was
augmented, accompanied by the downregulation of Bcl-2 and
C-caspase-3, in the hUSC transplantation group compared to
the blank group. These data indicate that hUSC pretreatment
notably inhibited apoptotic (Fig. 5).

NDS after hUSC transplantation. To examine neurological
function after hUSC transplantation, NDS were evaluated. The
results suggested that NDS were significantly decreased after
CA/CPR, and pretreatment with hUSCs significantly increased
neurological function following CA/CPR (Fig. 6).

Discussion

Currently, stem cell therapy is considered one of the most
promising treatments for numerous refractory diseases, and
it has been revealed to exert neuroprotective effects in several
models of neurotrauma and degenerative neuropathies (25,26).
Intravenous stem cell infusion can effectively improve the
prognosis of patients and is associated with the inhibition of
apoptosis (27). Previous studies have reported that mesen-
chymal stem cells (MSCs) can significantly reduce global
cerebral ischemia-reperfusion injury (GCIRI), providing a
new prospective strategy for brain resuscitation (28). MSCs
can be induced to differentiate into neuronal precursor cells
or neuron-like cells in vitro and in vivo (29). Animal experi-
ments on focal cerebral ischemia have shown that MSCs can
successfully accumulate around the injured brain area, eventu-
ally rescuing injured neurons, inducing nerve regeneration and
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promoting functional recovery after MSC transplantation (30).
Moreover, the neuroprotective effects of MSC transplantation
can be achieved directly via the secretion of neuroprotective
compounds or indirectly via the regulation of immune factors,
the promotion of angiogenesis or the activation of the endog-
enous neural stem cell response (31).

hUSCs have been reported to contribute to the repair of
nerve injury. For instance, Zhang et al (32) revealed that hUSCs
can be induced to differentiate into neuronal cells, and that
this is a feasible and suitable approach for neurological disease
modeling. Furthermore, Guan ez al (33) observed that hUSCs can

differentiate into neuron-like cells in the rat brain, and suggested
that hUSCs are a promising cell source for tissue engineering
and regenerative medicine. The present study demonstrated
that the pretreatment of a rat model of CA/CPR with hUSCs
significantly improved neurological function following CA/CPR.
Immunofluorescence assays identified that hUSCs aggregated in
the hippocampus and temporal cortex of rats, as well as promoted
the expression levels of BDNF and VEGF in both areas. Further
experiments indicated that brain edema and serum S100B levels
were significantly increased after CA/CPR and that pretreatment
with hUSCs significantly reversed this trend.
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group; “P<0.01 vs. blank group. hUSC, human urine-derived stem cells.

ROS are a class of metabolic substances important for
the maintenance of human life. For example, ROS reflect the
oxidative stress status of the body, participate in the regulation
of human physiology and pathology and maintain the homeo-
stasis of cells (34). Increasing levels of ROS result in damage
to DNA, the destruction of the endothelium of tubules and
apoptosis (35). To assess the effect of hUSCs on apoptosis in
the brain, apoptotic proteins, such as caspase 3 and Bax/Bcl-2,
were detected using western blotting. It was found that hUSC
pretreatment notably inhibited neuronal apoptosis in both the
hippocampus and temporal cortex following CA/CPR.

Considering the potent neuroprotective properties of hUSCs
reported in previous studies (36,37), it was hypothesized that
an improved neurological outcome may be achieved via earlier
hUSC transplantation after CA/CPR. In the current study, rats
received three injections of hUSCs (6 h between injections)
1 day before CA/CPR was established. Brain tissues, especially
the hippocampal and temporal cortex tissues, are considered
potential targets for drug therapy (38). In the current study,

PKN26-labeled hUSCs were injected via the caudal vein, and
it was identified that a sufficient number of hUSCs aggregated
in the hippocampus and temporal cortex, suggesting that
hUSC:s effectively reached brain tissues by passing through the
blood-brain barrier (BBB) (39). The present results indicated
that hUSCs, similar to MSCs, can cross the BBB and prevent
BBB disruption and endothelial damage, which are initiated
in the early phase of GCIRI (40,41). Thus, the current study
provides preclinical experimental data for the future clinical
application of hUSCs in patients with CA. While the hUSC
platform remains in its infancy, this technology is expected
to be further developed and adapted by further research.
Moreover, future studies should focus on the directed differ-
entiation and efficiency of hUSCs in brain tissues.

There are certain limitations to the current study. First, as
immunosuppressant drugs were not used, immune rejection
may have occurred in this rat model, and subsequent studies
should further analyze and confirm this possibility. Secondly,
the directed differentiation and efficiency of hUSCs in brain
tissues should be further studied in vivo and in vitro.

In conclusion, to the best of our knowledge, the current
study was the first to demonstrate that hUSC transplantation
can effectively improve the neurological function of rats
following CA/CPR, possibly by promoting the expression
levels of BDNF and VEGF and inhibiting brain edema.
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