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Objective: To observe whether urethral injection of chemokine (c-c motif) ligand 7 (CCL7)

and overexpressing CC receptor 1 (CCR1) in mesenchymal stem cells (MSCs) can

promote their homing and engraftment to the injured tissue, and improve the recovery of

simulated birth injury-induced stress urinary incontinence (SUI) in rats.

Methods: Female rats underwent a dual injury consisting of vaginal distension (VD)

and pudendal nerve crush (PNC) to induce SUI. Bone marrow-derived MSCs were

transduced with lentivirus carrying CCR1 (MSC-CCR1) and green fluorescent protein

(GFP). Forty virgin Sprague–Dawley rats were evenly distributed into four groups:

sham SUI + MSC-CCR1+CCL7, SUI + MSCs, SUI + MSC-CCR1, and SUI + MSC-

CCR1+CCL7 group. The engrafted MSCs in urethra were quantified. Another three

groups of rats, including sham SUI + sham MSC-CCR1+CCL7 treatment, SUI +

sham MSC-CCR1+CCL7 treatment, and SUI + MSC-CCR1+CCL7 treatment group,

were used to evaluate the functional recovery by testing external urethral sphincter

electromyography (EUS EMG), pudendal nerve motor branch potentials (PNMBP), and

leak point pressure (LPP) 1 week after injury and injection. Urethra and vagina were

harvested for histological examination.

Results: The SUI + MSC-CCR1+CCL7 group received intravenous injection

of CCR1-overexpressing MSCs and local injection of CCL7 after simulated

birth injury had the most engraftment of MSCs to the injured tissues and

best functional recovery from SUI compared to other groups. Histological

examination showed a partial repair in the SUI + MSC-CCR1+CCL7 group.
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Conclusions: Our study demonstrated combined treatment with CCR1-overexpressing

MSCs and CCL7 can increase engraftment of MSCs and promote the functional recovery

of simulated birth trauma-induced SUI in rats, which could be a new therapeutic strategy

for SUI.

Keywords: stress urinary incontinence, mesenchymal stem cell, chemokine (c-c motif) ligand 7, chemokine (c-c

motif) receptor 1, rat model, birth injury

INTRODUCTION

Urinary incontinence (UI) is becoming an individual and social
burden with the increased aging population. More than 40%
of women over 40 years old have symptoms of UI in the
general population (1). Stress urinary incontinence (SUI) is
the most common type of UI in women, which is related
to the urethra and pelvic floor injury during childbirth (2).
During the process of parturition, the vaginal walls and muscles,
ligaments, and connective tissues of the pelvic floor can be
compressed and overstretched (3, 4), especially at the second
stage of labor with injuries of the tissue laceration and pudendal
nerves (4, 5).

Mesenchymal stem cells (MSCs) are multipotent adult
progenitor cells, which can migrate to the location of injury
to facilitate repair and regeneration via differentiation and
paracrine or autocrine mechanisms (6–8). Therefore, MSCs
may play an important role in endogenous tissue repair
and regeneration (9). Recently, cell-based therapies were
developed for the treatment of acute injuries and degenerative
diseases (10–12). Despite these progresses, there are many
barriers in carrying out stem cell therapy in current practice.
Engraftment and survival of the transplanted cells into the
injured or ischemic area is still a problem as most of the
cells are lost within hours of transplantation. Moreover, the
detailed mechanisms determining these processes are still
not well-understood.

Previous studies have demonstrated that chemokines play key
roles in MSCs homing to sites of injury (13–16). Chemokine
and chemokine receptors regulate chemotactic activities of a
wide range of cell types, such as monocytes and stem cells (14,
17, 18). Several chemokines, including chemokine (c-c motif)
ligand 7 (CCL7), chemokine (c-x-c motif) ligand 1 (CXCL1), and
ligand 2 (CXCL2), have been shown to be upregulated in the
local lower urinary tract following vaginal delivery, indicating
that they may regulate the stem cell engraftment into urinary
tissues after childbirth injury (19). Indeed, recent studies have
confirmed that cytokine CCL7 plays a key role in the engraftment
of MSCs (20, 21). Chemokine (c-c motif) receptor 1 (CCR1)
is one of the receptors for CCL7 (22). Although functionally
active chemokine receptors have been identified in MSCs, the
expression levels are relatively low (23). On the other hand,
overexpression of CCR1 in MSCs was reported to enhance
their migration, survival, and engraftment after myocardium
injury (24).

We hypothesize that enhancement of chemokine and
chemokine axis by local injection of CCL7 and intravenous

transfusion of CCR1-overexpressing MSCs can improve
engraftment and survival of the MSCs into the injured
tissues and promote the functional recovery after a simulated
birth injury.

MATERIALS AND METHODS

The Animal Care Committee at the First Affiliated Hospital of
Wenzhou Medical University approved all animal protocols and
surgical procedures described below.

VD+PNC Induced Simulated Birth Injury
We have demonstrated that a dual injury consisting of vaginal
distension (VD) and pudendal nerve crush (PNC) can induce a
reliable model of SUI (25) Such dual-injury animal model has
also been presented a delayed recovery from SUI after simulated
birth injury (5, 26). Dual injury was performed as we described
before. In simple terms, Sprague–Dawley rats were anesthetized
with ketamine (100 mg/kg) and xylazine (10 mg/kg). For VD,
a modified 10F Foley balloon catheter was inserted and stitched
into the vagina; the balloon was inflated with 3ml of water for
4 h. Immediately after VD, the pudendal nerve was identified
in ischiorectal space and then isolated and crushed bilaterally
with a needle holder twice for 30 s each. Sham birth injury was
performed by inserting a catheter without filling the balloon, and
opening the ischiorectal fossa but without crushing the nerves.
All rats received buprenorphine (0.1 mg/kg) for postoperative
analgesia (Figure 1).

Animals
Animals Used for Determination of the MSC

Engraftment After Combined Treatment With

CCR1-Overexpressing MSCs and CCL7
Forty virgin Sprague–Dawley rats (weight 180–250 g) were evenly
distributed into the following four groups (n= 10): (1) Sham SUI
+ MSC-CCR1+CCL7 group, injection of CCR1-overexpressing
MSCs intravenously and CCL7 in urethra immediately after
sham dual injury; (2) SUI + MSCs group, intravenous injection
of MSCs without genetic modification immediately after dual
injury; (3) SUI + MSC-CCR1 group, intravenous injection
of CCR1-overexpressing MSCs immediately after dual injury,
and (4) SUI + MSC-CCR1+CCL7 group, injection of CCR1-
overexpressing MSCs intravenously and CCL7 in urethra
immediately after dual injury. One week after injection, animals
were examined in vivo using IVIS Lumina X5 Imaging System
(PerkinElmer Inc., Waltham, MA, USA) and then euthanized
by intraperitoneal (i.p.) injection of pentobarbital (100 mg/kg).

Frontiers in Surgery | www.frontiersin.org 2 July 2020 | Volume 7 | Article 40

https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org
https://www.frontiersin.org/journals/surgery#articles


Jiang et al. Cell Therapy for SUI

FIGURE 1 | VD+PNC simulated birth injury postpartum model for stress urinary incontinence condition. (A) A 10F Foley catheter balloon with 3ml water in a female

rat pelvic cavity illustrates vaginal distension condition. (B) Dorsal approach for pudendal nerve crush after opening ischiorectal fossa under microscopic. VD, vaginal

distension; PNC, pudendal nerve crush.

Urethra and vagina were harvested for qualification of CCL7 and
immunofluorescence staining of α-actin and green fluorescent
protein (GFP).

Animal Used for Determination the Histological and

Functional Recovery From SUI After Combined

Treatment With CCR1-Overexpressing MSCs and

CCL7
An additional 30 virgin SD rats (200–260 g) were distributed into
the following three groups of 10 mice each: (1) Sham SUI +

sham MSC-CCR1+CCL7 treatment group receiving phosphate-
buffered saline injection instead of MSCs and CCl7; (2) SUI +
sham MSC-CCR1+CCL7 treatment group, and (3) SUI+MSC-
CCR1+CCL7 treatment group. The SUI model was induced
by dual injury, and MSC-CCR1 and CCL7 were injected as
described above. One week after injection, rats were euthanized
after the functional tests including EUS EMG, PNMBP, and
LPP measurements. Urethra and vagina were harvested for
histological examination.

MSC Preparations
Bone marrow-derived MSCs were obtained from Shanghai
Gene Chemical Co., Ltd. (Shanghai, China), and MSCs were
isolated from the bone marrow of 2-months-old female
Sprague–Dawley rats. MSCs were cultured in α-MEM
(Gibco, USA) supplemented with 10% FBS (Gibco, USA)
at 37◦C in a humidified 5% CO2 atmosphere. The medium
was replaced every 2 days. MSCs were identified by flow
cytometric analysis of surface markers CD34, CD44, CD45,
and CD105.

The CCR-1 gene was designed with the target sequence
5′-CTCCGAACACATCTGAACA-3′. A bicistronic expression
system consisting of an internal ribosome entry site (IRES)
(GeneChem, Shanghai, China) and aGFP (GeneChem, Shanghai,
China) was cloned into the murine stem cell virus vector
pMSCV gene (GeneChem, Shanghai, China). cDNA for murine

CCR1 was inserted in front of IRES-GFP in pMSCV under
the control of a constitutively expressed promoter, a specifically
designed 5′ long terminal repeat (LTR) from the murine
stem cell PCMV virus. This promoter prevents transcriptional
suppression and drives high-level constitutive expression of
a target gene. The pMSCV-IRES-GFP and the pMSCV-
CCR1/IRES-GFP were cloned into TMPT67 cells (DMEM
supplemented with 10% FBS). Lentiviruses were produced,
harvested, and purified. Cells were transfected with lentivirus by
using 6-µg/ml polybrene (Sigma, USA). We assessed successful
retroviral transduction by detecting GFP under a fluorescent
microscope and selecting stable expression cells for intravenous
injection in rats.

Injection of CCR1 Overexpression MSCs
and CCL7
The fluorescent-labeled MSCs/MSC-CCR1 (2 million labeled
MSCs suspended in 1ml of phosphate-buffered saline) was
injected into the rats via tail vein (27, 28). Two micrograms of
active CCL7 peptide was injected into the periurethral tissues
in rats. The sham injection was performed by replacing CCL7
or MSCs or MSC-CCR1 with the same volume of phosphate-
buffered saline.

One week after injection, the fluorescent-labeled MSCs
were observed in vivo using IVIS Lumina X5 Imaging System
(PerkinElmer Inc., Waltham, MA, USA). Subsequently,
rats were euthanized by intraperitoneal injection of
pentobarbital (100 mg/kg). Injured tissues around the
pelvic outlet, including urethra and vagina, were harvested
for analysis of MSC engraftment using Lumina X5 Imaging
System ex vivo and then fixed in 4% paraformaldehyde for
immunofluorescence staining.

Immunofluorescent Staining
Eight-micrometer-thick urethral cross-sections were cut
and stained for alpha-smooth muscle actin. Tissues were
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FIGURE 2 | Construction of rat MSCs’ vector in expression of CCR1 and eGFP and validation of MSCs-eGFP-CCR1. (A) Simplified scheme of the retroviral vector

constructs of MSCs-eGFP-CCR1. (B) Retrovirus-infected MSCs exhibited robust GFP signal. Phase contrast (left) and green channel (right) images. (C) Validation of

expression about vector MSCs-eGFP-CCR1. Bar = 50µm. LTR, long terminal repeats; CCR1, C-C chemokine receptor type 1; eGFP, enhanced green fluorescent

protein, MSCs, mesenchymal stem cells.

treated with 4% paraformaldehyde, permeabilized with
0.2% Triton-X-100, and then blocked in PBS containing

0.02% bovine serum albumin. Sections were incubated

first with a primary antibody against alpha-smooth muscle

actin (CST, USA) and then an Alexa 594-conjugated

secondary antibody. Slides were washed and mounted

with medium containing DAPI (Vector Laboratories).

Fluorescent images were obtained using a fluorescence
microscope (ECLIPSE Ni-U; Nikon, Tokyo, Japan) with
a magnification of ×40 and ×100. GFP-labeled cells
were quantified.

Real-Time Polymerase Chain Reaction
(RT-PCR) for CCL7
RT-PCR was performed to evaluate the mRNA expression
of CCL7 in urethral tissue in all groups. We extracted total
RNA from the middle urethral tissues using Trizol reagent
(Invitrogen, USA) according to the manufacturer’s instructions.
After measurement of RNA concentration, 1 µg of total RNA
was reversely transcribed with random primers and the ReverAid
First Stand cDNA Synthesis Kit (Thermo Fisher, USA). qRT-
PCR was performed using the Power Up SYBR-Green PCR
Master Mix kit (Applied Biosystems, USA). For CCL7, the
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primers were as follows: forward 5′-CTGCCGCGCTTCTGTGT-
3′, reverse primers 5′-ACGTGCACGGTGAAAGCA-3′. The gene
expression values were normalized using 18s rRNA as a reference
gene. All primers used for amplification were purchased from
Sangon (Shanghai, China). The relative expression levels were
calculated by the 2−11Ct method.

Urethral Function Testing
Functional testing included external urethral sphincter
electromyography (EUS EMG), pudendal nerve potential
activity, and leak point pressure (LPP), which were performed
as described in our previous studies (5, 26–29). For EUS EMG
recording, a parallel platinum bipolar electrode (diameter:
125mm diameter, Chengyi, Chengdu, China) was inserted
into mid-urethra ∼5mm from the bladder neck under
stereomicroscope and connected to a recording system after
exposing the urethra by pubic symphysectomy. For pudendal
nerve potential activity, upon removing the parts of pubis and
ischium, pudendal nerve motor branch was identified and
separated from the sensory and anal sphincter motor branches
with a glass-dissecting needle under a surgical microscope after
opening the ischiorectal fossa. The electrodes were connected
to an amplifier. A polyethylene catheter (PE 50) was inserted
into the bladder transurethrally and connected to a pressure
transducer (Chengyi, Chengdu, China) when the bladder was
filled with saline (5 ml/h) with a microperfusion pump. LPP
testing was performed by filling bladder to half capacity (∼0.5ml)
and gentle pressing directly on the bladder until urine leaks
from the urethral meatus (5). LPP testing with simultaneous
recording of EUS EMG and pudendal nerve potential activity
was performed three times in each rat. The bladder was emptied
between tests. The bladder was drained if an induced bladder
contraction occurred during LPP testing. Mean amplitudes and
firing rates of EUS EMG and pudendal nerve potentials activity
before and during LPP testing are quantified as previously
described (29). The surgical procedures and measurements were
performed under urethane anesthesia (1.2 g/kg, intraperitoneal).

Histology
Immediately after LPP testing, the full-length urethra was
collected for histological study. The tissues were immersed and
fixed in 4% paraformaldehyde for 24 h and then embedded in
paraffin. The cross-section of the mid urethra was sectioned and
stained with Masson’s trichrome (Solabir, China) for qualitative
and semi-quantitative histological analysis. ImageJ 1.52o version
Java 1.8.0_112 (NIH, Bethesda, Maryland, USA) was used, and
the software can distinguish regions stained with different colors
and calculate the areas. The percentages of the muscle (stained
in pink) and collagen (stained in blue) area to the whole cross-
section area in the middle urethra were calculated.

Data Analysis and Statistics
Data were expressed as means ± standard error of means
(SE). Statistical analysis was performed using the SigmaStat
3.5 software (Systat Software, Inc., San Jose, CA). One-way
or two-way ANOVA with Tukey’s post-hoc comparison test or
Bonferroni adjustments for multiple comparisons were used

to assess statistical significance. A p < 0.05 was considered
statistically significant.

RESULTS

CCR1-Overexpressing MSCs and CCL7
Combined Treatment Increased
Engraftment and Survival of MSCs
To test the potential effect of the receptors in chemokine-induced
MSC migration, murine MSCs were retrovirally transfected with
CCR1-GFP and the efficiency of the transfection was validated
(Figure 2). Cells expressing robust green fluorescence protein
were separated and used in this study. MSCs were injected
intravenously through the tail vein. In vivo (Figure 3A) and ex
vivo (Figures 3B,D) analysis of the fluorescent-labeled MSCs
showed that the SUI + MSC-CCR1+CCL7 group had the
strongest green fluorescence signals after 1 week of injury,
followed by the groups of SUI + MSC-CCR1, SUI + MSCs, and
sham SUI+MSC-CCR1+CCL7 (p < 0.05, Figure 3). Moreover,
quantifications of the GFP-labeled MSCs in the mid-urethra
and the tissue between urethra and vagina also showed that the
SUI + MSC-CCR1+CCL7 group had the maximum fluorescent
intensity (Figures 3C,E), indicating increased engraftment. Most
of the stained cells were located between muscle bundles in the
urethra and the tissues between urethra and vagina wall.

We also examined the expression of cytokine CCL7 at 0.5 day,
1 day, and 1 week after simulated birth injury. We found that the
expression of CCL7 mRNA in the urethra increased significantly
in all three time points, especially in 1 day after dual injury. The
SUI + MSC-CCR1+CCL7 group had the highest expression of
CCL7 (Figure 3F).

CCR1-Overexpressing MSCs and CCL7
Combined Treatment Promotes
Histological and Functional Recovery
Simulated birth injury induced by VD and PNC caused damage
of the urethra. Masson Trichrome staining of the middle urethra
cross-section from the injury (SUI) + sham MSC-CCR1+CCL7
treatment group showed the broken fibers with degeneration and
atrophy in the urethral striated muscles 1 week after injury. The
muscle fibers shorted, and the space between the muscle fibers
was broadened (Figures 4A,B). Quantification data revealed
decreased percentage of muscle and collagen area in the whole
cross-section area in middle urethra. In the injury (SUI)+MSC-
CCR1+CCL7 treatment group, the above changes were partially
recovered 1 week after injury, characterized by denser and wider
muscle fibers. The percentage of collagen increased significantly,
along with the increased percentage of muscle area although the
difference was not statistically significant (Figure 4).

We simultaneously recorded EUS EMG, PNMBP, and LPP
under anesthesia. Both EUS EMG and PNMBP increased
significantly in sham SUI + sham MSC-CCR1+CCL7 treatment
group when increased pressure was applied to the bladder
during an LPP testing, indicating the presence of a guarding
response in urethra to the increased bladder pressure. The
guarding reflex (increased firing frequency and amplitude of
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FIGURE 3 | Enhancement of CCL7/CCR1 axis can significantly increase the local engraftment of MSCs in rats with SUI. (A) Engraftment of GFP-labeled MSCs in

pelvic area one week after injection in different groups. White arrow shows urethral orifice. (B) The urethral tissue was taken out, and the fluorescence intensity was

measured one week after injection in different groups. White arrow points the urethra ex vivo. The elliptical circle shows the analyzed local fluorescence area of the

urethra. (C) The distribution of MSCs in the urethral cross-sectional area was examined one week after injection, and the dashed line separates the urethral with the

vaginal wall, arrows indicates lumen adjacent vaginal anterior wall. Blue staining represents nucleus by DAPI staining; red represents smooth muscle cells (α smooth

muscle actin) Green represents eGFP-MSCs. Bar = 100um. (D) The relative intensity of fluorescence in isolated urethral tissue at 1 day or 1 week after injection. (E)

Quantitative analysis of engrafted MSCs in urethra 1 week after injection of MSCs. (F) The relative expression of CCL7 in local tissue of urethra, compared with normal

urethral tissue by quantitative RT-PCR. * indicates significant difference with the sham injury group (sham SUI, p < 0.05);
†
indicates significant differences (P < 0.05)

with normal MSCs before transformation; ‡ indicates significant differences with the modified MSCs-CCR1 (P < 0.05). CCL7, chemokine (c-c motif) ligand 7; CCR1,

C-C chemokine receptor type 1; MSCs, mesenchymal stem cells; SUI, stress urinary incontinence; DAPI, 4′,6-Diamidino-2-phenyli ndole dihydrochloride; eGFP,

enhanced green fluorescent protein; RT-PCR, Real-Time Polymerase Chain Reaction.

PNMBP or EUS EMG activity) was considered to try to
maintain incontinence despite the increase in bladder pressure
with the externally applied pressure (Figure 5) (30). Dual

injury caused by VD and PNC (injury + sham combined
treatment group) led to significantly decreased LPP, along
with decreased amplitude (µV) and firing frequency (Hz)
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FIGURE 4 | Histological changes of middle urethral cross-sectional area in different groups one week after injection. (A) The sphincter atrophy was partially recovered

one week after combined treatment. Magnification: 10× and 40×. Stain: Masson’s trichrome. (B) The middle urethral wall stained with Masson trichrome was used to

quantify the area of muscle and collagen. (C) Comparison of the percentage of muscle and collagen area in the whole middle urethral wall stained with Masson

trichrome among groups. * represents significant difference compared with sham injury + sham combined treatment (p < 0.05).
†
represents a significant difference

compared with injury + sham combined treatment (p < 0.05). SUI, stress urinary incontinence; CCR1, C-C chemokine receptor type 1; MSCs, mesenchymal stem

cells; CCL7, chemokine (c-c motif) ligand 7.
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FIGURE 5 | CCR1-overexpressing MSCs and CCL7 combined treatment improves recovery of urinary continence 1 week after injury for SUI. (A) The simultaneous

measurements of the EUS EMG, pudendal nerve potential activity and bladder pressure for LPP testing 1 week after injury and combined treatment. (B,C) Functional

recovery differences between the groups of sham injury + sham combined treatment, injury + sham combined treatment, and injury + combined treatment.

* represents significant difference compared with baseline (p < 0.05), indicating adequate urinary continence level.
†
represents a significant difference compared with

control (p < 0.05), indicating the effect of injury. ‡ represents a significant difference compared with sham combined treatment (p < 0.05), indicating the effect of the

combined treatment. CCR1, C-C chemokine receptor type 1; MSCs, mesenchymal stem cells; CCL7, chemokine (c-c motif) ligand 7. SUI, stress urinary incontinence;

EUS, external urethral sphincter; EMG, electromyography; LPP, leak point pressure.
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in EUS EMG and PNMBP measurement compared with
those in sham injury + sham combined treatment group
(Figures 5B,C). Combined treatment partially reversed the
above changes (Figures 5B,C). LPP, the amplitudes (µV), and
frequency of both EUS EMG and PNMBP in injury + MSC-
CCR1+CCL7 combined treatment group were significantly
higher than those in injury + sham MSC-CCR1+CCL7
combined treatment group (Figures 5B,C), indicating the
partially functional recovery.

DISCUSSION

Vaginal delivery is an important risk factor for the development
of SUI. The incidence of SUI in primiparous women was 3.3
times higher than that in nulliparous women (31). Delivery-
related injuries are often associated with complex damage,
and both nerves and muscles are involved. The endogenous
MSCs contribute to the functional recovery and improvement
in neurologic outcomes of injured tissues due to their ability
of self-renewal and migration to the site of injury (32, 33).
With the development of cell-based therapies, MSCs recently
gained large attention as a promising treatment for SUI (28,
34, 35). However, the capacity of engraftment and survival of
transplanted stem cells into injured urethral tissue remains a
major issue (36). A large fraction of intravenous infused MSCs
becomes massively trapped within the lung and other organs,
which leads to a low engraftment rate to injured tissue (37–39).
Multiple processes, including cell recruitment, migration, and
adhesion, can affect the incorporation of MSCs into the injured
urethral tissue.

Migration and engraftment are a prerequisite for therapeutic
MSCs to play their roles in the injured tissue. The mechanisms
of MSC engraftment to a target organ have not yet been
fully understood. Leukocyte recruitment to inflammatory areas
requires a relevant series of cytokines and molecules. This
knowledge may help us understand the engraftment of
MSCs (40). Previous studies have found that MSCs express
a unique set of chemokine receptors that may play an
important role in MSC engraftment (41). These findings
indicated that a coordinated sequence of interaction between
chemokines and chemokine receptors may take effect in
MSC engraftment. Therefore, manipulation of the chemokine–
chemokine receptor axis may be valuable in MSC-based therapy.
Previous studies showed that CC ligands 2, 6, 7, and 9,
and CXC ligands 1, 2, and 12 were up-regulated significantly
following myocardium ischemia using a functional genomics
technology, suggesting that these chemokines may induce the
engraftment and aggregation of MSCs (42, 43). Currently,
over 50 chemokines and 20 chemokine receptors have been
discovered (44). It is one of the prominent features that
chemokines can attract MSCs to the injured organs, which
has been documented in numerous studies (45–47). Early
MSC treatment achieved some success in SUI, but outcomes
were not consistent (48, 49). This may be associated with
low engraftment and survival rate of the transplanted MSCs.
To our knowledge, chemokines inducting MSC migration

mainly include CCL3 (formerly known as MIP-1α), CCL4
(formerly known as MIP-1β), CCL5 (formerly known as
RANTES), CXCL12 (formerly known as SDF-1), and CCL7
(formerly known as MCP-3) (50, 51). One of the chemokine–
chemokine receptor axis, CCL7-CCR1, has been shown to
play a crucial role in the recruitment of MSCs into postnatal
injured urethral and vaginal tissues (20, 24, 52). A recent
study demonstrated that overexpression of CCR1 in MSCs
increased their migration and protected them from apoptosis in
vitro. Intramyocardial injection of CCR1-overexpressing MSCs
significantly increased the homing and engraftment to the
injured area, prevented cardiac remodeling, and restored cardiac
function 4 weeks after myocardial infarction (24). In our current
study, we aimed to examine if combined treatment with CCR1-
overexpressing MSCs and CCL7 can increase the engraftment
and survival of the MSCs and promote the histological and
functional recovery.

The engraftment was found in all four groups, including
the sham SUI group, indicating that the sham procedure also
caused the recruitment of MSCs. Importantly, our data showed
that the number of engrafted MSCs in the SUI + MSC-CCR1
and SUI + MSC-CCR1+CCL7 group was significantly higher
than the other two groups. The SUI + MSC-CCR1+CCL7
group had the highest engrafted MSCs. Treatment with both
chemokine and its receptor can produce synergistic effects.
These results demonstrated that overexpression of CCR1 in
MSCs promoted their migration and homing, and injection
of CCL7 in injured tissues further enhanced the effects.
We also found increased expression of CCL7 in the SUI
+ CCR1-MSCs+CCL7 group after 0.5-day, 1-day, and 1-
week injury. The released CCL7 can implement its role via
endocrine, autocrine, or paracrine action. Considering the
injected CCL7 was already metabolized, the increased CCL7
expression may be because the engrafted MSCs regulate the
microenvironment of the injured tissue and promote the release
of CCL7.

In addition to increased engraftment, our study also
demonstrated that the local injection of CCL7 combined
with intravenous delivery of CCR1-overexpressing MSCs
can significantly promote structural and functional recovery
of the urethra. The amplitude and frequency of EMG and
PNMBP were lower significantly in injury (SUI) + sham
combined treatment group compared to sham injury + sham
combined treatment group, suggesting that the pudendal
nerve and urethral muscle were damaged after simulated
injury. Partial functional recovery was observed in injury +

CCR1-MSCs+CCL7 combined treatment group. Histological
results showed a similar trend. The mechanisms of the
enhanced therapeutic effects using the combined treatment
may be due to (1) increased engraftment and homing
of MSCs; (2) increased direct differentiation of MSCs;
and (3) promotion repair and regeneration by secreting a
range of growth factors, angiogenic factors, and immune
regulating factors.

One limitation of our study is that we examined the
migration and the aggregation of MSCs and urethral recovery
only 1 week after the birth injury. The efficiency of the
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combined treatment in a longer time needs to be studied in
the future.

In summary, in this study, we demonstrated that combined
treatment with CCR1-overexpressing MCSs and CCL7 increased
the engraftment and survival of MSCs and improved the
histological and functional recovery from simulated birth injury-
induced SUI in rats. This approach may offer a new strategy for
the prevention or treatment of birth trauma-related SUI.

DATA AVAILABILITY STATEMENT

Part of results were accepted in previous AUA annual meeting.
The datasets used and/or analyzed during the current study are
available from the corresponding authors on reasonable request.

ETHICS STATEMENT

The animal study was reviewed and approved by The Animal
Care Committee at First Affiliated Hospital of Wenzhou
Medical University.

AUTHOR CONTRIBUTIONS

H-HJ and MW designed the study. GL critically read and revised
the manuscript. H-HJ and Q-XS performed the experiments
assisted by L-XJ, H-YL, and LC. L-XJ and H-YL assisted H-HJ,
MW, and Q-XS with analysis of data. GL and MW interpreted
the data. L-XJ and YB drafted the manuscript. All authors have
approved the final version of the manuscript and have made
substantial contributions to the study. All authors contributed to
the article and approved the submitted version.

FUNDING

This study was supported by the National Natural Science
Foundation of China (No. 81670695), Wenzhou Science and
Technology Bureau Project (No. 2018Y0144), the Zhejiang
Provincial Medical and Health Technology Program Projects
of China (Nos. 2018PY031, 2018KY512, 2019KY101, and
2019KY102), and the Zhejiang Provincial Natural Science
Foundation of China (Nos. WY20H050001).

REFERENCES

1. Rawlings T, Zimmern PE. Rawlings T. Economic analyses of stress urinary

incontinence surgical procedures in women. Neurourol Urodyn. (2016)

35:1040–5. doi: 10.1002/nau.22878

2. Wang A, et al. Fecal incontinence: a review of prevalence and obstetric

risk factors. Int Urogynecol J Pelvic Floor Dysfunct. (2006) 17:253–

60. doi: 10.1007/s00192-005-1338-x

3. Gill BC, Moore C, Damaser MS. Postpartum stress urinary incontinence:

lessons from animal models. Expert Rev Obstet Gynecol. (2010) 5:567–

80. doi: 10.1586/eog.10.48

4. Sajadi KP, Lin DL, Steward JE, Balog B, Dissaranan C, Zaszczurynski P, et al.

Pudendal nerve stretch reduces external urethral sphincter activity in rats. J

Urol. (2012) 188:1389–95. doi: 10.1016/j.juro.2012.06.006

5. Jiang HH, Pan HQ, Gustilo-Ashby MA, Gill B, Glaab J, Zaszczurynski

P, et al. Dual simulated childbirth injuries result in slowed recovery of

pudendal nerve and urethral function. Neurourol Urodyn. (2009) 28:229–

35. doi: 10.1002/nau.20632

6. Shi LB, Cai HX, Chen LK, Wu Y, Zhu SA, Gong XN, et al. Tissue engineered

bulking agent with adipose-derived stem cells and silk fibroin microspheres

for the treatment of intrinsic urethral sphincter deficiency. Biomaterials.

(2014) 35:1519–30. doi: 10.1016/j.biomaterials.2013.11.025

7. Wang Y, Shi GW,Wang JH, Cao NL, Fu Q. Adipose-derived stem cells seeded

on polyglycolic acid for the treatment of stress urinary incontinence. World J

Urol. (2016) 34:1447–55. doi: 10.1007/s00345-015-1757-3

8. Wang Z, Wen Y, Li YH, Wei Y, Green M, Wani P, et al. Smooth

muscle precursor cells derived from human pluripotent stem cells for

treatment of stress urinary incontinence. Stem Cells Dev. (2016) 25:453–

61. doi: 10.1089/scd.2015.0343

9. Bernardo ME, Fibbe WE. Mesenchymal stromal cells: sensors

and switchers of inflammation. Cell Stem Cell. (2013) 13:392–

402. doi: 10.1016/j.stem.2013.09.006

10. Monsel A, Zhu YG, Gennai S, Hao Q, Liu J, Lee JW. et al. Cell-

based therapy for acute organ injury: preclinical evidence and ongoing

clinical trials using mesenchymal stem cells. Anesthesiology. (2014) 121:1099–

121. doi: 10.1097/ALN.0000000000000446

11. Formigli L, Paternostro F, Tani A, Mirabella C, Quattrini Li A, Nosi D, et al.

MSCs seeded on bioengineered scaffolds improve skin wound healing in rats.

Wound Repair Regen. (2015) 23:115–23. doi: 10.1111/wrr.12251

12. Sokolova IB, Fedotova OR, Gilerovich EG, Sergeev IV, Anisimov SV, Puzanov

MV, et al. Efficacy of mesenchymal stem cells intracerebral transplantation

for the correction of age-related cerebral microcirculation alterations in rats.

Tsitologiia. (2014) 56:273–82.

13. Salcedo L, Penn M, Damaser M, Balog B, Zutshi M. Functional outcome after

anal sphincter injury and treatment with mesenchymal stem cells. Stem Cells

Transl Med. (2014) 3:760–7. doi: 10.5966/sctm.2013-0157

14. Wu Y, Zhao RC, Wu, Y, Zhao RC. The role of chemokines in mesenchymal

stem cell homing to myocardium. Stem Cell Rev Rep. (2012) 8:243–

50. doi: 10.1007/s12015-011-9293-z

15. Zhang Y, Ma C, Yu Y, Liu M, Yi C. Are CXCL13/CXCR5/FAK critical

regulators of MSCs migration and differentiation? Med Hypotheses. (2015)

84:213–5. doi: 10.1016/j.mehy.2014.12.025

16. Andreas K, Sittinger M, Ringe J. Toward in situ tissue engineering:

chemokine-guided stem cell recruitment. Trends Biotechnol. (2014) 32:483–

92. doi: 10.1016/j.tibtech.2014.06.008

17. Yashiro Y, Nomura Y, Kanazashi M, Noda K, Hanada N, Nakamura Y.

et al. Function of chemokine (CXC motif) ligand 12 in periodontal ligament

fibroblasts. PLoS ONE. (2014) 9:e95676. doi: 10.1371/journal.pone.00

95676

18. Ito H. Chemokines in mesenchymal stem cell therapy for bone repair:

a novel concept of recruiting mesenchymal stem cells and the possible

cell sources. Mod Rheumatol. (2011). 21:113–21. doi: 10.3109/s10165-010-

0357-8

19. Rivera-Delgado E, Sadeghi Z, Wang NX, Kenyon J, Satyanarayan S, Kavran

M, et al. Local release from affinity-based polymers increases urethral

concentration of the stem cell chemokine CCL7 in rats. Biomed Mater. (2016)

11:025022. doi: 10.1088/1748-6041/11/2/025022

20. Lenis AT, Kuang M, Woo LL, Hijaz A, Penn MS, Butler RS, et al. Impact

of parturition on chemokine homing factor expression in the vaginal

distention model of stress urinary incontinence. J Urol. (2013) 189:1588–

94. doi: 10.1016/j.juro.2012.09.096

21. Hijaz AK, Grimberg KO, Tao M, Schmotzer B, Sadeghi Z, Lin YH, et al.

Stem cell homing factor, CCL7, expression in mouse models of stress

urinary incontinence. Female Pelvic Med Reconstr Surg. (2013) 19:356–

61. doi: 10.1097/SPV.0b013e3182a331a9

22. Chen X, Xu C, Zhang F, Ma J. Comparative analysis of expression profiles

of chemokines, chemokine receptors, and components of signaling pathways

mediated by chemokines in eight cell types during rat liver regeneration.

Genome. (2010) 53:608–18. doi: 10.1139/G10-040

23. Squillaro T, Peluso G, Galderisi U. Clinical trials with

mesenchymal stem cells: an update. Cell Transplant. (2016)

25:829–48. doi: 10.3727/096368915X689622

Frontiers in Surgery | www.frontiersin.org 10 July 2020 | Volume 7 | Article 40

https://doi.org/10.1002/nau.22878
https://doi.org/10.1007/s00192-005-1338-x
https://doi.org/10.1586/eog.10.48
https://doi.org/10.1016/j.juro.2012.06.006
https://doi.org/10.1002/nau.20632
https://doi.org/10.1016/j.biomaterials.2013.11.025
https://doi.org/10.1007/s00345-015-1757-3
https://doi.org/10.1089/scd.2015.0343
https://doi.org/10.1016/j.stem.2013.09.006
https://doi.org/10.1097/ALN.0000000000000446
https://doi.org/10.1111/wrr.12251
https://doi.org/10.5966/sctm.2013-0157
https://doi.org/10.1007/s12015-011-9293-z
https://doi.org/10.1016/j.mehy.2014.12.025
https://doi.org/10.1016/j.tibtech.2014.06.008
https://doi.org/10.1371/journal.pone.0095676
https://doi.org/10.3109/s10165-010-0357-8
https://doi.org/10.1088/1748-6041/11/2/025022
https://doi.org/10.1016/j.juro.2012.09.096
https://doi.org/10.1097/SPV.0b013e3182a331a9
https://doi.org/10.1139/G10-040
https://doi.org/10.3727/096368915X689622
https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org
https://www.frontiersin.org/journals/surgery#articles


Jiang et al. Cell Therapy for SUI

24. Huang J, Zhang Z, Guo J, Ni A, Deb A, Zhang L, et al. Genetic modification

of mesenchymal stem cells overexpressing CCR1 increases cell viability,

migration, engraftment, and capillary density in the injuredmyocardium. Circ

Res. (2010) 106:1753–62. doi: 10.1161/CIRCRESAHA.109.196030

25. Woo LL, Hijaz A, Pan HQ, Kuang M, Rackley RR, Damaser MS. Simulated

childbirth injuries in an inbred rat strain. Neurourol Urodyn. (2009) 28:356–

61. doi: 10.1002/nau.20644

26. Jiang, H.-H., et al. Electrophysiological function during voiding

after simulated childbirth injuries. Exp Neurol. (2009) 215:342–

8. doi: 10.1016/j.expneurol.2008.10.024

27. Deng K, Lin DL, Hanzlicek B, Balog B, Penn MS, Kiedrowski MJ,

et al. Mesenchymal stem cells and their secretome partially restore

nerve and urethral function in a dual muscle and nerve injury stress

urinary incontinence model. Am J Physiol Renal Physiol. (2015) 308:F92–

100. doi: 10.1152/ajprenal.00510.2014

28. Dissaranan C, Cruz MA, Kiedrowski MJ, Balog BM, Gill BC, Penn MS, et al.

Rat mesenchymal stem cell secretome promotes elastogenesis and facilitates

recovery from simulated childbirth injury. Cell Transplant. (2014) 23:1395–

406. doi: 10.3727/096368913X670921

29. Jiang HH, Song QX, Gill BC, Balog BM, Juarez R, Cruz Y, et al.

Electrical stimulation of the pudendal nerve promotes neuroregeneration

and functional recovery from stress urinary incontinence in a rat model.

Am J Physiol Renal Physiol. (2018) 315:F1555–64. doi: 10.1152/ajprenal.0043

1.2017

30. Steward JE, Clemons JD, Zaszczurynski PJ, Butler RS, Damaser MS,

Jiang HH. Quantitative evaluation of electrodes for external urethral

sphincter electromyography during bladder-to-urethral guarding

reflex. World J Urol. (2010) 28:365–71. doi: 10.1007/s00345-009-

0463-4

31. Hansen BB, Svare J, Viktrup L, Jørgensen T, Lose G. Urinary incontinence

during pregnancy and 1 year after delivery in primiparous women compared

with a control group of nulliparous women. Neurourol Urodyn. (2012)

31:475–80. doi: 10.1002/nau.21221

32. Han F, Wang CY, Yang L, Zhan SD, Zhang M, Tian K. Contribution of

murine bone marrow mesenchymal stem cells to pancreas regeneration

after partial pancreatectomy in mice. Cell Biol Int. (2012) 36:823–

31. doi: 10.1042/CBI20110680

33. Horwitz EM. MSC: a coming of age in regenerative medicine. Cytotherapy.

(2006) 8:194–5. doi: 10.1080/14653240600758562

34. Stangel-Wojcikiewicz K, Jarocha D, Piwowar M, Jach R, Uhl T, Basta A, et al.

Autologous muscle-derived cells for the treatment of female stress urinary

incontinence: a 2-year follow-up of a Polish investigation. Neurourol Urodyn.

(2014) 33:324–30. doi: 10.1002/nau.22404

35. Wang HJ, Chuang YC, Chancellor MB. Development of cellular therapy

for the treatment of stress urinary incontinence. Int Urogynecol J. (2011)

22:1075–83. doi: 10.1007/s00192-011-1432-1

36. Kean TJ, Lin P, Caplan AI, Dennis JE. MSCs: delivery routes and

engraftment, cell-targeting strategies, immune modulation. Stem Cells Int.

(2013) 2013:732742. doi: 10.1155/2013/732742

37. Kraitchman DL, Tatsumi M, Gilson WD, Ishimori T, Kedziorek D,

Walczak P, et al. Dynamic imaging of allogeneic mesenchymal stem

cells trafficking to myocardial infarction. Circulation. (2005) 112:1451–

61. doi: 10.1161/CIRCULATIONAHA.105.537480

38. Assis AC, Carvalho JL, Jacoby BA, Ferreira RL, Castanheira P, Diniz SO,

et al. Time-dependent migration of systemically delivered bone marrow

mesenchymal stem cells to the infarcted heart. Cell Transplant. (2010) 19:219–

30. doi: 10.3727/096368909X479677

39. Acosta SA, Tajiri N, Hoover J, Kaneko Y, Borlongan CV. Intravenous

bone marrow stem cell grafts preferentially migrate to spleen

and abrogate chronic inflammation in stroke. Stroke. (2015)

46:2616–27. doi: 10.1161/STROKEAHA.115.009854

40. Kamei M, Carman CV. New observations on the trafficking

and diapedesis of monocytes. Curr Opin Hematol. (2010)

17:43–52. doi: 10.1097/MOH.0b013e3283333949

41. Honczarenko M, Le Y, Swierkowski M, Ghiran I, Glodek AM,

Silberstein LE. Human bone marrow stromal cells express a distinct

set of biologically functional chemokine receptors. Stem Cells. (2006)

24:1030–41. doi: 10.1634/stemcells.2005-0319

42. Wu Y, Ip JE, Huang J, Zhang L, Matsushita K, Liew CC, et al.

Essential role of ICAM-1/CD18 in mediating EPC recruitment, angiogenesis,

and repair to the infarcted myocardium. Circ Res. (2006) 99:315–

22. doi: 10.1161/01.RES.0000235986.35957.a3

43. Ip JE, et al. Mesenchymal stem cells use integrin beta1 not CXC chemokine

receptor 4 for myocardial migration and engraftment. Mol Biol Cell. (2007)

18:2873–82. doi: 10.1091/mbc.e07-02-0166

44. Bromley SK, Mempel TR, Luster AD. Orchestrating the orchestrators:

chemokines in control of T cell traffic. Nat Immunol. (2008) 9:970–

80. doi: 10.1038/ni.f.213

45. Si, X.-Y., et al. Transforming growth factor-β1 in the microenvironment

of ischemia reperfusion-injured kidney enhances the chemotaxis of

mesenchymal stem cells to stromal cell-derived factor-1 through upregulation

of surface chemokine (C-X-C motif) receptor 4.Mol Med Rep. (2014) 9:1794–

8. doi: 10.3892/mmr.2014.1989

46. Feng Y, Yu HM, Shang DS, Fang WG, He ZY, Chen YH. The involvement of

CXCL11 in bone marrow-derived mesenchymal stem cell migration through

human brain microvascular endothelial cells. Neurochem Res. (2014) 39:700–

6. doi: 10.1007/s11064-014-1257-7

47. Long MY, Li HH, Pen XZ, Huang MQ, Luo DY, Wang PS. Expression

of chemokine receptor-4 in bone marrow mesenchymal stem cells on

experimental rat abdominal aortic aneurysms and the migration of bone

marrow mesenchymal stem cells with stromal-derived factor-1. Kaohsiung J

Med Sci. (2014) 30:224–8. doi: 10.1016/j.kjms.2013.12.005

48. Lin CS, Lue TF. Stem cell therapy for stress urinary incontinence: a critical

review. Stem Cells Dev. (2012) 21:834–43. doi: 10.1089/scd.2011.0621

49. Marquez-Curtis LA, Janowska-Wieczorek A. Enhancing the migration ability

of mesenchymal stromal cells by targeting the SDF-1/CXCR4 axis. Biomed Res

Int. (2013) 2013:561098. doi: 10.1155/2013/561098

50. Chavakis E, Urbich C, Dimmeler S. Homing and engraftment of progenitor

cells: a prerequisite for cell therapy. J Mol Cell Cardiol. (2008) 45:514–

22. doi: 10.1016/j.yjmcc.2008.01.004

51. Kollar K, Cook MM, Atkinson K, Brooke G. Molecular mechanisms involved

in mesenchymal stem cell migration to the site of acute myocardial infarction.

Int J Cell Biol. (2009) 2009:904682. doi: 10.1155/2009/904682

52. Wood HM, Kuang M, Woo L, Hijaz A, Butler RS, Penn M, et al. Cytokine

expression after vaginal distention of different durations in virgin Sprague-

Dawley rats. J Urol. (2008) 180:753–9. doi: 10.1016/j.juro.2008.03.182

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Jiang, Ji, Li, Song, Bano, Chen, Liu and Wang. This is an open-

access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Surgery | www.frontiersin.org 11 July 2020 | Volume 7 | Article 40

https://doi.org/10.1161/CIRCRESAHA.109.196030
https://doi.org/10.1002/nau.20644
https://doi.org/10.1016/j.expneurol.2008.10.024
https://doi.org/10.1152/ajprenal.00510.2014
https://doi.org/10.3727/096368913X670921
https://doi.org/10.1152/ajprenal.00431.2017
https://doi.org/10.1007/s00345-009-0463-4
https://doi.org/10.1002/nau.21221
https://doi.org/10.1042/CBI20110680
https://doi.org/10.1080/14653240600758562
https://doi.org/10.1002/nau.22404
https://doi.org/10.1007/s00192-011-1432-1
https://doi.org/10.1155/2013/732742
https://doi.org/10.1161/CIRCULATIONAHA.105.537480
https://doi.org/10.3727/096368909X479677
https://doi.org/10.1161/STROKEAHA.115.009854
https://doi.org/10.1097/MOH.0b013e3283333949
https://doi.org/10.1634/stemcells.2005-0319
https://doi.org/10.1161/01.RES.0000235986.35957.a3
https://doi.org/10.1091/mbc.e07-02-0166
https://doi.org/10.1038/ni.f.213
https://doi.org/10.3892/mmr.2014.1989
https://doi.org/10.1007/s11064-014-1257-7
https://doi.org/10.1016/j.kjms.2013.12.005
https://doi.org/10.1089/scd.2011.0621
https://doi.org/10.1155/2013/561098
https://doi.org/10.1016/j.yjmcc.2008.01.004
https://doi.org/10.1155/2009/904682
https://doi.org/10.1016/j.juro.2008.03.182~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org
https://www.frontiersin.org/journals/surgery#articles

	Combined Treatment With CCR1-Overexpressing Mesenchymal Stem Cells and CCL7 Enhances Engraftment and Promotes the Recovery of Simulated Birth Injury-Induced Stress Urinary Incontinence in Rats
	Introduction
	Materials and Methods
	VD+PNC Induced Simulated Birth Injury
	Animals
	Animals Used for Determination of the MSC Engraftment After Combined Treatment With CCR1-Overexpressing MSCs and CCL7
	Animal Used for Determination the Histological and Functional Recovery From SUI After Combined Treatment With CCR1-Overexpressing MSCs and CCL7

	MSC Preparations
	Injection of CCR1 Overexpression MSCs and CCL7
	Immunofluorescent Staining
	Real-Time Polymerase Chain Reaction (RT-PCR) for CCL7
	Urethral Function Testing
	Histology
	Data Analysis and Statistics

	Results
	CCR1-Overexpressing MSCs and CCL7 Combined Treatment Increased Engraftment and Survival of MSCs
	CCR1-Overexpressing MSCs and CCL7 Combined Treatment Promotes Histological and Functional Recovery

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


