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Abstract
Background: We have con�rmed that injection of vector-based short hairpin RNA (shRNA) constructs
targeting insulin-like growth factor binding protein-3 (IGFBP-3) in penis in old rat can improve erectile
function. The aim of this study is to further determine the feasibility of bone marrowe derived
mesenchymal stem cells (BM-MSCs) genetically modi�ed with shRNA constructs targeting IGFBP-3 on
improving erectile function in the aged rat.

Methods: 40 old (24 months) male rats were randomized divided into 4 groups: PBS-only, BM-MSC
treatment and LV3-shIGFBP-3 engineered BM-MSC treatment group (n=10/group).Ten 5-month-old rats
were used as the young group. Four weeks after transplantation, the erectile function was assessed by
cavernosal nerve stimulation. The percent of smooth muscle in corpus cavernosum was evaluated by
masson’s trichrome staining. IGFBP-3 expression was estimated by Western blot. The cavernous insulin-
like growth factor-1 (IGF-1) and vascular endothelial growth factor (VEGF) levels were analyzed after
transplantation. Apoptosis in corpus cavernosum was measured using TUNEL and the activity of nitric
oxide synthase (NOS) and concentration of guanosine 3’, 5’-cyclic-monophosphates (cGMP) in penile
tissue were also analyzed.

Results: Four weeks after intracavernous injection, BM-MSCs alone, especially LV3-shIGFBP-3 engineered
BM-MSCs treatment rats had improvements in erectile function (p<0.05).  The percentage of cavernosal
smooth muscle was increased in BM-MSCs and LV3-shIGFBP-3 engineered BM-MSCs treatment group.
IGFBP-3 protein expression was decreased obviously after injection of LV3-shIGFBP-3 engineered BM-
MSCs. In addition, signi�cant lower IGFBP-3 expression was associated with increased IGF-1 expression
in LV3-shIGFBP-3 engineered BM-MSCs treatment rats although higher IGF-1 and VEGF concentrations
were all determined after transplantation with BM-MSCs alone or BM-MSCs modi�ed with LV3-shIGFBP-3.
Lower levels of the apoptosis were also observed in the BM-MSCs and LV3-shIGFBP-3 engineered BM-
MSCs treatment group. NOS activities and cGMP concentrations were also signi�cantly increased after
transplantation.

Conclusions: These �ndings demonstrate that BM-MSCs alone or genetically modi�ed with LV3-shIGFBP-
3 can improve diminished erectile responses in the aged rat partially by increasing the smooth muscle
integrity, increasing secretion of IGF-1 and VEGF, inhibiting apoptosis and increasing the NOS activity and
cGMP accumulation.

Background
Erectile dysfunction (ED) is a prevailing health problem, especially in aging men [1-4]. It is estimated that
322 million men suffering from ED in 2025 [5]. 40.2 % prevalence was observed in a Chinese community-
based study in men above 40 [6]. However, the underlying mechanisms remain poorly understood
especially in aging related ED.
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Insulin-like growth factor-1 (IGF-1) is a single-chain polypeptide, belonging to the insulin-like growth factor
(IGF) family, which plays a key role in cellular metabolism, differentiation, proliferation, transformation
and apoptosis [4]. Insulin-like growth factor binding protein-3 (IGFBP-3) is one of six IGFBPs. IGFBP-3 can
regulate the binding of IGF-I with the cognate IGF-I receptor tyrosine kinase [7]. IGFBP-3 also inhibit IGF-I-
stimulated growth by modulating the binding of IGF-I to its receptor [7]. Furthermore, IGFBP-3 carries most
of the circulating IGF-I [8]. By restricting the extravascular transit of IGF-I to the target cells, IGFBP-3
regulates the availability of IGF-I [8]. In our previous study, we have con�rmed higher expression of
insulin-like growth factor binding protein-3 (IGFBP-3) in old rat and the higher expression of IGFBP-3 was
able to down-regulate by using the plasmid-based short hairpin RNA (shRNA) technology [2,3].
Intracorporeal injection of shRNA targeting IGFBP-3 was able to enhance erectile function in aged rats [2].
We also observed adenoviral gene transfer of IGF-1 or injection of IGF-1 protein to the corpus cavernosum
could improve erectile function in diabetic rats and aged rats [4,9]. 

Marrowe derived mesenchymal stem cells (BM-MSCs) have self-renewal capacity, which potential to
differentiate into a wide range of cell populations. Recently, BM-MSCs were used to generate positive
therapeutic effects in age-related ED and may use in clinical trial [1,10,11]. However, using some speci�c
gene to modify the BM-MSCs may have the cooperative effects in treating ED and the detailed
mechanisms also remain elusive. By inhibiting mRNA translation and/or inducing its degradation to
silence the target gene expression, shRNA technology was used in many gene therapy related
experiments. This technique has been used to ameliorate ED in aged animal models by our and others
[2,12]. In this study, based our previous serial study on IGF-I gene therapy, plasmid-based IGFBP-3 shRNA,
[2,4,9] we further determine whether combining BM-MSCs with IGFBP-3 shRNA technique can improve
aging-related ED in rats.

Methods
IGFBP-3 shRNA Overexpressing BM-MSCs

The most validated shRNA constructs targeting IGFBP-3 was prepared as we previously described [2].
Lentiviruses expressing IGFBP-3 shRNA (LV3-shIGFBP-3) were generated by GenePharma Biotechnology
Company (Shanghai, China).

Primary BM-MSCs were cultured overnight in 6-well plates (1×104/well) in low glucose-containing
Dulbecco’s modi�ed Eagle’s medium (DMEM, Gibco, Gaithersburg, MD, USA) supplemented with 20% fetal
bovine serum (FBS; Gibco) at 37◦ C and 5% CO2. The engineered BM-MSCs with LV3-shIGFBP-3 were
cultured in 6-well plates at a concentration of 5×105/well. The engineered cells were continuously
cultured for 3–5 days in the incubator. Transfected engineered BM-MSCs were selected and used in vivo
injection based on IGFBP-3 expression, proliferation, and other BM-MSC phenotypes (data not show).

Experimental Animals
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30 old male Sprague-Dawley rats (24 months) weighting 300 g–350 g (Grade A) were obtained from the
Animal Breeding Center of Sun Yat-Sen University and The Animal Center of Guangdong Province
(Guangzhou, China). The investigation was approved by the Animal Experiment Committee of the
Guangdong Provincial People’s Hospital, Guangdong Academy of Medical Sciences. The old rats were
randomly divided into 3 groups with ten rats each: PBS-only, BM-MSC and LV3-shIGFBP-3 engineered BM-
MSCs treatment group (n=10/group). Ten 5-month-old rats were used as the young rat group. The PBS-
only rats were injected with only 200 μl PBS. The BM-MSC and LV3-shIGFBP-3 engineered BM-MSCs
treatment group were treated with BM-MSCs or BM-MSC modi�ed with LV-shIGFBP-3 by bilateral
intracavernous injection under anesthesia (1 × 106 BM-MSCs diluted in 200 μL PBS) as the technique we
previously described [2].

Measurement of Erectile Function

As we previously technique [2-4], erectile function was assessed by measuring intracavernous pressure
(ICP) following electrostimulation of the cavernous nerves after 4 weeks. The cavernosal nerve was
stimulated by the electronic stimulator at a frequency of 15 Hz and pulse width of 30 s in each rat. To
achieve signi�cant erectile responses, 5V was used in the current protocol. The duration of stimulation
was 1 minute, with a rest period of 2-3 minutes between subsequent stimulations. Maximal ICP/MAP was
recorded in each rat.

Masson’s Trichrome Staining

As we previous methods [2,4], the vertical sections of the middle part of the penile shaft were harvested
for tissue histology study with para�n sections and with Masson’s trichrome staining. The relative
amounts of smooth muscle and collagen were measured by computer assisted histomorphometric image
analysis using the Mivnt Image analysis system (Shanghai institute of optical instruments, Shanghai,
China). A total of 15 �elds were randomly selected and analyzed per specimen. The percent of smooth
muscle was calculated per highpower �eld as the sum of red-stained areas divided by the sum of all red
and blue-stained areas, which represents the ratio of smooth muscle to total cavernous tissue.

Western Blotting

As we previous reported [2,3], the rats were killed and cavernous tissues were homogenized in ice-cold
Mammalian tissue protein extraction reagent with protease inhibitor mixture (Shenergy Biocolor
BioScience Co. Ltd.,Shanghai, China). The monoclonal anti- IGFBP-3 (1:1000 dilute) (Boster, Wuhan,
China) antibody were used as the �rst antibody. The protein expression of IGFBP-3 relative to α-tublin was
quanti�ed by densitometry.

Concentrations of IGF-1 and VEGF in Rat Corpus Cavernosum

The frozen corporal tissue of each rat was also collected for IGF-1and VEGF analysis. As the
manufacturer’s instructions, the IGF-1 and VEGF concentrations in rat corpus cavernosum were
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determined by an enzyme-linked immunosorbent assay (ELISA) kit (Shanghai Xitang Biotechnology Co.,
Ltd.)

TUNEL Staining

After preparation of 4-μm-thick sections, the apoptotic cells in the penile tissues were evaluated by the
TdT-mediated dUTP nick-end labeling (TUNEL) staining on �ve consecutive sections in all groups after 4
weeks using a TUNEL apoptosis detection kit (Boster, Wuhan, China), according to the manufacturer’s
instructions. Digital images were obtained using a Zeiss LSM 510 Meta confocal microscope (Zeiss,
Oberkochen, Germany). The TUNEL picture (200×) of each group of penis tissue was analyzed and each
sample was randomly selected from four �elds of view. Cells with red staining were counted as apoptotic,
and the ratio of apoptotic cells to the total number of cells (blue staining with DAPI) in the �eld of view
yielded the rate of apoptosis (the apoptotic index, %).

NOS Activity and Cyclic Nucleotide Assays

NOS activity was evaluated as we previously reported [2] in which oxyhemoglobin is oxidized to
methemoglobin by NO, the activity of NOS in penile tissues was estimated. The rate of NO formation was
calculated using a molar extinction coe�cient for methemoglobin of 31,850/M/cm for the
spectrophotometer used.

cGMP concentration was also analyzed in the penile tissues as we previously reported [2]. In the
supernatant samples used for Western blots,cGMP concentrations were determined using an
enzymelinked immunosorbent assay (ELISA) cGMP detection kit as the manufacture’s described (R&D
Systems, Minneopolis, MN, USA).

Statistical Analysis

Data were analyzed using student’s t-tests, one-way ANOVA, and 2 × 2 factorial ANOVA, as appropriate, to
evaluate differences by SPSS version 22.0 (IBM, Armonk, NY, USA). Values were considered signi�cant at
P<0.05. Data were expressed as mean ±standard deviation.

Results
Effect of LV3-shIGFBP-3 Engineered BM-MSCs Treatment on Erectile Responses

The representative ICP tracing in response to electrostimulation of cavernous nerve at 4 weeks after
injection is indicated in Figure 1 (Upper). Compared with young rats, PBS-only group aged rats had
signi�cantly lower Max ICP/MAP (p< 0.05). At 4 weeks after the intracavernous injection of BM-MSCs
and LV3-shIGFBP-3 engineered BM-MSCs, aged rats showed signi�cantly increased Max ICP/MAP
compared with the PBS-only aged group (p< 0.05, respectively; Fig. 1, Lower). These results showed that
treatment with BM-MSCs, especially LV3-shIGFBP-3 engineered BM-MSCs, could improve ED.
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Masson’s Trichrome Staining

Figure 2 (Upper) shows representative histochemical results of Masson’s trichrome staining (×40).
Compared with young rats, PBS-only group aged rats had signi�cantly lower the smooth muscle contents
(p< 0.05). After 4 weeks, when areas were quantitatively studied, the smooth muscle contents were
signi�cantly higher in the BM-MSCs and LV3-shIGFBP-3 engineered BM-MSCs treatment group (P<0.05,
respectively, Fig. 2 Lower).

Western Blot Analyses of IGFBP-3 Protein Expressions

The IGFBP-3 protein band can be determined in cavernous tissue of all the four group rats after 4 weeks
(Fig. 3 Upper). As we have observed [3] and also determined in this study, the cavernous IGFBP-3 protein
expression was signi�cantly higher in PBS-only aged group than in the young group rats (P<0.05).
Cavernous IGFBP-3 protein expression was signi�cantly decreased after LV3-shIGFBP-3 engineered BM-
MSCs treatment compared with PBS-only group (P<0.05). The cavernous IGFBP-3 protein levels were also
decreased in BM-MSCs treatment rats compared with PBS-only group, but there is no signi�cant
difference (P>0.05). It showed that the BM-MSCs alone may not obviously effect the expression of IGFBP-
3 (Fig. 3 Lower).

Changes of the CavernousConcentrations of IGF-1 and VEGF in Rat Penile Tissues

As showed in Fig 4, after 4 weeks, compared with young rats, the concentrations of IGF-1 and VEGF were
signi�cantly decreased in PBS-only aged rat penile tissues, which were con�rmed by ELISA (p < 0.05,
respectively). The intracavernous administration of BM-MSCs and LV3-shIGFBP-3 engineered BM-MSCs
increased cavernous IGF-1 and VEGF concentrations compared with PBS-only aged rats (p < 0.05,
respectively). Moreover, the higher cavernous IGF-1 concentrations were determined after LV3-shIGFBP-3
engineered BM-MSCs treatment than in BM-MSCs only treatment (p < 0.05). However, no signi�cant
higher expression of the cavernous VEGF concentrations were observed after LV3-shIGFBP-3 engineered
BM-MSCs treatment than in BM-MSCs only treatment (p > 0.05).

Assessment of Apoptotic Index TUNEL Staining

In order to determine whether BM-MSCs or LV3-shIGFBP-3 engineered BM-MSCs injection could reduce
apoptosis, a TUNEL assay was carried out to detect apoptotic cells in all groups (Fig 5, Upper). The
apoptotic index (%) of the PBS-only aged group was signi�cantly lower than the young group (P<0.05, Fig
5, Lower). The obviously lower apoptotic index (%) was determined in BM-MSCs treatment group and
LV3-shIGFBP-3 engineered BM-MSCs treatment group than in PBS-only group (P<0.05, respectively, Fig 5,
Lower) suggesting that BM-MSCs alone or BM-MSCs modi�ed with LV3-shIGFBP-3 triggers an decrease
in apoptotic cells. It showed that BM-MSCs alone or BM-MSCs modi�ed with IGFBP-3 shRNA injection
had a potentially bene�cial effect on suppressing apoptosis and increasing the ED.

Changes of NOS Activity and of cGMP Concentration
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The calcium-dependent NOS activity and the cGMP concentrations in young rats were signi�cantly higher
than in the PBS-only group (P <0.05, respectively, Fig. 6). After 4 weeks treatment, the NOS activity and
the cGMP concentrations were all increased respectively in the BM-MSCs and LV3-shIGFBP-3 engineered
BM-MSCs group (P<0.05, respectively, Fig 6).

Discussion
This study reveals that transplantation of BM-MSCs alone or BM-MSCs modi�ed with virus-based shRNA
against IGFBP-3 improved ED in aged rats. The BM-MSCs and the shRNA against IGFBP-3 may have the
cooperative effects in increasing ED. Furthermore, the intracavernous administration of BM-MSCs alone
or BM-MSCs modi�ed with shRNA against IGFBP-3 increased the concentrations of IGF-1 and VEGF in
penile tissues. The BM-MSCs modi�ed with shRNA against IGFBP-3 signi�cantly increased the
concentrations of cavernous IGF-1, which indicate the BM-MSCs and shRNA against IGFBP-3 may have
the cooperative effects in changing the IGF-1 level. Moreover, the erectile responses increased by BM-
MSCs alone or BM-MSCs modi�ed with shRNA against IGFBP-3 might have been caused by decreased
the cell apoptosis, increased the smooth muscle integrity and NOS activity and accumulated
concentration of cGMP. In this study, we did not design the plasmid shRNA against IGFBP-3 as the control
group because we have con�rmed that single injection of vector-based shRNA against IGFBP-3 can
alleviate erectile function in aged rats in our previous study [2]. Thus, the transplantation of BM-MSCs
modi�ed with shRNA against IGFBP-3 appeared to be another effective treatment in aging related rats.

We have observed the higher expression of mRNA and protein of IGFBP-3 in old rat penile tissues which is
related ED [3]. The higher expressions of IGFBP-3 were also observed in corpus cavernosum tissues of
DM rats [13] and hypertensive rats [14]. It showed that IGFBP-3 might play an vital role in the
development of ED. IGFBP-3 was produced largely by the liver, which is a 40- to 45-kDa glycoprotein, was
the major IGFBP present in serum [15]. The growth of human intestinal smooth muscle cells can be
inhibited by secretion of IGFBP-3 [16]. IGFBP-3 also acts to inhibit IGF-I-stimulated cell growth [17]. By
restricting the extravascular transit of IGF-I to the target cells, IGFBP-3 regulates the availability of IGF-I
and carries most of the circulating IGF-I [8]. We have con�rmed that plasmid-based shRNA against IGFBP-
3 alleviate age related ED in the rat [2]. In this study, we further observed inhibiting the IGFBP-3 by virus-
based shRNA combined with BM-MSCs can improve the cavernous IGF-1 concentrations. It showed
inhibiting the IGFBP-3 and improving the IGF-1 are all contributed to alleviate age related ED. Zhou. et al.
[18-20] recently observed that plasmid-based shRNA targeting IGFBP-3 improve diabetic related ED in the
rat by effecting the testosterone concentrations and rehabilitating the dyslipidaemia.

Transplantation of mesenchymal stem cells (MSCs) to treat ED is a promising new therapeutic approach.
Depending on the different stimuli or signals, MSCs can differentiation into various specialized cell types,
such as smooth muscles, which is bene�t for correcting ED [21]. Until now, several types of MSCs, such
as adipose tissue-derived stem cells (ADSCs), urinary stem cells (USCs) and BM-MSC are capable of
differentiation into endothelial cells, or cavernous smooth muscle cells. This unique character and ability
of BM-MSCs has been used to treat ED in rat even in clinical trial [22,23]. Treating of ED by BM-MSCs is
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still only in the clinic trial phase. However, the primary clinical promising results are very exciting. Yiou et
al. [23] evaluated the safety of transplantation of BM-MSCs for postradical prostatectomy ED. Twelve
patients with localized prostate cancer and ED were enrolled the study. Greater improvement in
spontaneous erections was observed and no serious side effects were occurred after 1 year followup.
Recently, an open label phase I clinical trial was also conducted to evaluate the safety and potential
therapeutic effect of two intracavernous autologous BM-MSCs injections in diabetic patients with ED [22].
Four diabetic patients were included in the study and proved that intracavernous autologous BM-MSC
injections were tolerability, safety and e�cacy. More clinical trial with more samples is urgent to elucidate
the important role of BM-MSCs in treating ED.

Apply genetically modi�ed stem cells in treatment of ED may be another good choice in the future
depending on the cooperative effects. It is showed that combing cell therapy with gene therapy
remarkably improve differentiation of implanted MSCs, revascularization, and innervation in
genitourinary tissues, especially in the treatment of ED.[24] Bivalacqua. et al. [11] �rst used the genetic
BM-MSCs modi�cation technique on treating ED, which using MSCs modi�ed with endothelial nitric oxide
synthase (eNOS) to reverse age-associated ED. Recently, Liu. et al. [1] evaluated the therapeutic e�ciency
of mcroRNA-145 engineered BM-MSCs on alleviating ED in aged rats. Jeon. et al. [25] observed the
bene�cial effects of stromal cell-derived factor-1 (SDF-1) engineered BM-MSCs on improving
streptozotocin (STZ)-induced DM ED rat model. He. et al. [26] assessed the positive therapeutic effects of
the BM-MSCs modi�ed with KCNMA1 on the improvement of erectile function in diabetes-associated ED.
Qiu. et al. [27] investigated the effects of combined strategy of MSCs injection with vascular endothelial
growth factor (VEGF) 164 gene therapy for the treatment of diabetic rats. In this study, we also con�rmed
BM-MSCs alone or BM-MSCs modi�ed with shRNA targeting IGFBP-3 effectively reversing age-associated
ED. The BM-MSCs and the virus-based shRNA may have the cooperative effects in treating ED due to
aging.

The mechanism of transplantation BM-MSCs on treatment of ED remains controversial. We have
con�rmed that the BM-MSCs modi�ed with shIGFBP-3 still retain their original characteristics, such as
multidirectional differentiation potential and proliferation capacity in vitro. Producing some bioactivity
factors may contribute to the therapeutic effects in vivo [28]. A paracrine action rather than the
differentiation of stems cells may play a major role in the e�cacy of stem cell transplanltion. This study
revealed that the intracavernous administration of BM-MSCs alone or BM-MSCs modi�ed with shRNA
against IGFBP-3 increased the cavernous concentrations of IGF-1 and VEGF in aged rats. Thus, the
transplantation of BM-MSCs alone or engineered BM-MSCs appeared to be an effective treatment for
improving aged ED through stimulating the secretion of IGF-1 and VEGF. The single effects of IGFBP-3 on
IGF-1 or VEGF also should be detected in the future. IGF-1 is a single-chain polypeptide and may play a
vital role in penile erection. We have con�rmed that gene transfer of IGF-1 and injection of IGF-1 protein
improved erectile function in diabetic rats and aged rats [4,9]. In this study, we observed that LV3-
shIGFBP-3 engineered BM-MSCs have more effect in improving concentration of cavernous IGF-1 than
BM-MSCs only, which indicated that inhibiting the IGFBP-3 and BM-MSCs have the cooperative effects on
improving concentration of IGF-1. VEGF is a chemical signal protein, which play an important role in
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vasculogenesis and angiogenesis, especially in ED. The lower expression of VEGF in the erectile tissues
of aged rats has been con�rmed. Moreover, gene transfer of VEGF alone or BM-MSCs modi�ed with VEGF
have been observed in improving erectile function in diabetes and age related animal models [27,29].
Furthermore, Yang. et al.[28] revealed that ADSCs can improve erectile function through the secretion of
cavernous IGF-1, bFGF, and VEGF in old rats. This study indicated that BM-MSCs alone, especially BM-
MSCs modi�ed with shRNA targeting IGFBP-3 treatment can improve aging-related ED partially owing to
the secretion of IGF-1 and VEGF. Other more factors also may play a role in the mechanism and need to
be explored in the future.

Apoptosis of cavernosal cells has been con�rmed in some of experimental models of ED, especially in
diabetes rats and aged rats. It is generally assumed that the smooth muscle cells apoptosis is the
important reason in the development of ED. The smooth muscle and endothelial cells of the cavernosal
arteries apoptosis were also observed after bilateral cavernous nerve ablation (BCNA) [30]. In this series,
BM-MSCs alone or BM-MSCs modi�ed with IGFBP-3 shRNA triggers an increase in apoptotic cells. It
showed that BM-MSCs had a potentially bene�cial effect on suppressing apoptosis and the BM-MSCs
modi�ed with shRNA more prominent. It also showed massive cell apoptosis may play a vital role in the
pathophysiology of postprostatectomy ED [30]. Fall. et al. [30] determined, in postprostatectomy ED, BM-
MSCs improved erectile function by inhibiting apoptosis. Liu. et al. [31] revealed that ADSCs modi�ed
with hepatocyte growth factor (HGF) improved erectile function accompanying lower cell apoptotic index
in corpus cavernosum in diabetic rats. All these studies showed that intracavernosal transplantation of
MSCs protected against cell apoptosis and improved the erectile function. It is con�rmed that decreased
NOS activity and cGMP concentrations were related to impaired NO synthesis and endothelial smooth
muscle relaxation of the penile corpus cavernosum and may related to ED. Our results also showed that
BM-MSCs alone or BM-MSCs modi�ed with IGFBP-3 shRNA were effective for maintaining the amount of
smooth muscle, improving the NOS activity and cGMP concentrations. Therefore, we suggest that the
major mechanisms underlying the effects of BM-MSCs alone or BM-MSCs modi�ed with IGFBP-3 shRNA
in improving the erectile response are may also relate to the preservation of the intergrity of corporeal
smooth muscles and the NO-cGMP signaling pathways in aged rats [2].

Although the initial result is promising, future studies should determine the long-term therapeutic effects
after administration in 3 months, even in 6 months. It is limited that we only focused on the secretion of
cavernous IGF-1 and VEGF for the vital roles of IGF-1 and VEGF in ED. Because of the systemic nature of
IGFBP-3, the impact of IGFBP-3 combined with BM-MSCs on other vascular and targets, such as kidney,
liver, spleen, aorta etc, also should be determined in the future. Combining administration IGF-1 with
IGFBP-3 shRNA, even with BM-MSCs may produce maximum cooperative effects will be performed in our
future studies.

Conclusions
This study showed that BM-MSCs alone can signi�cantly improve erectile function in aged rats, but in
combination with virus-based shRNA targeting IGFBP-3 the improvement was more prominent. The
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possible mechanism may contribute to the higher content of smooth muscle, higher activity of NOS and
cGMP accumulation and lower cell apoptotic index in penile tissues. Combination of the BM-MSCs with
shRNA targeting IGFBP-3 may have the cooperative in improving the erectile function in aged rats, and
this effect might be closely related to the increasing the secretion of cavernous IGF-1 and download the
IGFBP-3.
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Figures

Figure 1
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Comparison of erectile function among groups. Results in 10 rats per group. Upper: Representative ICP
responses to cavernous nerve electrical stimulation in the young group (A), PBS-only (B), BM-MSCs
treatment group (C) and the LV3-shIGFBP-3 engineered BM-MSCs treatment group (D) at 4 weeks. Bold
line indicates 1 minute of electrical stimulation to cavernous nerve. Lower: ICP/MAP data were
summarized in the young group, PBS-only group, the BM-MSCs treatment group and the LV3-shIGFBP-3
engineered BM-MSCs treatment group. Single asterisk indicates signi�cantly different vs the PBS-only
group (p<0.05, respectively).



Page 17/21

Figure 2

Representative images of Masson Trichrome staining in the corpus cavernosum. Results in 10 rats per
group. Upper: Representative histochemical results of Masson’s trichrome staining (×40) in the young
group (A), PBS-only (B), BM-MSCs treatment group (C) and the LV3-shIGFBP-3 engineered BM-MSCs
treatment group (D) at 4 weeks. Lower: Volumetric densities of corpus cavernosum smooth muscle data
were summarized in 4 groups. Single asterisk indicates signi�cantly different vs the PBS-only group
(p<0.05, respectively).

Figure 3

Western blotting quantitative analysis for IGFBP-3 protein. Results in 10 rats per group. Upper:
Representative IGFBP-3 protein expression in penile carvernous tissue according to western blot in the
young group, PBS-only, BM-MSCs treatment group and the LV3-shIGFBP-3 engineered BM-MSCs
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treatment group at 4 weeks. Lower: The relative expression of IGFBP-3 protein in penile carvernous tissue
in the 4 groups. The Single asterisk indicates signi�cantly different vs the PBS-only group and the BM-
MSCs group (p<0.05, respectively).

Figure 4

The changes of the IGF-1 and VEGF concentrations in corpus cavernosum. Results in 10 rats per group.
Upper: Cavernous IGF-1concentrations were determined by ELISA in the young group, PBS-only, BM-MSCs
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treatment group and the LV3-shIGFBP-3 engineered BM-MSCs treatment group at 4 weeks. Lower:
Cavernous VEGF concentrations were determined by ELISA in the 4 groups. The single asterisk (*)
indicates signi�cantly different vs the PBS-only group (p<0.05, respectively). The hash (#) indicates
signi�cantly different vs the BM-MSCs treatment group (p<0.05). The ampersand (&) indicates no
signi�cantly different vs the BM-MSCs treatment group (p>0.05).

Figure 5
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Representative TUNEL staining map and comparison of apoptotic index in the corpus cavernosum of
each group. Results in 10 rats per group. Upper: Representative TUNEL staining (×200) in the young group
(A), PBS-only (B), BM-MSCs treatment group (C) and the LV3-shIGFBP-3 engineered BM-MSCs treatment
group (D) at 4 weeks. Positive apoptotic cell nucleus is �uorescent red. Lower: The data of the percent of
apoptotic cells (apoptosis index) were summarized in 4 groups. Single asterisk indicates signi�cantly
different vs the PBS-only group (p<0.05, respectively).

Figure 6
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Changes of the NOS activity and cGMP concentration. Results in 10 rats per group. Upper: NOS activity
determined by hemoglobin oxidation assay in the young group, PBS-only, BM-MSCs and the LV3-
shIGFBP-3 engineered BM-MSCs treatment groupat 4 weeks. Lower: cGMP concentration determined by
ELISA in the penile tissues in the 4 groups. Single asterisk indicates signi�cantly different vs the PBS-only
group (p<0.05, respectively).


