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Abstract
Purpose  Partial bladder outlet obstruction is a multifactorial urological condition in which hypoxia plays a significant role. 
We recently investigated hypoxia’s role as a single stressor and found that hypoxia induced an intense inflammatory and 
profibrotic switch in bladder smooth muscle cells (bSMCs). With the immunomodulatory capacity of mesenchymal stem 
cells (MSCs), we aimed to investigate if the hypoxia-signaling pathways can be mitigated using MSCs.
Methods  Bladder smooth muscle cells were cultured in 3% oxygen tension for 72 h with either the direct or indirect co-
culture with bone marrow derived MSCs. High pore density transwells were used for indirect co-cultures. Total RNA was 
extracted for gene expression analysis and the Mesoscale multiplex assay was used for secreted cytokines and growth factor 
measurements. Total collagen contents were determined using the Sirius Red collagen assay.
Results  Hypoxia induced increase of HIF3α, VEGF, TGFβ1, TNFα, IL-1β, IL-6, αSMA, and total collagen expression and 
decreased IL-10 levels in bSMCs. Both direct and indirect MSCs co-cultures inhibited > 50% of hypoxia-induced TGFβ1 
and IL-6 expression (p < 0.005) in a HIF-independent manner. Also, both MSCs co-culture techniques induced > 200% 
increase in IL-10 protein (p < 0.005) and inhibited hypoxia-induced αSMA, collagen I and III transcripts as well as total 
collagen proteins (p < 0.0001). Contrastingly, the hypoxia-induced IL-1β and TNFα were inhibited by only the direct co-
cultures (p < 0.05).
Conclusions  MSCs co-culture with bSMCs potently mitigates hypoxia-induced inflammatory and profibrotic pathways. This 
work has elucidated the role of cell–cell contact and paracrine immunomodulatory mechanisms of MSCs action and opened 
avenues for therapeutic intervention.

Keywords  Bladder smooth muscle cells · Mesenchymal stem cells · Hypoxia signaling pathway · Paracrine action · 
Immunomodulatory property · Inflammatory cytokine

Introduction

Hypoxia is known to play a significant role in the patho-
physiology of several conditions including partial bladder 
outlet obstruction (pBOO), renal, cardiovascular, and res-
piratory diseases [1]. pBOO represents a condition whereby 
increased resistance to urine outflow results in increased 

muscular contractility, hypertrophy, and a decreased 
mucosal perfusion. Some characteristic features include 
increased urine storage pressure, high hydrodynamic pres-
sure, and exaggerated resistance inducing significant damage 
to bladder tissues [2]. Ultimately, it may lead to a fibrotic 
bladder state where the normal trilaminar smooth muscle 
architecture is replaced by a non-compliant, disorganized 
collagenous state.

Characterization of pBOO in animal models has shown 
that there is an initial inflammatory phase that sets the stage 
for the subsequent hypertrophic and fibrotic events [3]. 
Irreversible morphological, biochemical, and functional 
alterations of the bladder due to pBOO have also been 
reported. These transformations are believed to be caused 
by a combination of factors that includes mechanical stretch, 
hydrodynamic pressure, inflammation, and hypoxia. With 
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the exception of hypoxia, the roles of all of these factors 
as single stressors have been investigated [4, 5]. How-
ever, although, several studies have identified hypoxia in 
obstructed bladder tissues [3, 6–8], the effects of hypoxia 
as a single stressor was yet to be examined in isolation. 
We have demonstrated that bladder smooth muscle cells 
(bSMCs) incubated under hypoxic conditions is sufficient 
to incite an inflammatory cascade, and a subsequent pro-
fibrotic response. These included an increase of the hypoxia 
inducible factor alpha subunits (HIFα), VEGF, TGFβ1, 
IL-1B, IL-6, TNFα, a decrease of IL-10 transcripts, as well 
as increased total collagen production [9].

Mesenchymal stem cells (MSCs) are multipotent adult 
cells that have multilineage differentiation and immunomod-
ulatory capacities [10]. This has resulted in extensive study 
and their use in tissue repair and regeneration across various 
inflammatory and fibrotic conditions. We were able to dem-
onstrate the short-term effectiveness of MSCs in ameliorat-
ing inflammatory factors in an animal model of pBOO [11]. 
Other studies using animal models of pBOO have reported 
the effectiveness of MSCs in improving urodynamic and 
molecular parameters [12, 13]. With regard to stem cell 
therapy, many mechanisms of action have been proposed: 
cell-to-cell contact, paracrine communication, and cell type-
specific differentiation [14]. Despite the huge potential of 
cell therapy in the treatment of pBOO, its exact mechanism 
is not clearly understood.

We hypothesized that the co-culture of bSMCs with 
MSCs in a reduced oxygen tension will mitigate the inflam-
matory and pro-fibrotic cascade. Furthermore, to elucidate 
the mechanisms of action; both direct and indirect co-culture 
techniques were used.

Materials and methods

Cell culture

Human bSMCs purchased from ScienCell Research Labora-
tories (Carlsbad, CA, USA) were cultured in smooth muscle 
growth medium supplemented with 10% fetal bovine serum, 
1× smooth muscle growth factors, 1× 1000 U/ml penicillin, 
and 1000 mg/ml streptomycin from ScienCell Research Lab-
oratories (CA). The phenotype of the cells was confirmed by 
culture characteristics coupled with the expression of blad-
der smooth muscle markers; high molecular weight caldes-
mon, desmin, α smooth muscle actin (αSMA) as well as the 
absence of light molecule weight caldesmon as previously 
established [9, 15, 16].

Human bone marrow derived mesenchymal stem cells 
(MSCs) were isolated from bone marrow aspirates of surgi-
cally discarded material obtained from the iliac crest of six 
donors. These were obtained by approval and a waiver of 

informed consent of the ethics committee of the University 
of Alberta (Edmonton, Canada). MSCs were isolated and 
expanded as previously reported [17]. Briefly, bone mar-
row mononuclear cells (BMMCs) were isolated from the 
aspirates using Histopaque-1077 (Sigma-Aldrich Canada 
Co, Ontario, Canada). Then, 15 million BMMCs were cul-
tured in 150 cm2 tissue culture flask. Culture medium was 
alpha-minimal essential medium (α-MEM) supplemented 
with 10% heat-inactivated fetal bovine serum (FBS), 88.5 
U/ml penicillin–streptomycin, 0.26  g/ml  l-glutamine, 
8.8 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
(HEPES), 885 × 10−6 mol/l sodium pyruvate (Life Tech-
nologies, Burlington, Canada), and 5 ng/ml fibroblast growth 
factor-2 (FGF-2) (Neuromics, Edina, MN, USA). After 
7 days, culture medium on the adherent nucleated cells was 
changed and culture was expanded to passage 2. The mes-
enchymal stem cell phenotype of the cells was confirmed by 
the positive expression of markers: CD151, CD105, CD90, 
CD73, CD44, and the absence of CD34 and CD14 using 
flow cytometry.

Direct and indirect co‑cultures

To examine the effects of MSCs co-culture on hypoxia-
induced inflammatory and fibrotic pathways, six-well plates 
were seeded with 6 × 105 human bladder smooth muscle 
cells (SMCs) with either the direct or indirect addition of 
3 × 105 MSCs. Indirect co-cultures were set up in a tran-
swell system in which the SMCs and MSCs were physi-
cally separated by a high pore density (0.4 µm) transwell 
inserts (Becton–Dickinson, New Jersey, USA). This limited 
interaction between the two cell types to the diffusion of 
soluble factors across the membranes. Cells were incubated 
in hypoxia defined as 3% O2 tension, 5% CO2, and 92% N2 
at 37 °C for 72 h. Normoxia control conditions were also 
defined as 21% O2, 5% CO2, and 74% N2 at 37 °C for 72 h.

RT‑PCR

At the end of the specified incubation period, cells were 
transferred on ice before the subsequent procedures. Culture 
medium was immediately harvested and stored at – 80 °C 
and total RNA was extracted using RNeasy Mini kit (Qia-
gen, CA, USA). The Quantitect Reverse Transcription kit 
(Qiagen, CA, USA) was used for first strand complementary 
DNA (cDNA) production. Quantitative real-time PCR was 
carried out in a Biorad CFX96 Real time system (Kallang, 
Singapore) using Kapa Sybr Fast qPCR Kit (Kapa Biosys-
tems, Boston, USA), cDNA samples, and oligo-dt primers 
specific for target genes: HIF1α forward sequence (5′–3′) 
TTC ACC TGA GCC TAA TAG​TCC​, reverse sequence 
(5′–3′); CAA GTC TAA ATC TGT GTC​CTG​. HIF3α for-
ward sequence (5′–3′): TTC TCC TTG CGC ATG​AAG​
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AGT​ACG​, reverse sequence (5′–3′); TCT GCG CAG GTG 
GCT TGT AGG VEGF forward sequence (5′–3′) CTA CCT 
CCA CCA​TGC​ CAAGT, reverse sequence (5′–3′); GCA 
GTA GCT GCG CTG ATAGA; TGFβ1 forward sequence 
(5′–3′) TGG​AAG​TGG​ATC​CAC​GCG​CCC​AAG​G, reverse 
sequence (5′–3′); GCA​GGA​GCG​CAC​GAT​CAT​GTT​GGA​C; 
αSMA forward sequence (5′–3′) CCG ACC GAA​TGC​ AGA 
AGGA, reverse sequence (5′–3′); ACA​GAG​TAT​TTG​CGC​
TCC​GAA, TNFα forward sequence (5′–3′) CTT CTC CTT 
CCT GAT CGTGG, reverse sequence (5′–3′); GCT GGT 
TAT CTC TCA GCT​CCA​, collagen 1 forward sequence 
(5′–3′) CAG CCG CTT CAC CTA CAGC, reverse sequence 
(5′–3′); TTT​TGT​ATT​CAA​TCA​CTG​TCT TGCC, collagen 
3 forward sequence (5′–3′)TGA​AAG​GAC​ACA​GAG​GCT​
TCG, reverse sequence (5′–3′); GCA CCA​TTC​ TTA CCA 
GGC, 18S forward sequence (5′–3′) CGG CTA CAT CCA 
AGG AA, reverse sequence (5′–3′); GCT GGA ATT ACC 
GCG GCT, interleukin 1β forward sequence (5′–3′) ACA 
GAT GAA GTG CTC CTT CCA, reverse sequence (5′–3′); 
GTC GGA GAT TCG TAG CTG GAT, interleukin 6 for-
ward sequence (5′–3′)TGG​TCT​TTT​GGA​GTT​TGA​GGTA, 
reverse sequence (5′–3′); AGG​TTT​CTG​ACC​AGA​AGA​
AGGA, interleukin 10 forward sequence (5′–3′) CCC​TGG​
GTG​AGA​AGC​TGA​AG, reverse sequence (5′–3′); CAC​TGC​
CTT​GCT​CTT​ATT​TTC​ACA​, and Β actin forward sequence 
(5′–3′) AAG​CCA​CCC​CAC​TTC​TCT​CTAA, reverse 
sequence (5′–3′); AAT​GCT​ATC​ACC​TCC​CCT​GTGT.

Forty cycles of denaturing at 95 °C (2 s) and annealing/
extension at 60 °C (30 s) followed initial 3 min enzyme acti-
vation at 95 °C. Gene expression of the experimental groups 
relative to the normoxia-incubated SMCs controls were nor-
malized using 2 endogenous controls; beta actin, and 18S.

Cytokine measurement

The multiplex assays (U-PLEX) for biomarker group 1 
(Meso Scale Diagnostics, Rockville, MD, USA) enabled 
the concurrent measurement of protein levels of cytokines 
and growth factors in harvested culture media. Briefly, each 
specific biotinylated antibody of cytokines of interest was 
coupled to a linker, pooled, and used to coat the high elec-
trode multi-spot microplates. Samples were run alongside a 
serially diluted multi-calibrator standard. These standards 
consisted of a cocktail of cytokines and growth factor pro-
teins of known concentrations. Following incubation in a 
composite of SULFO-TAG-labeled detection antibodies, 
quantities of analytes in samples were determined on a Sec-
tor Imager 6000 Plate Reader (Meso Scale Diagnostics).

Sirius Red collagen detection assay

Total soluble collagen secreted into culture media by 
cells was determined using the Sirius red technique. 

Manufacturer’s instructions for the Sirius Red Collagen 
Detection kit (Chondrex, Inc, Redmond, WA, USA) were 
followed. Briefly, collagen content in samples and in a seri-
ally diluted standard were precipitated by the addition of 
Sirius red solution, collected, purified, and then resolubi-
lized. Optical densities of the pure collagen samples were 
read at 520 nm using a microplate reader.

Statistical analysis

Graphpad prism 6.0 (Graphpad Prism INC, CA, USA) 
was used to analyze data. Results represent data from at 
least three independent experiments which are presented as 
mean ± SEM. One-way analysis of variance (ANOVA) and 
the Student’s T test with Bonferroni adjustments were used 
to evaluate differences between groups. p value of < 0.05 
was accepted as statistically significant (Fig. 1).

Results

Pro‑ and anti‑inflammatory cytokines

Co-culture of bSMCs with MSCs gave varying effects on 
cytokines’ expression; Hypoxic incubation of a monocul-
ture of bSMCs increased TGFβ1 transcript levels by 4.6-fold 
(p < 0.0001). However, transcript levels were reduced by 
more than 50% in both the direct and transwell co-cultures 
with MSCs (p < 0.005 for both). Similarly, IL-6 transcripts 
increased by 6.1-fold in hypoxia-incubated bSMCs. None-
theless, both direct and indirect co-culture with MSCs under 
hypoxia resulted in a substantial reduction to baseline nor-
moxic control levels (p < 0.05 for both). IL-6 protein in 
the hypoxia-incubated bSMCs monoculture was 24% higher 
than normoxic controls (p < 0.005). Levels were signifi-
cantly reduced by 27 and 24% in the direct and transwell 
co-cultures (p < 0.005 for both), respectively (Fig. 2a).

Transcript levels of IL-10, the anti-inflammatory and 
anti-fibrotic cytokine were downregulated by 0.25-fold in 
the hypoxic bSMCs monoculture (p < 0.05). Nonetheless, 
there was an increase of 2.3- and 3.25-fold in the direct 
(p < 0.050) and indirect (p < 0.005) co-cultures, respec-
tively. Likewise, the hypoxia incubation of bSMCs also 
resulted in a 69% reduction in IL-10 protein (p < 0.005). 
Nevertheless, both the direct and transwell co-culture 
techniques resulted in an upregulation of 241 and 252%, 
respectively, above the hypoxia-incubated bSMCs levels 
(p < 0.005 for both, Fig. 2b).

Both TNFα and IL-1β gave similar effects where tran-
script levels rose by 3.8- and 3.0-fold, respectively, in 
bSMCs monoculture exposed to 72 h of hypoxia (p < 0.005 
for both). The direct co-culture with MSCs reduced tran-
script levels by approximately 50% (p < 0.005) for both 
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genes. Transcript levels of both cytokines remained 
elevated in the indirect co-cultures. TNFα protein level 
was 61.6  ±  1.2  pg/ml in hypoxia-incubated bSMCs 

cultures while that in normoxia-incubated controls was 
37.5 ± 5.0 pg/ml (p < 0.005). Level of this protein was 
reduced in the direct co-cultures to 30.6  ±  3.8  pg/ml 

Fig. 1   Culture micrographs and characterization of cells. a Normal 
human bladder smooth muscle cell culture at passage 4 showing the 
typical spindle-shaped elongated cells. The formation of cellular 
masses of parallel arranged cells became noticeable after day 3 of 
culture. Note also the characteristic “hill” and “valley” growth pat-
tern. b Isolated human bone marrow-derived mesenchymal stem cell 

culture at passage 2, showing plastic-adherent spindle-shaped fibro-
blast-like cells. Micrographs were taken with an inverted microscope 
using ×20 objective lens. c Bladder smooth muscle cell characteriza-
tion data showing the expression of heavy molecular weight calde-
smon (Cad H), αSMA and desmin. The smooth muscle cells lacked 
the expression of light molecular weight caldesmon (Cad L)

Fig. 2   MSC co-culture significantly inhibits inflammatory response 
to hypoxia and increases anti-inflammatory cytokine production: 
a both direct and indirect co-cultures were effective in inhibiting 
TGFβ1 and IL-6 expression under hypoxia. b Bladder smooth muscle 
cells (bSMCs) responded to hypoxia by a downregulation of IL-10. 
Both the direct and indirect MSC co-culture induced a significant 

increase in the level of this cytokine. SMC [N]: bSMC monoculture 
controls incubated in normoxia (21% O2). SMC [H]: bSMC mono-
culture incubated in hypoxia. One-way ANOVA and the Student’s t 
test with Bonferroni corrections were used to statistically evaluate the 
differences between the hypoxia-incubated SMC monoculture and the 
co-culture groups (*p < 0.05, **p < 0.005)
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(p < 0.005) but remained elevated in transwell cultures at 
59.8 ± 6.7 pg/ml compared to levels in hypoxic bSMCs. 
IL-1β protein was 122.1 ± 4.4 pg/ml in normoxic bSMCs 
and increased to 152.7 ± 2.24 pg/ml in hypoxic bSMCs 
(p < 0.05). A direct co-culture with MSCs reduced protein 
levels to 93.10 ± 5.02 pg/ml (p < 0.005) but levels increased 
in the transwell cultures to 212.2 ± 22.56 pg/ml (p < 0.005) 
(Fig. 3).

Pro‑fibrotic genes (Fig. 4)

αSMA transcripts increased by 5.2-fold when bSMCs 
were cultured under hypoxia (p < 0.005) and both the 
direct and indirect co-culture techniques reduced levels 
to 1.4- and 1.2-fold, respectively (p < 0.005 for both). 

Both collagen 1 and 3 mRNA showed a similar pattern 
of expression in cultures; there was a 9.9-fold increase 
in collagen 1 transcripts when bSMCs were incubated 
in hypoxia (p < 0.005) and both the direct and indirect 
co-culture techniques induced a 78 and 72% decrease in 
transcript levels, respectively (p < 0.005 for both). Col-
lagen 3 transcripts which increased by 4.5-fold in the 
hypoxic bSMCs monoculture (p < 0.005) were reduced 
by 84% when co-cultured directly with MSCs. The indi-
rect co-culture also induced a decrease of 74% in tran-
script levels (p < 0.005 for both). Total collagen pro-
tein secreted into media was 120.4 ± 4.89 pg/ml in the 
normoxic bSMCs control, but increased significantly to 
269.6 ± 36.15 pg/ml when bSMCs were incubated under 
hypoxia (p < 0.005). However, levels of this protein were 

Fig. 3   Pro-inflammatory cytokines that were only reduced by the 
direct co-culture technique and not the indirect: to determine if MSCs 
co-culture inhibits hypoxia-induced inflammatory cytokine expres-
sion, MSC: bSMC co-culture was compared with bSMCs monocul-
ture similarly cultured under hypoxic conditions: hypoxia-induced 

TNFα and IL-1β levels remained elevated in transwells, whereas lev-
els were significantly mitigated in the direct MSC: bSMC co-cultures. 
Results represent data from at least three independent experiments 
which are presented as mean (± SEM)
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reduced to 116.2 ± 17.48 pg/ml in the direct co-culture 
and to 140.9  ±  27.8  pg/ml in the indirect co-culture 
(p < 005 for both).

Hypoxic and pro‑angiogenic response (Fig. 5)

Culture of bSMCs in 3% hypoxia for 72 h did not signifi-
cantly increase HIF 1α transcript but resulted in a 4.5-fold 
increase in the transcript levels of HIF 3α (p < 0.005). Not-
withstanding, both HIF 1 and 3α transcript levels remained 
unaltered by co-culturing with MSCs under hypoxic condi-
tions. Similarly, VEGF transcripts increased significantly by 
7.9-fold after 72 h of hypoxic incubation of the bSMCs mon-
oculture (p < 0.005). Co-culturing with MSCs did not sig-
nificantly affect the elevated levels of this transcript. VEGF 
protein increased by 35.7% when bSMCs were incubated in 

hypoxia (p < 0.005) and remained significantly unchanged 
when co-cultured either directly or indirectly with MSCs 
under hypoxic conditions.

Discussion

The paracrine immunomodulatory property of stem cells 
has gained much attention in the past decade especially 
with regard to the treatment of inflammatory and fibrotic 
conditions like pBOO. Therefore, the current experiments 
were designed to investigate the underlying molecular 
mechanisms.

Even though the transforming growth factor-β1 (TGFβ1) 
is required for normal cellular growth and differentiation, it 
is also a known potent mediator of fibrosis. This cytokine is 

Fig. 4   Pro-fibrotic gene expression: the hypoxia-induced αSMA, 
collagen 1 and 3 mRNA levels were reduced in both co-culture tech-
niques. Total soluble collagen in culture medium measured by the 

Sirius Red technique was significantly reduced in both the direct and 
indirect co-cultures
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implicated in disease processes such as epithelial-mesenchy-
mal transition, myofibroblast activation, epithelial cell apop-
tosis, and extracellular matrix production [18]. As a result, 
numerous studies have investigated strategies for inhibit-
ing TGFβ expression, signaling pathways, and function in 
order to reduce fibrosis. Physiologically, elevated levels of 
TGFβ1 correlated with the stage of bladder obstruction in 
patients and in animal models of pBOO and its inhibition 
led to a significant reduction in fibrosis [19–22]. In the cur-
rent study, the efficient downregulation of TGFβ1 expres-
sion by both co-culture techniques reflects the anti-fibrotic 
nature of MSCs when co-cultured directly or indirectly. A 
similar effect was seen with the downregulation of IL-6, 
a pro-inflammatory cytokine. Mechanistically, TGFβ1 has 
been proposed to have regulatory effects on IL-6 [23]. Thus, 
the reduced expression of TGFβ 1 in the co-cultures may be 
important for the inhibition of IL-6 expression.

IL-1β and TNFα are pro-inflammatory cytokines that 
are expressed in common chronic pathologies such as 
rheumatoid arthritis, diabetes, myocardial infarction, and 

inflammatory lung diseases. The binding of these cytokines 
to their respective receptors set the stage for further inflam-
matory events leading to tissue damage [24]. As a therapeu-
tic mechanism, MSCs are known to express IL-1 receptor 
agonist (1L-1Ra), a cytokine which binds to the IL-1 recep-
tor thereby, competitively inhibiting IL-1β [25]. Interest-
ingly, in our study, both cytokines showed the same pattern 
of expression in culture where levels were only reduced in 
the direct co-cultures and not in the indirect method of cul-
ture. This strongly suggests that the MSC-specific paracrine 
action alone was not sufficient to immunomodulate these two 
cytokines but the physical MSCs to bSMCs contact was also 
required. Thus, providing evidence to support the report that 
the paracrine-mediated immunosuppressive effects of stem 
cells are further enhanced if direct cell–cell contact between 
stem cells and other cells are allowed [26].

IL-10 is a potent anti-fibrotic and immunomodulatory 
cytokine secreted in response to elevated levels of inflam-
matory cytokines such as IL-β, TNFα, and interferon (IFN) 
[22, 27]. In our study, the exposure of bSMCs to hypoxia 

Fig. 5   HIF Expression and proangiogenic response: co-culture with MSCs did not significantly affect the expression of HIF 1α, 3α, and VEGF. 
Bladder smooth muscle cells (bSMCs) were co-cultured with mesenchymal stem cells (MSCs) in a ratio of 2:1 under hypoxia (3% O2 tension)
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substantially reduced IL-10 levels. However, its elevated 
levels in the MSC co-cultures are an important part of this 
study. With the high levels of IL-β and TNFα in the transwell 
co-cultures, it was not surprising that we found higher IL-10 
transcript levels in the transwell co-cultures than the direct 
co-culture system. These data support the anti-inflamma-
tory, anti-fibrotic, and immunomodulatory nature of MSCs. 
Overall, our results are consistent with the study by Choi 
et al. who reported that MSCs co-culture with macrophages 
inhibits lipopolysacharide-induced expression of IL-6 and 
IL-1β and increased IL-4-induced macrophage expression 
of IL-10 [28]. Aggarwal et al. also found increased IL-10 
and decreased TNFα levels when MSCs were co-cultured 
with immune cells [29].

Studies by our group and others have shown that col-
lagens 1 and 3 are important collagen subtypes commonly 
upregulated in the obstructed and fibrotic bladder [3, 9, 21]. 
Essentially, the reduction in TGFβ1 expression coupled with 
the upregulation of IL-10 in both the direct and indirect co-
culture systems may have accounted for the reduced collagen 
levels in the MSCs co-cultures. Thus, despite the high levels 
of the inflammatory cytokines IL-β and TNFα in the indi-
rect/transwell co-cultures, the potent anti-fibrotic effect of 
MSCs significantly inhibited hypoxia- induced total collagen 
levels. Therefore, from this outcome, we theorize that the 
therapeutic use of MSC-conditioned media to treat hypoxic 
and fibrotic conditions may be equally effective as the physi-
cal injection of mesenchymal stem cells.

The hypoxia-inducible transcriptional factor (HIF) is 
important in stimulating the transcription of cyto-protec-
tive genes under conditions of low oxygen tension [1]. All 
the three known members of the HIF family; HIF 1, 2, and 
3 have been identified in bSMCs [9]. Our current finding 
is consistent with our previous studies that showed that 
the oxygen-sensitive alpha subunit, HIF 3α transcription 
increased in response to prolonged hypoxia (72 h). How-
ever, HIF 1α response was immediate and transient increas-
ing only after 2 h of hypoxia. This study did not determine 
HIF 2α response because its activity appeared redundant 
in bSMCs from our previous findings. In the current study, 
it was interesting to observe that the HIF expression of the 
bSMCs was not significantly affected by co-culturing with 
mesenchymal stem cells under reduced oxygen tension. The 
unaltered VEGF expression, a proven hypoxia-response 
gene, provides evidence that HIF function is unaffected by 
the MSC co-culture. Since the HIF cellular system is pro-
tective, our data support the fact that MSCs have the ability 
to inhibit hypoxia-induced signaling pathways in a HIF-
independent fashion.

These data add to our work whereby exposure of blad-
der smooth muscle cells to hypoxia incites a cascade of 
cellular responses of inflammation and increased extracel-
lular matrix synthesis. However, MSCs have a profound 

ability to prevent this response by inhibiting pro-inflam-
matory and pro-fibrotic cytokine production and enhancing 
anti-fibrotic cytokine secretion. This work has unlocked 
mechanistic clues that may open avenues for therapeutic 
intervention.
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