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Abstract Partial bladder outlet obstruction (pBOO) is char-
acterized by exaggerated stretch, hydrodynamic pressure, and
inflammation which cause significant damage and fibrosis to
the bladder wall. Several studies have implicated hypoxia in
its pathophysiology. However, the isolated progressive effects
of hypoxia on bladder cells are not yet defined. Sub-confluent
normal human bladder smooth muscle cells (hbSMC) were
cultured in 3% O2 tension for 2, 24, 48, and 72 h. RNA,
cellular proteins, and secreted proteins were used for gene
expression analysis, immunoblotting, and ELISA, respective-
ly. Transcription of hypoxia-inducible factor (HIF)1α and
HIF2α were transiently induced after 2 h of hypoxia
(p < 0.05), whereas HIF3 was upregulated after 72 h
(p < 0.005). HIF1 and HIF3α proteins were significantly in-
duced after 2 and 72 h, respectively. VEGF mRNA increased
significantly after 24 and 72 h (p < 0.005). The inflammatory
cytokines, TGFB (protein and mRNA), IL 1β, 1L6, and
TNFα (mRNA) demonstrated a time-dependent increased ex-
pression. Furthermore, the anti-inflammatory cytokine IL-10
was downregulated after 72 h (p < 0.05). Evidence of smooth
muscle cell dedifferentiation included increased αSMA,
vimentin, and desmin. Evidence of pro-fibrotic changes in-
cluded increased CTGF, SMAD 2, and SMAD 3 as well as
collagens 1, 2, 3, and 4, fibronectin, aggrecan, and TIMP 1
transcripts (p < 0.05). Total collagen proteins also increased
time-dependently (p < 0.05). Together, these results show that

exposure of hbSMC to low oxygen tension results in intense
hypoxic cascade, including inflammation, de-differentiation,
pro-fibrotic changes, and increased extracellular matrix ex-
pression. This elucidates mechanisms of hypoxia-driven blad-
der deterioration in bladder cells, which is important in tailor-
ing in vivo experiments and may ultimately translate into im-
proved clinical outcomes.
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Introduction

Partial bladder outlet obstruction (pBOO) occurs as a sequela
of benign prostate hyperplasia, posterior urethral valve dis-
ease, urethral stricture disease, cancer, and neural tube defects.
The resistance to voiding initially results in a compensatory
response, with bladder smooth muscle hypertrophy. However,
excessive, prolonged exposure can lead to decompensation
(Levin et al. 1990). A myriad of factors including stretch,
hypoxia, hydrodynamic pressure, and/or inflammation are in-
volved in the etiology of bladder damage. Also, in the aged
population, hypoxia has been known to correlate with in-
creased urological disorders (Pinggera et al. 2008).

In the early development of pBOO, there is a sequential
process of inflammation, hypertrophy, and eventually culmi-
nating in fibrosis (Metcalfe et al. 2010). Further in its devel-
opment, the obstructed hypercontractile bladder is exposed to
more frequent yet prolonged cycles of ischemia during the
filling and voiding stages (Schröder et al. 2001). Even though
many studies have identified hypoxia in the muscle layer of
the obstructed bladder, the effects of hypoxia as a sole stressor
on bladder injury remain unknown.
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The ability of many cell types to sense and respond to
reduced oxygen tensions is essential for their survival. The
major protein central to mediating this protective response is
the hypoxia-inducible factor (HIF) (Guillemin and Krasnow
1997). The HIF family is characterized by a heterodimeric
structure and consists of three known members: HIF1, HIF2,
and HIF3. Structurally, each member consists of a stable and
uniformly distributed β-subunit and an oxygen-sensitive,
hypoxia-inducible α-subunit. During hypoxia, the α-subunit
is stabilized via prolyl hydroxylase inhibition and subsequent-
ly dimerizes with the β-subunit. The α-β dimer is a transcrip-
tion factor for stimulating the transcription of key genes.
These genes encode for numerous cytoprotective proteins to
combat the deleterious effects of hypoxia (Guillemin and
Krasnow 1997). One key protective protein is the vascular
endothelial growth factor (VEGF), a major angiogenic factor
responsible for stimulating vascular growth.

In many clinical conditions, hypoxia is known to promote
pro-inflammatory mediators and cytokines; transforming
growth factor beta (TGFβ) is a master regulator of cell growth,
proliferation, differentiation, and the epithelial-mesenchymal
transition (EMT). Stimulation of the TGFβ-SMAD pathway
results in the downstream activation of connective tissue
transforming growth factor (CTGF); this inevitably leads to
increased collagen deposition. Not only does TGFβ act inde-
pendently to augment extracellular matrix production, expo-
sure to hypoxia has similar effects at the level of transcription
and translation (Falanga et al. 1991; Chen et al. 2005). Two key
intermediary processes involved in increased collagen produc-
tion are an upregulation of tissue inhibitors of metalloproteases
(TIMP) and an activation of myofibroblasts (Desmoulier et al.
1993; Macpherson et al. 1993; Higgins et al. 2007).

In order to understand the mechanisms involved in the
development of pBOO, we hypothesized that exposing nor-
mal bladder smooth muscle cells to hypoxia would stimulate
inflammation and induce a fibrotic phenotype.

Materials and Methods

Established normal human bladder smooth cells were pur-
chased from ScienCell Research Laboratories (Carlsbad,
CA) in 2015, and their smooth muscle phenotype was con-
firmed by their culture characteristics and the expression of
the smooth muscle markers; h-caldesmon, desmin, α smooth
muscle actin (αSMA) as well as the absence of l-caldesmon as
previously established (Huber 1997; Zheng 2012). They were
cultured in complete smooth muscle medium containing
smooth muscle growth factors (1×), fetal bovine serum
(10%), and 1 × 1000 U/ml penicillin and 1000 mg/ml strep-
tomycin from ScienCell Research Laboratories. Cells were
cultured in humidified air at 37°C with 5% CO2.

Exposure to hypoxia Cells between passages 3 and 10 were
used for this experiment. 2 × 106 cells/100-mm culture dish
were maintained at normoxic conditions of 21% O2 in humid-
ified air, 5% CO2, 74% N2 at 37°C; hypoxic conditions were
defined as a gas mixture of 3% O2, 5% CO2, 92% N2 at 37°C
for 2, 24, 48, or 72 h, maintained in a Thermo Scientific series
II water jacket CO2 incubator (Waltham, MA). For controls,
equal numbers of cells were maintained under normoxic con-
ditions for an equivalent length of time.

Quantitative real-time PCR Immediately at the end of the
specified period of hypoxic or normoxic culture of cells, spent
medium was frozen, cells were washed with cold PBS and
lysed, and RNA was extracted using RNeasy Mini kit
(Qiagen, Valencia CA). One microgram of total RNA sample
was reverse transcribed using Quantitect Reverse Transcription
kit (Qiagen). Real-time PCR reaction was set up using the Kapa
Sybr Fast qPCR Kit (Kapa Biosystems, Boston, MA) and spe-
cific oligo-dt primer sets for genes of interest (Table 1). An initial
enzyme activation at 95°C for 3 min and subsequent 40 cycles
of denaturing (95°C, 2 s) and annealing/extension (60°C, 30 s)
were all carried out in a Bio-Rad CFX96 real-time system
(Kallang, Singapore). Gene expression of hypoxic cultured sam-
ples relative to its normoxic cultured control were normalized to
an average of two endogenous controls, β actin and 18S, using
the comparative Ct method and expressed as 2−ΔΔct.

Western blot analysis Hypoxic or normoxic incubated cells
were washed with cold PBS and lysed in a RIPA-protease in-
hibitor cocktail on ice. Protein concentration of lysates was de-
termined using Pierce™ BCA Protein Assay Kit (Waltham,
MA) and denatured at 98°C for 5 min in an sodium dodecyl
sulphate (SDS)-loading buffer. Forty-microgram protein vol-
umes were separated by 10% SDS polyacrylamide gel electro-
phoresis (SDS-PAGE). Transferred proteins on nitrocellulose
membranes were blocked with 5% non-fat milk in TBS
0.05% Tween 20. Primary antibody incubation was done over-
night at 4°C using anti-human HIF1α (1:2000, #AF1935),
HIF2α (1:1000, #AF2997) (R&D Systems), HIF3α (whole se-
rum, PCRP-HIF3A-1B1, IOWA DSHB, Iowa City, IA),
vimentin (1:1000, #5741), and tubulin (1:10,000, #2144) (Cell
Signalling Boston, MA). Protein bands were developed by in-
cubation in secondary antibodies conjugated to horseradish per-
oxidase (Cell Signalling #7076, Santa Cruz #sc2768) and visu-
alized using SuperSignal chemiluminescence substrate (Thermo
Scientific).

ELISA for TGFβ and total collagen Secreted TGFβ1 in
culture media was determined using Quantikine ELISA from
R&D Systems (Minneapolis, MN) as previously described
(Chouhan et al. 2015). Briefly, latent TGFβ1 in 100 μl of har-
vested culture media was activated and total concentration was
determined by immunoreaction to pre-coatedmonoclonal human
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TGFβ1 using the quantitative sandwich enzyme immunoassay
technique according to manufacturers’ instructions. Total synthe-
sized collagen was determined using Chondrex hydroxyproline
assay kit (WA). Sampleswere hydrolyzedwith concentratedHCl
at 120°C for 24 h, and hydroxyproline levels were estimated
from a subsequent chromogenic reaction. Total collagen level
in each sample was calculated as the percentage of hydroxypro-
line divided by 13.5 as already described (Neuman and Logan
1950). All ELISA tests were carried out in duplicates for n = 3.

Statistical analysisData was analyzed using GraphPad prism
6.0 software (GraphPad Prism Inc., La Jolla, CA). Differences
between groups were assessed using one-way analysis of var-
iance (ANOVA) followed by Dunnett’s multiple comparison
test. All values were expressed as mean ± standard error;
p < 0.05 was considered statistically significant.

Results

Hypoxia-inducible factor and pro-angiogenic response
The incubation of normal bladder smooth muscle cells in
3% hypoxia induced immediate and significant effects
(Fig. 1). Levels of HIF1α and HIF2α rose by 2.3- and 2.7-

fold, respectively, by 2 h hypoxia (p < 0.05 for both), but there
were no increases in transcript levels at subsequent times.
HIF3α transcript levels did not exhibit any increase until
48 h at which point values rose by 2.6-fold (p < 0.05); this
positive effect was further amplified by 5.8-fold following
72 h (p < 0.005). HIF1 and HIF3α proteins were significantly
upregulated only after 2 and 72 h, respectively, whereas
HIF2α protein demonstrated only a slight increase after
24 h. The pattern of VEGF expression paralleled that of
HIF1α and HIF2α. VEGF levels increase by 5-fold after
2 h; by 24 h, expression had increased by a factor 10.4 relative
to control (p < 0.005). Despite a transient decline in values by
48 h, there was a 16.2-fold increase after 72 h.

Inflammatory cytokines TGF-B1 transcripts increased 2.7-
fold over 48 h (p < 0.05) and by a total 4.4-fold after 72 h
(p < 0.005) (Fig. 2). TGFβ1 protein levels reflected the in-
creases in gene expression; between 24 and 72 h, there was a
time-dependent increase of 27% (p < 0.005), 28% (p < 0.05),
and 55% (p < 0.005), respectively. TNFα transcripts increased
to 2.7-fold after 48 h (p < 0.005), and by 3.2-fold after 72 h
(p < 0.005). IL 1β gene expression also increased by 3.2-fold
after 72 h (p < 0.005), whereas IL-6 expression increased 8.9-
fold by 24 h (p < 0.005). At 72 h, fold increases had reached

Table 1 List of human oligo-dt
primer sequences used for the
gene expression studies

Target gene Forward primer sequence (5′-3′) Reverse primer sequence (5′-3′)

HIF1α TTC ACC TGA GCC TAATAGTCC CAA GTC TAA ATC TGT GTCCTG

HIF2α CAA CCT CAA GTC AGC CACCT TGC TGG ATT GGT TCA CAC

HIF3α TTC TCC TTG CGC ATGAAGAGTACG TCT GCG CAG GTG GCT TGTAGG

CTGF CAA GGG CCT CTT CTG TGACT ACG TGC ACT GGTACT TGCAG

VEGF CTA CCT CCA CCATGC CAAGT GCA GTA GCT GCG CTG ATAGA

TGFβ TGGAAGTGGATCCACGCGCCCAAGG GCAGGAGCGCACGATCATGTTGGAC

αSMA CCG ACC GAATGC AGA AGGA ACAGAGTATTTGCGCTCCGAA

TNFα CTT CTC CTT CCT GAT CGTGG GCT GGT TAT CTC TCA GCTCCA

Collagen 1 CAG CCG CTT CAC CTA CAGC TTTTGTATTCAATCACTGTCT TGCC

Collagen 2 CTGGCTCCCAACACTGCCAACGTC TCCTTTGGGTTTGCAACGGATTCT

Collagen 3 TGAAAGGACACAGAGGCTTCG GCA CCATTC TTA CCA GGCTC

Collagen 4 CAG CCA GAC CATTCAGATCC TGG CGC ACT TCTAAA CTCCT

Aggrecan TGA GGA GGG CTG GAA CAATACC GGA GGT GCTAAT TGCAGGGAACA

Fibronectin GGA GAATTC AAG TGT GACCCTCA TGC CAC TGT TCT CCTACGTGG

18S CGG CTA CAT CCA AGG AA GCT GGA ATTACC GCG GCT

Interleukin 1β ACA GAT GAA GTG CTC CTT CCA GTC GGA GAT TCG TAG CTG GAT

Interleukin 6 TGGTCTTTTGGAGTTTGAGGTA AGGTTTCTGACCAGAAGAAGGA

Interleukin 10 CCCTGGGTGAGAAGCTGAAG CACTGCCTTGCTCTTATTTTCACA

Vimentin GACAATGCGTCTCTGGCACGTCTT TCCTCCGCCTCCTGCAGGTTCTT

Β actin AAGCCACCCCACTTCTCTCTAA AATGCTATCACCTCCCCTGTGT

Smad 2 GTTCCTGCCTTTGCTGAGAC TCTCTTTGCCAGGAATGCTT

Smad 3 TGCTGGTGACTGGATAGCAG CTCCTTGGAAGGTGCTGAAG

TIMP 1 GACGGCCTTCTGCAATTCC GTATAAGGTGGTCTGGTTGACTTCTG

Desmin AAGATGGCCTTGGATGTGGA GTTGATCCTGCTCTCCTCGC
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12.6 after 72 h (p < 0.005). Transcript levels of the anti-
inflammatory cytokine, IL-10 exhibited a consistent decline;
at the completion of the time, course levels had dropped to
44% relative to control (p < 0.005).

Smooth muscle dedifferentiation, EMT, and pro-fibrotic
response Since smooth muscle dedifferentiation is associated
with increased cell migration and high extracellular matrix
production similar to what occurs in myofibroblast activation
and EMT, we assessed it using the expression of αSMA,
vimentin, and desmin (Fig. 3). A pro-fibrotic response was
also assessed via an upregulation of three key genes, SMAD
2, SMAD 3, and CTGF. The human detrusor smooth muscle
cells responded to hypoxia by increasing the transcription of
αSMA in a time-dependent manner. A 5.6-fold increase
(p < 0.05) in expression was recorded after 48 h followed by
a 7.5-fold increase (p < 0.005) over normoxic controls. Both
vimentin and desmin transcript levels increased 5-fold after
72 h (p < 0.0005) while vimentin protein showed a progres-
sive increase with increasing duration of hypoxia. Expression
of SMAD 2 increased by 3.6-fold after 48 h (p < 0.05), and
both SMAD 2 and 3 increased by 5-fold after 72 h (p < 0.005

for both). CTGF increased by 2.7 (p < 0.05) after 72 h of
hypoxic culture.

Extracellular matrix production and breakdown Collagens
1, 2, 3, and 4, fibronectin, and aggrecan are key components in
fibrosis; protein and transcript levels were measured in
hbSMC during hypoxia (Fig. 4). TIMP 1 was also assessed
as a measure of inhibition to the breakdown of these fibrotic
proteins. Collagen 1 transcripts exhibited a consistent increase
over the entire time course, with a 3.4-fold increase after 2 h
eventually reaching a maximum fold increase of 12 by 72 h
(p < 0.05 and p < 0.005, respectively). Collagen 2 transcript
levels showed a 4-fold increase by 72 h (p < 0.005); collagen 3
exhibited a similar increase, although a 5-fold increase was
evident at 48 and 72 h (p < 0.05). Collagen 4 transcripts rose
by almost 8-fold following 72 h hypoxia (p < 0.005).

Total secreted collagen remained at control values until
24 h at which point levels rose by 100% (p < 0.0001); values
remained consistently elevated during prolong hypoxia.
Fibronectin transcripts showed a consistent increase from
1.9- to 3.9-fold; p < 0.005 for values between 24 and 72 h.
Both aggrecan and TIMP 1 had a similar patterns of

Figure 1. Hypoxia-inducible factor and pro-angiogenic response. (A, B)
Human bladder smooth muscle cells responded to hypoxia by transient
upregulation of transcription of HIF 1 and 2α. (C) upregulation of HIF3α
transcripts after 48 and 72 h of hypoxia. (D) Hypoxia induces transcrip-
tion of VEGF after 24 and 72 h of hypoxia. Graph represents
mean ± SEM and n = 5. One-way ANOVA followed by Dunnet’s multi-
ple comparison was used to compare each hypoxic group with its

corresponding normoxic controls (*p < 0.05, **p < 0.005,
***p < 0.0005). Normoxic controls were assigned an expression of 1.
(E) Western blot for the HIF proteins demonstrates upregulation of HIF
1α protein (~116 kDa) after 2 h, slight increase inHIF2α (~115 kDa) after
24 h, and a significant increase in HIF3α (~70 kDa) after 72 h of hypoxia.
Tubulin protein bands were used to show the equality of loaded total
proteins of each sample.
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expression; 2 h exposure to hypoxia induced a 3-fold increase
in mRNA (p < 0.05). Levels dropped to control levels by 24 h
and then after 72 h, both aggrecan and TIMP rose again by
4.6- and 2.6-fold, respectively (p < 0.005 for both).

Discussion

Bladder outlet obstruction is a serious urological condition
that can lead to irreversible bladder and renal damage (Levin
et al. 1990). Animal studies have shown that pBOO results in
a significant decrease in blood flow to the bladder muscle
layer which correlates with contractile dysfunction (Schröder
et al. 2001) and increased collagen production (Metcalfe et al.
2010). The initiation and progression of pBOO is associated
with an increased expression of pro-inflammatory, pro-fibrot-
ic, and angiogenic genes, namely HIF, TGFβ, SMADS,
VEGF, αSMA, CTGF, TNFα, IL 1β, and collagen.
However, these responses are due to a combined multi-
component stress involving stretching, increased hydrody-
namic pressure, inflammation, and hypoxia. Other studies
have delineated the role of stretching, mechanical deforma-
tion, inflammation, and elevated hydrodynamic pressure as

single stressors (Howard et al. 2005; Chen et al. 2012).
However, the exact role of hypoxia in the progression of this
pathological process has not yet been investigated. Therefore,
this study was designed to test the hypothesis that normal
bladder smooth muscle cells exposed to hypoxia, without
the confounding effects of stretching or contracting forces,
will lead to an inflammatory response and a pro-fibrotic
phenotype.

HIF expression pattern in hypoxia and pro-angiogenic re-
sponseThe importance of the HIF transcriptional factor to cell
survival has been well-established (Guillemin and Krasnow
1997). In our study, the transcription and translation of both
HIF1 and HIF2α were transiently upregulated in response to
short-term hypoxia (2–24 h). This is consistent with findings
from other cells (Norman et al. 2000; Shi et al. 2007).
Meanwhile, some previous studies on cells from the cerebral
cortex, hippocampus, lung, heart, and Chinese hamster ovary
cells have reported that the transcription of HIF1 and HIF2α is
not affected by hypoxia (Heidbreder et al. 2003) and is exclu-
sively under post-translational regulation. In our study, HIF1α
upregulation during the early phase of hypoxia (2 h) may be
an emergency response mechanism that ensures stable levels

Figure 2. Hypoxia-induced inflammatory cytokine production. (A, B)
Hypoxia-induced increased TGFβ1 transcription and translation. Total
TGFβ1 protein in bladder smooth muscle cell culture medium after
hypoxic incubation was activated and measured by ELISA. (C) TNF α,
(D) interleukin 1β, and (E) interleukin 6 transcripts were upregulated

during hypoxia. (F) Downregulation of interleukin 10 transcription
during hypoxic stress (*p < 0.05, **p < 0.005, ***p < 0.0005,
****p < 0.0001, represents comparison between hypoxic groups and
their normoxic controls).
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of HIFα proteins in order to ensure that an immediate
cytoprotective response is mounted. The increase in VEGF
mRNA after 24 h is consistent with the proven relationship
involving a HIF-mediated pro-angiogenic effect.

As far as we are aware, our study is the first to document
the involvement of HIF3α in human bladder cells with a pri-
mary role in cytoprotective responses to prolong hypoxia.
Interestingly, the role of HIF3α in mediating responses to
hypoxia is not ubiquitous; HIF3α has been found to be tissue
and organ-specific. In the previous study examining the in-
volvement of HIF3α in hypoxia in multiple rodent organs,
HIF3α expression was elevated in rat brain, lung, and heart
tissues with no effect on HIF1α and HIF2α. This finding
suggests that there may be a protective role mediated by
HIF3α during hypoxia that is independent of HIF1α and
HIF2α (Heidbreder et al. 2003). In our study, HIF3α genes
and protein were significantly expressed after 72 h of hypoxia

when HIF1 and HIF2α proteins had resumed normoxic con-
trol levels. These results are congruous with a role of HIF3α
that is complementary to that of HIF1α and HIF2α. This
purported mechanism provides an explanation of a biphasic
upregulation of VEGF where VEGF transcripts had increased
again following 72 h when only HIF3α was the sole up-
stream factor. Conversely, the inverse relationship between
HIF1α and HIF2α with HIF3 has been suggested to be the
result of HIF3α-mediated suppression of HIF1α and HIF2α
expression (Hara et al. 2001).

Hypoxia-induced inflammatory cytokine production The
major regulatory role of TGFβ in fibrosis makes it a very
important marker in fibrotic diseases. In our study using hu-
man bladder smooth muscle cells as an in vitro model, hyp-
oxia stimulated TGFβ1 expression at both mRNA and protein
levels in a time-dependent manner; this is consistent with a

Figure 3. Hypoxia-induced smooth muscle cell dedifferentiation and
pro-fibrotic response. (A) Increased gene expression of αSMA,
vimentin, and desmin indicative of dedifferentiation of normal smooth
muscle cells during hypoxia. (B) Western blot analysis of vimentin show

increasing protein with increasing duration of hypoxia. Distinct bands for
vimentin were detected at ~57 kDa (C) pro-fibrotic genes; SMAD 2,
SMAD 3, and CTGF were upregulated after 72 h hypoxia (n = 5).
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previous study using human hepatic stellate cells (Zheng et al.
2012). Of more physiologic relevance, TGF β1 expression
has been found to increase in whole animal models of
pBOO (Shi et al. 2009).

Hypoxia also induced the expression TNFα, IL 1β, and
IL 6 which are all part of the acute phase proteins secreted
in response to inflammation. However, expression of IL 10
was downregulated in a time-dependent pattern. This is con-
sistent with the study of trophoblast cells of pre-eclamptic
pregnancies that reported a similar pattern of reduced IL 10
and increased IL 6 when exposed to hypoxia (Bowen et al.
2005). Data from our current study demonstrate that isolated
hypoxic stress can produce a robust inflammatory response.
Prior studies focusing specifically on pBOO have attributed
the inflammatory response to contractility, bladder remodel-
ing, and functional deterioration (Bowen et al. 2005; Shi
et al. 2009; Metcalfe et al. 2010; Yildirim et al. 2013). In
our results, the initial robust IL6 response we detected was

most likely responsible for the direct inhibition of TNFα
transcription over the first 24 h. The first incidence of
TNF upregulation occurred after 48 h, which corresponded
to a marked decline in IL 6. Thus, our findings are consis-
tent with a previously established inhibitory effect of IL 6 on
both TNFα and IL 1β expression (Barton 1997).
Unexpectedly, TNFα and IL 1β mRNA levels increased
significantly after 72 h when IL6 remained elevated. This
suggests that there may be other important factors and me-
diators of interplay here; IL 10 is typically referred to as an
anti-inflammatory (and anti-fibrotic) cytokine where sup-
pression of IL 10 levels has pro-inflammatory sequelae
(Shi et al. 2013). We found a time-dependent decline in IL
10 transcripts, with values reaching significance after 48–
72 h. Despite an initial inhibitory effect of IL 6 on TNF
over the first 24 h, it is possible that the secondary
protracted effect was governed by the loss of IL 10.
Whether the biphasic response of TNFα throughout

Figure 4. Hypoxia-induced extracellular matrix production. Human
bladder smooth muscle cells responded to hypoxia by the exponential
increase in production of components of the extracellular matrix. Newly

synthesized collagen in media was estimated from the total concentration
of hydroxyproline. TIMP 1 levels were also upregulated.
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extended periods of hypoxia is regulated by the ratio of IL
10/IL 6 as opposed to absolute transcript levels remains to
be established.

Smooth muscle cell dedifferentiation, EMT, and pro-
fibrotic response In our study, the epithelial to mesenchymal
transition and the smooth muscle cell dedifferentiation was
profound. A pro-fibrotic response involving TGF β transcrip-
tion and translation was evident at the early stage (<24 h)
followed by a progressive increase in αSMA throughout the
entire period of hypoxia; this is congruous with the findings in
proximal tubular cells (Manotham et al. 2004). Later stage
development of pro-fibrotic response was evidenced by in-
creases in desmin, a proven index of late stage fibrosis.
Importantly, our results strongly suggest a relationship be-
tween prolong hypoxia, HIF3α, and EMT (using vimentin
as a marker) in bladder smooth muscle cells. Exploring this
area further may have therapeutic potentials in obstructive
bladder conditions.

Increased synthesis and decreased breakdown of extracel-
lular matrix proteins are the hallmark events characteristic of
fibrosis. The pro-fibrotic response of human bladder smooth
muscle cells in our study was pronounced; total collagen pro-
tein increased by 100%. Synthesis of the four central matrix
components in our model was the direct result of an early and
progressive upregulation of collagens 1 and 3. Collagens 1
and 3 are the key interstitial collagens most commonly found
in obstructive bladder fibrosis (Metcalfe et al. 2010; Jiang
et al. 2015). The significance of the later stage increases in
collagens 2 and 4 transcription may be related to a secondary
mechanism of matrix formation following initial pro-fibrotic
events. TGFβ also plays a key role in fibronectin synthesis at
transcriptional and translational levels; fibronectin is an essen-
tial substrate for αSMA synthesis (Dugina et al. 2001). From
our results, both the fibronectin gene and secreted TGFβ1
protein were significantly upregulated after 24 h hypoxia
and further increased throughout prolonged exposure.
αSMA expression was only increased after 48 h, likely sec-
ondary to increase in both fibronectin and TGFβ1.

Although our data indicate that there is a concerted cellular
effort resulting in an overall increase in multiple metabolic path-
way of fibrosis. The marked increase in expression of TIMP 1
reaffirms the ability of hypoxia to induce and sustain fibrotic
pathways via multiple regulatory control mechanisms. Our data
demonstrating the involvement of two opposing mechanisms,
matrix synthesis, and proteolytic inhibition are consistent with
those of a previous study focusing on human renal fibroblasts
cultured in low oxygen tensions (Norman et al. 2000).

The data presented in this study provides strong evidence for
the mechanistic detail as follows; Exposure of the bladder
smooth muscle cells to hypoxia lead to an upregulation of
HIF. Increases in HIF transcription triggered the observed in-
crease in SMAD 2 and SMAD 3 transcription presumably via

the formation of a HIF-SMAD complex as has been previously
established (Sánchez-Elsner et al. 2001). Subsequent increases
in SMAD proteins provided greater amounts of substrate for
TGF β1-mediated phosphorylation. This activation of SMAD
2/3 promoted the formation of the trimeric protein complex
responsible for CTGF expression which, in turn, stimulated
the increase in secreted matrix components (collagen 1–4, fibro-
nectin, aggrecan). In reference to pBOO, these events are fun-
damental to the pathological development of fibrosis and inhi-
bition of the TGFβ-SMAD pathway in pBOO results in a sig-
nificant reduction in fibrosis (Jiang et al. 2015).

Conclusion This study has provided overwhelming evidence
that hypoxia exposure, as a single isolated stress without the
confounding effects of stretching and hydrodynamic pres-
sures, can induce fibrotic phenotype in smooth muscle cells
mechanistically via inflammation, smoothmuscle de-differen-
tiation, and a pro-fibrotic switch in normal human bladder
smooth muscle cells characterized by increased ECM produc-
tion. This work gives foundational understanding of hypoxia-
driven bladder deterioration which we hope will eventually
translate into improved clinical outcomes.
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