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Introduction: The etiology of lower urinary tract symptoms in patients with non-obstructed
non-neurogenic bladder remains largely unknown. Clinical studies divulged a significant
correlation between reduced bladder blood flow and low bladder compliance. Animal models
of bladder ischemia displayed structural modifications, characterized by loss of smooth
muscle cells and accumulation of connective tissue in the bladder wall. The underlying
mechanisms contributing to structural damage in bladder ischemia remain largely elusive.
We previously reported that structural modifications in bladder ischemia correlate with
upregulated stress proteins and cell survival signaling, suggesting the potential role of
cellular stress in ischemic damage. However, stress response molecules and downstream
pathways eliciting bladder damage in ischemia remain largely undetermined.

Methods: Using a rat model of bladder ischemia along with a cell culture hypoxia model,
we investigated stress signaling molecules in the ischemic bladder tissues and hypoxic
bladder smooth muscle cells.

Results: Our data suggest simultaneous upregulation of two major cellular stress-sensing
molecules, namely apoptosis signal-regulating kinase 1 (ASK1) and caspase-3, implying
degenerative insult via stress signaling pathway in bladder ischemia. Consistent with bladder
ischemia, incubation of cultured human bladder smooth muscle cells at low oxygen tension
increased both ASK1 and caspase-3 expression, insinuating hypoxia as an essential factor in
ASK1 and caspase-3 upregulation. Gene deletion of ASK1 by ASKI1 siRNA in cultured
smooth muscle cells prevented caspase-3 upregulation by hypoxia, suggesting caspase-3
regulation by ASK1 under the ischemic/hypoxic conditions. Upregulation of ASK1 and
caspase-3 in rat bladder ischemia and human bladder smooth muscle cell hypoxia was
associated with subcellular structural modifications consistent with the initial stages of
apoptotic insult.

Conclusion: Our data suggest that stress sensing by ASK1 and caspase-3 may contribute to
subcellular structural damage and low bladder compliance. The ASK1/caspase-3 pathway
may provide therapeutic targets against cellular stress and degenerative responses in bladder
ischemia.
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Introduction

The role of bladder ischemia in aging-related lower urinary tract symptoms (LUTS)
has been documented in human and animal models. In clinical studies, Lin et al
studied 36,042 patients and reported a significant correlation between LUTS and
the prevalence of atherosclerotic arterial occlusive disease.' Gibbons et al reported
that American Urological Association Symptom Score (AUA-SS) is significantly
higher in patients with vascular disease risk factors in comparison with patients
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without vascular risk factors.” Other studies revealed low
bladder blood flow in the elderly population and found a
close correlation between decreased bladder perfusion and
LUTS in both men and women.>> These clinical observa-
tions suggested the role of ischemia as a potential contri-
buting factor in aging-related bladder dysfunction and
micturition disorders in both genders. Basic research with
animal models showed that moderate ischemia provokes
overactive bladder contractions and leads to structural
damage.®™® Prolonged severe ischemia was shown to
impair bladder contractile activity and trigger degenerative
responses in smooth muscle cells, microvasculature and
nerve fibers.” These changes in the ischemic bladder were
associated with impairment of cellular antioxidant defense
system, mitochondrial structural damage, depression of
mitochondrial respiration and activation of cell survival
signaling.'® Hypoxia, nutrients deficiency, and accumula-
tion of metabolic waste in bladder ischemia were shown to
compromise cellular homeostasis and initiate defensive
responses via rebalancing mechanisms to protect cells
against the ischemic insult.®'® However, when ischemia
persists, noxious free radicals prevail and cellular protec-
tive mechanisms decline leading to activation of cell dan-
ger responses and cellular stress signaling.®*°

Cellular stress is the cell’s reaction to environmental
changes that compromise cellular homeostasis and pro-
voke complex disturbances within the cells, leading to
macromolecular damage to subcellular elements.''?
Cellular stress response is tightly associated with ische-
mia-mediated interruption of nutrients and oxygen deliv-
ery to the cells and accumulation of deleterious free
radicals and metabolic waste. Cell survival and death
after exposure to stress depends on the severity and dura-
tion of stressful stimuli and the cell’s ability to handle the
stress eliciting condition to which it is exposed.'''?
Cellular stress responses are regulated by cellular stress
sensors. The cell’s initial rejoinder to stress begins with
survival signaling followed by defensive responses to
recover cells from the stressful insult.'"!? However, if
the stressful stimulus remains unresolved, cellular stress
sensors initiate cell danger signals and provoke degenera-
tive responses via cell death signaling pathways.'""'?

Apoptosis signal-regulating kinase 1 (ASK1) is a pro-
minent cellular stress sensor that integrates downstream
stress response molecules into signaling pathways that
regulate cell fate.”>'® ASKI is preferentially activated
by stressful conditions involving disturbed oxygen tension

such as ischemia, hypoxia, and oxidative stress.'*'

Activated ASK1 plays a pivotal role in inflammatory
responses and apoptotic reactions in the ischemic/hypoxic
tissues.'>'*'® ASK1 was shown to promote apoptotic cell
death under the chronic ischemic conditions.'*'* While
the underlying mechanisms remain largely unknown, acti-
vation of caspases is consistently implicated in apoptotic
reactions triggered by ischemia.'”** Among the caspase
family, caspase-3 is a cellular stress intensity sensor acti-
vated by various apoptosis inducers and known to play an
essential role in the execution and completion of
apoptosis.'>** The role of ASK1 and caspase-3 in ische-
mia-mediated bladder dysfunction has not been previously
investigated.

Stress response proteins and cell survival signaling
provoked by cellular stress in bladder ischemia were docu-
mented in our previous studies.'® However, stress response
molecules regulating cell fate in bladder ischemia remain
largely unknown. The goal of the present study was to
investigate cellular stress-sensing molecules and define the
structural consequences of cellular stress in chronic blad-
der ischemia.

Methods
Bladder Ischemia Model

Animal care and experimental protocols were in accor-

dance with the guidelines and approval of our
Institutional Animal Care and Use Committee at VA
Boston Healthcare System. The animal model of bladder
ischemia was developed in hypercholesterolemic rats
using balloon endothelial denudation of the iliac arteries
under general anesthesia, as previously described.**® The
arterial ballooning procedure results in atherosclerosis-
induced pelvic ischemia and subsequent changes in blad-
der contractile activity and compliance.*®® The sham
control group underwent similar surgical procedures with-
out arterial endothelial denudation. At 8 weeks after arter-
ial ballooning, cystometrograms were obtained and
bladder blood flow was measured in the treated and con-
trol animals, as described below. Bladder tissues were then

processed for analysis.

Measurement of Bladder Contractile
Activity and Compliance

Animals were anesthetized with inhalation of 1-2% iso-
flurane mixed with oxygen. An abdominal incision was
then made. Bladder pressure was recorded through a 23
into the bladder and

gauge angiocatheter inserted
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connected to a pressure transducer. Spontaneous bladder
contractions were recorded at a constant intravesical
volume of 0.8 mL without infusion. After this, the bladder
was emptied then infused with saline at a rate of 6 mL per
hour using an infusion pump (Harvard Apparatus Inc,
MA). Changes in intravesical pressure were recorded and
premicturition pressure was noted. To determine bladder
compliance, the ratio of infused volume over pre-micturi-
tion pressure minus pressure at the initiation of bladder
filling was calculated.

Measurement of Bladder Blood Flow
After the recording of bladder contractile activity and
compliance in the anesthetized rats, a laser Doppler needle
probe was inserted into the muscular layer of the bladder
wall. The Doppler probe was connected to a blood flow-
meter (Transonic Systems, Inc., Ithaca, NY). Bladder
blood flow was recorded at five different sites of the
bladder at a constant intravesical volume of 0.8 mL.
Average bladder blood flow in the hypercholesterolemic
rats undergoing arterial ballooning was statistically ana-
lyzed versus bladder blood flow in sham controls.

Cell Culture Hypoxia Model

We previously reported that reduction of blood flow to the
bladder diminishes bladder wall oxygen tension and leads
to hypoxia.®? In the present study, we examined the direct
role of hypoxia in stress signaling using an oxycycler cell
culture model. Primary human bladder smooth muscle
cells (Lonza, Allendale, NJ) were grown in cell culture
media at 21% O,, 5% CO,, balance N, at 37°C. Cell
passaging and subculturing were carried out according to
the standard protocols and viable cells were used for
experiments. Cell viability and morphology were exam-
ined by trypan blue staining and transmission electron
microscopy, respectively. Viable cells were incubated
under hypoxia and normoxia conditions in a computerized
servo-control cell oxycycler system (BioSpherix, Parish
NY). The oxycycler monitors the levels of oxygen tension
for the desired duration by infusing either oxygen or
nitrogen into the cell culture chambers. In this study, we
exposed cultured cells to either normoxia (21% oxygen) or
continuous hypoxia (2% oxygen) conditions. After 48
hours, cells were collected on ice, lysed and processed
for centrifugation. The protein-containing supernatant
was collected and the pellet was discarded. Protein
extracts were prepared and constant protein concentration

per mL. was achieved in each sample. The samples were
processed for analysis as described below.

Assessment of Cellular Stress Markers in

Bladder Ischemia

Two cellular stress-sensing molecules were examined in
bladder tissues. 1) ASK1, a well-known stress-sensing
molecule, that is known to be activated by a variety of
cellular stress conditions including oxidative stress, endo-
plasmic reticulum stress and inflammatory conditions.'* '
2) Caspase-3, a cellular stress intensity sensor, also known
as the executioner of apoptosis. Caspase-3 is activated by
cell death proteases and mediates programed cell death.'”2°
The expression levels of ASK1 and caspase-3 in the
ischemic and control bladder tissues were analyzed using
Western blotting, as described below.

Assessment of Cellular Stress Markers in
Cultured Cells

After analysis of bladder tissues, cell culture experiments
were carried out to determine the direct role of hypoxia in
ASKI and caspase-3 expression. Primary human bladder
smooth muscle cells (Lonza, Allendale, NJ) were grown in
cell culture media, then randomly divided into hypoxia
and control groups. The two groups of cell culture dishes
were processed to oxycyclers for incubation under distinct
oxygen tensions, as described earlier. The first group was
incubated under hypoxic conditions at 2% oxygen while
the second group was incubated under normoxia condition
at 21% oxygen. After 48 hours, cells were collected and
processed for Western blotting of ASK1 and caspase-3, as
described below.

Analysis of ASKI| and Caspase-3

Intercommunication
ASK1
activity.> !¢ Caspase-3 senses cellular stress and executes

senses cellular stress and activates apoptotic

the apoptosis process via proteolytic mechanisms.'”° Our
goal was to examine whether ASK1 and caspase-3 cross-
talk under the hypoxic conditions. Cultured human bladder
smooth muscle cell dishes were prepared and randomly
divided into treatment and control groups. In the treatment
group, ASK1 gene deletion was achieved by transfecting
cells with ASK1 small interfering RNA (siRNA, Santa
Cruz Biotechnology, Dallas TX). The control group of
cells was transfected with control siRNA provided by the
manufacturer (Santa Cruz Biotechnology, Dallas TX).
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ASK1 siRNA and control siRNA transfection were carried
out using lipofectamine RNAiMax (Thermo Fisher,
Waltham MA), according to the manufacturer’s instruc-
tions. After transfection, treated and control groups of cells
were incubated under hypoxic conditions at 2% oxygen,
using the cell oxycycler system, as described earlier. At 48
hours after hypoxia, cell samples were processed for
Western blotting to examine caspase-3 expression under
the hypoxic condition in cells transfected with ASKI
siRNA versus cells transfected with control siRNA.

Western Blotting

Frozen bladder tissues were pulverized then homogenized
and processed for centrifugation. Primary human bladder
smooth muscle cells were collected from the oxycycler
chambers on ice and then treated with lysis reagent (Sigma,
St. Louis, MO) containing appropriate protease inhibitors.
After centrifugation, pellets of the samples were discarded
and the protein-containing supernatants were collected.
Protein concentration was determined by NanoDrop ND-
1000 Spectrophotometer (Thermo Fisher, Waltham MA).
Protein extracts were diluted with Phosphate Buffered
Saline (PBS) to ensure an equal concentration. Proteins
were separated using sodium dodecyl sulfate-PAGE and
then transferred to polyvinylidene difluoride filter mem-
branes (Millipore, Bedford, MA). The membranes were
incubated overnight with either ASK1 (Abcam, Cambridge,
MA), caspase-3 (Abcam, Cambridge, MA) or B-actin (Cell
Signaling, Danvers, MA) antibody at 4°C. After this, the
membranes were incubated with the fluorescent-labelled sec-
ondary antibody for 2 hours and fluorescent signals were
scanned with Typhoon 8600 imager (GE Healthcare,
Pittsburg, PA). Protein expression was quantitated by densi-
tometry using ImageJ software.

Morphologic Assessment
The goal was to elucidate the morphological consequences of
cellular stress in the ischemic bladder tissues and hypoxic

smooth muscle cells displaying ASK1 and caspase-3 upre-
gulation. Using transmission electron microscopy (TEM),
ultrastructural changes in the ischemic bladder tissues and
hypoxic cells were compared versus control tissues and cells,
respectively. Samples were fixed and processed for embed-
ding and polymerization, according to the standard TEM
protocols. Ultrathin sections were prepared, placed onto cop-
per grids, and processed for staining with lead citrate.
Ultrastructure of subcellular elements in the ischemic and
hypoxic samples were compared versus controls, using a
JEOL 1200EX microscope (JEOL USA, Inc.)

Statistical Analysis

Data are expressed as mean + standard error of the mean.
Differences in the bladder ischemia group versus control
group and differences between the hypoxic cells versus
control cells were determined by #-test using SigmaPlot
software. Significance was determined at p < 0.05 level.

Results
Effects of Ischemia on Bladder

Contractile Activity and Compliance
Bladder blood flow in animals undergoing aorto-iliac arterial
ballooning was significantly lower in comparison with sham
controls (Table 1), suggesting atherosclerosis-induced ische-
mia. In cystometry, the frequency of spontanecous bladder
contractions, characterized by recurring episodes of intrave-
sical pressure rises, was greater in the ischemic bladders in
comparison with sham controls (Figure 1). Bladder compli-
ance was significantly lower in the bladder ischemia group
versus sham controls (Table 1). Premicturition pressure,
body weight and bladder weight in the bladder ischemia
group were similar to the control group (Table 1).

Cellular Stress Signaling in Bladder

Ischemia
Two cellular stress-sensing molecules with proapoptotic
properties were upregulated in bladder ischemia. The

Table | Decreased Blood Perfusion and Low Compliance in Bladder Ischemia

Groups BBP PMP Compliance Body Weight Bladder Weight
(mL/min/100 grams) (cm H20) (mL/cm H20) (Grams) (Milligrams)

Sham 9.54 £ 1.03 10.88 + 0.93 0.169 + 0.018 514 +22 159 £ 6.7

Ischemia 4.14 = |.18* 12.76 + 1.57 0.096 * 0.009* 532+ 18 170 £ 5.9

Notes: Bladder blood perfusion (BBP) in animals with aorto-iliac arterial atherosclerosis was significantly lower than the sham control group (p = 0.002). Premicturition pressure
(PMP) in the two groups was not significantly different (p = 0.33). Ischemia caused a significant decrease in bladder compliance in comparison with sham group (p = 0.007). Body
weight and bladder weight in bladder ischemia group were similar to the sham controls. * indicates significant differences in ischemia versus sham control.
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Figure | Cystometric recording of contractile activity in an animal with bladder
ischemia is shown in comparison with sham control. Recurring spontaneous bladder
contractions, characterized by intravesical pressure rises, were recorded in the
ischemic bladder, suggesting detrusor overactivity. Minor fluctuation in bladder
pressure without consequential contractions were recorded in the sham control
animals. Intravesical pressure was recorded at a constant volume of 0.8 mL without
bladder infusion. The recorder was calibrated at a sensitive scale of 0-50 cmH,O,
so that all changes in intravesical pressure could be detected. Arrows point to
recurring spontaneous contractions in the ischemic bladder.

expression levels of ASKI1, a cellular stress sensor and
apoptosis initiator, was significantly greater in the
ischemic bladder tissues versus controls (Figure 2).
Increased levels of ASK1 in the ischemic bladder were
associated with significant upregulation of caspase-3

(Figure 3), a cellular stress intensity sensor also known

ASK1 expression in bladder tissue
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Figure 2 The expression levels of ASK| was significantly greater in the ischemic
bladder tissues in comparison with bladder tissues from sham controls. ASKI is a
cellular stress sensor that determines the cells fate following exposure to stressful
stimuli by regulating fundamental cellular functions in response to redox engen-
dered by the ischemic conditions. Upregulation of ASKI in bladder ischemia
suggests cellular stress responses triggered by lack of perfusion, nutrient deficiency
and hypoxia that seem to incite degenerative processes via apoptotic insult. *
represents significant change in the ischemic tissues versus controls.
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Figure 3 Caspase-3 expression was significantly upregulated in the ischemic blad-
der tissues in comparison with sham controls. Caspase-3 senses cellular stress
intensity and regulates cell fate by either initiating cellular resistance mechanisms
against stressful stimuli or activating apoptotic programmed cell death responses.
Upregulated caspase-3 may play a mediating role in degenerative response to
cellular stress engendered by ischemia. Simultaneous increases in caspase-3 and
ASK| expression, shown in Figure 2, may suggest crosstalk mechanisms between
the two molecules under the ischemic conditions in the bladder. * represents
significant change in the ischemic tissues versus controls.

as the executioner of cell apoptosis. Simultaneous upregu-
lation of ASK1 and caspase-3 in bladder ischemia suggests
cellular stress and activation apoptotic degenerative activ-
ity via stress response mechanisms. Beta-actin protein
expression in the ischemic bladder tissues was similar to
beta-actin expression in the sham control bladder tissues.

Cellular Stress Signaling in Cell Culture
Hypoxia

Exposure of cultured human bladder smooth muscle cells to
hypoxia caused significant increases in ASK1 (Figure 4) and
caspase-3 (Figure 5) expression, suggesting low oxygen ten-
sion as an indispensable factor in ASK1 and caspase-3 upre-
gulation. Beta-actin protein expression in cells undergoing
hypoxia was similar to the control cells. Increased expression
of ASKI1 and caspase-3 in both ischemic bladder tissues,
described earlier, and hypoxic cells may suggest a potential
link between cellular stress and activation of apoptotic activ-
ity in bladder ischemia. Simultaneous upregulation of ASK1
and caspase-3 in both ischemic tissues and hypoxic cells may
also imply potential crosstalk mechanisms between the two
molecules. These observations suggest that hypoxia may be a
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ASK1 expression in human bladder smooth muscle cells
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Figure 4 ASK| expression was significantly upregulated in human bladder smooth muscle cells incubated under the hypoxic conditions at 2% pO2 in comparison with cells
incubated in normoxia at 21% pO2. The data imply regulation of ASK| by hypoxia, suggesting that decreased oxygen tension in bladder ischemia may be an important
mediating factor in ASK| upregulation. * represents significant change in the hypoxic smooth muscle cells versus cells in incubated in normoxia.

Effects of hypoxia on caspase-3 expression in cultured bladder smooth muscle cells
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Figure 5 Incubation of human bladder smooth muscle cells under the hypoxic condition at 2% pO2 caused a significant increase in caspase-3 expression in comparison with
cells incubated in normoxia at 21% pO2. The data suggest that hypoxia may be an essential mediating factor in caspase-3 upregulation. Increased expression levels of both
caspase-3 and ASK |1, shown in Figure 4, suggest potential crosstalk mechanisms between the two molecules under the hypoxic conditions. * represents significant change in

the hypoxic smooth muscle cells versus cells incubated in normoxia.

major contributing factor in the regulation of cellular stress
sensors and activation of stress signaling and apoptotic activ-
ity in bladder ischemia.

ASK| and Caspase-3 Intercommunication

in Cell Culture Hypoxia

Gene deletion of ASK1 by ASK1 siRNA prevented cas-
pase-3 upregulation by hypoxia in cultured smooth muscle
cells, suggesting crosstalk between the two molecules and
the essential role of ASK1 as a cellular stress sensor and
apoptosis promotor under the hypoxic conditions. The
expression pattern of caspase-3 in cells transfected with
ASK1 siRNA versus cells transfected with control siRNA
implies regulation of caspase-3 upregulation by ASKI in
the hypoxic cells. Western blotting showed caspase-3
upregulation at 48 hours hypoxia in cells transfected with
control siRNA (Figure 6). However, caspase-3 expression
in the hypoxic cells was significantly diminished by

transfection with ASK1 siRNA, suggesting that gene dele-
tion of ASK1 deterred caspase-3 upregulation under the
hypoxic conditions (Figure 6). We also noted that the
transfection of cells with ASK1 siRNA did not completely
abolish caspase-3 expression, suggesting the involvement
of other regulators, in addition to ASK1, in the upregula-
tion of caspase-3 by hypoxia. Beta-actin protein was
evenly expressed in cells transfected with ASK1 siRNA
versus cells transfected with control siRNA (Figure 6).
The data suggest activation of the ASK1/caspase-3 path-
way by cellular stress and a mediating role of caspase-3 in
ASK1-directed degenerative responses in bladder smooth
muscle cell hypoxia.

Morphologic Hallmarks of Cellular Stress

in Bladder Ischemia
Transmission electron microscopy showed distinct subcel-
lular ultrastructural changes in the ischemic bladder tissues
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Effects of ASK1 siRNA on caspase-3 expression in cultured bladder smooth muscle cells
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Figure 6 Gene deletion of ASK| by transfection with ASK| siRNA prevented caspase-3 upregulation by hypoxia in human bladder smooth muscle cells under the hypoxic
condition. Cells transfection with control siRNA had no effect on caspase-3 expression. ASK| siRNA did not completely abolish caspase-3 expression, suggesting the
involvement of additional regulating factors in caspase-3 expression under the hypoxic conditions. * represents significant change in cells transfected with ASKI siRNA

versus cells transfected with control siRNA.

in comparison with control tissues. Structural modifica-
tions in the nucleus, nuclear membrane and cytoplasmic
organelles of the ischemic bladder tissues were consistent
with typical morphological features of cellular stress and
apoptotic degenerative responses. Prominent apoptotic
hallmarks in bladder ischemia included cell shrinkage,
condensation and fragmentation of the nucleus, folding
and partial disruption of nuclear membrane, chromatin
condensation, degradation of mitochondrial granules and
increased cytoplasmic and nuclear ribosomes (Figure 7).

Morphologic Hallmarks of Cellular Stress
in Cell Culture Hypoxia

Ultrastructural changes in the hypoxic bladder smooth
muscle cells were identical to ultrastructural modifications
seen in the ischemic bladder tissues, suggesting cellular
stress and apoptotic degeneration of subcellular elements.
Transmission electron microscopy of cultured hypoxic
cells showed morphological changes consistent with apop-
tosis, characterized by nuclear condensation, partial loss of
nuclear membrane, chromatin condensation, swollen and
splintered endoplasmic reticulum and accumulation of
lysosomes (Figure 7).

Discussion
A close link between reduced blood flow and low bladder
compliance has been documented in both human and ani-

mal models,(”21

suggesting structural modifications by
ischemia and subsequent loss of bladder elasticity. On
the cellular level, ischemia was shown to upregulate cyto-
kines and profibrotic growth factors involved in collagen

production and deterioration of smooth muscle cells.® The

evidence of such structural modifications in bladder ische-
mia was associated with markers of cellular stress, char-
acterized by increased expression of stress response
protein Hsp70, upregulation of mitochondrial stress pro-
tein mtHsp70 also known as glucose-regulated protein 75
(GRP75), depression of mitochondrial respiration rate and
activation of cell survival signaling.'® Our present study
suggests the role of cellular stress as an important inter-
vening variable in the instigation of structural modifica-
tions in bladder ischemia. Structural damage provoked by
cellular stress may contribute to low bladder compliance
recorded under the ischemic conditions. Downstream
mechanisms appear to involve stress sensing by ASKI1
and caspase-3 and degenerative cellular stress responses
that seem to compromise the structural integrity of sub-
cellular elements via the ASK1/caspase-3 apoptosis signal-
ing pathway.

The induction of cellular stress involves a variety of
adverse conditions, including ischemia, that disrupts cel-
lular homeostasis and elicits damage to proteins, DNA,
RNA and lipids.'"'? Cellular stress responses comprise
well-coordinated reactions by elements of the cellular
defense and survival system incited by stressful stimuli
that compromise the structure and function of macromo-
lecules in the native cellular environment.''"'? These reac-
tions involve a cascade of downstream mechanisms
regulated by stress sensors, stress response molecules,
stress-sensitive signaling cascades, cell danger response
and survival signaling.'" Stress response molecules coor-
dinate defensive mechanisms against stress-activated
endogenous cell danger signals to promote cell survival.''
However, cellular defensive mechanisms and cell survival
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Subcellular structural changes in the ischemic bladder tissue

Control tissue

Ischemic tissue

Subcellular structural changes in hypoxic smooth muscle cell

Control cell

Hypoxic cell

Figure 7 Transmission electron microscopy showed widespread subcellular structural changes in both ischemic bladder tissues and hypoxic smooth muscle cells versus
corresponding controls. Most of these changes in the ischemic bladder tissues are consistent with apoptotic activity, characterized by shrinkage of the cell along with
condensation and fragmentation of the nucleus, folding and partial disruption of nuclear membrane, chromatin condensation, degradation of mitochondrial granules and
increased cytoplasmic and nuclear ribosomes. Similar structural changes consistent with apoptosis were present in the hypoxic smooth muscle cells including nuclear
condensation, partial loss of nuclear membrane, chromatin condensation, swollen and splintered endoplasmic reticulum and accumulation of lysosomes. The underlying
mechanism may involve degenerative responses via apoptotic processes triggered by cellular stress in both bladder ischemia and smooth muscle cells hypoxia. N = nucleus,
NM = nuclear membrane, M = mitochondria, ER = endoplasmic reticulum, L = lysosome. The bladder tissue figures are reduced from 18500X. The smooth muscle cell

figures are reduced from 13000X.

pathways fail when stressful stimuli persist and deteriorat-
ing insult to subcellular elements continue.''"'? Persisting
cellular stress and lack of protective mechanisms initiate
cell danger signaling via deteriorating stress responses that
activate catalytic activities to eliminate damaged cellular

'LI2 1f the stressful stimuli remain unresolved,

components.
then the cells activate apoptotic death signaling pathways
to terminate damaged cells and remove them.'' Oxidative
insult via free radicals is one of the leading redox-based
inducers of cellular stress under the ischemic conditions.'?
Cellular defensive mechanisms in ischemia involve anti-

oxidants, stress-activated kinases and stress response

proteins such as heat shock proteins that, cumulatively,
promote cell survival.'? Efficacy of the defensive mechan-
isms depend on the duration of cellular stress and the
ability of cells to coordinate an appropriate response
against environmental and intracellular stress inducers.'""'?

Among the various stress-activated signaling mole-
cules, apoptosis signal-regulating kinase 1 (ASKI1) has
been characterized as a leading sensor of free radical-
mediated cellular stress and a major player in the regula-
tion of endoplasmic reticulum (ER) stress response
signaling.'? '® ASK1 was shown to be preferentially acti-
vated by free radicals and tightly regulated by redox
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proteins.'® Inhibition of ASK1 appeared to diminish free
radical injury, protect the ischemic heart from ischemia-
reperfusion injury and reduce myocardial infarct size.'*
Mice lacking the ASK1 gene were shown to have normal
homeostatic functions and were less vulnerable to kidney
injury and renal interstitial fibrosis caused by ischemia-
reperfusion.'>!'® These observations have suggested the
rational for targeting ASK1 as a potential prophylactic
and therapeutic strategy to prevent cellular stress and
protect against ischemic damage.

In our study, the upregulation of ASKI in bladder
ischemia insinuates cellular stress-sensing that seems to
activate degenerative responses via apoptotic mechanisms
with consequential damage to key cellular components and
depreciation of the integrity of subcellular elements.
Upregulation of ASK1 by reduced oxygen tension in cul-
tured bladder smooth muscle cells suggests the role of
hypoxia as an essential factor in ASKI upregulation
under the ischemic conditions. Overexpression of ASK1
has been shown to provoke DNA fragmentation and
increase ischemia reperfusion-induced injury to the heart

1.'* Downstream

by greater than two-fold in a mouse mode
signaling mechanisms were shown to involve activation of
c-June N-terminal kinase pathway, inhibition of calcineur-
ine-nuclear factor of activated T-cells and the induction of
Bax-mediated apoptotic cell death.'* Studies in mice
showed upregulation of ASK1 in the inflammatory phase
of the ischemic stroke, suggesting a regulating role of
ASKI1 in neuronal structural damage and degenerative
responses in the advanced stage of brain ischemia.?
Suppression of ASK1 was shown to preserve neuronal
size and promote cell survival after ischemic stroke.”
Our observations in bladder ischemia along with afore-
mentioned studies in the ischemic heart and brain suggest
a regulating role of ASK1 in cellular stress and degenera-
tion in conditions involving interrupted blood flow and
disturbed oxygen tension. These studies, collectively, sup-
port the concept that ASK1 may be a key factor in the
instigation of cell death when stressful cellular stimuli
prevail and protective cellular mechanisms disintegrate.
Intermediating molecules, downstream of ASK1, arbitrat-
ing its cellular stress-sensing properties and degenerative
activities remain largely unknown.

Our data show the simultaneous upregulation of ASK1
and caspase-3 in both rat bladder ischemia and human
bladder smooth muscle cell hypoxia. Upregulation of
these two molecules were associated with morphologic
markers of cell damage consistent with apoptotic insult

and degeneration of subcellular elements. ASK1 is a stress
sensor that activates apoptotic responses to cellular stress.-
13716 Caspase-3 is a cellular stress intensity sensor that is
perpetually implicated in the execution of apoptosis.'’2°
Our studies with cultured bladder smooth muscle cells
showed that ASK1 gene silencing by ASK1 siRNA pre-
vents caspase-3 upregulation under the hypoxic condition.
This observation implies potential intercommunication
between the two molecules, suggesting caspase-3 regula-
tion by ASK1 and potential role of caspase-3 as a mediat-
ing factor in ASKl-elicited structural damage in both
bladder ischemia and cell culture hypoxia. We also noted
that ASK1 siRNA did not completely abolish caspase-3
expression, implying the involvement of additional regu-
latory factors in hypoxia-mediated upregulation of cas-
pase-3. Other studies have delineated the role of caspase-
3 as a crucial factor in the activation of proteolytic and
apoptotic activities by oxidative stress.'®*® Caspase-3 was
shown to mediate degenerative responses triggered by
ischemia and hypoxia in the brain.'>** Downstream
degenerative actions of caspase-3 in brain ischemia and
hypoxia were shown to involve DNA damage and protein
degradation.'” 2 Interrelationship between ASK1 and cas-
pase-3 is further supported by studies of lung epithelial
cells showing that caspase inhibition prevents ASKI-
induced cell death. It was also shown that the upregulation
of ASKI1 stimulates the release of mitochondrial cyto-
chrome ¢, which in turn leads to the activation of cas-
pase-3.2 Our studies along with the aforementioned
reports suggest that caspases may be required for the
implementation of degenerative responses initiated by
ASK1.%

Among the known members of the caspase family,
caspase-3 is known to act as a crucial cellular stress
intensity sensor with the ability to determine cell fate, by
either assembling appropriate tools to instigate a defensive
response against the stressful stimuli or activating the
execution of apoptotic degeneration of subcellular ele-
ments that leads to cell death. Cell survival or death in
response to stressful stimuli involves a series of complex
and tightly regulated mechanisms. It was shown that cas-
pase-3 action in cellular stress depends on the intensity of
stressful stimuli.**> Caspase-3 is also known to protect
cells from mild stressful stimuli by activation of defensive
mechanisms via cell survival pathway.?**> On the other
hand, caspase-3 activity is required for the execution of
apoptotic cell death in response to abrasive cellular stress
stimuli as it has the ability to cleave a large number of the
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caspase substrates.”* In addition to its apoptotic properties,
caspase-3 is capable of regulating critical homeostatic
functions and protects cells when the stressful stimuli are
transient and manageable.”> Caspase-3 was shown to
negatively regulate B cell proliferation and preserve its
homeostasis in mild cellular stress conditions.”> The pre-
cise mechanisms by which caspase-3 regulates homeosta-
sis in response to mild stress in non-dying cells remain
unclear. Cell culture studies have suggested that low cas-
pase-3 activity in response to mild cellular stress may
promote cell survival by activating protein kinase B, also
known as Akt.?® Activation of Akt in response to low
cellular stress was prevented by chemical inhibition of
caspase-3 and by caspase-3 knockout in mice. It was
shown that higher caspase-3 activity in severe cellular
stress is incapable of stimulating Akt due to subcellular
fragmentation and widespread stress responses.”® These
observations suggest that the configuration of caspase-3
response is an important modulating factor in differential
cellular responses to mild and severe stressful stimuli
under unfavorable cellular conditions such as hypoxia
and oxidative stress.

Upregulation of stress-sensing molecules, ASK1 and
caspase-3, in bladder ischemia were associated with sub-
cellular structural changes consistent with cellular stress
and apoptotic responses. Marked ultrastructural modifica-
tions were present in the nucleus, nuclear membrane and
cytoplasmic organelles. These changes appeared to be
typical of apoptotic degeneration characterized by cell
shrinkage, condensation and fragmentation of the nucleus,
folding and partial disruption of nuclear membrane, chro-
matin condensation, degradation of mitochondrial granules
and increased cytoplasmic and nuclear ribosomes.
Congruently, exposure of cultured bladder smooth muscle
cells to hypoxia provoked ultrastructural modifications
identical to those caused by bladder ischemia, including
nuclear condensation, partial loss of nuclear membrane,
chromatin condensation, swollen and splintered endoplas-
mic reticulum and accumulation of lysosomes. The precise
link between cellular stress and downstream pathways
contributing to ultrastructural damage in bladder ischemia
remains to be thoroughly elucidated. Our data suggest that
ASK1 may be an important factor in ischemia-mediated
inflammation, fibrosis and smooth muscle damage.?®
Inflammatory responses and structural changes in ischemia
were shown to be prevented by chemical inhibition of
ASK1 and by ASKI knockout in mice.?’ Activation of
ASK1 by cellular stress in ischemia and subsequent

degenerative responses are tightly regulated by redox due
to the nature of the dithiol oxidoreductase binding partners
of ASK1.?° Downstream pathways contributing to inflam-
mation, fibrosis and cell death were shown to involve
ASK1-regulated caspase-3, p38 mitogen-activated protein
kinases (p38a and P) and c-June N-terminal kinases
(INK1, 2 and 3).%*?" Degenerative responses to cellular
stress in ischemia were shown to be triggered by redox and
modulated by ASK1 via prolonged activation of p38 and
JNK.?*?” Immunohistochemical studies have shown that
positive caspase-3 staining cells exhibit morphologic fea-
tures consistent with fibrosis, deterioration of subcellular
structures and apoptosis.”® Mitochondrial stress was
shown to activate caspase-3 by the release of proapoptotic
molecules such as cytochrome c¢.?’ Activated caspase-3
promoted the cleavage of Akt, an important regulator of
antiapoptotic transcription factors.’® Impairment of Akt
facilitated activation of caspase-3 via posttranslational
modification of cytochrome c-regulated cytosolic factors
leading to the deterioration of subcellular elements.
Detailed investigation of molecules and pathways, down-
stream of ASK1 and caspase-3, contributing to cellular
stress responses and apoptotic degeneration in bladder
ischemia remain as the focus of our future studies.

Conclusion

Cellular stress resulting from lack of nutrients, hypoxia,
redox, and accumulation of metabolic waste in bladder
ischemia increased the expression levels of ASK1 and
caspase-3, two cellular stress-sensing molecules with pro-
ven degenerative properties. Upregulation of ASK1 and
caspase-3 in bladder ischemia was associated with ultra-
structural changes consistent with apoptotic degeneration
of subcellular elements. Congruently, exposure of cultured
human bladder smooth muscle cells to low oxygen tension
also upregulated ASK1 and caspase-3 simultaneously, sug-
gesting the induction of cellular stress by low oxygen
tension and the role of hypoxia as a critical factor in
increased expression of the two molecules. Gene deletion
of ASK1 by ASKI1 siRNA in cultured bladder smooth
muscle cells prevented caspase-3 upregulation by hypoxia,
implying intercommunication between the two molecules
and potential regulation of caspase-3 by ASK1 under the
ischemic and hypoxic conditions. Ultrastructural modifica-
tions in tissues and cells displaying upregulation of ASK1
and caspase-3 may suggest degenerative responses to cel-
lular stress via ASK1/caspase-3 apoptosis pathway in both
bladder ischemia and smooth muscle cell hypoxia. Our
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data suggest that cellular stress provoked by ischemia
compromises subcellular structures and may play a role
in low bladder compliance. The ASK1/caspase-3 pathway
may provide novel therapeutic targets against cellular
stress and degenerative responses in bladder ischemia.
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