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The concept of bladder ischemia as a contributing factor to detrusor overactivity and lower urinary tract symptoms (LUTS)

is evolving. Bladder ischemia as a consequence of pelvic arterial atherosclerosis was first documented in experimental

models and later in elderly patients with LUTS. It was shown that early-stage moderate ischemia produces detrusor

overactivity, while prolonged severe ischemia provokes changes consistent with detrusor underactivity. Recent studies

imply a central role of cellular energy sensors, cellular stress sensors, and stress response molecules in bladder

responses to ischemia. The cellular energy sensor adenosine monophosphate-activated protein kinase was shown to play

a role in detrusor overactivity and neurodegeneration in bladder ischemia.
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1. Introduction

Arterial atherosclerosis is a leading cause of ischemic disorders in the human body . Atherosclerotic occlusive disease

can develop in any artery in the body, including the arteries of the heart, brain, kidney, legs, and pelvis. Ischemia is the

most common clinical manifestation of atherosclerotic occlusive disease, resulting from an imbalance between oxygen

and nutrient demand and supply due to an impaired blood flow in part of the body . Ischemia diminishes the distribution

of oxygen, glucose, and nutrients, leading to metabolic stress and oxidative insult with an adverse impact on cellular

structure and function . The production of free radicals in normal cells is tightly regulated by homeostatic mechanisms.

The antioxidant defense system protects tissues from oxidative injury by neutralizing excessive free radicals. Metabolic

waste within tissues is normally cleared out by blood perfusion at systemic arterial pressure. The lack of perfusion in

ischemia allows for the accumulation of waste products and constitutes a hospitable environment for free radicals and

inflammatory responses . Long-term ischemia galvanizes free radical activity and inspires oxidative insult to vital

biomolecules and cellular structures . Oxidative incursion is fundamentally haphazard and overwhelming with the

propensity of provoking cell danger signaling and degenerative responses . These changes compromise the structural

integrity of smooth muscle cells, cellular organelles, microvasculature, and nerve fibers, leading to dysfunction .

The clinical manifestations of systemic atherosclerosis include coronary artery disease, cerebrovascular disease,

ischemic nephropathy, intestinal ischemic syndrome, arteriogenic erectile dysfunction, and chronic pelvic ischemia .

Compelling evidence from basic and clinical research suggests that bladder ischemia may contribute to detrusor

overactivity and the development of lower urinary tract symptoms (LUTS) in both genders . Bladder

ischemia can result from aging-associated arterial insufficiency caused by atherosclerotic occlusive disease of the pelvic

vessels. Basic experimental research using animal models suggests that moderate ischemia sensitizes bladder smooth

muscle cells to contractile stimuli and leads to overactive bladder contractions, non-compliance, and urinary frequency 

. In contrast, prolonged severe ischemia impairs bladder contractile activity and provokes degenerative changes in

smooth muscle cells, microvasculature, and nerve fibers . Functional changes with moderate and severe bladder

ischemia were consistent with detrusor overactivity and underactivity, respectively . Persisting ischemic insult in

the bladder is associated with impairment of the cellular antioxidant defense system, mitochondrial structural damage, the

depression of mitochondrial respiration, and the activation of cell survival signaling .

Metabolic stress, along with hypoxia, oxidative stress, and the accumulation of metabolic waste in bladder ischemia,

disrupts cellular homeostasis and initiates defensive responses to rebalance energy homeostasis and promote survival 

. When ischemia persists, cellular defensive capacity declines leading to cell survival signaling and stress

responses . Ischemia is confronted by a series of cellular and molecular responses involving the translocation of

transcription factors, derangement of cellular organelles, activation of energy sensors, and upregulation of stress

response molecules. Metabolic stress and cell danger signals in ischemia initiate coordinated rejoinders involving smooth

muscle cells, cellular organelles, microvasculature, nerve fibers, and receptors to develop protective measures against

ischemic insult. These defensive responses were shown to provoke hypersensitivity of neural and smooth muscle cells by
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influencing neurotransmission discharge and receptor expression, resulting in overactive smooth muscle contractions 

. When ischemic insult continues, cellular defensive mechanisms fail and subcellular elements deteriorate leading to

cell danger signals and the activation of inflammatory and degenerative responses .

Bladder responses to ischemia are thought to provoke LUTS, a constellation of bothersome voiding symptoms affecting

both men and women as they age . LUTS include frequency, urgency, nocturia, incontinence, intermittency, slow

stream, hesitancy, post-micturition dribble, and the sensation of incomplete bladder emptying. While the incidence of

LUTS increases with aging, our understanding of the aging factors contributing to LUTS in the elderly is evolving. The

precise mechanism of LUTS in patients with non-obstructed bladder remains largely elusive. Aging-associated local

changes in the bladder predisposing to detrusor overactivity and LUTS remain largely unknown. It is suggested that

bladder ischemia may be an independent factor in the development of LUTS in patients with non-obstructed bladder 

. It is believed that aging-associated sex-independent mechanisms involving local changes in bladder arterial supply

initiate molecular responses within the smooth muscle cells, epithelium, and nerve fibers and lead to overactive detrusor

contractions . This is consistent with reports of smooth muscle hypersensitivity and overactive contractile

activity in other moderately ischemic organs, including the stomach, gut, uterus, bronchioles, urethra, and the

cardiovascular system .

2. Clinical Evidence of Bladder Ischemia

Epidemiological data suggest that LUTS closely correlate with vascular disorders . A recent study involving

36,042 patients reported that the incidence of LUTS significantly correlates with the prevalence of atherosclerotic arterial

occlusive disease . Other studies have shown that voiding dysfunction is more prevalent in patients with cardiovascular

disease in comparison with same-age patients without cardiovascular disease . The American Urological

Association Symptom Score (AUASS) for LUTS was significantly worse in men with cardiovascular disorders than

symptomatic patients without cardiovascular problems . The risk factors contributing to vascular occlusive disease

include smoking, alcohol use, diabetes mellitus, hypertension, high cholesterol, low physical activity, and elevated body

mass index (BMI). It was shown that most cases of LUTS in patients with vascular risk factors are associated with

arteriogenic erectile dysfunction (ED), suggesting pelvic atherosclerosis as a unifying mechanism of LUTS-associated ED

in elderly patients . Other studies reported that patients being treated for cardiovascular diseases were more

likely to complain of concurrent LUTS and ED . A retrospective cohort study of patients with LUTS revealed a high

incidence of vascular risk factors, including hypertension, smoking, obesity, hyperlipidemia, and elevated blood glucose

. Vascular risk factors among African American men were found as independent predictors of LUTS . In a survey of

over 4000 men, the incidence of LUTS among men with ED was significantly greater than that among men without ED .

Another study documented a close relationship between the severity of both LUTS and ED and the severity of vascular

disorders in the aging population .

The concept of pelvic ischemia and the epidemiological link between LUTS and vascular disease are supported by

documentation of decreased bladder blood flow in elderly patients with LUTS. Several studies have measured pelvic

ischemia and reported that low bladder blood flow significantly correlates with bladder dysfunction and LUTS .

Concomitant pelvic ischemia and cardiac ischemia were documented in patients with vascular risk factors . Another

study showed that reduced human bladder compliance significantly correlates with decreased bladder blood flow . A

measurement of human bladder blood flow with transrectal color Doppler ultrasonography revealed significantly lower

bladder perfusion in elderly patients with LUTS in comparison with asymptomatic younger patients . The degrees of

bladder ischemia significantly correlated with the severity of LUTS in both men and women . A significant correlation

between the degrees of pelvic atherosclerosis and the severity of LUTS was also reported . It was shown that arterial

occlusive disease may contribute to both voiding and storage dysfunction by mechanisms involving bladder ischemia and

oxidative stress . In men, LUTS improvement with alpha adrenoceptor blockers was associated with a significant

increase in bladder blood flow . An improvement in bladder blood flow and the reversal of ischemia with dutasteride

were shown to reduce LUTS in elderly patients . In addition, it was reported that impairment of bladder blood vessels

during surgical procedures may contribute to bladder dysfunction and LUTS . Lower urinary tract dysfunction has

been documented in most patients with reduced pelvic blood flow after aortic surgery . Impairment of bladder blood

flow has also been documented following pelvic surgery to correct bladder outlet obstruction due to prostatic hyperplasia

. Impairment of bladder blood flow following transurethral resection of the prostate has been shown to provoke

persistent detrusor overactivity .
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3. Oxidative Stress in Bladder Ischemia

Muscles with persistent overactive contractions produce excessive free radicals and exhort cellular and subcellular

oxidative stress . Tissue overactivity under ischemic conditions causes a rapid decline in cellular energy resources

leading to derangement of the oxidant and antioxidant defense system . This results in an increased production of

oxidative radicals, such as superoxide (O ), that rapidly interact with nitric oxide (NO) and activate the nitrosative stress

pathway . The accumulation of oxidative and nitrosative radicals under ischemic conditions initiates cellular stress

responses with a deleterious impact on smooth muscle cells, microvasculature, epithelium, and nerve fibers by means of

DNA damage, protein oxidation, lipid peroxidation, and the upregulation of proinflammatory cytokines . The

accumulation of oxidative products and immunopositive areas of nitrotyrosine have been detected within the bladder

layers, implying the activation of both oxidative and nitrosative processes (Figure 1) . The O  and NO interaction

leads to the formation of a very potent oxidant, namely peroxynitrite (O=NOO¯) . The degradation of O=NOO¯

engenders cytotoxic radicals, such as nitrite and hydroxyl radicals, leading to the activation of nitrosylation reactions.

O=NOO¯ initiates chain reaction byproducts with deleterious effects on cellular and subcellular components . O=NOO¯

provokes rapid oxidative damage to smooth muscle cells, nerve fibers, and microvessels, and it is known to be much

more potent as an oxidizing compound than hydrogen peroxide .

Figure 1. Markers of oxidative and nitrosative stress in bladder ischemia. Expression levels of the oxidative stress product

isoprostane 8-epi PGF2α are upregulated in the ischemic overactive bladder as shown in the upper panel. In the lower

panel, immunostaining shows diffuse nitrotyrosine immunoreactivity in the ischemic overactive bladder, suggesting

nitrosative stress. * Indicates significant difference versus control. Arrows point to nitrotyrosine immunopositive areas. This

figure is taken from our previous publication .

Oxidative stress contributes to the upregulation of eicosanoids and leukotrienes in the ischemic overactive bladder .

These products are known to augment bladder smooth muscle contractions, suggesting that free radicals produced by

overactive contractions may exacerbate detrusor overactivity by further upregulating the formation of free radicals and

constrictor eicosanoids. The production of oxidative and nitrosative radicals in normal smooth muscle cells and neurons is

tightly regulated by homeostatic mechanisms. The cellular antioxidant defense system restrains free radicals and

detoxifies them to prevent oxidative damage. In pathologic conditions, such as ischemia, the antioxidant defense system

undergoes modifications, and, consequently, the production of free radicals exceeds the antioxidant capacity of the cells

. Excessive free radicals and enduring oxidative insult provoke degenerative responses within cellular and subcellular

elements leading to cell death .

The accumulation of oxidative and nitrosative radicals in the ischemic overactive bladder was shown to provoke defensive

cellular responses involving oxidative stress-sensitive enzymes, such as superoxide dismutase (SOD) and aldose

reductase (AR) . The upregulation of both SOD and AR is documented in the ischemic overactive bladder (Figure 2)

. SOD diminishes peroxidation damage by catalyzing the dismutation of superoxide into oxygen and hydrogen

peroxide. The systemic administration of antioxidants that mimic SOD was shown to reduce free radical activity and

prevent oxidative damage in experimental models of diabetes and hypertension . In contrast, the inhibition of SOD was

shown to promote free radical activity and oxidative damage and obliterate the late phase of ischemic preconditioning .
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AR acts by diminishing cytotoxic aldehydes and glutathione conjugates of aldehydes that accumulate as a consequence

of lipid peroxidation . AR can exhibit a dual function in stressed cells, depending on the affected organs and disease

conditions. As an example, AR was shown to play a mediating role in ischemia/reperfusion injury in the heart while

protecting blood vessels from free radical damage under the physiologic conditions . In the ischemic bladder, the

upregulation of SOD and AR did not avert degenerative responses in the mitochondria, epithelial cells, or nerve fibers,

suggesting that the excessive production of free radicals overwhelms the antioxidant capacity of the cells leading to

unchecked production of oxidative radicals and widespread oxidative damage .

Figure 2. SOD and AR gene expressions are significantly upregulated in the ischemic overactive bladder tissues in

comparison with controls. * Indicates significant differences versus control. This figure is taken from our previous

publication .

4. Stress Response Molecules in Bladder Ischemia

Ischemia engenders metabolic stress and provokes cellular stress responses in the bladder . Stressed cells

coordinate protective responses against the ischemic insult to rebalance the compromised energy homeostasis. This

activates cellular energy sensors to regulate the homeostatic process by allowing some energy to be consumed to

maintain cell functionality while preserving some energy to survive the unforeseen energy deprivation consequences.

Interruption of energy resources to the cells activates cellular stress response molecules and cell danger signals to

prevent structural damage and promote cell function . However, the subcellular consequences of ischemic stress

depend on the severity of nutrient deficiency, the level of hypoxia, the extent of oxidative insult, and the cell’s ability to

respond to the stress-eliciting rudiments . The initial ramifications of ischemic stress involve the upregulation of

stress response molecules followed by cell danger signaling and survival responses . Three major stress response

molecules have been characterized in the ischemic bladder.

(1) AMPK-α2: Adenosine monophosphate-activated protein kinase (AMPK) is an essential element of the metabolic stress

sensing system. AMPK senses cellular energy status and plays a leading role in maintaining cellular energy homeostasis

when energy resources decline . Among the α, β, and γ subunits of AMPK, the α-2 subunit with the catalytic

kinase domain (AMPK-α2) is abundantly expressed in the bladder and seems to be sensitive to ischemia . It was

shown that bladder ischemia upregulates total AMPK-α2 levels while downregulating the phosphorylated and, thus,

activated form of AMPK-α2 (Figure 3) . Impairment of AMPK-α2 appeared to augment metabolic stress in bladder

ischemia, initiate cellular stress responses, and lead to structural damage and dysfunction .
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Figure 3. Western blotting of AMPK-α2 protein showing upregulation of total AMPK-α2 and downregulation of

phosphorylated AMPK-α2 in bladder ischemia. These observations suggest that upregulated AMPK-α2 cannot be

phosphorylated and remains inactive under ischemic conditions. * Represents significant changes in ischemia versus

controls. This figure is taken from our previous publication .

Proteomic analysis has revealed that AMPK-α2 impairment in bladder ischemia involves post-translational modifications of

its protein at multiple functional domains, including the phosphorylation sites of protein kinase A2 (Figure 4) .

Figure 4. Proteomic analysis using liquid chromatography–tandem mass spectrometry (LC-MS/MS) implies post-

translational modifications of AMPK-α2 protein at phosphorylation sites, including 54T + 79.967 and 78S + 79.967 near

the C-terminal region of the PKA domain. Other modifications include @168D + 52.913 and @318K + 315.156 in the first

and second CAP-ED motif, respectively. The modification types and positions are assigned with @ + position + amino

acid + delta mass. This figure is taken from our previous publication .

These observations suggest that protein upregulation under ischemic conditions may not insinuate functional significance.

Upregulated proteins with post-translational modifications may display a functional deficit and exhibit totally different

patterns of protein–protein interaction . Modified AMPK-α2 may not be capable of sensing declined cellular energy

levels to promote homeostatic control under metabolic stress conditions in ischemia. Impairment of AMPK-α2 and

subsequent disruption of cellular homeostasis in bladder ischemia may provoke DNA, RNA, and lipid damage and

compromise the structural integrity of other proteins.

The functional role of AMPK-α2 in the bladder has been verified by validating the beneficial effects of the AMPK activator,

5-aminoimidazole-4-carboxamide-1-beta-D ribofuranoside (AICAR), in a rat model of bladder ischemia. AICAR is an

adenosine analogue that activates AMPK by engendering allosteric modification . It was shown that the treatment of

rats with subcutaneous AICAR for four weeks decreases the force of overactive detrusor contractions in bladder ischemia,

increases bladder capacity, and diminishes ischemic neural injury . These effects of AICAR are noticeable in animals

with bladder ischemia only, suggesting rebalancing of the disturbed cellular energy homeostasis as a potential

mechanism. Treatment of the ischemic bladder tissues with AICAR in an organ bath diminishes contractile reactivity to

electrical field stimulation . The underlying mechanism of overactive smooth muscle contractions as a consequence of

AMPK-α2 impairment remains largely elusive. One possibility may be the activation of cellular stress signaling and

subsequent sensitization of smooth muscle cells to contractile stimuli. The role of constitutive AMPK activity in the

constitutive regulation of smooth muscle contractile proteins has been documented . It is suggested that AMPK

activation in response to metabolic stress is required to preserve cellular energy by reducing contractile activity .

Vascular tissue samples from AMPK-α2 knockout mice (AMPKα2 ) display greater smooth muscle contractile responses

in comparison with control samples . In addition, arterial blood pressure in AMPKα2  mice was shown to be

significantly greater, suggesting low arterial compliance . In cultured smooth muscle cells, the inhibition of AMPK

provokes the phosphorylation of both myosin light chain (MLC) and myosin phosphatase targeting subunit one (MYPT1)

. In contrast, AICAR was shown to inhibit the phosphorylation of MLC and MYPT1, suggesting that AMPK maintains

smooth muscle contractile activity at low levels to improve compliance . The protective role of AICAR against the loss of

neural density in bladder ischemia suggests that AMPK may promote nerve fiber outgrowth and protect neural integrity. It

was shown that AMPK regulates neuronal energy levels during synaptic activation by coordinating neural glycolysis and

mitochondrial respiration . The activation of AMPK by AICAR promotes the antioxidant defense system and prevents

oxidative neural injury . These observations may suggest the therapeutic potential of AMPK activators against

neurodegeneration in ischemic and oxidative stress conditions.
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(2) ASK1: Apoptosis signal-regulating kinase 1 (ASK1) is a cellular stress sensor that determines the fate of stressed cells

by regulating downstream stress response molecules and signaling pathways . ASK1 is activated by redox

proteins following cell exposure to stressful conditions, such as hypoxia and redox . ASK1 plays a leading role in

inflammatory and degenerative responses to ischemia and oxidative stress . Inhibition of ASK1 diminishes free

radical injury and prevents structural damage . ASK1 knockout mice exhibit normal homeostatic functions with

significantly less structural damage after ischemia–reperfusion injury . These observations suggest the prophylactic

and therapeutic potential of ASK1 inhibitors against cellular stress, ischemic structural damage, and cell death.

ASK1 is upregulated in rat bladder ischemia, suggesting the activation of metabolic stress and redox sensing in the

ischemic bladder tissue. The upregulation of ASK1 seems to provoke apoptotic activity and degenerative responses in the

ischemic bladder (Figure 5) . The exposure of human bladder smooth muscle cells to hypoxia upregulates ASK1 in a

manner similar to that of bladder ischemia, suggesting the regulation of ASK1 expression by hypoxia under ischemic

conditions (Figure 5) . The upregulation of ASK1 in bladder ischemia and hypoxic smooth muscle cells is associated

with morphological changes consistent with apoptotic degenerative responses, including cell shrinkage, fragmentation and

condensation of the nucleus, partial disruption of the nuclear membrane, chromatin condensation, increased cytoplasmic

and nuclear ribosomes, and the degradation of mitochondrial granules (Figure 5).

Figure 5. Western blotting (left panel) shows significant upregulation of ASK1 in ischemic rat bladder tissues .

Transmission electron microscopy (right panel) suggests widespread apoptotic activities in both ischemic bladder tissues

and hypoxic smooth muscle cells involving the nucleus (N), nuclear membrane (NM), mitochondria (M), and endoplasmic

reticulum (ER) and increased levels of lysosomes (L). The bladder tissue figures are reduced from 18,500×. The smooth

muscle cell figures are reduced from 13,000×. This figure is taken from our previous publication .

The precise mechanism by which ASK1 senses cellular stress and provokes stress responses remains largely elusive.

Mediating factors are thought to involve c-June N-terminal kinase activity, the inhibition of calcineurine-nuclear factor of T-

cells, and the instigation of Bax-mediated cell degeneration . It was shown that the upregulation of ASK1 by ischemia

contributes to the development of fibrosis, smooth muscle degeneration, and inflammatory responses . Redox and the

dithiol oxidoreductase binding partners mediate the degenerative actions of ASK1 in response to ischemia and redox

through mechanisms involving p38 mitogen-activated protein kinases (p38α and β), c-June N-terminal kinases (JNK1, 2,

and 3), and caspase-3 .

(3) Caspase-3: Activated caspase-3 senses the intensity of cellular stress and plays a leading role in the execution of

apoptotic processes . The upregulation of caspase-3 in bladder ischemia seems to be regulated by ASK1 . ASK1

gene silencing by ASK1 siRNA in cultured bladder smooth muscle cells prevents the upregulation of caspase-3 by hypoxia

. It was shown that the activation of proteolytic and apoptotic activities by caspase-3 contributes to degenerative

responses in brain ischemia . The apoptotic action of caspase-3 under ischemic conditions appears to involve DNA

damage and protein degradation . The inhibition of caspase prevents ASK1-induced cell death, while the

upregulation of ASK1 activates caspase-3 by stimulating mitochondrial cytochrome c . These observations suggest

that caspases may be required for cellular stress sensing and degenerative responses initiated by ASK1. The caspase-3

response paradigms in cellular stress are determined by the intensity of stressful stimuli . In mild cellular stress,

caspase-3 activates survival pathways to promote cell function and structural integrity . However, severe cellular stress

activates caspase-3 to initiate and execute apoptotic cell death . It is thought that low caspase-3 activity in mild cellular

stress activates cell survival signaling through mechanisms involving protein kinase B, also known as Akt . The

activation of Akt in low cellular stress was abolished by caspase-3 inhibitors and in caspase-3 knockout mice . These

observations imply the involvement of caspase-3 in modulating proper cellular response to stress when cells are exposed

to unfavorable conditions, such as ischemia and redox.
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The upregulation of the ASK1/caspase-3 pathway in bladder ischemia is associated with structural modifications involving

the nucleus, nuclear membrane, and cytoplasmic organelles, consistent with apoptotic degenerative responses . The

upregulation of proapoptotic molecules, such as cytochrome c, in response to mitochondrial stress can activate caspase-3

and provoke the cleavage of Akt, an important regulator of antiapoptotic transcription factors . This provokes the post-

translational modification of cytochrome c-regulated cytosolic factors leading to the deterioration of subcellular elements

and the loss of cellular structural integrity under ischemic conditions .

5. Signaling Pathways in Bladder Ischemia

Molecular signaling in bladder ischemia has not been fully defined from the perspective of the pathways developed after

moderate and severe arterial insufficiency. The progressive phases of bladder ischemia are associated with varying

changes depending on the severity and duration of ischemia and subsequent activation of cytokines, eicosanoids,

leukotrienes, protein kinases, afferent signals, and cell survival responses. Downstream pathways involve signals from the

membrane into the cytoplasm where kinases are activated and signal to the nucleus to activate the transcription factors

involved in inflammatory and degenerative responses.

HIF: The hypoxia-inducible factor-1 (HIF-1) alpha gene and protein are significantly upregulated in bladder ischemia

(Figure 6) . HIF-1 is rapidly constrained and degraded under normoxia conditions . In contrast, hypoxia

upregulates HIF-1 and promotes its stabilization . HIF-1 activates the transcription of a variety of genes that

encode proteins involved in physiological directives regulating cell proliferation, energy metabolism, angiogenesis, cell

cycle control, and cell death . Increased expression of HIF-1 alpha in the ischemic bladder may suggest a tissue

response to oxygen deprivation and redox .

Figure 6. Expression of HIF and TGF-β in rabbit bladder tissues. * Indicates significant differences versus control. This

figure is taken from our previous publication .

The upregulation of HIF-1 has been documented in both bladder arterial insufficiency and bladder outlet obstruction .

Increased levels of the HIF-1 alpha gene and protein in bladder ischemia are associated with the loss of mitochondrial

structural integrity and mitochondrial stress responses similar to those reported in free radical insult and oxidative stress

conditions . Mitochondrial stress responses in ischemia may contribute to the formation of free radicals and provoke

oxidative stress in surrounding cellular components. It was shown that, under hypoxic conditions, HIF regulates the

electrons passing through the mitochondrial electron transport chain and promotes their reaction with molecular oxygen

. This reaction produces superoxide, which intermingles with surrounding molecules and produces additional free

radicals via enzymatic and non-enzymatic mechanisms . Subsequent cellular episodes involve a cascade of

degenerative responses mediated by the mitochondrial release of degenerating factors involving cytochrome c,

endonuclease G, and apoptosis-regulating kinases to the cytosol . These regulators activate cell danger signaling and

lead to the disintegration of cellular organelles and activation of degenerative responses within cellular and subcellular

structures .

TGF-beta: Among the transforming growth factor (TGF) superfamily, TGF-beta is abundantly expressed in the bladder and

seems to be highly responsive to ischemia. The TGF-beta gene and protein are significantly upregulated in bladder
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ischemia (Figure 6) . The upregulation of TGF-beta may contribute to structural modifications of smooth muscle cells,

the deposition of connective tissue, the collagen invasion of nerve fibers, and the sporadic vacuolization of detrusor layers

reported in bladder ischemia . TGF-beta is an important regulator of extracellular matrix synthesis and degradation,

playing a leading role in balancing the relative proportion of smooth muscle and connective tissue . The deposition of

collagen provoked by ischemia and mediated by TGF-beta has been shown to impair bladder compliance by

compromising the fibroelastic properties of the detrusor tissue . These observations in bladder ischemia are consistent

with a clinical report of a close link between impaired bladder blood flow and non-compliance in elderly patients . The

ischemia-mediated upregulation of TGF-beta has also been documented in heart tissue and aortic smooth muscle cells

. It was shown that TGF-beta upregulates its own mRNA and increases its receptor expression under hypoxic

conditions . It is thought that fibroblasts, the main matrix producing cells, are the major target of TGF-beta and

constitute the central effectors of connective tissue accumulation in fibrotic conditions . In addition to its leading role in

myofibroblast conversion, TGF-β exerts a wide range of regulatory effects on fibroblasts, including gene expression,

survival, migration, and proliferation . Because of its dominant role in regulating numerous pathways, TGF-β is

recognized as an astounding molecule with perceptible effects on the remodeling of extracellular matrix. TGF-β may have

a stimulating role in the gene transcription of structural collagens and may be implicated in the post-translational

modification of collagen by enhancing its stability via cross-linking mechanisms .

VEGF: It was shown that bladder ischemia upregulates VEGF gene expression while having no significant effect on VEGF

protein levels (Figure 7) . The upregulation of the VEGF gene is thought to be a defensive response to invigorate

angiogenesis, promote blood perfusion, and preserve microvasculature structural integrity in the ischemic bladder .

Figure 7. Expression of VEGF and NGF in rabbit bladder tissues. * Indicates significant differences versus control. This

figure is taken from our previous publication .

However, it seems that the upregulation of the VEGF gene in bladder ischemia fails to activate the downstream regulators

required for VEGF protein production. Interruption of VEGF protein synthesis may be an important factor in the

development of microvasculature endothelial damage, subintimal fibrosis, the disruption of endothelial cell junctions, the

loss of vascular endothelial cells, and smooth muscle degeneration reported in the ischemic bladder . The precise

mechanisms by which ischemia impairs VEGF protein synthesis remain elusive. One possibility is that the ischemic

tissues distressed by nutrient deficiency and low oxygen tension may not be capable of instigating VEGF protein

synthesis. Other possibilities may relate to the accumulation of free radicals, interference with enzymatic activity, oxidative

damage to the VEGF protein, and post-translational modifications of the VEGF protein. The upregulation of TGF-beta may

also play a role in the suppression of VEGF protein synthesis in the ischemic bladder . TGF-beta destabilizes the

VEGF protein and reduces its expression through mechanisms involving ubiquitination and degradation . In contrast,

the upregulation of HIF under hypoxic conditions regulates the induction of VEGF transcription to promote angiogenesis

. Angiogenic growth factors, including VEGF, are required for the stimulation of angiogenesis to promote endothelial

and smooth muscle cell migration under ischemic conditions . VEGF functions as an essential survival factor for

endothelial cells when oxygen levels decline and free radicals accumulate. It was shown that the suppression of VEGF

synthesis adversely influences endothelial cells and leads to the detachment of endothelial cells from blood vessels .
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NGF: Ischemia upregulates nerve growth factor (NGF) expression in the bladder at both transcriptional and translational

levels (Figure 7) . The upregulation of NGF may be an intrinsic defensive response against ischemia to promote neural

outgrowth; preserve structural integrity of the nerve fibers; and prevent degenerative changes in the axon, Schwann cells,

and myeline sheath in the bladder. However, NGF upregulation in bladder ischemia appears to fail to protect neural

structural integrity because ischemia was shown to downregulate the p75 NGF receptor expression prior to upregulating

NGF expression . The rapid downregulation of the p75 NGF receptor by ischemia may be a primary factor in

neurodegenerative responses and the containment of neural outgrowth in the ischemic bladder . Impairment of the

NGF/p75 NGF pathway in bladder ischemia may involve direct aspects of arterial insufficiency by means of hypoxia and

nutrient meagerness or indirect belligerent factors involving free radical insult and the activation of deleterious oxidative

interventions within the nerve fibers. The upregulation of NGF in non-ischemic conditions, such as diabetes, was shown to

diminish sensory deficit, myelin degeneration, and impaired transmitter release from nerve endings . The protective

actions of NGF were shown to involve angiogenic activity and new microvascular outgrowth within Schwann cells and

nerve fibers . These observations suggest that the bladder responds to ischemia through well-coordinated

intercommunications between HIF, VEGF, and NGF to initiate angiogenesis, improve perfusion, and provide the oxygen

and nutrients needed for nerve fiber outgrowth and the protection of neural structural integrity . However, prolonged

ischemia and persisting free radical insult were shown to engender excessive oxidative products and provoke

neurodegenerative responses by compromising the NGF/p75 NGF pathway and impairing NGF pro-survival signaling .

6. Differential Protein Expression and Post-Translational Protein
Modifications in Bladder Ischemia

Ischemia compromises the bladder proteome by provoking differential protein expression and post-translational protein

modifications . Liquid chromatography–tandem mass spectrometry (LC-MS/MS) analysis identified 5392 proteins in

the rat bladder (Figure 8A)  and revealed that ischemia significantly upregulates 172 proteins while downregulating

527 proteins in comparison with control bladder samples (p ≤ 0.05) . When the differential expression of the proteins in

bladder ischemia was assessed, considering at least two-fold increase or decrease, 97 upregulated and 262

downregulated proteins were detected in comparison with control samples (Figure 8B) . When altered protein

expression was assessed at five-fold increase or decrease, 20 upregulated and 46 downregulated proteins were detected

in the ischemic bladder versus control (Figure 8C) .

Figure 8. (A) Total number of proteins that are identified in the ischemic and control bladder tissue lysates. (B)

Upregulated (≥2.0-fold) and downregulated (≥2.0-fold) proteins in the ischemic bladder. (C) Upregulated (≥5.0-fold) and

downregulated (≥5.0-fold) proteins in the ischemic bladder. This figure is taken from our previous publication .

Comparing the proteome of ischemic bladders with controls, 12 of the 23 amino acid variations were significantly

dysregulated (R2 > 0.5, ratio > 2-fold, p < 0.05), suggesting the possibility of post-translational protein modifications .

Some of the ischemia-regulated amino acid variations that matched the molecular weights of amino acid substitution did

not seem to be generated by point mutations at the DNA and/or RNA levels, suggesting the accumulation of non-coded

amino acids (ncAAs) that might have resulted from post-translational modifications . It was shown that bladder

ischemia engenders post-translational modifications of the smooth muscle contractile proteins, including actin (ACTA2),

myosin light chain 9 (MYL9), caldesmon 1 (CALD1), calmodulin 1 (CALM1), and tropomyosin 2 (TPM2) (Figure 9) .
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Figure 9. Post-translational modifications of contractile proteins (R  > 0.5, ratio > 2, p < 0.05) in bladder ischemia. Dots

represent non-coded amino acids (ncAAs) of each contractile protein. The annotation information of each dot is as

follows: modified (protein) position, modified amino acid residue, delta mass, and ratio of modification. The horizontal axis

represents the amino acid position of each protein; the vertical axis represents the ratio of modification (up or down). The

asterisk denotes the oxidation of actin. This figure is taken from our previous publication .

In addition to contractile proteins, ischemia provokes post-translational modifications in a wide range of cellular stress

response proteins in the bladder, including crystallin (CRYAB), heat shock protein 90 alpha family class B member 1

(HSP90AB1), heat shock protein 90 alpha class A member 1 (HSP90AA1), and heat shock protein family A (HSP70)

member 8 (HSPA8) . Others undergoing post-translational modifications in bladder ischemia are the proteins involved

in the tetrahydrobiopterin (BH4) synthesis, recycling, salvage, and regulation pathway, including calmodulin 1 (CALM1),

heat shock protein 90 alpha class A member 1 (HSP90AA1), and sepiapterin reductase (SPR) .

7. Gene Ontology, Pathway, and Network Analysis

Biological and pathophysiological properties of altered proteins in bladder ischemia have been defined by gene ontology

(GO), pathway, and network analysis . These studies have revealed that differential protein expression and protein

modifications provoked by ischemia contribute to a wide range of functional deficits and structural impairments in the

bladder. Gene ontology (GO) analysis showed that 66 ischemia-regulated proteins (20 upregulated and 46 downregulated

proteins with a greater than five-fold change) are involved in physiologic categories that regulate proteolysis, the protein

metabolic process, and hydrolase activity based on biological process (Figure 10A) . Based on molecular function, the

66 altered proteins are in the categories that regulate peptidase and other enzymatic activities (Figure 10B) . These

observations suggest that differential protein expressions in bladder ischemia contribute to a variety of pathophysiologic

events by initiating peptidase activity, proteolysis, and protein degradation, leading to the dysfunction and loss of cellular

structural integrity.
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Figure 10. Gene ontology analysis of differentially expressed proteins in bladder ischemia. In this study, differentially

expressed proteins with over 5-folds of changes were categorized using Gene Ontology (GO) bioinformatics tool. The GO

terms with a p-value ≤ 0.05 were used to generate the pie charts. (A) Biological process and (B) molecular function. This

figure is taken from our previous publication .

An assessment of pathways using Ingenuity Pathways Analysis (IPA) software has suggested a close link between altered

proteins and the activation of several signaling pathways involved in the structural deterioration of subcellular elements

and degenerative responses in bladder ischemia (Figure 11) .

Figure 11. Canonical pathway analysis. The differentially expressed proteins (≥2.0-fold) in bladder ischemia are defined

by pathway analysis using IPA software. Top 20 pathways are shown. This figure is taken from our previous publication

.

IPA canonical pathway analysis of 359 ischemia-regulated proteins (97 up- and 262 down-regulated at over two-fold of

changes) has suggested that the highest number of altered proteins is associated with the ubiquitination pathway,

followed by the nuclear factor-erythroid 2-related factor 2 (Nrf2)-mediated oxidative stress response (Figure 11) .

Altered proteins in bladder ischemia are also closely correlated with EIF2 signaling, ERK/MAPK signaling, actin

cytoskeleton signaling, and mitochondrial dysfunction (Figure 11) . Differentially expressed proteins in bladder

ischemia appear to be involved in metabolic maladies, the disruption of cytoskeleton elements, and subcellular

degenerative changes that ultimately lead to cell death (Figure 12) . Network analysis with IPA has revealed that 134 of

the 359 altered proteins are linked to structural damage and degenerative processes in bladder ischemia . Among

them, 98 proteins in the network are associated with subcategories related to cell death, 41 proteins are associated with

glucose metabolism disorders, and 39 proteins are linked to cytoskeleton organization (Figure 12) .
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Figure 12. Network analysis of protein network in bladder ischemia by Ingenuity Pathways Analysis (IPA). Relevant

networks were established from differentially expressed proteins (two-fold or greater) in ischemic group based on

functional classification. Venn diagram networks were associated with subcategories related to cell death, glucose

metabolism disorder, and cytoskeleton organization. Red dots indicate upregulated proteins and green indicate

downregulated proteins. This figure is taken from our previous publication .

STRING (Search Tool for Recurring Instances of Neighbouring Genes) analysis of the ischemia-associated ncAA-

containing proteins revealed that multiple interaction networks are formed between them . The protein–protein

interactions of the 30 upregulated ischemia-associated ncAA-containing proteins (R  > 0.5, ratio > 2, p < 0.05) based on

the STRING analysis showed that the interaction networks are broadly divided into three clusters: cell signaling-related

proteins, cytoskeleton-associated proteins, and binding/transport-related proteins (Figure 13a) . STRING analysis of

the 33 downregulated ischemia-associated ncAA-containing proteins (R  > 0.5, ratio < −2, p < 0.05) indicated that the

interaction networks formed between them are mainly divided into three clusters: molecular chaperones, metabolic

enzymes, and cytoskeleton-associated proteins (Figure 13b) . Among the molecular chaperone cluster, stress-

responsive heat shock proteins (HSPs) are predominant.

Figure 13. Protein–protein interaction networks of ischemia-associated ncAA-containing proteins. Network nodes and

edges represent proteins and protein–protein associations, respectively. The color of the network edge indicates the type

of interaction evidence. (a) Protein–protein interaction networks formed between 30 upregulated ischemia-associated

ncAA-containing proteins (R  > 0.5, ratio > 2, p < 0.05). Each protein had upregulated ischemia-associated ncAAs. Des is

shown as an example. The annotation information of each dot, which represents ncAA, is as follows: modified (protein)

position, modified amino acid residue, delta mass, and ratio of modification. The horizontal axis represents the amino acid

position of Des; the vertical axis represents the ratio of modification. The interaction networks were broadly divided into

three clusters: cell signaling-related proteins (left), cytoskeleton-associated proteins (right), and binding/transport-related

proteins (bottom) (24 connected proteins are shown, and the clusters are divided with dotted lines). (b) Protein–protein

interaction networks formed between 33 downregulated ischemia-associated ncAA-containing proteins (R  > 0.5, ratio <

−2, p < 0.05). Each protein had downregulated ischemia-associated ncAAs. Serpina1 is shown as an example. The

annotation information of each dot, which represents ncAA, is as follows: modified (protein) position, modified amino acid

residue, delta mass, and ratio of modification. The horizontal axis represents the amino acid position of Serpina1; the

vertical axis represents the ratio of modification. The interaction networks were broadly divided into three clusters:

molecular chaperones (left), metabolic enzymes (right), and cytoskeleton-associated proteins (bottom) (25 connected

proteins are shown, and the clusters are divided with dotted lines). This figure is taken from our previous publication .
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8. Conclusions

The notion of bladder ischemia as a contributing factor to LUTS is supported by epidemiological data and clinical

observations suggesting a close link between vascular risk factors, pelvic ischemia, and the development of lower urinary

tract dysfunction. Clinical studies imply that the same vascular risk factors leading to cardiovascular disease may provoke

pelvic ischemia and engender LUTS in the elderly population. This concept is further supported by clinical reports

suggesting that voiding dysfunction is more prevalent in patients with cardiovascular disease in comparison with same-

age patients without cardiovascular disease. An improvement in bladder blood flow and the reversal of ischemia were

shown to reduce LUTS in elderly patients. Ischemia compromises bladder structure and function by mechanisms involving

oxidative radicals, oxidative stress-sensitive enzymes, cellular stress response molecules, the activation of cytokines,

eicosanoids, leukotrienes, protein kinases, afferent signals, cell survival responses, and post-translational protein

modifications. These changes in bladder ischemia could provide valuable diagnostic targets and lead to potential

therapeutic strategies against LUTS in patients with non-obstructed bladder. From a clinical standpoint, it is critical to

develop medical devices for a non-invasive measurement of human bladder blood flow and a reliable diagnosis of bladder

ischemia. Medical co-morbidities should be identified by obtaining a careful history and treated in conjunction with LUTS.

Elderly patients with LUTS may require medications to treat their symptoms as well as therapeutic strategies to prevent

oxidative stress and protect the bladder tissue against ischemic damage. Further research into the pathophysiology of

lower urinary tract ischemia may lead to a more effective management of LUTS in elderly patients.

References

1. Herrington, W.; Lacey, B.; Sherliker, P.; Armitage, J.; Lewington, S. Epidemiology of Atherosclerosis and the Potential to
Reduce the Global Burden of Atherothrombotic Disease. Circ. Res. 2016, 118, 535–546.

2. Zweier, J.L.; Talukder, M.A.H. The role of oxidants and free radicals in reperfusion injury. Cardiovasc. Res. 2006, 70, 18
1–190.

3. Criqui, M.H. Systemic atherosclerosis risk and the mandate for intervention in atherosclerotic peripheral arterial diseas
e. Am. J. Cardiol. 2001, 88, 43–47.

4. Azadzoi, K.M.; Tarcan, T.; Kozlowski, R.; Krane, R.J.; Siroky, M.B. Overactivity and structural changes in the chronically
ischemic bladder. J. Urol. 1999, 162, 1768.

5. Nomiya, M.; Yamaguchi, O.; Andersson, K.-E.; Sagawa, K.; Aikawa, K.; Shishido, K.; Yanagida, T.; Kushida, N.; Yazaki,
J.; Takahashi, N. The effect of atherosclerosis-induced chronic bladder ischemia on bladder function in the rat. Neurour
ol. Urodyn. 2012, 31, 195–200.

6. Azadzoi, K.M.; Chen, B.-G.; Radisavljevic, Z.M.; Siroky, M.B. Molecular Reactions and Ultrastructural Damage in the C
hronically Ischemic Bladder. J. Urol. 2011, 186, 2115–2122.

7. Zhao, Z.; Azad, R.; Yang, J.H.; Siroky, M.B.; Azadzoi, K.M. Progressive changes in detrusor function and micturition pat
terns with chronic bladder ischemia. Investig. Clin Urol 2016, 57, 249–259.

8. Yang, J.H.; Siroky, M.B.; Yall, S.V.; Azadzoi, K.M. Mitochondrial Stress and Activation of PI3K and Akt Survival Pathway
in Bladder Ischemia. Res. Rep. Urol. 2017, 10, 93–100.

9. Rohrmann, S.; Katzke, V.; Kaaks, R. Prevalence and Progression of Lower Urinary Tract Symptoms in an Aging Popula
tion. Urology 2016, 95, 158–163.

10. Diokno, A.C.; Brock, B.M.; Herzog, A.R.; Bromberg, J. Medical correlates of urinary incontinence in the elderly. Urology
1990, 36, 129–138.

11. Joseph, M.A.; Harlow, S.D.; Wei, J.T.; Sarma, A.V.; Dunn, R.L.; Taylor, J.M.G.; James, S.A.; Cooney, K.A.; Doerr, K.M.;
Montie, J.E.; et al. Risk factors for lower urinary tract symptoms in a population-based sample of African-American me
n. Am. J. Epidemiol. 2003, 157, 906–914.

12. Madersbacher, S.; Pycha, A.; Schatzl, G.; Mian, C.; Klingler, C.H.; Marberger, M. The aging lower urinary tract: A comp
arative urodynamic study of men and women. Urology 1998, 51, 206–212.

13. Lepor, H.; Machi, G. Comparison of aua symptom index in unselected males and females between fifty-five and sevent
y-nine years of age. Urology 1993, 42, 36–40.

14. De Luca, L.; Ricciardiello, L.; Modugno, P.; De Filippo, C.M.; Baroncini, D. Lethal nature of ischemic gastropathy: A cas
e report of celiomesenteric vascular insufficiency. Clin. J. Gastroenterol. 2011, 4, 60–63.

15. Hart, M.L.; Henn, M.; Köhler, D.; Kloor, D.; Mittelbronn, M.; Gorzolla, I.C.; Stahl, G.L.; Eltzschig, H.K. Role of extracellul
ar nucleotide phosphohydrolysis in intestinal ischemia-reperfusion injury. FASEB J. 2008, 22, 2784–2797.



16. Oturanlar, D.; Klepetko, W.; Grimm, M.; End, A.; Wisser, W.; Wekerle, T.; Wolner, E. Management of severe bronchial is
chemia after bilateral sequential lung transplantation. Ann. Thorac. Surg. 1992, 54, 1221–1222.

17. Bratslavsky, G.; Kogan, B.; Levin, R.M. Urethra is more sensitive to ischemia than bladder: Evidence from an in vitro rat
study. J. Urol. 2001, 165, 2086–2090.

18. Kim, S.; Jeong, J.Y.; Choi, Y.J.; Kim, D.H.; Lee, W.K.; Lee, S.H.; Lee, S.K. Association between Lower Urinary Tract Sy
mptoms and Vascular Risk Factors in Aging Men: The Hallym Aging Study. Korean J. Urol. 2010, 51, 477–482.

19. Gibbons, E.P.; Colen, J.; Nelson, J.B.; Benoit, R.M. Correlation between risk factors for vascular disease and the Ameri
can Urological Association Symptom Score. BJU Int. 2007, 99, 97–100.

20. Bosh, J.L.H.R.; Kranse, R.; Mastright, R.; Schröder, F.H. Reasons for the weak correlation between prostate volume an
d urethral resistance parameters in patients with prostatism. J. Urol. 1995, 153, 689.

21. Yalla, S.V.; Sullivan, M.P.; Lecamwasam, H.S.; DuBeau, C.E.; Vickers, M.A.; Cravalho, E.G. Correlation of American Ur
ological Association symptom index with obstructive and nonobstructive prostatism. J. Urol. 1995, 153, 674.

22. Lin, W.-Y.; Andersson, K.-E.; Lin, C.-L.; Kao, C.-H.; Wu, H.-C. Association of lower urinary tract syndrome with peripher
al arterial occlusive disease. PLoS ONE 2017, 12, e0170288.

23. Köhler, T.S.; McVary, K.T. The Relationship between Erectile Dysfunction and Lower Urinary Tract Symptoms and the R
ole of Phosphodiesterase Type 5 Inhibitors. Eur. Urol. 2009, 55, 38–48.

24. Berger, A.P.; Deibl, M.; Leonhartsberger, N.; Bektic, J.; Horninger, W.; Fritsche, G.; Steiner, H.; Pelzer, A.E.; Bartsch,
G.; Frauscher, F. Vascular damage as a risk factor for benign prostatic hyperplasia and erectile dysfunction. BJU Int. 20
05, 96, 1073–1078.

25. Braun, M.H.; Sommer, F.; Haupt, G.; Mathers, M.J.; Reifenrath, B.; Engelmann, U.H. Lower urinary tract symptoms and
erectile dysfunction: Co-morbidity or typical “Aging Male” symptoms? Results of the “Cologne Male Survey”. Eur. Urol.
2003, 44, 588–594.

26. Kok, E.T.; Schouten, B.W.; Bohnen, A.M.; Groeneveld, F.P.; Thomas, S.; Bosch, J.R. Risk Factors for Lower Urinary Tra
ct Symptoms Suggestive of Benign Prostatic Hyperplasia in a Community Based Population of Healthy Aging Men: The
Krimpen Study. J. Urol. 2009, 181, 710–716.

27. Ng, C.-F.; Wong, A.; Li, M.L.; Chan, S.Y.; Mak, S.K.; Wong, W.S. The prevalence of cardiovascular risk factors in male
patients who have lower urinary tract symptoms. Hong Kong Med. J. 2007, 13, 421.

28. Barbosa, J.A.; Muracca, E.; Nakano, E.; Assalin, A.R.; Cordeiro, P.; Paranhos, M.; Cury, J.; Srougi, M.; Antunes, A.A. In
teractions between Lower Urinary Tract Symptoms and Cardiovascular Risk Factors Determine Distinct Patterns of Ere
ctile Dysfunction: A Latent Class Analysis. J. Urol. 2013, 190, 2177–2182.

29. De, E.J.; Hou, P.; Estrera, A.L.; Sdringola, S.; Kramer, L.A.; Graves, D.E.; Westney, O.L. Pelvic Ischemia Is Measurable
and Symptomatic in Patients with Coronary Artery Disease: A Novel Application of Dynamic Contrast-Enhanced Magnet
ic Resonance Imaging. J. Sex. Med. 2008, 5, 2635–2645.

30. Kershen, R.T.; Azadzoi, K.M.; Siroky, M.B. Blood flow, pressure and compliance in the male human bladder. J. Urol. 20
02, 168, 121–125.

31. Pinggera, G.-M.; Mitterberger, M.; Steiner, E.; Pallwein, L.; Frauscher, F.; Aigner, F.; Bartsch, G.; Strasser, H. Associatio
n of lower urinary tract symptoms and chronic ischaemia of the lower urinary tract in elderly women and men: Assessm
ent using colour Doppler ultrasonography. BJU Int. 2008, 102, 470–474.

32. Takahashi, N.; Shishido, K.; Sato, Y.; Ogawa, S.; Oguro, T.; Kataoka, M.; Shiomi, H.; Uchida, H.; Haga, N.; Hosoi, T.; et
al. The Association between Severity of Atherosclerosis and Lower Urinary Tract Function in Male Patients with Lower
Urinary Tract Symptoms. Low. Urin. Tract Symptoms 2012, 4, 9–13.

33. Pinggera, G.-M.; Mitterberger, M.; Pallwein, L.; Schuster, A.; Herwig, R.; Frauscher, F.; Bartsch, G.; Strasser, H. α-block
ers improve chronic ischaemia of the lower urinary tract in patients with lower urinary tract symptoms. BJU Int. 2008, 10
1, 319–324.

34. Wada, N.; Matsumoto, S.; Kita, M.; Hashizume, K.; Kakizaki, H. Improvement of Overactive Bladder Symptoms and Bla
dder Ischemia with Dutasteride in Patients with Benign Prostatic Enlargement. Low. Urin. Tract Symptoms 2015, 7, 37–
41.

35. Farahmand, P.; Becquemin, J.P.; Desgranges, P.; Allaire, E.; Marzelle, J.; Roudot-Thoraval, F. Is hypogastric artery em
bolization during endovascular aortoiliac aneurysm repair (EVAR) innocuous and useful? Eur. J. Vasc. Endovasc. Surg.
2008, 35, 429–435.

36. Welborn, M.B., 3rd; Seeger, J.M. Prevention and management of sigmoid and pelvic ischemia associated with aortic su
rgery. Semin. Vasc. Surg. 2001, 14, 255–265.



37. Batista, J.E.; Wagner, J.R.; Azadzoi, K.M.; Krane, J.R.; Siroky, M.B. Direct measurement of blood flow in the human bla
dder. J. Urol. 1996, 155, 630–633.

38. Collado, A.; Batista, J.E.; Garcia-Penit, J.; Gelabert, A.; Araño, P.; Villavicencio, H. Bladder Blood Flow and De-Obstruct
ive Open Prostatectomy: Correlation with Clinical and Urodynamic Parameters. Int. Urol. Nephrol. 2005, 37, 79–87.

39. Mitterberger, M.; Pallwein, L.; Gradl, J.; Frauscher, F.; Neuwirt, H.; Leunhartsberger, N.; Strasser, H.; Bartsch, G.; Pingg
era, G.-M. Persistent detrusor overactivity after transurethral resection of the prostate is associated with reduced perfus
ion of the urinary bladder. BJU Int. 2007, 99, 831–835.

40. Azadzoi, K.M.; Radisavljevic, Z.M.; Golabek, T.; Yalla, S.V.; Siroky, M.B. Oxidative modification of mitochondrial integrit
y and nerve fiber density in the ischemic overactive bladder. J. Urol. 2010, 183, 362–369.

41. Yang, J.-H.; Niu, W.; Li, Y.; Azadzoi, K.M. Impairment of AMPK-α2 augments detrusor contractions in bladder ischemia.
Investig. Clin. Urol. 2021, 62, 600.

42. Yang, J.-H.; Li, Y.; Azad, R.; Azadzoi, K. Regulation of Cellular Stress Signaling in Bladder Ischemia. Res. Rep. Urol. 20
20, 12, 391–402.

43. Kuznetsov, A.V.; Janakiraman, M.; Margreiter, R.; Troppmair, J. Regulating cell survival by controlling cellular energy pr
oduction: Novel functions for ancient signaling pathways? FEBS Lett. 2004, 577, 1–4.

44. Rohas, L.M.; St-Pierre, J.; Uldry, M.; Jäger, S.; Handschin, C.; Spiegelman, B.M. A fundamental system of cellular ener
gy homeostasis regulated by PGC-1α. Proc. Natl. Acad. Sci. USA 2007, 104, 7933–7938.

45. Russell, R. Stress signaling in the heart by AMP-activated protein kinase. Curr. Hypertens. Rep. 2006, 8, 446–450.

46. Li, J.; McCullough, L.D. Effects of AMP-activated protein kinase in cerebral ischemia. J. Cereb. Blood Flow Metab. 201
0, 30, 480–492.

47. Cardaci, S.; Filomeni, G.; Ciriolo, M.R. Redox implications of AMPK-mediated signal transduction beyond energetic clu
es. J. Cell. Sci. 2012, 125, 2115–2125.

48. Su, N.; Choi, H.-P.; Wang, F.; Su, H.; Fei, Z.; Yang, J.-H.; Azadzoi, K.M. Quantitative Proteomic Analysis of Differentially
Expressed Proteins and Downstream Signaling Pathways in Chronic Bladder Ischemia. J. Urol. 2016, 195, 515–523.

49. Zhao, Z.; Azadzoi, K.M.; Choi, H.-P.; Jing, R.; Lu, X.; Li, C.; Wang, F.; Lu, J.; Yang, J.-H. LC-MS/MS Analysis Unravels
Deep Oxidation of Manganese Superoxide Dismutase in Kidney Cancer. Int. J. Mol. Sci. 2017, 18, 319.

50. Lempiäinen, J.; Finckenberg, P.; Levijoki, J.; Mervaala, E. AMPK activator AICAR ameliorates ischaemia reperfusion inj
ury in the rat kidney. Br. J. Pharmacol. 2012, 166, 1905–1915.

51. Wang, S.; Liang, B.; Viollet, B.; Zou, M.-H. Inhibition of the AMP-Activated Protein Kinase-α2 Accentuates Agonist-Indu
ced Vascular Smooth Muscle Contraction and High Blood Pressure in Mice. Hypertension 2011, 57, 1010–1017.

52. Marinangeli, C.; Didier, S.; Ahmed, T.; Caillerez, R.; Domise, M.; Laloux, C.; Bégard, S.; Carrier, S.; Colin, M.; Marchett
i, P.; et al. AMP-activated protein kinase is essential for maintenance of energy levels during synaptic activation. iScien
ce 2018, 30, 1–13.

53. Soga, M.; Matsuzawa, A.; Ichijo, H. Oxidative Stress-Induced Diseases via the ASK1 Signaling Pathway. Int. J. Cell Bio
l. 2012, 2012, 439587.

54. Liu, Q.; Sargent, M.A.; York, A.J.; Molkentin, J.D. ASK1 Regulates Cardiomyocyte Death but Not Hypertrophy in Transg
enic Mice. Circ. Res. 2009, 105, 1110–1117.

55. Tesch, G.H.; Ma, F.Y.; Nikolic-Paterson, D.J. ASK1: A new therapeutic target for kidney disease. Am. J. Physiol. Renal.
Physiol. 2016, 311, F373–F381.

56. Hattori, K.; Naguro, I.; Runchel, C.; Ichijo, H. The roles of ASK family proteins in stress responses and diseases. Cell C
ommun. Signal. 2009, 7, 9.

57. Shiizaki, S.; Naguro, I.; Ichijo, H. Activation mechanisms of ASK1 in response to various stresses and its significance in
intracellular signaling. Adv. Biol. Regul. 2013, 53, 135–144.

58. Gill, R.; Soriano, M.; Blomgren, K.; Hagberg, H.; Wybrecht, R.; Miss, M.-T.; Hoefer, S.; Adam, G.; Niederhauser, O.; Ke
mp, J.A.; et al. Role of caspase-3 Activation in Cerebral Ischemia-Induced Neurodegeneration in Adult and Neonatal Br
ain. J. Cereb. Blood Flow Metab 2002, 22, 420–430.

59. Metcalfe, P.D.; Wang, J.; Jiao, H.; Huang, Y.; Hori, K.; Moore, R.B.; Tredget, E.E. Bladder outlet obstruction: Progressio
n from inflammation to fibrosis. BJU Int. 2010, 106, 1686–1694.

60. Xie, Z.; Wei, M.; Morgan, T.E.; Fabrizio, P.; Han, D.; Finch, C.E.; Longo, V.D. Peroxynitrite mediates neurotoxicity of am
yloid beta-peptide1-42- and lipopolysaccharide-activated microglia. J. Neurosci. 2002, 22, 3484–3492.



61. Olivares-González, L.; de la Cámara, C.M.; Hervás, D.; Millan, J.M.; Rodrigo, R. HIF-1α stabilization reduces retinal de
generation in a mouse model of retinitis pigmentosa. FASEB J. 2018, 32, 2438–2451.

62. Jaakkola, P.; Mole, D.R.; Tian, Y.-M.; Wilson, M.I.; Gielbert, J.; Gaskell, S.J.; von Kriegsheim, A.; Hebestreit, H.F.; Mukh
erji, M.; Schofield, C.J.; et al. Targeting of HIF-α to the von Hippel-Lindau Ubiquitylation Complex by O2-Regulated Prol
yl Hydroxylation. Science 2001, 292, 468–472.

63. Frangogiannis, N. Transforming growth factor-β in tissue fibrosis. J. Exp. Med. 2020, 217, e20190103.

64. Geng, L.; Chaudhuri, A.; Talmon, G.; Wisecarver, J.L.; Wang, J. TGF-Beta Suppresses VEGFA-Mediated Angiogenesis
in Colon Cancer Metastasis. PLoS ONE 2013, 8, e59918.

65. Watson, E.; Grant, Z.L.; Coultas, L. Endothelial cell apoptosis in angiogenesis and vessel regression. Cell. Mol. Life Sc
i. 2017, 74, 4387–4403.

66. Azadzoi, K.M.; Yalla, S.V.; Siroky, M.B. Oxidative Stress and Neurodegeneration in the Ischemic Overactive Bladder. J.
Urol. 2007, 178, 710–715.

67. Ali, T.K.; Matragoon, S.; Pillai, B.A.; Liou, G.I.; El-Remessy, A.B. Peroxynitrite Mediates Retinal Neurodegeneration by I
nhibiting Nerve Growth Factor Survival Signaling in Experimental and Human Diabetes. Diabetes 2008, 57, 889–898.

68. Yang, J.-H.; Choi, H.-P.; Yang, A.; Azad, R.; Chen, F.; Liu, Z.; Azadzoi, K. Post-Translational Modification Networks of C
ontractile and Cellular Stress Response Proteins in Bladder Ischemia. Cells 2021, 10, 1031.

Retrieved from https://encyclopedia.pub/entry/history/show/40649


