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Structural modifications of the prostate in
hypoxia, oxidative stress, and chronic ischemia
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Purpose: Clinical studies have reported a correlation between pelvic ischemia and voiding dysfunction in elderly men. The aim of
this study was to identify and compare prostate structural modifications in cultured cells and in a rabbit model after exposure to
hypoxia, oxidative stress, and chronic ischemia.

Materials and Methods: Cultured human prostate smooth muscle cells (SMCs), epithelial cells (ECs), and stromal cells (SCs) were
incubated under normoxia, hypoxia, and oxidative stress conditions by use of a computerized oxycycler system. We developed a
rabbit model of chronic prostate ischemia by creating aorto-iliac arterial atherosclerosis. Markers of oxidative stress were examined
by using fluorometric analysis and enzyme immunoassay. Prostate structure was examined by using Masson’s trichrome staining
and transmission electron microscopy (TEM).

Results: Lipid peroxidation was found in SMCs exposed to hypoxia and in all cell types exposed to oxidative stress. We identified
protein oxidation in ECs exposed to hypoxia and in all cell types exposed to oxidative stress. Markers indicating oxidative damage
were present in chronically ischemic rabbit prostate tissue. These reactions were associated with DNA damage. Prostate ischemia
resulted in epithelial atrophy, loss of smooth muscle, and diffuse fibrosis. TEM showed swollen mitochondria with degraded cristae,
loss of membrane, loss of Golgi bodies, degenerated nerves, and disrupted cell-to-cell junctions.

Conclusions: Human prostate cells exhibited differential reactions to hypoxia and oxidative stress with widespread DNA damage.
Structural modifications in ischemic prostate tissue were similar to those in cells exposed to oxidative stress. Structural changes
due to ischemia and oxidative stress may contribute to prostatic noncompliance in aging men.
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INTRODUCTION

Lower urinary tract symptoms (LUTS) are common uro-
logical complaints whose prevalence increases with age [1,2]
In men, voiding and post-micturition symptoms have often
been associated with benign prostatic enlargement (BPE).
Although BPE is very common in men as they age and

can result in LUTS, it is not the sole mechanism leading
to obstructive symptoms [3]. Several studies comparing
prostate volume, standardized symptom scores, and uro-
dynamic studies have demonstrated weak correlations
between BPE, bladder outlet obstruction, and obstructive
symptoms [4-6]. In addition, studies of healthy elderly male
volunteers and elderly men living in the community have
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found that a proportion of men without voiding symptoms
have evidence of obstruction on urodynamic testing [7,8].
The data suggest that although BPE can be present with
LUTS, the anatomic changes resulting from BPE are not
pathognomonic for LUTS.

It is well recognized that a-blockers and therapeutic stra-
tegies for achieving androgen suppression reduce LUTS in
men with BPE, possibly by diminishing prostate smooth
muscle tension and epithelial volume, respectively [9-11]
These observations suggest the presence of both dyna-
mic and static mechanisms of bladder outlet obstruction,
although the dynamic forces have yet to be completely
described and the mechanism of increased tension in the
aging prostate remains essentially unknown. These un-
recognized factors in the mechanism of LUTS impose
major clinical challenges. The mechanism of LUTS impro-
vement by a-blockers remains controversial, and studies
investigating outcomes for men with LUTS presumed to
also have BPE reported treatment failure in a moderate
proportion of patients [1213].

Chronic ischemia due to arterial insufficiency has re-
cently received increasing attention as a possible etiology
for bladder dysfunction and resulting LUTS [14-16] In the
bladder, chronic ischemia leads to neurodegeneration, fi-
brosis, smooth muscle injury, and contractile dysfunction
[17-19] Ischemia as a mechanism of prostatic injury has not
been thoroughly explored, although limited data suggest
that ischemia may contribute to changes in prostatic con-
tractility [20-23]. In the present study, we conducted a
series of experiments using cultured human prostatic cells
and an animal model to illustrate the effects of hypoxia,
oxidative stress, and chronic ischemia on prostatic tissue
structure.

MATERIALS AND METHODS

1. Cell culture

Primary human prostatic smooth muscle cells (SMCs),
epithelial cells (ECs), and stromal cells (SCs) were obtained
from Lonza (Allendale, NdJ, USA). Cells were cultured in
growth media followed by passaging and subculturing as
per routine. Once the cells reached confluence, they were
trypsinized and washed. Trypan blue staining and trans-
mission electron microscopy (TEM) were used to confirm
cell viability. Viable cells were counted and processed for
analysis.
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2, Cell culture model of hypoxia and oxidative

stress

A computerized servo-control cell oxycycler system
(BioSpherix, Lacona, NY, USA) was used to expose cultured
SMCs, ECs, and SCs to normoxia, hypoxia, and hypoxia/
reoxygenation (oxidative stress) conditions, as previously
reported [21]. In brief, the computer was programed to
provide the desired oxygen profile and length of time of
oxycycling in independent oxycycler cell culture chambers.
We incubated confluent cells in normoxia (21% oxygen)
and continuous hypoxia (2% oxygen) for 48 hours. To stu-
dy oxidative stress, cells were incubated in hypoxia at 2%
oxygen for 30 minutes followed by reoxygenation with
21% oxygen for 1-hour cycles in this manner for 48 hours.

3. Preparation of cultured cells for analysis

After 48 hours, cells were collected, lysed, and cent-
rifuged. The pellet was discarded, the supernatant was
collected, and protein concentrations were determined by
use of a NanoDrop ND-1000 Spectrophotometer (Thermo
Fisher Scientific, Cambridge, MA, USA). Protein extracts
diluted with phosphate-buffered saline to a constant pro-
tein concentration per milliliter in each sample were
processed for analysis.

4. Prostate ischemia model

Animal care and experimental protocols were in accor-
dance with the guidelines of our Institutional Animal
Care and Use Committee. The animal model of chronic
prostatic ischemia was developed as previously reported
[20,22]. In brief, New Zealand white male rabbits (n=10,
3-35 kg) were anesthetized with continuous inhalation of
1%—2% isoflurane mixed with oxygen. Aorto-iliac arterial
atherosclerosis and prostate ischemia were produced by
use of a balloon de-endothelialization technique. Arterial
ballooning was repeated 3 to 4 times on each side while
rotating the catheter. The animals received a 0.5% chole-
sterol diet for 4 weeks and then a regular rabbit diet.
After 8 weeks, changes in the treated animals (n=10) were
compared with sham controls (n=10) that underwent a
similar operation without balloon de-endothelialization.

5. Prostate blood flow measurement

Prostatic ischemia was determined by a laser Doppler
probe placed into the prostatic tissue and connected to a
laser Doppler flowmeter (Transonic Systems Inc, Ithaca,
NY, USA). Five measurements were obtained at random
prostatic sites in each animal and the average blood flow
for each animal was calculated.
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6. Assessment of oxidative damage to proteins

and lipids

Advanced oxidation protein product (AOPP) levels were
analyzed by use of an OxiSelect AOPP kit (STA-318, Cell
Biolabs, San Diego, CA, USA). Samples containing 250-ug/
mL protein were prepared. Constant volumes of 200 uL
were added to the wells of a microtiter plate (Cell Biolabs)
and then exposed to chloramine reaction initiator followed
by stop solution. Absorbance was recorded by use of a
spectrophotometric plate reader by using 340 nm as the
primary wavelength. Malondialdehyde (MDA) levels were
measured by use of an OxiSelect MDA Adduct ELISA Kit
(STA-332, Cell Biolabs). Samples containing 10-ug/mL protein
were prepared. Constant volumes of 100 ul. were added
to the 96-well protein binding plate, incubated with anti-
MDA antibody, washed, and then incubated with secondary
antibody-horseradish peroxidase conjugate. Absorbance
was read on a microplate reader at 450 nm as the primary
wavelength and was standardized in micromoles as an
absorbance equivalent.

7. DNA damage assay

Cells were processed for DNA extraction by using Pure-
Link Genomic DNA kits (K1820-01, Invitrogen, Carlsbad,
CA, USA). DNA damage was analyzed with an OxiSelect
Oxidative DNA Damage ELISA kit (STA-320, Cell Bio-
labs). DNA samples were added to separate wells of the
8-hydroxy-2'—deoxyguanosine (8-OHdG) conjugate-coated
plate and incubated at room temperature. Anti—8-OHdG
antibody was added, the plates were incubated for 1 hour
and then washed, and then 100 pL of the diluted secondary
antibody-enzyme conjugate was added. The plate was
washed and incubated with the substrate color development
reagents. Absorbance was read on a microplate reader by
use of 450 nm as the primary wavelength.

8. Histologic examination

Cross-sections of prostatic tissues from ischemic and
sham groups were fixed in 10% neutral buffered formalin
and then embedded in paraffin. Sections measuring 5 um
were mounted onto glass slides and processed for staining
according to the standard Masson's trichrome protocol.

9. Transmission electron microscopy

Cultured cells and rabbit prostate tissues were fixed
according to standard protocols. The following day, samples
were embedded and polymerized. Ultrathin sections were
placed on copper grids stained with lead citrate and analy-
zed by using a JEOL 1200EX microscope (JEOL USA Inc,
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Peabody, MA, USA).

10. Statistical analysis

Data are expressed as mean=standard error of the
mean. All measured parameters in treated cells and tissues
were compared with controls. Significant differences were
determined with analysis of variance followed by post hoc
comparisons. Significance was determined at the p<0.05
level.

RESULTS

1. Differential reactions of human prostate cells

to hypoxia and oxidative stress

Protein oxidation, characterized by increased AOPP
levels, was detected in ECs exposed to hypoxia and in SMCs,
ECs, and SCs exposed to oxidative stress (Fig. 1). Lipid
peroxidation, characterized by MDA upregulation, was
found in SMCs exposed to hypoxia and in SMCs, ECs, and
SCs exposed to oxidative stress (Fig. 1).

2. DNA damage in human prostate cells

Protein oxidation and lipid peroxidation in prostatic
cells were associated with widespread DNA damage. SM-
Cs, ECs, and SCs exposed to both hypoxia and oxidative
stress demonstrated significantly increased 8-OHdAG levels,
suggesting DNA damage (Fig. 2).

3. Ultrastructural changes in human prostate

SMCs

Hypoxia impaired cell membrane structure, caused a
partial loss of the outer mitochondrial membrane, and
led to swollen, enlarged endoplasmic reticulum (ER) and
glycogen accumulation (Fig. 3). Oxidative stress pro-
duced similar changes in a more pronounced manner.
SMCs exposed to oxidative stress exhibited deformed ce-
11 membranes, partial loss of mitochondrial membrane,
degradation of mitochondrial cristae, enlarged splintered
ER, and accumulation of cytoplasmic lysosomes (Fig. 3).

4. Markers of oxidative damage in chronic pros-

tate ischemia

Prostate blood flow of 4.9+0.4 (mL/min/100 g of tis-
sue, meanzstandard error) in animals with aorto-iliac
atherosclerosis was significantly less than the 9.8+0.6
recorded in the sham group (p<0.001). Fluorometric analy-
sis of chronically ischemic rabbit prostate tissue revealed
protein oxidation, characterized by a significant increase
in AOPP levels. Increased AOPP levels suggest oxidative
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Fig. 1. Human prostate SMCs (A), ECs (B), and SCs (C) exhibited explicit reactions to hypoxia and oxidative stress. Lipid peroxidation was more prevalent
in SMCs, whereas ECs appeared more susceptible to protein oxidation. Hypoxia caused lipid peroxidation in SMCs and protein oxidation in ECs. Oxidative
stress led to protein oxidation and lipid peroxidation in SMCs, ECs, and SCs. Protein oxidation and lipid peroxidation suggest damage to protein- and lipid-
containing structures of the cells, respectively. SMC, smooth muscle cell; EC, epithelial cell; SC, stromal cell; AOPP, advanced oxidation protein product;
MDA, malondialdehyde. *Represent significance versus control.
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Fig. 2. Nonconforming oxygen tension led to widespread DNA damage in cultured human prostatic cells. Both hypoxia and oxidative stress induced DNA
damage in SMCs (A), ECs (B), and SCs (C), characterized by a significant increase in 8-hydroxy-2'-deoxyguanosine levels. SMC, smooth muscle cell; EC, epi-
thelial cell; SC, stromal cell. *Represent significance versus control.

damage to protein-containing structures (Fig. 4). Enzyme-
linked immunosorbent assay of chronically ischemic rabbit
prostate tissues showed lipid peroxidation, characterized
by a significant increase in MDA levels versus sham,
suggesting oxidative damage to lipid-containing structures
in ischemia (Fig. 4).

5. Structural changes in chronic prostate ischemia
Masson's trichrome staining revealed marked thicke-
ning of the stroma, decreased smooth muscle fibers, diffuse
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fibrosis, deformed flattened epithelium lining, and large
intraluminal spaces in the ischemic prostate compared
with sham control tissues (Fig. 5).

6. Ultrastructural damage in chronic prostate
ischemia
TEM of ischemic rabbit prostate tissue showed swollen
epithelium with diffuse vacuolization, loss of desmosomes,
and disruption of epithelial cell-to-cell junctions (Fig. 6).
Separated and twisted SMCs, collagen invasion of SMCs,
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Effects of hypoxia and oxidative stress on human prostate smooth muscle cell structure

Normoxia

Hypoxia

Oxidative stress

¥

Fig. 3. Hypoxia and oxidative stress altered human prostate SMC structure. (A) TEM of cultured cell samples from the normoxia group showed distinct
cell membrane, normal cytoplasmic structures, mitochondria with well-defined membrane and cristae, and normal ER. (B) Cell samples from the hypoxia
group showed twisted cell membrane, distorted mitochondria with deformed membranes, swollen deformed ER, and cytoplasmic accumulation of
glycogen. (C) Cell samples from the oxidative stress group showed irregular cell membrane and degradation of cytoplasmic structures such as swollen
mitochondria with deformed or lost cristae, enlarged and partially degraded ER, and cytoplasmic accumulation lysosomes. White arrows point to mito-
chondria, black arrows point to ER, curved white arrows points to lysosomes, curved black arrows point to cell membrane, and double arrows point to
glycogen. ER, endoplasmic reticulum; SMC, smooth muscle cell; TEM, transmission electron microscopy.
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nuclear structural deformation, collagen invasion of the
nucleus, and sporadic vacuolization were present in the
ischemic prostate (Fig. 6). Swollen mitochondria, loss of
mitochondrial membrane, decreased mitochondrial gra-
nules, and decreased or completely lost Golgi bodies were
found in the ischemic prostatic tissue. These changes were
associated with degenerating nerve bundles surrounded by
dense collagen fibers (Fig. 7).

DISCUSSION

We observed that human prostate cells exposed to
oxidative stress developed structural modifications similar
to those in chronically ischemic prostate tissue in a rabbit

Korean J Urol 2015;56:187-196.

model. These changes could lead to prostate noncompliance,
which increases bladder outlet resistance and mimics
bladder outlet obstruction. We previously demonstrated
that pelvic atherosclerosis in rabbits causes lower urinary
tract ischemia and oxidative stress, resulting in functional
changes in the bladder and prostate leading to voiding
dysfunction [16-2224] Our prostate ischemia model was
recently reproduced in rats and showed similar changes
[23]. It is likely that similar processes occur in ischemic or
hypoxic human prostate tissue, and studies support a co-
rrelation between pelvic ischemia and LUTS in elderly
men [15,25] Wehrberger et al. [26] found that among the
2092 men included in their study, the 10-year risk among
men with severe LUTS for cardiovascular disease (CVD)
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Structural changes in chronic prostate ischemia

Sham

Chronic ischemia
(N

Fig. 5. Masson’s trichrome staining of rabbit ischemic prostate tissues (x40) showed stromal thickening with diffuse fibrosis, decreased smooth muscle
fibers, distorted glands with flattened epithelium lining, and large intraluminal spaces compared to prostatic tissues from the sham group (x40).

and stroke was 159% and 11.7%, respectively. With control
for age, diabetes, and cholesterol levels, men with severe
LUTS had odds ratios for CVD and stroke of 1.28 and
166. In addition, studies have reported that compared to
symptomatic patients without vascular disease, Inter-
national Prostate Symptom Scores are significantly worse
in men with multiple vascular risk factors [27,28]

The structural modifications we identified leading to
noncompliance in prostatic tissue were the result of free
radical generation and propagation in the mitochondria.
Mitochondria use oxygen to generate adenosine tripho-
sphate (ATP), and excessive activity in the setting of
nutrient deficiency, reduced ability to clear waste pro-
ducts, and low oxygen tension lead to an imbalance of
homeostatic pathways in the cell. Healthy cells have
protective mechanisms to defend against oxidative damage,
including enzymes like superoxide dismutase, catalase,
and glutathione peroxidase as well as nonenzymatic
antioxidants like vitamins C and E, flavonoids, and caro-
tenoids. In certain disease states, these protective path-
ways can be overwhelmed and create an environment
amenable to free radical accumulation and injury [29] In
prior studies, we found that ischemia increases contractile
reactivity of prostatic tissue while impairing nitric oxide
synthesis and smooth muscle relaxation [20,22] Increased
contractile activity may involve free radical-mediated
neuroexcitation, adrenoreceptor hypersensitivity, and co-
release of glutamenergic and purinogenic transmission

192  www.kjurology.org

in the ischemic prostate. In this setting, the machinery
for generating ATP is readily hijacked to generate and
accumulate free radicals, resulting in mitochondrial injury
and malfunction [30].

Oxidative mitochondrial injury has also been shown
to initiate free radical damage to other cell structures via
leakage of substances that initiate organelle degeneration,
such as cytochrome c, endonuclease G, and apoptosis-in-
ducing factor [18]. At high concentrations, free radicals
attack mitochondria and other organelles, generate ad-
ditional radicals, and oxidize the lipid- and protein-con-
taining structures of cells. They oxidize the lipid mem-
branes of the ER, leading to accumulation of poorly folded
proteins and protein fragments in the cytosol and nucleus.
These oxidative reactions contribute to cell membrane
damage, nuclear deformation, collagen accumulation, and
loss of nerve fibers. Liysosomes are responsible for breaking
up waste products and cellular debris, and the quantity
and quality of lysosomes in the cytosol is indicative of the
severity of cellular damage [30].

We identified protein oxidation, lipid peroxidation, and
DNA damage in all cell types. Whereas lipid peroxidation
was frequently detected in prostatic SMCs during hypoxia
and oxidative stress, protein oxidation was more prevalent
in ECs under both conditions. DNA damage was observed
in all prostatic cell types exposed to disturbed oxygen
tension. SMCs demonstrated loss of mitochondrial outer
membranes and swollen ER, most likely due to leakage
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KJU

Prostate structural damage in ischemia

Ultrastructural changes in chronic prostate ischemia
Sham

Epithelium

Smooth muscle

Nucleus

Chronic ischemia

Fig. 6. Transmission electron microscopy of chronically ischemic rabbit prostate showed thickened epithelium with degraded or totally lost desmosomes;
disruption of cell to cell junctions; disrupted and twisted muscle cells surrounded by collagen; collagen invasion of smooth muscle cells; nuclear defor-
mation; loss of nuclear membrane; and collagen invasion of the nucleus. White arrows point to desmosome and epithelial cell to cell junctions. Curved
arrows point to smooth muscle cells showing collagen accumulation and collagen invasion of smooth muscle cells in the ischemic sample. Black arrows
point to nucleus showing collagen invasion of the nucleus and loss of nuclear membrane in the ischemic sample.

of free radicals into the cytosol. In SMCs exposed to in-
termittent low oxygen tension, these changes were mo-
re pronounced, suggesting extensive oxidative injury.
Swelling and enlargement of mitochondria and ER may
indicate hypoxia-related survival signaling as well as co-
ping mechanisms within the cell to generate energy and
preserve protein synthesis. On the other hand, degraded,
splintered, and damaged organelles and increased numbers
of lysozymes in oxidative stress appear to indicate struc-
tural deterioration and the onset of cell degeneration.

Korean J Urol 2015;56:187-196.

Products of protein and lipid oxidation have already been
identified as markers of oxidative stress and may prove
useful in clinical practice in helping to identify ischemia
as an etiology of LUTS.

Markers of oxidative damage and deterioration of
cell organelles in chronic prostate ischemia were asso-
ciated with epithelial atrophy, loss of smooth muscle,
degeneration of nerve bundles, and diffused fibrosis.
Collagen bundles appear to surround and invade degene-
rating structures including SMCs, nucleus, and nerve
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Mitochondrial damage and neurodegeneration in chronic prostate ischemia
Sham

Mitochondria

Nerve bundle

Chronic ischemia

Fig. 7. Marked changes in cellular organelles including swollen mitochondria with irregular membrane, loss of mitochondrial membrane, disrupted mito-
chondrial granules, and sporadic vacuolization were present in the chronically ischemic rabbit prostate. Mitochondrial structural damage in the ischemic
prostate was associated with degenerating nerve bundles surrounded by dense collagen fibers. White arrows point to mitochondria, black arrows point

to the nerve bundles, and curved arrows point to collagen fiber bundles around the nerves.

fibers. Previous studies of chronically ischemic bladder
tissue demonstrated increased collagen production and
altered muscarinic receptor activity, followed by nerve
bundle degeneration, fibrosis, and eventual loss of bladder
contractility and noncompliance [19]. In addition, we
have shown that oxidative stress is a key component of
neurodegeneration in the bladder [18] This study strongly
suggests that prostatic neurodegeneration most likely
results from free radical-mediated reactions within neural
structures as well as neurotoxic elements accumulating in
adjacent tissues. The result is the subsequent destruction
of the myelin sheath and degeneration of the underlying
neurons and axons. Although further investigation is
necessary to identify evidence of oxidative reactions in
prostatic neurons, if present, it stands to reason that
oxidative damage would affect bladder neck contractility

194  www.kjurology.org

and relaxation of the prostate, thus contributing to voi-
ding dysfunction.

CONCLUSIONS

This study adds further support to the already growing
body of evidence that factors other than prostatic size may
contribute to LUTS. Structural modifications resulting
in limited elasticity of the prostate secondary to ischemic
disease states can alter the dynamic mechanisms of
voiding. Oxidative deterioration of prostatic epithelial and
SCs, loss of SMCs and nerve fibers, and ensuing fibrosis
may lead to stiffness, noncompliance, and increased bla-
dder outlet resistance. Further research into the role of
pelvic ischemia in prostate structural damage and smooth
muscle contractility may lead to more effective diagnosis
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and better management of LUTS.
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