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Abstract: Background: Prostatic inflammation is closely linked to the development and progression of benign prostatic hyperplasia (BPH). Clinical studies of non-steroidal anti-inflammatory drugs, which inhibit cyclooxygenase-2
(COX-2), targeting prostate inflammation patients with symptomatic BPH have demonstrated conflicting results,
with some studies demonstrating symptom improvement and others showing no impact. Thus, understanding the
role of the cyclooxygenases in BPH and prostatic inflammation is important. Methods: The expression of COX-1 was
analyzed in a cohort of donors and BPH patients by immunohistochemistry and compared to previously determined
characteristics for this same cohort. The impact of mitochondrial dysfunction on COX-1 and COX-2 was determined
in experiments treating human benign prostate epithelial cell lines BPH-1 and RWPE-1 with rotenone and MitoQ.
RWPE-1 cells were transfected with small interfering RNA specific to complex 1 gene NDUFS3. Results: COX-1 expression was increased in the epithelial cells of BPH specimens compared to young healthy organ donor and normal
prostate adjacent to BPH and frequently co-occurred with COX-2 alteration in BPH patients. COX-1 immunostaining
was associated with the presence of CD8+ cytotoxic T-cells, but was not associated with age, prostate size, COX-2 or
the presence of CD4+, CD20+ or CD68+ inflammatory cells. In cell line studies, COX protein levels were elevated following treatment with inhibitors of mitochondrial function. MitoQ significantly decreased mitochondrial membrane
potential in RWPE-1 cells. Knockdown of NDUFS3 stimulated COX-1 expression. Conclusion: Our findings suggest
COX-1 is elevated in BPH epithelial cells and is associated with increased presence of CD8+ cytotoxic T-cells. COX-1
can be induced in benign prostate epithelial cells in response to mitochondrial complex I inhibition, and knockdown
of the complex 1 protein NDUFS3. COX-1 and mitochondrial dysfunction may play more of a role than previously
recognized in the development of age-related benign prostatic disease.
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Introduction
Benign prostatic hyperplasia (BPH) is an agerelated disease characterized by benign prostate enlargement due to periurethral stromal
and/or glandular expansion [1]. The etiology of
BPH is not fully understood. BPH does not
develop in the absence of androgens; and
estrogens, stromal expansion and inflammatory cytokines have also been implicated as
factors involved in BPH development [2-6].
Globally, the population of men > 65 years of
age is expected to rise to ~17% over the next

three decades [7], thus both the overall incidence of BPH and the number of years living
with this condition is expected to increase and
elucidating the underlying mechanisms contributing to BPH is of critical importance for the
development of therapeutic strategies for this
highly prevalent condition.
The cyclooxygenase (COX) enzyme family consists of two isoforms, COX-1 and COX-2. Both
enzymes catalyze the conversion of arachidonic
acid to prostaglandin H2 (PGH2), an intermediate in the biosynthetic pathway that generates
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many inflammatory mediators including other
prostaglandins and thromboxanes. In almost
all tissues, COX-1 is constitutively expressed
while COX-2 is rapidly induced in response to
growth factors and pro-inflammatory cytokines
(Reviewed in [8]). Inhibition of the COX isoforms by non-steroidal anti-inflammatory drugs
(NSAIDS) acutely reduces inflammation, pain
and fever [9]. Upregulation of COX-2, and to a
lesser degree COX-1 is observed in symptomatic BPH and is associated with resistance to
treatment with 5α-reductase inhibitors (5ARI)
or an α-adrenergic receptor antagonist [10].
Prior immunohistochemical (IHC) analyses of
prostate tissue revealed that COX-1 and COX-2
expression are predominantly localized within
the basal epithelial layer and in luminal epithelial cells associated with prostatic inflammation
as well as in the stromal compartment [10, 11].
Patients with prostatic inflammation are more
likely to have symptomatic BPH and lower urinary tract symptoms (LUTS) [12, 13], suggesting that targeting prostatic inflammation could
provide a therapeutic benefit. However, studies
of patients taking NSAIDS have not demonstrated consistent results, with some studies
finding an improvement in symptoms [14] and
others showing no significant reductions in BPH
incidence or symptoms [15, 16]. Thus, the role
of COXs in driving the production of prostatic
inflammatory mediators that impact the development of LUTS in patients with BPH remains
obscure.
In this report we sought to provide additional
insights into the expression of distinct COXs in
the aging prostate and uncover potential molecular mechanisms contributing to alternative
regulation of COX-1 and COX-2 in prostate epithelial cells. Our results demonstrate significant increases in epithelial COX-1 expression in
the prostates of BPH patients. Furthermore,
cell culture studies reveal the potential impact
of selective alterations in mitochondrial function in dysregulation of COX-1 and COX-2
expression. Activation of the COX pathway by
aberrant mitochondrial function may result in
increased prostatic inflammation, contributing
to BPH development or progression.
Methods
Patient cohort
Human prostate tissue sections were from a
previously described cohort of 14 patients who
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received transurethral resection of the prostate
or simple prostatectomy for symptomatic BPH,
and six young organ donors [17, 18]. All prostate tissues were from the transition zone or
central zone and not from the peripheral zone
of donor or BPH patients without any prior history of chemo-, radio, or hormone therapy. BPH
specimens were composed of mixed hyperplastic nodules with both glandular and stromal
expansion. Two patients displayed prostatitis,
one donor and one BPH, and were therefore
not included in the analyses. The criteria used
for defining prostatitis was the presence of
inflammatory cells in the prostate stroma infiltrating into prostate glands with or without the
presence of crypt abscess formation. The “deidentified” specimens were retrieved from the
clinical files of UPMC by the University of Pittsburgh Biospecimen Core (PBC) with approval
from the University of Pittsburgh Institutional
Review Board (IRB) for this research project
under protocol #17010177. PBC also provided
deidentified pathology reports for the patients
constituting the study cohort through their IRBapproved Honest Broker System, HB015, to
ensure research integrity. All participating patients or their next of kin provided informed
consent for the banking protocol.
Inclusion criteria: 1) for BPH tissues, evidence
of BPH by transrectal ultrasound and/or digital
rectal exam, and prostate glands must be > 30
grams to qualify; for donor tissues, patients
must be < 35 years of age to qualify and tissues must appear histologically normal; 2) no
prior use of finasteride or dustateride; 3) no
prior chronic NSAID use.
Exclusion criteria: 1) prior use of finasteride or
chronic NSAIDs; 2) peptic ulcer disease and/or
asthma; 3) previous prostate surgery for BPH
(TURP or simple open prostatectomy); 4) previous minimally invasive procedures for BPH
(TUNA, laser treatments, thermotherapies such
as microwave treatment).
Serial sections for histopathologic and immunohistochemistry (IHC) analyses
Serial sections of prostate tissues were cut
from each patient sample for histopathologic
and IHC studies. Sections on glass slides were
deparaffinized and stained for hematoxylin and
eosin (H&E) and IHC using a standard histology
protocol. Antigen retrieval was performed using
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a citrate buffer (Dako, Carpinteria, CA) in a
BioCare Decloaking chamber (BioCare Medical, Pacheco, CA) at 123°C followed by 5
minutes rinsing in Tris-buffered saline (TBS)
buffer. The slides were stained using an
Autostainer Plus (Dako) platform with TBS containing Tween 20 (TBST) rinse buffer (Dako)
using anti-rabbit polyclonal COX-1 antibody
(#4841, Cell Signaling Technology, Danvers,
MA). The substrate used was 3,3, diaminobenzidine (Dako) and slides were counterstained
with hematoxylin (Cell Signaling). Immunostained sections were imaged with a Leica DM
LB microscope (Leica Microsystems Inc,
Bannockburn, IL) equipped with an Imaging
Source NII 770 camera (The Imaging Source
Europe GmbH, Bremen, Germany) and NISElements Documentation v 4.6 software (Nikon Instruments, Inc., Mellville, NY). All tissues
were examined by a board-certified genitourinary pathologist (RD) and a pathology resident
(PS). Tissues exhibiting BPH and normal morphology (normal adjacent to BPH) from BPH
patients were identified by the pathologists
using light microscopy.
COX-1 immunostaining intensity in the prostate
tissue sections was determined semi-quantitatively. The percentage of prostate epithelial
cells of a specific histological phenotype (donor, normal adjacent to BPH and BPH) that
expressed the antigen was estimated in at
least three randomly selected fields at a magnification of 40×. Staining intensity was evaluated by two parameters (staining intensity and
percentage of cells exhibiting each level of
intensity). Intensity of reaction product was
based on a 4-point scale-none (0), faint/
equivocal (1), moderate (2) and intense (3). An
H-Score was calculated for each immunostain
by cell type using the following formula:
H-Score = 0 (% no stain) + 1 (% faint/equivocal)
+ 2 (% moderate) + 3 (% intense).
Cell culture and treatment
BPH-1 cells [19] were a gift from Dr. Simon
Hayward (Northshore University Health System, USA) and were maintained in RPMI 1640
medium supplemented with 5% fetal bovine
serum (FBS; Atlanta Biologicals, Lawrenceville,
GA) and 1% penicillin/streptomycin (Corning,
Manassas, VA). RWPE-1 cells (ATCC, Manassas,
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VA) were maintained in Gibco Keratinocyte
Serum Free Medium supplemented with bovine
pituitary extract and human recombinant epidermal growth factor (Life Technologies, Rockville, MD, USA). For experimental treatments,
cells were seeded at 2.5-3×105 cells per well
in 6-well plates. After 24 h (for BPH-1 cells) or
48 h (for RWPE-1 cells), cells were treated with
a dose range of 0-500 nM rotenone or 0-3 μM
mitoquinol (MitoQ) (both from Cayman Chemical, Ann Arbor, MI, USA) for 48 h, then briefly
rinsed with ice-cold phosphate-buffered saline
(PBS). Cells were lysed in Cell Extraction Buffer
containing complete protease inhibitor cocktail
tablet (Roche, Penzberg, Germany) and freshly
made phenylmethylsulfonyl fluoride according
to the manufacturer’s instructions. Cellular
debris in samples was removed by centrifugation at 10,000× g for 10 min at 4°C. Protein
samples were stored at -20°C.
Western blotting
Protein concentration was determined using a
BCA protein assay kit (Pierce, Thermo Fisher
Scientific, Waltham, MA, USA). Equal amounts
of total protein from cell extracts were incubated with 4× Laemmli reducing sample buffer (Bio-Rad Laboratories, Hercules, CA), then
heated at 100°C for 5 min before loading onto
10% gels. Proteins were separated via sodium
dodecyl sulphate-polyacrylamide gel electrophoresis using the Mini Protein 3 System (BioRad), then transferred onto 0.2 µm nitrocellulose membranes (Bio-Rad). Membranes were
blocked with 1% bovine serum albumin in PBS
containing 0.05% Tween 20 at room temperature for 1 h, then incubated with the appropriate primary and secondary antibodies. Primary
antibodies used in this study were: anti-rabbit
polyclonal COX-1 antibody (#4841, Cell Signaling Technology Danvers, MA), anti-rabbit polyclonal COX-2 antibody (ab15191, abcam, Cambridge, UK), mouse monoclonal anti-β-actin
antibody (Clone AC-15, A5441, Sigma-Aldrich,
St. Louis, MO), and rabbit polyclonal antiNDUFS3 (15066-1-AP, Proteintech, Rosemont,
IL, USA). Odyssey Infrared Imaging System
(Li-Cor, Lincoln, NE) was used to detect specific
proteins. Secondary antibody was labeled with
either IRDye 680LT (for 680 nm) or 800CW (for
780 nm). Different fluorescent signals from
specific proteins were scanned and discriminated using two independent infrared detec-
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tion channels at 685 and 785 nm excitation
wavelengths, which were quantified by the NIH
ImageJ software [20]. Full length western blot
images were provided as Figures S1, S2, S3,
S4.
Mitochondrial membrane potential (ΔΨm)
Changes in the mitochondrial membrane potential (ΔΨm) in live RWPE-1 cells were assessed using the JC-1 Mitochondrial Membrane
Potential Assay Kit from Abcam (Cambridge,
MA). RWPE-1 cells were seeded at 1.5×104
cells per well in a 96-well black tissue culture
plate with a clear bottom (VWR, Radnor, PA).
After 48 h, cells were treated with either rotenone or MitoQ (both from Cayman Chemical,
Ann Arbor, MI) for 2 h and 24 h. After treatment,
media was replaced with fresh culture medium
containing 5 µM JC-1 for 15 min at 37°C and
fluorescence was assayed using a fluorescent
plate reader (Spectra Max M2, Molecular Devices, San Jose, CA, USA). The red to green ratio
was calculated and compared to untreated
control to determine loss of ΔΨm. Data were
collected and averaged for at least three independent experiments.
RNA isolation and quantitative real-time PCR
(qPCR)
RNA was isolated from RWPE-1 and BPH-1 cells
after 24 h treatment using a RNeasy Mini Kit
from Qiagen (Germantown, MD). cDNA synthesis was performed using the iScript cDNA
Synthesis Kit (Bio-Rad). qPCR was performed
using the CFX96 Touch Real Time Detection
System with products generated using iTaq
Universal SYBR Green Supermix (Bio-Rad).
Gene-specific primers (COX-1, forward: 5’-TGCCCAGCTCCTGGCCCGCCGCTT-3’ and reverse:
5’-GTGCATCAACACAGGCGCCTCTTC-3’; COX-2,
forward: 5’-ATCACAGGCTTCCATTGACC-3’ and
reverse: 5’-CAGGATACAGCTCCACAGCA-3’; and
HPRT1, forward: 5’-TGGCGTCGTGATTAGTGATG3’ and reverse: 5’-ACCCTTTCCAAATCCTCAGC-3’)
were used to validate gene expression levels
using the comparative CT method; HPRT1 served as a reference gene.
RNA interference of NDUFS3
siRNA knockdown of NDUFS3 protein was performed in RWPE-1 cells using ON-TARGETplus
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human NDUFS3 siRNA or a scrambled siRNA
control (Horizon Discovery/Dharmacon, Lafayette, CO). RWPE-1 cells were plated onto 6-well
plates overnight as described above. Cells were
then transfected with siRNAs for 48 h according to the manufacturer’s procedure. The final
concentration of transfecting siRNA was 25 nM
and the efficiency of siRNA interference for
NDUFS3 was monitored by western blot.
Statistical analyses
An analysis of variance (ANOVA) used to compare mean H scores between donor, normal
adjacent and BPH tissue. Alteration frequency
was determined by quantification of the number of patients with increased (i.e., greater than
the mean for each cohort) immunostaining intensity for COX-1. Quantification of COX-2 immunostaining intensity was determined previously [18]. A Fisher’s exact test and a two-tailed
p-value was used to compare alteration frequency between groups. The Pearson correlation coefficient was used to determine the correlation between COX-1 immunostaining with
previously reported age, prostate size, COX-2
immunostaining and infiltration of inflammatory
cells data from this cohort of donor and BPH
patients [18]. Comparisons between groups
were calculated using the Student t test for
data from cell line experiments. A p value of
P < 0.05 was considered significant. Data are
expressed as the mean ± S.D. or mean ± S.E.M.
GraphPad Prism version 9 was used for graphics (GraphPad Software, San Diego, CA, USA).
Results
Expression of COX-1 in human prostate
We sought to more fully characterize the expression of both isoforms of COX enzymes in
the prostate epithelium by examining COX-1
expression in this same cohort of patients.
Similar to COX-2, COX-1 immunostaining intensity was low in donor and normal glands from
BPH patients and not altered with age. However, elevation of COX-1 immunostaining intensity was observed in the luminal cytoplasm of
several BPH nodules and infrequently in the
nuclei of isolated basal epithelial cells of BPH
glands (Figure 1A, 1B), suggesting that in contrast to COX-2, COX-1 may be up-regulated in
BPH epithelium. Elevated COX-1 immunostain-

Am J Clin Exp Urol 2022;10(4):234-245

COX-1 induction in prostate epithelial cells
ing in prostate epithelial cells
(Pearson = -0.01, P = 0.95)
(Table 1). COX-1 expression
was moderately correlated with the presence of CD8 positive cytotoxic T-cells (Pearson
= 0.40, P = 0.04). COX-1 immunostaining was not significantly correlated with age,
prostate size, or the presence
of CD68 macrophages, CD20
B-cells, or CD4 T-cells.
Regulation of COX-1 and COX2 expression in human prostate epithelial cell lines

Figure 1. Expression of COX-1 in the prostate. (A) Representative immunostaining of COX-1 (brown) expression in young healthy donor (Donor), normal
adjacent to BPH prostate (Normal Adjacent) and BPH specimens. Scale bars
indicate 100 µm in 20×, 50 µm in 40×. BPH inset, bottom right, showing nuclear COX-1 staining (black arrow). (B) Quantification of mean COX-1 staining
intensity H-score in prostate epithelial cells. (C) Alteration frequency of specimens with no alteration in COX-1 or COX-2 expression (Neither), upregulated
COX-1 (COX1), upregulated COX-2 (COX2), or concurrent upregulation of COX1 and COX-2 in Donor, Normal Adjacent and BPH specimens. Scoring was
quantified for patients with both COX-1 and COX-2 immunostaining scores;
specimens missing either COX-1 or COX-2 data were not included. Number
of patients in parentheses. Data represent mean ± S.D.; ns, not significant,
**P < 0.01; ***P < 0.001.

ing was rarely observed in donor or normal
adjacent prostate tissues but was frequently
observed in BPH tissues (Figure 1C). The frequency of elevated COX-1 and COX-2 immunostaining was higher in BPH compared with donor
[66.7% (6 of 9) vs 0% (0 of 5), respectively, P =
0.03] or normal adjacent to BPH tissues [66.7%
(6 of 9) vs 0% (0 of 6), respectively, P = 0.03]
(Figure 1C).
There was no significant correlation between
COX-1 and previously reported COX-2 [18] stain238

To test whether ROS activation through the mitochondrial electron transport pathway (established regulators of
COX enzymes) could influence
COX-1 and COX-2 expression
in benign prostate epithelial
cells, we utilized rotenone, a
mitochondrial complex I inhibitor. COX-1 protein expression
was induced by rotenone in
RWPE-1 (Figure 2A) but not
BPH-1 (Figure 2B) cells. Similar to the impact on HL-60
cells [21], rotenone induced a
dose-dependent increase in
COX-2 protein in both RWPE-1
and BPH-1 cells (Figure 2C,
2D). Rotenone generated distinct effects on COX mRNA
expression in RWPE-1 cells
inducing an increase in COX-1
but not COX-2 mRNA (Figure
2E).

MitoQ also induced an increase in COX-1 and COX-2 protein expression in RWPE-1 cells (Figure 3). Rotenone did not decrease mitochondrial membrane potential in RWPE-1 cells at 2 h, and generated only a minor but significant decrease
following 24 h of treatment (Figure 4A, 4B). In
contrast, MitoQ treatment of RWPE-1 cells
induced an acute (i.e. 2 h) dose-dependent
decrease in the red-green JC-1 fluorescence
ratio relative to untreated control cells (Figure
4C). This decrease in mitochondrial membrane
potential was long lasting and was more pronounced at 24 h (Figure 4D).
Am J Clin Exp Urol 2022;10(4):234-245
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Table 1. Pearson correlation of COX-1 immunostaining with age and inflammatory cells in prostate
COX-1 vs.
r

Age

Prostate
mass

Prostate
volume

COX-2 (epi)

CD4

CD8

CD20

CD68

0.28

0.23

0.16

0.01

0.36

0.40

0.11

0.24

-0.12 to 0.60

-0.21 to 0.58

-0.27 to 0.54

-0.38 to 0.40

-0.035 to 0.65

0.017 to 0.68

-0.29 to 0.48

-0.16 to 0.58

R squared

0.08

0.05

0.03

0.00

0.13

0.16

0.01

0.06

p (two-tailed)

0.17

0.30

0.46

0.95

0.07

0.04

0.59

0.23

95% CI

CI: confidence interval; Age, prostate size and inflammatory cell data were analyzed in silico from previously published data [18].

To corroborate the impact of complex I dysfunction on COX-1 and COX-2, RWPE-1 cells were
siRNA ablated of NDUFS3, a protein subunit
that is essential for the assembly of mitochondrial respiratory chain complex I. COX-1 protein
expression was induced in RWPE-1 cells following NDUFS3 knockdown (Figure 5). However,
NDUFS3 knockdown did not induce COX-2 protein expression (data not shown).
Discussion
The effectiveness of anti-inflammatory therapeutics has been inconclusive for BPH/LUTS
patients. While some studies have demonstrated no effect on BPH prevention or symptom
improvement [15, 16], others suggest that
NSAIDS can improve BPH symptoms [14].
Treatment of BPH patients with COX-2 inhibitors and NSAIDs has been shown to significantly reduce IPSS scores, however COX-2
blockade has not been shown to prevent BPH
symptomatology once it has occurred [12].
Targeting prostatic inflammation directly/alone
may be insufficient for the prevention or treatment of symptomatic BPH and additional
mechanisms may be involved in BPH development and progression. COX-2 is the major COX
enzyme involved in inflammatory responses
but a few experimental paradigms that can trigger inflammation have also detected increases
in COX-1 (Reviewed in [22, 23]). Furthermore,
COX-1 and COX-2 serve non-overlapping roles
in the generation of downstream inflammatory
mediators [24, 25]. We recently showed COX-2
was increased with aging and inflammation in
the human prostate stroma while epithelial
COX-2 was not altered [18]. Stromal COX-1 and
COX-2 are increased in BPH tissues, specifically
in patients resistant to 5ARI treatment [10].
The differential expression of the COX enzymes
in the aging prostate and in BPH suggests that
they have distinct, cell-type specific roles in the
maintenance of prostate homeostasis.
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Here, we show that COX-1 immunostaining is
rare in the prostate epithelium of young donor
tissues and normal adjacent prostate of BPH
patients but is significantly increased in BPH
epithelial cells and is associated with an
increased presence of CD8+ cytotoxic T-cells.
Interestingly, COX-1 expression was not correlated with an increase in CD4+ T-cells, macrophages or B-cells, or with COX-2 expression.
Thus, distinct pathophysiological changes that
accompanied with the development of BPH
might be responsible for the elevation of
COX-1 in prostatic epithelial cells. In order to
identify potential mechanisms responsible for
elevated COX-1 in BPH, we used human benign
prostatic epithelial cell lines to disrupt one
metabolic system that declines with age, mitochondrial bioenergetics. Both pharmacological
and molecular approaches were used to disrupt a specific component of mitochondria,
electron transport chain complex I, which alters
mitochondrial bioenergetics and can trigger
elevation of reactive oxygen species (ROS). We
consider this relevant since COX expression
can be regulated by intracellular ROS [21], and
since oxidative stress has been hypothesized
to contribute to prostatic inflammation and
urinary dysfunction [26]. In cell line experiments, COX-2 and COX-1 expression levels were
increased in response to pharmacological disruption of mitochondrial function, particularly
respiratory complex I. More selective inhibition
of complex I upon siRNA knockdown of one of
its essential components (i.e., NDUFS3), suggest that COX-1 may be specifically sensitive in
prostate epithelial cells to disruption in the
mitochondrial respiratory complex. Knockdown
of NDUFS3 has been reported previously to
impair complex I activity in different cell types
including HEK [27] and HeLa cells [28-30].
Whether the enhancement of COX-1 in the
prostate epithelium of BPH patients is reflective of mitochondrial disruption awaits more
detailed comparisons of mitochondrial function

Am J Clin Exp Urol 2022;10(4):234-245

COX-1 induction in prostate epithelial cells
that either NDUFS3 knockdown does not trigger sufficient alterations in complex I
function to induce COX-2, or
that off target effects of rotenone are responsible for its
induction.
The differential impact of
COX-1 and COX-2 on the signaling mediators derived from
arachidonic acid metabolism
has not been thoroughly investigated in many organ systems but given our results,
could provide insights into
BPH pathogenesis. Thus, although COX-1 and COX-2 catalyze the production of a common precursor (i.e., PGH2) of
various prostaglandins, prostacyclins, and thromboxanes,
their physical association with
distinct enzymes in the metabolic pathway of these inflammatory mediators can influence the products derived
from PGH2 and ultimately cellular response [31, 32]. Mice
with conventional deletion of
COX-1 displayed reduced platelet aggregation and a decreased inflammatory response
to arachidonic acid suggesting that COX-1 is an important
inflammatory mediator, and
that COX-2 cannot fully compensate for COX-1 loss [33]. In
a genetically engineered mouse model where the elements
regulating COX-1 and COX-2
Figure 2. Induction of COX expression by rotenone in benign prostate epithe(Ptgs1 and Ptgs2 respectivelial cells in vitro. (A) Western blot analysis of COX-2 protein expression levels
ly) transcription were swapfollowing rotenone treatment of (A) RWPE-1 and (B) BPH-1 cells for 48 h.
ped, exposure to lipopolysac(C) COX-1 expression following rotenone treatment for 48 h in RWPE-1 and
charide differentially altered
(D) BPH-1 cells. Band intensities were quantified and the ratios of COX prothe activity of prostanoid syntein relative to actin were normalized to untreated control (ctrl, dashed line).
Data were calculated from at least 3 independent experiments. *P < 0.05
thases and thromboxane synand **P < 0.01. (E) qPCR analysis of COX-1 and COX-2 mRNA expression in
thase [34]. The change in synRWPE-1 cells following 24 h of treatment with 25 nM rotenone. Expression in
thases led to significant differtreated cells shown as relative to untreated control cells (Ctrl, dashed line).
ences in thromboxane producData represent mean ± S.E.M. *p < 0.05 and **P < 0.01.
tion in mice that were unable
to constitutively express COXand integrity in BPH. The difference of COX-2
1. Prostaglandin E2 and 6-keto-PGF1 alpha levresponse to pharmacological disruption of
els were significantly lower in the genetically
complex I versus NDUFS3 knockdown suggest
altered mice compared to wild type mice as
240
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Figure 3. Induction of COX expression by MitoQ in the RWPE-1 benign prostate epithelial cell line. (A) Western blot analysis of COX-1 and (B) COX-2 protein expression levels following MitoQ treatment (1 µM) for 48 hours. Results
are from 4-5 independent experiments. (Ctrl, dashed line). Data represent
mean ± S.E.M. *P < 0.05.

Figure 4. Loss of mitochondrial membrane potential (ΔΨm) induced by rotenone or MitoQ in RWPE-1 cells, measured by quantitative analysis of JC-1
fluorescence. (A) Impact of rotenone treatment after 2 h, or (B) 24 h. (C)
Impact of MitoQ treatment after 2 h, or (D) 24 h. Data are expressed relative to untreated control cells 3-4 independent experiments. Data represent
mean ± S.E.M. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.

well [35]. These data support the physiological
relevance of distinct, if not sometimes synergistic, activities of COX-1 and COX-2 enzymes.
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Our in vitro studies utilizing a
mitochondrial electron transport chain (ETC) complex I
inhibitor, rotenone, and a disrupter of mitochondrial potential, MitoQ, revealed robust
induction of COX-1 and COX-2
in response to disruption of
mitochondrial function within
the benign prostate epithelial
cell line RWPE-1. BPH has long
been recognized as a disease
entwined with the aging process and much groundbreaking work has been performed
linking a cumulative burden of
mitochondrial disfunction due
to age with inflammation [36].
We previously showed that
stromal, but not epithelial expression of COX-2 was associated with aging in the human
prostate [18]. Here, COX-1 expression was also not different in young donor compared
to aged BPH patients. However, COX-1 immunostaining
was significantly increased in
BPH glands compared to both
normal adjacent tissue and
the epithelium of donor tissues and was associated with
the increased presence of
cytotoxic T-cells. Our findings
provide evidence that the elevation of COX-1 immunostaining observed in BPH epithelial
cells could be triggered by
mitochondrial dysfunction, potentially contributing to an increase in prostatic inflammation. NSAIDS targeting both
COX-1 and COX-2 may provide
greater therapeutic impact on
prostate inflammation than
those targeting COX-2 alone.

Mitochondrial dysfunction provoked with oligomycin has been shown to induce not only
COX-2 but also prostaglandin
E2 within normal human synoviocytes indicating a possible analogous role within the human
prostate epithelium [37]. Our results in a pros-
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tive effects of COX-1. Inhibition of ETC complex
I leads to the generation of ROS [38, 39], which
are well established inducers of COX-2 [21, 40,
41]. Here, we show that complex I inhibition
also induces COX-1 in benign prostate epithelial cells. The mechanisms responsible for regulation of COX-1 transcription remain poorly
understood although some studies have identified GC-rich transcriptional response elements
in the COX-1 proximal promoter that could be
responsive via the SP1 or KLF10 transcription
factors to complex I dysfunction [42-44].
This study was limited in that the number of
prostate specimens examined was relatively
small. Future IHC studies focusing on essential
components of the mitochondrial ETC (e.g.
NDUFS3) with larger patient populations will
provide additional insights into how mitochondrial dysfunction and COX-1 contribute to prostate inflammation associated with BPH and
LUTS. Furthermore, preclinical studies with
genetic models allowing for conditional ablation of select mitochondrial components in
prostate [45] will provide an opportunity to test
the progression of benign prostatic alterations
as mitochondrial function is compromised.

Figure 5. Induction of COX-1 protein expression in
response to NDUFS3 siRNA knock-down in RWPE-1
cells. (A) Western blot analysis of COX-1 and NDUFS3
expression in RWPE-1 cells following 48 h NDUFS3
siRNA-transfection cells (ND3), control cells were
treated with a scramble control (Scr). (B) Quantification of band intensities and the ratios of COX-1, and
(C) NDUFS3 protein relative to actin were normalized
to siRNA scramble control. Final siRNA concentration
was 25 nM. Data were calculated from at least 3 independent experiments. *P < 0.05 and **P < 0.01.
Data represent mean ± S.E.M. *P < 0.05 and **P
< 0.01.

tate epithelial cell line suggest that mitochondrial dysfunction may be partly responsible for
altering the balance of arachidonic acid metabolites driving tissue homeostasis through selec242

In conclusion, COX-1 is elevated in BPH epithelium and was associated with the presence of
CD8+ cytotoxic T-cells in the prostate but is
not altered with aging and is not associated
with prostate size or COX-2 expression. COX-1
and COX-2 can be induced in benign prostate
epithelial cells in response to mitochondrial
complex I inhibition. Thus, the aging dependent
decline in mitochondrial function may be one,
but not an exclusive contributor to BPH progression, acting to alter the fine tuning of extracellular mediators derived from arachidonic
acid (i.e., COX enzymes) even in the absence of
blatant inflammation.
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Figure S1. Original western blot images for Figure 2A, 2C. A. RWPE-1 cells separated onto nitrocellulose membrane
and probed with COX-1 antibody, lanes 5-8 (top panel, red); and Actin antibody, lanes 5-8 (bottom panel, red) for
Figure 2A. B. RWPE-1 cells probed with COX-2 antibody, lanes 2-5 (top panel, green); and Actin antibody, lanes 1-4
(bottom panel, red) for Figure 2C. Areas utilized in Figure images are outlined with white dashed boxes.
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Figure S2. Original western blot images for Figure 2B and 2D. A. BPH-1 cells separated onto nitrocellulose membrane and probed with COX-1 antibody, lanes 8-13 (top panel, red); and Actin antibody, lanes 8-13 (bottom panel,
red) for Figure 2B. B. BPH-1 cells probed with COX-2 antibody, lanes 9-14 (top panel, green); and Actin antibody,
lanes 9-14 (bottom panel, red) for Figure 2D. Areas utilized in Figure images are outlined with white dashed boxes.

2

COX-1 induction in prostate epithelial cells

Figure S3. Original western blot images for Figure 3A and 3B. A. RWPE-1 cells separated onto nitrocellulose membrane and probed with COX-1 antibody, lanes 2-5 (top panel, red); and Actin antibody, lanes 2-5 (bottom panel, red)
for Figure 3A. B. BPH-1 cells probed with COX-2 antibody, lanes 6-9 (top panel, green); and Actin antibody, lanes 5-8
(bottom panel, red) for Figure 3B. Areas utilized in Figure images are outlined with white dashed boxes.
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Figure S4. Original western blot images for Figure 5A. RWPE-1 cells separated onto nitrocellulose membrane and
probed with COX-1 antibody, lanes 1-2 (top panel, red); NDUFS3 antibody, lanes 1-2 (center panel, red); and Actin
antibody, lanes 1-2 (bottom panel, green) for Figure 5A. Areas utilized in Figure images are outlined with white
dashed boxes.
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