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• HIGHLIGHTS
-  Age-related lower urinary tract disorders are associated with changes in biomarkers of oxidative stress and mitochondrial dysfunction that can be 

subcategorized as evidence of oxidative stress induced molecular damage, protective mechanisms against oxidative stress, inflammation, and neu-
ral changes.

Purpose: To conduct a systematic review of preclinical and clinical peer-reviewed evidence linking alterations in oxidative 
stress biomarkers or outcome measures that were also prevalent in specific age-related lower urinary tract (LUT) disorders.
Methods: PubMed, Scopus, CINAHL, and Embase were searched for peer-reviewed studies published between January 2000 
and March 2021. Animal and human studies that reported on the impact of oxidative stress in age-related LUT disorders 
through structural or functional changes in the LUT and changes in biomarkers were included. The PRISMA (Preferred Re-
porting Items for Systematic Reviews and Meta-Analyses) protocol was followed.
Results: Of 882 articles identified, 21 studies (13 animal; 8 human) met inclusion criteria. Across LUT disorders, common 
structural changes were increased bladder and prostate weights, ischemic damage, nerve damage and detrusor muscle hyper-
trophy; common functional changes included decreased bladder contraction, increased bladder sensation and excitability, de-
creased perfusion, and increased inflammation. The disorders were associated with increased levels of biomarkers of oxidative 
stress that provided evidence of either molecular damage, protective mechanisms against oxidative stress, neural changes, or 
inflammation. In all cases, the effect on biomarkers and enzymes was greater in aged groups compared to younger groups.
Conclusions: Increased oxidative stress, often associated with mitochondrial dysfunction, plays a significant role in the patho-
genesis of age-related LUT disorders and may explain their increasing prevalence. This systematic review identifies potential 
markers of disease progression and treatment opportunities; further research is warranted to evaluate these markers and the 
mechanisms by which these changes may lead to age-related LUT disorders.
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INTRODUCTION

Over half of adults have experienced lower urinary tract (LUT) 
symptoms leading to many disorders, with prevalence expected 
to increase by at least 18% within the next decade [1,2]. Since 
LUT disorders cause burdensome symptoms, impacting quality 
of life [3], evaluation of the mechanisms of these disorders be-
comes important for management and treatment. While stud-
ies have examined some pathophysiological mechanisms, limit-
ed evidence exists for the role aging plays in these disorders [4].

Age-related LUT disorders are linked to ischemia, inflamma-
tion, and alterations in hormone levels (e.g., melatonin, vaso-
pressin); oxidative stress and mitochondrial dysfunction con-
nect these to aging [5-7]. Oxidative stress describes oxidant-an-
tioxidant balance disturbances in cells due to increases in reac-
tive oxygen species (ROS) or decreases in total antioxidant ca-
pacity (TAC). Excessive ROS causes oxidative damage to mac-
romolecules through free radicals. With increasing age, mito-
chondria, key organelles in cellular respiration, may develop is-
sues with metabolic capacity, which increases ROS, leading to 
cellular damage and apoptosis, mitochondrial DNA damage, 
inflammation, and fibrosis [4,8]. Identifying mechanisms and 
commonalities of LUT disorders can provide insight on patho-
genesis and treatments. Inclusion of both clinical and preclini-
cal (animal) studies were necessary to provide an in-depth 
analysis of specific cellular changes which strengthens transla-
tional potential.

Our goal was to conduct a systematic review of preclinical 
and clinical peer-reviewed evidence linking alterations in oxi-
dative stress biomarkers or outcome measures that were also 
prevalent in specific age-related LUT disorders.

MATERIALS AND METHODS

This systematic review was performed according to the PRISMA 
(Preferred Reporting Items for Systematic Reviews and Meta- 
Analyses) guidelines and checklist [9,10].

Literature Search
In March 2021, we designed and executed literature searches in 
PubMed, Scopus, CINAHL, and Embase for peer-reviewed 
studies indexed between 01/01/2000 and 03/01/2021. This date 
range was used in order to include relevant and recent studies. 
The search string included MeSH terms and keywords such as 
“lower urinary tract symptoms,” “ischemia,” and additional LUT 

disorders and “reactive oxygen species,” “mitochondrial dys-
function,” and other terms describing oxidative stress.

Study Selection
Two authors (LK and SG) independently screened articles for 
studies that met the following inclusion criteria in the review: 
(1) Study evaluated oxidative stress in LUT disorders; (2) Study 
was an original article published between January 2000 and 
March 2021; (3) Study evaluated any age-related LUT disorder 
(e.g., benign prostatic hyperplasia [BPH], overactive bladder 
[OAB], bladder outlet obstruction [BOO]); (4) Study was pre-
clinical dealing with human/animal subjects or clinical dealing 
with human participants; (5) Study assessed results by appro-
priate statistical methods (e.g., analysis of variance, t-tests).

In title and abstract review, articles that did not meet the in-
clusion criteria were excluded (Fig. 1). Full-text articles of po-
tential studies were screened and studies that focused on pri-
mary mitochondrial defects, had insufficient data (e.g., case 
studies), were narrative reviews, or fell under previous exclu-
sion criteria were excluded.

BOO and changes in smooth muscle tone that can accompa-
ny BPH often results in LUTS. Since LUTS include storage dis-
turbances (e.g., daytime urinary urgency, nocturia) and voiding 
disturbances (e.g., urinary hesitancy, weak stream), pathologi-
cal processes such as BPH and symptoms complex such as OAB 
were all included.

Data Extraction
A data extraction sheet was created to record the study authors/
name, publication year, sample characteristics (human/animal, 
sample size, age), study characteristics (design, duration, and 
outcomes measured), LUT disorder (s) evaluated, structural 
and functional changes, and changes in biomarkers. Missing 
information was retrieved by searching through cited protocols. 
Discrepancies in the review process and data extraction were 
resolved by consensus and with input from additional authors 
(JPW and LAB). Included studies were grouped based on the 
nature of the study (animal or human) and then organized in 
alphabetical order by the first author’s last name. Studies were 
labeled as 1–21 based on this ordering.

Assessment of Study Quality
Two authors (LK and SG) independently assessed the quality of 
the included studies using the Gradings of Recommendations, 
Assessment, Development, and Evaluations (GRADE) criteria 
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and level of evidence was rated according to the criteria provid-
ed by the Oxford Centre for Evidence-Based Medicine (OCEBM) 
[11,12]. The GRADE criteria are suitable for animal studies in 
addition to human studies [13]. Studies with an assessment re-
sult of low quality were not excluded to avoid selection bias and 
allow for inclusion of more samples to strengthen findings.

RESULTS

The literature search yielded 882 articles. After removing dupli-
cates, the titles and abstracts of 758 articles were reviewed, of 
which 46 studies were selected for full-text review. A total of 21 
studies were selected for analysis (Fig. 1). These studies, pub-
lished between 2003 and 2019, described oxidative stress in age-
related LUT disorders by examining the impact of ROS and 
mitochondrial dysfunction. Of the 21 studies, studies 1–13 
were preclinical studies; study 8 also examined human prostate 
tissue [14-26]. Studies 14–21 were exclusively human studies 
(Table 1) [27-34].

Study Design
The animal studies analyzed rats or rabbits with the sample size 
ranging from 12–54 (age range, 2–18 months). The human 

studies had population sizes of 25–79 patients with sex repre-
sentation ranging from 100% male/0% female–0% male/100% 
female (age range, 37–79 years). All animal studies were experi-
mental and had durations of days–1.5 years [21]. Human study 
designs were either experimental (study 8 and 16) [21,29], pro-
spective cohort (studies 15, 19, and 20) [28,32,33], or case con-
trol studies (studies 14, 17–18, and 21) [27,30,31,34]. For pro-
spective cohort studies, the duration ranged from days–2 years 
(Table 1) [28,32,33].

Outcomes Assessed
Structural LUT properties (e.g., weight, degeneration, cellular) 
were assessed in studies 2–4, 6–9, 11–13, and 16 [15-17,19-
22,24-26,29]. Functional LUT properties (e.g., contractility, ten-
sion, uroflow) were assessed in studies 1, 2, 4–7, 9–10, 12–15, 
and 17–21 [14,15,17-20,22,23,25-28,30-34]. All studies exam-
ined oxidative stress biomarkers and some explored inflamma-
tory biomarkers (Table 1).

Quality Assessment
Based on the GRADE criteria, which factors in an evaluation of 
publication bias, a quality of evidence rating of low (studies 13–
17) [26-30], moderate (studies 1, 2, 4, 5, 7–9, 11, 12, 18, and 19) 

882 Records identified through
database searching
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712 Records excluded by title/abstract

11 Age exclusively <18 in human studies
233 Focus Focus exclusively on non-LUT disorders
127 Treatment/Interventional studies
281 Focus on either LUT disorders or oxidative stress but not both
60 Do not focus on LUT

25 Full-text articles excluded

6 Focus on primary mitochondrial defects
4 Insufficient data
3 Narrative reviews
12 Previous reason not detected in title/abstract

758 Records screened after
duplicates (n=124) removed

46 Full-text articles assessed
for eligibility

21 Studies included in
qualitative synthesis

Fig. 1. Study selection flow diagram showing the study selection process using PRISMA (Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses). All articles were screened using inclusion and exclusion criteria, by title/abstract review first and full-
text analysis next. All screened studies were published between January 2000 and March 2021. LUT, lower urinary tract.
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[14,15,17,18,20-22,24,25,31,32], or high (studies 3, 6, 10, 20, 
and 21) [16,19,23,33,34] was given (Table 2). With the OCEBM 
criteria applied to human clinical studies, 3 studies (15, 19, and 
20) [28,32,33] were level 2b and 4 studies (14, 17, 18, and 21) 
[27,30,31,34] were level 3b.

LUT Changes
Evaluated LUT disorders included BPH (studies 1, 8, 15, 18, 20, 
and 21) [14,21,28,31,33,34], BOO/partial bladder outlet ob-
struction (PBOO) (studies 3, 5–6, 11, and 15) [16,18,19,24,28], 
ischemia-reperfusion (I/R) injury (studies 4–5, 7, 9–10, 12–14, 
and 16–17) [17,18,20,22,23,25-27,29,30], acute urinary reten-
tion (AUR) (study 2) [15], prostate neoplasia and cancer (study 
18) [31], and detrusor overactivity (DO) (study 19) [32] (Table 
3). In studies evaluating BPH, structural changes included in-
creased prostate weight and stromal thickening; functional 
changes included decreased bladder contractions and increased 
bladder sensitivity, prostate inflammation, pro-neoplastic genes, 
and uroflow changes. In studies evaluating BOO or PBOO, 

structural changes included increased bladder weight, metabol-
ic dysfunction, collagen deposits, and detrusor muscle hyper-
trophy; the functional change was decreased contractility. In 
studies evaluating I/R, structural changes included arterial fi-
brosis/thickening, nerve damage, mitochondrial damage, and 
collagen deposition; functional changes included increased 
voiding frequency, micturition frequency, and International 
Prostate System Score and decreased voided volume, micturi-
tion interval, bladder contractility and compliance, perfusion, 
and intravesical pressure fluctuations. Study 2 showed that oxi-
dative stress in AUR caused structural changes such as deterio-
rating bladder blood supply, inflammation, intracellular struc-
tural damage, and epithelial cell degeneration; the functional 
change was increased detrusor excitability [15]. Study 19 exam-
ined patients with DO and showed that ischemia and oxidative 
damage led to this overactivity (Table 3) [32].

Biomarkers
All studies noted molecular changes with increased oxidative 

Table 2. Assessment of study quality using the GRADE quality assessment criteria

Study Risk of bias Inconsistency Indirectness Imprecision Publication bias Quality rating

  1 Not serious Not serious Serious Not serious Undetected Moderate

  2 Not serious Not serious Serious Not serious Undetected Moderate

  3 Not serious Not serious Not serious Not serious Undetected High

  4 Not serious Serious Not serious Not serious Undetected Moderate

  5 Not serious Not serious Serious Not serious Undetected Moderate

  6 Not serious Not serious Not serious Not serious Undetected High

  7 Not serious Not serious Serious Not serious Undetected Moderate

  8 Not serious Not serious Serious Not serious Undetected Moderate

  9 Not serious Serious Not serious Not serious Undetected Moderate 

10 Not serious Not serious Not serious Not serious Undetected High

11 Not serious Not serious Serious Not serious Undetected Moderate

12 Not serious Not serious Serious Not serious Undetected Moderate

13 Not serious Serious Serious Not serious Undetected Low

14 Not serious Serious Serious Serious Undetected Low

15 Serious Not serious Serious Serious Undetected Low

16 Not serious Serious Serious Not serious Undetected Low

17 Not serious Serious Serious Not serious Undetected Low

18 Not serious Serious Not serious Not serious Undetected Moderate

19 Not serious Serious Not serious Not serious Undetected Moderate

20 Not serious Not serious Not serious Not serious Undetected High

21 Not serious Not serious Not serious Not serious Undetected High



www.einj.org    9

 Khosla, et al.  •  Oxidative Stress in LUT Review INJ

Int Neurourol J  March 31, 2022

Ta
bl

e 3
. E

va
lu

at
io

n 
of

 lo
w

er
 u

rin
ar

y t
ra

ct
 an

d 
bi

om
ar

ke
r c

ha
ng

es
 as

so
cia

te
d 

w
ith

 ox
id

at
iv

e s
tre

ss

St
ud

y 
N

o.
St

ud
y

Lo
w

er
 u

rin
ar

y 
tra

ct
 d

iso
rd

er
 (s

) 
ev

alu
at

ed
Lo

w
er

 u
rin

ar
y t

ra
ct

 st
ru

ct
ur

al 
an

d 
fu

nc
tio

na
l c

ha
ng

es
M

ol
ec

ul
ar

 ch
an

ge
s

A
ni

m
al 

stu
di

es

1
A

ik
aw

a e
t a

l. 
(2

00
3)

 [1
4]

BP
H

 
Fu

nc
tio

na
l:

-  H
2O

2 c
au

se
d 

do
se

 d
ep

en
de

nt
↓

in
 m

ax
im

al 
co

nt
ra

ct
io

n 
of

 b
lad

de
r 

str
ip

s.
- O

ld
er

 ra
t b

lad
de

rs
 w

er
e m

or
e s

en
sit

iv
e t

o 
H

2O
2 d

am
ag

e.

M
D

A
↑

as
 H

2O
2↑

an
d 

ag
e↑

M
D

A
 le

ve
ls 

(p
m

ol
/m

g p
ro

te
in

) i
n 

12
-m

on
th

-o
ld

 vs
. 3

-m
on

th
-o

ld
 ra

ts
C

on
tro

l: 4
00

 vs
. 4

20
0.

25
%

 H
2O

2: 1
,0

00
 vs

. 8
00

0.
50

%
 H

2O
2: 1

,2
00

 vs
. 1

,0
00

1.
00

%
 H

2O
2: 1

,6
00

 vs
. 1

,4
00

 

2
Ki

rp
at

ov
sk

y  
et 

al.
 (2

01
3)

 [1
5]

AU
R

St
ru

ct
ur

al:
- E

xt
ra

- a
nd

 in
tra

ce
llu

lar
 st

ru
ct

ur
e d

am
ag

e; 
an

tio
xi

da
nt

s c
an

↓
se

ve
rit

y.
- A

U
R 

is 
as

so
cia

te
d 

w
ith

 d
et

er
io

ra
tio

n 
of

 th
e b

lad
de

r b
lo

od
 su

pp
ly.

Fu
nc

tio
na

l:
- D

et
ru

so
r e

xc
ita

bi
lit

y.

RO
S↑

RO
S l

ev
els

 (a
rb

itr
ar

y u
ni

ts 
vi

a d
ich

lo
ro

flu
or

es
ce

in
 fl

uo
re

sc
en

ce
) i

n 
co

nt
ro

l v
s. 

AU
R

M
uc

os
a: 

0.
5 v

s. 
17

.8
D

et
ru

so
r: 

4.
9 v

s. 
34

.7

3
Li

n 
et

 al
.  

(2
01

1)
 [1

6]
PB

O
O

St
ru

ct
ur

al:
-  P

BO
O

 m
ed

iat
es

 m
et

ab
ol

ic 
dy

sfu
nc

tio
n 

an
d 

ox
id

at
iv

e d
am

ag
e i

n 
 

bl
ad

de
r s

m
oo

th
 m

us
cle

.
-  B

lad
de

r w
eig

ht
↑

du
e t

o 
PB

O
O

 (c
on

tro
l: 2

 g,
 2 

w
ee

ks
: 7

 g,
 4 

w
ee

ks
:  

9 g
, 8

 w
ee

ks
: 1

2 g
).

M
D

A
↑

, T
AC

↓
, a

nd
 8-

O
H

dG
↑

Le
ve

ls 
in

 co
nt

ro
l, 4

 w
ee

ks
, 8

 w
ee

ks
M

D
A

 (μ
M

): 
25

-3
0,

 45
, 6

5
TA

C 
(μ

m
ol

/L
): 

2,
50

0,
 1,

70
0,

 1,
50

0
8-

O
H

dG
 (n

g/
cr

ea
tin

in
e)

: 1
50

, 3
50

, 3
75

4
N

om
iy

a e
t a

l. 
(2

01
2)

 [1
7]

I/R
St

ru
ct

ur
al:

- Th
ick

en
in

g a
nd

 fi
br

os
is 

in
 il

ia
c a

rte
ry

 an
d 

bl
ad

de
r a

rte
rio

les
.

Fu
nc

tio
na

l:
- 2

4-
 H

ou
r v

oi
d 

fre
qu

en
cy

↑
(1

1.
5 v

s. 
17

.5
).

- V
V

↓
(1

.3
9 m

L 
vs

. 0
.8

5 m
L)

.
- M

ict
ur

iti
on

 in
te

rv
al↓

(7
.5

 m
in

 vs
. 4

.6
8 m

in
).

8-
O

H
dG

↑
, N

-(
he

xa
no

yl
) l

ys
in

e↑
(im

m
un

oh
ist

oc
he

m
ica

l s
ta

in
in

g; 
qu

ali
ta

tiv
e o

bs
er

va
tio

n)
 

5
Ra

du
 et

 al
. 

(2
01

1)
 [1

8]
I/R

; P
BO

O
Fu

nc
tio

na
l:

- M
ito

ch
on

dr
ia

l o
xi

da
tiv

e d
am

ag
e, 

as
so

cia
te

d 
w

ith
↓

co
nt

ra
ct

ili
ty.

M
D

A
↑

du
e t

o 
isc

he
m

ia
-r

ep
er

fu
sio

n
M

D
A

 le
ve

ls 
(μ

m
/m

g)
 in

 co
nt

ro
l v

s. 
isc

he
m

ia
/re

pe
rfu

sio
n

M
us

cle
 m

ito
ch

on
dr

ia
: 6

 vs
. 1

2
M

us
cle

 h
om

og
en

at
e: 

7 v
s. 

14
M

uc
os

a m
ito

ch
on

dr
ia

: 4
 vs

. 2
3

M
uc

os
a h

om
og

en
at

e: 
17

 vs
. 3

0

6
Se

zg
in

er
 et

 al
. 

(2
01

9)
 [1

9]
PB

O
O

St
ru

ct
ur

al:
- B

lad
de

r w
eig

ht
↑

in
 ra

ts 
w

ith
 se

ve
re

 o
bs

tru
ct

io
n 

(2
–2

.5
×

gr
ea

te
r)

.
Fu

nc
tio

na
l:

-  C
on

tra
ct

ile
 re

sp
on

se
s↓

in
 b

lad
de

r s
tri

ps
 in

 se
ve

re
 o

bs
tru

ct
io

n 
(~

82
%

 
sm

al
ler

).

M
D

A
↑

, N
F-

kB
↑

, N
rf2

↑
, H

IF
-1

a↑
, H

IF
-2

B/
A

rn
t2

↑

Le
ve

ls 
in

 co
nt

ro
l v

s. 
PB

O
O

M
D

A
 (n

M
/g

 p
ro

te
in

): 
15

 vs
. 3

1
N

F-
kB

 m
RN

A
 ex

pr
es

sio
n 

(R
FU

s)
: 1

00
 vs

. 2
00

N
rf2

 m
RN

A
 ex

pr
es

sio
n 

(R
FU

s)
: 1

00
 vs

. 1
80

H
IF

-1
a (

H
IF

-1
a/

G
A

PD
H

): 
0.

6 v
s. 

1.
1

H
IF

-2
B/

A
rn

t2
 (A

rn
t2

/G
A

PD
H

): 
0.

5 v
s. 

0.
75

 

(c
on
tin
ue
d)



10    www.einj.org

Khosla, et al.  •  Oxidative Stress in LUT ReviewINJ

Int Neurourol J  March 31, 2022

St
ud

y 
N

o.
St

ud
y

Lo
w

er
 u

rin
ar

y 
tra

ct
 d

iso
rd

er
 (s

) 
ev

alu
at

ed
Lo

w
er

 u
rin

ar
y t

ra
ct

 st
ru

ct
ur

al 
an

d 
fu

nc
tio

na
l c

ha
ng

es
M

ol
ec

ul
ar

 ch
an

ge
s

  7
Su

 et
 al

.  
(2

01
6)

 [2
0]

I/R
St

ru
ct

ur
al:

-  S
w

ol
len

 m
ito

ch
on

dr
ia

, m
ito

ch
on

dr
ia

l m
em

br
an

e↓
, m

ito
ch

on
dr

ia
l 

gr
an

ul
es

↓
, c

ol
lag

en
 d

ep
os

iti
on

↑
.

Fu
nc

tio
na

l:
- S

po
nt

an
eo

us
 co

nt
ra

ct
io

ns
.

- B
lad

de
r b

lo
od

 p
er

fu
sio

n 
in

 m
L/

m
in

/1
00

 g↓
(9

.8
 vs

. 3
.8

).
- B

lad
de

r c
om

pl
ia

nc
e i

n 
m

L/
cm

 H
2O

↓
(0

.1
32

 vs
. 0

.0
93

).

Isc
he

m
ic 

bl
ad

de
r p

ro
te

in
s↓

(1
72

 u
pr

eg
ul

at
ed

 p
ro

te
in

s a
nd

 52
7  

do
w

nr
eg

ul
at

ed
 p

ro
te

in
s)

 

  8
Vi

ta
l e

t a
l.  

(2
01

6)
 [2

1]
BP

H
St

ru
ct

ur
al:

-  B
PH

↑
pr

os
ta

te
 w

eig
ht

 (<
12

 m
on

th
s: 

80
 m

g v
s. 

10
0 m

g; 
>

12
 m

on
th

s: 
10

0 m
g v

s. 
15

0 m
g)

.
- S

tro
m

al 
th

ick
en

in
g.

8-
O

H
dG

↑

8-
O

H
dG

 le
ve

ls 
(n

g/
5 μ

g D
N

A
) i

n 
co

nt
ro

l v
s. 

BP
H

1.
0 v

s. 
1.

3

  9
W

itt
ha

us
 et

 al
. 

(2
01

5)
 [2

2]
I/R

St
ru

ct
ur

al:
-  S

w
ol

len
 m

ito
ch

on
dr

ia
 w

ith
 d

eg
ra

de
d 

gr
an

ul
es

, m
ito

ch
on

dr
ia

l 
m

em
br

an
e↓

in
 b

lad
de

r t
iss

ue
.

Fu
nc

tio
na

l:
- S

po
nt

an
eo

us
 co

nt
ra

ct
ile

 ac
tiv

ity
 o

f t
he

 b
lad

de
r.

- M
F 

pe
r 1

0 h
ou

rs
 o

f s
lee

p 
tim

e↑
(6

.3
 vs

. 1
0.

1)
.

- T
ot

al 
ur

in
e p

ro
du

ct
io

n 
pe

r 2
4 h

ou
rs

↑
(1

3.
2 m

L 
vs

. 1
9.

9 m
L)

.
- P

re
m

ict
ur

iti
on

 p
re

ss
ur

e↑
(1

1.
6 c

m
 H

2O
 vs

. 1
5.

7 c
m

 H
2O

).
- B

lad
de

r c
om

pl
ia

nc
e↓

(0
.1

34
 m

L/
cm

 H
2O

 vs
. 0

.0
99

 m
L/

cm
 H

2O
).

M
D

A
↑

, A
O

PP
↑

, P
I3

K/
A

kt
↑

Le
ve

ls 
in

 co
nt

ro
l, s

ha
m

, is
ch

em
ia

M
D

A
 (p

m
ol

/m
g)

: 1
7,

 16
, 2

7
AO

PP
 (μ

M
): 

40
, 5

0,
 78

PI
3K

/A
kt

 (o
pt

ica
l d

en
sit

y)
: 1

.0
, 0

.9
, 1

.7

10
Ya

ng
 et

 al
. 

(2
01

7)
 [2

3]
I/R

Fu
nc

tio
na

l:
- A

lte
re

d 
vo

id
 p

at
te

rn
s.

- B
BF

↓
in

 m
L/

m
/1

00
- g

 ti
ss

ue
 (1

0.
2 v

s. 
4.

6)
.

- M
F↑

(1
1.

7 v
s. 

17
.6

).
- V

V
↓

(1
.3

0 m
L 

vs
. 0

.8
6 m

L)
.

- B
C↓

(1
.6

6 m
L 

vs
. 1

.2
0 m

L)
.

- M
ito

ch
on

dr
ia

l r
es

pi
ra

tio
n 

ra
te

↓
in

 n
m

ol
/m

in
/μ

g (
0.

68
 vs

. 0
.3

8)
.

N
rf2

 ac
tiv

ity
↓

, h
ea

t s
ho

ck
 p

ro
te

in
 70

↑
, g

lu
co

se
-r

eg
ul

at
ed

 p
ro

te
in

 
75

↑
, P

I3
K/

A
kt

↑

Le
ve

ls 
in

 co
nt

ro
l v

s i
sc

he
m

ia
N

rf2
 ac

tiv
ity

 25
%

 co
nt

ro
l

H
ea

t s
ho

ck
 p

ro
te

in
 70

 (n
g/

m
L)

: 0
.5

 vs
. 1

.9
G

lu
co

se
-r

ela
te

d 
pr

ot
ein

 75
 (r

ela
tiv

e d
en

sit
y)

: 0
.4

 vs
. 1

.0
PI

3K
/A

kt
 (r

ela
tiv

e d
en

sit
y)

: 0
.2

0 v
s. 

0.
58

11
Yu

an
 et

 al
. 

(2
01

1)
 [2

4]
PB

O
O

St
ru

ct
ur

al:
-  P

BO
O

 is
 as

so
cia

te
d 

w
ith

↑
bl

ad
de

r w
eig

ht
 (c

on
tro

l: 0
.1

4 g
, 3

 w
ee

ks
: 

0.
37

 g,
 6 

w
ee

ks
: 0

.7
0 g

).
- C

ol
lag

en
 d

ep
os

its
 an

d 
hy

pe
rtr

op
hy

.

M
D

A
↑

, s
up

er
ox

id
e d

ism
ut

as
e↓

, n
itr

ic 
ox

id
e s

yn
th

as
e↓

in
 P

BO
O

Le
ve

ls 
in

 co
nt

ro
l, 3

 w
ee

ks
 P

BO
O

, 6
 w

ee
ks

 P
BO

O
M

D
A

 (n
m

ol
/m

g-
pr

ot
): 

0.
24

, 0
.3

2,
 0.

52
Su

pe
ro

xi
de

 d
ism

ut
as

e a
ct

iv
ity

 (U
/m

g-
pr

ot
): 

17
.6

7,
 14

.8
8,

 11
.7

2
N

itr
ic 

ox
id

e s
yn

th
as

e a
ct

iv
ity

(U
/m

g-
pr

ot
): 

1.
37

3,
 0.

61
6,

 0.
55

8 

12
Zh

an
g e

t a
l. 

(2
01

4)
 [2

5]
I/R

St
ru

ct
ur

al:
- I

nt
im

al 
th

ick
en

in
g a

nd
 lu

m
in

al 
na

rr
ow

in
g o

f i
lia

c a
rte

rie
s.

Fu
nc

tio
na

l:
- B

BF
↓

in
 m

L/
m

in
/1

00
 g 

(7
.5

 vs
. 3

.2
).

- B
C↓

(2
4.

9 m
L 

vs
. 1

6.
2 m

L)
.

- S
po

nt
an

eo
us

 co
nt

ra
ct

io
ns

/1
0 m

in
↑

(1
.2

 vs
. 7

.4
).

M
D

A
↑

, A
O

PP
↑

, P
2X

↑

Le
ve

ls 
in

 co
nt

ro
l v

s. 
isc

he
m

ia
M

D
A

 (p
m

ol
/m

g)
: 1

5 v
s. 

30
AO

PP
 (μ

M
): 

38
 vs

. 7
0

P2
X 

lev
els

 (o
pt

ica
l d

en
sit

y)
:

P2
X1

: 0
.3

 vs
. 0

.5
, P

2X
2:

 0.
5 v

s. 
0.

7,
 P

2X
3:

 0.
4 v

s. 
0.

7,
 P

2X
4:

 0.
5 v

s. 
0.

7,
 

P2
X5

: 0
.3

 vs
. 0

.5
, P

2X
7:

 0.
2 v

s. 
0.

3

(c
on
tin
ue
d)

Ta
bl

e 3
. E

va
lu

at
io

n 
of

 lo
w

er
 u

rin
ar

y t
ra

ct
 an

d 
bi

om
ar

ke
r c

ha
ng

es
 as

so
cia

te
d 

w
ith

 ox
id

at
iv

e s
tre

ss
 (c

on
tin

ue
d)



www.einj.org    11

 Khosla, et al.  •  Oxidative Stress in LUT Review INJ

Int Neurourol J  March 31, 2022

St
ud

y 
N

o.
St

ud
y

Lo
w

er
 u

rin
ar

y 
tra

ct
 d

iso
rd

er
 (s

) 
ev

alu
at

ed
Lo

w
er

 u
rin

ar
y t

ra
ct

 st
ru

ct
ur

al 
an

d 
fu

nc
tio

na
l c

ha
ng

es
M

ol
ec

ul
ar

 ch
an

ge
s

13
Zh

ao
 et

 al
. 

(2
01

6)
 [2

6]
I/R

St
ru

ct
ur

al:
- S

w
ol

len
, d

eg
en

er
at

in
g a

xo
ns

 w
ith

 co
lla

ge
n 

in
va

sio
n 

of
 n

er
ve

 fi
be

rs
.

- N
eu

ra
l d

en
sit

y↓
.

Fu
nc

tio
na

l:
-  8

 W
ee

ks
: M

F↑
(1

3.
3 v

s. 
18

.2
), 

V
V

↓
(1

.2
8 m

L 
vs

. 0
.9

 m
L)

, B
C↓

(1
.6

8 
m

L 
vs

. 1
.2

2 m
L)

, B
BF

↓
(1

0.
8 m

L 
vs

. 5
.3

 m
L)

.
-  1

6 W
ee

ks
: M

F↓
(1

4.
1 v

s. 
9.

3)
, p

os
t- 

vo
id

 re
sid

ua
l v

ol
um

e↑
(0

.1
5 m

L 
vs

. 0
.2

9 m
L)

, B
C↑

(1
.8

0 m
L 

vs
. 2

.5
5 m

L)
, m

ict
ur

iti
on

 p
re

ss
ur

e↓
 

(4
9.

6 c
m

 H
2O

 vs
. 4

1.
5 c

m
 H

2O
), 

BB
F↓

(8
.9

 m
L 

vs
. 3

.4
 m

L)
.

-  S
po

nt
an

eo
us

 d
et

ru
so

r a
ct

iv
ity

 an
d 

flu
ct

ua
tio

ns
 in

 in
tra

ve
sic

al 
 

pr
es

su
re

.

A
fte

r 8
 w

ee
ks

, m
us

ca
rin

ic 
M

2 e
xp

re
ss

io
n↑

; a
fte

r 1
6 w

ee
ks

, m
us

ca
rin

ic 
M

1 a
nd

 M
2 e

xp
re

ss
io

n↑
, M

3 e
xp

re
ss

io
n↓

Re
lat

iv
e d

en
sit

y i
n 

sh
am

 vs
. is

ch
em

ia
8 W

ee
ks

 M
1:

 0.
5 v

s. 
0.

7 (
In

sig
ni

fic
an

t)
8 W

ee
ks

 M
2:

 0.
4 v

s. 
0.

9
8 W

ee
ks

 M
3:

 0.
6 v

s. 
0.

7 (
In

sig
ni

fic
an

t)
16

 W
ee

ks
 M

1:
 0.

3 v
s. 

0.
8

16
 W

ee
ks

 M
2:

 0.
4 v

s. 
0.

8
16

 W
ee

ks
 M

3:
 0.

9 v
s. 

0.
4

H
um

an
 st

ud
ies

14
An

tu
ne

s-L
op

es
  

et 
al.

 (2
01

9)
 [2

7]
I/R

Fu
nc

tio
na

l:
- T

ot
al 

IP
SS

↑
(8

 vs
. 1

1)
.

N
er

ve
 gr

ow
th

 fa
ct

or
↑

(n
or

m
ali

ze
d 

to
 u

rin
e c

re
at

in
in

e)
: 2

.9
 vs

. 3
.7

 

15
Av

er
be

ck
 et

 al
. 

(2
01

8)
 [2

8]
BO

O
 d

ue
 to

 
BP

H
Fu

nc
tio

na
l:

-  B
lad

de
r s

en
sa

tio
n↑

34
.2

%
, b

lad
de

r c
om

pl
ian

ce
↓

31
.6

%
, c

ys
to

m
et

ric
 

ca
pa

cit
y↓

18
.4

%
, d

et
ru

so
r o

ve
ra

ct
iv

ity
 28

.9
%

, u
rg

en
cy

 u
rin

ar
y  

in
co

nt
in

en
ce

↑
13

.2
%

, p
ea

k u
rin

ar
y fl

ow
↓

92
.1

%
, p

os
t- 

vo
id

 re
sid

ua
l 

vo
lu

m
e↑

57
.9

%
, d

et
ru

so
r u

nd
er

ac
tiv

ity
 44

.7
%

.
-  1

8.
4%

 o
f p

at
ien

ts 
pr

es
en

te
d 

w
ith

↓
bl

ad
de

r s
en

sa
tio

n,
 w

hi
ch

 w
as

  
as

so
cia

te
d 

w
ith

↓
ca

ta
las

e e
nz

ym
es

 in
 th

e b
lad

de
r w

al
l.

M
D

A
↑

M
D

A
 L

ev
els

 (p
m

ol
/m

g)
 in

 B
O

O
 an

d 
LU

TS
Lo

w
 gr

ad
e B

O
O

: 1
00

H
ig

h 
gr

ad
e B

O
O

: 2
50

M
ild

 L
U

TS
: 1

11
.9

3
Se

ve
re

 L
U

TS
: 2

90
.9

3

16
A

za
dz

oi
 et

 al
. 

(2
01

1)
 [2

9]
I/R

St
ru

ct
ur

al:
-  E

nl
ar

ge
d 

m
ito

ch
on

dr
ia

 w
ith

 d
eg

ra
de

d 
or

 lo
st 

cr
ist

ae
 an

d 
cy

to
pl

as
m

ic 
ly

so
so

m
es

↑
in

 ce
lls

 ex
po

se
d 

to
 ox

id
at

iv
e s

tre
ss

.

M
D

A
↑

, A
O

PP
↑

, 8
-is

op
ro

sta
ne

↑
, n

itr
ot

yr
os

in
e↑

, s
up

er
ox

id
e  

di
sm

ut
as

e a
ct

iv
ity

↓

Le
ve

ls 
in

 n
or

m
ox

ia
 vs

. o
xi

da
tiv

e s
tre

ss
M

D
A

 (p
m

ol
/m

g)
: 0

.4
 vs

. 0
.7

AO
PP

 (μ
M

): 
55

 vs
. 6

5
8-

iso
pr

os
ta

ne
 (p

g/
m

L)
: 5

5 v
s. 

63
N

itr
ot

yr
os

in
e (

nM
): 

4.
0 v

s. 
6.

0
Su

pe
ro

xi
de

 d
ism

ut
as

e a
ct

iv
ity

 (%
): 

29
 vs

. 2
5 

17
En

er
 et

 al
.  

(2
01

5)
 [3

0]
I/R

St
ru

ct
ur

al:
- G

lo
m

er
ul

at
io

ns
↑

TA
C↓

, I
M

A
↑

, im
m

un
og

lo
bu

lin
 E

↑
, C

-r
ea

ct
iv

e p
ro

te
in

↑

Le
ve

ls 
in

 co
nt

ro
l v

s. 
isc

he
m

ia
TA

C 
(m

M
/L

): 
2.

1 v
s. 

1.
7

IM
A

 (a
bs

or
ba

nc
e u

ni
ts)

: 0
.5

1 v
s. 

0.
56

Im
m

un
og

lo
bu

lin
 E

 (I
U

/m
L)

: 8
2.

8 v
s. 

14
0

C-
re

ac
tiv

e p
ro

te
in

 (m
g/

L)
: 0

.4
2 v

s. 
0.

52

(c
on
tin
ue
d)

Ta
bl

e 3
. E

va
lu

at
io

n 
of

 lo
w

er
 u

rin
ar

y t
ra

ct
 an

d 
bi

om
ar

ke
r c

ha
ng

es
 as

so
cia

te
d 

w
ith

 ox
id

at
iv

e s
tre

ss
 (c

on
tin

ue
d)



12    www.einj.org

Khosla, et al.  •  Oxidative Stress in LUT ReviewINJ

Int Neurourol J  March 31, 2022

St
ud

y 
N

o.
St

ud
y

Lo
w

er
 u

rin
ar

y 
tra

ct
 d

iso
rd

er
 (s

) 
ev

alu
at

ed
Lo

w
er

 u
rin

ar
y t

ra
ct

 st
ru

ct
ur

al 
an

d 
fu

nc
tio

na
l c

ha
ng

es
M

ol
ec

ul
ar

 ch
an

ge
s

18
G

uz
el 

et
 al

. 
(2

01
2)

 [3
1]

BP
H

;  
m

ali
gn

an
t 

pr
os

ta
te

 ca
nc

er
; 

LG
PI

N
;  

H
G

PI
N

Fu
nc

tio
na

l:
- M

ol
ec

ul
ar

 d
am

ag
e a

nd
 al

te
ra

tio
n 

of
 ce

ll h
om

eo
sta

sis
.

- C
ar

cin
og

en
ic 

m
et

als
 in

hi
bi

t D
N

A
 re

pa
ir 

pr
ot

ein
s.

-  R
O

S a
nd

 re
ac

tiv
e n

itr
og

en
 sp

ec
ies

 in
du

ce
 ge

ne
s t

ha
t p

ro
m

ot
e  

pr
ol

ife
ra

tio
n 

an
d 

co
nf

er
 ap

op
to

sis
 re

sis
ta

nc
e.

M
D

A
↑

as
 C

d↑
an

d 
Pb

↑
in

 m
ali

gn
an

t p
ro

sta
te

 ca
nc

er
, L

G
PI

N
, a

nd
 

H
G

PI
N

, a
nd

 B
PH

Le
ve

ls 
in

 B
PH

, m
ali

gn
an

t p
ro

sta
te

 ca
nc

er
, L

G
PI

N
, a

nd
 H

G
PI

N
Ti

ss
ue

 M
D

A
 (n

m
ol

/m
g p

ro
te

in
): 

4.
67

, 5
.4

3,
 5.

73
, 5

.9
6

Pl
as

m
a M

D
A

 (n
m

ol
/m

g p
ro

te
in

): 
5.

56
, 6

.6
4,

 6.
39

, 6
.6

6
Ti

ss
ue

 C
d 

(μ
g/

g w
et

 w
eig

ht
): 

1.
19

, 1
.2

9,
 1.

29
, 1

.2
9

Pl
as

m
a C

d 
(μ

g/
g w

et
 w

eig
ht

): 
1.

10
, 1

.2
2,

 1.
22

, 1
.2

3
Ti

ss
ue

 P
b 

(μ
g/

g w
et

 w
eig

ht
): 

25
, 3

4,
 34

, 3
6

Pl
as

m
a P

b 
(μ

g/
g w

et
 w

eig
ht

): 
25

, 3
1,

 31
, 3

4

19
Ke

sk
e e

t a
l. 

(2
01

9)
 [3

2]
D

et
ru

so
r  

ov
er

ac
tiv

ity
Fu

nc
tio

na
l:

-  I
sc

he
m

ia
/o

xi
da

tiv
e d

am
ag

e l
ea

ds
 to

 va
rio

us
 lo

w
er

 u
rin

ar
y t

ra
ct

  
dy

sfu
nc

tio
ns

.

IM
A

↑
, T

AC
↓

Le
ve

ls 
in

 co
nt

ro
l v

s. 
de

tru
so

r o
ve

ra
ct

iv
ity

IM
A

 (a
bs

or
ba

nc
e u

ni
ts)

: 0
.5

30
 vs

. 0
.6

14
TA

C 
(m

M
 T

ro
lo

x E
qv

/L
): 

2.
1 v

s. 
1.

8 

20
M

er
en

di
no

 et
 al

. 
(2

00
3)

 [3
3]

BP
H

Fu
nc

tio
na

l:
-  C

irc
ul

at
in

g M
D

A
 le

ve
l↑

is 
a m

ar
ke

r o
f l

ip
id

 p
er

ox
id

at
io

n 
an

d 
 

in
fla

m
m

at
io

n 
of

 p
ro

sta
te

 ep
ith

eli
um

.
- M

D
A

 le
ve

l↑
m

ay
 ex

pl
ain

 b
as

e m
od

ifi
ca

tio
ns

 in
 B

PH
 ep

ith
eli

um
.

M
D

A
↑

an
d 

pr
os

ta
te

 sp
ec

ifi
c a

nt
ig

en
↑

in
 B

PH
M

D
A

 le
ve

ls 
(n

m
ol

/m
l) 

in
 co

nt
ro

l v
s. 

BP
H

0.
97

 vs
. 2

.1
2 

21
Re

n 
et

 al
. (

20
15

) 
[3

4]
BP

H
Fu

nc
tio

na
l:

- V
as

cu
lar

 ag
in

g↑
lo

ca
l is

ch
em

ia
 an

d 
hy

po
xi

a.
- H

yp
ox

ic 
co

nd
iti

on
s l

ea
d 

to
 d

iff
er

en
tia

l g
en

e e
xp

re
ss

io
n.

- R
O

S l
ea

ds
 to

 gr
ea

te
r a

po
pt

os
is.

RO
S↑

, H
IF

-1
a↑

, A
R 

ge
ne

↑
, v

as
cu

lar
 en

do
th

eli
al 

gr
ow

th
 fa

ct
or

↑
, 

IL
-8

↑
in

 B
PH

 p
ro

sta
tic

 ti
ss

ue
s

Le
ve

ls 
(R

FU
s)

 in
 co

nt
ro

l v
s. 

BP
H

RO
S:

 40
.9

47
 vs

. 8
2.

72
7

H
IF

-1
a: 

0.
61

2 v
s. 

2.
92

6
A

R:
 1.

23
6 v

s. 
2.

91
8

Va
sc

ul
ar

 en
do

th
eli

al 
gr

ow
th

 fa
ct

or
: 1

.0
94

 vs
. 3

.0
35

IL
-8

: 1
.2

01
 vs

. 1
.9

70
 

BP
H

, b
en

ig
n 

pr
os

ta
tic

 h
yp

er
pl

as
ia

; M
D

A
, m

alo
nd

ia
ld

eh
yd

e; 
AU

R,
 ac

ut
e u

rin
ar

y r
et

en
tio

n;
 R

O
S,

 re
ac

tiv
e o

xy
ge

n 
sp

ec
ies

; P
BO

O
, p

ar
tia

l b
lad

de
r o

ut
let

 o
bs

tru
ct

io
n;

 T
AC

, t
ot

al 
an

tio
xi

da
nt

 
ca

pa
cit

y;
 V

V,
 vo

id
ed

 vo
lu

m
e; 

8-
O

hd
G

, 8
-h

yd
ro

xy
-2

’-d
eo

xy
gu

an
os

in
e; 

I/R
, is

ch
em

ia
/re

pe
rfu

sio
n;

 N
F-

kB
, n

uc
lea

r f
ac

to
r k

ap
pa

 B
; R

FU
s, 

re
lat

iv
e fl

uo
re

sc
en

ce
 u

ni
ts;

 B
BF

, b
lad

de
r b

lo
od

 fl
ow

; 
BC

, b
lad

de
r c

ap
ac

ity
; N

rf2
, n

uc
lea

r f
ac

to
r e

ry
th

ro
id

 2
-r

ela
te

d 
fa

ct
or

 2
; H

IF
-1

a, 
hy

po
xi

a-
in

du
cib

le 
fa

ct
or

 1
-a

lp
ha

; H
IF

-2
B/

A
rn

t2
, H

IF
-m

ed
iat

ed
 ar

yl
 h

yd
ro

ca
rb

on
 re

ce
pt

or
 n

uc
lea

r t
ra

ns
lo

-
ca

to
r 2

; A
O

PP
, a

dv
an

ce
d 

ox
id

at
io

n 
pr

ot
ein

 p
ro

du
ct

s; 
PI

3K
/A

kt
, p

ho
sp

ho
in

os
iti

de
 3

-k
in

as
e/

pr
ot

ein
 k

in
as

e B
; M

F, 
m

ict
ur

iti
on

 fr
eq

ue
nc

y;
 IP

SS
, I

nt
er

na
tio

na
l P

ro
sta

te
 S

ys
te

m
 S

co
re

; B
O

O
, 

bl
ad

de
r o

ut
let

 o
bs

tru
ct

io
n;

 L
U

TS
, lo

w
er

 u
rin

ar
y t

ra
ct

s s
ym

pt
om

s; 
LG

PI
N

, lo
w

-g
ra

de
 p

ro
sta

tic
 in

tra
ep

ith
eli

al 
ne

op
las

ia
; H

G
PI

N
, h

ig
h-

gr
ad

e p
ro

sta
tic

 in
tra

ep
ith

eli
al 

ne
op

las
ia

; I
M

A
, i

sc
h-

em
ia

 m
od

ifi
ed

 al
bu

m
in

; I
L-

8,
 in

te
rle

uk
in

-8
; P

2X
, p

ur
in

oc
ep

to
r; 

M
1,

 M
2,

 M
3,

 m
us

ca
rin

ic 
re

ce
pt

or
s.

Ta
bl

e 3
. E

va
lu

at
io

n 
of

 lo
w

er
 u

rin
ar

y t
ra

ct
 an

d 
bi

om
ar

ke
r c

ha
ng

es
 as

so
cia

te
d 

w
ith

 ox
id

at
iv

e s
tre

ss
 (c

on
tin

ue
d)



www.einj.org    13

 Khosla, et al.  •  Oxidative Stress in LUT Review INJ

Int Neurourol J  March 31, 2022

stress. All studies showed that ROS increases in mitochondrial 
dysfunction. Additionally, malondialdehyde (MDA) in LUT 
disorders increased to 1.1-2.6 times levels in control (control was 
no hydrogen peroxide exposure to rats in study 1, no PBOO in 
rabbits in study 3, and no BOO in male patients in study 15) 
[14,16,28]. Higher MDA was noted with increasing age in stud-
ies 1, 3, and 11 [14,16,24]. Study 5 demonstrated that increased 
MDA is primarily within mitochondria in cells of rabbit blad-
der tissue (Table 3) [18].

In studies 3, investigating rabbits, and 8, analyzing human and 
rat prostate tissues, 8-hydroxy-2’-deoxyguanosine (8-OHdG) 
increased to 1.3–2.5 times levels in healthy samples without 
LUT dysfunctions, and increased with age [16,21]. N-(hexanoyl) 
lysine qualitatively increased in male rats in study 4 [17]. Nrf2, a 
transcription factor, increased to 1.8 times healthy rats in PBOO 
but decreased to 0.25 times healthy rats in I/R (studies 6 and 
10) [19,23]. Ischemia modified albumin (IMA) increased to 
1.1–1.2 times levels in patients without I/R or DO (studies 17 
and 19) [30,32]. Hypoxia-inducible factors (HIFs) increased to 
1.5–4.8 times levels in healthy counterparts (studies 6 and 21) 
[19,34].

TAC decreased by 0.1–0.4 times healthy controls in studies 3 
(rabbits), 17 (female patients), and 19 (female patients) [16,20, 
32]. Superoxide dismutase (SOD) and nitric oxide synthase 
(NOS) activities decreased by 0.1–0.6 times levels in popula-
tions without LUT dysfunction and with increasing age (studies 
11 and 16) [24,29]. Additionally, heavy metals (Cd and Pb) in-
creased in prostate neoplasias by 1.1–1.4 times levels recorded 
in BPH (study 18) [31]. Three studies analyzed inflammatory 
biomarkers: Nuclear factor kappa B (NF-kB) doubled in PBOO 
when compared to healthy rats (study 6) [19], interleukin-8 (IL-
8) increased in BPH to 1.6 times levels in healthy males (study 
21) [34], IgE increased in I/R to 1.7 times levels in healthy fe-
males, and C-reactive protein (CRP) increased in I/R to 1.2 times 
levels in healthy females (study 17) [30].

Studies evaluating I/R noted specific biomarkers compared 
to controls without I/R. Study 7 showed that 172 proteins were 
upregulated and 527 proteins were downregulated [20]. Ad-
vanced oxidation protein products (AOPP) increased in the 
ischemia group to 1.2–1.8 times levels in healthy rat or human 
bladder tissues (studies 9 and 16) [22,29]. The PI3K/Akt ex-
pression increased to 1.7–2.9 times control (studies 9 and 10) 
[22,23]. Heat shock protein 70 (Hsp70) and GRP75 increased 
to 3.8- and 2.5-times control, respectively (study 10) [23]. Vari-
ous isoforms of purinoceptors (P2X) increased to 1.4–1.75 times 

control (study 12) [25]. Study 13 showed muscarinic (M) recep-
tor changes: M1 increased to 2.7 times control, M2 increased to 
2.0 times control, and M3 decreased to 0.4 times control; differ-
ences increased with increasing age [26]. Nerve growth factor 
(NGF) increased to 1.3 times control (study 14) [27]. In study 
16, 8-isoprostane and nitrotyrosine increased to 1.1- and 1.5- 
times control, respectively [29].

Overall trends in biomarkers were noted: ROS, MDA, 8- 
OHdG, IMA, HIFs, N-(hexanoyl) lysine, AOPP, PI3K/Akt, 
Hsp70, GRP75, P2X, M1, M2, NGF, 8-isoprostane, nitrotyro-
sine, heavy metals, and inflammatory biomarkers increased 
and M3, TAC, NOS, and SOD decreased in LUT dysfunction 
in both clinical and preclinical studies; Nrf 2 showed variability, 
increasing in PBOO but decreasing in I/R (Table 4).

DISCUSSION

Since the pathophysiological manifestation of LUT disorders 
requires elucidation [4], this review assessed 21 studies that ex-
amined oxidative stress-associated events to explain changes 
within the LUT. The human studies provided data on trends 
seen in the aging population experiencing LUT disorders while 
the animal studies helped confirm the clinical reports and pro-
vide additional mechanistic markers that helped elucidate rea-
sons for the trends seen in the human studies.

LUT Structure and Function
Increased ROS explains many noted LUT structural and func-
tional changes. Excess ROS damages cellular structures, macro-
molecules, mitochondrial DNA, and tissues through inflamma-
tion and fibrosis [8,35]. Chronic activation of ROS activates en-
zymes, damages DNA, and stimulates fibroblast proliferation, 
causing structural changes such as detrusor hypertrophy [36]. 
These ROS-driven mechanisms also explain the detrimental 
changes reported in the aged bladder [14].

A number of studies investigated the impact of ischemia, 
specifically by looking at structural and functional changes in 
the bladder. Initial changes showed bladder overactivity (e.g., 
increased contractility causing decreased bladder capacity) and 
later changes showed bladder underactivity (e.g., decreased 
contractility causing increased bladder capacity) [26]. Neural 
structural damage and M receptor expression may also explain 
the ischemic damage to the LUT [37]. I/R in humans is due in 
part to atherosclerosis, BOO, and infrequent voiding habits, 
which makes it difficult to characterize mechanisms. Neverthe-



14    www.einj.org

Khosla, et al.  •  Oxidative Stress in LUT ReviewINJ

Int Neurourol J  March 31, 2022

Ta
bl

e 4
. O

ve
rv

iew
 o

f n
ot

ed
 ch

an
ge

s i
n 

co
m

m
on

 bi
om

ar
ke

rs
 ev

alu
at

ed
 in

 ox
id

at
iv

e s
tre

ss

St
ud

y 
N

o.

Bi
om

ar
ke

r

RO
S

M
D

A
O

th
er

 
m

od
ifi

ed
 

lip
id

sa
)

N
itr

ot
yr

os
in

e
8-

O
H

dG
TA

C
N

rf2
IM

A
H

IF
s

AO
PP

PI
3K

/
A

kt
H

sp
 

70
G

RP
 

75
P2

X
M

 
re

ce
pt

or
sb)

N
G

F
En

zy
m

es
 

(N
O

S,
 

SO
D

)

H
ea

vy
 

M
et

als
 

(P
b,

 
C

d)

In
fla

m
m

at
or

y 
M

ar
ke

rs
c)

  1
↑

↑
-

-
-

-
-

-
-

-
-

-
-

-
-

-
-

-
-

  2
↑

-
-

-
-

-
-

-
-

-
-

-
-

-
-

-
-

-
-

  3
↑

↑
-

-
↑

↓
-

-
-

-
-

-
-

-
-

-
-

-
-

  4
↑

-
↑

-
-

-
-

-
-

-
-

-
-

-
-

-
-

-
-

  5
↑

↑
-

-
-

-
-

-
-

-
-

-
-

-
-

-
-

-
-

  6
↑

↑
-

-
-

-
↑

-
↑

-
-

-
-

-
-

-
-

-
↑

  7
↑

-
-

-
-

-
-

-
-

-
-

-
-

-
-

-
-

-
-

  8
↑

-
-

-
↑

-
-

-
-

-
-

-
-

-
-

-
-

-
-

  9
↑

↑
-

-
-

-
-

-
-

↑
↑

-
-

-
-

-
-

-
-

10
↑

-
-

-
-

-
↓

-
-

-
↑

↑
↑

-
-

-
-

-
-

11
↑

↑
-

-
-

-
-

-
-

-
-

-
-

-
-

-
↓

-
-

12
↑

↑
-

-
-

-
-

-
-

↑
-

-
-

↑
-

-
-

-
-

13
↑

-
-

-
-

-
-

-
-

-
-

-
-

-
↑

1,
2;

↓
3

-
-

-
-

14
↑

-
-

-
-

-
-

-
-

-
-

-
-

-
-

↑
-

-
-

15
↑

↑
-

-
-

-
-

-
-

-
-

-
-

-
-

-
-

-
-

16
↑

↑
↑

↑
-

-
-

-
-

↑
-

-
-

-
-

-
↓

-
-

17
↑

-
-

-
-

↓
-

↑
-

-
-

-
-

-
-

-
-

-
↑

18
↑

↑
-

-
-

-
-

-
-

-
-

-
-

-
-

-
-

↑
-

19
↑

-
-

-
-

↓
-

↑
-

-
-

-
-

-
-

-
-

-
-

20
↑

↑
-

-
-

-
-

-
-

-
-

-
-

-
-

-
-

-
-

21
↑

-
-

-
-

-
-

-
↑

-
-

-
-

-
-

-
-

-
↑

RO
S,

 re
ac

tiv
e 

ox
yg

en
 sp

ec
ies

; M
D

A
, m

alo
nd

ia
ld

eh
yd

e; 
8-

O
hd

G
, 8

-h
yd

ro
xy

-2
'-d

eo
xy

gu
an

os
in

e; 
TA

C,
 to

ta
l a

nt
io

xi
da

nt
 c

ap
ac

ity
; N

rf2
, n

uc
lea

r f
ac

to
r e

ry
th

ro
id

 2
-r

ela
te

d 
fa

ct
or

 2
; I

M
A

, 
isc

he
m

ia
 m

od
ifi

ed
 al

bu
m

in
; H

IF
s, 

hy
po

xi
a-

in
du

cib
le 

fa
ct

or
s (

H
IF

-1
a, 

H
IF

-2
b/

A
rn

t2
); 

AO
PP

, a
dv

an
ce

d 
ox

id
at

io
n 

pr
ot

ein
 p

ro
du

ct
s; 

PI
3K

/A
kt

, p
ho

sp
ho

in
os

iti
de

 3-
ki

na
se

/p
ro

te
in

 k
in

as
e B

; 
H

sp
70

, h
ea

t s
ho

ck
 p

ro
te

in
 70

; G
RP

75
, g

lu
co

se
-r

eg
ul

at
ed

 p
ro

te
in

 75
; P

2X
, p

ur
in

oc
ep

to
r; 

M
, M

1,
 M

2,
 M

3,
 m

us
ca

rin
ic 

re
ce

pt
or

s; 
N

G
F, 

ne
rv

e g
ro

w
th

 fa
ct

or
; N

O
S,

 n
itr

ic 
ox

id
e s

yn
th

as
e; 

SO
D

, 
su

pe
ro

xi
de

 d
ism

ut
as

e.
a)
N

-(
he

xa
no

yl
) l

ys
in

e &
 8-

iso
pr

os
ta

ne
. b)

M
1 a

nd
 M

2 i
nc

re
as

ed
; M

3 d
ec

re
as

ed
. c)

N
F-

kB
 in

cr
ea

se
d 

in
 st

ud
y 5

, I
L-

8 i
nc

re
as

ed
 in

 st
ud

y 1
2,

 Ig
E 

an
d 

C-
re

ac
tiv

e p
ro

te
in

 in
cr

ea
se

d 
in

 st
ud

y 1
7.



www.einj.org    15

 Khosla, et al.  •  Oxidative Stress in LUT Review INJ

Int Neurourol J  March 31, 2022

less, there is ample support that chronic ischemia increases oxi-
dative stress, especially with aging, in LUT disorders [5,37,38]. 
Previous studies support the claim that oxidative stress causes 
urinary dysfunction through BOO and I/R through an imbal-
ance of oxidants/antioxidants [39].

Molecular Changes
Increased ROS with aging lead to changes in biomarkers of oxi-
dative stress that can be subcategorized as evidence of oxidative 
stress induced molecular damage (ROS, MDA, 8-OHdG, IMA, 
N-(hexanoyl) lysine, 8-isoprostane, nitrotyrosine, AOPP, GRP75, 
NOS, Pb, and Cd), protective mechanisms against oxidative 
stress (HIFs, PI3K/Akt, Hsp70, TAC, and SOD), inflammation 
(NF-kB, IL-8, IgE, and CRP), and neural changes (P2X, M1, 
M2, M3, and NGF). Of these markers, I/R specifically caused 
changes in N-(hexanoyl) lysine, 8-isoprostane, nitrotyrosine, 
AOPP, GRP75, PI3K/Akt, Hsp70, P2X, M1, M2, M3, and NGF.

Oxidative stress induced molecular damage was marked by 
increased levels of ROS. In addition, MDA was found to be in-
creased in a number of studies (Table 4). ROS-driven peroxida-
tion of polyunsaturated fatty acids forms MDA, which then 
forms adducts and cross-links with macromolecules [40]. An-
other common biomarker of oxidative stress is 8-OHdG, which 
increased in PBOO and BPH [16,21]. 8-OHdG marks DNA 
damage; however, the exact role of DNA damage in the patho-
genesis of LUT disorders requires further exploration [41]. Pre-
vious studies have shown that MDA levels reflect increased ox-
ygen radical activity while 8-OHdG is a pivotal marker for 
measuring the effect of endogenous oxidative DNA damage 
[42,43]. IMA was also found to be increased, marking molecu-
lar damage [30,32]. The decrease in cobalt binding to IMA can 
lead to alteration in redox balance and disease [44]. Studies 
have demonstrated the importance of using IMA to monitor 
oxidative stress levels [45]. In I/R, N-(hexanoyl) lysine and 
8-isoprostane, which can be modified by lipid peroxidation, in-
creased [17,29]. Nitrotyrosine, made by tyrosine nitration in in-
creased oxidative stress, also increased [29]. I/R increased pro-
teins modified by oxidation, noted by the higher AOPP levels 
[22,25,29]. AOPP is commonly used to assess oxidative stress in 
a number of organs and diseases [45]. Upregulation of GRP75 
was associated with impaired mitochondrial respiration in I/R 
[23]. NOS, an enzyme responsible for generating nitric oxide, 
decreased in studies analyzing oxidative stress in PBOO and I/
R, potentially due to increased free radical damage to the en-
zyme [24,29]. Pb and Cd, increasing ROS and mediating effects 

of oxidative stress, increased in study 18, a clinical study [31,46]. 
Studies have supported these observations as heavy metal-in-
duced oxidative stress in cells can be partially responsible for 
cellular toxicity [47].

Other studies showed changes in molecules that indicated 
protective mechanisms against oxidative stress. HIFs increased 
over time in PBOO and BPH, respectively [19,34]. HIF-1a and 
HIF-2b may protect against oxidative stress induced apoptosis 
[48]. TAC, the capacity to scavenge ROS, decreased due to in-
creased use and depletion of antioxidant molecules in protect-
ing against oxidative stress [16,30,32]. These biomarkers also 
signal cell stress and consequent bladder dysfunction. SOD ac-
tivities decreased in models for PBOO and I/R due to increased 
ROS [24,29], which resulted in a decreased ability to scavenge 
ROS [49]. Additionally, LUT dysfunctions such as I/R increase 
stress on mitochondria to drive processes needed for cell sur-
vival such as the PI3K/Akt pathway, which inhibits expression 
of antioxidant proteins to facilitate apoptosis [22,23]. Hsp70 in-
creased, indicating stress of the cell during protein folding [23].

Inflammatory biomarkers (NF-kB, IL-8, IgE, and CRP) in-
creased in PBOO, BPH, and I/R, suggesting a role of inflamma-
tion in oxidative stress related LUT disorders [19,30,34]. NF-kB 
is a transcription factor that upregulates genes involved in im-
mune functions. IL-8 is a cytokine involved in proinflammatory 
functions [50]. IgE and CRP increases were seen for painful 
bladder syndrome and interstitial cystitis, signaling potential 
for allergy-mediated inflammation [30]. Previous studies have 
shown that oxidative stress mediates the NF-kB pathway, up-
regulates IL-8 synthesis by human dendritic cells, increases 
production of IgE, and shows increases in CRP [51-54]. With 
age-related LUT disorders, oxidative stress can also increase ex-
pression of genes in inflammatory pathways to consistently 
high levels and chronic inflammation, in turn, induces oxida-
tive stress and decreases TAC [55]. Additionally, Nrf2 was more 
expressed in preclinical study 6 analyzing PBOO compared to 
healthy rats, signaling antioxidant protein expression in inflam-
matory states [56]. However, Nrf2 was lower in rats with I/R in 
preclinical study 10, hypothesized to lead to increased damage 
from oxidative stress in I/R instead [23].

Neural changes were seen in studies investigating I/R. Puri-
noceptor (P2X isoforms), receptors mediating hypersensitivity 
and pain in the bladder, also increased, contributing to bladder 
noncompliance and spontaneous contractions [25]. P2X recep-
tors interact with M receptors to decrease bladder contractions. 
M1 receptors contribute to acetylcholine release from choliner-
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gic nerves, while M2 and M3 receptors mediate bladder con-
traction. With acute ischemia, M2 receptors increase and cor-
relate with an overactive state. In chronic ischemic states, M1 
receptors increase and M3 receptors decrease, which is associ-
ated with a transition to an underactive bladder [26]. NGF also 
increases, further suggesting neural involvement in oxidative 
stress [27].

Aging
Chronic changes in oxidative stress significantly impairs uri-
nary bladder function in both adult and aged animals. Studies 
show aging is associated with higher levels of MDA, 8-OHdG, 
M1/M2 receptors and a number of structural and functional 
LUT deficits. Further, they also reported lower levels of TAC, 
the M3 receptor, SOD and NOS activities in rats and rabbits 
[14,16,24,26]. Oxidative stress may be a contributing factor un-
derlying LUT dysfunctions, which increases in prevalence with 
age [4,57]. Disease progression changes with advanced age, 
along with dynamic changes in multiple factors. This was sup-
ported by studies showing alterations in NGF and M receptors, 
which may play a role in transitioning the bladder from overac-
tive to an underactive state. The effects of aging on the bladder 
are complex and associated with multiple risk factors. Thus, the 
use of animal models (including use of genetically modified 
mice) permits detailed investigation of specific factors in the 
context of aging [4].

Considerations and Limitations
Due to the increasing prevalence of LUT disorders in the older 
adult, we examined common manifestations and biomarkers to 
explain the influence of oxidative stress induced changes in out-
come measures. Identifying clusters of biomarkers that can be 
linked with LUT dysfunction in the older adult can aid progno-
sis and treatment. However, these studies require further explo-
ration. Pharmaceutical agents and natural antioxidants have 
been used to modify oxidative stress in LUT disorders, although 
underlying mechanisms are unclear [39,58]. Most of the identi-
fied biomarkers require exploration before being considered as 
treatment targets. Future studies should consider inflammation 
in the pathogenesis of oxidative stress, as inflammation is asso-
ciated with a number of age-related diseases [55].

The findings of our review have several limitations. By using 
stringent criteria, many studies may have been excluded. Also, 
the impact of primary mitochondrial dysfunction on the LUT 
is represented while not being completely understood. Addi-

tionally, despite conducting comprehensive searches, articles 
that were published in journals not indexed in databases used 
in our analysis could have been missed.

Only 2 studies included in this review provided analysis on 
females and additional demographic data was lacking; there-
fore, findings may be insufficient for generalized judgements. 
Additionally, the systematic review’s protocol was not registered 
on Prospero, which is a drawback we acknowledge.

Despite these limitations, our review provides a systematic 
analysis which associated a number of outcomes associated with 
age-associated increases in oxidative stress in LUT disorders. 
We tested several search constructions and selected the ones 
that allowed for the broadest selection of articles. Additionally, 
we searched 4 databases and had 2 reviewers independently 
screen studies to reduce selection bias. We used 2 quality as-
sessment methods, GRADE and OCEBM criteria. Finally, we 
incorporated findings from both animal studies, which allowed 
for a controlled setting, and human studies, in order to provide 
translational relevance. Nevertheless, further studies are war-
ranted, such as exploration of biomarker clusters and progres-
sion in the context of demographics, LUT disorders, prognosis, 
and treatments.

The increasing prevalence of LUT disorders with aging shows 
an unmet need for better understanding of mechanisms of 
pathogenesis, in order to provide safe and effective treatments 
for these conditions. This systematic review focuses on factors 
associated with oxidative stress in age-related LUT disorders. In 
addition to mechanical, vascular, neural, and functional chang-
es of the LUT, oxidative stress is associated with increased ROS, 
MDA, 8-OHdG, IMA, HIFs, N-(hexanoyl) lysine, AOPP, PI3K/
Akt, Hsp70, GRP75, P2X, M1, M2, NGF, 8-isoprostane, nitro-
tyrosine, heavy metals, and inflammatory biomarkers, and de-
creased TAC, M3, NOS, and SOD. Our findings may serve as 
an initial list of potential targets that may be useful for the in-
vestigation of a number of age-associated LUT disorders.
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