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Abstract: Both hypoxia and chronic suburothelial inflammation are important pathophysiological
findings in patients with interstitial cystitis/bladder pain syndrome (IC/BPS). This study investigated
the roles of urine oxidative stress biomarkers and inflammatory cytokines in patients with IC/BPS.
Urine samples were collected from 159 IC/BPS patients and 28 controls. The targeted analytes
included oxidative stress biomarkers (8-OHdG, 8-isoprostane, and total antioxidant capacity) and
inflammatory cytokines (MCP-1, RANTES, CXCL10, Eotaxin, MIP-1§3, and IL-8). IC/BPS patients
were classified into four clinical subgroups, based on the glomerulation grade and the maximal
bladder capacity under anesthesia. Patients with IC/BPS had urine oxidative stress biomarkers
and inflammatory cytokines profiles that were distinct from those of the controls and among each
subgroup. Both 8-OHdG and 8-isoprostane showed a high diagnostic ability to distinguish type
2 IC/BPS patients (as classified by the European Society for the Study of Interstitial Cystitis) from
controls. Additionally, they both showed positive and negative correlations with the glomerulation
grade and the maximal bladder capacity under anesthesia, respectively. Limitations included intra-
individual variation and sex influence. Urine oxidative stress biomarkers might have a role in
diagnosing IC/BPS and differentiating its clinical subtypes. In addition to inflammatory cytokines,
urine oxidative stress biomarkers have the potential to be novel biomarkers in patients with IC/BPS.
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1. Introduction

Interstitial cystitis/bladder pain syndrome (IC/BPS) is a chronic inflammatory disor-
der of the urinary bladder, characterized by bladder pain, that is associated with urinary
frequency, nocturia, and sterile urine [1]. While the etiology of IC/BPS remains unclear,
it is considered multifactorial, with complex pathophysiology [2,3]. Defective and dam-
aged bladder urothelium, mast cell activation, neurogenic inflammation, occult infection,
autoimmunity and allergy, and hypoxia have been proposed as pathomechanisms [1,2].
Urothelial dysfunction and suburothelial inflammation are important pathologic findings
in patients with IC/BPS [4]; their urine inflammatory protein profiles are reportedly distinct
from those of controls [5] or patients with an overactive bladder [6]. With the increased
understanding of IC/BPS pathophysiology, the development of IC/BPS biomarkers has
received more attention.

Previous studies have proven that patients with IC/BPS have significantly decreased
bladder perfusion during filling and at capacity [7,8], increased expression of hypoxia-
inducible factor (HIF)-1x and vascular endothelial growth factor, and immature vascu-
larization of the bladder tissue [9,10]. Bladder tissue hypoxia was thought to play an
important role in the pathogenesis of IC/BPS and to be a potential therapeutic marker [11].
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Both hypoxia and inflammation-inducing stimuli could generate reactive oxygen
species, which serve as mediators in both physiological and pathological signaling transduc-
tions [12]. The excessive production of reactive oxygen species can result in oxidative stress,
which may damage cellular DNA, lipids, and proteins, thereby influencing the structure
and function of the target tissue, with a pathological link to many human diseases [13-15].
The application of oxidative stress (such as 8-hydroxy-2-deoxyguanosine (8-OHdG) and
F2-isoprostane) and antioxidant biomarkers (such as total antioxidant capacity (TAC)) have
been reported in some animal studies of bladder outlet obstruction (BOO) [16], but few
human studies have been conducted, and none have considered IC /BPS.

For IC/BPS, both hypoxia and chronic suburothelial inflammation are important
pathologic findings; however, to the best of our knowledge, no study has investigated
the oxidative stress state in urine. Therefore, this study was conducted to investigate the
roles and diagnostic values of urine oxidative stress biomarkers, as well as inflammatory
cytokines, in patients with IC/BPS.

2. Materials and Methods
2.1. Patients

From February 2014 to December 2020, we enrolled 159 consecutive clinical IC/BPS
patients from the department of urology at a single medical center (Hualien Tzu Chi
Hospital, Taiwan). This study was approved by the Institutional Review Board and Ethics
Committee of Buddhist Tzu Chi General Hospital (Nos. IRB105-31-A and IRB107-175-A).
All study patients and controls were informed of the rationale and procedures of this study
and signed an informed consent form.

The diagnostic criteria for IC/BPS, based on the proposed guidelines of European
Society for the Study of Interstitial Cystitis (ESSIC), constituted “chronic pelvic pain,
pressure, or discomfort perceived to be related to the urinary bladder, accompanied by at
least one other urinary symptom, such as a persistent urge to void or urinary frequency, for
more than six months”, with the exclusion of similar diseases [17]. Study patients received
cystoscopy with hydrodistention under general anesthesia and were classified according to
ESSIC as type 1 or 2 (without or with glomerulations, respectively). We excluded patients
with Hunner’s lesions (ESSIC type 3). A total of 28 women with genuine stress urinary
incontinence and without other storage or voiding dysfunction were invited as controls.
Detailed inclusion and exclusion criteria were identical to those in our previous study [5].

2.2. Clinical Investigation

In enrolled IC/BPS patients, the assessment of clinical symptoms included the O’Leary-
Saint symptom score, interstitial cystitis symptom index, interstitial cystitis problem index,
and visual analog pain scale score. The grade of glomerulation and maximal bladder
capacity under anesthesia (MBC) on cystoscopic hydrodistention were recorded. The pa-
tients were then classified into four clinical subtypes, based on the grade of glomerulation
and MBC [18], including: (1) patients with glomerulation grade < 1 and MBC > 760 mL;
(2) patients with glomerulation grade < 1 and MBC < 760 mL; (3) patients with glomeru-
lation grade > 2 and MBC > 760 mL; and (4) patients with glomerulation grade > 2 and
MBC <760 mL.

2.3. Urine Biomarkers Investigation

Urine samples were collected from all study patients and controls before cystoscopic
hydrodistention and surgery, respectively. Urine was self-voided when the patients had a
full bladder sensation. Urinalysis was performed simultaneously to confirm an infection-
free status before the urine samples were stored. A total of 50 mL of urine was put on
ice immediately and transferred to the laboratory for preparation. The samples were
centrifuged at 1800 rpm for 10 min at 4 °C. The supernatant is separated into aliquots in
1.5 mL tubes (1 mL per tube) and preserved in a freezer at —80 °C. Before further analyses
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were performed, the frozen urine samples were centrifuged at 12,000 rpm for 15 min at
4 °C, and the supernatants were set aside for subsequent measurements.

2.4. Quantification of 8-OHAG, 8-Isoprostane, and TAC

The quantification of 8-OHdG, 8-isoprostane, and TAC in urine samples was per-
formed in accordance with the respective manufacturer’s instructions (8-OHdG ELISA kit,
Biovision, Waltham, MA, USA; 8-isoprostane ELIZA kit, Enzo, Farmingdale, NY, USA; Total
Antioxidant Capacity Assay Kit, abcam, Cambridge, MA, USA). The laboratory procedures
were similar to those reported in a previous study [19].

2.5. Quantification of Inflammatory Cytokines

Inflammation-related cytokines in the urine samples were assayed using commercially
available microspheres with the Milliplex® human cytokine /chemokine magnetic bead-
based panel kit (Millipore, Darmstadt, Germany). Six targeted analytes, including Eotaxin,
interleukin-8 (IL-8), chemokine (C-X-C motif) ligand 10 (CXCL10), macrophage chemoat-
tractant protein-1 (MCP-1), macrophage inflammatory protein 13 (MIP-1f3), and ‘regulated
upon activation, normal T cell expressed and presumably secreted” (RANTES) values were
measured with the multiplex kit, catalog number HCYTMAG-60K-PX30. The laboratory
procedures used to quantify these targeted analytes were similar to those reported in
previous studies [5,6].

2.6. Statistical Analysis

Continuous variables are represented as means =+ standard deviations, and categorical
data are represented as numbers and percentages. For each targeted analyte, the values
outside the range between the means + 3 of standard deviations in either the study or
the control group were defined as outliers and were excluded from further analysis. The
clinical data and the urine samples’ targeted analytes levels between the study and control
groups and among the study subgroups and controls were analyzed using an analysis
of variance.

Receiver operating characteristics curves were generated to assess the ability of each
targeted analyte to distinguish ESSIC type 2 IC/BPS patients from individuals in the
control group, and the areas under the receiver operating characteristic curves (AUC) were
calculated. Multivariate logistic regression models were constructed to control confounding
factors for each targeted analyte, and the odds ratio (OR) was calculated. Linear regression
analysis with Pearson correlation was carried out to determine the relationship between
clinical characteristics and the urine samples’ targeted analyte levels. All calculations were
performed using SPSS Statistics for Windows, Version 25.0 (IBM Corp., Armonk, NY, USA).
Differences were considered statistically significant for p-values < 0.05.

3. Results

Eligible IC/BPS patients included 139 women and 20 men, with a mean age of
54.4 £ 12.7 years (range: 21-88 years), which was similar to that of the 28 controls (mean
age: 58.6 £ 9.9 years, range: 39-75 years) (Table 1). Based on the findings regarding cysto-
scopic hydrodistention, 42 (26.4%) and 117 (73.6%) of the IC/BPS patients were classified
as ESSIC types 1 and 2, respectively. The clinical characteristics and symptom scores were
similar among the patient types, except that ESSIC type 2 IC/BPS patients had a lower
body mass index and a lower MBC.

Table 2 reveals the urine samples’ targeted analyte levels between IC/BPS patients and
controls. For each targeted analyte, the numbers of outliers within the IC/BPS and control
groups ranged from 0 to 6 and from 0 to 1, respectively, and all were less than 4%. The
urine oxidative stress biomarkers (including elevated 8-OHdG and 8-isoprostane levels)
and inflammatory cytokines profiles (including elevated MCP-1, RANTES, CXCL10, and
Eotaxin levels) of the IC/BPS patients were distinct from that of the controls. Additionally,
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urine 8-OHdG levels were significantly higher in ESSIC type 2 IC/BPS patients than those
in ESSIC type 1 patients.

Table 1. Clinical characteristics of patients with IC/BPS and the control patients.

IC/BPS
ESSIC Type 1 ESSIC Type 2 Overall Control " #
(N=42,264%) (N=117,73.6%) (N =159, 100%) (N =28) p-Value p-Value
56.9 +£10.9 535+ 13.2 544 +12.7 58.6 9.9
Age (28-78) (21-88) (21-88) (39-75) 0.145 0.101
Sex F40, M2 F99, M18 F139, M20 F28 0.075 0.048
DM 8 (19.0%) 10 (8.5%) 18 (11.3%) 5 (17.9%) 0.087 0.350
BMI 25.88 +4.24 23.00 + 4.07 23.76 + 4.30 25.66 + 4.03 <0.001 0.031
VAS 44 +26 45+28 45+27 0.766
ICSI 98 +£4.7 109 £4.3 10.6 =44 0.194
ICPI 104 + 45 10.7 £ 3.7 10.6 + 3.9 0.625
0SS 20.2 + 8.8 21.7+ 75 213+ 7.8 0.272
MBC (mL) 782.1 £192.5 711.1 £176.8 729.9 £+ 183.2 0.031
Note: DM, diabetes mellitus; BMI, body mass index; VAS, visual analog scale; ICSI, interstitial cystitis symptom
index; ICP], interstitial cystitis problem index; OSS, O’Leary-Saint score; MBC, maximal bladder capacity under
anesthesia. *: p-values between ESSIC type 1 and type 2 IC/BPS patients. #: p-values between overall IC/BPS
patients and controls.
Table 2. Levels of urine biomarkers between IC/BPS and control groups.
IC/BPS
Urine (A) ESSIC Type 1 (B) ESSIC Type 2 Overall (C) Control g # g $
Biomarkers @ N=42 N =117 N =159 N =28 p-Value p-Value
8-OHdG 25.81 4+ 18.44 (0) 38.67 4+ 18.68 * (0) 35.27 +19.41 (0) 18.33 £ 13.48 (0) <0.001 <0.001
8-isoprostane 36.47 + 26.4* (0) 44.32 +33.11* (3) 42.20 + 31.56 (3) 20.69 £+ 21.15 (0) 0.169 <0.001
TAC 1641.8 +1317.2 (0) 1597.4.2 + 1226.0 (6) 1610.6 + 1247.5 (6) 1119.4 + 1064.1 (0) 0.845 0.060
MCP-1 237.57 + 211.06 * (2) 297.47 4+ 276.06 * (3) 281.91 4+ 261.41 (5) 142.25 £93.02 (1) 0.214 <0.001
RANTES 7.97 £ 8.00 (0) 9.34 £8.21*(1) 8.97 £8.15(1) 5.34 +4.56 (1) 0.354 0.001
CXCL 10 25.76 + 38.68 (1) 41.04 £ 57.59* (1) 37.05 + 53.61 (2) 14.76 £ 18.63 (1) 0.117 <0.001
Eotaxin 8.25 +8.03 (1) 852+ 6.8*(2) 8.45+7.12 (3) 488 +3.21(1) 0.836 <0.001
MIP-1p 2.82+£224(1) 2.65 +1.96 (2) 2.69 £ 2.03 (3) 244 +1.59 (0) 0.635 0.533
IL-8 11.71 £ 13.46 (1) 11.45 £13.12(2) 11.52 + 13.17 (3) 14.62 £24.13 (1) 0.914 0.520

Note: 8-OHAG, 8-hydroxy-2-deoxyguanosine; TAC, total antioxidant capacity; MCP-1, macrophage chemoattrac-
tant protein-1; RANTES, regulated upon activation, normal T cell expressed and presumably secreted; CXCL10,
chemokine (C-X-C motif) ligand 10; MIP-1§3, macrophage inflammatory protein 1p. (): indicates the number of
outliers. *: p-values < 0.05 when compared with controls. #: p-values between ESSIC type 1 and type 2 IC/BPS
patients. *: p-values between overall IC/BPS patients and controls. @: units: all pg/mL, except ng/mL in 8-OHdG,
and mmol/uL in TAC.

Table 3 and Figure 1 reveal the urine samples’ targeted analyte levels among the differ-
ent subgroups of IC/BPS patients and controls. Among the subgroups of IC/BPS patients
and the control group, there were significant differences in the expression of urine oxidative
stress biomarkers and inflammatory cytokines. IC/BPS patients with a glomerulation
grade > 2 and MBC < 760 mL had the highest urine 8-OHdG and 8-isoprostane levels
among subgroups.
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Table 3. Levels of urine biomarkers among different subgroups of patients with IC/BPS and the
control patients.

IC/ BPS
(A) (B) © (D)
Urine GR <1, GR <1, GR > 2, GR > 2, Control Value * Post Hoc
Biomarkers @ MBC > 760 mL MBC < 760 mL MBC > 760 mL MBC < 760 mL N=28 p-value Analysis
N=44 N=46 N=18 N =51

8-OHdG 29.56 + 19.31 (0) 30124+ 1805(0)  4297+1839(0)  42.13 + 18.40 (0) 18.33 + 13.48 (0) <0.001 BAéBiDV ‘S]'SPE
8-isoprostane 35.21 + 26.55 (0) 37.61 + 32.18 (1) 37.28 + 25.57 (0) 54.51 + 34.28 (2) 20.69 + 21.15 (0) <0.001 ‘:' g' %‘f; 1}3
TAC 13995+ 10804 (0)  1926.6 £14312(1) 9628 £514.1(0) 17534 +£1306.1(5)  1609.6 + 1247.5 (6) 0.003 g: g
MCP-1 209.3 £ 156.9 (1) 263.7 £ 215.8(1) 21821864 (0)  387.92 + 355.17 (3) 142.3 £ 93.02 (1) <0.001 BAB’ i’SPE
RANTES 7.98 £ 8.02 (0) 8.09 £ 5.67 (1) 5.09 £ 5.02 (0) 11.98 =+ 10.01 (0) 5.34 £ 4.56 (1) <0.001 C,Evs.D
CXCL 10 26.01 £ 34.24 (0) 3141 £ 43.18 (2) 12.55 £ 22.84 (2) 60.09 = 72.69 (0) 14.76 £ 18.63 (1) <0.001 A CEvs.D
Eotaxin 7.30 £ 6.93 (0) 8.73 +7.30 (1) 5.85 % 6.15 (1) 10.20 £7.16 (2) 4.88 +£3.21(1) 0.004 B,Dvs. E
MIP-13 2.63 +2.16 (1) 297 +1.87 (1) 1.27 £ 091 (2) 3.01 % 2.17 (0) 2.44 + 1.59 (0) 0.016 A,B,D,Evs.C
IL-8 16.3 + 18.24 (0) 11.10 £ 11.13 (3) 5.99 + 3.96 (3) 9.69 + 10.37 (0) 14.62 £ 24.13 (1) 0.090

Note: 8-OHdG, 8-hydroxy-2-deoxyguanosine; TAC, total antioxidant capacity; MCP-1, macrophage chemoattrac-

tant protein-1; RANTES, regulated upon activation, normal T cell expressed and presumably secreted; CXCL10,

chemokine (C-X-C motif) ligand 10; MIP-1§3, macrophage inflammatory protein 13; GR, grade of glomerulation;

MBC, maximal bladder capacity under anesthesia. (): indicates the number of outliers. *: p-values among different

subgroups of IC/ BPS patients and control patients. ©: units: all pg/mL, except ng/mL in 8-OhdG, and mmol/uL

in TAC.

Table 4 summarizes the diagnostic values of each urine analyte, to distinguish ESSIC
type 2 IC/BPS patients from controls. Urine oxidative stress biomarkers, such as 8-OHdG
and 8-isoprostane, demonstrated a high AUC (i.e., >0.7), acceptable sensitivity (75.2% and
68.4%, respectively) and specificity (80.8% and 76.9%, respectively). Additionally, urine
8-OHdG and 8-isoprostane had higher AUC levels than the other inflammatory cytokines.
Table 4. Diagnostic values of urine biomarkers in patients with ESSIC type 2 IC/BPS (from controls).

Urine @ ceesi o i e 1o o o

. AUC Cut-off Value *: Sensitivity (%)  Specificity (%) PPV (%) NPV (%)
Biomarkers

8-OHdG 0.799 24.970 75.2% 80.8% 94.6% 42.0%
8-isoprostane 0.755 22.245 68.4% 76.9% 92.9% 35.7%
MCP-1 0.681 199.070 54.4% 77.8% 91.2% 28.8%
RANTES 0.655 8.770 41.4% 88.9% 94.1% 26.1%
TAC 0.649 845.210 64.9% 65.4% 88.9% 30.4%
Eotaxin 0.645 6.950 47.8% 85.2% 93.2% 27.7%
CXCL10 0.629 58.425 26.7% 100.0% 100.0% 24.1%
IL 8 0.556 2.165 84.4% 37.0% 85.1% 35.7%
MIP-1p3 0.555 1.570 73.0% 50.0% 85.7% 31.1%

Note: 8-OHAG, 8-hydroxy-2-deoxyguanosine; TAC, total antioxidant capacity; MCP-1, macrophage chemoattrac-
tant protein-1; RANTES, regulated upon activation, normal T cell expressed and presumably secreted; CXCL10,
chemokine (C-X-C motif) ligand 10; MIP-13, macrophage inflammatory protein 13; AUC, area under the curve
of the receiver operating characteristic; PPV, positive predictive value; NPV, negative predictive value. ©: units:
all pg/mL, except ng/mL in 8-OHdG, and mmol/uL in TAC.

Multivariate logistic regression models, adjusting for age, sex, body mass index, and the
comorbidity of diabetes mellitus, revealed the OR of the diagnostic value of targeted analytes
(Table 5). The urine samples’ targeted analytes that differentiated overall IC/BPS patients from
controls included MCP-1 (OR 2.030), 8-OHdG (OR 1.687), 8-isoprostane (OR 1.557), Eotaxin
(OR 1.141), and RANTES (1.012). More importantly, 8-OHdG was the only independent urine
analyte to differentiate ESSIC type 2 from ESSIC type 1 IC/BPS patients.
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Figure 1. Violin plots of levels of urine biomarkers among different subgroups of patients with IC/BPS
and control patients. Urine levels of (A) 8-OhdG, (B) 8-isoprostane, (C) TAC, (D) MCP-1, (E) RANTES,
(F) CXCL-10, (G) Eotaxin, and (H) MIP-1p, but not (I) IL-8 were significantly different among
different subgroups of patients with IC/BPS and control patients. *: p-value < 0.05, **: p-value < 0.01,
***: p-value < 0.001.
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Table 5. Multivariate models (adjusting for age, gender, BMI, and DM), revealing the diagnostic
values of targeted urine biomarkers.

p-Value Odds Ratio 95% CI Ocll;irfi::a*t 10
IC/BPS (Total) vs. control
MCP-1 0.002 2.030 1.286-3.205 100
8-OHdG <0.001 1.687 1.258-2.264 10
8-isoprostane 0.002 1.557 1.176-2.060 10
Eotaxin 0.017 1.141 1.024-1.271 1
RANTES 0.048 1.102 1.001-1.213 1
IC/BPS (ESSIC type 2)
vs. control
MCP-1 0.002 2.362 1.377-4.050 100
8-OHdG 0.000 2.056 1.448-2.919 10
8-isoprostane 0.003 1.512 1.152-1.987 10
CXCL 10 0.030 1.224 1.020-1.468 10
Eotaxin 0.014 1.165 1.032-1.316 1
RANTES 0.036 1.116 1.007-1.238 1
IC/BPS (ESSIC type 2) vs.
IC/BPS (ESSIC type 1)
8-OHDG 0.001 1.456 1.161-1.826 10

*: units: all pg/mL, except ng/mL in 8-OHdG, and mmol/uL in TAC.

Table 6 demonstrates the correlation coefficients between the clinical characteristics of
ESSIC type 2 patients and urine biomarkers levels. Both urine 8-OHDdG and 8-isoprostane
levels were positively correlated with the glomerulation grade and negatively correlated
with MBC. All targeted oxidative stress biomarkers and inflammatory cytokines were
negatively correlated with the MBC, except in the case of IL-8. However, in ESSIC type
1 patients, there were no significant correlations between their clinical characteristics and
the urine samples’ targeted analyte levels.

Table 6. The correlation coefficient (r-value) between urine biomarker levels and the clinical charac-
teristics in patients with ESSIC type 2 IC/BPS.

Urine Cytokines * Grade of Glomerulation MBC VAS ICSI ICPI 0oss
8-OHdAG 0.217 —0.234 n.s. n.s. n.s. n.s.
8-isoprostane 0.190 -0.237 n.s. n.s. n.s. n.s.
TAC n.s. —0.275 n.s. —0.276 n.s. —0.206
MCP-1 0.205 —0.268 n.s. n.s. n.s. n.s.
RANTES n.s. —0.344 n.s. n.s. n.s. n.s.
CXCL 10 n.s. —0.305 n.s. n.s. n.s. n.s.
Eotaxin n.s. —0.350 n.s. n.s. n.s. n.s.
MIP-1$ n.s. —0.249 n.s. n.s. n.s. n.s.
IL-8 —0.207 n.s. n.s. n.s. n.s. n.s.

Note: MBC, maximal bladder capacity under anesthesia; VAS, visual analog scale; ICSI, interstitial cystitis
symptom index; ICP], interstitial cystitis problem index; OSS, O’Leary- Saint score; n.s., not significant; 8-OHdG,
8-hydroxy-2-deoxyguanosine; TAC, total antioxidant capacity; MCP-1, macrophage chemoattractant protein-1;
RANTES, regulated upon activation, normal T cell expressed and presumably secreted; CXCL10, chemokine
(C-X-C motif) ligand 10; MIP-1§3, macrophage inflammatory protein 13. *: units: all pg/mL, except ng/mL in
8-OHdG, and mmol/uL in TAC.

4. Discussion

To the best of our knowledge, this is the first clinical study to investigate the roles of
oxidative stress biomarkers in patients with IC/BPS. We found that patients with IC/BPS
had distinct urine oxidative stress biomarkers and inflammatory cytokine profiles compared
to those of the control groups. The urine analytes, 8-OHdG and 8-isoprostane, were
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independently capable of discriminating ESSIC type 2 IC/BPS patients from controls,
showing an even higher AUC than selected inflammatory cytokines. Additionally, we
noted significant correlations between the clinical characteristics of ESSIC type 2 IC/BPS
patients and urine oxidative stress biomarkers. The non-invasive and convenient approach
of urine oxidative stress biomarker analysis could provide important clinical information
in the diagnosis and mapping of the clinical characteristics of IC/BPS, suggesting their
potential for serving as novel biomarkers in patients with IC/BPS.

Considering that 8-OHdG is a stable end-product of DNA oxidation, the levels are not
affected by long-term storage of the urine specimen, even at —20 °C [20]. F2-isoprostane is
formed by the free radical-induced peroxidation of arachidonic acid [21]; it is a sensitive but
chemically stable compound, not affected by diet, and detectable in all normal tissue and
biological fluids (including urine) [21]. TAC reflects the cumulative effect of all antioxidants
from various endogenous anti-oxidative defense systems against the harmful activities
caused by oxidative stress [22]. Tissue hypoxia and the hypoxia-induced signaling path-
ways play critical roles in the disease progression and bladder remodeling of BOO [23,24].
One recent review disclosed that 8-OHdG, F2-isoprostane, and TAC were utilized as oxida-
tive stress and antioxidant biomarkers in BOO-related urinary dysfunction [16]. Alongside
the understanding of hypoxia-related pathophysiology in IC/BPS, these biomarkers might
also be applied in IC/BPS.

Chronic bladder ischemia and hypoxia might produce oxidative stress, which leads to
further bladder denervation and tissue damage; HIF plays an important role in the related
signaling pathway [25]. Bladder tissue hypoxia [7,8] and increased expressions of HIF-
1 [9] were confirmed in IC/BPS patients. However, no further investigations regarding
the oxidative stress state in either the tissue or urine specimens have been performed. This
study revealed that urine 8-OHdG and 8-isoprostane levels were significantly elevated in
IC/BPS patients and correlated with clinical characteristics, including positive and negative
correlations with glomerulation grade and MBC, respectively. The results suggested that
these urine oxidative stress biomarkers might not only reflect the underlying hypoxia-
related pathology but also the consequent bladder function (such as the glomerulation
grade and MBC) after oxidative damage from chronic hypoxia in IC/BPS patients.

MCP-1, RANTES, and CXCL10 are chemokines involved in peripheral neurological
inflammation responses [26]. Eotaxin is implicated in many pathologic conditions caused
by eosinophilic inflammation [27]. These inflammatory chemokines and cytokines were
reported to be elevated in IC/BPS urine specimens and are considered to be useful biomark-
ers in IC/BPS patients [5]. The higher AUC of 8-OHdG and 8-isoprostane for discriminating
ESSIC type 2 IC/BPS patients from control patients than those of these selected inflamma-
tory chemokines and cytokines might be attributed to certain characteristics of 8-OHdG
and 8-isoprostane, such as their increased stability in urine and decreased intra-individual
variation, confounded by the other pro-inflammatory conditions. The urine 8-OHdG level
might be a good indicator of bladder oxidative stress state in patients with IC/BPS. In
this study, the urine 8-OHdG level was not only significantly elevated in overall IC/BPS
patients but it was also the only independent urine analyte to differentiate ESSIC type
2 from ESSIC type 1 ICBPS patients.

IC/BPS as a disease has the characteristics of a multifactorial etiopathophysiology [1,2]
and heterogeneous clinical phenotyping [28]. In this study, the urine 8-OHdG levels
in ESSIC type 2 IC/BPS patients were significantly greater than those in ESSIC type
1 patients. However, the correlation between the urine samples’ targeted analyte levels
(both oxidative stress biomarker and inflammatory cytokines) and the clinical characteristics
were significant in only ESSIC type 2 and not in ESSIC type 1 IC/BPS patients. This suggests
that the pathophysiological roles of bladder hypoxia and specific neurologic or eosinophilic
inflammation were less substantial in ESSIC type 1 IC/BPS patients than in ESSIC type
2 IC/BPS patients. The different exhibited protein profiles and biochemical contents might
reflect the distinct pathophysiologies and intrinsic bladder conditions. The application of
a cluster of biomarkers might elevate the diagnostic values and may prove to be a better
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strategy for the development of IC biomarkers. Additionally, IC/BPS patients with different
MBC and glomerulation grades were reported to have different treatment outcomes [18]. In
this study, there were significant differences in the expressions of the urine oxidative stress
biomarkers and inflammatory cytokines among the subgroups of IC/BPS patients and
controls. These biomarkers might have potential prognostic roles, which must be validated
in future studies.

There were several limitations to this study. First, most of the enrolled study patients
and controls were women, and there might be differences in response between the sexes.
Second, all controls were patients with genuine stress urinary incontinence and were not
drawn from the healthy general population, even though this study design was consis-
tent with previous studies [5,6]. Third, although oxidative stress biomarkers are more
stable compounds than inflammatory cytokines, there might be intra-individual variations.
Fourth, the overall hypoxia and oxidative stress status within the bladder were not totally
contributed by the bladder pathology caused by IC/BPS. Both systemic inflammatory
diseases and comorbidities and local bladder insults might affect the expressions of urine
biomarkers. Finally, the expression levels of some biomarkers in the urine samples exhib-
ited extreme values. Although the percentage of outliers was low, we excluded them from
our analysis.

5. Conclusions

Patients with IC/BPS had urine oxidative stress biomarkers and inflammatory cy-
tokine profiles that were distinct from those of the control group. Both urine 8-OHdG and
8-isoprostane levels, being indicators of oxidative stress, demonstrated a high ability to
discriminate IC/BPS patients from control patients, and correlated with the pathologic
conditions of the bladder. In addition to inflammatory cytokines, urine oxidative stress
biomarkers have the potential to be novel biomarkers in patients with IC/BPS.

Author Contributions: Conceptualization, H.-C.K. and Y.-H.J.; methodology, Y.-H.J., J.-FJ. and
H.-C.H,; software, D.-Y.C.; validation, H.-C.K.; formal analysis, H.-C.H.; investigation, H.-C.H. and
D.-Y.C.; data curation, D.-Y.C.; writing—original draft preparation, Y.-H.]J.; writing—review and
editing, J.-FJ., H.-C.H. and H.-C.K,; visualization, H.-C.H. and D.-Y.C.; supervision, H.-C.K,; project
administration, H.-C.K., Y.-H.J. and J.-E]J.; funding acquisition, H.-C.K., Y.-H.J. and J.-E]. All authors
have read and agreed to the published version of the manuscript.

Funding: This study was funded by Buddhist Tzu Chi Medical Foundation with grant number
TCMMP109-02-01, and TCMMP109-02-02.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board and Ethics Committee of
Buddhist Tzu Chi General Hospital (No. IRB105-31-A, and IRB107-175-A,).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Conflicts of Interest: The authors declare no conflict of interest.

1. Homma, Y.; Ueda, T.; Tomoe, H.; Lin, A.T.; Kuo, H.C.; Lee, M.H,; Lee, ].G.; Kim, D.Y;; Lee, K.S.; Interstitial Cystitis Guideline
Committee. Clinical guidelines for interstitial cystitis and hypersensitive bladder syndrome. Int. |. Urol. 2009, 16, 597-615.

[CrossRef] [PubMed]

2. Jhang, J.F; Kuo, H.C. Pathomechanism of Interstitial Cystitis/Bladder Pain Syndrome and Mapping the Heterogeneity of Disease.
Int. Neurourol. . 2016, 20 (Suppl. 2), S95-5104. [CrossRef] [PubMed]

@

Birder, L.A. Pathophysiology of interstitial cystitis. Int. J. Urol. 2019, 26 (Suppl. 1), 12-15. [CrossRef] [PubMed]

4.  Shie, J.H.; Kuo, H.C. Higher levels of cell apoptosis and abnormal E-cadherin expression in the urothelium are associated with
inflammation in patients with interstitial cystitis/painful bladder syndrome. BJU Int. 2011, 108 Pt 2, E136-E141. [CrossRef]

5. Jiang, Y.H,; Jhang, ].F; Hsu, YH.; Ho, H.C.; Wu, Y.H.; Kuo, H.C. Urine cytokines as biomarkers for diagnosing interstitial
cystitis/bladder pain syndrome and mapping its clinical characteristics. Am. J. Physiol. Renal. Physiol. 2020, 318, F1391-F1399.

[CrossRef]


http://doi.org/10.1111/j.1442-2042.2009.02326.x
http://www.ncbi.nlm.nih.gov/pubmed/19548999
http://doi.org/10.5213/inj.1632712.356
http://www.ncbi.nlm.nih.gov/pubmed/27915472
http://doi.org/10.1111/iju.13985
http://www.ncbi.nlm.nih.gov/pubmed/31144735
http://doi.org/10.1111/j.1464-410X.2010.09911.x
http://doi.org/10.1152/ajprenal.00051.2020

Biomedicines 2022, 10, 1701 10 of 10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Jiang, Y.H.; Jhang, ].F.; Hsu, Y.H.; Ho, H.C.; Wu, Y.H.; Kuo, H.C. Urine biomarkers in ESSIC type 2 interstitial cystitis/bladder
pain syndrome and overactive bladder with developing a novel diagnostic algorithm. Sci. Rep. 2021, 11, 914. [CrossRef]

Irwin, P; Galloway, N.T. Impaired bladder perfusion in interstitial cystitis: A study of blood supply using laser Doppler flowmetry.
J. Urol. 1993, 149, 890-892. [CrossRef]

Pontari, M.A.; Hanno, PM.; Ruggieri, M.R. Comparison of bladder blood flow in patients with and without interstitial cystitis. J.
Urol. 1999, 162, 330-334. [CrossRef]

Lee, ].D.; Lee, M.H. Increased expression of hypoxia-inducible factor-lalpha and vascular endothelial growth factor associated
with glomerulation formation in patients with interstitial cystitis. Urology 2011, 78, 971.e11-971.e15. [CrossRef]

Kiuchi, H.; Tsujimura, A.; Takao, T.; Yamamoto, K.; Nakayama, J.; Miyagawa, Y.; Nonomura, N.; Takeyama, M.; Okuyama, A.
Increased vascular endothelial growth factor expression in patients with bladder pain syndrome/interstitial cystitis: Its association
with pain severity and glomerulations. BJU Int. 2009, 104, 826-831. [CrossRef]

Lee, ].D.; Lee, M.H. Metallothionein overexpression of bladder biopsies associated with tissue hypoxia in patients with interstitial
cystitis/ painful bladder syndrome. Int. J. Urol. 2014, 21, 719-723. [CrossRef] [PubMed]

Forrester, S.J.; Kikuchi, D.S.; Hernandes, M.S.; Xu, Q.; Griendling, K.K. Reactive Oxygen Species in Metabolic and Inflammatory
Signaling. Circ. Res. 2018, 122, 877-902. [CrossRef]

Schieber, M.; Chandel, N.S. ROS function in redox signaling and oxidative stress. Curr. Biol. 2014, 24, R453-R462. [CrossRef]
[PubMed]

Valko, M.; Leibfritz, D.; Moncol, J.; Cronin, M.T.; Mazur, M.; Telser, ]J. Free radicals and antioxidants in normal physiological
functions and human disease. Int. J. Biochem. Cell Biol. 2007, 39, 44-84. [CrossRef] [PubMed]

Brown, D.I; Griendling, K.K. Regulation of signal transduction by reactive oxygen species in the cardiovascular system. Circ. Res.
2015, 116, 531-549. [CrossRef] [PubMed]

Miyata, Y.; Matsuo, T.; Mitsunari, K.; Asai, A.; Ohba, K.; Sakai, H. A Review of Oxidative Stress and Urinary Dysfunction Caused
by Bladder Outlet Obstruction and Treatments Using Antioxidants. Antioxidants 2019, 8, 132. [CrossRef] [PubMed]

Van de Merwe, ].P; Nordling, J.; Bouchelouche, P.; Bouchelouche, K.; Cervigni, M.; Daha, L.K,; Elneil, S.; Fall, M.; Hohlbrugger, G.;
Irwin, P; et al. Diagnostic criteria, classification, and nomenclature for painful bladder syndrome/interstitial cystitis: An ESSIC
proposal. Eur. Urol. 2008, 53, 60-67. [CrossRef]

Yu, W.R,; Jhang, ].E; Ho, H.C,; Jiang, Y.H.; Lee, C.L.; Hsu, Y.H.; Kuo, H.C. Cystoscopic hydrodistention characteristics provide
clinical and long-term prognostic features of interstitial cystitis after treatment. Sci. Rep. 2021, 11, 455. [CrossRef]

Jiang, Y.-H.; Jhang, ] .-F.,; Ho, H.-C.; Hsu, Y.-H.; Kuo, H.-C. Diagnostic and prognostic value of urine biomarkers among women
with dysfunctional voiding. Sci. Rep. 2022, 12, 6608. [CrossRef]

II'yasova, D.; Scarbrough, P.; Spasojevic, I. Urinary biomarkers of oxidative status. Clin. Chim. Acta 2012, 413, 1446-1453.
[CrossRef]

Roberts, L.].; Morrow, ].D. Measurement of F(2)-isoprostanes as an index of oxidative stress in vivo. Free Radic. Biol. Med. 2000,
28, 505-513. [CrossRef]

Fraga, C.G; Oteiza, P.I.; Galleano, M. In vitro measurements and interpretation of total antioxidant capacity. Biochim. Biophys.
Acta 2014, 1840, 931-934. [CrossRef] [PubMed]

Iguchi, N.; Hou, A.; Koul, HK.; Wilcox, D.T. Partial bladder outlet obstruction in mice may cause E-cadherin repression through
hypoxia induced pathway. J. Urol. 2014, 192, 964-972. [CrossRef]

Fusco, F,; Creta, M.; De Nunzio, C.; Iacovelli, V.; Mangiapia, F; Li Marzi, V.; Finazzi Agro, E. Progressive bladder remodeling due
to bladder outlet obstruction: A systematic review of morphological and molecular evidences in humans. BMC Urol. 2018, 18, 15.
[CrossRef] [PubMed]

Yamaguchi, O.; Nomiya, M.; Andersson, K.E. Functional consequences of chronic bladder ischemia. Neurourol Urodyn 2014, 33,
54-58. [CrossRef] [PubMed]

Bhangoo, S.; Ren, D.; Miller, R.].; Henry, K.J.; Lineswala, J.; Hamdouchi, C.; Li, B.; Monahan, PE.; Chan, D.M.; Ripsch, M.S.; et al.
Delayed functional expression of neuronal chemokine receptors following focal nerve demyelination in the rat: A mechanism for
the development of chronic sensitization of peripheral nociceptors. Mol. Pain 2007, 3, 38. [CrossRef]

Adar, T.; Shteingart, S.; Ben Ya’acov, A.; Bar-Gil Shitrit, A.; Goldin, E. From airway inflammation to inflammatory bowel disease:
Eotaxin-1, a key regulator of intestinal inflammation. Clin. Immunol. 2014, 153, 199-208. [CrossRef]

Tripp, D.A.; Nickel, ].C.; Wong, J.; Pontari, M.; Moldwin, R.; Mayer, R.; Carr, L.K.; Doggweiler, R.; Yang, C.C.; Mishra, N.; et al.
Mapping of pain phenotypes in female patients with bladder pain syndrome/interstitial cystitis and controls. Eur. Urol. 2012, 62,
1188-1194. [CrossRef]


http://doi.org/10.1038/s41598-020-80131-5
http://doi.org/10.1016/S0022-5347(17)36253-5
http://doi.org/10.1016/S0022-5347(05)68552-7
http://doi.org/10.1016/j.urology.2011.05.050
http://doi.org/10.1111/j.1464-410X.2009.08467.x
http://doi.org/10.1111/iju.12402
http://www.ncbi.nlm.nih.gov/pubmed/24698414
http://doi.org/10.1161/CIRCRESAHA.117.311401
http://doi.org/10.1016/j.cub.2014.03.034
http://www.ncbi.nlm.nih.gov/pubmed/24845678
http://doi.org/10.1016/j.biocel.2006.07.001
http://www.ncbi.nlm.nih.gov/pubmed/16978905
http://doi.org/10.1161/CIRCRESAHA.116.303584
http://www.ncbi.nlm.nih.gov/pubmed/25634975
http://doi.org/10.3390/antiox8050132
http://www.ncbi.nlm.nih.gov/pubmed/31096597
http://doi.org/10.1016/j.eururo.2007.09.019
http://doi.org/10.1038/s41598-020-80252-x
http://doi.org/10.1038/s41598-022-10696-w
http://doi.org/10.1016/j.cca.2012.06.012
http://doi.org/10.1016/S0891-5849(99)00264-6
http://doi.org/10.1016/j.bbagen.2013.06.030
http://www.ncbi.nlm.nih.gov/pubmed/23830861
http://doi.org/10.1016/j.juro.2014.03.037
http://doi.org/10.1186/s12894-018-0329-4
http://www.ncbi.nlm.nih.gov/pubmed/29519236
http://doi.org/10.1002/nau.22517
http://www.ncbi.nlm.nih.gov/pubmed/24292974
http://doi.org/10.1186/1744-8069-3-38
http://doi.org/10.1016/j.clim.2014.04.012
http://doi.org/10.1016/j.eururo.2012.05.023

	Introduction 
	Materials and Methods 
	Patients 
	Clinical Investigation 
	Urine Biomarkers Investigation 
	Quantification of 8-OHdG, 8-Isoprostane, and TAC 
	Quantification of Inflammatory Cytokines 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

