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Abstract 

Tobacco smoking is a major risk factor for human cancers including urinary 

bladder carcinoma. In a previous study, nicotine enhanced rat urinary bladder 

carcinogenesis in a two-stage carcinogenesis model. Nicotine also induced cytotoxicity in 

the bladder urothelium in a short-term study. In the present study, male rats were treated 

with nicotine (40 ppm) in drinking water co-administered with the NADPH oxidase 

inhibitor, apocynin (0, 250 or 750 mg/kg) in diet for 4 weeks. The apocynin treatment 

induced no clinical toxic effects. Reduction of reactive oxygen species (ROS) by apocynin 

was confirmed by immunohistochemistry of 8-OHdG in the bladder urothelium. Incidences 

of simple hyperplasia, cell proliferation and apoptosis were reduced by apocynin treatment 

in the bladder urothelium. However, despite reduction of cell proliferation (labeling index), 

apocynin did not affect the incidence of simple hyperplasia, apoptosis, or ROS generation 

in the kidney pelvis urothelium, in addition to 8-OHdG positivity induced by nicotine being 

lower. In vitro, apocynin (500 µM) reduced ROS generation, but induced cell proliferation 

in bladder cancer cell lines (T24 and UMUC3 cells). These data suggest that oxidative 

stress may play a role in the cell proliferation of the bladder urothelium induced by nicotine. 
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1. Introduction

Cigarette smoking is a major risk factor for numerous malignancies, including 

urothelial carcinoma of the urinary bladder, kidney pelvis and ureters (IARC, 2004). The 

risk of urinary bladder cancer in cigarette smokers is approximately 3 times higher than 

non-smokers (Baris et al., 2009). Although aromatic amines in cigarette smoke are 

considered the major cause of the urothelial malignancies in cigarette smokers by 

formation of DNA adducts and mutations (Cohen et al., 2006), the exposure levels do not 

fully explain the increased risk. Increased urothelial cell proliferation also occurs in 

cigarette smokers (Auerbach and Garfinkel, 1989) and in mice (Ohnishi et al., 2007) 

exposed to cigarette smoke, providing a synergistic interaction between the DNA reactive 

mutagenic activity of the aromatic amines and the  proliferative effect. Nicotine is a major 

component of cigarette smoke and has been associated with increased cell proliferation 

in various carcinoma cell lines (Dasgupta et al., 2009; Minna, 2003). In previous studies, 

administration of nicotine in the drinking water to rats and to mice resulted in increased 

urothelial proliferation (Dodmane et al., 2014), and nicotine enhanced rat urinary bladder 

carcinogenesis induced by the DNA reactive N-butyl-N-(4-hydroxybutyl)nitrosamine 

(BBN) (Suzuki et al., 2018). We also showed that nicotinic acetylcholine receptors 

(nAChRs) were possibly involved with the inhibition of the urothelial cell proliferation 

and simple hyperplasia in rat urinary bladder and kidney pelvis induced by nicotine 

treatment (Suzuki et al., 2018). Interestingly, cotinine, a major metabolite of nicotine, also 

induced cell proliferation and simple hyperplasia of rat urinary bladder and kidney pelvis, 

but did not induce cytotoxicity detected by scanning electron microscopy (SEM) or 

apoptosis evaluated by the TUNEL assay or caspase immunohistochemistry in the bladder 

urothelium (Suzuki et al., 2020). Therefore, nicotine, not cotinine, may have a potential 
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to induce cytotoxicity and regenerative proliferation in the bladder urothelium whereas 

cotinine is possibly acting as a direct mitogen. 

A previous report indicated that nicotine induced genomic alterations which could 

be mediated through oxidative stress (Bavarva et al., 2014). Therefore, we focused on the 

relationship between nicotine and oxidative stress as a possible explanation at least in part 

for the effects of nicotine administration on the urinary bladder urothelium. Nicotinamide 

adenine dinucleotide phosphate (NADPH) oxidase is known to produce intracellular 

reactive oxygen species (ROS) and is implicated in a variety of signaling events, 

including cell growth, cell survival and cell death (Bedard and Krause, 2007). Apocynin, 

a methoxy-substituted catechol, inhibits NADPH oxidase by blocking the association of 

p47phox and p67phox with gp91phox (Stolk et al., 1994). We previously reported that 

apocynin reduced oxidative stress in arsenite-treated rat urothelium (Suzuki et al., 2009), 

and apocynin suppressed carcinogenesis of the pancreas and liver induced by various 

chemicals, and prostate in a transgenic model (Fuji et al., 2017; Kato et al., 2015; Suzuki 

et al., 2013b). 

In the present study, we focused on the effects of apocynin on nicotine-induced 

cytotoxicity and consequent increased cell proliferation in a 4-week study of nicotine 

administration to rats, which is a useful model for studying the effects of nicotine on the 

urothelium of the urinary bladder and kidney pelvis (Dodmane et al., 2014; Suzuki et al., 

2018; Suzuki et al., 2020). 

2. Materials and Methods
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2.1. Chemicals 

Nicotine hydrogen tartrate (CAS No.: 65-31-6; purity � 95%) was purchased 

from Nacalai Tesque, Inc. (Kyoto, Japan). Apocynin (CAS No.: 498-02-2; purity � 98%) 

was purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Cotinine (CAS 

No.: 486-56-6; purity � 98%) was purchased from Toronto Research Chemicals (North 

York, ON, Canada). 

2.2. Animals 

Animal experiments were performed under protocols approved by the Institutional 

Animal Care and Use Committee of Nagoya City University School of Medical Sciences. 

Five-week-old male F344 (F344/DuCrlCrlj) rats were obtained from Charles River Japan 

Inc. (Atusgi, Japan). They were housed in plastic cages with hardwood chip bedding in a 

room targeted at 23 ± 2°C and 55 ± 5% humidity with a 12 hr light/dark cycle. They were 

maintained on a basal diet (Oriental MF, Oriental Yeast Co., Tokyo, Japan) and tap water 

ad libitum. 

2.3. Animal experiment 

After 1 week in quarantine, the rats were randomly divided into 3 groups of 12-

13 animals each. Animals were co-administered 114 ppm nicotine hydrogen tartrate (40 

ppm nicotine) in the drinking water and 0 (as positive control), 250 or 750 mg/kg apocynin 

in the diet for 4 weeks. The dose of apocynin was set based on the daily intake of apocynin 

in drinking water in a previous study (Fuji et al., 2017). A separate untreated control group 

was not included since spontaneous changes in the urothelium are rare (Cohen et al., 1990; 

2007). Also, an apocynin only group was not included as it has been shown not to affect 
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the rat urothelium when orally administered at these levels (Suzuki et al., 2009). The 

purpose of the present study was to see if apocynin had an effect on the nicotine-induced 

changes in the urothelium, so the nicotine only group served as the appropriate comparator. 

In a previous study, the serum cotinine concentration (approximately 350 ng/ml) in rats 

treated with 114 ppm nicotine hydrogen tartrate in the drinking water was similar to the 

serum cotinine concentration of active human smokers (250 to 300 ng/ml) (Hukkanen et 

al., 2005; Suzuki et al., 2018). Nicotine supplemented drinking water solutions were 

prepared fresh weekly. During the experiment, body weights, food and drinking water 

consumption were measured weekly. At the end of week 4, under deep isoflurane 

anesthesia, the urinary bladder was inflated in situ with 10% buffered formalin, removed, 

and placed in 10% buffered formalin for 2 days. Rats then terminated by exsanguination 

while under deep isoflurane anesthesia. Liver and kidneys were removed, weighed and 

fixed in 10% buffered formalin. Following fixation, the bladders were rinsed in 70% 

ethanol and bisected longitudinally. One half of the bladder was processed for examination 

by SEM and classified in one of five categories as previously described (Cohen et al., 

1990). Briefly, class 1 bladders have flat, polygonal superficial urothelial cells; class 2 

bladders have occasional small foci of superficial urothelial cell death; class 3 bladders 

have numerous small foci of superficial urothelial cell death; class 4 bladders have 

extensive superficial urothelial cell death, especially in the dome of the bladder; and class 

5 bladders have extensive cell death and piling up (hyperplasia) of rounded urothelial cells. 

Normal rodent urinary bladders are usually class 1 or 2, or occasionally class 3 (Cohen et 

al., 1990; 2007). The other half of the bladder was cut longitudinally into strips, embedded 

in paraffin, stained with H&E, and examined histopathologically and 

immunohistochemically. Urothelial hyperplasia represents an accumulation of cells and 
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was diagnosed when the urothelium was greater than three cell layers thick. The liver and 

kidneys were processed routinely for histopathologic examination. 

2.4. Immunohistochemistry and TUNEL assays 

Deparaffinized sections of urinary bladder urothelium and kidney pelvis were 

immunohistochemically stained with either rabbit monoclonal anti-Ki67 (SP6, dilution 

1:200, Abcam plc, Cambridge, UK) as a measure of DNA replication rate or anti-8-

hydroxy-2ƍ-deoxyguanosine (8-OHdG) antibody (N45.1, dilution 1:100, Japan Institute for 

the Control of Aging, Fukuroi, Japan) as a measure of oxidative damage. Apoptotic cells 

in the urothelium and kidney pelvis were detected using an In Situ Apoptosis Detection Kit 

(TUNEL PeWhRd) accRUdLQg WR Whe PaQXfacWXUeU¶V LQVWUXcWLRQV (Takara Bio Inc., Ohtsu, 

Japan). The number of Ki67, 8-OHdG or TUNEL-labeled cells in at least 1000 urothelial 

cells in each bladder and kidney were counted to determine labeling indices. 

2.5. Cell lines and conditions 

Human urinary bladder carcinoma cell lines, T24 (ATCC® HTB-4TM) and 

UMUC3 (ATCC® CRL-1749TM) were obtained from the American Type Culture 

Collection (ATCC; Manassas, VA, USA). The cell lines were tested for mycoplasma using 

the TaKaRa PCR Mycoplasma Detection Set (Takara Bio Inc., Kusatsu, Japan). All cell 

lines were routinely tested and authenticated using cell morphology, proliferation rate, a 

panel of genetic markers and/or contamination checks. All test materials were considered 

100% pure for calculations of concentrations. T24 cells were grown in McCoy's 5A 

(modified) medium (Gibco-BRL, Grand Island, NY, USA) and 10% sterile filtered FBS 

(Equitech-Bio, Inc., Kerrville, TX, USA). UMUC3 cells were cultured in E-MEM (Wako 
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Pure Chemical Industries, Ltd., Osaka, Japan) and 10% sterile filtered FBS. All cells were 

grown at 37ºC in 5% CO2. 

2.6. In vitro cell proliferation assay 

The cytotoxic and proliferative effects of apocynin and/or cotinine on T24 and 

UMUC3 cells were assessed by 4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-

1,3-benzene disulfonate tetrazolium salt (WST-1) assay (Roche Applied Science, 

Mannheim, Germany). Briefly, 1000 cells/well were seeded in 96-well plates in 100 µL of 

culture medium. Apocynin and/or cotinine were added 24 hrs after seeding and cells were 

incubated for three days. WST-1 reagent was added to each well, incubated for 3 hrs at 

37ÛC, aQd WheQ Whe absorbance of each well was measured at 450 nm. 

2.7. In vitro detection of ROS production. 

1 x 105 cells/well were seeded in 12-well plates in 1 mL of culture medium. 

Apocynin were added 24 hrs after seeding, and cells were incubated for 24 hrs. After 

apocynin treatment, 2',7'-dichlorofluorescin-diacetate (100 µg/ml, DCFH-DA, Sigma-

Aldrich, Co.) was added with further incubation at 37°C for 30 min in the dark. The cells 

were washed 2 times with warm PBS, and images were recorded with a fluorescence 

microscope (BZ-X710; Keyence Co., Osaka, Japan). For each sample, the average intensity 

of cells in five randomly selected views (× 200 magnification) was determined. 

2.8. Statistical analyses 

Statistical analyses were performed with mean ± standard deviation (S.D.) using 

1-Za\ ANOVA aQd DXQQeWW¶V WeVW or Tukey's multiple comparisons test by Prism ver. 6
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(GraphPad Software, Inc., La Jolla, CA). Differences in the incidences of histopathological 

lesions between control and apocynin-treated groups were evaluated by 2-WaLOed FLVheU¶V 

exact test. Differences of P < 0.05 were considered statistically significant. 

3. Results

3.1. Body and Organ Weights, Water consumption, and histology of liver 

During the experimental period, minimal, stattistically not significant differences 

in body weight gain were observed among the groups, and final body, liver and kidneys 

weights did not significantly vary between groups (Table 1). There were no significant 

differences in water and food consumptions among the groups. There were no histolocial 

changes in liver tissue among the groups (data not shown). 

3.2. Histopathology and Ki67, TUNEL and 8-OHdG labeling indices, and SEM in the 

bladder urothelium 

Histologically, simple hyperplasia was detected in the bladder urothelium of all 

groups of nicotine-treated rats (Fig. 1A, Table 2). Co-administration of apocynin with 

nicotine reduced the incidence of simple hyperplasia in a dose dependent manner, with a 

significant reduction at 750 mg/kg (Fig. 1A, Table 2). There was a significant decrease, in 

a dose-dependent manner, in the labeling indices of Ki67, TUNEL and 8-OHdG in the 

bladder urothelium of nicotine/apocynin-treated rats (Table 2). There was little difference 

by SEM classification among the groups based on the previously established scoring 

system (Cohen et al., 1990) (Supplementary Fig. 1, Table 2). 

3.3. Histopathology and Ki67, TUNEL and 8-OHdG labeling indices in the kidney pelvis 
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urothelium 

In the kidney pelvis, simple hyperplasia was detected in the urothelium of all 

groups of nicotine-treated rats (Fig. 1B, Table 3). Co-admininstration of apocynin with 

nicotine did not reduce the incidence of simple hyperplasia induced by nicotine (Fig. 1B, 

Table 3). Apocynin co-administered with nicotine reduced the Ki67 labeling index in the 

urothelium of the kidney pelvis. The TUNEL and 8-OHdG labeling indices of the kidney 

pelvis urothelium were not altered by co-administration of apocynin with nicotine (Table 

3). There were few changes in the glomeruli and kidney tubules, and were those typically 

seen with early chronic progressive nephropathy, a lesion commonly seen in rats (data not 

shown). 

3.4. Effect of cell growth in vitro study 

Apocynin significantly increased cell growth in vitro in the human urothelial 

carcinoma cell lines, T24 and UMUC3 (Fig. 2A). Co-administration of apocynin and 

cotinine induced significantly higher cell growth than that of either chemical alone (Fig. 

2B). The effect was additive rather than synergistic. Apocynin significantly reduced ROS 

generation detected by DCFH-DA in both cell lines (Fig. 2C). 

4. Discussion

The administration of nicotine alone produced simple hyperplasia of the 

urothelium with cytotoxicity detected by light microscopy and by SEM of the urinary 

bladder, similar to what was previously reported (Suzuki et al., 2018; 2020). 

Administration of oral nicotine has a possibility of metabolic inactivation in the liver during 

the first pass (Alsharari et al., 2014), but significant levels are excreted in the urine along 
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with high concentrations of cotinine and other metabolites. Clearly, sufficient amounts of 

nicotine and its metabolites are excreted in the urine to produce an effect on the urothelium. 

In this study, we determined that co-administration of apocynin with nicotine reduced the 

incidence of simple hyperplasia, cell proliferation rate, apoptosis, and oxidative stress in 

the urothelium of the urinary bladder. Similar treatment for 4 weeks of apocynin previously 

was shown not to produce histological changes, cell proliferation, or oxidative stress on the 

urothelium of F344 rats (Suzuki et al., 2009). These data suggest that apocynin reduced 

oxidative stress in the urothelium, indicating that oxidative stress played a role in nicotine-

induced urothelial effects. In contrast, the extent of surface cytotoxicity of the urothelium 

as detected by SEM was not affected, suggesting that apocynin effects are on the 

consequent cell proliferation. Apocynin is known to inhibit the assembly of NADPH 

oxidase that is responsible for ROS production (Stefanska and Pawliczak, 2008). 

Therefore, apocynin can only reduce intracellular ROS generation induced by NADPH 

oxidase. Other intracellular and/or extracellular ROS generation mechanisms may be 

induced by nicotine on the urothelium, but additional studies are needed to clarify the 

mechanism of nicotine-induced cytotoxicity, possibly using direct acting antioxidants. 

Co-administration of apocynin with nicotine had no effect on the incidence of 

simple hyperplasia, apoptosis, or oxidative stress in the urothelium of the kidney pelvis. 

The cell proliferation rate in the urothelium of the kidney pelvis was significantly reduced 

by co-administration of apocynin with nicotine (30% reduction), but the decrease was less 

than that in the urothelium of the bladder (60% reduction). Different effect in the kidney 

pelvis compared to the urinary bladder could be due to the short time the urine, with the 

chemcals, has in the kidney pelvis. Because the positivity of 8-OHdG in the urothelium of 

the kidney pelvis was approximately 40 times lower than that of the urinary bladder, the 
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cytotoxic effects of nicotine in the urothelium of the kidney pelvis would be expected to 

be much lower than that of the urinary bladder. In a previous study, both nicotine and 

cotinine induced simple hyperplasia and cell proliferation, but did not induce apoptosis in 

the urothelium of the kidney pelvis (Suzuki et al., 2020). In addition, the data suggested 

that cotinine-induced cell proliferation in vitro was regulated via nAchR, indicating that 

the effects of nicotine administration on the urothelium of the kidney pelvis may be due to 

a cytotoxic effect of nicotine itself (or some metabolite other than cotinine) and to a nAchR 

regulated pathway induced by cotinine (Beckel et al., 2006). This dual action might explain 

why apocynin had less of an effect in the kidney pelvis urothelium than in the urinary 

bladder, in addition to its shorter time in the kidney pelvis. Some ROS generation in the 

urothelium of both kidney pelvis and bladder may be related to the cell proliferation, which 

is reduced by apocynin, but may not be the main pathway in the kidney pelvis. 

The cytotoxic effect of nicotine with consequent regenerative proliferation was 

present in the bladder urothelium in this study. Apocynin inhibited apotosis induced by 

nicotine with reduction of oxidative stress detected by 8-OHdG. Based on these results, the 

cytotoxic effects of nicotine in vivo may be due in part to oxidative stress in addition to a 

receptor-mediated process. This hypothesis is supported by the finding in the previous 

study that nicotine-induced cytotoxicity detected by SEM was decreased but not 

statistically significantly by nAChR inhibitors (Suzuki et al., 2018). 

In the in vitro study, surprisingly, apocynin itself induced cell proliferation in both 

urothelical carcinoma cell lines. We also confirmed that apocynin reduced the ROS 

generation, as detected by DCFH-DA, in both cell lines via NADPH oxidases which were 

reported to be elevated in urinary bladder cancers (Miyata et al., 2017). In bladder cancer 

cell lines, some chemicals were reported to induce oxidative stress, apoptosis and inhibition 
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of cell proliferation (Jiang et al., 2014; Qiu et al., 2015), but apocynin may have opposite 

effects. In the in vivo study, nicotine induced cytotoxicity and apoptosis in the bladder 

urothelium. The pathway for apoptosis induced by oxidative stress may be the same in both 

in vitro and in vivo studies. Meanwhile, apocynin is also reported to decrease levels of 

active Rac1 in some cancer cell lines (Stefanska and Pawliczak, 2008; Suzuki et al., 2013a). 

However, activation of Rac1 inhibited apoptosis in T24 cells (Pervaiz et al., 2001). The 

Rac1 pathway may not be regulated by apocynin in this study. Also, this proliferative effect 

of apocynin was in vitro and acting on malignant urothelial cells, which is in contrast to 

the lack of effect in vivo on normal urothelium (Suzuki et al., 2009). 

In a previous study, we determined that cotinine induced cell proliferation via the 

nAchR in these cells (Suzuki et al., 2020). The effect of co-administration of apocynin with 

cotinine was additive rather than synergistic in both bladder cancer cell lines. These data 

suggest that the effect on cell proliferation may be via a nAchR regulated pathway and 

oxidative stress in the bladder urothelium. Nevertheless, the role of oxidative stress in the 

nicotine-induced effects on the urothelium in vivo appears to be complex and only partly 

explains the proliferative effects. 

In summary, the present study suggests that oxidative stress may play a role in 

nicotine-induced cell proliferation as it was suppressed by the NADPH oxidase inhibitor, 

apocynin. Cell prolifeartion induced via mainly nAchR by nicotine in the urothelium of 

kidney pelvis was less effected by apocynin. Nicotine has the potential to induce urothelial 

cell proliferation via a complex interaction of various biologic effects including an effect 

on nAchR related pathway and induction of oxidative stress in the urinary bladder. 
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Figure legends 

Fig. 1. Histopathology of urinary bladder and renal pelvis. Simple hyperplasia in control 

rats (40 ppm nicotine) and normal urothelium in the urinary bladder of rats co-

administered nicotine (40 ppm) and apocynin (250 or 750 mg/kg) (A), simple hyperplasia 

in both control (40 ppm nicotine) and the renal pelvis of rats co-administered nicotine (40 

ppm) and apocynin (250 or 750 mg/kg) (B). BaUV = 50 ȝP. 

Fig. 2. WST-1 assay and ROS production with apocynin and/or cotinine on human 

bladder cancer cell lines. Cell viabilities with apocynin (A), and with apocynin and/or 

cotinine (B) on T24 and UMUC3 cells. ROS production data detected by DCFH-DA 

after apocynin treatment for 24 hrs (C). The average of optical density or intensity in the 

control is set as 1.0. **, ***: P < 0.01, 0.001 compared to untreated control. ##, ###: P 

< 0.01 and 0.001 compared to both apocynin and cotinine treated cells. 

Supplementary Fig. 1. SEM examination of urinary bladder. Class 4 in the urinary 

bladder of control rats (40 ppm nicotine) and Class 3 in the urinary bladder of rats co-

administered nicotine (40 ppm) and apocynin (250 or 750 mg/kg) Bars = 100 µm. 



Control (40 ppm nicotine) 13 212.2 ± 9.0 6.7 ± 0.3 3.2 ± 0.1 1.6 ± 0.1 7.5 ± 0.3 15.1 ± 1.0 13.2 ± 2.1 -
40 ppm nicotine + 250 mg/kg apocynin 12 213.1 ± 8.3 7.0 ± 0.4 3.3 ± 0.1 1.7 ± 0.1 7.8 ± 0.2 15.5 ± 1.2 14.6 ± 2.9 3.6 ± 0.7
40 ppm nicotine + 750 mg/kg apocynin 12 214.3 ± 8.5 7.0 ± 0.5 3.3 ± 0.1 1.7 ± 0.1 7.8 ± 0.2 15.5 ± 1.2 15.3 ± 2.9 11.5 ± 2.2
a: Values expressed as the mean ± S.D.

Apocynin intakea

(mg/rat/day)

Table 1 Body and organ weights, water and food consumptions

Treatment No. of rat Body weighta

(g)
Water consumptiona

(ml/rat/day)
Food consumptiona

(g/rat/day)
Livera Kidneysa

Absolute (g) Relative (%) Absolute (g) Relative (‰)

Control (40 ppm nicotine) 13 13 2.1 ± 0.4 0.13 ± 0.12 0.02 ± 0.04
40 ppm nicotine + Apocynin 250mg/kg 12 12 1.5 ± 0.5** 0.08 ± 0.17 0.02 ± 0.04

40 ppm nicotine + Apocynin 750mg/kg 12 12 1.5 ± 0.3** 0.08 ± 0.10 0.01 ± 0.03

**: Significantly different from Control group, P < 0.01

Table 3 The effects of treatment with nicotine and apocynin for 4 weeks on the kidney pelvis urothelium

Treatment No. of rat Simple 
hyperplasia

Ki67 (%) TUNEL (%) 8-OHdG (%)

TabOeV
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