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Dimethylarsinic acid (DMAV) is the main product of arsenic methylation metabolism in vivo and is rat bladder carcinogen
and tumor promoting agent. In this study, we measured the expressions of mRNA and proteins of NF-𝜅B pathway members,
IKK𝛼, IKK𝛽, p65, and p50 in rat bladder epithelium by qRT-PCR and immunohistochemical analysis after rats received drinking
water containing 100 and 200 ppm DMAV for 10 weeks. Transforming growth factor-𝛽 (TGF-𝛽) immunoexpression in rat bladder
epithelium and urine level of IL-1𝛽 also were determined. We found that DMAV dramatically increased the mRNA levels of NF-𝜅B
p50 and IKK𝛼 in the bladder epithelium of rats compared to the control group. Immunohistochemical examinations showed that
DMAV increased immunoreactivities of IKK𝛼, IKK𝛽, and phospho-NF-𝜅B p50 in the cytoplasm and phospho-NF-𝜅B p50 and
p65 in nucleus of rat urothelial cells. In addition, DMAV treated rats exhibited significantly increased inflammatory factor TGF-𝛽
immunoreactivity in bladder epithelium and IL-1𝛽 secretion in urine. These data suggest that DMAV could activate NF-𝜅B signal
pathway and increase TGF-𝛽 and IL-1𝛽 expressions in bladder epithelial cells of rats.

1. Introduction

Dimethylarsinic acid (DMAV) is the main product of arsenic
methylation metabolism in vivo, excreted in urine. The
animal experiment showed that rat exposure to DMAV

suffered from bladder toxicity, especially urothelial tumors
[1–3]. DMAV is considered to be the rat bladder carcinogen
and tumor promoting agent [4]. The mechanism of DMAV

induced cancer may be related to proliferation, apoptosis,
oxidative stress, and inflammatory reaction. Our previous
study showed that DMAV increased the expressions of
proliferation factors in bladder urothelium and elevated
transforming growth factor-beta 1 (TGF-𝛽1) secretion and
decreased tumor necrosis factor-alpha (TNF-𝛼) level in the
urine of rats [5]. Our and other studies suggested that chronic
inflammation, bladder epithelium lesions, and proliferation
might be the basic process of the chronic toxicity effects of
DMAV on rats.

It was reported that nuclear factor-kappa B (NF-𝜅B)
nuclear expression is correlated with histologic grade and
T category in bladder urothelium cancer [6]. NF-𝜅B is
a heterodimeric, sequence-specific transcription factor and
consists of two major subunit polypeptides, p50 and p65. In
unstimulated cells, NF-𝜅B is in the cytoplasm bound to the
inhibitor-kappa B (I𝜅B) as an inactive cytoplasmic precursor
[7]. Extracellular stimuli could activate I𝜅B kinase (IKK),
which leads to I𝜅B phosphorylation and degradation [8].
Subsequently, NF-𝜅B is liberated and translocates into the
nucleus, where it actively regulates the transcription of a wide
variety of reporter genes [9]. NF-𝜅B is thought to be a critical
mediator of physiological and pathological processes includ-
ing cell survival, proliferation, apoptosis, tumorigenesis, and
inflammation [10]. NF-𝜅B has been reported to link inflam-
mation with tumor progression and plays a functional role
in inflammation and tumorigenesis [11]. NF-𝜅B is activated
by a variety of stimuli including growth factors, cytokines,
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Table 1: The sense and antisense primers used for qRT-PCR.

Genes Gene number Forward and reverse Length

IKK𝛼 NM 001107588.1 Forward: GAAGGCACAGTAACCCCTCC 297 bp
Reverse: TCCGCAGGAAAGATGACCAC

IKK𝛽 NM 053355.2 Forward: CTGTGCACGTCATTTGTGGG 146 bp
Reverse: CAGTTAGGGAGAAAGGGCCG

IkB𝛼 NM 001105720.2 Forward: CTCAAGAAGGAGCGGTTGGT 184 bp
Reverse: CCAAGTGCAGGAACGAGTCT

p65 NM 199267.2 Forward: AACACTGCCGAGCTCAAGAT 163 bp
Reverse: CATCGGCTTGAGAAAAGGAG

p50 NM 001276711.1 Forward: AGAGCAACCGAAACAGAGAGG 141 bp
Reverse: TTTGCAGGCCCCACATAGTT

𝛽-actin NM 031144.3 Forward: TCACCCACACTGTGCCCATCTATGA 295 bp
Reverse: CATCGGAACCGCTCATTGCCGATAG

inflammatory agents, pharmacological agents, carcinogens,
and stress.

Immunohistochemical analysis of urinary bladder tumor
samples from 140 patients showed a strong correlation
between cyclooxygenase 2 (COX-2) and nuclear NF-𝜅B
immunoreactivity [12]. COX-2 is NF-𝜅B target gene [10]. In
our previous study, COX-2 expression in bladder urothe-
lium increased in DMAV treated rats. Despite the critical
importance of NF-𝜅B in cancer, the function of NF-𝜅B in
urothelium of DMAV treated rats remains poorly defined. In
the present study,NF-𝜅B signal pathways in bladder epithelial
cells of subchronic exposure to DMAV rats were investigated
to focus on the effects of DMAV on NF-𝜅B signal pathways.
In addition, inflammatory factors expressions in urothelium
and secretion in urine of rats were also analyzed.

2. Materials and Methods

2.1. Chemicals. DMAV (purity 99%) was purchased from
Sangon Biotech (Shanghai, China). Trizol solution was
from Invitrogen (Carlsbad, CA, USA). Real-Time PCR test
kits were purchased from TaKara Biotechnology (Dalian,
China). Polyclonal antibodies against IKK𝛼, IKK𝛽, phospho-
p65, phospho-p50, and TGF-𝛽 were obtained from Sangon
Biotech Co., Ltd. (Shanghai, China). IL-1𝛽 ELISA kits were
obtained from Dakewe Bio-Engineering Limited Company
(Shenzhen, China). All chemicals used in the study were of
analytical grade.

2.2. Animals andTreatment. 60 female healthyweanling SPF-
gradeWistar rats (40–50 g)were obtained fromExperimental
Animal Center of China Medical University (China). After
rats were acclimatized to the environmental conditions for
one week, they were randomly selected into three groups
consisting 20 rats per group. Group I includes control
rats receiving distilled water as drinking water. Group II
includes experimental rats receiving drinking water contain-
ing 100 ppm DMAV. Group III includes experimental rats
receiving drinking water containing 200 ppm DMAV. The
rats had free access to the standard rodent diet supplied

by Experimental Animal Center of China Medical Univer-
sity and drinking water ad libitum. During the course of
treatment, rats were observed daily for clinical signs, and
daily water consumption and bodyweight gainwere recorded
periodically. All of the rats were kept in ventilated cages at
23–27∘C, with 55–60%humidity and 12/12 h light/dark cycles.
At last exposure week, 10 rats per group were placed in
metabolic cages and 24 h urine samples were collected and
frozen at −80∘C until analyzed. After 10 weeks, exposure was
stopped and rats were sacrificed under 10% chloral hydrate
anesthesia. Within two minutes of the death of the rat,
the bladders of 30 rats (10 rats each group) were ligated,
rinsed, and then filled with cold Trizol solution for ten
minutes.The cell lysate, containing urinary bladder urothelial
cells, was aspirated for RNA extraction. The other bladders
were fixed in 10% buffered paraformaldehyde and were cut
longitudinally into strips, routinely embedded in paraffin for
immunohistochemical analysis. The experimental procedure
used in this study met the guidelines of the Animal Care and
Use Committee of the China Medical University.

2.3. Quantitative Reverse Transcription-PCR (qRT-PCR)Anal-
ysis. Total RNA was extracted from the Trizol reagent of
bladder epithelia according to the supplier’s recommenda-
tions. The purity of each RNA sample was assessed by
measuring absorbance at 260 and 280 nm and calculating
the 𝐴

260
/𝐴
280

ratio. cDNA was synthesized using a reverse
transcription reaction by the Easy RT-PCR kit according to
the manufacturer’s protocol. qRT-PCR reactions were per-
formed using ABI 7500 real-time detection system (Applied
Biosystems, Foster City, CA, USA) to determine the levels
of mRNA. The primers for IKK𝛼, IKK𝛽, p65, p50, and I𝜅B𝛼
genes were synthesized by Sangon Biotech (Shanghai, China),
and primer sequences are listed in Table 1. Thermocycling
was performed in a final volume of 25𝜇L containing 5 𝜇L of
cDNA sample, 2 𝜇L of the primers, and 18 𝜇L of SYBR green
PCRmastermix (TaKara Biotechnology,Dalian, China). Fold
changes for each gene expression were calculated using the
Delta Ct method normalizing to 𝛽-actin expression for each
sample.
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Figure 1: Body weight and real amount of drinking water of rats. The linear charts represent (a) body weight (g) and (b) amount of drinking
water (mL) of rats after being exposed to 100 or 200 ppm DMAV in drinking water from the first week to tenth week.

2.4. Immunohistochemical Analysis. The bladder tissues in
10% paraformaldehyde were embedded in paraffin and
then cut into 5 𝜇m sections on glass slides. Sections were
deparaffinized, rehydrated, and subjected to a sequence of
incubation steps starting with blocking endogenous per-
oxidase with 3% hydrogen peroxide at room temperature
for 10min. After microwave irradiation in 0.1M PBS buffer
for 10 minutes for epitope recovery, blocking buffer (5%
bovine serum albumin, BSA) was added to each section and
incubated at room temperature for 20min. Then sections
were incubated with polyclonal antibodies against IKK𝛼,
IKK𝛽, p-p65, p-p50, and TGF-𝛽 in a humidity chamber at
37∘C for 30min. Subsequently, the slides were rinsed with
PBS and incubated with secondary antibodies containing
horseradish peroxidase at 37∘C for 30min. The slides were
thenwashed in PBS and incubatedwith SABC reagent at 37∘C
for 30min. After this treatment, the slides were stained with
3.3-diaminobenzidine tetrahydrochloride (DAB) and then
counterstainedwith hematoxylin.The immunohistochemical
stainings were viewed and captured with a light microscope
(Olympus bx51, Japan) at 200 or 400x magnification. The
immunointensities of IKK𝛼, IKK𝛽, phospho-p65, phospho-
p50, and TGF-𝛽 were measured with an image analyzer
(MetaMorph,UIC,USA) bymeasuring the integrated optical
density average (IOD) at five randomly selected fields. The
positive rates of phospho-p65 and phospho-p50 expressions
in nuclei were calculated by dividing the number of positive
nuclei by the total number of nuclei counted, and the results
were expressed as percentages (%).

2.5. ELISA Test. IL-1𝛽 in urine was measured using an
ELISA kit according to the instructions of the manufacturer.
The concentration of IL-1𝛽 was calculated according to the
standard curve of the ELISA kits and expressed as pg/mL.

2.6. Statistical Analysis. Data were analyzed with SPSS for
Windows, version 13.0. Differences between groups were
statistically analyzed by LSD or Dunnett’s T3 after one-way

analysis of variance (ANOVA). The results were expressed as
mean ± SD of number of experiments. 𝑝 value < 0.05 was
designated as statistically significant.

3. Results

3.1. General Observation. All rats were observed once daily
with detailed evaluation during the study period. Adminis-
tration of DMAV (100 and 200 ppm) did not disturb food
intake and body weight gain (Figure 1(a)). There was a
little decrease of water consumption in 100 and 200 ppm
DMAV treated rats at 9th and 10th weeks as compared with
control rats, but there were no significant differences in water
consumption between the groups (Figure 1(b)).

3.2. mRNA Expressions of NF-𝜅B Signaling Molecules in the
Bladder Epithelium of Rats Exposed to 𝐷𝑀𝐴𝑉. The effect
of DMAV on the mRNA expressions of NF-𝜅B signaling
molecules in the bladder epithelium of rats was depicted in
Figure 2. The treatment with 100 and 200 ppm DMAV for
10 weeks dramatically increased the mRNA levels of NF-𝜅B
p50 and IKK𝛼 in the bladder epithelium of rats compared to
the control group (𝑝 < 0.05). Although there was a dose-
dependent increase tendency for IKK𝛽 mRNA expression,
there were no statistical differences between DMAV treated
rats and control rats. Significant changes for NF-𝜅B p65 and
IkB𝛼mRNA expressions were not seen.

3.3. Immunoreactivities for NF-𝜅B Signaling Molecules in the
Bladder Epithelium of Rats Exposed to 𝐷𝑀𝐴𝑉. Immuno-
histochemical examinations revealed that 100 or 200 ppm
DMAV administration caused significant increase in the
immunoreactivities of IKK𝛼 and IKK𝛽 in the cytoplasm of
rat urothelial cells (Figures 3 and 4). Immunoreactivities
of phospho-NF-𝜅B p50 in nucleus and cytoplasm displayed
significant increase in DMAV treated rat bladder epithelium
(Figure 5). Nuclear phospho-NF-𝜅B p65 immunoexpression
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Figure 2: Effects of DMAV on themRNA expressions of IKK𝛼, IKK𝛽, p65, p50, and I𝜅B𝛼 of bladder epithelium in rats. IKK𝛼, IKK𝛽, p65, p50,
and I𝜅B𝛼mRNA levels of bladder epithelium in rats were measured by qRT-PCR. Bars were presented as mean ± SD. ∗𝑝 < 0.05 compared to
the control group.
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Figure 3: IKK𝛼 immunohistochemical staining of bladder epithelium in DMAV treated rats. IKK𝛼 expressions were presented in brown
in cytoplasm. The panel was a graphical representation of the immunointensities of IKK𝛼. Bars were presented as mean ± SD. ∗𝑝 < 0.05
compared to the control group.

increased in 100 and 200 ppm DMAV treated rat bladder
epitheliumand levels of phospho-NF-𝜅Bp65 immunoexpres-
sion in cytoplasm did not increase in DMAV treated rats
compared with control rats (Figure 6).

3.4. 𝐷𝑀𝐴𝑉 Increased TGF-𝛽 Expression in the Bladder
Epithelium and Promoted Urinary IL-1𝛽 Secretion in Rats. In
our previous study, 200 ppm DMAV treated rats exhibited

significantly increased inflammatory factor TGF-𝛽1 level
in urine compared to the control rats [5]. In the present
immunohistochemical localization analysis, TGF-𝛽 expres-
sion was elevated in 100 and 200 ppmDMAV treated rat blad-
der epithelium. In addition, 200 ppm DMAV treatment also
increased IL-1𝛽 secretion in urine of rats. These data suggest
that DMAV stimulates the production of proinflammatory
cytokines in rat bladder; see Figure 7.
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Figure 4: IKK𝛽 immunohistochemical staining of bladder epithelium in DMAV treated rats. IKK𝛽 expressions were presented in brown
in cytoplasm. The panel was a graphical representation of the immunointensities of IKK𝛽. Bars were presented as mean ± SD. ∗∗𝑝 < 0.01
compared to the control group.
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Figure 5: p50 immunohistochemical staining of bladder epithelium in DMAV treated rats. p50 expressions were presented in brown in
cytoplasm and nucleus.The panel was a graphical representation of the immunohistochemical staining of p50. Bars were presented as mean ±
SD. ∗𝑝 < 0.05 and ∗∗𝑝 < 0.01 compared to the control group. #𝑝 < 0.05 compared to 100 ppm DMAV treated group.
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Figure 6: p65 immunohistochemical staining of bladder epithelium in DMAV treated rats. p65 expressions were presented in brown in
cytoplasm and nucleus. The panel was a graphical representation of the immunohistochemical staining of p65. Bars were presented as mean
± SD. ∗𝑝 < 0.05 and ∗∗𝑝 < 0.01 compared to the control group.
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Figure 7: TGF-𝛽 immunohistochemical staining of bladder epithelium and urinary IL-1𝛽 levels in DMAV treated rats. TGF-𝛽 expressions
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4. Discussion

Inorganic arsenic is a known human carcinogen and under-
goes metabolic methylation in mammals and is metabolized
to DMAV. However, DMAV has been demonstrated to be a
bladder carcinogen in rats [3, 13] and also enhanced bladder
carcinogenesis when administered in the drinking water after
treatment with N-butyl-N-(4-hydroxybutyl) nitrosamine, a
known bladder carcinogen [14]. Inorganic arsenic likely has
multiple mechanisms of carcinogenic action [4] and dys-
regulates some signal pathways through transcriptional and
nongenomic mechanisms [15–17]. Few studies were reported
on molecular mechanisms of DMAV carcinogenesis. The
transcriptional factor NF-𝜅B is activated in a range of human
cancers and promotes tumorigenesis via regulation of target
gene expression [18, 19]. NF-𝜅B is widely considered to play a
major role in tumor development by promoting cell survival,
proliferation, angiogenesis, andmetastasis [10, 19]. It has been
demonstrated that inorganic arsenic could activate NF-𝜅B
signaling pathway [20, 21]. The effects of DMAV on NF-𝜅B
signaling pathway in bladder cells remain unclear. In the
present study, we observed that expressions of members of
the NF-𝜅B signaling pathway and IKK𝛼, IKK𝛽, p50, and p65
were increased in bladder epithelium of rats after exposure to
DMAV.

NF-𝜅B activation was attributed to the phosphorylation
of I𝜅B protein by IKK kinase. The activation of IKK kinase
results in I𝜅Bpolyubiquitination and subsequent degradation
by the 26S proteasome [22]. After that, theNF-𝜅Bp50 andp65
subunits in cytoplasm activate and subsequently translocate
into nucleus. Our study showed that 100 and 200 ppmDMAV

treatment in drinking water significantly increased IKK𝛼
and IKK𝛽 mRNA levels and protein expressions in bladder
epithelium of rats, which indicated DMAV activated IKK
kinase. In DMAV exposure rat bladder epithelium, NF-
𝜅B immunolocalization displayed the fact that p65 protein
expression increased in the nucleus, whereas cytoplasmic p65
immunoexpression did not increase. p50 protein expression
increased in both the nucleus and cytoplasm in DMAV expo-
sure rat bladder epithelium. Generally, nuclear immunoreac-
tivity is regarded as a surrogate marker for the activated NF-
𝜅B protein.The urothelial lining of the bladder is a responsive
epithelial tissue with the ability to react to a variety of stimuli
[23].Thus, we thought that DMAV led to the activation of the
NF-𝜅B pathway in rat bladder epithelium.

NF-𝜅B was initially characterized as a central regulator
in inflammatory and immune responses. It could connect
chronic inflammation and tumorigenesis and was a potential
molecular bridge between inflammation and cancer [24, 25].
NF-𝜅B is induced by various cell stresses including growth
factors, cytokines, and oxidative stress [26] and in turn
regulates numbers of genes encoding proteins involved in
immune and inflammatory responses, such as cytokines,
growth factors, immune receptors [27]. Inflammation has
been thought to contribute to the development of cancer.
Within the tumor microenvironment, certain inflammatory
mediators often play a fundamental role in regulating tumor
subpopulation expression [28]. Proinflammatory cytokines,

IL-1𝛽 and IL-8, regulated by NF-𝜅B caused inflammatory
responses and were critical components in the tumorigenesis
pathway [28]. IL-1𝛽was activated and amplified byNF-𝜅B via
a positive amplifying loop [29, 30]. It has been reported that
activated NF-𝜅B in cancer stem cells (CSCs) can promote a
proinflammatory environment, inhibit apoptosis, and stimu-
late cell proliferation [31, 32]. ActiveNF-𝜅B translocates to the
nucleus and binds to target proinflammatory genes, inducing
transcription of cytokines, including IL-1𝛽 [33]. On the other
hand, cytokines released from the tumor microenvironment
could elevate NF-𝜅B activity [34]. TGF-𝛽 activated kinase,
TAK1, was shown to mediate responses to cytokines TNF-
𝛼 or IL-1 and directly phosphorylate the IKK complex that
promotes activation of NF-𝜅B [35–37]. TGF-𝛽 induces NF-
𝜅B activation through phosphorylation and activation of
TAK1 in head and neck squamous cell carcinoma. TAK1,
as an upstream mediator of IKK𝛼/𝛽 phosphorylation and
activation, leads to phosphorylation and degradation of the
NF-𝜅B inhibitor I𝜅B𝛼 and induces nuclear translocation
and transactivation of NF-𝜅B [38]. In the present study,
we observed that DMAV increased TGF-𝛽 expression in
bladder epithelium and IL-1𝛽 secretion in urine of rats.
It is widely accepted that TGF-𝛽 and IL-1 are powerful
signaling molecules and involve many cellular processes, and
their altered expression profiles are associated with various
pathologies [39]. Overexpression of TGF-𝛽 in the tumor
microenvironment was often observed [40] and TGF-𝛽 was
one of the key growth factors involved in driving epithelial-
mesenchymal transition (EMT) [41]. IL-1𝛽 both induced
inflammation by activatingNF-𝜅B signaling [37] and alsowas
controlled by NF-𝜅B signaling [42].

Our precious study found DMA elevated expressions of
proliferation factors, such as PCNA, cyclin D1, and COX-2,
in bladder epithelium [5].The possible mechanism of DMAV

on bladder epithelium in this study was speculated because
DMAV activated NF-𝜅B signal pathway, which increased the
secretion of TGF-𝛽 and IL-1𝛽 in rats. Furthermore, increased
expressions of TGF-𝛽 and IL-1𝛽 might mediate activation of
NF-𝜅B signal pathway to promote cell proliferation.
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