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Abstract : Inorganic arsenic (iAs), a proven human carcinogen, damages biological
systems through multiple mechanisms, one of them being reactive oxygen species (ROS)
production. NRF?2 is a redox-sensitive transcription factor that positively regulates the genes
of encoding antioxidant and detoxification enzymes to neutralize ROS. Although NRF2
pathway activation by iAs has been reported in various cell types, however, the experimental
data in vivo are very limited and not fully elucidated in humans. The present investigation
aimed to explore the hepatic and nephric NRF2 pathway upregulation in acute arsenic-exposed
mice in vivo. Our results showed 10 mg/kg NaAsO:z elevated the NRF2 protein and increased
the transcription of Nrf2 mRNA, as well as up-regulated NRF2 downstream targets HO-1,
GST and GCLC time- and dose-dependently both in the liver and kidney. Acute NaAsO2
exposure also resulted in obvious imbalance of oxidative redox status represented by the
increase of GSH and MDA, and the decrease of T-AOC. The present investigation reveals
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that hepatic and nephric NRF2 pathway expression is an early antioxidant defensive
response upon iAs exposure. A better knowledge about the NRF2 pathway involvment in
the cellular response against arsenic could help improve the strategies for reducing the
cellular toxicity related to this metalloid.
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1. Introduction

Arsenic is one of the most important natural pollutants worldwide [1]. Groundwater contaminated with
inorganic arsenic (iAs) is the main source of human exposure and represents a global health issue [2,3].
Arsenic is an established human carcinogen and long-term exposure to iAs has been associated with
cancers of the skin, lung, bladder, liver and kidney [4—6]. In addition to cancers, numerous
epidemiological studies have also established a strong correlation between chronic iAs exposure and
various human diseases such as hyperkeratosis, atherosclerosis, diabetes and chronic obstructive
pulmonary diseases [7,8]. Arsenic damages biological systems through multiple mechanisms, one of
them being reactive oxygen species (ROS) production [9,10]. The rapid induction of ROS has been
observed in human bladder epithelial cells [11] and keratinocytes [12] exposed to arsenite and
monomethylarsonous acid. It is further reported that arsenic could increase lipid peroxidation, deplete
glutathione (GSH), and decrease the enzyme activities of superoxide dismutase (SOD), catalase (CAT),
and glutathione peroxidase (GPx) both in the liver and kidney of rats [13—15].

Nuclear factor erythroid 2-related factor 2 (NRF2) is a redox-sensitive trascription factor that
positively regulates the expression of genes encoding antioxidants, xenobiotic detoxification enzymes,
and drug efflux pumps and confers cytoprotection against ROS and xenobiotics in normal cells [16].
Studies that effects of arsenic exposure on NRF2 signaling pathway were mostly conducted in cell culture
models. Arsenite and arsenate are proved to induce the increase of NRF2 in osteoblasts, followed by
transcriptional activation of target genes encoding Hmox1, PrxI, and one of a class of ubiquitin-binding
proteins (A170) [17]. In human keratinocyte HaCaT cells, selective knockdown of NRF2 by lentiviral
short hairpin RNAs significantly reduce the expression of many antioxidant enzymes and sensitize the
cells to acute cytotoxicity of arsenite [ 18]. What’s more, it is also demonstrated that compromised NRF2
expression sensitize the human bladder epithelial cells UROtsa to arsenite- and monomethylarsonous
acid- induced toxicity by stably infected with NRF2-siRNA [19]. Aside from the cell lines mentioned
above, at present, arsenicals also have been shown to activate the NRF2 pathway in placental
choriocarcinoma cells [20], HeLa [21], myeloma cells [22], and breast cancer cells (MDA-MB-231) [23],
indicating arsenic could induce the activation of NRF2 pathway in various cell types, and NRF2 pathway
plays an extremely pivotal role in protection against arsenic-mediated toxicity in vitro.

The liver is the most important site of arsenic reduction and methylation [24]. Epidemiology studies
have clearly indicated an association between chronic arsenic exposure and abnormal liver function,
hepatomegaly, hepatoportal sclerosis, liver fibrosis and liver cancer [25]. The kidney, as the primary
organ for the excretion of metabolites, is also suspected in recent years to be one of the main targets of
arsenic [26,27]. The development of acute tubular necrosis with acute renal failure has been reported in
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patients with systemic toxicity occurring in severe acute arsenic poisoning, and some of these patients
develop cortical necrosis and progression to chronic kidney disease (CKD) [28]. Hepatic NRF2 protein
levels in Chang human hepatocytes increased rapidly and the endogenous NRF2-regulated downstream
Hmox1 mRNA and protein were induced dramatically after acute arsenite treatment [29]. After six weeks
of arsenic exposure, Nrf2” mice displayed more severe pathological changes in the liver and hepatocytes
were more sensitive to arsenic-induced DNA hypomethylation, oxidative DNA damage, and apoptotic
cell death compared with Nrf2** mice [30]. Overall, as regards the animal experimental data of arsenic
exposure on hepatic and nephritic NRF2 pathway in vivo are not sufficient, the potential meaning and
possible mechanisms of NRF2 pathway activation by arsenic remain to be further elucidated. In the
present study, mice were exposed to environmentally relevant concentrations of iAs intra-gastrically,
we observed changes of hepatic and nephric NRF2 pathway in vivo, we also confirmed the imbalance
of hepatic and nephric redox status in mice.

2. Materials and Methods
2.1. Reagents and Chemicals

Sodium arsenite (NaAsO2, >99.0%) was obtained from Sigma Chemical Co. (St. Louis, MO, USA).
NaAsO:2 was dissolved in distilled water and diluted to the desired concentrations. Glutathione (GSH),
maleic dialdehyde (MDA) and total antioxidative capacity (T-AOC) assay kits were purchased from
Jiancheng Biological Institute (Nanjing, China). Primary antibodies of NRF2 (H-300: sc-13032), HO-1
(H-105: sc-10789), GSTO1/2 (FL-241: s¢-98560), GCLC (H-300: sc-28965), B-actin (I-19: sc-1616)
and corresponding secondary antibodies were all purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Real-time polymerase chain reaction (real-time PCR) kits were from Takara Co. (Otsu,
Japan). Potassium hydroxide (KOH), hydrochloric acid (HCI) and potassium borohydride (KBH4) were
purchased from Shanghai Chemical Co. (Shanghai, China) with arsenic free (<0.01 mg/L). All other
chemicals used were of the highest grade commercially available. Water used in all the preparations was
distilled and deionized.

2.2. Animals and Experimental Procedures

Female Kunming mice (weighing 18-22 g, 67 weeks old) were obtained from the Center for
Experimental Animals at China Medical University (Shenyang, China) with a National Animal Use
License number of SCXK-LN2011-0009. Animal use has been approved by Animal Use and Care
Committee at China Medical University with a protocol number of CMU62043006. All experiments and
surgical procedures were approved by the Animal Care and Use Committee at China Medical University,
which complies with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
All efforts were made to minimize the number of animals used and their suffering.

Mice were group-housed in stainless steel cages (6 mice per cage) in an air-conditioned room with
temperature maintained at 20 + 2 °C and 12/12 h light/dark cycle and year round relative humidity of
50%—-60% for 1 week before the experiment. The mice were allowed standard mice chow diet and
drinking water ad libitum throughout the study. The doses of NaAsO: were selected on the basis of
previously published studies [31,32] as well as our preliminary experiments. Mice were exposed to
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environmentally relevant concentrations of NaAsOz (5, 10 and 20 mg/kg) intragastrically for 6, 12, 24,
48 and 72 h, respectively. Control mice were treated with saline only. At each end point of the treatment,
all mice were weighed and killed by ether anesthesia. The entire liver and kidney of control and acute
NaAsO:z-exposed mice were promptly removed and weighed, and then stored at —80 °C for future use.

2.3. Calculation of the Liver and Kidney Indexes

The liver and kidney indexes were calculated according to the formulas: (liver or kidney weight/body
weight) x 100%, respectively [33].

2.4. Determination of Tissue Arsenic Levels in Liver and Kidney

The liver and kidney of experimental mice were washed with normal saline to remove blood and
clots, and then homogenized on ice with 500 pL deionized water and 0.05 g tissues. Determination of
arsenic species, As”, As'!, monomethylarsonic acid (MMA) and dimethylarsinic acid (DMA) in liver
and kidney was performed by a high-performance liquid chromatography-hydride generation-atomic
fluorescence spectrometer (HPLC-HG-AFS, SA-10 Atomic Fluorescence Species Analyzer, Titan Co.,
Beijing, China), consisting of a liquid chromatographic column, a hydride generation equipment, and an
atomic fluoresce detector [34]. Total arsenic (T-As) levels in liver and kidney were then calculated by
summing up the levels of As”, As'!, MMA and DMA. All samples were analyzed thrice, and the results
were expressed as mean = SD (n = 3).

2.5. Western Blot Analysis

To extract the total proteins of liver and kidney, liver and kidney tissues were homogenized in lysis buffer
containing 20 mmol/L Tris-HCI (pH = 8.0), 150 mmol/L sodium chloride, 1 mmol/L ethylene
diaminetetraacetic acid, 1 mmol/L ethylene glycol tetraacetic acid, 0.5% nonidet P-40 (NP-40), 2.5 mmol/L
sodium pyrophosphate, I mmol/L sodium orthovanadate and 1% protease inhibitor cocktail (Roche,
Germany). Total protein concentrations were measured by Bradford’s method [35] using bovine serum
albumin (Santa Cruz, CA, USA) as the protein standard. Aliquots of supernatant (40 ng total protein) were
boiled in an equal volume of 2 x SDS electrophoresis sample buffer (0.2 mol/L Tris-HCL, 10% glycerol,
2% sodium dodecyl sulfate and 0.02% B-mercaptoethanol) for 5 min before 7.5%—10% sodium dodecyl
sulfate-polyacrylamide gel -electrophoresis (SDS-PAGE). After electrophoresis, proteins were
transferred to polyvinylidene fifluorid (PVDF) membrane (Amersham, Buckinghamshire, UK). The blots
were placed in blocking solutions (PBS containing 80 mmol/L disodium hydrogen phosphate, 25 mmol/L
sodium dihydrogen phosphate, 100 mmol/L sodium chloride, 0.1% Tween 20 and 5% skim milk) for 2 h
at room temperature. Blots were then incubated with the primary antibodies of NRF2, HO-1, GSTO1/2
and GCLC at 4 °C overnight, respectively. On the second day, membranes were washed and incubated
with corresponding secondary antibodies (1:1000-5000 dilution) for 2 h at room temperature. Blots were
then incubated with chemiluminescence reagents (PicoWest Super Signal, Pierce Biotechnology,
Rockford, IL, USA) and visualized using Electrophoresis Gel Imaging Analysis System (MF-ChemiBIS
3.2, DNR Bio-Imaging Systems, Jerusalem, Israel). B-actin (1:5000) was used as the internal control.
Representative bands from three mice of each treatment group were presented in the results.
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2.6. Total RNA Isolation and Real-Time PCR Analysis

Total RNA of liver and kidney from experimental mice was isolated using a Trizol Reagent
(Invitrogen, Carlsbad, CA, USA,). Real-time PCR was conducted using a two-step method with an ABI
7500 Real-Time PCR System (ABI, Carlsband, CA, USA). Briefly, 500 ng of total RNA was
reverse-transcripted (RT) to cDNA using PrimeScript RT reagent kit with gDNA eraser (Perfect Real
Time, Takara, Otsu, Japan), and PCR amplification was performed by SYBR Premix Ex Taq II kit
(Perfect Real Time, Takara). PCR amplification conditions were: 1 cycle of initial denaturation (95 °C
for 30 s), and 40 cycles of amplification (95 °C for 5 s and 60 °C for 34 s). Primers for mouse genes
were designed by PRIMER 3 software and synthesized by Sangon Biological Engineering Technology
(Shanghai, China) as follows: Nrf2 accession number (NM_010902.3): forward (ttggcagagacattcccatttg)
and reverse (aaacttgctccatgtectgeteta);  Hmoxl  accession number (NM _010442):  forward
(tgcaggtgatgctgacagagg) and reverse (gggatgagetagtgctgatetgg); Gstol accession number (NM_010362.2):
forward (cttcatggcgtagttgaatgatgtc) and reverse (tttaagtactcgcggtaggtcttgg); Gcelc accession number
(NM _010295): forward (cagtcaaggaccggcacaag) and reverse (caagaacatcgcctccattcag); Gapdh accession
number (NM_001289726): forward (tgtgtccgtcgtggatetga) and reverse (ttgetgttgaagtcgecaggag). All primer
sets were tested prior to use in this work to ensure that only a single product of the correct size was
amplified. Triplicate reactions were performed for each sample. Cycle threshold (Ct) values were
obtained graphically for both different target genes and Gapdh. The Ct values of different target genes
were first normalized to Gapdh in the same sample and expressed as ACt values. Then AACt values were
obtained by subtracting the ACt values of the control samples from that of the treated samples, and 2744t
values were calculated to represent the amounts of different target genes. The final values presented were
expressed as folds of control.

2.7. Analysis of GSH Levels in the Liver and Kidney

GSH levels were determined by modified 5,5’-dithiobis 2-nitrobenzoic acid (DTNB) method [36]
using commercially available kit according to the manufacturer’s recommended protocol. The liver and
kidney from each mice was washed with normal saline to remove blood and clots, and then homogenized
on ice with 5 ml 5% trichloroacetic acid (TCA) per gram of tissue weight. Homogenates were
centrifuged at 1000 g for 15 min at 4 °C and the aliquots samples of the supernatants were then used for
the analysis of liver and kidney GSH. The levels of GSH in liver and kidney were finally expressed as
ng/100 mg tissue.

2.8. Analysis of Lipid Peroxidation and T-AOC in the Liver and Kidney

The liver and kidney of experimental mice were washed with normal saline to remove blood and
clots, and then homogenized on ice with 9 ml Tris-HCl (5 mmol/L containing 2 mmol/L
ethylene- diaminetetraacetic acid, pH = 7.4) per gram of tissue weight. Homogenates were then
centrifuged at 1000 % g for 15 min at 4 °C and the supernatants were used for the analysis of lipid
peroxidation and T-AOC in liver and kidney according to each manufacturer’s recommended protocol.
Lipid peroxidation was determined by measuring the levels of MDA, an end product of lipid
peroxidation, using a thiobarbiturate method [37]. The levels of MDA were fi The expressed as nmol/mg
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protein. T-AOC levels were determined basing on the color changes of tetramethylbenzidine (TMB)
spectrophotometrically at 405 nm [38]. The unit of T-AOC was defined as each 0.01 increasement of TMB
optical density (OD) per minute at 37 °C, and T-AOC levels were finally expressed as U/mg protein.

2.9. Statistical Analysis

A statistician was consulted before the start of the experiment for the minimum number of mice
required to give viable statistical and reproducible data and for statistical analysis. Data were presented
as mean £+ SD. Statistical significance was determined by one-way analysis of variation (ANOVA)
followed by post hoc analysis using Least-Significant Difference (LSD) method (SPSS 11.0, SPSS Inc.,
Chicago, IL, USA). p values of less than 0.05 were considered as statistically significant.

3. Results

3.1. T-As Concentrations, as Well as the Indexes of Liver and Kidney in Control and Acute
Arsenic-Exposed Mice

In our study, mice were treated intragastrically with 0, 5, 10 and 20 mg/kg of NaAsO2. We detected
T-As concentrations at different time points and found that the peaks of T-As concentrations were at 6 h in
the liver and at 1 h in the kidney, then T-As levels decreased gradually (data not shown). There were
significantly dose-dependent trends of T-As levels both in the liver and kidney with indicated time points
(Table 1). It was therefore quite clear that NaAsO2 had been quickly absorbed into blood and distributed
to the liver and kidney. In addition, we calculated the indexes of liver and kidney in each experimental
group and didn’t find any significant difference (Table 1), demonstrating no obvious hepatic and nephric
swelling were induced with indicated arsenic doses.

Table 1. Total arsenic levels (T-As, ng As/g tissue), as well as the indexes of liver and kidney
in control and acute arsenic-exposed mice.

NaAsO: (mg/kg) T-As in Liver T-As in Kidney Liver Index (%) Kidney Index (%)
0 <LD <LD 536+0.39 1.21+0.07
5 359.86 +28.59 1165 +303.00 5.05+0.34 1.17+0.14
10 1033.09 + 106.66 * 1816 £279.8 * 4.49 +0.20 1.14£0.10
20 3075.36 £485.11 ** 2332+ 174.60 * 522+0.28 1.27+0.10

Notes: mice were treated with 0, 5, 10 and 20 mg/kg NaAsO, intragastrically, and total arsenic (T-As) levels
of the liver (6 h) and kidney (1 h) were determined respectively by the HPLC-HG-AFS method, as described
in materials and methods. Results were expressed as mean + SD (n = 3). The entire liver and kidney were
removed and weighed after acute arsenic-treatment for 24 h, and liver and kidney indexes were expressed as
liver or kidney weight/body weight (n = 10). The limit of detection (LD) for T-As was 1 pg/L. * denoted p < 0.05
compared with 5 mg/kg NaAsQO, treatment group. * denoted p < 0.05 compared with 10 mg/kg NaAsO,
treatment group.
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3.2. Up-Regulation of Nuclear Factor NRF2 both in the Liver and Kidney of Control and Acute
Arsenic-Exposed Mice

Several studies have reported that Nrf2 regulates critically cellular defense transcriptional programs
against 1As toxicity to maintain cellular redox homeostasis and limit oxidative damages in vitro [18,19].
In order to explore whether acute arsenic exposure could induce NRF2 pathway in vivo, we first treated
the mice intragastrically with 10 mg/kg NaAsO: for 6, 12, 24, 48 and 72 h, and proved the elevation of
NRF2 protein both in the liver and kidney. However, the elevation of NRF2 protein in the liver was
detectable as soon as 6 h and peaked at 12 h (Figure 1A), while the activation of NRF2 in the kidney
was more durable and lasted to as long as 72 h (Figure 1D). We next confirmed the expression of NRF2
protein both under 10 and 20 mg/kg NaAsOz in vivo (Figure 1B,E). What’s more, the transcription of
Nrf2 mRNA in the liver and kidney was also moderately increased by 5, 10 and 20 mg/kg NaAsO:
treatment for 6 h compared with control group (Figure 1C,F).
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Figure 1. Up-regulation of NRF2 both in the liver and kidney of control and acute arsenic-
exposed mice. Mice were treated with 0, 5, 10 and 20 mg/kg NaAsO: intra-gastrically for 6,
12,24, 48 and 72 h. The extracted proteins of liver and kidney were subjected to SDS-PAGE.
Expression of NRF2 protein in the liver (A, B) and kidney (D, E) of mice were assessed by
western blotting. B-Actin was blotted as the loading control. Total RNA of liver and kidney
from each 6 h experimental group were isolated and real-time PCR were conducted. The
mRNA levels of Nrf2 in the liver and kidney were shown as (C) and (F). Results were
expressed as mean + SD (n = 4), and independent experiments were carried out three times.

* denotes p < 0.05 compared with control mice.
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3.3. Up-Regulation of NRF2 Downstream Targets both in the Liver and Kidney of Control and Acute
Arsenic-Exposed Mice

The antioxidant enzyme HO-1, phase II drug-metabolizing enzyme GST, and the rate-limiting
enzyme of GSH biosynthesis GCL are all typically recognized NRF2 downstream targets, these enzymes
and proteins are responsible for the detoxication of electrophiles and ROS, as well as the removal or
repair of some of their damage products. Our results here also showed that NaAsOz could up-regulated
hepatic and nephric HO-1, GST and GCLC protein expression time-dependently (Figure 2A,D) and
dose-dependently (Figure 2B,E). In addition, the transcription of Gstol and Gclc mRNA was raised
remarkly by 5, 10 and 20 mg/kg NaAsO: treatment for 6 h, particularly, the HmoxI levels
increased dramatically, which was in agreement with previous reports in many cell types and tissues
(Figure 2C,F) [29,30]. Totally, these results confirmed the quick activation of hepatic and nephric NRF2
pathway by acute arsenic exposure in vivo.
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Figure 2. Up-regulation of NRF2 downstream targets both in the liver and kidney of control
and acute arsenic-exposed mice. Mice were treated with 0, 5, 10 and 20 mg/kg NaAsO: intra-
gastrically for the 6, 12, 24, 48 and 72 h, and the extracted proteins of liver and kidney were
subjected to SDS-PAGE. Expressions of HO-1, GSTO1/2 and GCLC in the liver (A, B) and
kidney (D, E) of mice were assessed by western blotting. B-Actin was blotted as the loading
control. Total RNA of liver and kidney from each 6 h experimental group was isolated and
real-time PCR were conducted. The mRNA levels of Hmox1, Gstol and Gcle in liver and
kidney were shown as (C) and (F). Results were expressed as mean = SD (n = 4), and
independent experiments were carried out three times. * denotes p < 0.05 compared with
control mice.
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3.4. Acute NaAsO: Exposure Results in Oxidative Stress both in the Liver and Kidney

Oxidative stress is the most widely accepted and studied mechanism of arsenic toxicity [39].
Oxidative stress represents an imbalance between the production and manifestation of ROS and a
biological system’s ability to readily detoxify the reactive intermediates or to repair the resulting damage.
In this study, we detected the oxidative stress related markers in the liver and kidney upon acute arsenic
exposure for 24 h. GSH, one of the most important antioxidants to defend against ROS by xenobiotics,
is an abundant tripeptide widely distributed in various of tissues [40], and increased notably both in the
liver (Figure 3A) and kidney (Figure 3D), suggesting the imbalance of body oxidative redox status. What’s
more, the increase of MDA, an end production of lipid peroxidation [41,42], together with the decrease
of T-AOC (reflecting body total antioxidant capacity) both in the liver (Figure 3B,C) and kidney
(Figure 3E,F), revealed jointly the obvious oxidative stress by acute oral administration of iAs.
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Figure 3. Effects of acute NaAsO2 exposure on GSH, MDA and T-AOC levels in the liver
and kidney of control and acute arsenic-exposed mice. Mice were treated with NaAsO:2
intra-gastrically for 24 h with indicated doses. The levels of GSH, MDA and T-AOC in the
liver (A—C) and kidney (D—F) were all determined using commercially available kits as
described in materials and methods. Data were presented with means = SD (n = 10).
* denotes p < 0.05 compared with control mice.
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4. Discussion

Arsenic is well known to cause numerous acute and chronic adverse health effects [5,6]. Although the
mechanism of arsenic-induced carcinogenesis remains to be investigated, mechanistic studies have also
confirmed that exposure to various arsenic compounds results in ROS generation [43,44], and excessive
generation of intracellular ROS may lead to oxidative stress, loss of cell function, and ultimately apoptosis
or necrosis [45]. Recent years, the critical roles of nuclear factor NRF2 in defending against elevated ROS
and toxic damages by initiating the expressions of a variety of antioxidant enzymes and phase II drug-
metabolizing enzymes have attracted great interest [46,47]. In this manuscript, we investigated the quick
up-regulation of hepatic and nephric NRF2 pathway and the imbalance of oxidative redox status both in
the control and acute arsenic-exposed mice in vivo.

Vertebrates have evolved several defense mechanisms to cope with environmental insults and to
maintain cellular redox homeostasis. As a key regulator of the antioxidant system, transcription factor
NRF2 exists in cytoplasm with its repressor keapl, and NRF2 will disassociate with keapl and enter
into the nuclear to combine with antioxidant response element ARE when stimulated by xenobiotics to
induce the expression of a set of phase II drug-metabolizing and antioxidant enzymes [48]. Activation of
the NRF2 pathway has been clearly demonstrated to confer protection against toxic and carcinogenic
effects of many environmental insults [49,50]. In accordance with our findings here, the quick up-regulation
of NRF2 pathway and the imbalance of oxidative redox status by acute NaAsO: exposure were
demonstrated in HepG2 cells [51]. Our previous study also reported the dose-effect response of NRF2
accumulation as well as activation of an array of NRF2 downstream target genes by inorganic arsenic
in a cultured human hepatocyte line [52] As to the molecular mechanism of Nrf2 activation by arsenic,
it is demonstrated that As'" is able to activate Nrf2 by increasing association between Keapl and Cul3,
therefore disrupting the dynamic assembly/disassembly process of the Keap1-Cul3 E3 ubiquitin ligase
complex. Reduced E3 ubiquitin ligase activity inhibite Nrf2 ubiquitination and degradation, therefore
enhance Nrf2 protein levels [23]. In addition, we found that acute arsenic exposure moderately increased
hepatic and nephric Nrf2 mRNA levels to some extent in our experiments, which is also confirmed by
other studies [52,53]. It is therefore suggested that multiple mechanisms might be involved in Nrf2
activation, Which remain to be further studied.

It is reported that HO-1 degrades pro-oxidant heme into ferrous iron, carbon monoxide, and biliverdin
which is quickly converted into bilirubin. The end-products of HO-1 have antioxidant activities that are
able to defend cells from oxidative stress [52]. As one of phase II drug-metabolizing enzymes, GST plays
an irreplaceable role in catalyzing GSH with its substrate to get rid of hazardous substances [54,55].
The rate-limiting step in GSH biosynthesis is catalyzed by glutamate cysteine ligase (GCL), a heterodimer
composed of catalytic subunit GCLC and modifier subunit GCLM. The GCLC possesses all of the
catalytic activity, while the GCLM functions to increase the catalytic efficiency of GCLC [56,57].
In our study, the dose- and time-dependent up-regulation of NRF2 downstream regulated targets HO-1,
GST and GCLC protein expression both in the liver and kidney that they are thought to elicit beneficial
effects and to play defensive roles in resisting the toxicity and redox imbalances of inorganic arsenic.

The NRF2-mediated early antioxidant response by toxic arsenic could be explained by the phenomena
called adaptive response or hormesis, that is, preconditioning cells with sublethal doses of toxic
compounds increases cellular resistance to similar types of toxic compounds [58]. Many researchers
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nowadays have speculated that the activation of the ARE-NRF2-keapl pathway by arsenic is beneficial
and is likely to be an attempt of cells to counteract the damage effects of the metalloid [59]. However,
the protective mechanism of the NRF2 pathway may be masked by cell damaging effects at high
concentrations of arsenic, and the NRF2-dependent defense response is outweighed by the deteriorated
effects induced by arsenic, ultimately, resulting in oxidative stress and toxicity, which could also be
shown in our results that the hepatic and nephric imbalance of oxidative redox status represented by the
increase of GSH and MDA, as well as the decrease of T-AOC both in control and acute arsenic-exposed
mice, in accordance with previous study [60—62].

5. Conclusions

Collectively, our findings here showed the hepatic and nephric early adaptive response derived from
activation of the NRF2 pathway by iAs in vivo, which represents the initial attempt to counteract the
deteriorated effects and to maintain cellular homeostasis when exposure to the toxic metalloid. It is
therefore indicated the identification, validation, and optimization of new Nrf2 activators might be
extremely essential for potential roles of dietary and therapeutic interventions to boost the Nrf2-dependent
adaptive system to resist against arsenic adverse effects.

Acknowledgments

This work was supported by the National Natural Science Foundation of China (NSFC)
(No. 81172611). We wish to thank our colleagues and members of our laboratories for useful discussions.

Author Contributions

Dandan Dong conceived and designed the study. Dandan Dong, Jinlong Li and Xiaoxu Duan
conducted the experiments and contributed to the interpretation of results. Jinlong Li drafted the
manuscript. Yang Zhang performed statistical analysis. Wei Li, Lu Zhao and Huifang Nie provided the
literature guidance. Guifan Sun and Bing Li critically revised the manuscript. All authors have read and
approved the final version submitted for publication.

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

1. Hughes, M.F.; Beck, B.D.; Chen, Y.; Lewis, A.S.; Thomas, D.J. Arsenic exposure and toxicology:
A historical perspective. Toxicol. Sci. 2011, 123, 305-332.

2. Smith, A.H.; Lingas, E.O.; Rahman, M. Contamination of drinking-water by arsenic in Bangladesh:
A public health emergency. Bull. WHO 2000, 78, 1093—1103.

3. Tchounwou, P.B.; Patlolla, A.K.; Centeno, J.A. Carcinogenic and systemic health effects associated
with arsenic exposure-a critical review. Toxicol. Pathol. 2003, 31, 575-588.

4. Rossman, T.G. Mechanism of arsenic carcinogenesis: An integrated approach. Mutat. Res. 2003,
533, 37-65.



Int. J. Environ. Res. Public Health 2015, 12 12639

10.

11.

12.

13.

14.

15.

16.

17.

18.

IARC. Some drinking-water disinfectants and contaminants, including arsenic. IJARC Monogr. Eval.
Carcinog. Risks Hum. 2004, 84, 1-477.

Smith, A.H.; Hopenhayn-Rich, C.; Bates, M.N.; Goeden, H.M.; Hertz-Picciotto, I.; Duggan, H.M.;
Wood, R.; Kosnett, M.J.; Smith, M.T.; Cancer risks from arsenic in drinking water. Environ. Health
Perspect. 1992, 97, 259-267.

Navas-Acien, A.; Silbergeld, E.K.; Streeter, R.A.; Clark, J.M.; Burke, T.A.; Guallar, E.
Arsenicexposure and type 2 diabetes: A systematic review of the experimental and epidemiological
evidence. Environ. Health Perspect. 2006, 114, 641-648.

Tseng, C.H. An overview on peripheral vascular disease in blackfoot disease-hyperendemic villages
in Taiwan. Angiology 2002, 53, 529-537.

Ellinsworth, D.C. Arsenic, reactive oxygen, and endothelial dysfunction. J. Pharmacol. Exp. Ther.
2015, 353, 458-464.

Rehman, K.; Fu, Y.J.; Zhang, Y.F.; Wang, Q.Q.; Wu, B.; Wu, Y.; Zhou, X.Y.; Sun, W.H.; Sun,
T.F.; Naranmandura, H. Trivalent methylated arsenic metabolites induce apoptosis in human
myeloid leukemic HL-60 cells through generation of reactive oxygen species. Metallomics 2014, 6,
1502-1512.

Eblin, K.E.; Bowen, M.E.; Cromey, D.W.; Bredfeldt, T.G.; Mash, E.A.; Lau, S.S.; Gandolfi, A.J.
Arsenite and monomethylarsonous acid generate oxidative stress response in human bladder cell
culture. Toxicol. Appl. Pharmacol. 2006, 217, 7-14.

Cooper, K.L.; Liu, K.J.; Hudson, L.G. Enhanced ROS production and redox signaling with
combined arsenite and UVA exposure: Contribution of NADPH oxidase. Free Radic. Biol. Med.
2009, 47, 381-388.

Majhi, C.R.; Khan, S.; Leo, M.D.; Prawez, S.; Kumar, A.; Sankar, P.; Telang, A.G.; Sarkar, S.N.
Acetaminophen increases the risk of arsenic-mediated development of hepatic damage in rats by
enhancing redox-signaling mechanism. Environ. Toxicol. 2014, 29, 187—-198.

Rizwan, S.; Nagshbandi, A.; Farooqui, Z.; Khan, A.A.; Khan, F. Protective effect of dietary flaxseed
oil on arsenic-induced nephrotoxicity and oxidative damage in rat kidney. Food Chem. Toxicol.
2014, 68, 99-107.

Valko, M.; Morris, H.; Cronin, M.T.D. Metals, toxicity and oxidative stress. Curr. Med. Chem.
2005, 72, 1161-1208.

Singh, A.; Misra, V.; Thimmulappa, R.K.; Hannah, L.H.; Ames, S.; Hoque, M.O.; Herman, J.G.;
Stephen, B.; Baylin, S.B.; Sidransky, D.; et al. Dysfunctional KEAP1-NRF2 interaction in non-
small-cell lung cancer. PLoS Med. 2006, 3, 1865—1876.

Aono, J.; Yanagawa, T.; Itoh, K.; Li, B.; Hiroshi, Y.H.; Kumagai, Y.; Yamamoto, M.; Ishii, T.
Activation of Nrf2 and accumulation of ubiquitinated A170 by arsenic in osteoblasts.
Biochem. Biophys. Res. Commun. 2003, 305, 271-277.

Zhao, R.; Hou, Y.; Zhang, Q.; Woods, C.G.; Xue, P.; Fu, J.; Yarborough, K.; Guan, D.; Andersen, M.E.;
P1i, J. Cross-regulations among NRFs and KEAP1 and effects of their silencing on arsenic-induced
antioxidant response and cytotoxicity in human keratinocytes. Environ. Health Perspect. 2012, 120,
583-589.



Int. J. Environ. Res. Public Health 2015, 12 12640

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Wang, X.J.; Sun, Z.; Chen, W.; Eblin, K.E.; Gandolfi, J.A.; Zhang, D.D. Nrf2 protects human
bladder urothelial cells from arsenite and monomethylarsonous acid toxicity. Toxicol. Appl.
Pharmacol. 2007, 225, 206-213.

Massrieh, W.; Derjuga, A.; Blank, V. Induction of endogenous Nrf2/small maf heterodimers by
arsenic-mediated stress in placental choriocarcinoma cells. Antioxid. Redox Signal. 2006, 8, 53—59.
Suzuki, T.; Blank, V.; Sesay, J.S.; Crawford, D.R. Maf genes are involved in multiple stress
response in human. Biochem. Biophys. Res. Commun. 2001, 280, 4-8.

Matulis, S.M.; Morales, A.A.; Yehiayan, L.; Croutch, C.; Gutman, D.; Cai, Y.; Lee, K.P.; Boise, L.H.
Darinaparsin induces a unique cellular response and is active in an arsenic trioxide-resistant
myeloma cell line. Mol. Cancer Ther. 2009, 8, 1197-1206 .

Wang, X.J.; Sun, Z.; Chen, W.; Li, Y.; Villeneuve, N.F.; Zhang, D.D. Activation of Nrf2 by arsenite
and monomethylarsonous acid is independent of Keap1-C151: Enhanced Keap1-Cul3 interaction.
Toxicol. Appl. Pharmacol. 2008, 230, 383—-389.

Liu, J.; Waalkes, M.P. Liver is a target of arsenic carcinogenesis. Toxicol. Sci. 2008, 105, 24-32.
Mazumder, D.N. Effect of chronic intake of arsenic-contaminated water on liver. Toxicol. Appl.
Pharmacol. 2005, 206, 169—-175.

Eom, S.Y.;Lee, Y.C.; Yim, D.H.; Lee, C.H.; Kim, Y.D.; Choi, B.S.; Park, C.H.; Yu, S.D.; Kim, D.S.;
Park, J.D.; et al. Effects of low-level arsenic exposure on urinary N-acetyl-f-D-glucosaminidase
activity. Hum. Exp. Toxicol. 2011, 30, 1885—-1891.

Chen, J.W.; Chen, H.Y.; Li, W.F.; Liou, S.H.; Chen, C.J.; Wu, J.H.; Wang S.L. The association
between total urinary arsenic concentration and renal dysfunction in a community-based population
from central Taiwan. Chemosphere 2011, 84, 17-24.

Robles-Osorio, M.L.; Sabath-Silva, E.; Sabath, E. Arsenic-mediated nephrotoxicity. Ren. Fail.
2015, 23, 1-6.

Li, B.; Li, X.; Zhu, B.; Zhang, X.; Wang, Y.; Xu, Y.; Wang, H.; Hou, Y.; Zheng, Q.; Sun, G.
Sodium arsenite induced reactive oxygen species generation, nuclear factor (erythroid-2related)
factor 2 activation, heme oxygenase-1 expression,and glutathioneElevat ion in Chang human
hepatocytes. Environ. Toxicol. 2013, 28, 401-410.

Jiang, T.; Huang, Z.; Chan, J.Y.; Zhang, D.D. Nrf2 protects against As(Ill)-induced damage in
mouse liver and bladder. Toxicol. Appl. Pharmacol. 2009, 240, 8—14.

Rodriguez-Sosa, M.; Garcia-Montalvo, E.A.; del Razo, L.M.; Vega, L. Effect of Selenomethionine
supplementation in food on the excretion and toxicity of arsenic exposure in female mice. Biol. Trace
Elem. Res. 2013. 156, 279-287.

Anwar-Mohamed, A.; Elshenawy, O.H.; El-Sherbeni, A.A.; Abdelrady, M.; El-Kadi, A.O.
Acute arsenic treatment alters arachidonic acid and its associated metabolite levels in the brain of
C57BL/6 mice. Can. J. Physiol. Pharmacol. 2014, 92, 693-702.

Yang, Q.; Xie, R.J.; Geng, X.X.; Luo, X.H.; Han, B.; Cheng, M.L. Effect of Danshao Huaxian
capsule on expression of matrix metalloproteinase-1 and tissue inhibitor of metalloproteinase-1 in
fibrotic liver of rats. World J. Gastroenterol. 2005, 11, 4953-4956.

Sanchez-Rodas, D.; Gomez-Ariza, J.L.; Oliveira, V. Development of a rapid extraction procedure
for speciation of arsenic in chicken meat. Anal. Bioanal. Chem. 2006. 385, 1172—-1177.



Int. J. Environ. Res. Public Health 2015, 12 12641

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Bradford, M. M., A rapid and sensitive method for the quantitation of microgram quantities of
protein utilizing the principle of protein-dye binding. Analytical biochemistry 1976, 72, 248-254.
Sedlak, J.; Lindsay, R.H.; Estimation of total, protein-bound, and nonprotein sulthydryl groups in
tissue with Ellman’s reagent. Anal. Biochem. 1968. 25, 192-205.

Ohkawa, H.; Ohishi, N.; Yagi, K. Assay for lipid peroxides in animal tissues by thiobarbituric acid
reaction. Anal. Biochem. 1979, 95, 351-358.

Opara, E.C.; Abdel-Rahman, E.; Soliman, S.; Kamel, W.A.; Souka, S.; Lowe, J.E.; Abdel-Aleem,
S. Depletion of total antioxidant capacity in type 2 diabetes. Metabolism 1999, 48, 1414—-1417.
Ercal, N.; Gurer-Orhan, H.; Aykin-Burns, N., Toxic metals and oxidative stress part I: Mechanisms
involved in metal-induced oxidative damage. Curr. Top. Med. Chem. 2001, 1, 529-539.

Hellou, J.; Ross, N.W.; Moon, T.W. Glutathione, glutathione S-transferase, and glutathione
conjugates, complementary markers of oxidative stress in aquatic biota. Environ. Sci. Pollut. Res.
Int. 2012, 19,2007-2023.

Li, S.; Ding, Y.; Niu, Q.; Xu, S.; Pang, L.; Ma, R.; Jing, M.; Feng, G.; Tang, J.X.; Zhang, Q.; et al.
Lutein has a protective effect on hepatotoxicity induced by arsenic via Nrf2 signaling. Biomed. Res.
Int. 2015, 2015, doi:10.1155/2015/315205.

Cao, Y.W.; Jiang, Y.; Zhang, D.Y.; Wang, M.; Chen, W.S.; Su, H.; Wang, Y.T.; Wan, J.B.
Protective effects of Penthorum chinense Pursh against chronic ethanol-induced liver injury in
mice. J. Ethnopharmacol. 2015, 161, 92-98.

Barchowsky, A.; Klei, L.R.; Dudek, E.J.; Swartz, H.M.; James, P.E.; Stimulation of reactive
oxygen, but not reactive nitrogen species, in vascular endothelial cells exposed to low levels of
arsenite. Free Radic. Biol. Med. 1999. 27, 1405-1412.

Sarath, T.S.; Waghe, P.; Gupta, P.; Choudhury, S.; Kannan, K.; Pillai, A.H.; Harikumar, S.K.;
Mishra, S.K.; Sarkar, S.N. Atorvastatin ameliorates arsenic-induced hypertension and enhancement
of vascular redox signaling in rats. Toxicol. Appl. Pharmacol. 2014, 280, 443—454.

Engel, R.H.; Evens, A.M., Oxidative stress and apoptosis: A new treatment paradigm in cancer.
Front. Biosci. 2006, [1,300-312.

Mitsuishi, Y.; Motohashi, H.; Yamamoto, M. The Keap1-Nrf2 system in cancers: Stress response
and anabolic metabolism. Front. Oncol. 2012, 2, doi:10.3389/fonc.2012.00200.

Lau, A.; Whitman, S.A.; Jaramillo, M.C.; Zhang, D.D. Arsenic-mediated activation of the Nrf2-
Keapl antioxidant pathway. J. Biochem. Mol. Toxicol. 2013, 27, 99—105.

Kobayashi, M.; Yamamoto, M. Molecular mechanisms activating the Nrf2-Keapl pathway of
antioxidant gene regulation. Antioxid. Redox Signal. 2005, 7, 385-394.

Zhang, X.; Su, Y.; Zhang, M.; Sun, Z. Opposite effects of arsenic trioxide on the Nrf2 pathway in
oral squamous cell carcinoma in vitro and in vivo. Cancer Lett. 2012, 318, 93-98.

Saw, C.L.; Kong, A.N. Nuclear factor-erythroid 2-related factor 2 as a chemopreventive target in
colorectal cancer. Expert Opin. Ther. Targets 2011, 15, 281-295.

Abiko, Y.; Shinkai, Y.; Sumi, D.; Kumagai Y. Reduction of arsenic-induced cytotoxicity through
Nrf2/HO-1 signaling in HepG2 cells. J. Toxicol. Sci. 2010, 35, 419-423.

Liu, D.; Duan, X.; Dong, D.; Bai, C.; Li, X.; Sun, G.; Li, B. Activation of the Nrf2 pathway by
inorganic arsenic in human hepatocytes and the role of transcriptional repressor Bachl. Oxid. Med.
Cell. Longev. 2013. 2013, doi:10.1155/2013/984546.



Int

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

. J. Environ. Res. Public Health 2015, 12 12642

Pi, J.; Qu, W.; Reece, J.M.; Kumagai, Y.; Waalkes, M.P., Transcription factor Nrf2 activation by
inorganic arsenic in cultured keratinocytes: Involvement of hydrogen peroxide. Exp. Cell Res. 2003,
290, 234-245.

Sampsonas, F.; Archontidou, M.A.; Salla, E.; Karkoulias, K.; Tsoukalas, G.; Spiropoulos, K.
Genetic alterations of glutathione S-transferases in asthma: Do they modulate lung growth and
response to environmental stimuli. Allergy Asthma Proc. 2007, 28, 282-286.

Hsu, Li.; Chen, W.P.; Yang, T.Y.; Chen, Y.H.; Lo, W.C.; Wang, Y.H.; Liao, Y.T.; Hsueh, Y.M.;
Chiou, H.Y.; Wu, M.M.; et al. Genetic polymorphisms in glutathione S-transferase (GST)
superfamily and risk of arsenic-induced urothelial carcinoma in residents of southwestern Taiwan.
J. Biomed. Sci. 2011, 18, doi:10.1186/1423-0127-18-51.

Chen, Y.; Shertzer, H.G.; Schneider, S.N.; Nebert, D.W.; Dalton, T.P. Glutamate cysteine ligase
catalysis: Dependence on ATP and modifier subunit for regulation of tissue glutathione levels.
J Biol. Chem. 2005, 280, 33766-33774.

Griffith, O.W.; Mulcahy, R.T. The enzymes of glutathione synthesis: Gamma-glutamylcysteine
synthetase. Adv. Enzymol. Relat. Areas Mol. Biol. 1999, 73, 209-267.

Mattson, M.P.; Cheng, A. Neurohormetic phytochemicals: Low-dose toxins that induce adaptive
neuronal stress responses. Trends Neurosci. 2006, 29, 632—639.

Jiang, X.; Chen, C.; Liu, Y.; Zhang, P.; Zhang, Z. Critical role of cellular glutathione homeostasis
for trivalent inorganic arsenite-induced oxidative damage in human bronchial epithelial cells.
Mutat. Res. Genet. Toxicol. Environ. Mutagen. 2014, 770, 35-45.

Wang, Y.; Xu, Y.; Wang, H.; Xue, P.; Li, X.; Li, B.; Zheng, Q.; Sun, G. Arsenic induces
mitochondria-dependent apoptosis by reactive oxygen species generation rather than glutathione
depletion in Chang human hepatocytes. Arch. Toxicol. 2009, 83, 899—908.

Li, S.G.; Ding, Y.S.; Niu, Q.; Xu, S.Z.; Pang, L.J.; Ma, R.L.; Jing, M.X.; Feng, G.L.; Liu, J.M,;
Guo, S.X. Grape seed proanthocyanidin extract alleviates arsenic-induced oxidative reproductive
toxicity in male mice. Biomed. Environ. Sci. 20185, 28, 272-280.

Gao, S.; Duan, X.; Wang, X.; Dong, D.; Liu, D.; Li, X.; Sun, G.; Li, B. Curcumin attenuates arsenic-
induced hepatic injuries and oxidative stress in experimental mice through activation of Nrf2
pathway, promotion of arsenic methylation and urinary excretion. Food Chem. Toxicol. 2013, 59,
739-747.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



