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Introduction

Arsenic is widely found in organic or
inorganic compounds. Inorganic
compounds and in particular inorganic
trivalent arsenic are much more toxic than
organic compounds. Arsenic
contamination of air, water and soil occurs
during smelting and production of energy
from  fossil  fuels as well as
production/application of arsenical
pesticides (Jarup, 2003; Jomova et al.,
2011).

Most of general public exposures to
arsenic occur via food and drinking water.
Besides, in some areas, exposure to
inorganic arsenic mostly occurs via
drinking water (Jomova et al., 2011).

Soluble arsenic compounds can be
readily absorbed through the
gastrointestinal tract. Symptoms associated
with the intake of inorganic arsenic include
gastrointestinal complications,
cardiovascular and central nervous system
disturbances, bone marrow suppression,
haemolysis, melanosis, hyperkeratosis,
hepatotoxicity and nephrotoxicity
(Balarastaghi et al., 2022; Jarup, 2003).
There is also an excess risk of mortality
due to skin, lung, bladder, kidney, liver
and prostate cancers amongst populations
that are orally exposed to arsenic (Jomova
etal., 2011).

The target of arsenic toxicity is the
liver, and hepatomegaly, liver fibrosis and
cirrhosis were reported to happen as a
result of chronic arsenic exposure (Liu and
Waalkes, 2008). Reactive oxygen species
(ROS) insult is seen in arsenic
hepatotoxicity and carcinogenesis.
Following  arsenic  exposure,  cell
membrane damage, lipid peroxidation and
mitochondrial membrane damage are
caused by free radicals derived from
superoxide radical (Jomova et al., 2011).

Arsenic affects cell cycle, expression of
growth  factors, resistance  towards
apoptosis and DNA repair, alterations in
DNA methylation, reduced surveillance of
the immune system, and increased
oxidative stress. Arsenic forms oxygen-

based radicals (OHe and O2%-) under
physiological conditions by directly
binding critical thiols. The carcinogenicity
of arsenic may be attributed to signaling
pathways involving activator protein-1,
nuclear factor kB, and p53 (Famurewa et
al., 2022; Flora, 2011).

Natural products, mainly those obtained
from dietary sources, contain diverse anti-
oxidants and phytoconstituents with anti-
oxidants effects and they are capable of
terminating free radical chain reactions
(Gllgin, 2012). They could be used as
chemopreventive agents in various cancer
models (Narayanankutty et al., 2021).
There are many studies on the effects of
plant products to treat various diseases
such as arsenic-mediated toxicity (Najafi
et al., 2022; Susan et al., 2019).

Curcumin, the main polyphenol
isolated from Curcuma longa rhizome,
exhibits anti-tumoral, anti-oxidant and
anti-inflammatory properties and acts as a
free-radical scavenger (Hashemzaei et al.,
2020; Hassani et al., 2015; Mirzaei et al.,
2016; Rezaee et al., 2017; Tabrizian et al.,
2019; Wilken et al.,, 2011). Curcumin
exerts protective effects against liver
diseases associated with oxidative damage
suppressing the lipid  peroxidation
products, pro-inflammatory cytokines, and
hepatic stellate cells and PI3K/Akt
activation, as well as enhancing the
expression of SOD (superoxide
dismutase), CAT (catalase), GSH (reduced
glutathione), GPx (glutathione
peroxidase), GR (glutathione reductase)
and Nrf2 (Farzaei et al., 2018).

The current study investigated the
possible hepatoprotective properties of
curcumin against damages caused by
arsenic in isolated fresh rat hepatocytes.

Materials and Methods
Chemicals

Arsenic trichloride (AsCly),
thiobarbituric acid (TBA), collagenase
type 1V, bovine serum albumin (BSA),
trichloroacetic acid, 2'.,7'-
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dichlorofluorescin diacetate (DCFH-DA),
N-(2-hydroxyethyl) piperazine-N'-(2-
ethanesulfonic acid) (HEPES), and trypan
blue were purchased from Sigma-Aldrich
(Taufkrichen, Germany). Curcumin was
purchased from Mashhad University of
Medical Sciences, Mashhad, Iran.

Hepatocytes isolation and incubation
Male Wistar rats (weighing 280-300 g)
were obtained from animal house, Zabol
University of Medical Sciences, Zabol,
Iran. Standard chow diet and water ad
libitum were provided throughout the
experimental period. Zabol University of
Medical Sciences Ethics Committee of
Animal Experimentation, approved the
study. Hepatocytes were isolated using
collagenase liver perfusion as described
previously (Moldeus et al., 1978) and
using trypan blue, cell viability was
determined; cell isolation efficiency was
always >90% (Hashemzaei et al., 2015).
After isolation, hepatocytes at 10° cells/ml
(10 ml) were suspended in Krebs—
Henseleit buffer (pH 7.4) including 12.5
mM HEPES, in flasks with 95% O, and
5% CO; at 37°C (Shahraki et al., 2013a).
In this study, the effects of 3-hr incubation
with curcumin (2, 5, and 10 pM) on
arsenic toxicity were studied in isolated rat
hepatocytes. Also, As** at ECso (50 UM)
was used in order to avoid toxic and non-
toxic effects. Stock solutions of As** (x100
concentrated in Krebs—Henseleit buffer)
and curcumin (X250 concentrated in
Krebs—Henseleit buffer) were freshly
prepared prior to use (Shahraki et al.,
2014). A low concentration of dimethyl
sulfoxide (DMSO) was used to help
curcumin dissolve in Krebs—Henseleit
buffer; the level of DMSO used does not
affect the studied factors. Curcumin was
added 15 min before As®* addition into
hepatocytes and to incubate As®" at the
needed level, 100 pl sample of
concentrated  stock  solution  (x100
concentrated) was added to the hepatocyte
suspension (10  ml).  Furthermore,
curcumin was incubated at required

concentration by adding 40 pl sample of
concentrated  stock  solution (%250
concentrated) to 10 ml of hepatocyte
suspension.

Hepatocyte viability

Trypan blue (0.2%, w/v) was used to
evaluate cell viability. Here, hepatocytes
suspension was blended with trypan blue
as acell stain and then, the percentage of
viable cells (cells with clear cytoplasm)
versus nonviable cells (cells with blue
cytoplasm) was determined. Aliquots of
the hepatocytes incubate were taken after 3
hr incubation (Shahraki et al., 2013a).
After this period of time, at least 80% of
the control cells were still viable.

Reactive  oxygen  species (ROS)
formation

As*-induced ROS generation was
measured by adding dichlorofluorescin
diacetate (DCFD) to the hepatocyte
incubates. After penetrating into the cells,
DCFD is deacetylated to generate non-
fluorescent  dichlorofluorescin  (DCF).
Next, reaction of DCF with ROS leads to
production  of  highly  fluorescent
dichlorofluorescein. To assess ROS
formation, 1 ml hepatocyte samples was
taken at several time points from As®'-
treated hepatocytes and control
hepatocytes and centrifuged for 1 min at
50 g¢. Afterwards, the cells were re-
suspended using incubation  buffer
containing 1.6 uM DCFD and incubated at
37°C for 10 min. Finally, fluorescence
intensity was examined by Shimadzu Rf-
5301PC fluorescence spectrophotometer
(490 nm excitation and 520 nm emission
wavelength) (Shahraki et al., 2014).

Lipid peroxidation

Lipid peroxidation induction in As**-
treated hepatocytes was assayed in terms
of the level of thiobarbituric acid-reactive
substances (TBARS) as explained
previously, using a spectrophotometer at
532 nm (Hashemzaei et al., 2015).
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Mitochondrial membrane potential

In this part, the cell suspension after
centrifugation (50 g for 1 min) was re-
suspended in incubation medium which
contained rhodamine 123 (1.5 pM) and
then, incubated for 10 min at 37°C. After
repeated centrifugation, rhodamine 123
level in the incubation medium was
measured using Shimadzu Rf-5301PC
fluorescence spectrophotometer (at 490 nm
excitation and 520 nm  emission
wavelength) (Shahraki et al., 2013b).

Statistical analysis

Data is presented as mean+SD (of three
replicates). We made statistical
comparisons by one-way analysis of
variance (ANOVA) and post-hoc Tukey's
test. Statistical significance was set at
p<0.05.

Results

To determine 2-hr ECsy (ECso, 2n) Of
As®*, dose-response curves were charted
for different concentrations of As®*. The
ECso, 2nr cOncentration for As®* was 50 uM.
As** led to a significant increase in
cytotoxicity (Table 1). However, As®'-
induced hepatocyte membrane lysis was
significantly prevented by curcumin 2 uM
(p<0.05). Curcumin 5 pM produced no
significant  effect on  As**-induced
hepatocyte membrane lysis. Nevertheless,
curcumin 10 UM potentiated As**-induced
hepatocyte membrane lysis.

Compared to the control hepatocytes,
As®*" produced a distinct increase in ROS
formation  but  As*-induced ROS
formation was significantly prevented by
curcumin 2 puM (p<0.05). Curcumin 5 pM

had no significant effect on As**-induced
ROS formation, but curcumin 10 pM
potentiated As®**-induced ROS formation
(Table 2).

Table 1. Effects of curcumin on As*"-induced
cytotoxicity in rat hepatocytes

Addition Cytotoxicity (%) 3 hr
Control rat hepatocytes 18+3

+As™ (50 uM) 75+7%

+ Curcumin (10 uM) 8945"

+ Curcumin (5 puM) 6445

+ Curcumin (2 pM) 5443

Hepatocytes (10° cells/ml) were incubated in Krebs—
Henseleit buffer (pH 7.4) at 37°C for 3 hr following the
addition of As®** at ECsgy, 2. Cytotoxicity was determined
as the percentage of cells that take up trypan blue. Values
are expressed as mean+SD of three separate experiments
(n=3).* Significant difference in comparison with the
control hepatocytes (p<0.05).” Significant difference in
comparison with the As**-treated hepatocytes (p<0.05).

As noted in Table 3, As®*" produced a
noticeable increase in malondialdehyde
formation and lipid peroxidation level
compared to the control hepatocytes.
However, As>*-induced malondialdehyde
formation was markedly prevented by
curcumin 2 pM, was not affected by
curcumin 5 uM but it was increased by
curcumin 10 uM.

As* -caused mitochondrial membrane
damage was significantly inhibited by
curcumin 2 uM (p<0.05, Table 4). While
curcumin 5 puM showed no significant
effect on  As*-induced hepatocyte
mitochondrial membrane damage,
curcumin 10 uM worsened it. Of note,
curcumin 2, 5 and 10 uM did not trigger
hepatocyte  membrane  lysis, ROS
formation, lipid peroxidation or
mitochondrial membrane damage in intact
rat hepatocytes during the incubation time
(data not shown).

Table 2. Effects of curcumin on As**-induced ROS formation in rat hepatocytes

Fluorescence intensity

Addition Incubation time with curcumin

15 min 30 min 60 min
Control rat hepatocytes 569 65+7 97+8
+As® (50 UM) 255+11° 266+8° 279+13°
+ Curcumin (10 uM) 277+19 295+13° 217+21°
+ Curcumin (5 uM) 239+14 248+16 254+19
+ Curcumin (2 uM) 116+8° 142+7° 168+12°

Hepatocytes (10° cells/ml) were incubated in Krebs—Henseleit buffer (pH 7.4) at 37°C for 1 hr
following the addition of As®" at ECso, 2nr- DCF formation was expressed as fluorescent intensity
units. Values are expressed as meanzSD of three separate experiments (n=3).% Significant
difference in comparison with the control hepatocytes (p<0.05).° Significant difference in
comparison with the As**-treated hepatocytes (p<0.05).
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Table 3. Effects of curcumin on As**-induced lipid peroxidation in rat hepatocytes

Lipid peroxidation levels (uM)

Addition Incubation time
15 min 30 min 60 min
Control rat hepatocytes 1.66+0.08 2.62+0.13 3.47+0.11
+As>* (50 pM) 3.05+0.05° 3.74+0.08° 4.74+0.12°
+ Curcumin (10 pM) 3.14+0.09 3.97+0.13° 4.98+0.10°
+ Curcumin (5 pM) 3.08+0.08 3.81+0.10 457+0.13
+ Curcumin (2 uM) 2.66+0.06" 3.08+0.14" 3.69+0.12"

Hepatocytes (10° cells/ml) were incubated in Krebs—Henseleit buffer (pH 7.4) at
37°C for 1 hr following the addition of As®*" at ECso, onr- Lipid peroxidation level was
determined as the difference in malondialdehyde formation between the control and
As*-treated cells (7). Values are expressed as mean+SD of three separate
experiments (n=3).* Significant difference in comparison with the control
hepatocytes (p<0.05).” Significant difference in comparison with the As®" treated
hepatocytes (p<0.05).

Table 4. Effects of curcumin on As*"-induced mitochondrial membrane potential
loss in rat hepatocytes.

Addition %A¥m

Incubation time
Control rat hepatocytes 2+1 5+3 9+2
+As® (50 UM) 11+3° 21+4° 42+3°
+ Curcumin (10 uM) 1243 29+3° 54+5°
+ Curcumin (5 pM) 643 19+4 3645
+ Curcumin (2 pM) 3+2° 7+3° 185"

Hepatocytes (10° cells/ml) were incubated in Krebs—Henseleit buffer pH 7.4 at
37°C for 1.0 hr following the addition of ECsg, o1, Of As®". Mitochondrial membrane
potential was determined as the difference in mitochondrial uptake of the
rhodamine 123 between the control and treated hepatocytes and expressed as
fluorescence intensity unit (10). Values are expressed as meantSD of three
separate experiments (n=3).% Significant difference in comparison with the control
hepatocytes (p<0.05).” Significant difference in comparison with the As®* treated
hepatocytes (p<0.05).

Discussion

The liver is one of the main organs
where heavy metals such as arsenic
accumulate and produce toxicity (Garcia-
Nifio and Pedraza-Chaverri, 2014).
Oxidative stress caused by arsenic leads to
DNA damage, chromosomal aberrations,
neuronal and liver toxicity and cancer
(Laparra et al., 2006; Stamatelos et al.,
2013; Xu et al., 2008). It is clear that
oxidative stress caused by arsenic weakens
the antioxidant defense and induces lipid
peroxidation and DNA damage (Shi et al.,
2004). Suppression of the antioxidant
enzymes could be mediated via several
mechanisms such as mitigated activities of
superoxide dismutase (SOD), -catalase
(CAT) and glutathione peroxidase (GPx)
(De  Vizcaya-Ruiz et al., 2009).
Glutathione (GSH) is a major intracellular

antioxidant controlled by nuclear factor-2
related erythroid factor-2 (Nrf2) (Malayil
et al., 2022; Narayanankutty et al., 2019).
GSH appears in the reduced form (GSH)
and oxidized form (GSSG). GPx and
glutathione-s-transferase (GST) conduct
detoxification reactions by employing
GSH and changing it into GSSG.
Glutathione reductase (GR) runs the
salvage pathway by changing GSSG to
GSH by using NADPH and maintains the
cellular GSH pool. Therefore, GSH and
GSH-dependent enzymes are required to
keep the normal redox balance and cell
survival in  stress conditions. GSH
safeguards the cells against diverse free
radicals including ROS, xenobiotic
toxicants, heavy metals, etc.
(Narayanankutty et al., 2019; Yeang et al.,
2012). Glutathione (GSH) is an important
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factor against the harmful effects of
arsenic in the cells (Hou et al., 2014).
Methylated arsenic metabolites such as
monomethylated arsenic are also strong
inhibitors of glutathione reductase and
thioredoxin reductase; this probably occurs
due to interactions between arsenic and
thiol groups of these enzymes. Also,
arsenic reduces Nrf2 activity (Janasik et
al., 2018). Cellular thiols such as
glutathione to fight against ROS has been
considered a therapeutic strategy against
arsenic. It has been shown that N-
acetylcysteine, a-lipoic acid, vitamin E,
quercetin  have beneficial properties
against various arsenic damages in vitro
and in vivo, probably by enhancing cellular
GSH content (Flora, 2011).

Arsenic can alter the activity of
enzymes involved in  mitochondrial
respiration  chain, the mitochondrial
permeability  transition (MPT) pore
opening and release of cytochrome ¢ from
mitochondria, induce loss of mitochondrial
membrane potential, electron transport
chain defects, and ROS production, and
promote  mitochondrial ~ morphologic
changes (Hou et al., 2014) all of which
leading to cell death. Our data showed the
cytotoxicity of arsenic in freshly isolated
rat hepatocytes, compared to the control
group (Table 1).

Superoxide radical is the first ROS
which is produced by arsenic (Herbert and
Snow, 2012). Arsenic produces superoxide
anion by induction of NADPH oxidase and
increasing NADPH. Generating
superoxide anion leads to formation of a
cascade of secondary ROS such as H,0,
and hydroxyl radicals. Reaction of ROS
with cellular targets can result in lipid
peroxidation, mitochondrial and DNA
damage and finally, cell death (De
Vizcaya-Ruiz et al., 2009). Our study
showed that arsenic significantly enhanced
production of ROS, lipid peroxides levels
and mitochondrial membrane damage in
As**-treated rat hepatocytes compared to
the control hepatocytes (Tables 2, 3, and
4).

Recently, many researches assessed the
potential health benefits of flavonoids on a
variety of diseases that are developed by
oxidative stress. Results showed that
consumption  of  food  containing
antioxidants such as polyphenols and
flavonoids, can be effective on reduction
of oxidative damage caused by metallic
elements and anthropogenic factors (Cilla
et al., 2008). The protective effects of
flavonoids in biological systems are
ascribed to their capacity in scavenging
ROS, chelating catalytic metals, boosting
cellular antioxidants and other
detoxification ~ components such as
glutathione, activation of antioxidant
enzymes and repression of oxidants
(Morisco et al., 2008).

Anti-inflammatory  and  antioxidant
features of curcumin could potentially
contribute to prevention of hepatotoxicity
caused by environmental toxins. Curcumin
through increment of the activity of
antioxidant enzymes such as GST, SOD
and CAT, cellular GSH content and
prevention of lipid peroxidation, can
protect the body against heavy metals’
toxicity. The protective benefits of
curcumin are ascribed to its capability to
clean free radicals, chelate heavy metals
and activate the detoxifying enzymes
through Keapl/Nrf2/ARE pathway
regulation (Job et al., 2022a; Job et al.,
2022b). In the present study, curcumin’s
protective effects may be mediated via
Nrf2-mediated glutathione biosynthesis,
and subsequently, improvement of the
intracellular GSH pool. Also, in in vivo
and in vitro studies, curcumin could
protect against genotoxicity, angiogenesis,
skin disorder, neurotoxicity,
nephrotoxicity and hepatotoxicity (Garcia-
Nifio and Pedraza-Chaverri, 2014).

In contrast to numerous studies which
showed the beneficial therapeutic
properties of curcumin against a variety of
pathological conditions, some studies
suggested the potential toxicity of this
bioactive compound. For instance, in
human subjects taking curcumin at high
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doses for 6 months, hepatotoxicity and
elevated levels of liver enzymes were
observed (Baum et al., 2007). Prior studies
found that at concentrations as high as 50
MM, curcumin promotes ROS generation
while at low concentrations (e.g. 10 uM),
curcumin usually diminishes ROS
generation (Kang et al., 2005). Curcumin
was shown to induce apoptosis in
cancerous cells at high levels which can
cause liver toxicity (Lee et al., 2013) and
may cause chromosome aberrations in
several mammalian cell lines. Although
experimental studies showed that curcumin
has antioxidant effects, higher
concentrations of curcumin increased
levels of intracellular ROS (Burgos-Moroén
et al., 2010). In human hepatoma G2 cells,
evaluation of mitochondrial and DNA
damage induced by curcumin revealed that
high levels of curcumin induce ROS
production,  lipid  peroxidation and
mitochondrial injury (Cao et al., 2006).

It was indicated that low concentrations
of curcumin inhibit the generation of
inducible nitric oxide synthase (iNOS) and
at specific concentrations, curcumin
protect cells from damage caused by
radioactive radiation (Bengmark, 2006;
Sharma et al., 2005). The results of these
studies showed hepatoprotective effects of
low doses of curcumin against liver
damage induced by chronic alcohol intake
and a high-fat diet by affecting the alcohol
metabolizing enzyme activity, antioxidant
properties and lipid metabolism (Lee et al.,
2013).

In the current study, curcumin 2 puM
protected rat hepatocytes in terms of cell
death, ROS formation, lipid peroxidation,
and mitochondrial membrane damage,
against trivalent arsenic toxicity. While 5
MM curcumin was unable to protect rat
hepatocytes from As®* toxicity, curcumin
10 pM increased cell death after 3 hr of
incubation  and  deteriorated  lipid
peroxidation and mitochondrial membrane
damage caused by As*" after 1 hr of
incubation (Tables 3 and 4). Curcumin 10

UM  enhanced  As**-induced ROS
formation after 15- and 30- min
incubation; however, after 60 min of
incubation, decrement of ROS levels
probably due to increased number of dead
cells, was observed (Table 2).
Consistently, hormetic  properties of
curcumin  were shown in diverse
biomedical models (to review, see
(Moghaddam et al., 2019)).

Of note, it was shown that curcumin
bioavailability following oral consumption
and intraperitoneal injection is low. Hence,
we examined curcumin protection on
arsenic-induced  hepatotoxicity  using
normal hepatocyte cells that were freshly
isolated from rats. We observed that low-
dose (2 pM) curcumin could confer
protection against arsenic toxicity, but at
higher doses that had shown beneficial
effects in oral consumption, curcumin not
only did not reduce arsenic toxicity, but
also increased arsenic toxicity (10 pM).
Therefore, curcumin could be toxic in
doses slightly higher than the therapeutic
values. It should be noted that while some
studies reported toxic effects of high doses
of curcumin, other studies expressed that
due to low oral bioavailability, curcumin
even at high doses produce no toxic effects
in animals or humans (Hatcher et al.,
2008).

According to the results of our study,
low-dose curcumin can alleviate As®*
toxicity in the hepatocytes while at high
doses, it deteriorated arsenic
hepatotoxicity.  Assessment  of  the
protective or toxic effects of intravenous
curcumin  versus arsenic should be
examined in future studies.
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