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Abstract
Rapid growth in the incidence of liver disease is largely attributable to lifestyle and environmental contaminants, which are often
overlooked as the leading causes of this problem. Thus, the possible contribution of arsenic (As) to high-fat diet (HFD)–induced
liver damage was examined via microarray analysis. To perform this experiment, a total number of 40 healthy adult male NMRI
mice (22–30 g) were used. To this end, these animals were randomly assigned to four groups of 10. Oxidative stress and histo-
pathological parameters were also evaluated in the liver of the mice exposed to a minimally cytotoxic concentration of As (50 ppm)
in drinking water while being fed with a HFD for 20 weeks. Subsequently, apoptosis gene expression profiling was utilized via real-
time (RT) PCR array analysis. The results showed that As had increased the amount of HFD-induced liver damage and consequently
amplified changes in oxidative stress factors, histopathological parameters, as well as apoptosis pathway genes. Investigating the
expression profile of apoptosis pathway genes similarly revealed that caspase-8, as a main upstream contributor to the apoptosis
pathway,might play an important role in the induction of apoptosis generated byAs andHFD. Ultimately, this study highlighted that
As in drinking water could increase sensitivity in mice to HFD-induced liver disease through strengthening apoptosis pathway.
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Introduction

Cell population control system can be disrupted following expo-
sure to toxicants. It is also dependent on homeostatic regulation
of cell proliferation, differentiation, and apoptosis (Bashir et al.
2006). In this respect, apoptosis refers to an early, chronic, and
temperate response subsequent to damage induction (Elmore

2007). Besides, chronic exposure to As is presumed to be one
of the major public health challenges at present (Yu et al. 2009).
It should be noted that As is known as a metalloid that is uni-
versally distributed in nature, and humans are mainly exposed to
this toxicant through food and water (Hong et al. 2014).
According to the report released by the World Health
Organization (WHO), > 200 million people around the world
are exposed to As at concentrations higher than the standard 10
μg/l permissible limit (Choudhury et al. 2016). The etiologic role
of As for the liver has been similarly considered more contro-
versial since liver has been recognized as one of themost favored
organs for As toxicity and also considering that As methylation
mostly occurs in the liver (Liu and Waalkes 2008). Despite ev-
idence of the importance of As, the question arises of how As
leads to various diseases. It should be noted that As-associated
detrimental effects can directly inhibit complex I of mitochon-
drial electron transport chain and elevate levels of cytochrome
P450 which will lead to high rates of reactive oxygen species
(ROS) production that, in turn, favor increased rate of lipid per-
oxidation (Majumdar et al. 2011; Nutt et al. 2005). This boosted
ROS consecutively causes a depolarization of mitochondrial
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membrane, a decrease in ATP levels, and loss of mitochondrial
membrane permeabilization (MMP) which all initiate apoptosis
(Flora et al. 2009; Santra et al. 2007). Paradoxically, As is re-
ported to be a susceptible carcinogen as well (Martinez et al.
2011). This contrasting behavior of As is fairly concentrated
and depends on cell types. Chronic- and low-concentration ex-
posures have been also described to be responsible for carcino-
genesis including skin, lung, and liver but not apoptosis whereas
high concentration of As has been blamable for apoptosis in
different cell types (Rehman and Naranmandura 2013; Roy
et al. 2016; Singh et al. 2011). However, the universal scenario
of instrumental genes and their interactions leading to amplifica-
tion of apoptotic signals are yet to be completely uncovered.
Most studies nowadays have focused on the adverse effects of
As alone and this toxicant has not been considered as a booster
along with other risk factors for diseases which may affect path-
ophysiological changes or disease states. In several countries
characterized by high concentrations of As in drinking water,
HFD-induced obesity is also prevalent. Thus, there is a potential
overlap in areas of risks for As exposure and obesity (Wahlang
et al. 2013). It should be noted that obesity results from a per-
sistently positive energy balance (Kleinert et al. 2018). An in-
crease in food availability, in particular high-energy diet, also
seems to account for the development of obesity (Wang et al.
2014). So, this medical condition has become a global epidemic,
contributing to the increasing burdens of cardiovascular diseases,
type 2 diabetes, some types of cancer, and premature death
(Jelinek et al. 2013). Although obesity and consequently its met-
abolic disorders caused by over-nutrition and sedentary lifestyle
have turned into an epidemic worldwide, the underlying mech-
anisms have yet to be elucidated. Under obesity conditions, lipid
storage capacity of adipocytes is exceeded, resulting in
adipocyte-derived fatty acids and cytokines leaking into circula-
tion (Guilherme et al. 2008). Harmful lipid species then accu-
mulate in ectopic tissues such as liver and pancreas (Feldstein
et al. 2004). Hepatic damage following excessive consumption
of fatty foods or delivery of fatty acids in the liver also lead to
suppressed hepatic ability to break down and store fat.
Moreover, in obesity, insulin resistance promotes lipolysis and
increases free fatty acid delivery to the liver (Ahmed 2015; Choi
and Diehl 2008; Listenberger et al. 2003). In addition to fatty
acids, altered secretion of adipokines (such as adiponectin) or
lipokines also contribute to metabolic impairments in this tissue
(Fasshauer and Bluher 2015). Under these conditions, enhanced
fatty acid metabolism leads to substantial mtDNA, increases
mitochondrial respiratory, produces excessive mitochondrial
ROS in the liver, and consequently suppresses the transcription
of key antioxidant genes which eventually result in apoptosis
(Liu et al. 2005; Rector et al. 2010).

Exposure to environmental chemicals also modifies human
transcriptome (Mitchell et al. 2016). Considering that
transcriptomic analysis has the ability to study the change of
gene expression in different organisms and plays an important

role in understanding human disease, it was employed to ex-
amine the results of the present study.

It should be noted that apoptosis response is a central path-
way in liver disease pathophysiology across species and
caspases 8 activation, as a main upstream player in the apo-
ptosis pathway, is necessary and sufficient to cause such cell
death (Wang 2015). Likewise, As-related oxidative stress and
HFD metabolism are adequate to instigate liver damage and
consequently induce apoptosis (Dutta et al. 2014). The chron-
ic hepatocellular damage attributed to oxidative stress and
apoptosis (second hit) also results in hepatocellular dysfunc-
tion. Eventually, these dual insults can lead to the develop-
ment of liver diseases. Thus, it was hypothesized that As could
collaborate with HFD to cause liver diseases through
disrupting balance in oxidative stress and making subsequent
changes in apoptotic pathway genes (Fig. 1).

Materials and methods

Animals

In this experimental study, a total number of 40 healthy adult
male NMRI mice (22–30 g) were provided by the Animal
Research Ethics Committee of Ahvaz Jundishapur
University of Medical Science (AJUMS). This study was also

Fig. 1 Interaction of oxidative stress and apoptosis pathways in chronic
exposure of arsenic and high-fat diet
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fully approved by the AJUMS Animal Care Guidelines and
Ethics Committee (No. IR.AJUMS.TRC9608). These animals
were then housed (10 mice per cage) in polycarbonate cages
under standard conditions (temperature about 20 ± 4 °C with
12/12 h light/dark cycle and 10% humidity).

Experimental design

The animals were randomly assigned to four groups of 10.
The LFD group (11% fat, 16% protein, and 72.8% carbohy-
drate kcal/g) which was considered as the control group, the
HFD group (58% fat, 16.4% protein, and 25.5% carbohydrate
kcal/g), and the other two groups received the HFD and the
LFD together with As (50 ppm). According to previous stud-
ies, the duration of the experimental period was considered by
20 weeks and As concentration of 50 ppm was chosen in this
study (Ahangarpour et al. 2018; Zeinvand-Lorestani et al.
2018b). Water containing As was freshly prepared every 3
days to minimize oxidation of As (III) to As (V). Daily water
and food consumption were then measured in all exposure
groups. Body weight and fasting blood glucose (FBG) were
subsequently determined every week. After 20 weeks, the
mice were anesthetized with ketamine and xylazine and the
whole blood was gathered. The mice were then sacrificed by
decapitation and harvested liver tissue was isolated from each
animal. One part of the liver was fixed in phosphate-buffered
formalin (10%) for histological assessments and terminal
deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining. For the assessment of biochemical
markers, one section was homogenized with chilled Tris–
HCl buffer (0.1 M, pH 7.4) and stored at − 80 °C. The super-
natants were then assessed for protein concentration using the
Bradford protein assay (Bradford 1976). The other section
was shock-frozen in liquid nitrogen and kept in − 80 °C for
quantitative reverse transcription polymerase chain reaction
(qRT-PCR).

MDA level assay

First, 15 g of TCA, 0.375 g of TBA, and 0.25 of N HCl were
mixed. Then, 1000 μl of the mixture was blended with 500 μl
of the homogenate. The obtained mixture was subsequently
boiled for 15 min and centrifuged for 10 min at 3500×g. The
absorbance was read at 532 nm using a spectrophotometer
(UV-160A, Shimadzu, Japan) and the results were stated as
nmol/mg protein (Buege and Aust 1978).

GSH level assay

To precipitate the homogenates, 100 ml of TCA (25%) was
used and it was removed via centrifuge. Then, 2 ml of DTNB
(0.5 mM) was blended with 0.1 ml of the supernatants. The
absorbance of the samples was subsequently quantified at

412 nm using a spectrophotometer (UV-160A, Shimadzu,
Japan) and GSH content was expressed as nmol/ mg protein
(Ellman 1959).

Antioxidant enzyme (CAT, SOD, and GPx) activity
assay

To measure CAT activity, 200 ml of phosphate buffer was
added to 50 ml of the tissue supernatant. Then, it was mixed
with 250 ml of H2O2 (0.066 M) and the decrease in OD was
evaluated at 240 nm for 60s (Aebi 1984). The SOD enzyme
action was also measured using Ransod unit (Randox Labs,
UK). In this method, a water-soluble formazan dye was pro-
duced upon reduction with superoxide anion. The price of the
diminishment with a superoxide anion was directly identified
with the xanthine oxidase (XO) action and was prevented by
the SOD. The inhibition activity of the SOD could be deter-
mined using a spectrophotometer at 505 nm (Elwej et al.
2016). The GPx activity was similarly specified utilizing a
Ransel kit (Randox Labs., Crumlin, UK) according to Paglia
and Valentine (Paglia and Valentine 1967). It should be noted
that GPx catalyzes the oxidation of glutathione via cumene
hydroperoxide. In the presence of glutathione reductase and
NADPH, the oxidized glutathione (GSSG) is immediately
converted into the reduced form with a concomitant oxidation
of NADPH to NADP+. The decrease in absorbance is also
monitored via a spectrophotometer at 340 nm. The activities
of all the enzymes are thus expressed as units per milligram
protein.

TUNEL staining

The in situ Cell Death Detection kit (POD, Roche) was used
for TUNEL staining. The paraffin sections were then dewaxed
and incubated with proteinase K for 0.5 h at 24 °C.
Afterwards, the sections were exposed to the TUNEL reaction
mixture in a humidity chamber at 37 °C for 1 h. To this end,
the sections were first incubated with anti-fluorescein-AP for
0.5 h at 37 °C, rinsed in deionized water, and incubated with
DAB substrate (Sigma-Aldrich) for 5 min. The cells with a
homogeneous dark brown nucleus were also considered to be
TUNEL-positive ones (Doğanyiğit et al. 2019).

Histopathological evaluation

Paraffin sections (5 μm) were prepared and stained with he-
matoxylin and eosin (H&E) and trichrome for assessment the
histological changes such as accumulation of RBCs, infiltra-
tion of inflammatory cells, fat deposits, and fibrosis. A total
number of 6 slides per animal were evaluated. These indica-
tors were also graded into 4 categories: normal (0), weak (1),
moderate (2), or intense (3), and their averages were also taken
into account. Fatty change was graded according to the
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percentage of hepatocytes containing macrovesicular fat
(grade 1, 0–25%; grade 2, 26–50%; grade 3, 51–75%; grade
4, 76–100%). For each slide, the mean of 6 fields was calcu-
lated. The slides were read in a “blind” fashion (Kirsch et al.
2003; Zou et al. 2006).

Evaluation of genes associatedwith apoptosis process
via RT2 profiler™ PCR array

In this study, apoptosis gene expression profiling through RT2
profiler PCR arrays-mouse apoptosis was utilized (Table 1).
The total RNAwas also isolated from 30 mg of each sample
according to RNeasyMini Kit (QIAGEN, Cat No. 74104). All
the samples were then tested for RNA volume using spectro-
photometer (Nano Drop 1000, Thermo Scientific, Pittsburgh,
PA) at the wavelengths of 260–280 nm. Then, the cDNAwas
synthesized from 500 ng total RNA by RT2 PCR array first
strand kit (QIAGEN, Cat No. 330401). cDNAwas also dilut-
ed by adding RNase-free water. Moreover, the PCR was car-
ried out using a Light Cycler® 480 apparatus (Roche Applied
Science).

After centrifuging RT2 SYBRGreenMastermix (10–15 s),
the components of PCR mix was prepared using the values
required for RT2 SYBR Green Mastermix, cDNA synthesis
reaction, and RNase-free water according to the kit protocol.
RT2 SYBR Green Mastermix was also centrifuged for 10–15
s, combined with cDNA synthesis components, and then
RNase-free water was used for the components of PCR mix
preparation based on the kit protocol. The PCR mix (25 μl)
was also transferred into each well of the plate, left at ambient
temperature between 15 and 25 °C for 1 min, and centrifuged
at 1000g to remove the appeared bubbles. The kit guidelines

(Roche LightCycler 480) were also followed to set the real-
time cycler program. In this respect, the real-time cycler soft-
ware was applied to calculate the threshold cycle (CT). The
attained data were then analyzed using the 2−ΔΔCT method,
indicating fold change as fold upregulation (> 1) and fold
downregulation (< 1). The housekeeping genes in the present
study included actin, beta (Actb), beta-2 microglobulin
(B2m), glyceraldehyde-3-phosphate dehydrogenase
(Gapdh), heat shock protein 90 alpha (cytosolic), and class
B member 1 (Hsp90ab1). It should be noted that the expres-
sion levels of the gene of interest (GOI) and HKG genes were
divided for normalization of GOI to HKG.

2−CT GOIð Þ

2−CT HKGð Þ ¼ 2− CT GOIð Þ–CT HKGð Þ½ � ¼ 2−ΔCT

Then, the normalized GOI expression in the experi-
mental sample was divided by the normalized GOI ex-
pression in the control to calculate the fold change in
gene expression:

2−ΔCT exptð Þ

2−ΔCT ctrlð Þ ¼ 2−ΔΔCT

where ΔΔCT is equal to ΔCT (expt) − ΔCT (ctrl).
The following equation shows the complete calculation:

2−ΔCT GOIð Þ expt

2−ΔCT HKGð Þ expt

2−ΔCT GOIð Þ ctrl

2−ΔCT HKGð Þ ctrl

¼ 2− CT GOIð Þ−ΔCT HKGð Þ½ � expt

2− CT GOIð Þ−ΔCT HKGð Þ½ � ctrl ¼ 2−ΔCT expt

2−ΔCT ctrl
¼ 2−ΔΔCT

The primary pathway database that we chose was KEGG
because it is popular, is manually curated, has a high inner-

Table 1 Genes listed by RT2 profiler PCR arrays-mouse apoptosis

Induction of apoptosis

Death domain receptors Cradd, Fadd, Tnf, Tnfrsf10b (DR5)

DNA damage and repair Cidea, Cideb, Trp53 (p53), Trp63 (Tp73l), Trp73

Extracellular apoptotic
signals

Cflar (Casper), Dapk1

Other pro-apoptotic genes Bad, Bak1, Bax, Bcl10, Bcl2l11, Bid, Bnip3, Bnip3l, Bok, Casp1 (ICE), Casp12, Casp14, Casp2, Casp3, Casp4, Casp6,
Casp8 (FLICE), Cd70 (Tnfsf7), Dffa, Dffb, Diablo (Smac), Fas(Tnfrsf6), Fasl (Tnfsf6), Mapk1 (Erk2), Nod1 (Card4),
Pycard (Tms1, Asc), Tnfsf10 (Trail), Trp53bp2, Traf3

Anti-apoptotic

Akt1, Api5, Atf5, Bag1, Bag3, Bax, Bcl2, Bcl2l1 (Bcl-XL), Bcl2l10, Bcl2l2, Birc3 (cIAP1, cIAP2), Birc5, Bnip2, Bnip3, Bnip3l, Cd40lg (Tnfsf5), Cflar
(Casper), Dad1, Dapk1, Fas (Tnfrsf6), Igf1r, Il10, Lhx4, Mcl1, Naip1(Birc1), Naip2, Nfkb1, Nme5, Nol3, Polb, Prdx2, Tnf, Trp63 (Tp73l), Xiap
(Birc4)

Regulation of apoptosis

Negative regulation of
apoptosis

Bag1, Bag3, Bcl10, Bcl2, Bcl2a1a, Bcl2l1, Bcl2l10, Bcl2l2, Birc2, Birc3, Bnip2, Bnip3, Bnip3l, Casp3, Cd40lg, Cflar,
Cidea, Dapk1, Dffa, Fas, Mcl1, Nol3, Trp53, Trp73, Xiap

Positive regulation of
apoptosis

Abl1, Akt1, Anxa5, Bad, Bak1, Bax, Bcl2l11, Bid, Bnip3, Bnip3l, Card10, Casp1, Casp14, Casp2, Casp4, Casp6, Casp8,
Cd40, Cd70, Cideb, Cradd, Fadd, Fasl, Gadd45a, Ltbr, Nod1, Pycard, Tnf, Tnfrsf10b, Tnfsf10, Tnfsf12, Trp53,
Trp53bp2, Traf1, Traf2, Traf3
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coherence, and is academically available in a downloadable
format .

Cytochrome C release assay

The level of cytochrome C in the cytosol was further assayed
using a cytochrome C ELISA Kit (abcam, Cambridge, MA,
USA). Moreover, a total of 50μL of supernatant from homog-
enized tissue and 50μL of antibody cocktail was also added to
each well and incubated for 1 h at room temperature. Each
well was then washed with 3× 350 μL 1× wash buffer PT. In
this respect, 100 μL of TMB substrate was added to each well
and incubated for 6 min in darkness. Afterwards, 100 μL of
stop solution was added to each well and recorded at 450 nm.
It should be noted that the concentration of cytochrome C was
expressed as nanogram per milligram protein.

Statistical analyses

Data were presented as means ± SEM. All the results were
analyzed using Graph Pad Prism (version 7.03). Statistical
significance was determined using the one-way analysis of
variance with the Tukey post hoc test and the non-
parametric Kruskal-Wallis test. Statistical significance was
set at p < 0.05.

Results

Body weight, water, and food intake

The results of this study demonstrated that daily water and
food intake had been significantly affected by HFD and As
exposure (50 ppm). The animals in all three groups drinking
less water and consuming less food were also compared with
the control group (p < 0.05, p < 0.01 and p < 0.001). The
animals were found to have a significant intake of As although
they had been treated with As of 50 ppm and drunk less water

(Ahangarpour et al. 2018). Moreover, mice fed with HFD had
received more calories and gained higher final average weight
despite less food consumption (p < 0.01). In the HFD +As (50
ppm) group, As had also led to weight loss (p < 0.01) and this
decline in the mice exposed to As (50 ppm) alone was not
reported significant (Table 2).

FBG

It should be noted that concomitant administration of As and
HFD leads to a different type 2 of diabetes, which is character-
ized by impaired glucose tolerance and islet’s insulin secretion
or content without typical symptoms of type 2 diabetes such as
insulin resistance, hyperglycemia, and hyperinsulinemia.
Hepatotoxicity and oxidative stress can also occur in this model
of diabetes (Ahangarpour et al. 2018). Accordingly, the control
group in this study showed an average FBG level of 115.65mg/
dl after 20 weeks. The HFD feeding also resulted in a statisti-
cally significant FBG (207.34 mg/dl) which was considerably
different from that in the control group (p < 0.001). Therefore,
exposure to As (50 ppm) alone andAs (50 ppm) in combination
with HFD showed a tendency towards increased FBG (134.37
and 133.26 mg/dl respectively) in comparison with the control
group in which such differences were not statistically signifi-
cant (Fig. 2).

Oxidative stress parameters

The results illustrated in Fig. 3 suggested a significant increase
in lipid peroxidation following exposure to As (50 ppm) alone
(p < 0.05) and in combinationwith HFD (p < 0.001) compared
with that in the control group. Also, GSH content in all three
groups was significantly lower than the control group (p <
0.01, p < 0.001) compared with that in the control group.
Based on the restore results in Table 3, GPx activity in all
three study groups and SOD and CAT activities in the HFD
+ As (50 ppm) group also decreased as compared with that in
the control group (p < 0.01, p < 0.001).

Table 2 Water intake, food
intake, and bodyweight in control
group, HFD group, and As-
treated groups (As 50 ppm and
HFD + As 50 ppm)

Groups

Control HFD As 50 ppm HFD + As 50 ppm

Water intake (ml/day) 8.1 ± 0.90 6.3 ± 0.90* 4.2 ± 0.50***,## 3.9 ± 0.26***,##

Food intake (mg/day) 10.33 ± 1.23 8.40 ± 1.05 7.43 ± 1.21* 5.86 ± 0.40**

Body weight (g) 26.4 ± 2.4 30 ± 6.2** 25.2 ± 1.48 24 ± 1.58**###

Values represented as mean ± SEM (n = 10)
* Significantly different from control
# Significantly different from HFD
* p < 0.05, ** and ## p < 0.01, *** and ### p < 0.001
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TUNEL staining

As shown in Fig. 4, spontaneous apoptosis was observed in
the control group. In the HFD group, the apoptotic index had
also slightly increased, while the given index had significantly
increased in the As group compared with that in the control
group (p < 0.05). In the HFD + As group, numerous TUNEL-
positive cells were also observed and a significant rising trend
was reported in the apoptotic index compared with that in the
control group (p < 0.001).

Histopathological analysis

The histopathological assessments of different liver sections
of the experimental animals were illustrated in Figs. 5 and 6
and Table 4. A normal liver histology was observed in the
control group. The liver lobular structure was also reported

clear and regular and a single layer of hepatocytes had been
arranged around the central vein in a radial pattern under the
light microscope. Absorption of apoptotic bodies with
Kupffer cells was also associated with an increase in
fibrinogenic factors such as TRAIL, TNF-α, FasL, and
TGF-β. So, phagocytosis of the apoptotic bodies via hepatic
cells could directly stimulate fibrogenesis and apoptosis was
found to be associated with increased inflammation and he-
patic fibrosis (Chakraborty et al. 2012). Accordingly, accumu-
lation of RBC, infiltration of inflammatory cells, and fat de-
posit significantly increased in the HFD and As groups com-
pared with those in the control group (p < 0.01, p < 0.001). In
the HFD + As group, in addition to the accumulation of RBC,
infiltration of inflammatory cells and fat deposit, fibrosis was
also significantly higher than that in the control group (Fig. 6),
indicating a higher degree of apoptosis than that in other
groups (p < 0.001).

Fig. 2. Fasting blood glucose (FBG). aDuring 20 weeks and b at the last
week in control group, HFD group, and As-treated groups (As 50 ppm
and HFD + As 50 ppm). Values represented as mean ± SEM (n = 10).

Asterisks mean significantly different from the control and number signs
significantly different from HFD. *** and ###p < 0.001

Fig. 3 Malondialdehyde (MDA)
level and glutathione (GSH) level
in control group, HFD group, and
As-treated groups (As 50 ppm
and HFD + As 50 ppm). Values
represented as mean ± SEM (n =
10). Asterisks mean significantly
different from control, number
sign significantly different from
HFD, dollar sign significantly
different from As. *, # and $p <
0.05, **p < 0.01, ***p < 0.001

26356 Environ Sci Pollut Res (2019) 26:26351–26366



Transcriptomic analysis of apoptosis gene expression
in control, HFD, As, and HFD + As-treated groups

The expressions of apoptosis pathway and genes in the control
group, the HFD group, and the As-treated groups (As 50 ppm

and HFD + As 50 ppm) were examined using RT2 profiler
PCR arrays-mouse apoptosis (Fig. 7). In this respect, the HFD
significantly increased the expression of Traf1, Atf5, Birc3,
caspases 8, and Gadd45 genes and it consequently decreased
the expression of Bcl2a1a, Naip2, Cidea, Aifm1, Nol3, Birc5,

Table 3 Gpx, SOD, and CAT
activities in control group, HFD
group, and As-treated groups (As
50 ppm and HFD + As 50 ppm)

Groups

Variables Control HFD As 50 ppm HFD + As 50 ppm

GPx (U/mg protein) 8 ± 0.62 5.1 ± 0.59** 5.7 ± 0.79** 2.8 ± 0.59***,#,$

SOD (U/mg protein) 3.77 ± 1.04 2.26 ± 0.65 2.49 ± 0.74 1.40 ± 0.38**

CAT (U/mg protein) 57.58 ± 10.57 38.26 ± 5.40 44.24 ± 7.22 23.14 ± 3.77**

Values represented as mean ± SEM (n = 10)
* Significantly different from control
# Significantly different from HFD
$ Significantly different from As
# and $ p < 0.05, ** p < 0.01, *** p < 0.001

Fig. 4 Light microscopy of cross-
sections of TUNEL-stained liver
and apoptotic index from control
group, HFD group, and As-
treated groups (As 50 ppm and
HFD + As 50 ppm).
Magnification, × 250. Arrows
indicate apoptosis (TUNEL-
positive cells). Values represented
as mean ± SEM (n = 10).
Asterisks mean significantly
different from control. Number
signs mean significantly different
from HFD. Dollar signs mean
significantly different from As. *p
< 0.05; ***, ###, and $$$p < 0.001
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Cflar, caspase12, Bcl2l10, Trp73, Lhx4, Il10, Abl1, Trp63,
and Cd70 ones in the livers of the given mice (Figs. 8 and
11). Moreover, several genes of apoptosis-related indicators
were multiplied in the liver tissues of the As group compared
with that in the control group (Caspase14, Cd40, Abl1, Trp63,
Traf1, Bcl2l10, Cd70, Trp73, Lhx4, Il10, Cidea, Cd40lg,
Polb, Fasl, TNF, Traf2, Caspase 8, Bad, and BCL-2); in con-
trast, the expression of Cflar, Apaf1, Ripk1, Tnfrsf11b, Naip2,
Birc5, Birc3, and caspases 3 genes decreased (Figs. 9 and 11).
Considering the HFD + As group, the study results showed
the increased expression of caspase 8 genes and the decreased
expression of Bcl2a1a, Cideb, Tnfrsf10b, Polb, Pycard,

Tnfrsf11b, Naip2, Birc5, Tnfrsf1a, Igf1r, Caspase1, Bcl10,
Caspase4, Apaf1, Cd40lg, Bok, Fasl, caspases 3, and caspases
12 ones (Fig. 10 and 11).

Cytochrome C release

Cytochrome C is a multi-functional enzyme involved in life
and death decisions of the cells. The release of cytochrome C
is thus accompanied by a sharp increase in ROS production
that is essential for the formation of the apoptosome and the
progression of apoptosis (Hüttemann et al. 2011). In this
study, the amount of cytochrome C release significantly

Fig. 5 Histopathological findings
of liver sections stained with
H&E under light microscope.
Magnification, ×400. Control
group, HFD group, As-treated
group (As 50 ppm and HFD + As
50 ppm). Arrow A accumulation
of RBCs, Arrow I infiltration of
inflammatory cells, Arrow FD fat
deposit

Fig. 6 Light microscopy of liver
tissue stained with trichrome in
various groups. Magnification,
×400. Arrows indicate fibrosis
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Table 4 Semi quantitative
scoring of damage on
histopathological examination of
liver in control group, HFD
group, and As-treated groups (As
50 ppm and HFD + As 50 ppm)

Groups

Histological criteria Control HFD As 50 ppm HFD + As 50 ppm

Accumulation of RBC 0.09 ± 0.00 1.42 ± 0.33** 1.55 ± 0.28** 2.36 ± 0.41***##$$

Infiltration of inflammatory cells 0.04 ± 0.00 0.93 ± 0.56*** 1.21 ± 0.00*** 2.85 ± 0.38***##$

Fibrosis 0.00 ± 0.0 0.00 ± 0.00 0.00 ± 0.00 2.12 ± 0.75***###$$$

Fat deposit (%) 0.01 ± 0.00 10.7 ± 2.45*** 8.09 ± 2.08*** 11.6 ± 2.8***$

Values represented as mean ± SEM (n = 10)
* Significantly different from control
# Significantly different from HFD
$ Significantly different from As
$ p < 0.05, **, ##, and $$ p < 0.01, ***, ###, and $$$ p < 0.001

Fig. 7 The scatter plot compares the expression level (2−ΔCT) of each
gene on the array between the control group versus the HFD group (a)
and As-treated groups (As 50 ppm and HFD + As 50 ppm) (b, c). The

black lines indicate fold changes (2−ΔΔCT) of 1. Data points beyond the
dotted lines in the upper left and lower right sections meet the selected
fold regulation threshold
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increased after exposure to As (50 ppm) alone (p < 0.01) and
in combination with HFD (p < 0.001) compared with that in
the control group (Fig. 12).

Discussion

Apoptosis is known as an organized genetic pathway to main-
tain homeostasis in multicellular organisms (Elmore 2007).
The impaired regulation of apoptosis (increase/decrease) also
results in irreversible damage to cells and nearly half of human
diseases. Hence, identification of apoptosis genes as well as
their products and mechanisms of action is the basis for dis-
covering new drugs to target apoptosis (Dlamini et al. 2004;
Pfeffer and Singh 2018). In this respect, an increase in apo-
ptotic activity has been observed in various liver diseases (vi-
ral hepatitis, autoimmune hepatitis, toxic damage, and fatty
liver). In contrast, the decrease of apoptosis can be observed
during regenerative liver growth or in liver tumors (Eichhorst

2005; Luedde et al. 2014). Thus, it is clear that apoptosis plays
a crucial role in the pathogenicity of liver disease. In terms of
hepatic toxicity, several toxins can cause damage to hepato-
cytes through the process of apoptosis, which is associated
with the accumulation of Ca2+ in cytosol or mitochondria,
ROS accumulation, and membrane damage (Guicciardi et al.
2013). With regard to high levels of cytochrome P450 in the
liver, As-induced lipid peroxidation by high levels of ROS can
also lead to destruction of the mitochondrial membrane. It
should be noted that mitochondria as a vital source of ROS
are themain targets of As-induced genotoxic responses, which
are confirmed via decreasing ATP levels. In addition, studies
have shown a significant reduction in GSH along with a con-
siderable decrease of GSH-generating enzymes (G6PD and
GR) as well as scavenging ones (GST, GPx, SOD, CAT) dur-
ing exposure to As (Liu et al. 2005; Pi et al. 2002;
Ramanathan et al. 2002). According to the results of the pres-
ent study, As could boost the production of pro-oxidants and
reduce the antioxidant effect of the GSH. The SOD enzyme

Fig. 8 KEGG pathway of differentially apoptotic hepatic gene expression and pathways. Changes in expression of apoptosis genes in HFD group (the
upregulated genes are indicated by red circles and the downregulated genes are indicated by green circles)
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activity had also significantly decreased as the first defense
line against oxidative stress as well as the activity of catalase
and GPx as scavenging H2O2 enzymes (Fig. 3, Table 3). As-
induced oxidative stress was similarly considered as the most
important trigger for apoptosis. Besides, As, leading to mito-
chondrial dysfunction, could alter BAX/BCL-2 ratio, caspase
activity, and eventually apoptosis (Singh et al. 2010). Based
on the study results, As could activate external apoptosis path-
way through FasL receptor via increasing the expression of
Caspase 8. Overall, two FasL-mediated pathways activated
Caspase 8. In the first pathway, the cells directly activated high
levels of Caspase 8 and subsequently Caspase 3. In the second
pathway, the expression of Caspase 8 was not sufficient to
activate Caspase 3, in which Caspase 8 led to cleavage and
activation of BH3-only protein (Bid), release of cytochrome C
from mitochondria, and induction of apoptosis (Parrish et al.
2013). After an apoptotic insult, activated caspases and the
caspase-activated protein t-Bid can trigger the release of
apoptosis-inducing factor (AIF) from mitochondria and AIF

translocates to the cytosol and the nucleus, where it induces
peripheral chromatin condensation, as well as DNA fragmen-
tation. Conversely, AIF can trigger the release of cytochrome
c from mitochondria. The mitochondrio-nuclear translocation
of AIF is in a caspase-independent fashion and can be ob-
served in cells in which there is no caspase activation, owing
to knockout of Apaf-1, caspase-9, or caspase-3. These finding
indicate that AIF can act as a caspase-independent death ef-
fector (Candé et al. 2002). The second pathway was more
likely in the present research, given the increased cytochrome
C release and decreased Caspase 3 expression. Investigations
had also demonstrated that liver damage could be associated
with apoptosis and NF-κB activation even if anti-apoptotic
BCL-2 had a high expression, a finding that might justify
the increase of anti-apoptotic BCL-2 in the As group in this
study (Ramalho et al. 2006; Ribeiro et al. 2004). Moreover,
increased expression of Trp63 as one of the tested genes in the
present study induced apoptosis through death receptors and
mitochondrial pathways, and it was assumed that the ability of

Fig. 9 KEGG pathway of differentially apoptotic hepatic gene expression and pathways. Changes in expression of apoptosis genes in As group (the
upregulated genes are indicated by red circles and the downregulated genes are indicated by green circles)
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p53 to induce apoptosis was dependent upon Trp63 and Trp73
(El Husseini and Hales 2017). Abll activity was also correlat-
ed with the activity of P53 and its related proteins.
Accordingly, Abll gene was activated in response to ROS,
oxidative stress, and DNA damage that led to induction of
apoptosis and inhibition of cell growth (Sourbier et al. 2014;
Wang et al. 2006), which was consistent with the results ob-
tained in the As group in this study (Fig. 11). The results of the
investigation by Derdak similarly indicated that P53 and its
transcriptional targets were involved in the pathogenesis of
liver diseases (Derdak et al. 2013).

The HFD also brought about mitochondrial dysfunction via
decreased ATP levels, increase in oxidative stress, reduction of
the content of key mitochondrial proteins (including antioxi-
dants), and eventually development of obesity (Benard et al.
2016). Under these conditions, myocytes and adipocytes could
become resistant to insulin, leading to hyperglycemia, hyperlip-
idemia, and ectopic accumulation of fat in liver tissues (Wang
2014). It should be noted that chronic hyperglycemia in obese

individuals instigate continuous production of high MDA
levels and higher production of ROS, increasing oxidative
stress and impairing glucose metabolism (Figs. 2 and 3 and
Table 3). Confirming impaired glucose metabolism, studies
by He et al. showed that TRP73 had increased pentose phos-
phate pathway (PPP) and improved the synthesis of NADPH
and ribosomes fromG6PD, and hence, the reduction of its flow
would lead to increasing glucose levels. Moreover, TRP73 ex-
pression had seriously reduced due to the high level of DNA
damage, but apoptosis was not significantly induced (Chen
et al. 2014; He et al. 2015). In the present study, TRP73 expres-
sion in the HFD group had significantly reduced compared with
that in the control group and it confirmed the mentioned find-
ings (Fig. 11). It should be noted that Cideb is known as one of
the major genes regulating the development of obesity and
diabetes via controlling the biosynthesis of fatty acids and cho-
lesterol as well as their secretion and storage in hepatocytes
which significantly decreased in the As + HFD group in this
study (Fig. 11). According to the studies conducted by Li et al.,

Fig. 10 KEGG pathway of differentially apoptotic hepatic gene expression and pathways. Changes in expression of apoptosis genes in As + HFD group
(the upregulated genes are indicated by red circles and the downregulated genes are indicated by green circles)
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Fig. 11 The clustergram
indicating co-regulated apoptosis
genes across control group versus
the HFD group and As-treated
groups (As 50 ppm and HFD +
As 50 ppm)
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increased energy consumption, resistance to insulin, obesity, and
diabetes were observed amongmice deficient in TRP73 gene (Li
et al. 2012). In addition, based on the research by Skeldon,
reduced expression of Caspase 12 in a group of mice receiving
HFD led to the development of obesity, glucose intolerance, and
insulin resistance (Skeldon and Morizot 2016). These findings
were in agreement with the results obtained from the HFD and
HFD +As groups in terms of weight changes in mice, as well as
the results of Zeinvand Lorestani et al. considering diabetes in-
duction following HFD (Zeinvand-Lorestani et al. 2018a).
Furthermore, reduced level of Polb expression in the HFD +
As group compared with that in the control group in the present
study implied the effect of oxidative stress on the induction of
apoptosis, as it is known that cells deficient in this gene are more
susceptible to DNA alkylating agents and H2O2 (Fig. 11) (Niimi
et al. 2005). In a study conducted on a HFD mouse model,
apoptosis was also evaluated using DAPI technique and
TUNEL staining, and it was reported that the severity of apopto-
sis had increased in the livers of a group of mice under this
regimen, which was a feature of liver insulin resistance due to
HFD. They also suggested interactions between proteins related
to insulin resistance and hepatocellular damage (caused by TNF,
NF-Kβ, and JNK) as a potential risk of apoptosis in the liver
(Soltis et al. 2017). In a study in 2014, it was found that apoptosis
rates in rats receiving HFDwith diethylnitrosamine (DEN) were
higher than those reported in the control group, which
predisposed hepatocellular carcinoma (HCC) to programmed
cell death. Therefore, it could be stated that the mechanism of
HFD treatment might delay the induction of HCC due to DEN
(Duan et al. 2014). According to the results of the present study,
the expression of Caspase 8 as a cysteine protease, playing a vital
role in the external pathway of apoptosis signaling with cell

death receptors, had increased as a result of cellular stress in all
the three groups. Likewise, based on the results of cytochrome C
release, pathologic studies, and TUNEL staining, it was conclud-
ed that higher oxidative damage in a combined use of As and
HFD was likely to significantly intensify As-induced apoptosis
in liver cells. The interesting point in this study was that the
expression of Caspase 3 as a negative regulator of apoptosis in
this kit had significantly reduced despite the activation of
Caspase 8, suggesting that external receptors had caused events
leading to apoptosis through non-Caspase 3–dependent activity.

Collectively, these data demonstrated that combined expo-
sure to As and HFD had produced aggravating oxidative stress
together with enhanced induction of hepatocytes apoptosis and
an increase in the risk of liver diseases. This evidence showed
that environmental toxicants such as could influence risk fac-
tors leading to hepatocellular damage. Today, the risk of liver
damage from As and HFD should be much more considered
due to the increasing global incidence of liver diseases as well
as the willingness of communities to industrialize and consume
estern foods. Besides, this hypothesis might offer a new strat-
egy in view of the high induction of apoptosis for cancer treat-
ment, which requires more experiments and further investiga-
tions on cancer cells considering the side effects.

Conclusion

Considering that the competitive and cooperative response of
pro-apoptotic and anti-apoptotic axis always exists during chem-
ical exposure and the causes of cellular stress, and given that any
single molecule is not responsible to determine the fate of the
cell, we designated the cluster of all genes involved in apoptosis
following exposure to arsenic and high-fat diet in order to eluci-
date apoptosis pathways further. It has been concluded that
the extrinsic pathway is the initial process of apoptosis and cas-
pase 8 was activated as a cysteine protease, which plays an
essential role in the external apoptosis signaling pathway with
cell death receptors. While the internal pathway activation is a
secondary pathway and induced apoptosis through caspase 3–
independent mechanisms.

Based on these findings, we anticipate that our report will
provide a novel outlook in targeting molecules for inducing
apoptosis in hepatocellular carcinoma as well as inhibiting
apoptosis in normal cells.
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