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Spatial learning plays a major role in one's information recording. Arsenic is one of ubiquitous environmental
toxins with known neurological eﬀects. However, studies investigating the eﬀects of arsenic on spatial learning
and related mechanisms are limited. This study was planned toexaminethe eﬀects of bilateral intra-hippocampal
infusion of diﬀerent concentrations of sodium arsenite (5, 10 and 100 nM, 5 µl/side) on spatial learning in
Wistar rats. Moreover, we evaluated levels of LC3-II, Atg7 and Atg12 as reliable biomarkers of autophagy and
caspase-3 and Bax/Bcl-2 ratio as indicators of apoptosis in the hippocampus. Interestingly, low concentrations
of sodium arsenite (5 and 10 nM) signiﬁcantly increased spatial acquisition but pre-training administration of
sodium arsenite100 nM did not signiﬁcantly alter spatial learning. LC3-II levels were signiﬁcantly increased in
groups treated with sodium arsenite 5 and 10 nM and decreased in the group receiving arsenite 100 nM
compared to the control group. Atg7 and Atg12 levels were obviously higher in all groups treated with sodium
arsenite compared to control. However, caspase-3 cleavage and Bax/Bcl-2 ratio were notably greater in 100 nM,
and lesser in 5 nM arsenite group in comparison with control animals.
The results of this study showed that the low concentrations of sodium arsenite could facilitate spatial
learning. This facilitation could be attributed to neuronal autophagy induced by low concentrations of sodium
arsenite. These ﬁndings may help to clarify the regulatory pathways for apoptosis and autophagy balance due to
sodium arsenite.

1. Introduction
Arsenic is one of the environmental toxicants ubiquitously found in
water, air and soil. The primary source of human exposure is through
drinking contaminated water (Martinez-Finley et al., 2009). Arsenic
and its derivatives are thoroughly studied for their carcinogenic eﬀects
focusing on increased risk of skin, bladder, liver and kidney tumors
(Diaz-Villasenor et al., 2006). In 2003, Rodriguez et al. reviewed the
eﬀects of arsenic on nervous system, declaring adverse eﬀects of
arsenic on neurobehavioral development (Rodriguez et al., 2003).

⁎

Deﬁcits in learning and memory following acute or chronic arsenic
exposure have been reported in many human and animal studies.
However, their cellular and molecular mechanisms are not understood
completely (O'Bryant et al., 2011; Tsai et al., 2003). Luo et al. (2009)
reported that long-term exposure to high concentration of arsenic in
drinking water resulted in signiﬁcant delay in acquisition of spatial
memory but it had not signiﬁcant eﬀect on spatial memory retention
(Luo et al., 2009). On the other hand, Jiang et al. (2014) and Jing et al.
(2012) indicated impairment of both acquisition and retention of
spatial memory due to long-term exposure to high dose of arsenic
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Amersham Bioscience (Piscataway, NJ, USA). Sodium arsenite and all
other reagents were purchased from Sigma Aldrich (St. Louis, MO,
USA).

(Jiang et al., 2014; Jing et al., 2012). Then again, our recent study
showed the dual eﬀect of sodium arsenite on contextual and tone
memory of Aβ-injected rats in pavlovian fear conditioning model. We
found that low dose (1 and 5 nM) of sodium arsenite attenuated
memory deﬁcit induced by amyloid beta while high dose (10 and
100 nM) increased memory loss in these rats. Arsenite at these ultralow concentrations caused a marked increase in Nrf2 and CREB
phosphorylation and a signiﬁcant decrease in caspase-3 and NF-κB
amount (Nassireslami et al., 2016). This dual eﬀect of sodium arsenite
may be observed in spatial learning; however, it has not yet been
studied. Additionally, low doses of arsenite undergo enzymatic methylation in the liver to the extent of 80% after oral administration
(Vahter, 1981). It is worth mentioning that methylated arsenicals
excreted more rapidly than inorganic arsenic in the urine (Rodriguez
et al., 2001). Moreover methylated and inorganic arsenite have
diﬀerent eﬀects on neuronal cells. It has been reported that in contrast
to arsenite, methylated arsenicals did not cover cell viability of
astrocytes (Dringen et al., 2016). So, regarding to the above description
and the properties of low dose of sodium arsenite, we aimed at
investigating the eﬀects of local and direct intra-hippocampal injection
of low and high doses of sodium arsenite on spatial memory.
Furthermore, it has been previously reported that sodium arsenite
could induce both autophagic and apoptotic responses (Bolt et al.,
2010, 2012; Keim et al., 2012). Autophagy and apoptosis are two major
types of programmed cell death that are main mechanisms for cells
survival (Salminen et al., 2013). Apoptosis, a process triggering a
signaling cascade to deﬁnitive cellular death, have been thoroughly
investigated and it is established that two protein families are involved
in its regulation: B lymphoma 2 (Bcl-2) family members and cysteineaspartic acid protease (caspase) family (Bolt et al., 2010; D'Amelio
et al., 2012; Shin et al., 2011). Autophagy is considered as an
evolutionarily cell survival process, which is responsible for degradation of long-lived proteins and removal of dysfunctional organelles
(Ding et al., 2013). There are many pathways involved in the process of
autophagosomes formation, fusion with lysosomes to form lysosomic
vacuoles (i.e. autolysosomes) and their degradation (Yue et al., 2009).
Two ubiquitin-like pathways are important in forming autophagic
vesicle. The ﬁrst is covalent conjugation of Atg12 and Atg5 by E1
ligase-like protein Atg7 which is essentially needed for progression of
the second pathway that is conjugation of long chain 3 (LC3) protein to
a phospholipid molecule leading to expansion of autophagic membrane. This conjugate converts soluble LC3-I to autophagic vesicleassociated LC3-II (Gozuacik and Kimchi, 2007). Measuring the conversion of LC3-I to LC3-II helps to quantify autophagic activity
(Mizushima and Yoshimori, 2007).
It seems that autophagy and apoptosis function appositely. While
apoptosis is a cellular suicidal program, autophagy can either be a cell
survival mechanism as a homeostatic process or a stress-induced cell
death pathway depending on variable context (Bolt et al., 2010;
Kralova et al., 2012).
Therefore, in search for crosstalk between apoptosis and autophagy
pathways and to see how sodium arsenite aﬀects these processes, the
levels of Bax, Bcl-2 and caspase-3, as major markers involved in
apoptosis, and also LC3, Atg7 and Atg12, as major proteins playing
important roles in autophagy, were assessed. The main purpose of our
study was a better understanding of the local and direct eﬀects of
sodium arsenite on spatial learning and determining its related
mechanisms in the brain.

2.2. Animals
Male Wistar Rats (220 ± 20 g) were purchased from the animal
house of the Tehran University of Medical Sciences. All animals were
housed in cages (four/cage) with ad libitum access to food and water.
They were kept on a 12 h-light/dark cycle at a constant temperature
(20–22 °C). All animal experiments were performed in daylight and
according to the guidelines of the Ethical Committee for the Care and
Use of Laboratory Animals of Tehran University of Medical Sciences
(code: 23516-151-02-92, 2013). All eﬀorts were made to minimize
animal suﬀering and to reduce the number of animals used.
2.3. Stereotaxic surgery
Under anesthesia with intraperitoneal injection of 100 mg/kg
ketamine and 25 mg/kg xylazine, animals were placed into stereotaxic
apparatus (Stoelting, Wood Dale, IL, USA). Stereotaxic coordinates
used for intra-hippocampal injection according to the atlas of Paxinos
and Watson, were as follows: Anterior–posterior (AP), 3.8 mm posterior to the bregma; medial-lateral (ML), ± 2.2 mm lateral to the sagittal
suture and dorsal–ventral (DV), 2.7 mm down from the skull surface.
Guide cannulas (21-gauge) were inserted bilaterally into the dorsal
hippocampus (CA1 region) and were attached to the skull surface using
orthopedic cement (synment®). After cannulation, animals were maintained in their cages and handled daily for one week as a recovery
period. Microinjection was performed using a 10 µl Hamilton microsyringe and an injection needle (27-gauge) attached to polyethylene
tube (PE-10) 30 min before each training session.
2.4. Experimental design
In the present study, animals were assigned into four groups. All
animals of these four groups underwent stereotaxic surgery and
cannula implantation. Diﬀerent concentrations of sodium arsenite (5,
10, 100 nM) were infused bilaterally (5 µl/side) via intra-hippocampal
cannula. Control group received 5 µl/side normal saline via intrahippocampal injection. Animals were trained for four consecutive days
and all injections were made 30 min before training.
2.5. Behavioral tests
Morris water maze (MWM) includes a black-painted circular pool
(136 cm diameter, 60 cm height), divided into four equal quadrants. A
platform made of Plexiglas was located in north-west quadrant (target
quadrant) and tank was ﬁlled with water (25 ± 2 °C) up to 1 cm above
surface of platform. After 1 week recovery period of surgery, training
was done for 4 consecutive days. One block of 4 trials was conducted on
each day. Each trial was started with placing animals in one of starting
points (north, east, south and west) of MWM. Animals were let to swim
freely for 90 s to ﬁnd the immersed platform. If a rat did not ﬁnd the
platform, it was manually guided to platform. Animals were allowed to
rest 30 s between two trials. Directions of rats were recorded by a video
camera linked to a computer, located above MWM center. Spatial
learning and memory parameters were evaluated using EthoVision
video tracking system (Noldus Information Technology, Wageningen,
Netherlands). Escape latency (time to ﬁnd the hidden platform),
traveled distance (path length to reach the hidden platform), and
swimming speed were measured for further analyses. Probe test was
conducted on day 5 to evaluate time spent in target quadrant and
hidden platform's proximities. In probe test, hidden platform was
removed; all animals were placed in the same starting point opposite of
target quadrant and allowed to swim for 90 s. The visible test was

2. Material and methods
2.1. Materials
Antibodies directed against Caspase-3, LC3, Bax, Bcl-2, Atg7, Atg12
and β-actin were purchased from Cell Signaling Technology (Beverly,
MA, USA). Electrochemiluminescence (ECL) kit was obtained from
55
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conducted to assess motivation and visuo-motor coordination. Visible
platform test included groups of independent animals with the same
treatment proﬁle and training trials. In this test, platform was elevated
above water level in the center of opposite quadrant of previously
hidden platform and covered with aluminum foil. Details for MWM test
were thoroughly described in our previous studies (Azami et al., 2012;
Khorshidahmad et al., 2012; Sharifzadeh et al., 2005).
2.6. Western blotting
When probe test was done, rats were euthanized in a CO2 chamber
immediately and the hippocampus was bilaterally dissected. Using
lyses buﬀer containing sodium deoxycholate 0.5%, NaCl 150 mmol/l,
SDS 0.1%, EDTA 100 mmol/l, Triton X100 1% and protease inhibitor
cocktail with pH of 7.4, brain tissues were homogenized and then
centrifuged for 5 min at 12,000×g at 4 °C in a micro centrifuge three
times and supernatant was collected eventually. In order to measure
total protein concentrations, Bradford assay was used (Bradford,
1976). All samples’ concentrations were calculated using a standard
curve generated for bovine serum albumin. Samples were frozen at
−20 °C for later use. After gel preparation, 60 µg of total protein sample
along with sample buﬀer and water was loaded onto the gel (12 µl per
well). Proteins were electrophoretically separated in 12% SDS-PAGE
gels and were transferred to polyvinylidene ﬂuoride (PVDF) membrane. Blocking of any remaining sites on PVDF membrane was done
by incubating membrane in skimmed milk 5% for 75 min. Afterwards,
primary antibody was added and membrane was incubated overnight
to probe with the speciﬁc protein. A HRP enzyme conjugated secondary
antibody, at a species-speciﬁc portion of the primary antibody, was
used and the membrane was incubated for another 75 min.
Immunoreactive polypeptides were visualized by chemiluminescence
using enhanced ECL reagents and the location of the protein bands was
revealed. Subsequently, X-ray ﬁlms were exposed to the membrane in a
dark room and using developer and ﬁxer solutions visible images were
made. Densitometrical measurements were carried out using ImageJ
1.410 software (NIH, USA). All bands were normalized to β-actin
(Hosseini-Sharifabad et al., 2011).
2.7. Statistical analysis
An average value for each memory parameter (escape latency,
traveled distance, and swimming speed) was calculated over four trials
in four days of training. Comparison of behavioral (time spent in target
quadrant and proximity and swimming speed in probe test as well as
mean of escape latency, traveled distance, and swimming speed in
training days) and molecular data were done using One-way analysis of
variance (ANOVA). A mixed between-within subjects analysis of
variance was conducted to assess the impact of treatment groups (4
factor) on escape latency, traveled distance, and swimming speed
across four training days (4 factor). The Bonferroni's multiple comparison post hoc test was selected and used to analyze diﬀerences between
groups. AP-value < 0.05 was deﬁned as statistically signiﬁcant.

Fig. 1. Mean of escape latency (A), traveled distance (B) and swimming speed (C) during
four training days in the morris water maze task. ***P < 0.001 and ****P < 0.0001
compared to control group. ##P < 0.01 and ###P < 0.001 indicates compared to the
Arsenite 100 nM group. Data are presented as means ± S.E.M and n =7 animals serve as
subjects in each group.
24)=0.21, P=0.89) was not observed in the treated animals. Rats
receiving 5 and 10 nM of sodium arsenite showed signiﬁcant decrease
in both escape latency and traveled distance compared to either control
or group of 100 nM sodium arsenite infusions (Fig. 1A, B, respectively).
No signiﬁcant diﬀerences were seen in swimming speed among all
groups of animals (P > 0.05) (Fig. 1c).
The main eﬀects of treatment groups and training days were
signiﬁcant for both escape latency (treatment groups: F (3, 24)=14.20,
P < 0.0001; training days: F (3, 72)=58.08, P < 0.0001) and traveled
distance (treatment groups: F (3, 24)=15.50, P < 0.0001; training days: F
(3, 72)=40.65, P < 0.0001) while the interaction eﬀect of treatment
groups by training days was not signiﬁcant for any of these measures
(escape latency: F (9, 72)=0.59, P=0.8; traveled distance: F (9, 72)=1.61,
P=0.13) (Fig. 3A and B). The main eﬀects of treatment groups (F (3, 24)
=0.21, P=0.89), training days (F (3, 72)=1.71, P=0.17) and the interaction eﬀect of treatment groups by training days (F (9, 72)=0.45, P=0.90)
were not signiﬁcant for swimming speed (Fig. 3C). Statistical comparison of diﬀerent concentrations of sodium arsenite, considering the
same training days, shows that administration of sodium arsenite

3. Results
3.1. Sodium arsenite: Spatial learning and memory's friend or foe?
3.1.1. Low concentrations of sodium arsenite enhanced acquisition of
spatial memory in MVM
Mean of escape latency (s), traveled distance (cm) and swimming
speed (cm/s) for a four-day training program after intra-hippocampal
infusion of diﬀerent concentrations of sodium arsenite is shown in
Fig. 1. There was a statistically signiﬁcant diﬀerence in both mean of
escape latency (F (3, 24)=14.20, P < 0.0001) and traveled distance
(treatment groups: F (3, 24)=15.50, P < 0.0001) for the four treatment
groups. However, a signiﬁcant diﬀerence in swimming speed (F (3,
56
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Fig. 2. Time spent in target quadrant (A), Time spent in target proximity (B) and
swimming speed (C) in probe test after four days of training in morris water maze task.
*P < 0.05 compared to control group. #P < 0.05, ##P < 0.01, ####P < 0.0001 compared
to the Arsenite 100 nM group. There were no signiﬁcant diﬀerences in swimming speed
(P > 0.05). Data are presented as means ± S.E.M and n =7 animals serve as subjects in
each group.

3.1.2. Diﬀerent concentrations of sodium arsenite could have
diﬀerent eﬀects on rat's performance in probe test
After completing 4 days training, probe test was done on ﬁfth day.
There was a statistically signiﬁcant diﬀerence in both time spent in
target quadrant (F (3, 24)=5.70, P=0.004) and time spent in target
proximity (F (3, 24)=10.75, P=0.0001) in probe test for the four
treatment groups. However, a signiﬁcant diﬀerence in swimming speed
was not detected (F (3, 24)=1.66, P=0.20) in probe test among four
treatment groups. Our results showed that bilateral injection of sodium
arsenite (5 nM) could signiﬁcantly increase time spent in platform's
proximity during 90 s of probe test compared to control group.
Furthermore, bilateral injection of sodium arsenite 100 nM signiﬁcantly decreased time spent in target quadrant and platform's proximity in comparison to the group receiving sodium arsenite 5 nM and
10 nM. Swimming speed was not signiﬁcantly diﬀerent among all
groups of animals (Fig. 2a-c).

(5 nM, 5 µl/side) may lead to signiﬁcant decrease in escape latency on
both day1 (P < 0.05) and day 2 (P < 0.0001) compared to control group.
It also caused memory improvement via decreasing traveled distance
(cm) on the second (P < 0.0001), third (P < 0.05) and fourth (P < 0.01)
days. In addition, sodium arsenite (10 nM) led to a signiﬁcant decrease
in escape latency (s) and traveled distance (cm) on second and third
days of training compared to control group. Escape latency (s) was
increased signiﬁcantly by sodium arsenite (100 nM) on day 2 (P < 0.05)
compared to 5 nM group and also on day 2 and 3 (P < 0.05 for both
days) in comparison with 10 nM treated rats. Sodium arsenite
(100 nM, 5 µl/side) also signiﬁcantly increased traveled distance (cm)
on day 2 (P < 0.01), 3 (P < 0.05) and 4 (P < 0.05) compared to group
received sodium arsenite 5 nM. Also, Sodium arsenite (100 nM, 5 µl/
side) meaningfully increased traveled distance (cm) on day 2 and 3 (P
< 0.05 for both days) compared to group received sodium arsenite
10 nM. Multiple comparisons did not show any signiﬁcant diﬀerence in
swimming speed between diﬀerent groups.

3.2. Sodium Arsenite and Apoptosis
3.2.1. Eﬀects of sodium arsenite on Bax/Bcl-2ratio in hippocampus of
rats
There was a signiﬁcant diﬀerence in Bax/Bcl-2 ratio (F (3, 8) =1756,
P < 0.0001) in four treatment groups. As shown in Fig. 4, Bax/Bcl-2
57

European Journal of Pharmacology 796 (2017) 54–61

B. BonakdarYazdi et al.

(A)
16 kDa
14 kDa

LC3-I
LC3-II
Atg7

78 kDa

Atg12

55 kDa

β-acn

45 kDa

LC3II / LC3I ratio (arbitrary unit)

(B)

Fig. 4. The eﬀect of sodium arsenite on Bax/Bcl-2 ratio in the hippocampus of arsenite
treated rats 5 days after injection. One representative Western blot is shown (n=7). The
densities of Bcl-2 and Bax bands were measured and the ratio to the β-actin bands was
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linked form, indicating presence of autophagolysosomes in groups
receiving sodium arsenite 5 and 10 nM. There was a statistically
signiﬁcant diﬀerence in LC3-II/LC3-I ratio (F (3, 8) =997.90, P <
0.0001) for the four treatment groups. The LC3-II/LC3-I ratio was
signiﬁcantly increased in 5 nM and 10 nM sodium arsenite groups and
decreased in 100 nM sodium arsenite infused rats compared to control
group. The LC3-II/LC3-I ratio was signiﬁcantly higher in sodium
arsenite 5 nM and 10 nM groups in comparison with 100 nM treated
group (Fig. 6B).
Atg7 and Atg12 were two other autophagy related proteins analyzed
by western blotting in our experiment. There was a statistically
signiﬁcant diﬀerence in both Atg7 (F (3, 8)=386, P < 0.0001) and
Atg12 (F (3, 8)=295.6, P < 0.0001) levels for the four treatment groups.
Our results evidently showed that in all sodium arsenite treated groups,
Atg7 and Atg12 levels were increased compared to control group. But
these markers were also signiﬁcantly reduced in sodium arsenite
100 nM group compared to other arsenite treated groups (Fig. 6C
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Fig. 6. The eﬀect of sodium arsenite on (B) LC3 conversion, (C) Atg7 and (D) Atg12
protein level in the hippocampus of arsenite treated rats 5 days after injection. (A) One
representative Western blot is shown (n=7). The densities of LC3-I, LC3-II, Atg7 and
Atg12 bands were measured and the ratio of LC3-II to LC3-I and Atg7 and Atg12 to the
β-actin bands was calculated. Each point shows the mean ± S.E.M. ***P < 0.001 and ***P
< 0.0001 signiﬁcant diﬀerence compared to the vehicle group, ####P < 0.0001 signiﬁcant diﬀerence between arsenite groups.
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0.0001) was observed in treated groups. As the major indicator of
apoptosis, cleavage of caspase-3 was assessed by western blotting in
our study. As shown in Fig. 5, cleaved caspase-3 level was signiﬁcantly
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regulate Bcl-2 by oxidation of cysteine residue and therefore triggers
apoptosis (Li et al., 2004; Luanpitpong et al., 2013). Caspase 3
activation further cleaves cAMP response element binding protein
(CREB) (Francois et al., 2000) which is crucial for memory formation
(Matsuzaki et al., 2006; Mizuno et al., 2002; Williams et al., 2008). In
other words, high concentration of sodium arsenite may impair
learning and memory due to caspase 3-induced CREB cleavage.
On the other hand, ROS can commence autophagic pathway too.
ROS is able to up-regulate Beclin1, oxidize cysteine residues in Atg4
and provokes expression of Atg7 (Chen et al., 2008; Gibson, 2010;
Scherz-Shouval et al., 2007; Trejo-Solís et al., 2012). Furthermore, it
has been shown that autophagy induced by lower concentrations of
arsenite can be initiated by activating Nrf2 pathways, regardless of ROS
(Lau et al., 2013b). Previous studies have provided indirect evidences
about the role of autophagy enhancement in memory improvement
(Caccamo et al., 2010; Carloni et al., 2010), therefore memory
enhancement induced by low concentration of sodium arsenite in the
current study could be in part related to the increased autophagy.
The results of the current study indicated that high concentration of
arsenite increased apoptosis (i.e., cleaved caspase-3 and Bax) and
decreases autophagic markers (i.e., Atg7, Atg12 and LC3-II) compared
to lower concentration of arsenite. Consistent with our results, it has
been previously shown that caspase, by cleaving and inactivating of
Beclin-1, can inhibit Becline-1 mediated autophagic eﬀects (DjavaheriMergny et al., 2010; Kang et al., 2011; Wirawan et al., 2010).
Noteworthy, caspase-mediated Atg4D cleavage can also regulate autophagy. Cleaved Atg4D is highly toxic and triggers apoptosis (Betin
and Lane, 2009; Jain et al., 2013).
In addition, the current study found that Bcl-2 level was higher in
group treated with low concentration of arsenite in comparison to
higher concentration groups putting weight to autophagic side of
apoptosis-autophagy balance. Bcl-2 can adjoin Beclin-1 and block
Beclin-1 related autophagy (Cho et al., 2009; Pattingre et al., 2005;
Thorburn, 2008). Moreover, it is an apoptosis-blocking oncogene
(Youseﬁ and Simon, 2007).
In conclusion, the results of this study showed that bilateral intrahippocampal injection of lower concentration of sodium arsenite
facilitated the acquisition of spatial learning. Furthermore, the current
study found that arsenite in low concentrations enhanced autophagy
and diminished apoptosis while the higher concentrations of arsenite
showed opposite eﬀects. Although our study has not established a
causal relationship between underlying mechanisms for memory
alteration and sodium arsenite administration, the facilitation of
spatial memory due to low concentration of sodium arsenite could be
attributed to arsenite-induced neuronal autophagy.

and D).
4. Discussion
The present study was designed to determine the eﬀects of sodium
arsenite on spatial learning as well as autophagy and apoptosis. Our
ﬁndings showed that intra-hippocampal injection of arsenite with low
concentrations (5, 10 nM/side) can improve spatial learning in a fourday training program in MWM. Besides, there's a progression in rats’
performance in probe test for 5 nM sodium arsenite group. However,
high concentration of arsenite (100 nM/side) did not alter the spatial
learning and memory parameters in MWM performance, directing us
to conclude that diﬀerent concentrations of arsenite may operate
through diﬀerent pathways and result in diﬀerent behavioral outcomes.
Like many other toxicants, neurobehavioral alterations after arsenic
exposure is aﬀected by several intervening variables among which are
the concentration and duration of exposure, along with experimental
conditions (Komissarova et al., 2005; Rodriguez et al., 2001). For many
years, arsenic has been studied for its toxic eﬀects. It has been
associated with many health conditions like neurobehavioral deﬁcits
and cancer. There are also reports in which it was associated with cell
proliferation and anti-cancer eﬀects. The mechanisms underlying this
controversy remain unclear (Ratnaike, 2003; Simeonova et al., 2000).
Although arsenic is a well-known neurotoxicant which aﬀects CNS by
inducing apoptosis, oxidative stress and neuronal cell death, many
pathways have been reported as proposed mechanisms for low arsenite
concentration-induced cell proliferation (Chan and Huﬀ, 1997;
Chowdhury et al., 2010; He et al., 2007; Luster and Simeonova,
2004; Watcharasit et al., 2012).
In search for underlying mechanisms, we applied western blotting
to see how apoptotic and autophagic molecular markers would be
aﬀected by sodium arsenite. Our results elucidated that high concentration of arsenite can trigger apoptosis through increasing Bax/Bcl-2
ratio followed by caspase-3 activation, while low concentration of
arsenite is more involved in processes related to autophagy.
Interestingly, 10 nM concentration of sodium arsenite showed dual
eﬀect on Bax and Bcl-2 protein levels. Whilst Bcl-2 level in 10 nM
arsenite-injected rats was near to control and low concentration of
arsenite, Bax level considerably decreased in this group. This dual
eﬀect of arsenic could be attributed to biphasic dose-response relationship of arsenic on Bax conformational changes and oligomerization.
Sodium arsenite is a derivative of arsenic, a semimetal element, capable
of chemically interacting with diﬀerent biological molecules and
enzymes via cysteine residues and thus can inﬂuence many cellular
pathways (Delnomdedieu et al., 1994). Biphasic eﬀect of arsenite on
either cell proliferation or apoptosis was also previously suggested (He
et al., 2007; Qian et al., 2007) and it seems that diﬀerent pathways and
molecules are involved in regulation of this dual consequence.
First and foremost, arsenic is involved in reactive oxygen species
(ROS) production (Druwe and Vaillancourt, 2010; Lau et al., 2013a). It
has been suggested that arsenite-induced ROS formation may happen
by inhibition of reductase enzymes involved in arsenite oxidation of
Fenton reaction in the presence of Fe2+. Arsenite-induced cellular
toxicity can also lead to ROS production (Hughes et al., 2011). It has
been shown that arsenic causes ROS production in a concentrationdependent manner (Druwe and Vaillancourt, 2010; Eblin et al., 2008;
Yang et al., 2007). High-concentration of arsenite increases cellular
ROS level, but lower concentrations reduce ROS production (Lau et al.,
2013b). ROS can contribute to both apoptosis and autophagy. Chen
et al. have suggested that arsenite-induced apoptosis is due to hydrogen peroxide synthesis. Arsenite activates NADPH oxidase which
results in higher superoxide level that consequently converts to
hydrogen peroxide by Superoxide Dismutase (SOD) (Chen et al.,
1998). Accordingly, hydrogen peroxide induces cytochrome C release,
activates caspase 3 and lastly stimulates cellular apoptosis (Chen et al.,
1998; Taghizadeh et al., 2016). Hydrogen peroxide could also down
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