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Introduction

Arsenic, a naturally occurring element widely dispersed in the earth's crust,
exists primarily in two forms: organic and inorganic. Inorganic arsenic, which includes
arsenite (As*) and arsenate (As®"), is more harmful than organic arsenic, depending on
exposure levels and duration. Its primarily found in groundwater and agricultural
products, poses significant health risks, including cancer, skin lesions, and anemia.
Epidemiological studies have shown a strong correlation between high arsenic
exposure and anemia, but the analysis of its causes has not progressed. Improving
anemia involves increasing erythropoietin (EPO) production, with reports indicating
that arsenite can both enhance and inhibit EPO production. Long-term exposure to low
concentrations of arsenic from the environment is expected to have various effects,

even at non-toxic levels. However, research into the long-term effects of arsenic



exposure, including its effect on EPO production, remains limited. Exposure to arsenic
activates various cellular defense mechanisms, though the effects of long-term
exposure to low concentrations are unclear. One crucial cellular protective mechanism
is autophagy, which contributes to cell survival by recycling damaged organelles and
proteins. It helps maintain cell survival and is considered an important mechanism for
protecting cells from low concentrations of toxic substances.

This study aimed to analyze the effects of long-term exposure to low
concentrations of arsenate on EPO production and autophagy induction in
EPO-producing HepG2 cells. Understanding these effects is essential for developing
strategies to mitigate arsenic induced health issues, particularly in areas with lower
arsenic concentrations, which are often perceived as safe but still pose long-term
health risks.

Chapter 1: Effect of long-term low-concentration arsenate exposure in
HepG2 Cells
1.1 Cell proliferation and viability by long-term low-concentration arsenate
exposure

This chapter investigates the effects of arsenate, a form of inorganic arsenic
as abundant in the environment, on cellular homeostasis and viability, particularly
focusing on oxidative stress and detoxification mechanisms. The safety standard
for arsenic in drinking water in Bangladesh is 50 pg/L, with levels above this
posing potential health risks. This study focused on the effects of arsenate at
concentrations between 1 and 10 pM, representing low-risk areas. Arsenate
exposure induces oxidative stress by generating reactive oxygen species (ROS),
leading to cellular damage and impaired functions. Arsenate enters the body and is
converted to arsenite bound to glutathione within cells, with arsenic
methyltransferase (AS3MT) playing a crucial role in detoxification. However, this
process also generates ROS, adding to oxidative stress. EPO producing HepG2
cells were treated with arsenate for up to 3 weeks. Cell proliferation significantly
decreased at 10 puM arsenate, but cell viability was not affected at any
concentration, indicating no cytotoxicity at levels up to 10 puM. Arsenic
concentration and AS3MT mRNA expression in HepG2 cells increased in a
dose-dependent manner, suggesting that arsenate exposure promotes arsenic

metabolism.



1.2 Reactive oxygen species (ROS) production and ROS scavenging by
long-term low-concentration arsenate exposure

This section investigates the effects of long-term arsenate exposure on oxidative
stress. The study found no significant changes in ROS levels or malondialdehyde
(MDA) content, an oxidative damage marker, between arsenate treated and control
cells, confirmed that long-term arsenate exposure did not increase oxidative stress.
Long-term arsenate exposure led to increased nuclear localization of nuclear factor
erythroid 2-related factor 2 (NRF2), a transcription factor regulating antioxidant
responses, indicating elevated ROS production and enhanced ROS scavenging ability.
Additionally, the total glutathione levels and superoxide dismutase activity, both key
indicators of ROS scavenging capacity, were significantly elevated in arsenate treated
cells. These findings suggest that long-term low-concentration arsenate exposure
boosts cellular detoxification processes and ROS scavenging mechanisms, helping
mitigate potential cytotoxic effects. Despite the increased ROS production due to
arsenic metabolism, the cells enhance their antioxidant defenses, maintaining redox

balance and protecting against oxidative stress.

Chapter 2: Effect of long-term low-concentration arsenate exposure on EPO
production
2.1 EPO production by long-term low-concentration arsenate exposure

This chapter investigates the effects of long-term arsenate exposure on EPO
production in HepG2 cells and mice. Initially, EPO mRNA levels in
arsenate-exposed cells increased for the first 48 hours, likely as a stress response.
However, after one week, EPO mRNA levels returned to baseline, and after two
weeks, they decreased in a concentration-dependent manner. At the protein level,
EPO was significantly depleted after three weeks of exposure, indicating reduced
EPO synthesis. ROS scavenger 4-Hydroxy-2,2,6,6-tetramethylpiperidine 1-Oxyl
(TEMPOL) abolished the increase in EPO mRNA induced by acute arsenate
exposure, highlighting ROS as a critical signaling molecule. Long-term arsenate
exposure diminished the cells responsiveness to EPO production promoters like
pyocyanin and hypoxia related ROS, but not cobalt, suggesting altered EPO
production mechanisms. In mice (ddY), long-term arsenate exposure did not affect
body weight or hematocrit percentage, indicating no anemia. EPO mRNA levels in
liver and kidney tissues remained unchanged. Under hypoxic conditions, EPO

mRNA expression decreased in liver and kidney cortical cells from arsenate



treated mice, showing reduced responsiveness to EPO production stimulation.
Long-term exposure reduced the response to ROS mediated EPO production
stimulation both in vitro and in vivo, suggesting that it affected EPO production

capacity.

2.2 Sirtuin 1 (SIRT1) mediated EPO production by long-term low-concentration
arsenate exposure

In this section, the effects of long-term arsenate exposure on the EPO
production mechanism in HepG2 cells were analyzed, focusing on hypoxia inducible
factor (HIF) and sirtuinl (SIRT1). HIF is a regulator of EPO mRNA expression, and
the amount of a subunit regulates HIF activity. SIRT1 is increased by ROS and is a
regulator that suppresses the action of HIF. After 3 weeks of arsenate exposure, HIF-1a
and HIF-20. mRNA levels increased, however, the protein levels of HIF-1a and HIF-2a
did not change, suggesting post-transcriptional regulation or increased protein
degradation. SIRT1 also accumulated in response to long-term arsenate exposure. This
indicates that arsenate-induced oxidative stress activates SIRT1. When long-term
arsenate exposure cells treated with the SIRTI inhibitor EX527, EPO mRNA levels
significantly increased, suggesting that SIRT1 suppresses EPO production by
promoting the degradation of HIF proteins.

Chapter 3: Effect of long-term low-concentration arsenate exposure on autophagy
induction

This chapter investigates the effects of long-term, low concentration arsenate
exposure on autophagy in HepG2 cells. Autophagy, a crucial cell survival mechanism,
was significantly induced by arsenate exposure at 24 hours, helping recycle damaged
components. This increase was confirmed by increasing in ratio of LC3-I to LC3-II
protein, key autophagy markers. The ROS scavenger TEMPOL inhibited the induction
of autophagy after 24-hour exposure. Long-term exposure also enhanced autophagy.
The protective role of autophagy was highlighted when inhibiting it with SB10206965
increased cell death in both short-term and long-term arsenate exposure. These
findings suggest that autophagy helps protect HepG2 cells from arsenate exposure,
with both short-term and long-term exposures promoting cell survival. This suggests
potential therapeutic strategies targeting autophagy to mitigate arsenate's harmful

effects.



Conclusion

» Long-term exposure with low concentrations of arsenate, which is not
cytotoxic to HepG2 cells, produces ROS. However, the amount of ROS does
not increase due to enhanced ROS scavenging activity.

» During long-term arsenate exposure in vitro and in vivo, the response to
ROS-mediated stimulation of EPO production was reduced.

» Activation of SIRT1 by long-term arsenite exposure suppressed EPO
production via suppression of HIF-1.

» Autophagy induction was maintained at a high level in cells treated with
arsenate for a long-term.

» The decrease in response to EPO production stimulation due to long-term
arsenate exposure means that EPO production cannot be expected to increase in
situations where it is needed, and it is expected to lead to the worsening of

anemia.
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