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analysis was performed for the determination of genera-
tion of reactive oxygen species.
Results: Arsenite induced the activation of AKT at both
Ser473 and Thr308, and its downstream effector eNOS in
cultured human keratinocytes. Arsenite also induced phos-
phorylation of p38. PI-3-kinase inhibitors, Wortmannin
and LY294002 inhibited arsenite-induced phosphorylation
of AKT and eNOS but had no effect on phosphorylation of
p38. Interestingly, however, SB203580, a known p38 in-
hibitor, completely inhibited arsenite-induced phosphory-
lation of AKT and eNOS. Arsenite induced generation of re-
active oxygen species and inactivated phosphatase activity,
but did not activate EGF receptor tyrosine phosphorylation.
Conclusions: Collectively, our data indicate that arsenite
induces activation of AKT and eNOS, via PI-3-kinase and
p38 pathway, likely bypassing the activation of EGF re-
ceptor in cultured human keratinocytes.

Introduction
Arsenite, alternatively referred to as arsenic, exists
in soil, water, air, and even in living organisms. It
is a carcinogen associated with cancers of epithe-
lial origin such as skin, lung, liver, and bladder
cancer (1). Arsenite has recently raised unprece-
dented social concern due to unwanted environ-
mental pollution, especially in drinking water (2).
While it has been recognized that ingesting even
trace amounts of environmental arsenite poses se-
rious health risks, the molecular mechanism by
which arsenite causes melanomas or epithelial
cancers remains relatively unexplored. It has been
observed that arsenite produces sustained alter-
ations in the growth characteristics of human fibrob-
lasts, and then postulated that the proliferation-
enhancing effect of arsenic on cells contributes to
its ability to cause cancer (3). It has been also

shown that arsenite reduces p53 levels, while con-
comitantly increasing the p53 regulatory protein
mdm2 levels. It is suggested that this disruption of
the p53-mdm2 loop, instrumental to the regulation
of cell cycle arrest, may offer another model for ar-
senite-related skin carcinogenesis (4). Ultimately,
however, the question of how arsenite enhances cell
proliferation has not yet been answered. In addi-
tion, the pathways leading to the disruption of the
p53/mdm2 loop have not been unraveled. A recent
study suggests that activation of AKT provides a
critical cell survival signal required for tumor pro-
gression (5). Our previous data that the PI3K/AKT
pathway contributes to UV-induced skin cancer
supports the above notion (6). Activation of AKT by
PI3K results in inhibition of apoptotic signals and
promotion of cell survival signals (7). Abnormal
survival of mutated cells could further favor cancer
formation and progression. To gain insight into the
understanding of molecular mechanisms of arsenite-
induced human skin cancer, we investigated the
pathway leading to the activation in cultured hu-
man keratinocytes in response to arsenite exposure.
We demonstrate in this study that arsenite activates
the PI3K/AKT cell survival pathway in cultured hu-
man keratinocytes, and that the arsenite-induced
activation of AKT and eNOS is mediated by p38
MAP kinase.

Abstract

Background: Arsenic has been considered as a carcino-
gen. Recently the issue of arsenic in drinking water
raised an unprecedented social concern on human health,
and yet the molecular mechanisms through which ar-
senic induces cancer remain unknown. Activation of cell
survival pathway leading to the activation of eNOS has
been associated with various types of cancer. The objec-
tive of this study was to investigate the pathway leading
to the activation of eNOS in response to arsenite using
human keratinocytes.
Materials and Methods: Cultured keratinocytes (HaCat
cells) were exposed to arsenite with or without pretreat-
ment of various inhibitors. Western blot analysis was per-
formed to determine the activation of p38, AKT, eNOS.
EGFR tyrosine phosphorylation was detected by immuno-
precipitation and Western blot analysis. pNPP assay was
used to measure phosphatase activity in cell lysate. FACS
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Materials and Methods
Cell Culture

Human keratinocytes (HaCat cell line) were cultured
as described previously (6). Cells were grown as
monolayer cultures in DMEM medium with 10%
FBS in a humidified incubator with 5% CO2 at 37�C.
Medium was usually deprived of serum for overnight
prior to reagent treatment.

FACS Analysis

Cultured human keratinocytes were deprived of
serum overnight and loaded with 1 �M of a fluores-
cent dye, dihydrorhodamine (DHR) that reacts with
ROS in cells and results in a change of fluorescence.
Cells were treated with arsenite (sodium arsenite,
200 �M) for various time points. The changes in flu-
orescence in arsenite-irradiated cells were quantified
by FACS analysis as described previously (8). Induc-
tion of ROS generation was expressed in arbitrary
units.

EGF Receptor Tyrosine Phosphorylation

Reagents-treated keratinocytes were collected. Total
and tyrosine-phosphorylated EGF receptors in
whole cell extracts of cultured keratinocytes were
determined by immunoprecipitation and Western
blot analysis, using antibodies to EGF receptors
(Santa Cruz Biotechnologies), and phosphortyrosine
(PY-20, Transduction Laboratories). Immunoprecip-
itated proteins were visualized by enhanced chemi-
luminescence detection (ECL), and quantified by
laser densitometry, as described previously (6).

Phosphorylation of p38, AKT, and eNOS

Cultured keratinocytes after treatment with various
reagents were subjected to protein extraction, and
electrophoretically separated proteins were trans-
ferred to Immobilon-P membranes. The membranes
were blocked with 5% dry milk in TBS containing
0.05% Tween-20 (TBST) for at least one hour at
room temperature. After blocking, the membranes
were incubated with specific antibodies against
AKT, or phospho-AKT, p38, or phospho-p38, eNOS
or phospho-eNOS (New England Biolabs) at appro-
priate dilutions. The blots were incubated with
horseradish peroxidase-conjugated anti-rabbit IgG
(1:5000, Amersham) for 1 h. Antibody binding was
detected by using the enhanced chemiluminescence
(ECL) detection system (Amersham).

Phosphatase Assay

Cultured keratinocytes were treated with arsenite
(200 �M) for various time points. After treatment,
the medium was removed and 400 �l of cell lysis
buffer (RIPA buffer without sodium vanadate, with
protease inhibitor cocktail) was added to the culture
dish. The cell extracts were scraped out of the dish
and transferred to the microfuge tube. After centrifu-
gation at 14000 rpm for 10 min, supernatants were
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used for phosphatase assay. Briefly, to the wells of 
a microtiter plate, 100 �l of PNPP solution (20 mg of
p-nitrophenyl phosphate in 5 ml assay buffer con-
taining 50 mM Tris, pH 7.6, 100 mM NaCl, 0.1 mg/ml
BSA) and 50 �l of cell lysate were added. The plate
with reaction mixture was incubated at 37�C; yellow
color developed as the reaction proceeded. 100 �l of
13% K2HPO4 was added to stop the reaction, and
OD405nm was measured in ELISA plate reader.

Results
Arsenite and H2O2 Induce Phosphorylation of p38, AKT
and eNOS in Cultured Human Keratinocytes

Existing data almost exclusively indicate that arsenite
induces apoptosis or cell death (9,10). Our previous
study demonstrated that extracellular insults such as
UV irradiation induces PI3-kinase/AKT cell survival
pathway in cultured human keratinocytes in vitro and
in human skin in vivo (6). These data support the no-
tion that cells fight against extracellular insults
through promoting both cell survival and cell suicide
in a kind of Ying-Yang balance. To test whether ar-
senite activates AKT in cultured human keratinocytes,
we treated cells with arsenite and measured the phos-
phorylation of AKT at residues Ser473 and Thr308.
The results showed that AKT phosphorylation started
at 15 min post arsenite treatment, peaked at about 1 h
and remained elevated up to two hours, while the
total amount of AKT remained unchanged when the
cells were exposed to arsenite (Fig. 1a-A). As with
AKT, arsenite treatment did not change the level of to-
tal p38, however, it also induced the phosphorylation
of p38 in a time dependent manner (Fig. 1a-B). We
also found that H2O2 weakly induced AKT phospho-
rylation in a pattern similar to that of arsenite. H2O2

treatment showed a similar pattern in inducing the
phosphorylation of p38. It has been previously shown
that one of the downstream effectors of AKT in
PI3K/AKT pathway is eNOS (11). Since we had ob-
served that arsenite induced the phosphorylation of
AKT, we next investigated whether arsenite activates
downstream effector eNOS. Westernblot analysis, us-
ing anti-phospho-eNOS antibody, revealed that ar-
senite did in fact induce the phosphorylation of eNOS
(Fig. 1a-C). The phosphorylation started 30 min after
arsenite treatment and peaked at about 2 hours. The
quantitative data of arsenite-induced activation of
p38, AKT and eNOS were shown in Fig. 1b. Likewise
H2O2 induced the phosphorylation of eNOS, and in
contrast to arsenite quite strongly. The total eNOS re-
mains unaltered post treatment.

Arsenite-induced Activation AKT and eNOS is not 
Mediated by Antioxidant Sensitive Pathway but Mediated
by PI3K and p38

To examine the role of ROS in the arsenite-induced
phosphorylation of p38 and AKT, we used an-
tioxidants NAC (N-acetyl-L-cysteine) and PDTC
(pyrrolidinedithiocarbamate), and NADPH oxidase
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exposure. As expected, pretreatment with SB203580
inhibited arsenite-induced phosphorylation of p38.
Interestingly, however, SB203580 almost completely
inhibited arsenite-induced phosphorylation of AKT
and eNOS. These data suggest that arsenite-induced
activation of AKT and eNOS is mediated by p38 path-
way and p38 is upstream of PI3K.

Arsenite Induces ROS Generation and Inactivates
Phosphatase but does not Induce EGF Receptor Activation
in Cultured Human Keratinocytes

Reactive oxygen species (ROS) are involved in vari-
ous signaling pathways (13). Our above data seemed
to suggest that reactive oxygen species might be 
involved in arsenite-induced phosphorylation of
p38 and AKT (Fig. 1). For this reason we examined
whether arsenite induces generation of reactive oxy-
gen species in cultured human keratinocytes. FACS
analysis showed that arsenite did stimulate ROS
generation in a time dependent manner (Fig. 3A).

inhibitor, DPI (diphenylene iodonium chloride). The
results showed that while arsenite expectedly in-
duced phosphorylation of p38 and AKT, pretreatment
of the cells with ROS scavengers NAC or PDTC did
not inhibit either arsenite-induced phosphorylation of
p38 or AKT or eNOS (Fig. 2). DPI had no effect on ar-
senite-induced p38 and AKT phosphorylation in cul-
tured human keratinocytes. These data surprisingly
but obviously indicate that arsenite-induced p38 and
AKT activation are not mediated by anti-oxidant sen-
sitive pathway in cultured human keratinocytes. To
examine the role of PI 3-kinase or p38 in the arsenite-
induced activation of AKT and eNOS, we used
LY294002 and Wortmannin, two well-characterized PI
3-kinase inhibitors, and SB203580, a p38 inhibitor.
Pretreatment of cells with LY294002 or Wortmannin
dramatically inhibited arsenite-induced phosphoryla-
tion of both AKT and eNOS. As has been demon-
strated for growth factors (12), PI 3-kinase appears to
be involved in the activation of AKT post arsenite

Fig. 1. Arsenite and H2O2 induce phosphorylation of p38, AKT and eNOS in cultured human keratinocytes. (a) Cultured
human keratinocytes were treated with arsenite (200 �M) and H2O2, and cells were lysed at various time points. Protein extracts
were subjected to SDS-PAGE and Westernblot analysis for phosphorylation of p38 or AKT or eNOS with anti-phospho-p38 or anti-
phospho-AKT or anti-phospho-eNOS antibody respectively. Total p38, or AKT or eNOS was determined by stripping the membranes
and re-probing with anti-p38, or anti-AKT, or anti-eNOS antibody. (b) Quantitative densitometric data for the phosphorylation p38,
AKT and eNOS after arsenite treatment. The results from three independent experiments were analyzed and expressed as fold
increase (mean � SD, n � 3).

Fig. 2. Arsenite-induced activation AKT and
eNOS is not mediated by antioxidant sensitive
pathway but is mediated by PI3K and p38. Cul-
tured human keratinocytes were pretreated with DPI
(10 �M), or NAC (5 mM), or PDTC (10 �M), or LY
(10 �M), WT (10 �M) for 2 hours, then treated with
arsenite (200 �M) for 1 hour for analysis of p38 and
AKT, and 2 hours for analysis of eNOS. Cells were
lysed in RIPA buffer, and proteins were subjected to
SDS-PAGE and Western blot analysis for phospho-
rylation of p38 or AKT with anti-phospho-p38 or
anti-phospho-AKT or phospho-eNOS antibody, or
for total p38 or AKT with anti-p38 or AKT or eNOS
antibody.



Generation of ROS started 10 min post arsenite
treatment, increased over time up to 80 min. Recent
data suggest that the balance between kinase and
phosphatase activity account for the activation of
cell surface components that may or may not be re-
ceptors. We next examined whether arsenite affects
cellular phosphatase activity in human keratinocytes.
The results showed that while arsenite inhibition of
phosphatase activity started 2 min post treatment
and peaked at 5 min, the activity returned to normal
within 10 min (Fig. 3B). This result indicates that ar-
senite does transiently inactivate phosphatase activ-
ity. It has been established that the activation of
PI3K/AKT pathway is subsequent to the activation
of cell growth factor receptor upon ligand binding
(12). We found in our previous study however that
UV irradiation activates this pathway following
EGFR activation yet in a ligand independent manner
(6). As we had observed in this study that arsenite in-
duced the PI3K/AKT pathway, we further investigated
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whether arsenite induces EGF receptor activation in
cultured human keratinocytes. As expected, EGF treat-
ment induced tyrosine phosphorylation of EGFR in a
time dependent manner, however, EGF receptor acti-
vation was not observed in response to arsenite expo-
sure (Fig. 3C).

Discussion
Arsenite is a well-documented carcinogen. Various
types of human cancers have been associated with
exposure of arsenite. It has been reported that high
level of arsenite in drinking water led to the
increased risks of skin, bladder, kidney, lung and
colon cancer (1,2). While a complete understanding
of the molecular mechanisms of arsenite-induced
human cancer remains a daunting task, it is still of
great interest to both scientists and laymen.

Recent study has suggested that activation of
AKT in mammary epithelium provides a critical

Fig. 3. Arsenite induces ROS generation and inhibits phosphatase activity but does not activate EGFR. (A) Arsenite induces
ROS generation. HaCat cells were loaded with 1 �M of DHR for 1 h, then treated with 200 �M of sodium arsenite, and cells were
fixed at various time points post treatment. ROS production was measured by FACS analysis. Three independent experiments were
performed. Presented here was the result of a representative experiment. (B) Arsenite inhibits phosphatase activity in cultured human
keratinocytes. Cultured human keratinocytes were treated with arsenite (200 �M) and cells were collected at various time points.
Phosphatase activity assay was performed as described in materials and methods. (C) Arsenite does not activate EGF receptor in
cultured human keratinocytes. Cells were treated with EGF (100 ng/ml, as a positive control) or arsenite (200 �M) and cells were
collected at various time points. Proteins from cell extracts were subjected to immunoprecipitation with anti-EGFR antibody and
SDS-PAGE and Western blot analysis. Phosphorylated- or total-EGFR was probed with anti-PY-20 or anti-EGFR antibody.



K. Souza et al.: Arsenite Activates AKT via p38 Pathway 771

stimuli (12). We observed that arsenite treatment does
inactivate phosphatase activity in cultured human
keratinocytes, these data agree with previously pub-
lished evidence that arsenite inactivates JNK phos-
phatase specifically (19), and total cellular phos-
phatase activity in human fibroblasts (20).

In summary, we demonstrate that arsenite in-
duces the activation of the PI3K/AKT cell survival
pathway and that the PI3K/AKT pathway is medi-
ated by p38 in cultured human keratinocytes. Ar-
senite activation of this pathway is independent of
EGFR activation. The inhibition of phosphatase ac-
tivity accounts for the altered balance between ki-
nases and phosphatases which in turn likely con-
tributes to the activation of cell surface components
that may or may not be receptors (Fig. 4). The search
for the membrane events is an ongoing project in the
laboratory.
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