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It is debatable whether AMP-activated protein kinase
(AMPK) activation is involved in anti-apoptotic or pro-apop-
totic signaling. AICAR treatment increases AMPK- @ 1 phos-
phorylation, decreases intracellular reactive oxygen species
(ROS) levels, and significantly increases Annexin V-positive
cells, DNA laddering, and caspase activity in human myeloid
cell. AMPK activation is therefore implicated in apoptosis.
However, AMPK:- @ 1-knockdown THP-1 cells are more sensi-
tive to apoptosis than control THP-1 cells are, suggesting
that the apoptosis is AMPK-independent. Low doses of
AICAR induce cell proliferation, whereas high doses of
AICAR suppress cell proliferation. Moreover, these effects
are significantly correlated with the downregulation of intra-
cellular ROS, strongly suggesting that AICAR-induced apop-
tosis is critically associated with the inhibition of NADPH oxi-
dase by AICAR. Collectively, our results demonstrate that in
AICAR-induced apoptosis, intracellular ROS levels are far
more relevant than AMPK activation.
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INTRODUCTION

AMP-activated protein kinase (AMPK) is a member of a family
of protein kinases that have been highly evolutionarily con-
served in animals, plants, and yeast, and which perform sig-
nificant functions in cell responses to metabolic stress (1,2).
Activated AMPK suppresses the principal enzymes involved
in ATP-consuming anabolic pathways, and also effects in-
creases in intracellular ATP (1,3). With regard to the pro-
tective activation of AMPK from metabolic stresses, however,
a controversy persists as to whether AMPK is involved in an-
ti-apoptotic or pro-apoptotic signaling, as the results thus far
have been contradictory, It appears that either cell-type spe-
cificity or some other complicated mechanism is involved in
this process.

riboside (AICAR) is a
widely employed AMPK activator (4), AICAR cannot be de-

5-aminoimidazole-4-carboxamide

tected in normal healthy cells, but the mono- and tri-phos-
phorylated forms of AICAR can be detected in the blood of
patients with congenital purine metabolism defects (5).
AICAR exerts a variety of both in vivo and in vitro effects,
presumably occurring via an AMPK-mediated pathway. These
effects include the inhibition of growth and the depletion of
pyrimidine nucleotide pools in fibroblasts (6,7), accelerated
repletion of purine nucleotide pools in the heart (8), reduc-
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tion of endurance in skeletal muscles (9), the inhibition of
fatty acid and sterol synthesis and gluconeogenesis in hep-
atocytes, and an increase in glucose uptake in muscles (3).
It also functions as an immunomodulator, and can ameliorate
the symptoms of multiple sclerosis (MS) (10). A previous
study showed that acadecine-induced AMPK activation reduces
both translocation to the cell membrane and the phosphor-
ylation of a cytosolic component of NADPH oxidase, thereby
indicating that AICAR may exert antioxidant effects (11).
Although numerous studies have reported that AICAR induces
apoptosis in several cell types, including B-cell chronic lym-
phocytic leukemia cells and cancer cells, the mechanism by
which AICAR elicits apoptosis, and whether AICAR acts as an
antioxidant during this process, remain unclear,

The intracellular production and accumulation of reactive
oxygen species (ROS), including superoxide radicals, singlet
oxygen, hydrogen peroxide (H,O,), and hydroxyl radicals,
can be induced by a variety of stimuli with complex effects,
and can positively or negatively affect cellular events (12,13).
A number of recent studies have shown that ROS are important
signal transduction molecules and mediators of damage in cel-
lular processes, including apoptosis and cell necrosis (14,15).
Among the ROS, H,O; is known to be rapidly inducible in re-
sponse to peptide growth factors, including insulin, epidermal
growth factor, and platelet-derived growth factor in non-phag-
ocytic cells, and is induced by oxidative stresses (16,17). One
such relevant process is H,O,-mediated cell death, occurring
via either apoptosis or necrosis, Moderate H;O, concen-
trations have been reported to trigger apoptosis, whereas rel-
atively high H,O, concentrations are known to induce ne-
crotic cell death (18,19). Moreover, the mechanisms by which
H,O, induces cell death remain unclear.

The primary objective of the present study was to elucidate
the mechanism of AICAR-induced apoptosis in human lym-
phoid (Jurkat) and myeloid (THP-1) cells, We found that
AICAR treatment induces an increase in phosphorylation of
AMPK-@1 and a decrease in intracellular ROS, and sig-
nificantly induces apoptosis. Interestingly, AMPK- @ 1-knock-
down THP-1 cells are particularly sensitive to apoptosis com-
pared to control THP-1 cells, suggesting AMPK-independent
apoptosis. Moreover, AICAR showed dual effects: low doses
of AICAR induce their proliferation, whereas high doses sup-
press their proliferation, These effects are significantly corre-
lated with the downregulation of intracellular ROS, strongly
suggesting that AICAR-induced apoptosis is critically asso-
ciated with the inhibition of NADPH oxidase by AICAR, Taken

together, these results demonstrate that intracellular ROS levels
regulated by AICAR are far more relevant in the AICAR-in-
duced apoptosis than is AMPK activation,

MATERIALS AND METHODS

Cell lines, antibodies, and reagents

The Jurkat and THP-1 cell lines were grown in RPMI 1640
medium (Life Technologies, Carlsbad, CA) supplemented
with 1% antibiotics, 1% glutamine, and 10% fetal bovine
serum, AMPK- @l-knockdown cells were cultured in the same
medium containing puromycin (4~8 rg/ml),

Apoptosis assays

Jurkat, THP1, AMPK- @ 1-knockdown cells (1x 10 were
treated with and without 500 «M AICAR for different times
as indicated in each experiment, and were harvested and
washed in 3 ml of cold PBS. The cells were then incubated
for 120 min in complete darkness with 5 w1 of propidium
iodide (PI), 1 xl of Annexin V-FITC (BD, Franklin Lakes, NJ)
and 10 xl of binding buffer (100 mM HEPES pH 7.4, 140
mM NaCl, 25 mM CaCl,). The controls were incubated with
either binding buffer or unlabeled Annexin V, An additional
400 u1 of binding buffer was added to each of the samples
prior to FACScan analysis (FACSCalibur, BD). For cell cycle
analysis, the cells were stained with a Cell Cycle Analysis Kit
(BD) according to the manufacturer’s instructions prior to
analysis using the FACSCalibur,

Intracellular 2',7'-dichlorodihydrofluorescein staining
The oxidation of 2',7'-dichlorodihydrofluorescein (DCFH) to
fluorescent 2',7'-dichlorofluorescein (DCF: Molecular Probes,
Inc,) was measured in order to determine the levels of intra-
cellular H;O,, The cells were treated with or without different
concentrations of AICAR for different times as indicated in
each experiment, For DCF staining, DCFH was added at a
final concentration of 20 M, and incubated for 30 min at
37°C. The cells were washed once in PBS and maintained
in 1 ml of medium, Cellular fluorescence was evaluated via
flow cytometry (FACSCalibur, BD) using an emission window
of 510~540 nm,

Western blot analysis

Jurkat and THP1 cells were treated with or without 5 mM
AICAR (Toronto Research Chemicals, Inc) for different times,
as indicated in each experiment, Cells were washed once
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with PBS and lysed in sample buffer (80~120 1), and then
immediately boiled for 5 min. Each of the samples was re-
solved in 10 or 12% SDS-PAGE, after which the proteins were
electrotransferred onto a polyvinylidene difluoride (PVDF)
membrane (GE Healthcare, Waukesha, WI), The membrane
was then blocked with 5% nonfat dry milk in Tris-buffered
saline with Tween 20 (TBS-T; 20 mM Tris-HCl pH 7.4, 8 g/L
NaCl, and 0.1% Tween 20) for 1~2 h at room temperature,
The membrane was then incubated overnight with anti-phos-
pho-AMPK @ (Thr172) in TBS-T containing 5% nonfat dry
milk at 4°C, The membrane was washed three times in TBS-T
and probed with horseradish peroxidase-conjugated secon-
dary antibody for 1.5~2 h at room temperature, After four
washings with TBS-T, the protein was visualized using an ECL
Plus Western blotting detection system according to the man-
ufacturer's instructions (GE Healthcare), For the apoptosis as-
say, Jurkat, THP-1, and AMPK- @ 1-knockdown cells were
treated with 5 mM AICAR for different times, as indicated in
the experiment. The protein samples were prepared, sepa-
rated, and electrotransferred onto a PVDF membrane, accord-
ing to the procedures described above. The membrane was
incubated with anti-caspase-3 (Santa Cruz Biotech, Inc), an-
ti-caspase-8 (Santa Cruz Biotech, Inc), and anti-caspase-9
(Santa Cruz Biotech, Inc) antibodies, and then probed with
horseradish peroxidase-conjugated secondary antibody. The
protein was visualized using the ECL Plus Western blotting
detection system (Amersham ECL).

Caspase-3, -8, and -9 activity assay

Jurkat, THP-1, and AMPK- @ 1-knockdown cells were treated
with 5 mM AICAR for different times, as indicated in the
experiment, Caspase-3, -8, and -9 activity assays were con-
ducted using a Fluorometric Assay Kit (R&D Systems, Minnea-
polis, MN) according to the manufacturer’s instructions, The
level of caspase activity in the cell lysates was determined
to be directly proportional to the fluorescence signal detected
with a Fluoroskan Ascent fluorescence microplate reader
(Labsystems, Vantaa, Finland),

DNA fragmentation assay

Jurkat cells were treated with 5 mM AICAR for different times,
as indicated in each experiment. DNA laddering assays were
conducted using a TACS DNA Laddering Detection Kit (R&D
Systems), according to the manufacturer’s instructions, Each
of the DNA samples was resolved in a 1.5% agarose gel, and
then visualized under UV illumination after ethidium bromide
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staining (0.5 xg/ml). The gels were photographed using
Polaroid 667 film (Sigma-Aldrich, St. Louis, MO),

Cell proliferation assay

For cell proliferation assays, Jurkat or THP-1 were plated in
96-well round-bottom plates (Corning Inc., Corning, NY) at
5x10° cells/well and cultured with or without different con-
centrations of AICAR for different times in an atmosphere of
5% CO, at 37°C, The cells were pulsed with 1 £ Ci *H-thymi-
dine and harvested with a Tomcat Mach II harvester (Wallac,
Turku, Finland) onto filter plates, which were read using a
B-counter,

Statistical analysis

All data are expressed as the means*SD. Comparisons were
statistically tested using the Student’s #test, p-values of
<0.05 or <0,01 were considered statistically significant,

RESULTS AND DISCUSSION

AICAR functions as an AMPK activator and NADPH
oxidase inhibitor

AICAR induces the activation of AMPK and acts as an in-
hibitor of NADPH oxidase (11). Apoptosis is thereby induced,
presumably by AMPK activation, in different cell types
(5,20,21), To investigate the role of AICAR in apoptosis in
Jurkat (human T cell leukemia cell line) cells and THP1
(human acute monocytic leukemia cell line) cells, we first ex-
amined the known functions of AICAR. As had been ex-
pected, AICAR significantly induced AMPK phosphorylation at
Thrl72 in both cells (Fig. 1A, Jurkat; Fig. 1B, THP-1).
According to AICAR treatment, moreover, intracellular ROS
levels gradually decreased in a time-dependent manner (Fig,
1C, Jurkat; Fig. 1D, THP-1), We postulated that if AICAR does
indeed induce apoptosis, then these effects are associated
with AICAR-induced apoptosis. To address this hypothesis,
we next determined the toxicity of AICAR in these cells, The
cells were treated with different concentrations of AICAR for
24 h and a cell proliferation assay was performed. In both
cells, treatment with AICAR markedly inhibited cell pro-
liferation in a dose-dependent manner (Fig. 1E). The results
revealed that treatment with 5 mM AICAR significantly in-
hibited cell proliferation in both cell types, by as much as
95%. Moreover, when treated with 10 mM AICAR, cell pro-
liferation was markedly inhibited after 1 h of treatment, and
the inhibitory effects showed a plateau after 9 h of treatment
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Figure 1. The bifunctional role of AICAR as an AMPK activator and
NADPH oxidase inhibitor induces cytotoxicity in human lymphoid
cells. (A and B) Jurkat (A) and THP-1 cells (B) were treated with or
without 5 mM AICAR for the times indicated. Cell lysates were
analyzed by immunoblot with antibodies specific for phospho-AMPK.
The immunoblot was reprobed with an anti-GAPDH antibody. Data
are representative of three independent experiments. (C and D) Jurkat
(O) and THP-1 cells (D) were treated with or without 5 mM AICAR
for the times indicated. Intracellular ROS concentrations were
measured by DCF-DA staining. Data are the averages+SD of mean
fluorescence intensity (MFI) obtained from three independent
experiments. (E and F) Jurkat (closed circles) and THP-1 cells (open
circles) were treated with different concentrations of AICAR for 24
h. A *H-thymidine-incorporation assay was performed as described in
Materials and Methods. The inhibitory effects of AICAR are expressed
as relative cell viabilities, as calculated by cpm (AICAR-treated)/cpm
(untreated) x100. Data are the means+SD of the triplicate samples.

(Fig. 1F), demonstrating that AICAR markedly inhibits cell
proliferation in a dose- and time-dependent manner, although
the details of this mechanism are still unclear,

AICAR strongly induces apoptosis in human myeloid
cell

A recent report has shown that AICAR activates caspase-3 and
caspase-9 in astrocytoma cells, which results in the induction
of apoptosis (21), To confirm the induction of apoptosis fol-
lowing treatment with AICAR, we examined early and late
apoptosis using an Annexin V-FITC and PI staining method.

Jurkat and THP-1 cells were treated with 10 mM AICAR for
different times and apoptosis was assessed. AICAR-induced
early apoptosis, as shown by Annexin V-FITC-positive cells,
was markedly apparent in Jurkat cells after 3 h (Fig, 2A).
Moreover, AICAR-induced late apoptosis, as shown by
Annexin V-FITC- and PI-positive cells, gradually increased un-
til 24 h (Fig. 2A). However, a significant increase in necrotic
cells, as would have been shown by Annexin V-FITC-negative
and PI-positive cells, was not observed in Jurkat cells treated
with 10 mM AICAR, indicating that treatment with AICAR spe-
cifically induces apoptosis rather than necrosis. This result in
Jurkat cells was similar overall to that observed in THP-1 cells
(Fig. 2B). Moreover, treatment with 10 mM AICAR in the
Jurkat cells markedly induced activation of caspase-3, cas-
pase-8, and caspase-9 (Fig. 2C), and their activities sig-
nificantly increased in a time-dependent manner (Fig, 2E, cas-
pase-3; Fig. 2F, caspase-9). In addition, similar results could
be seen in the DNA laddering assay (Fig, 2D), suggesting that
AICAR induced apoptosis in these cell.

AICAR-induced apoptosis is independent of AMPK
activation and is associated with the inhibition of
NADPH oxidase

We next checked whether the AICAR-induced apoptosis is
dependent on the activation of AMPK, For this, we generated
AMPK- @ 1-knockdown (AMPK'”) THP-1 cells as described in
our previous report, After confirmation of the AMPK knock-
down (SI: Fig, S1), wild type and AMPK"” THP-1 cells were
assayed for apoptosis. Similar to the results in Fig. 2B, AICAR
treatment significantly induced apoptosis, as detected by the
increases in Annexin V-FITC-positive cells (Fig. 3A) and
apoptotic populations (Fig, 3C), and degradation (Fig. 3E,
wild type THP-1) and activities of caspase-3, -9, and -8
(closed circles in Fig, 3F, Fig. 3G, and Fig. 3H). Interestingly,
AMPK"” THP-1 cells revealed that, according to the AICAR
treatment, apoptotic markers such as Annexin V-FITC-positive
cells (Fig. 3B), apoptotic populations (Fig. 3D), and cas-
pase-3, -8, and -9 activities (Fig. 3E, AMPK"” THP-1 cells;
open circles in Fig. 3F, Fig. 3G, and Fig, 3H) were markedly
higher than those of wild type THP-1 cells, These results
strongly suggest that AICAR-induced apoptosis might be in-
dependent of AMPK,

As shown in Fig. 1C and Fig. 1D, AICAR showed anti-
oxidant activity that might result in the inhibition of NADPH
oxidase, which is a key enzyme for regulating intracellular
H,O; levels (11). The increase in intracellular H,O, levels
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Figure 2. AICAR induces apoptosis in human lymphoid cells. (A and B) Jurkat (A) and THP-1 cells (B) were treated with 10 mM AICAR for
the times indicated. Cells were stained with Annexin V-FITC and Pl and analyzed by flow cytometry. Data are representative of three independent
experiments. Early apoptotic cells (Annexin V-positive cells) and late apoptotic cells (Annexin V-positive and Pl-positive cells) were analyzed
by flow cytometry. Data are the means+SD of a percentage of cells obtained from three independent experiments. (C) Jurkat cells were treated
with or without 10 mM AICAR for the times indicated. Cell lysates were analyzed by immunoblot with antibodies specific for caspase-3, caspase-8,
and caspase-9. The immunoblot was reprobed with an anti-GAPDH antibody. Data are representative of three independent experiments. (D)
Jurkat cells were treated with or without 10 mM AICAR for the times indicated and a DNA laddering assay was performed as described in
Materials and Methods. (E and F) Jurkat cells were treated with or without 5 mM AICAR for the times indicated. Caspase-3 (E) and caspase-9
(F) activities were analyzed as described in Materials and Methods. Data are the means+SD of three independent experiments.
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Figure 3. AMPK-a 1-knockdown THP-1 cells are highly sensitive to treatment with AICAR. (A~D) Wild type (A and C) and AMPK- @ 1-knockdown
THP-1 cells (B and D) were treated with 10 mM AICAR for the times indicated. Cells were stained with Annexin V-FITC and Pl (A and B)
or a cell cycle analysis kit (C and D), and then analyzed by flow cytometry. Data are representative of three independent experiments. Data
are the means+SD of a percentage of cells obtained from three independent experiments. (E) Wild type and AMPK- @ 1-knockdown THP-1 cells
were treated with or without 10 mM AICAR for the times indicated. Cell lysates were analyzed by immunoblot with antibodies specific for
caspase-3, caspase-8, and caspase-9. The immunoblot was reprobed with an anti-GAPDH antibody. Data are representative of three
independent experiments. (F~H) Wild type and AMPK-a 1-knockdown THP-1 cells were treated with or without 10 mM AICAR for
the times indicated. Caspase-3 (F), caspase-9 (G), and caspase-8 (H) activities were analyzed as described in Materials and Methods. Data are

the means+SD obtained from three independent experiments.

caused by a variety of stimuli has multiple functions such as
intracellular signaling, apoptosis, and necrotic cell death
(12-19). In contrast, many previous reports have shown that
antioxidants capable of downregulating intracellular ROS in-
duce the cytotoxicity that is critically associated with apopto-
sis (22-24), Furthermore, previous reports have shown that
the activation of AMPK is critically involved in anti-apoptotic
effects through the activation of NF-£B or p38 MAPK-depend-
ent pathways (25,20). Therefore, we hypothesized that if the

AMPK activation by AICAR is not associated with apoptosis,
then the antioxidant activity of AICAR may be associated with
the cytotoxicity. Similar to previous reports, interestingly,
Jurkat and THP-1 cells exhibited increases in cell proliferation
at low concentrations of AICAR treatment (<1 mM), and
these increases were significantly maintained until 16 h after
treatment, Although cell proliferation transiently increased at
high concentrations of AICAR (>2 mM), it gradually de-
creased in a time-dependent manner (Fig. 4A, Jurkat; Fig. 4B,
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Figure 4. AICAR functions through the activation of AMPK or inhibition of NADPH oxidase in human lymphoid cells (A and B) Jurkat (A)
and THP-1 (B) cells were treated with or without different concentrations of AICAR for different times as indicated. A *H-thymidine |nc0rp0rat|0n

assay was performed as described in Materials and Methods. Data are the means+SD of the triplicate samples. (C and D) Jurkat (C

) and THP-1

(D) cells were treated with or without different concentrations of AICAR for different times as indicated. DCF staining was performed as described
in Materials and Methods, and flow cytometry analysis was performed. Data are the averages+SD of the mean fluorescence intensity in triplicate
samples. (E) A model for the dual functions of AICAR: AMPK activation and NADPH oxidase inhibition. The activation of AMPK induced by
AICAR may initially promote cellular proliferation at early time points (left. However, the inhibition of NADPH oxidase by AICAR induces
the downregulation of intracellular ROS levels, which induces cytotoxicity and ultimately apoptosis (right).

THP-1)., Furthermore, this phenomenon significantly corre-
lated with intracellular ROS levels; AICAR treatment at low
concentrations (<0.1 mM) did not induce the down-
regulation of intracellular ROS, whereas ROS levels dramati-
cally decreased at high concentrations of AICAR (>5 mM)
(Fig. 4C, Jurkat; Fig. 4D, THP-1), These data suggest that the
AICAR-induced apoptosis might be related to its ability to in-
duce the downregulation of intracellular ROS,

In summary, the results of the present study reveal that,
at least in the Jurkat and THP1 cells, AICAR-induced apopto-
sis is independent of the activation of AMPK, as shown in
Fig. 3. In contrast, we showed that the apoptosis is critically

associated with the antioxidant activity induced by AICAR. As
depicted in Fig, 4E, AICAR may have dual functions: AMPK
activation and inhibition of NADPH oxidase, The activation
of AMPK induced by AICAR may initially promote cellular
proliferation at early time points (Fig, 4E, left). However, the
inhibition of NADPH oxidase by AICAR induces the down-
regulation of intracellular ROS levels, which induces cytotox-
icity and ultimately apoptosis (Fig. 4E, right). We believe that
our data might contribute to a better understanding of
AICAR' s effects when the drug is administered experimen-
tally in vivo, as well as therapeutically as an antioxidant for
treating oxidative stress-related diseases.
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