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AMP-activated protein kinase (AMPK) is an energy sensor activated by increases in [AMP] or by oxidant
stress (reactive oxygen species [ROS]). Hypoxia increases cellular ROS signaling, but the pathways underlying
subsequent AMPK activation are not known. We tested the hypothesis that hypoxia activates AMPK by
ROS-mediated opening of calcium release-activated calcium (CRAC) channels. Hypoxia (1.5% O,) augments
cellular ROS as detected by the redox-sensitive green fluorescent protein (roGFP) but does not increase the
[AMP]/[ATP] ratio. Increases in intracellular calcium during hypoxia were detected with Fura2 and the
calcium-calmodulin fluorescence resonance energy transfer (FRET) sensor YC2.3. Antioxidant treatment or
removal of extracellular calcium abrogates hypoxia-induced calcium signaling and subsequent AMPK phos-
phorylation during hypoxia. Oxidant stress triggers relocation of stromal interaction molecule 1 (STIM1), the
endoplasmic reticulum (ER) Ca>™ sensor, to the plasma membrane. Knockdown of STIM1 by short interfering
RNA (siRNA) attenuates the calcium responses to hypoxia and subsequent AMPK phosphorylation, while
inhibition of L-type calcium channels has no effect. Knockdown of the AMPK upstream kinase LKB1 by siRNA
does not prevent AMPK activation during hypoxia, but knockdown of CaMKKf abolishes the AMPK response.
These findings reveal that hypoxia can trigger AMPK activation in the apparent absence of increased [AMP]
through ROS-dependent CRAC channel activation, leading to increases in cytosolic calcium that activate the

AMPK upstream kinase CaMKK§.

Energy-dependent cellular processes require ATP, which is
derived from mitochondrial oxidative phosphorylation and/or
from glycolysis. Conditions that limit the cellular oxygen supply
to the point that oxidative metabolism suffers can threaten cell
survival because they undermine the ability of the cell to sus-
tain essential ATP-dependent processes. Given that ATP sup-
ply is critical for survival, multiple systems have evolved to
protect cells from the consequences of oxygen supply limita-
tion and metabolic substrate deprivation. In this regard, de-
fense of cellular energy substrates is mediated by the AMP-
activated protein kinase (AMPK) system, which has been
described as a “fuel gauge of the cell” (17). Activation of
AMPK leads to increased glucose uptake via translocation of
the transporter GLUT4 to the plasma membrane (42) and
activation of glycolytic enzymes such as 6-phosphofructo-2-
kinase, leading to enhanced glycolytic capacity via increases in
fructose-2,6-bisphosphate (36). These and other responses
triggered by AMPK activation confer protection against hy-
poxic injury in tissues such as the heart by preserving energy
supply, mitochondrial metabolism, and glycolytic flux (43).

AMPK activation requires phosphorylation of Thr-172 in
the activation loop of its « subunit (21) and is regulated by
increases in cellular AMP and decreases in ATP via allosteric
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mechanisms and by the activity of upstream kinases and phos-
phatases that control AMPK phosphorylation and dephos-
phorylation at the critical threonine residue (8, 23). Perhaps
the best-described AMPK kinase is the tumor suppressor
LKB1, which phosphorylates the catalytic a subunit of AMPK
in an AMP-dependent manner (20, 53). A second activation
pathway occurs independently of cellular AMP levels and in-
volves Ca®*/calmodulin-dependent protein kinase kinase
(CaMKKR) (25, 52). In that pathway, activation is initiated by
a rise in [Ca®?"]; which increases the activity of CaMKKR,
which then phosphorylates AMPK. In vitro studies using both
endogenous and recombinant proteins show that LKB1 and
CaMKKp phosphorylate AMPK at Thr-172 (4, 20, 52). Acti-
vation of AMPK can also occur in response to oxidant stress
(26, 47), as demonstrated by the observation that H,O, admin-
istration triggers phosphorylation of AMPK and its down-
stream target, acyl coenzyme A carboxylase (ACC) (7, 28).
However, the mechanism underlying this reactive oxygen spe-
cies (ROS)-dependent activation of AMPK is not known.
During severe oxygen deprivation, limitations in mitochon-
drial respiration lead to increases in the AMP/ATP ratio,
which then trigger AMPK activation. However, AMPK-medi-
ated protection might be greater if the kinase was activated
before the cell reached the point where the AMP/ATP ratio
has increased. Some beneficial effects of AMPK signaling, in-
cluding the activation of gene expression or mitochondrial
biogenesis (39), are not instantaneous; therefore, activation of
AMPK in anticipation of a lethal bioenergetic crisis could
enhance protection. By analogy, the protective effects of hy-
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poxia-inducible factor (HIF) against hypoxic stress require
time for stabilization of the protein, dimerization with ARNT,
and transcription of new genes (33). Low levels of ROS signals
are generated during hypoxia; these oxidant signals activate
protective responses, including HIF activation, in diverse cell
types (6, 15, 31, 45, 48). Given that ROS signals during hypoxia
can activate protective mechanisms and given that oxidant
stress can activate AMPK in cultured cells, the present study
sought to determine whether endogenous ROS signals gener-
ated during hypoxia could lead to the activation of AMPK in a
manner independent from an increase in AMP levels. Further-
more, we sought to determine the mechanism by which oxidant
signals mediated this increase in AMPK activation.

MATERIALS AND METHODS

Reagents and cell lines. Human 143B osteosarcoma cells were obtained from
the American Type Culture Collection and cultured according to the vendor’s
recommendations. Murine embryonic fibroblasts (MEFs) from mice genetically
deficient for LKB1 (LKB17/7) were obtained as a gift from Ronald DePinho (1)
and cultured in Dulbecco modified Eagle medium (DMEM) with 10% fetal
bovine serum, 100 IU/ml penicillin, and 100 pg/ml streptomycin. Adenovirus
expressing the calcium-sensitive fluorescence resonance energy transfer (FRET)
probe YC2.3 (13) was obtained as a gift from Michael Roe. An antibody for
B-actin was obtained from Abcam, and antibodies for CaMKK@ were obtained
from Santa Cruz Biotechnology and Sigma. All other antibodies were from Cell
Signaling Technology. Short interfering RNAs (siRNAs) were obtained from
Ambion. Other chemicals and reagents were obtained from Sigma.

Hypoxia. Cells grown to 70 to 80% confluence on 25-mm glass coverslips were
placed into a flowthrough chamber consisting of two coverslips separated by a
stainless steel spacer ring. In the chamber, cells were superperfused with bal-
anced salt solution (BSS) bubbled with O,-CO,-N, gas mixtures at 37°C in a
water-jacketed column. Cells were equilibrated at baseline with a BSS containing
NaCl (117 mM), KClI (4 mM), NaHCO; (18 mM), MgSO, (0.76 mM), NaH,PO,
(1 mM), CaCl, (1.21 mM), and glucose (5.6 mM) bubbled with 5% CO,, 21% O,,
and the balance N,. For hypoxia, BSS was bubbled with 5% CO,, 1.5% O,, and
the balance N,. Trace calcium BSS contained CaCl, at 0.1 mM, while calcium-
free BSS was made without CaCl, and included EGTA (2.5 mM) with the final
pH adjusted to 7.4.

Western blot analysis. At the end of treatment with hypoxia, the tubing at each
end of the flowthrough chamber was clamped and the sealed chamber was
submerged in an ice-water slurry to chill cells quickly. The chamber was then
opened, and the cells were dissociated with a lysis buffer consisting of Tris HCI
pH 7.4 (50 mM), NaCl (150 mM), Triton X-100 (1%), EDTA (2 mM), B-glyc-
erophosphate (40 mM), phenylmethylsulfonyl fluoride (PMSF) (1 mM), NaF (10
mM), sodium orthovanadate (250 pM), and a protease inhibitor cocktail
(Roche). Cells in lysis buffer were scraped from the coverslips, flushed several
times through a tuberculin syringe, and incubated on ice for 15 min. Whole-cell
lysates were centrifuged at 16,000 X g for 10 min and supernatants collected.
Lysates were separated on SDS-polyacrylamide gels and transferred to nitrocel-
lulose membranes that were blotted with primary antibodies. Blots were further
incubated with secondary horseradish peroxidase (HRP)-conjugated antibodies
and stained with ECL reagent (Amersham). Chemiluminescence was detected
on film and quantified using Image J.

Assessment of oxidant signaling using roGFP or DCFH and of calcium using
the YC2.3 sensor. A recombinant adenovirus expressing the redox-sensitive
green fluorescent protein (roGFP) redox sensor (9, 16) was utilized to achieve
high transduction efficiency in cultured cells. Other cells were transduced with
recombinant adenovirus expressing YC2.3, a ratiometric calcium indicator (13).
Infected cells were returned to the incubator for 24 to 36 h to allow for protein
expression. For imaging experiments, cells were superperfused with BSS under
controlled O,/CO, conditions in a flowthrough system as described above. Im-
ages were collected using a 16-bit cool charge-coupled device (CCD) detector,
using excitation wavelengths of 400 and 485 nm (roGFP) or 430 nm (YC2.3).
Fluorescence was detected at 535 nm (roGFP) and at 470 and 535 nm (YC2.3).
Ratios for roGFP (485/400) or YC2.3 (535/470) were assessed using Metafluor
software (Universal Imaging).

Oxidant signaling was also assessed using 2,7-dichlorofluorescin diacetate
(DCFH-DA). Cells were superfused with BSS containing DCFH-DA (5 pM),
and fluorescence images were collected every minute at 535 nm using excitation
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at 484 nm. Cellular fluorescence data were collected from individual cell regions
of interest and averaged to provide an overall assessment for each coverslip.
Values obtained from replicate coverslips were then averaged.

Knockdown of gene expression with siRNA. Cells grown on coverslips were
transfected with siRNA (100 nM) using Lipofectamine RNAmax reagent (2.5 pl)
in a final volume of 0.7 ml Optimem (Invitrogen). After incubation (5 h) with
occasional rocking, 1.5 ml of complete medium was added. The medium was
changed after an overnight incubation, and cells were analyzed at 48 h posttrans-
fection. Control cells were transfected with a negative-control siRNA. The fol-
lowing siRNA oligonucleotides from Ambion were used in this study: negative-
control 2 siRNA, STIM1 siRNA 513561, CaMKK@ siRNAs s101668 and s20926,
and LKBI1 siRNA s74499. Knockdown of gene expression was quantified by
Western blotting.

Nifedipine treatment. Nifedipine was diluted in dimethyl sulfoxide (DMSO)
and used at a final concentration of 2 uM. Cells were superperfused with BSS
containing nifedipine or DMSO under controlled O,/CO, conditions in a flow-
through system as described above. Lysates were collected and analyzed by
Western blotting.

Measurement of adenine nucleotide concentrations. ATP, ADP, and AMP
concentrations were determined by high-performance liquid chromatography
(HPLC) (27). After incubation inside a glove box (Coy Laboratories) equili-
brated to 1.5% O,, 5% CO,, and the balance N, for 2 h, 3 X 107 cells were
immediately harvested in a minimal volume of ice-cold 66.7 mM perchloric acid
and spun down in a refrigerated centrifuge for 10 min at maximum speed. After
centrifugation, 10 pl of 2 M Tris (pH 8.0) was added to 300 wl of supernatant,
and the extracts were neutralized with 10 wl of IN KOH. Samples were analyzed
by HPLC as previously described (3).

Immunofluorescence. 143B human osteosarcoma cells on coverslips were
treated with a single bolus of tert-butyl hydroperoxide (tBH) (100 pM) or thap-
sigargin (TG) (2 pM) or with brief hypoxia (1.5% O,) and fixed with 3%
formaldehyde in phosphate-buffered saline (PBS). Cells were permeabilized with
ice-cold methanol and blocked using 1% normal goat serum (NGS) in PBS. Cells
were hybridized with a primary antibody specific for STIM1 diluted in 1% NGS
in PBS at 1:100 followed by an Alexa anti-rabbit secondary antibody diluted
1:1,000. Cells were imaged on a Zeiss LSM 510 META laser confocal system.

Fura2-AM hypoxia studies. 143B human osteosarcoma cells on coverslips
were incubated with fura-2-acetoxymethyl ester (Fura2-AM) (5 pM) for 1 h
under normal culture conditions and then incubated for 15 min longer in BSS
without dye. For imaging experiments, cells were superperfused with BSS under
controlled O,/CO, conditions in a flowthrough system as described above. Im-
ages were collected using a 16-bit cool CCD detector, using excitation wave-
lengths of 340 and 380 nm. Fluorescence was detected at 535 nm, and ratios
(340/380) were assessed using Metafluor software (Universal Imaging).

Immunohistochemistry. Formalin-fixed, paraffin-embedded 4-pm sections of
mouse lungs were placed on charged slides. Lung sections were deparaffinized,
and target retrieval was carried out using a digital pressure cooker (Biocare
Medical) heated to 125°C for 30 s and then cooled to 90°C before venting.
Hydrogen peroxide (3%) was applied to the sections for 10 min to quench
endogenous tissue peroxidase. The lung sections were incubated with primary
antibodies specific for ACC or for ACC phosphorylated at Ser-79 (p-ACC) (Cell
Signaling Technology), according to the manufacturer’s recommendations, and
with Dako anti-rabbit secondary antibodies. Immunohistochemical reactions
were developed with diaminobenzidine and counterstained in Mayer’s hematox-
ylin (Sigma). Stained lung sections were imaged on a Zeiss Axioskop system
equipped with a CRi Nuance spectral camera. Images were color separated using
Nuance software. Blue and brown layers were analyzed with Metamorph soft-
ware to calculate the integrated pixel intensity for the stained areas in each field.
The total integrated intensity for p-ACC or ACC staining in each image was
normalized to hematoxylin stain.

Mouse hypoxia experiments. Mice were housed in room air or 10% O, in an
environmentally controlled glove box for 28 days. Some mice housed under
hypoxia were treated with the chemical antioxidant N-acetyl-L-cysteine (NAC)
administered in their drinking water at a final concentration of 40 mM (12).
NAC-supplemented drinking water was prepared and changed daily. Animal
studies were approved by the Northwestern University IACUC.

Pulmonary microvessel myocyte isolation. Rat pulmonary arterial smooth
muscle cells (PASMC) were isolated as described previously (50) using a mod-
ification of the method of Marshall et al (35). Cells isolated by this method were
confirmed to be PASMC as previously described (50).

Ca®* imaging studies. 143B cells were grown on poly-D-lysine-coated glass-
bottom dishes (MatTekcorp) and loaded with 2.5 WM Fura2-AM (Invitrogen) for
35 min at room temperature. Cells were treated with thapsigargin (1 uM; Sigma)
in 0 mM Ca®* Ringer solution (150 mM NaCl, 4.5 mM KCI, 10 mM b-glucose,
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FIG. 1. Exogenous oxidants activate AMPK and its activity. 143B
cells were untreated (white bars) or treated with tert-butyl hydroper-
oxide (tBH) (black bars) for 1 or 2 h. Cells were also treated with the
AMPK inhibitor compound C (Comp.C). Levels of AMPK phosphor-
ylated at Thr-172 (p-AMPKa) and of ACC phosphorylated at Ser-79
(p-ACC) as well as total AMPKa and ACC were determined by West-

ern blotting. Graphs depict the fold change in the p-AMPK/AMPK or
p-ACC/ACC ratio. Representative Western blots are shown.

Fold increase p-ACC
relative to ACC

5 mM HEPES, 1 mM EGTA, and 3 mM MgCl,) to deplete endoplasmic retic-
ulum (ER) Ca®" stores, and 2 mM Ca®* Ringer solution (150 mM NaCl, 4.5 mM
KCl, 10 mM p-glucose, 5 mM HEPES, 1 mM EGTA, 1 mM MgCl,, and 2 mM
CaCl,) was then added to isolate store-operated Ca?* influx. The same protocol
was used to study intracellular Ca>* responses to tBH. Fura images were ac-
quired by alternately exciting Fura2-loaded cells at 340 nm and 380 nm and
collecting the emission at 510 nm. Image pairs were acquired every 6 s on an
IX71inverted microscope (Olympus, Center Valley, PA) equipped with a 40X
oil-immersion objective, a xenon arc lamp (Sutter, Novatao, CA), and excitation
and emission filter wheels (Sutter). Images were captured on a cooled CCD
camera (Hamamatsu). Image acquisition and analysis were performed with
IPLab software (Scanalytics, Rockville, MD). Background-subtracted images
were thresholded, and regions of interest were drawn around single cells. The
340/380 intensity ratio was plotted as a function of time.

RESULTS

ROS are sufficient to activate AMPK phosphorylation. To
test whether treatment with exogenous oxidants is sufficient to
increase AMPK activity, 143B osteosarcoma cells were treated
with the exogenous oxidant tBH. A significant phosphorylation
of AMPK was observed after 1 and 2 h of treatment, as indi-
cated by immunoblotting of cell lysates with an AMPK-« Thr-
172 phosphospecific antibody (Fig. 1). To determine whether
that phosphorylation was associated with an increase in AMPK
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activity, we measured phosphorylation of its downstream sub-
strate, ACC. Treatment with tBH increased ACC phosphory-
lation, as assessed by immunoblotting of cell lysates with an
antibody specific for phosphoserine 79. Phosphorylation of
ACC has been reported to stimulate fatty acid oxidation
through an inhibition of ACC activity (37). The tBH-induced
activation of AMPK was decreased in a dose-dependent man-
ner by administration of compound C, a chemical inhibitor of
AMPK. These findings confirm that mild oxidant stress is suf-
ficient to activate AMPK phosphorylation and to produce a
corresponding increase in its activity.

Hypoxia stimulates ROS production and oxidant signaling
in cells. To determine whether endogenous oxidant signals
increase during physiological hypoxia (1.5% O,), 143B osteo-
sarcoma cells on coverslips were transduced with an adenovi-
rus expressing roGFP, a protein thiol redox-sensitive sensor. In
response to the oxidation/reduction of its cysteine thiols, this
protein undergoes reversible changes in fluorescence emission
when excited at two wavelengths, thereby providing a ratio-
metric assessment of oxidant stress (9, 16). Cells expressing
roGFP were superperfused with BSS at 37°C in a flowthrough
chamber under controlled O,/CO, conditions while being im-
aged on an epifluorescence microscopy workstation. During
hypoxia, detection of roGFP oxidation began within 15 min
and reached statistical significance by 36 min, compared to
normoxic controls (Fig. 2A). Similarly, in 143B cells exposed to
hypoxia, oxidation of 2’,7'-dichlorofluorescin (DCFH) dye be-
gan after 7 min and was comparable to that in cells treated with
tBH (Fig. 2B), consistent with increased cellular oxidant pro-
duction during hypoxia.

Hypoxia-induced ROS signals are sufficient to activate
AMPK. To determine whether the ROS produced during hyp-
oxia are necessary to activate AMPK, 143B cells on coverslips
were superperfused with BSS in the flowthrough chamber un-
der controlled O, and CO, conditions at 37°C. After hypoxia
treatment (1.5% O,) for 2 h, cells were rapidly chilled while
still hypoxic, and total cell lysates were collected for Western
blot analysis of AMPK and ACC phosphorylation. Hypoxia
induced significant increases in phosphorylation of AMPK-«a
and its downstream target, ACC, relative to total AMPK and
ACC, respectively (Fig. 2C). Cells subjected to the same period
of hypoxia in the presence of the chemical antioxidant NAC
showed a virtually complete loss of AMPK-a Thr-172 phos-
phorylation and a corresponding reduction in AMPK activity
as assessed by ACC phosphorylation. To determine whether
this response is unique to tumor cells, we repeated these ex-
periments using primary rat pulmonary smooth muscle cells
(PASMC) (Fig. 2D). As in 143B cells, addition of chemical
antioxidants during hypoxia largely abrogated phosphorylation
of AMPK and its activity in PASMC. In other experiments, we
harvested both 143B cells and PASMC under hypoxic condi-
tions after 5, 15, 30, and 45 min and analyzed the resulting
lysates by Western blotting. No significant increase in phos-
phorylation of either AMPK or ACC was observed in either
cell line during this period. It therefore appears that this re-
sponse requires hypoxic incubation in excess of 45 min. Thus,
endogenous oxidant signals are necessary and sufficient to trig-
ger AMPK-a phosphorylation and activity during hypoxia.

Chemical antioxidants attenuate AMPK activity during
hypoxia in intact tissues in vivo. The results show that oxidants
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FIG. 2. Activation of AMPK in hypoxia by oxidant signaling. (A) 143B cells expressing the ratiometric redox sensor roGFP were exposed to
hypoxia (1.5% O,) (n = 8) or normoxia (21% O,) (n = 5). The graph depicts the fold change in oxidation during hypoxia compared to normoxia
over time. Values are expressed as means * standard errors of the means (SEM). *, P < 0.05. (B) 143B cells were exposed to hypoxia (1.5% O,)
(n = 7), normoxia (21% O,) (n = 5), or tBH (25 uM) (n = 3) in the presence of 2’,7’-dichlorofluorescin (DCFH). The graph depicts the fold
change in oxidation of DCFH in hypoxia or normoxia with tBH compared to normoxia with respect to time. Values are expressed as means = SEM.
(C) 143B cells were exposed to hypoxia (1.5% O,) (n = 3) or normoxia (21% O,) (n = 4) alone (white bars) or in the presence of the chemical
antioxidant N-acetyl-L-cysteine (NAC) (black bars). Levels of AMPK phosphorylated at Thr-172 (p-AMPKa) and of ACC phosphorylated at
Ser-79 (p-ACC) as well as total AMPKa and ACC were measured by Western blotting. Graphs depict the fold change in the p-AMPK/AMPK or
p-ACC/ACC ratio. Representative Western blots are shown. Values are expressed as means = SEM. *, P < 0.05 compared to normoxia; T, P <
0.05 compared to hypoxia control. (D) Rat pulmonary arterial smooth muscle cells (PASMC) were exposed to hypoxia (1.5% O,) (n = 7) or
normoxia (21% O,) (n = 8) alone (white bars) or in the presence of NAC (black bars). Levels of AMPK phosphorylated at Thr-172 (p-AMPKa)
of and ACC phosphorylated at Ser-79 (p-ACC) as well as total AMPKa and ACC were measured by Western blotting. Graphs depict the fold
change in the p-AMPK/AMPK or p-ACC/ACC ratio. Representative Western blots are shown. Values are expressed as means = SEM. , P < 0.05
compared to normoxia; T, P < 0.05 compared to hypoxia control. WT, wild type.

produced during hypoxia are necessary for AMPK activation in
cellular models. To determine the relevance of this pathway in
intact tissue in vivo, AMPK activity in the lungs of mice housed
in room air or 10% O, for 28 days was assessed. Immunohis-
tochemical staining of lung slices was performed using anti-
bodies specific for phosphorylated ACC (Fig. 3A, panels A to

C) and ACC (Fig. 3A, panels D to F). Treatment of lung slices
with secondary antibody alone confirmed that staining was not
due to endogenous peroxidase activity (Fig. 3A, panels G to I).
Quantification of staining for phosphorylated ACC relative to
total ACC and normalized to hematoxylin stain reveals that
lungs from hypoxic mice exhibited more phosphorylated ACC
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FIG. 3. ROS-dependent activation of AMPK activity in intact lung. (A) Mice were housed for 28 days in normoxia (21% O,), hypoxia (10%
0,), or hypoxia with NAC in their drinking water. Images of representative lung sections stained for ACC phosphorylated at Ser-79 (p-ACC)
(panels A to C), total ACC (panels D to F), and secondary antibody alone (panels G to I) are shown. (B) Total integrated pixel intensities for lung
section areas stained for ACC phosphorylated at Ser-79 (p-ACC) and total ACC compared to hematoxylin were quantified. The graph depicts the
p-ACC/ACC ratios. Values are expressed as means = SEM (n = 3). *, P < 0.05 compared to normoxia; f, P < 0.05 compared to hypoxia. a.u.,

arbitrary units.

than those from hypoxic mice treated with the chemical anti-
oxidant NAC or those from normoxic mice (Fig. 3B). Thus, a
ROS-dependent AMPK activation pathway also occurs in vivo.

ATP levels do not decline and AMP levels do not increase
during hypoxia. To assess adenine nucleotide levels during
hypoxia, 143B cells and PASMC were incubated at 1.5% O,
and 5% CO, at 37°C for 2 h, at which point the cell lysates were
collected for measurement of ATP, ADP, and AMP. Control
cells and cells treated with 2-deoxy-p-glucose (2DG) were

maintained in a standard cell culture incubator and studied in
parallel. Compared with those in normoxic cells, adenine nu-
cleotide levels were unchanged in the hypoxic cells, while cells
treated with 2DG had a marked decrease in ATP levels and
increased AMP and ADP levels (Fig. 4A). Similarly, the AMP/
ATP ratio in hypoxic cells was not different from that in control
cells, while 2DG-treated cells had dramatically increased
AMP/ATP ratios (Fig. 4B). These results are not surprising,
because 2DG inhibits glycolysis whereas hypoxia does not be-
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FIG. 4. AMPK activation in hypoxia: role of AMP. (A) 143B cells
and PASMC were exposed to hypoxia (1.5% O,) (n = 5), normoxia
(21% 0O,) (n = 6), or normoxia with 2-deoxy-D-glucose (2DG) (n = 3)
for 2 h. Cell lysates were analyzed by HPLC to measure adenine
nucleotide concentrations. Graphs depict AMP, ADP, and ATP con-
centrations under each condition. Values are expressed as means *
SEM. (B) Graphs depict AMP/ATP ratios in 143B cells and PASMC
under each experimental condition. Values are expressed as means *
SEM. #, P < 0.05 compared to normoxia or hypoxia.

gin to limit mitochondrial respiration until the O, level is less
than 1% (95).

LKBI1 is not required for the oxidant-mediated activation of
AMPK by hypoxia. The mammalian serine/threonine kinase
LKBI1 enhances AMPK activation by AMP (20, 44). To clarify
its role in the hypoxia-mediated activation of AMPK, murine
embryonic fibroblasts genetically depleted of LKB1 (1) were
studied in a flowthrough chamber as described above. After
exposure to hypoxia (2 h), total cell lysates were collected and
immunoblotted as before. Increases in AMPK and ACC phos-
phorylation were observed in LKB1 /" cells (Fig. 5A). Studies
were also carried out with primary mouse embryonic fibro-
blasts (MEFs) in which LKB1 expression was suppressed by
siRNA. After hypoxia, increases in ACC phosphorylation, a
measure of AMPK activity, were observed in LKB1 knock-
down cells to a level equivalent to that observed in control cells
treated with scrambled siRNA (Fig. 5B). Thus, hypoxia-medi-
ated AMPK activation does not require LKBI1.

ROS signals trigger increases in cytosolic Ca>* that activate
AMPK in a CaMKK-dependent manner. Given that oxidant-
mediated activation of AMPK does not require LKB1, we
explored the role of CaMKKR. This kinase responds to in-
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FIG. 5. AMPK activation in hypoxia: role of LKB1. Embryonic
fibroblasts from mice genetically deficient for LKB1~/~ (LKB1 /'~
MEF) were exposed to hypoxia (1.5% O,) (black bars) or normoxia
(21% O,) (white bars). Levels of AMPK phosphorylated at Thr-172
(p-AMPKa) and of ACC phosphorylated at Ser-79 (p-ACC) as well as
total AMPKa and ACC were measured by Western blotting. Graphs
depict the fold change in the p-AMPK/AMPK or p-ACC/ACC ratio.
Representative Western blots are shown. Values are expressed as
means = SEM (n = 9). *, P < 0.05 compared to normoxia. (B) Wild-
type mouse embryonic fibroblasts (MEF WT) were transfected with
negative-control siRNA (white bars) or siRNA for LKB1 (black bars)
and exposed to hypoxia (1.5% O,) or normoxia (21% O,) for 2 h.
Levels of ACC phosphorylated at Ser-79 (p-ACC) as well as total ACC
were measured by Western blotting. Graphs depict the fold change in
p-ACC/ACC ratios. Representative Western blots are shown. Values
are expressed as means £ SEM (n = 3). *, P < 0.05 compared to
normoxia control.

creased [Ca®"]; and activates AMPK in an AMP-independent
manner (2, 22, 25, 52). First, CaMKKpB expression was sup-
pressed by siRNA in LKB1~/~ MEFs. That treatment signifi-
cantly decreased the expression of CaMKKp (Fig. 6A). In cell
lysates collected after 2 h of hypoxic or normoxic treatment,
the basal normoxic level of AMPK phosphorylation and phos-
phorylation of ACC were decreased in cells with CaMKK@
knockdown compared with cells treated with negative-control
siRNA. CaMKKp knockdown also abolished the increases in
AMPK and ACC phosphorylation during hypoxia (Fig. 6A). In
parallel experiments using 143B cells with intact LKBI,
CaMKKR knockdown did not affect basal normoxic levels of
AMPK or ACC phosphorylation. In hypoxic 143B cells, how-
ever, increased AMPK and ACC phosphorylation was abol-
ished by knockdown of CaMKK, compared to negative con-
trols (Fig. 6B). These results using two different siRNAs for
CaMKKR in different cell lines provide strong evidence that
hypoxic activation of AMPK occurs as a result of CaMKKB
signaling. Importantly, LKB1 kinase activity does not appear to
compensate for CaMKKp during hypoxia.

To determine whether the cytosolic [Ca®*]; increases during
hypoxia, 143B osteosarcoma cells on coverslips were trans-
duced with an adenovirus expressing the FRET sensor YC2.3
to assess [Ca®"];. FRET transfer between the cyan fluorescent
protein (CFP) and yellow fluorescent protein (YFP) increases
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FIG. 6. AMPK activation in hypoxia: role of CaMKKB. (A) LKB1~/~ MEFs were transfected with negative-control siRNA (white bars) or
siRNA for CaMKK (black bars) and exposed to hypoxia (1.5% O,) or normoxia (21% O,) for 2 h. Levels of AMPK phosphorylated at Thr-172
(p-AMPKa) and ACC phosphorylated at Ser-79 (p-ACC) as well as total AMPKa and ACC were measured by Western blotting. Graphs depict
the fold change in the p-AMPK/AMPK or p-ACC/ACC ratio. Representative Western blots are shown. Values are expressed as means = SEM
(n = 5). *, P < 0.05 compared to normoxia control; f, P < 0.05 compared to hypoxia control. (B) The same protocol as for panel A was used to
study the role of CaMKKp in AMPK activation during hypoxia. Graphs depict the fold change in the p-AMPK/AMPK or p-ACC/ACC ratio.
Representative Western blots are shown. Values are expressed as means = SEM (n = 5). *, P < 0.05 compared to normoxia control; f, P < 0.05

compared to hypoxia control.

in response to calcium binding at the calmodulin-M13 hinge
region, so changes in [Ca®"]; lead to changes in the CFP/YFP
fluorescence ratio. Cells expressing YC2.3 were studied under
controlled O,/CO, conditions on an epifluorescence micro-
scope. During hypoxia, increases in the CFP/YFP intensity
ratio began almost immediately; treatment with the antioxi-
dant NAC abrogated this effect. The hypoxia-induced increase
in ratio compared to that for hypoxic cells treated with NAC
was statistically evident within 10 min (Fig. 7A). However,
143B cells transduced with the roGFP sensor exhibited in-
creased oxidation during hypoxia even when cells were loaded
with the calcium chelator BAPTA-AM to blunt calcium sig-
naling (Fig. 7C). Thus, calcium signaling in hypoxia increases
in an ROS-dependent manner, whereas increased calcium is
not required for the ROS response.

To determine whether entry of extracellular calcium was
required for AMPK activation, 143B cells were subjected to
hypoxia while superperfused with BSS or calcium-free solu-
tions; cell lysates were then collected and analyzed for AMPK
phosphorylation. In the absence of extracellular calcium,
AMPK phosphorylation during hypoxia was virtually abolished

(Fig. 7B), consistent with a signaling pathway that requires
calcium influx for AMPK activation. Collectively, these results
indicate that ROS-dependent calcium signaling during hypoxia
contributes to the activation of AMPK through a CaMKK-
dependent mechanism.

143B cells exhibit SOCE and oxidant-induced calcium re-
sponses. Store-operated calcium entry (SOCE) is the major
route of calcium influx in nonexcitable cells. Since SOCE typ-
ically occurs through the opening of CRAC channels in the
plasma membrane, we sought to determine whether the in-
creased oxidant-mediated calcium signaling in hypoxia re-
quired CRAC channels. 143B cells loaded with Fura2-AM
were treated with thapsigargin (TG) in calcium-free Ringer
solution to inhibit the sarco/ER Ca*>*-ATPase (SERCA) in the
ER, thereby activating CRAC channels (46). When calcium
was restored to the buffer, a rapid increase in [Ca®"]; was
observed, consistent with SOCE (Fig. 8A). A similar increase
in [Ca®"]; was observed when calcium was restored to cells
pretreated with tBH in calcium-free Ringer solution (Fig. 8B).
Thus, exogenous oxidants induce calcium responses that re-
semble SOCE in 143B cells. Furthermore, when tBH was
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FIG. 7. Role of calcium in hypoxia-induced AMPK activation. (A) 143B cells expressing the ratiometric FRET calcium sensor YC2.3 were
exposed to hypoxia (1.5% O,) (n = 5) or hypoxia in the presence of NAC (n = 3). The graph depicts the fold change in FRET ratio during hypoxia
compared to normoxia with respect to time. Values are expressed as means = SEM. #, P < 0.05. (B) 143B cells in control (white bars) or
calcium-free (black bars) BSS were exposed to hypoxia (1.5% O,) or normoxia (21% O,) for 2 h. Levels of AMPK phosphorylated at Thr-172
(p-AMPKa) as well as total AMPKa were measured by Western blotting. Graphs depict the fold change in p-AMPK/AMPK ratios. Representative
Western blots are shown. Values are expressed as means = SEM (n = 5). *, P < 0.05 compared to normoxia control; , P < 0.05 compared to
hypoxia control. (C) 143B cells expressing roGFP or loaded with Fura2-AM were exposed to hypoxia (1.5% O,) or hypoxia and the calcium
chelator BAPTA. The first graph depicts the change in oxidation of roGFP over time. The second graph depicts the change in the 340/380 intensity

ratio over time. Values are expressed as means = SEM (n = 4).

added after calcium was restored to cells in which calcium
stores had been depleted by pretreatment with TG and calci-
um-free Ringer solution, no further increase in [Ca?*]; beyond
that caused by reintroduction of calcium into the buffer was
observed (Fig. 8C). This indicates that SOCE shares a common
mechanism with oxidant-induced calcium responses.

SOCE and oxidant-induced calcium responses in 143B cells
show the pharmacological properties of CRAC channels. To
determine whether SOCE in 143B cells was due to CRAC
channel activation, known pharmacological activators and in-
hibitors of that channel were assessed. Cells were first incu-
bated briefly in calcium-free Ringer solution with TG to de-
plete calcium stores. When the buffer was changed to Ringer
solution with calcium, a sharp increase in [Ca®*]; was detected.
Cells subsequently treated with 2-aminoethoxydiphenyl borate
(2-APB) (5 uM) exhibited a further increase in [Ca**]; while
treatment with 2-APB (50 uM) sharply decreased [Ca®"]; (Fig.
9A). As lower concentrations of 2-APB cause a potentiation of
Icrac While higher doses cause brief transient potentiation
followed by strong inhibition (38), these data are consistent
with SOCE via CRAC channels. Lanthanum (La*"), another
inhibitor of CRAC channel function (41), also sharply de-
creased [Ca®"]; in cells during SOCE (Fig. 9B) while cells

i

treated with the pyrazole derivative N-{4-[3,5-bis(trifluorom-

ethyl)-1H-pyrazol-1-yl]phenyl}-4-methyl-1,2,3-thiadiazole-
5-carboxamide (BTP-2), a more specific CRAC channel inhib-
itor (54), showed markedly decreased SOCE following store
depletion by TG (Fig. 9C). Interestingly, in cells with tBH-
induced SOCE, the responses to these pharmacological agents
were almost identical to those of the TG treated cells (Fig. 10A
to C). Together these data offer strong pharmacological evi-
dence of ROS-mediated CRAC channel activation in 143B
cells.

STIM1 knockdown attenuates oxidant-induced calcium re-
sponses in hypoxia. STIM1 acts as a sensor of calcium stores in
the ER. When ER calcium decreases, STIM1 redistributes to
the peripheral ER regions adjacent to the plasma membrane
and activates CRAC channels via direct physical interactions
with the Orai subunits (24). To further demonstrate that oxi-
dant-induced calcium responses result from calcium influx
through CRAC channels, 143B cells transfected either with
siRNA for STIM1 to diminish CRAC channel function or with
a negative-control siRNA were loaded with Fura2-AM and
ratiometric images were collected. Suppression of STIM1 ex-
pression by siRNA attenuated calcium uptake in cells depleted
of calcium stores by TG or treated with tBH, as previously
described (Fig. 11A and B). To determine whether increased
[Ca*"]; in hypoxia results from calcium influx through CRAC
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FIG. 8. SOCE and oxidant-induced Ca** responses in 143B cells.
(A) 143B cells were loaded with Fura2-AM and treated with thapsi-
gargin (TG) in calcium-free Ringer solution to deplete ER stores, and
then 2 mM Ca®* Ringer solution was added to trigger store-operated
Ca’" influx. The graph depicts the change in the 340/380 intensity ratio
over time. Values are expressed as means = SEM (n = 34). (B) The
same protocol as for panel A was used to study intracellular Ca**
responses to tBH. The graph depicts the change in the 340/380 inten-
sity ratio over time. Values are expressed as means = SEM (n = 37).
(C) 143B cells were loaded with Fura2-AM and treated with thapsi-
gargin (TG) in calcium-free Ringer solution to deplete ER stores, and
then 2 mM Ca?* Ringer solution was added to trigger store-operated
Ca®" influx, after which tBH was added to study oxidant-mediated
intracellular Ca®* responses after SOCE. The graph depicts the
change in the 340/380 intensity ratio over time. Values are expressed as
means = SEM (n = 36).
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FIG. 9. Pharmacological properties of SOCE in 143B cells. (A) 143B
cells were loaded with Fura2-AM and treated with thapsigargin (TG) in
calcium-free Ringer solution to deplete ER stores, and then 2 mM Ca**
Ringer solution was added to trigger store-operated Ca®* influx, after
which 2-APB was added to characterize /g ¢ in these cells. The graph
represents the change in the 340/380 intensity ratio over time. Values are
expressed as means = SEM (n = 31). (B) The same protocol as for panel
A was used to characterize Icg ac With lanthanum (La®") in 143B cells.
The graph depicts the change in the 340/380 intensity ratio over time.
Values are expressed as means = SEM (n = 16). (C) 143B cells (n = 42)
and 143B cells treated with the CRAC channel inhibitor BTP-2 (n = 41)
were loaded with Fura2-AM and treated with thapsigargin (TG) in cal-
cium-free Ringer solution to deplete ER store, and then, 2 mM Ca**
Ringer solution was added to trigger store-operated Ca*" influx. The
graph depicts the change in the 340/380 intensity ratio over time. Values
are expressed as means = SEM.

channels, 143B cells were transfected with siRNA for STIM1
or negative-control siRNA and transduced with an adenovirus
expressing the calcium sensor YC2.3. The increase in cytosolic
calcium during hypoxia was attenuated in cells deficient for
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FIG. 10. Pharmacological properties of oxidant-induced Ca’* re-
sponses in 143B cells. (A) 143B cells were loaded with Fura2-AM and
transferred to calcium-free Ringer solution, and then 2 mM Ca**
Ringer solution was added in the presence of tBH to trigger oxidant-
mediated intracellular Ca®>" entry, after which 2APB was added to
characterize I-gac in these cells. The graph depicts the change in the
340/380 intensity ratio over time. Values are expressed as means *
SEM (n = 49). (B) The same protocol as in for panel A was used to
inhibit /cg A with lanthanum (La**) in 143B cells. The graph repre-
sents the change in the 340/380 intensity ratio over time. Values are
expressed as means = SEM (n = 16). (C) 143B cells (n = 42) and 143B
cells treated with the CRAC channel inhibitor BTP-2 (n = 41) were
loaded with Fura2-AM and treated with tBH in calcium-free Ringer
solution, and then, 2 mM Ca** Ringer solution was added to examine
oxidant-mediated intracellular Ca>* responses. The graph depicts the
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FIG. 11. Role of STIMI in oxidant-induced Ca®" responses.
(A) 143B cells transfected with negative-control siRNA (n = 42) or
with siRNA for STIM1 (n = 34) were loaded with Fura2-AM and
treated with thapsigargin (TG) in calcium-free Ringer solution to
deplete ER stores, and then 2 mM Ca®* Ringer solution was added to
enable store-operated Ca*" influx. The graph depicts the change in the
340/380 intensity ratio over time. Values are expressed as means *
SEM. (B) 143B cells transfected with negative-control siRNA (n = 45)
or with siRNA for STIM1 (n = 28) were loaded with Fura2-AM and
treated with tBH in calcium-free Ringer solution, and then, 2 mM
Ca®" Ringer solution was added to examine oxidant-mediated intra-
cellular Ca** responses. The graph depicts the change in the 340/380
intensity ratio over time. Values are expressed as means = SEM.
(C) The same protocol as for panel B was used to study the role of
STIM1 in intracellular Ca** responses to hypoxia (1.5% O,). The
graph depicts the change in the 340/380 intensity ratio over time.
Values are expressed as means = SEM (n = 5).

STIM1 (Fig. 11C). Western blotting confirmed that treatment
with STIM1 siRNA dramatically decreased (>90%) STIMI
protein expression (Fig. 12A).

To determine whether STIM1 knockdown affected phos-
phorylation of AMPK and ACC, cell lysates from normoxic



Vor. 31, 2011

A
« £ 357 143BWT
Q = 3 ONegcontsiRNA *
=< WSTIM1 SiRNA
T ® 2.5 t
=1 i
&3 °
§5 151
G2 11
©
2 25
o g Y
w s 0
3] ; ;
Normoxia Hypoxia
O 517 143BWT *
8 2 ONeg cont siRNA
4 < .
<5 mSTIM1 siRNA
239
535 °]
4
587 T
B &1
€ g |_'_L
©0
Normoxia Hypoxia
15% O, (2hr) — — + +
STIM1siRNA - + — +
P-AMPKoL [=== . e w—
AMPKO | e e ce e
p-ACC —
ACC — e g
STIV1 4 @ |
B-actin [ ewm e w— |

HYPOXIC ACTIVATION OF AMPK, ROS, AND CRAC 3541
B

« 5-143BWT *
X % 4.5 4 OControl *
% < 4 - mNifedipine (0.002mM)
g_ © 3.5 1
08 37
20 25+
O 5 21
S £ 151
e}
s g 1
L8 e} 0.5 1

0

Normoxia Hypoxia
15% O, (2hr) — — + +

Nifedipine 2uM) - + — +
P-AMPKo, [ e S
AMPKo | w—— e a—

FIG. 12. Role of STIM1 in hypoxia-induced AMPK activation. (A) 143B cells were transfected with negative-control siRNA (white bars)
or siRNA for STIM1 (black bars) and exposed to hypoxia (1.5% O,) or normoxia (21% O,) for 2 h. Levels of AMPK phosphorylated at
Thr-172 (p-AMPKa) and of ACC phosphorylated at Ser-79 (p-ACC) as well as total AMPKa and ACC were measured by Western blotting.
Graphs depict the fold change in the p-AMPK/AMPK or p-ACC/ACC ratio. Representative Western blots are shown. Values are expressed
as means £ SEM (n = 6). *, P < 0.05 compared to normoxia control; f, P < 0.05 compared to hypoxia control. (B) Control 143B cells (white
bars) and 143B treated with nifedipine (black bars) were analyzed for AMPK activation during hypoxia as for panel A. Graphs depict the
fold change in p-AMPK/AMPK ratios. Representative Western blots are shown. Values are expressed as means = SEM (n = 4). x, P < 0.05

compared to normoxia control.

and hypoxic conditions (2 h) were analyzed by Western blot-
ting. In cells treated with siRNA against STIM1, AMPK and
ACC phosphorylation responses to hypoxia were significantly
attenuated (Fig. 12A). To determine the specificity of this
response for SOCE, the studies were repeated in the presence
of the L-type calcium channel inhibitor nifedipine (2 pM).
Nifedipine did not prevent the increase in AMPK phosphory-
lation in normal cells (Fig. 12B), indicating that voltage-de-
pendent calcium channels do not contribute to the hypoxic
AMPK response. These data indicate that calcium entry
through CRAC channels is necessary for increased oxidant-
dependent activation of AMPK in hypoxia.

Oxidant stress or intracellular calcium release or hypoxia
triggers STIM1 relocation to the plasma membrane. Activa-
tion of CRAC channels involves tethering of Orai proteins by
STIM1 at ER junctional domains adjacent to the plasma mem-
brane. To determine whether oxidant stress causes STIM1
redistribution to the plasma membrane, 143B cells were im-
munostained for STIM1 and analyzed by confocal microscopy.
Under control conditions, STIM1 immunostaining was distrib-
uted diffusely throughout the cytosol (Fig. 13A, panel A). Cells
treated with thapsigargin (2 wM) to induce intracellular cal-
cium release demonstrated punctuate staining at the plasma
membrane (Fig. 13A, panel D). Cells treated with the oxidant

tBH demonstrated a similar pattern of membrane punctuate
immunostaining at 10 and 20 min after treatment (Fig. 13A,
panels E and F). Finally, brief periods of hypoxia (1.5% O, for
5 or 10 min) induced STIM1 relocation to near the plasma
membrane (Fig. 13A, panels B and C). Thus, oxidant stress or
acute hypoxia is sufficient to induce STIM1 redistribution to
the plasma membrane, consistent with the organization of
CRAC channels.

Hypoxia triggers intracellular calcium release in an ROS-
dependent manner. To assess the involvement of intracellu-
lar calcium release during hypoxia, 143B cells were loaded
with Fura2-AM, and ratiometric images were collected dur-
ing normoxic and hypoxic superperfusion with a normal
(1.21 mM) or low (100 nM) level of extracellular calcium
(Fig. 13B). Hypoxia triggered a rapid and sustained increase
in cytosolic calcium that was abolished by NAC treatment.
With low extracellular calcium concentrations, the increase
in cytosolic calcium during hypoxia was transient and was
attenuated by NAC treatment. Thus, hypoxia induces an
ROS-dependent release of intracellular calcium, which then
activates CRAC channel formation, which amplifies the cal-
cium signal and mediates the activation of CaMKK, lead-
ing to AMPK phosphorylation in the absence of increases in
the AMP/ATP ratio (Fig. 14).
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FIG. 13. Oxidant stress involvement in STIM1 redistribution and store-activated calcium signaling. (A) 143B cells were fixed and immuno-
stained for STIM1 after normoxia (21% O,) (panel A), hypoxia (1.5% O,) (panels B and C), treatment with thapsigargin (panel D), and treatment
with tBH (panels E and F). (B) 143B cells were loaded with Fura2-AM and imaged during hypoxia (1.5 O,) or normoxia (21% O,) in normal-Ca**
BSS or low-calcium BSS. Graphs depict the change in the 340/380 intensity ratio over time. Values are expressed as means = SEM (n = 3).

DISCUSSION

Role of AMPK as a cellular energy sensor. Cell survival
during severe hypoxia hinges on the ability to sustain ATP
levels in the face of limitations in mitochondrial oxidative me-
tabolism and availability of bioenergetic substrates. AMPK is a
highly conserved signaling system that activates catabolic pro-
cesses by stimulating the uptake of glucose and enhancing fatty
acid oxidation, while inhibiting biosynthetic pathways (18, 19).
AMPK is activated when the AMP/ATP ratio increases, so
severe hypoxia would represent an important condition where
increased AMPK activity is expected (30). AMPK activity can
quickly inhibit protein synthesis in order to reserve energy
stores during hypoxia through regulation of mTOR in a man-
ner independent of HIF (32). Its activation increases glucose
uptake via translocation of GLUT4 to the sarcolemma (43),
and it stimulates glycolysis (36), thereby conferring protection
against hypoxia (43).

Activation of AMPK during moderate hypoxia in anticipa-
tion of lethal hypoxia. Activation of AMPK under moderate
hypoxia that does not yet limit mitochondrial respiration could

enhance its ability to protect against a more severe insult, by
initiating responses that prevent the rise in the AMP/ATP
ratio. Indeed, a response that protects against the conse-
quences of energy supply deprivation would likely be more
effective if it prevented the development of that condition in
the first place. But how can hypoxia activate AMPK if there is
no increase in the AMP/ATP ratio?

Our studies reveal that moderate hypoxia triggers low levels
of ROS production in cells. These oxidant signals appear to
trigger intracellular calcium release from the ER, which initi-
ates CRAC channel organization at the plasma membrane.
Extracellular calcium entry through these channels produces a
rise in cytosolic calcium, activating CaMKKpB. AMPK, a down-
stream target of CaMKKB, is then phosphorylated and acti-
vated without the need for an increase in the AMP/ATP ratio.
This pathway could initiate protective mechanisms that require
time to develop or that suppress cellular metabolic activity and
the need for oxygen. Although ROS are sufficient to activate
this pathway and antioxidant treatments inhibit it, we cannot
exclude the possibility that non-ROS-mediated redox reactions
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FIG. 14. A model for ROS- and STIM1-dependent activation of
AMPK in hypoxia. Oxidant signaling in hypoxia causes ER calcium
release and translocation of STIM1 to ER domains near the plasma
membrane. Orai proteins tethered by STIM1 form CRAC channels
facilitating Ca®* influx. Increased cytosolic Ca>* activates CaMKKp,
which phosphorylates AMPK.

are also involved in the signaling sequence. Further studies are
needed to address this question and to determine how hypoxia
might activate such events.

Our novel findings are consistent with previous studies
showing that oxidizing agents trigger AMPK activation. For
example, vanadate, which catalyzes ROS generation, increases
AMPK phosphorylation and stabilizes HIF-1a in prostate can-
cer cells (26). Similarly, high concentrations of H,O, (300 uM)
trigger increases in AMPK phosphorylation (7). Administra-
tion of H,O, also increases AMPK phosphorylation without
changing [AMP] in epitrochlaeris muscle (47). Further, mito-
chondrial ROS have been shown to activate AMPK in an
AMP-independent manner (11). Thus, oxidative stress acti-
vates AMPK, although involvement of the CRAC channels has
not been reported previously.

Cellular ROS generation in response to hypoxia. Physiolog-
ical hypoxia can trigger increases in mitochondrial ROS pro-
duction at complex IIT (10, 14, 34, 40, 49, 51), which was
detected in the present study using a redox-sensitive sensor.
ROS signals also trigger the stabilization of HIF-1a, which
mediates the cellular transcriptional response to hypoxia (6,
15). This study extends those findings by showing that hypoxia-
induced oxidants also trigger AMPK phosphorylation, which
can complement the protective effects of HIF (33).
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AMP/ATP ratios during severe and moderate hypoxia. Dur-
ing severe hypoxia, increases in AMPK activity are triggered by
changes in the AMP/ATP ratio through phosphorylation-inde-
pendent and -dependent mechanisms. Interaction of AMP
with the AMPK-vy subunit leads to activation through an allo-
steric mechanism (29). In mammalian cells AMPK is also ac-
tivated by phosphorylation by the upstream kinase LKB1 (20,
53) or CaMKKBR (22, 52). Some evidence suggests that AMP
binding to AMPK promotes its phosphorylation by LKBI,
while other studies indicate that AMP binding inhibits dephos-
phorylation of the a subunit regulatory Thr-172 without affect-
ing phosphorylation by either LKB1 or CaMKK (2).

Our analysis detected no decrease in ATP or increase in the
AMP/ATP ratio during hypoxia. This does not dispute the
importance of AMP in regulating AMPK activity. However, it
does indicate that hypoxia-induced activation of AMPK can
occur at O, levels where cellular respiration is not yet limited,
through a ROS signaling pathway previously shown to origi-
nate in mitochondria (15). While we cannot exclude the pos-
sibility that undetectable increases in AMP may have occurred,
three separate observations support the accuracy of the model
we propose (Fig. 6). First, antioxidants prevented the increase
in cytosolic calcium during hypoxia and attenuated AMPK
activation. Second, removal of extracellular calcium signifi-
cantly decreased the AMPK response to hypoxia. Third, the
knockdown of CaMKKG@ virtually abolished the AMPK phos-
phorylation in hypoxia. In contrast, knockout or knockdown of
LKB1, an important upstream kinase involved in the response
to increased AMP (19), did not abolish the response. These
observations support the conclusion that hypoxia-induced
AMPK activation can occur through a calcium-mediated path-
way without the need for increases in the AMP/ATP ratio.

Role of calcium in the ROS-dependent activation of AMPK.
Calcium is an important signaling molecule, and its transport is
tightly regulated. We detected hypoxia-induced increases in
[Ca*"]; using a FRET sensor (13) and with Fura2. This in-
crease in calcium involved entry of extracellular calcium, it was
important for the AMPK activation during hypoxia, and it was
abrogated by antioxidant treatment. In contrast, the ROS re-
sponse to hypoxia does not require calcium signaling, as cal-
cium chelation with BAPTA did not affect the roGFP oxida-
tion response. In nonexcitable cells, SOCE through CRAC
channels is a major source of calcium influx (24). Using cal-
cium indicators and pharmacological agents, the present study
shows that 143B cells exhibit SOCE, that treatment of these
cells with exogenous oxidants is sufficient to induce calcium
responses similar to SOCE, and that oxidant-induced calcium
responses have the pharmacological characteristics of CRAC
channel activation and are attenuated in cells deficient for the
ER Ca®" sensor STIMI1. In hypoxia, the oxidant-dependent
increase in [Ca®*]; was attenuated in STIM1-deficient cells. In
accordance with that finding, knockdown of STIM1 expression
significantly decreased phosphorylation of AMPK and its
downstream target, ACC, in hypoxia. Oxidant stress or acute
hypoxia also triggered the accumulation of STIM1 protein
near the plasma membrane, in a pattern that mirrored the
response observed after depletion of ER calcium stores. How-
ever, blockade of L-type calcium channels had no effect on
AMPK activity, indicating that the response was not mediated
by plasma membrane depolarization. These studies suggest
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that CRAC channel activation is largely responsible for ROS-
dependent increases in [Ca?"]; during hypoxia.

CaMKKp represents an AMP-independent mechanism to
explain the ROS-mediated activation of AMPK in hypoxia (2).
Knockdown of CaMKKp lowered both the basal levels of
AMPK phosphorylation and the hypoxia-induced activation in
cells lacking LKB1, while knockdown of CaMKKp alone de-
creased AMPK phosphorylation in hypoxia to basal normoxic
levels, underscoring the importance of that system for the
hypoxic response.

Kinetics of ROS and calcium responses. Increases in cyto-
solic calcium developed quickly upon transition to hypoxia,
whereas the oxidation of roGFP and DCFH developed over 30
min, raising questions about whether calcium could be driving
the ROS signaling. Yet the data clearly indicate that while
oxidant signals are required for the hypoxia-induced calcium
increase, the hypoxia-induced calcium increase is not required
for roGFP oxidation. The faster calcium response compared
with the roGFP response may be explained by considering that
the roGFP redox status at any instant reflects a balance be-
tween the rate of thiol oxidation and the rate at which the
protein is rereduced by glutaredoxin. At the start of hypoxia, a
step increase in the rate of ROS production would shift this
balance, but changes in the redox status of the protein might
become evident only after a few minutes and continue to ac-
cumulate over time. In accordance with that explanation, cells
loaded with DCFH demonstrated a progressive oxidation in
response to a step increase in the concentration of peroxide in
the buffer. It is conceivable that ROS released from mitochon-
dria could locally trigger ER calcium release at nearby mito-
chondrion-ER junctions, facilitating release of intracellular
calcium stores well before the entire pool of cytosolic roGFP
reaches a new steady state. By that mechanism, early localized
ROS signaling could trigger CRAC-mediated calcium entry,
before the large pool of roGFP has been affected.

Relevance to intact tissues in vivo. Our results also provide
evidence of ROS-mediated activation of AMPK in lung cells of
moderately hypoxic mice, in support of the idea that this mech-
anism functions in vivo as an activator or a protective pathway.
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