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The transcription factor hypoxia-inducible factor-1�
(HIF-1�) is a master regulator of the cellular response to low
oxygen. HIF-1� protein accumulates in hypoxia due to inhi-
bition of prolyl hydroxylase enzymes, which under normoxic
conditions use molecular oxygen to hydroxylate HIF-1� on
two conserved proline residues (Pro402 and Pro564), thus tar-
geting the protein for 26 S proteasome-dependent degrada-
tion. A functional mitochondrial electron transport chain is
known to be necessary for HIF-1� stabilization in hypoxia. It
has been reported that reactive oxygen species (ROS), pro-
duced under hypoxia by complex III of the mitochondrial
electron transport chain, play a critical role in the stabiliza-
tion of the HIF-1� protein, possibly by directly inhibiting
prolyl hydroxylase enzymes. In contrast, we found that ROS
production by complex III is not required for hypoxia-in-
duced HIF-1� stabilization. Thus, reestablishing mitochon-
drial oxygen consumption in the presence of a complex III
inhibitor by using an artificial electron donor to complex IV
or by overexpressing Ciona intestinalis alternative oxidase
results in HIF-1� protein stabilization in hypoxia. Further-
more, five inhibitors that target different sites of the mito-
chondrial electron transport chain have similar effects on the
HIF-1� protein half-life in hypoxia but vary in their effects on
mitochondrial ROS production. Finally, ROS do not regulate
prolyl hydroxylase activity directly.We conclude that HIF-1�
protein stabilization in hypoxia occurs independently of
mitochondrial ROS production. However, mitochondria can
modulate the cellular hypoxic response through altered res-
piratory activity, likely by regulating the cellular oxygen
availability.

Hypoxia induces a complex transcriptional program
designed to improve cellular oxygen supply and adapt cellular
metabolism to the lack of oxygen. This hypoxic response is

mediated by hypoxia-inducible factor (HIF),2 a heterodimeric
transcription factor consisting of an oxygen-regulated � sub-
unit (HIF-1� andHIF-2�) and a constitutively expressed� sub-
unit. The oxygen-dependent regulation of the � subunit occurs
at the level of its protein stability. At normal oxygen concentra-
tion, a family of prolyl hydroxylase (PHD) enzymes catalyzes
the hydroxylation of two conserved proline residues in HIF-1�
and HIF-2� (1, 2). This reaction is dependent on both oxygen,
which is a cosubstrate, and non-heme-reduced Fe2�, bound to
the catalytic center of PHD enzymes. Hydroxylation of HIF-1�
and HIF-2� at either of the two proline residues creates a rec-
ognition site for binding to the Von Hippel-Lindau (pVHL)
protein. Binding of HIF-1� and HIF-2� to pVHL results in
polyubiquitination by the pVHL-associated E3 ubiquitin ligase
and degradation by the 26 S proteasome. Under hypoxic con-
ditions, lack of oxygen inhibits PHD activity, thus leading to
HIF-1� and HIF-2� protein stabilization and accumulation in
the nucleus.
The mitochondrial electron transport chain (ETC), which

consumes the vast majority of cellular oxygen and therefore
directly controls intracellular oxygen tension, is known to play
an important role in cellular oxygen sensing (3, 4). Indeed, inhi-
bition of mitochondrial respiration by pharmacological or
genetic means prevents the accumulation of both HIF-1� and
HIF-2� upon exposure of cells to hypoxia (5, 6). This effect is
due to PHD-dependent HIF-1� degradation (7). Thus, it has
been suggested that mitochondrial activity regulates the
HIF-1� protein by determining the amount of oxygen available
for PHD enzymes (7, 8).
However, given that themitochondrial ETC is also themajor

source of cellular reactive oxygen species (ROS) in most cell
types, an alternative mechanism has been proposed (9–11).
According to this model, increased amounts of ROS produced
under hypoxia by complex III of the mitochondrial ETC are
required for hypoxia-dependent HIF-1� stabilization. The
absence of a functional, ROS-producing ETC therefore pre-
vents hypoxia-dependent HIF-1� stabilization.* This work was supported by grants from the Singapore National Medical
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Given the universal importance of the cellular hypoxic
response for normal cell physiology and the critical involve-
ment of HIF in ischemic diseases and in cancer, we studied in
detail themechanism throughwhichmitochondria regulate the
HIF-1� protein. To this end, we used a number of approaches,
including manipulations that specifically alter mitochondrial
oxygen consumption without affecting ROS production, to
show that the primary mechanism through which the mito-
chondrial ETC controls HIF-1� stability is by regulating the
cellular oxygen availability.

EXPERIMENTAL PROCEDURES

Cell Culture—Human osteosarcoma 143B cells were cul-
tured in RPMI (Roswell Park Memorial Institute) 1640 me-
dium, whereas human kidney epithelial HEK293 cells and
HEK293T cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM). Both media were supplemented with 10%
fetal bovine serum, 2 mM L-glutamine, and 1% penicillin-strep-
tomycin (Invitrogen).
Oxygen Conditions—Hypoxic condition (1%O2, 94%N2, and

5% CO2) was achieved in a humidified variable aerobic work
station (CoyLaboratories Products,Grass Lake,MI) or a Pro-ox
110 oxygen controller andPro-ox in vitro chamber (BioSpherix,
Redfield, NY).
Immunoblotting—Cell lysis and Western blotting were car-

ried out as previously described (39). The following antibodies
were used: mouse anti-�-actin (Sigma-Aldrich), mouse anti-�-
tubulin (Invitrogen), mouse anti-HIF-1� (BD Pharmingen),
rabbit anti-alternative oxidase (AOX) (18), mouse anti-VHL
(BDPharmingen), goat anti-GST (AmershamBiosciences), and
anti-catalase (Abcam).Western blots shown are representative
of at least two independent experiments.
Detection of Cellular Superoxide—Superoxide production

was estimated using dihydroethidium. Cells were plated in
12-well plates and grown to 70% confluence and cotreated with
20 �M dihydroethidium and mitochondrial inhibitors for 30
min. Subsequently, the cells were rinsed with PBS and kept in
PBS for analysis of fluorescence using a multiwell plate reader
(Molecular Devices, excitation and emission wavelengths were
520 nm and 610 nm, respectively). The validity of this assay has
previously been verified by using menadione and 2-me-
thoxyestradiol as positive controls (40).
Measurement of Oxygen Consumption—Oxygen consump-

tion was measured with a Clark-type oxygen electrode (Oxy-
graph; Hansatech) in Krebs buffer using cells at a density of
1.6 � 108/ml.
Generation of HEK293T Cells Expressing AOX—HEK293T

cells were infectedwith 4�l of concentrated pWPI-AOX-IRES-
GFP lentiviral preparation (18, 41) leading to �30% of cell sta-
bly expressing the green fluorescence as measured with
COULTER�EPICS�-XL_MCLTM flow cytometer and Cyflogic
1.2.1 analysis software. HEK293T-infected cells were subjected
to two successive rounds of purification, first plating the
infected population in 96-well plates at a density of one cell/well
and then subjecting each of the single clones obtained from this
seeding to limited dilution using 1/3 serial dilutions. AOX
expression in subclones was verified by polarography using a
Clark-type oxygen electrode.

Preparation of Mitochondria—Mitochondria were isolated
frommouse liver by differential centrifugation inmitochondria
isolation buffer containing 280 mM sucrose, 10 mM Tris (pH
7.4), and 1 mM EDTA.
Mitochondrial Complex I Activity—Measurement of com-

plex I activity was carried out as previously described (42) using
0.1 mg of mouse liver mitochondria. Mitochondria were sub-
jected to freeze-thawing prior to the assay.
Overexpression of Cytosolic and Mitochondrially Targeted

Catalase—Murine catalase was PCR-amplified from I.M.A.G.E.
clone (ID4241333) and inserted in the retroviral expressionvector
Puro-MaRX (a gift from Dr. David Beach). It has been previously
shown that a robust overexpression of catalase results in accumu-
lation of the protein in the cytoplasm. TheN-terminal mitochon-
drial targeting sequence of SOD2 (comprising the sequence cor-
responding to residues 1–28) was used to target catalase to
mitochondria. This construct also included a C-terminal V5
epitope tag. Retroviral particles were generated using catalase,
mitochondrial catalase-V5, or enhancedGFP (control) containing
Puro-MaRX retroviral expression vector in 293-gag-pol cells and
pseudotypedwith vesicular stomatitis virus-G. Protein expression
was assessed by immunofluorescence (enhanced GFP) or immu-
noblotting with catalase antibody.
Detection of H2O2 Scavenging Capacity—H2O2 scavenging

capacity was estimated using DCFDA. 143B cells resuspended
in Krebs buffer containing 10 mM glucose were loaded with 20
�MDCFDA for 15min at 37 °C and analyzed by flow cytometry
using the fluorescein isothiocyanate (FITC) channel (logmode)
both before and after treating with 200 �M H2O2 for 5 min. In
each analysis, 10,000 events were recorded.
pVHL Binding Assays—GST-HIF-1� fusion protein plasmid

was generated by inserting the HIF-1� coding sequence corre-
sponding to 521–652 amino acids into the pGEX-KG vector.
The GST fusion protein was expressed in BL21 cells and puri-
fied using GSH-agarose beads. The immobilized GST-HIF was
subjected to prolyl hydroxylation assays in the presence of cell
lysate fromHEK293 cells transfected with PHD2 and VHL and
2 mM 2-oxoglutarate and 2 mM ascorbate for 1 h at room tem-
perature. After the assay, the cell lysate was removed, and the
beads were washed 3 times using Nonidet P-40 wash buffer
(containing 0.5%Nonidet P-40, 5% glycerol, 0.5mMEDTA, and
50 mM NaCl) and washed once using PBS. pVHL bound to
GST-HIF fusion protein was analyzed by Western blotting.
Statistical Analysis—Data are expressed as the mean � S.E.

Differences in measured variables were assessed with Student’s
t test. p � 0.05 was considered to be statistically significant.

RESULTS

All Inhibitors ofMitochondrial Electron Transport Have Sim-
ilar Effects on HIF-1� Protein Half-life in Hypoxia—ROS are
produced to different degrees at the various complexes of the
mitochondrial ETC. We initially determined whether any spe-
cific site within themitochondrial ETC is required for hypoxia-
dependent HIF-1� stabilization. To this end, we tested the
effects of various inhibitors of the ETC on 143B human osteo-
sarcoma cells grown under hypoxic conditions (1% oxygen) for
4 h. HIF-1� protein accumulation was prevented upon treat-
mentwith the different inhibitors (rotenone,myxothiazol, anti-
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mycin A, stigmatellin, sodium azide) at concentrations that
completely inhibit ETC activity (Fig. 1A). Thus, the require-
ment of a functional ETC is not restricted to complex III.
To examine this further, we obtained a more quantitative

measurement of the effect of the mitochondrial inhibitors by
measuring the rate at which the HIF-1� protein is degraded.
HEK293 cells were subjected to hypoxic conditions for 3 h fol-
lowed by incubation with the protein synthesis inhibitor cyclo-

heximide in the presence or the
absence of inhibitors for different
durations. In the presence of cyclo-
heximide, there was a slow gradual
decrease in the HIF-1� protein con-
centration. However, in the pres-
ence of both cycloheximide and the
complex III inhibitor myxothiazol,
HIF-1� protein was degraded at a
much faster rate (Fig. 1B). We
repeated the same experiment using
different mitochondrial inhibitors
(rotenone, antimycin A, sodium
azide, DETA-NONOate), as sum-
marized in Fig. 1C. TheHIF-1�half-
life in hypoxia in control cells was
32.99 min. All inhibitors of the
mitochondrial ETC decreased the
HIF-1� half-life to similar degrees
(rotenone t1⁄2 � 8.94 min; myxothia-
zol t1⁄2 � 9.95min; antimycin A t1⁄2 �
5.74 min; sodium azide t1⁄2 � 8.59
min; DETA-NONOate t1⁄2 � 10.72
min). These results therefore indi-
cate that inhibition of any site in the
mitochondrial ETC inhibits hypoxia-
dependent HIF-1� protein induc-
tion by decreasing its half-life.
Next, we also tested the effects of

the inhibitors on ROS production in
both normoxia and hypoxia by
measuring the superoxide-depen-
dent oxidation of the fluorescent
dye dihydroethidium. In the
untreated cells, there was no signif-
icant increase in the superoxide
concentration in hypoxia compared
with normoxia. Of the mitochon-
drial ETC inhibitors, only sodium
azide reduced superoxide produc-
tion in both hypoxia and normoxia
significantly. There was no signifi-
cant change with nitric oxide donor
and a slight increase was observed
with the other inhibitors (Fig. 1D).
Thus, there is no correlation be-
tween the effects of the various
inhibitors on superoxide produc-
tion and hypoxia-dependent HIF-1�
protein stabilization, suggesting

that superoxide may not play an important role in HIF-1� pro-
tein stabilization.
Reestablishing Oxygen Consumption in the Presence of

Complex III Inhibitor Restores Hypoxia-dependent HIF-1�
Stabilization—To establish further whether the effects ofmito-
chondrial inhibitors on HIF-1� are due to inhibition of mito-
chondrial oxygen consumption or inhibition of ROS produc-
tion from complex III, we investigated the effect ofmyxothiazol

FIGURE 1. Inhibition of mitochondrial electron transport at different sites prevents hypoxia-dependent
HIF-1� stabilization and has similar effects on HIF-1� half-life in hypoxia. A, 143B cells were incubated at
1% O2 for 4 h in the presence of the mitochondrial inhibitors stigmatellin (1 �M), sodium azide (2 mM), myxo-
thiazol (1 �M), rotenone (0.5 �M), and antimycin A (1 �M), as indicated. HIF-1� was analyzed by Western
blotting. B, after incubation at 1% O2 for 3 h in a hypoxia chamber, HEK293 cells were treated with cyclohexi-
mide (Chx, 40 �M) and myxothiazol (1 �M) as indicated, within the chamber without introducing atmospheric
oxygen, and cell lysates were obtained after 5, 20, 30, and 45 min followed by immunoblotting using HIF-1�
antiserum. C, summary of immunoblot analysis of HIF-1� in cell lysates of HEK293 cells incubated under the
same conditions as those described in B with mitochondrial inhibitors rotenone (0.5 �M), myxothiazol (1 �M),
antimycin A (1 �M), sodium azide (2 mM) and DETA-NONOate (100 �M) present. The band intensity, as deter-
mined by densitometry, was normalized to the �-tubulin signal and expressed as percent of the HIF-1� abun-
dance of time zero. The results shown represent the means � S.E. (error bars) of three independent experi-
ments. The decrease in HIF-1� protein expression in mitochondrial inhibitor treated versus control cells was
statistically significant (p � 0.05) for all inhibitors at 45 min, for all inhibitors except myxothiazol at 30 min, for
sodium azide and DETA-NONOate at 20 min. D, HEK293 cells were incubated in either 21% O2 or 1% O2 for 3 h
followed by treatment with mitochondrial inhibitors used at the same concentration as in B and C and 20 �M

dihydroethidium dye (DHE) for 30 min to measure superoxide concentration. The fluorescence results shown
represent the average of three independent experiments (mean � S.E.). Only sodium azide caused a statisti-
cally significant (p � 0.05) decrease in the superoxide concentration in normoxia and hypoxia (as indicated by
an asterisk).
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on HIF-1� protein accumulation in the presence of 2,2,4-tri-
methyl-1,3-pentanediol (TMPD). The complex III inhibitor
myxothiazol has been reported to inhibit complex III-depen-
dent superoxide production, whereas TMPD is an artificial
electron donor that donates electrons to cytochrome c and
complex IV downstream of complex III. As a result, oxygen
consumption is reactivated even in the presence ofmyxothiazol
as illustrated in Fig. 2A. We then determined the effect of
TMPD on hypoxia-dependent HIF-1� stabilization. TMPD by
itself had no effect on the HIF-1� protein concentration in
hypoxia (Fig. 2B). However, TMPD completely rescued myxo-
thiazol-induced inhibition of HIF-1� stabilization. This indi-
cates that in the presence of an inhibitor of complex III, rees-
tablishing oxygen consumption via complex IV is sufficient for
HIF-1� stabilization. The result suggests that electron trans-
port via complex III and superoxide derived from complex III
are not required for HIF-1� induction. Therefore, the effect of
myxothiazol is likely due to inhibition of mitochondrial oxygen
consumption.
Next, we repeated the HIF-1� half-life measurements in the

presence of TMPD. As shown in Fig. 2C, addition of TMPD
increased the HIF-1� half-life in the presence myxothiazol
from 9.95 min to 28.91 min, which is similar to the untreated
control (t1⁄2 � 32.99 min). A very similar trend was observed
with a different complex III inhibitor, antimycin A (increase in
the HIF-1� half-life from 5.74 min to 23.70 min in the absence
versus presence of TMPD). These results further suggested that
HIF-1� protein stabilization is independent of ROS produced
by complex III.
Alternative Oxidase-dependent Oxygen Consumption Is Suf-

ficient to Reactivate the Hypoxia Response When Complex III Is
Inhibited—AOX is amitochondrial enzyme that is expressed in
plants, some fungi, protists, and lower metazoa (12). It has two
reported physiological functions: to carry out thermogenesis
and to lower the ROS production during mitochondrial elec-
tron transport (13–16). The AOX protein is localized in the
inner mitochondrial membrane. It accepts electrons from
coenzyme Q and uses the electrons to reduce oxygen to water
directly, therefore bypassing complex III and IV. As a conse-
quence, electron transport via complex III is decreased, result-
ing in lower superoxide production from complex III via the Q
cycle while maintaining mitochondrial oxygen consumption.
We have previously shown that AOXderived fromCiona intes-
tinalis is well tolerated in mammalian cells, functional, and can
confer complex III and complex IV inhibitor-resistant respira-
tion (17–19). To genetically determine whether HIF-1� stabi-
lization is dependent on mitochondrial ROS from complex III,
we utilized HEK293T cells with stable AOX expression. We
first compared the respiratory properties of both wild type and
AOX-expressing HEK293T cells by measuring their oxygen
consumption polarographically using aClark-type oxygen elec-
trode. When subjected to myxothiazol and rotenone, respira-
tion of the wild type cells was inhibited by 75.7% and 84.8%,
respectively (Fig. 3A). However, in the AOX-expressing cells,
respiration was inhibited by only 42.8% when myxothiazol was
present (Fig. 3A). Subsequent addition of rotenone resulted in
similar inhibition (78.5%) as observed in control cells. Thus, the
AOX-expressing cells still consume oxygen even in the pres-

FIGURE 2. Reestablishing oxygen consumption under condition when
complex III is inactive is sufficient for hypoxia-dependent HIF-1� stabi-
lization. A, oxygen consumption of 143B cells was measured using a Clark-
type oxygen electrode at 37 °C. Myxothiazol (1 �M) and TMPD (0.2 mM) addi-
tion is indicated. B, 143B cells were incubated at 1% O2 for 3 h with
myxothiazol in the absence or presence of TMPD. HIF-1� protein abundance
was determined by Western blotting. C, HEK293 cells were incubated at 1%
O2 for 3 h, followed by treatment with cycloheximide (Chx, 40 �M) and the
complex III inhibitors myxothiazol (1 �M) and antimycin A (1 �M), as indicated,
in the absence or presence of TMPD. Cell lysates were obtained after 5, 20, 30,
and 45 min, followed by immunoblotting using HIF-1� antiserum. The results
were calculated and are presented as in Fig. 1C (n � 3, means � S.E. (error
bars)). With antimycin, TMPD caused a statistically significant (p � 0.05)
increase in HIF-1� protein expression at 20, 30, and 45 min. With myxothiazol,
the TMPD-induced increase in HIF-1� protein expression was not statistically
significant.
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ence ofmyxothiazol, due to their ability to bypass both complex
III and IV and utilize AOX to consume oxygen.
Next, we determined the effect of AOX protein expression

on the cellular superoxide concentration in the presence of dif-
ferentmitochondrial ETC inhibitors. AOX reduced superoxide
production in the presence of the complex III inhibitors myxo-
thiazol and antimycin A but had no effect on superoxide when
the complex I inhibitor rotenonewas present (Fig. 3B). Thus, as

expected, AOX only inhibits com-
plex III-dependent superoxide pro-
duction. To investigate whether
reestablishing oxygen consumption
under conditions where complex III
is inactive is sufficient for hypoxia-
dependent HIF-1� stabilization, we
treatedwild type andAOX-express-
ing HEK293T cells with mitochon-
drial inhibitors under hypoxic con-
ditions. In wild type cells, HIF-1�
protein accumulation was pre-
vented in the presence of inhibitors
of complex I, III, and IV (Fig. 3C).
In AOX-expressing cells, HIF-1�
induction was also inhibited with
complex I inhibitor, rotenone. This
result is expected because rotenone
inhibits electron transport up-
streamofAOX. In contrast, antimy-
cin A and sodium azide had no
inhibitory effect on HIF-1� ex-
pression in AOX-expressing cells.
These cells still consume oxygen via
the AOX protein, but do not pro-
duce increased superoxide because
electron transport via complex III is
prevented. These results suggest
that mitochondrial ETC regulates
HIF-1� stability by controlling
intracellular oxygen but not ROS
concentration.
Unexpectedly, HIF-1� expres-

sion was still significantly inhibited
when AOX-expressing cells were
treated with myxothiazol. Myxo-
thiazol is also a complex III inhibi-
tor. Therefore, its inhibitory effect
on hypoxia-dependent HIF-1� ac-
cumulationwould be expected to be
reversed when AOX is expressed
and oxygen can be consumed inde-
pendently from complex III. A pos-
sible explanation for this finding is
that the concentration of 1 �M

myxothiazol that was used is high
enough to inhibit complex I also.
Indeed, it has been previously
reported that at higher concentra-
tions myxothiazol also functions as

complex I inhibitor (see Ref. 20). To confirm this hypothesis,
both wild type and AOX-expressing cells were treated with dif-
ferent concentrations ofmyxothiazol under hypoxic conditions
(Fig. 3D). In the wild type cells, hypoxia-dependent HIF-1� sta-
bilization was prevented at any concentration of myxothiazol.
In contrast, in AOX-expressing cells, HIF-1� could be detected
at the lower myxothiazol concentrations (100 nM and 250 nM)
but not at the higher concentration of 1 �M. When measuring

FIGURE 3. AOX expression reactivates the hypoxic response when complex III is inhibited. A, both
HEK293T wild type and AOX-overexpressing cells were treated overnight in the presence of 2 mM pyruvate to
ensure maximum AOX activity, followed by measurement of oxygen consumption in the presence of the
mitochondrial inhibitors myxothiazol (1 �M) or rotenone (0.5 �M), as indicated. B, HEK293T wild type (open bars)
and AOX-overexpressing (filled bars) cells were treated with the mitochondrial inhibitors rotenone (0.5 �M),
myxothiazol (1 �M), and antimycin A (1 �M) and 20 �M dihydroethidium dye (DHE) for 1 h to measure cellular
superoxide concentrations. The fluorescence results shown are expressed in relative fluorescence units (RFU)
and represent the average of two independent experiments (mean � S.E. (error bars)). C, HEK293T wild type
and AOX-overexpressing cells were exposed to 1% O2 for 3 h in the presence of the mitochondrial inhibitors
myxothiazol (1 �M), antimycin A (1 �M), sodium azide (5 mM), and rotenone (0.5 �M). HIF-1� was detected by
Western blotting. D, both HEK293T wild type and AOX-overexpressing cells were exposed to 1% O2 for 3 h in
the presence myxothiazol (100 nM, 250 nM, and 1 �M). HIF-1� protein abundance was determined by Western
blotting. E, activity of mitochondrial complex I was determined in mouse liver mitochondria treated with
myxothiazol (100 nM, 250 nM, 500 nM, and 1 �M) using NADH as substrate as described under “Experimental
Procedures.”
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the effects of the differentmyxothiazol concentrations onmito-
chondrial complex I activity in mouse liver mitochondria, sig-
nificant inhibition was observed with 500 nM and 1 �M, but not
with lower concentrations of myxothiazol (Fig. 3E). The results
indicate that the inhibition of HIF-1� accumulation in AOX-
expressing cells by 1 �Mmyxothiazol (as observed in Fig. 3C) is
due to an inhibitory effect on complex I. In contrast, AOX
expression prevents the inhibition of hypoxia-dependent HIF-
1� stabilization by concentrations ofmyxothiazol which specif-
ically inhibit complex III.
Regulation of HIF-1� Protein Stabilization Is Likely Inde-

pendent ofMitochondrial ROS Produced during Hypoxia—Our
results indicate that increasing mitochondrial oxygen con-
sumption in the absence of electron transport via complex III is
sufficient for hypoxia-dependent HIF-1� accumulation. To
assess the role of ROS in mediating HIF-1� stabilization
directly, we used glucose oxidase/glucose to produce constant
amounts of H2O2. At glucose oxidase concentrations of 250
milliunits/ml and higher, toxic effects on 143B cells were
observed. We therefore used a range of lower glucose oxidase
concentration of 25, 100, and 200 milliunits/ml. Based on
dichlorofluorescein fluorescence calibration with known
amounts ofH2O2, addition of 100milliunits/ml glucose oxidase
to 143B cells over a 15-min period resulted inDCF fluorescence
that was similar to exposure of cells to 200 �M H2O2. We
found that glucose oxidase/glucose-derived H2O2 at any con-
centration was without effect on HIF-1� protein accumulation
during hypoxia (supplemental Fig. S1A). To test further
whether H2O2 is involved in HIF-1� stabilization, we retrovi-
rally overexpressed both mitochondria-targeted and cytosolic
catalase in 143B cells. The catalase-transduced cells had mark-
edly increased catalase protein expression and H2O2 scaveng-
ing capacity (supplemental Fig. S1B). However, HIF-1� protein
in cells that overexpressed either form of catalase was still
induced in hypoxia to the same degree despite lower amounts
of mitochondrial ROS release (supplemental Fig. S1B). These
results suggest that mitochondrial or exogenous ROS are not
involved in the stabilization of the HIF-1� protein.
Hydrogen Peroxide Does Not Directly Inhibit Prolyl Hydrox-

ylase Activity—According to the ROS hypothesis, increased
mitochondrial superoxide released from complex III will be
converted to H2O2 which inhibits the PHD enzyme in the cyto-
plasm, possibly by oxidizing the non-heme-bound Fe2� in the
PHD active site (3). PHD enzymes in the presence of oxygen
hydroxylate Pro402 and Pro564 residues in HIF-1�, leading to
binding of the pVHL/Cul2 E3 ligase and consequently ubiquiti-
nation and degradation of HIF-1�. To determine directly the
effect of H2O2 on the enzymatic activity of PHD, an in vitro
PHD assay was carried out using cell lysate tomimic physiolog-
ical conditions. In this assay, the C-terminal oxygen-dependent
degradation domain of HIF-1� containing proline 564 was
fused toGST [GST-HIF-1�(521–652)-V5] and immobilized on
GSH agarose beads. Cell lysate containing PHD2 and pVHL
was used to hydroxylate the recombinant GST-HIF-1� protein.
Binding of pVHL to hydroxylated HIF-1� was used as an indi-
cator of Pro564 hydroxylation. pVHL bound to HIF-1� in the
presence of the PHD cosubstrate 2-oxoglutarate and the cofac-
tor ascorbate but showed reduced binding in the presence of

the PHD inhibitor dimethyloxaloylglycine. As expected, there
was no binding of pVHL to HIF-1� upon treatment with the
Fe2� chelator deferoxamine mesylate in the absence of 2-oxo-
glutarate and ascorbate. There was also no significant pVHL
binding to GST-HIF-1�(521–652)-V5 after mutation of Pro564
to Ala in the recombinant HIF-1� fusion protein (Fig. 4A, right
panel). In the presence of 50 �M and 200 �M H2O2, pVHL
binding was not affected, suggesting that H2O2 does not
directly inhibit PHD (Fig. 4A). We also tested whether super-
oxide affects PHD activity by using xanthine/xanthine oxidase
as a superoxide-generating system. In contrast to H2O2, super-
oxide caused an�50% reduction in binding of pVHL toHIF-1�
(Fig. 4B), suggesting that superoxide inhibits PHD activity par-
tially. Although H2O2, after conversion from complex III-de-
rived superoxide, has been proposed as the mediator that
causes PHD inhibition under hypoxia (10, 11), we wanted to
test for any effect of cellular superoxide on PHDactivity in cells.
To this end, cells were treated with SOD1 inhibitor diethyldi-
thiocarbamate (DCC), the SOD mimetic MnTBAP and the

FIGURE 4. Hydrogen peroxide does not directly inhibit PHD activity. Cell
lysate of HEK293 cells transfected with PHD2 and pVHL was incubated with
wild type or P564A mutant GST-HIF-1�(521– 652)-V5 immobilized on GSH
agarose beads in the presence of 2 mM 2-oxoglutarate and 2 mM ascorbate to
detect pVHL binding by Western blotting. The reaction was performed in the
presence of H2O2 (50 �M and 200 �M), dimethyloxaloylglycine (DMOG; 2 mM),
and deferoxamine mesylate (DFO; 200 �M) as described under “Experimental
Procedures.” After the incubation, the lysate was removed, the GSH-agarose
beads were washed, and bound pVHL was analyzed by Western blotting.
Densitometric analysis of three independent pVHL binding assays in the pres-
ence of 50 �M or 200 �M H2O2, superoxide-generating system xanthine/xan-
thine oxidase, 2 mM dimethyloxaloylglycine is presented in B (percent of
untreated control; mean � S.E. (error bars)). The decrease in the PHD activity
in the presence of xanthine/xanthine oxidase compared with the untreated
control reached statistical significance (p � 0.05), as indicated by an asterisk.
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antioxidants N-acetylcysteine and ascorbate which are known
to scavenge superoxide (21). Reducing the superoxide concen-
tration via increased conversion of superoxide to H2O2 by
MnTBAP or treatment of cells with the N-acetylcysteine and
ascorbate did not significantly affect the hypoxia-dependent
HIF-1� stabilization (supplemental Fig. S2), suggesting that
superoxide is not required. When using DCC to inhibit SOD1,
we also observed no significant effect onHIF-1� stabilization in
hypoxia. However, DCC markedly increased HIF-1� protein
expression in normoxia (supplemental Fig. S2). This effect of
DCCwas not reversed when adding SODmimeticMnTBAP to
dismutate the accumulating superoxide, suggesting that DCC
increases HIF-1� protein expression in normoxia via a super-
oxide-independent mechanism. Therefore, taken together, our
results suggest that neither H2O2 nor superoxide is involved in
the regulation PHD activity in vivo.

DISCUSSION

At a given atmospheric oxygen concentration, the intracel-
lular oxygen concentration varies widely in different human
tissues as a function of both oxygen supply (i.e. tissue oxygen-
ation) and oxygen consumption. Given that mitochondria con-
sume more than 95% of cellular oxygen, it can be assumed that
themitochondrialmetabolic activity in a cell is amajor factor in
regulating the cellular hypoxic response. Thus, fluctuations in
mitochondrial respiration, for instance due to altered meta-
bolic activity (e.g. resting versus contractingmuscle cells) or due
to intracellular signaling events mediated via NO and CO
(which both can inhibit the terminal oxygen acceptor in the
mitochondrial ETC, cytochrome c oxidase), may play an
important role in regulating HIF-1� stability. Furthermore,
mitochondrial ETC activity is reduced under pathological con-
ditions, such as in genetic mitochondrial ETC complex defi-
ciencies or under conditions of septic shock, and the inability of
cells to elicit an appropriate hypoxic response may contribute
to the pathology in these conditions. Studies by several groups
have indeed provided strong evidence that by regulating intra-
cellular oxygen availability for HIF-1� PHD enzymes, mito-
chondria are important regulators of the cellular hypoxic
response (7, 8, 22, 23). Alternatively, a number of studies have
proposed that the role of mitochondria is to release ROS,
derived from complex III of the ETC, under hypoxic conditions
(9–11). The complex III-derived ROS were reported to be
required for hypoxia-dependent HIF-1� stabilization, and this
effect has been suggested to be due to ROS-mediated inhibition
of PHD enzymes. In this study, we evaluated the validity of the
two proposed mechanisms by using a number of approaches
that differentially affect mitochondrial oxygen consumption
and ROS production.
In this study, we provide evidence that mitochondria regu-

late HIF-1� protein accumulation by controlling the intracel-
lular oxygen availability and not by releasing ROS from com-
plex III. Thus, we show that all ETC inhibitors tested, regardless
of which complex they inhibit, decrease the HIF-1� protein
half-life under hypoxia to a very similar degree. This suggests
that inhibition at any site in the ETC has the same effect on
HIF-1� degradation under hypoxia. On the other hand, the
inhibitors are known to have varying effects on superoxide pro-

duction at complex III and had different effects on the cellu-
lar superoxide concentrations. This suggests that effects on
mitochondrial superoxide production are unlikely to
account for the stimulation of HIF-1� degradation by the
mitochondrial inhibitors.
Conflicting reports have been published on whether hypoxia

increases or decreases cellular ROS. Although a number of
reports demonstrated increased ROS under hypoxia from
mitochondrial (24, 25) or nonmitochondrial sources (26),
numerous studies reported that decreased oxygen availability
in hypoxia leads to lower ROS concentrations (27–33). Results
in which antioxidant compounds or enzymes were used to pre-
vent ROS-dependent effects on HIF-1� are equally contradic-
tory. Therefore, in this study we used approaches that would
specifically change mitochondrial oxygen consumption rates
without affecting ROS production. Previous studies supporting
the ROS hypothesis relied partially on the inhibitory effects of
the ETC inhibitors rotenone andmyxothiazol on both hypoxia-
dependentHIF-1� stabilization andhypoxia-inducedROSpro-
duction (5, 10, 34, 35). However, these ETC inhibitors are not
well suited because they also inhibitmitochondrial oxygen con-
sumption. Here, we demonstrate that in the presence of inhib-
itors of complex III, reestablishing oxygen consumption by
using an electron donor that provides electrons to complex IV
or by bypassing complex III with AOX is sufficient for hypoxia-
dependent HIF-1� stabilization. Thus, electron transport via
complex III- and complex III-mediated superoxide production
is not required for HIF-1� stabilization. We also did not detect
a direct inhibitory effect of H2O2 on PHD activity. Although
superoxide caused partial inhibition of PHD activity, superox-
ide released from complex III is quickly converted to H2O2 via
SOD1 in themitochondrial intermembrane space and SOD2 in
the mitochondrial matrix. Thus, most signaling functions of
superoxide, including the proposed inhibition of prolyl hy-
droxylases, are believed to be due to its conversion into H2O2
(10, 11). Finally, we also found thatmanipulating cellular super-
oxide production using a SOD1 inhibitor or SOD mimetic was
without effect on hypoxia-dependent HIF-1� stabilization.

Various studies have shown that ROS, either added exog-
enously or produced by manipulating the activity of intracellu-
lar ROS-producing or -inactivating enzymes, can under certain
conditions stabilize HIF-1�. However, this by itself does not
provide proof that mitochondria-derived ROS are required for
hypoxia-dependent HIF-1� stabilization. In support of a com-
plex III- and ROS-mediated regulation of HIF-1� in hypoxia,
several studies have used different pharmacological and genetic
approaches. For instance, a number of studies have relied on the
mitochondria-targeted antioxidant MitoQ to inactivate super-
oxide produced by complex III in hypoxia (35, 36). However,
more recent studies suggest that in addition to its antioxidant
function, this compound also inhibits mitochondrial oxygen
consumption (35) and can under certain conditions give rise to
ROS via redox cycling (37, 38). Similarly, a number of genetic
approaches using ETC-deficient Rho0 cells, siRNA-mediated
knockdown of the Rieske iron-sulfur protein of complex III (10,
11), loss of cytochrome c (11), and complex I-deficient Chinese
hamster fibroblast CCL16-B2 cells (9) are expected to inhibit
both mitochondrial oxygen consumption and superoxide pro-
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duction, thus could not distinguish between the two potential
mechanisms. In a different geneticmodel used byBell et al. (36),
cells deficient in cytochrome b were shown to produce in-
creased amounts of ROS in hypoxia and havemarkedly reduced
mitochondrial oxygen consumption, yet are still able to stabi-
lize HIF-1� in hypoxia. Although we are currently unable to
explain this discrepancy with our data, none of the data pre-
sented in the current study support a role ofmitochondrial ROS
in hypoxia-induced HIF-1� stabilization. Thus, we did not
observe an increase in cellular superoxide in hypoxia and found
no effect onHIF-1�whenROSwere reduced or increased using
different approaches. We also found no evidence for H2O2-de-
pendent inhibition of PHD activity. We observed that even
though differentmitochondrial inhibitors varied in their effects
on superoxide production, they all had very similar effects on
HIF-1� protein half-life in hypoxia. Finally, reestablishing
mitochondrial oxygen consumption under conditions where
complex III remains inhibited is sufficient to induce HIF-1�
stabilization in hypoxia. Therefore, our results do not support a
role for complex III-derived ROS in hypoxia-dependent
HIF-1� stabilization. In contrast, the data presented in this
study indicate that themitochondrial oxygen consumption rate
is the main determinant of HIF-1� stability in hypoxia. Mito-
chondrial regulation of the intracellular oxygen concentration
may thus be a major mechanism that regulates the cellular
hypoxic response.
In conclusion, our study characterizes the mechanism through

which mitochondria regulate hypoxia-dependent HIF-1� stabili-
zation.Weprovide furtherevidence that inhibitingcellularoxygen
consumption prevents HIF-1� accumulation in hypoxia and that
this is the result of increased cellular oxygen availability. The
increased oxygen concentration leads to activation of oxygen-de-
pendent prolyl hydroxylase enzymes that target the HIF-1� pro-
tein for ubiquitination and proteasome-dependent degradation.
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