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Abstract

Aims: In addition to nitric oxide and carbon monoxide, hydrogen sulfide (H,S) is an endogenously synthesized
gaseous molecule that acts as an important signaling molecule in the living body. Transcription factor hypoxia-
inducible factor 1 (HIF-1) is known to respond to intracellular reduced oxygen (O,) availability, which is
regulated by an elaborate balance between O, supply and demand. However, the effect of H,S on HIF-1 activity
under hypoxic conditions is largely unknown in mammalian cells. In this study, we tried to elucidate the effect of
H,S on hypoxia-induced HIF-1 activation adopting cultured cells and mice. Results: The H,S donors sodium
hydrosulfide and sodium sulfide in pharmacological concentrations reversibly reduced cellular O, consumption
and inhibited hypoxia- but not anoxia-induced HIF-1o protein accumulation and expression of genes down-
stream of HIF-1 in established cell lines. H,S did not affect HIF-1 activation induced by the HIF-o. hydroxy-
lases inhibitors desferrioxamine or CoCl,. Experimental evidence adopting von Hippel-Lindau (VHL)- or
mitochondria-deficient cells indicated that H,S did not affect neosynthesis of HIF-1o protein but destabilized
HIF-1o in a VHL- and mitochondria-dependent manner. We also demonstrate that exogenously administered
H,S inhibited HIF-1-dependent gene expression in mice. Innovation: For the first time, we show that H,S
modulates intracellular O, homeostasis and regulates activation of HIF-1 and the subsequent gene expression
induced by hypoxia by using an in vitro system with established cell lines and an in vivo system in mice.
Conclusions: We demonstrate that H,S inhibits hypoxia-induced HIF-1 activation in a VHL- and mitochondria-
dependent manner. Antioxid. Redox Signal. 16, 203-216.

Introduction cesses within the mammalian body, both beneficial and

detrimental. Carbon monoxide (CO) has recently attracted the

ASEOUS MOLECULES CONSTITUTE a unique class of bio-

materials that are indispensable for maintaining the
homeostasis of biological systems (4, 21). Among the gases
used in the body and pharmacologically administered, oxy-
gen (O,) has been extensively studied with regard to the
mechanisms of its transport, utilization, and metabolism, be-
cause O, is essential for almost all higher living organisms and
is not produced in the body. Nitric oxide (NO) has also been
extensively studied and is considered to regulate a variety of
biological events and physiological functions such as vascular
tone, platelet aggregation, smooth muscle relaxation, and
synaptic function. NO is also an important messenger mole-
cule involved in many physiological and pathological pro-

interest of researchers as a novel signaling molecule in the
regulation of neurovascular functions. Hydrogen sulfide
(H,S) is generated through the degradation of cysteine and is
also used to synthesize this amino acid in the cysteine-
generating pathway in mammals (23). Another line of study
indicates the possible physiological significance of H,S in the
nervous, circulatory, respiratory, and gastrointestinal systems
(24, 45). In addition, exogenous H,S exerts pharmacological
and toxicological effects (19, 42).

Hypoxia causes a set of adaptive responses (16). At the
cellular level, adaptation involves a switch of energy metab-
olism from oxidative phosphorylation to anaerobic glycolysis,
increased glucose uptake, and the expression of stress
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Innovation

Gaseous molecules such as oxygen (O,), nitric oxide,
and carbon monoxide constitute a unique class of bioma-
terials that are indispensable for maintaining the homeo-
stasis of biological systems. In addition, a line of study
indicates the possible physiological and pathophysiologi-
cal significance of H,S in the nervous, circulatory, respi-
ratory, and gastrointestinal systems. Hypoxia causes a set
of adaptive responses. One of the most critical cellular
factors involved in regulating the expression of the
hypoxia-responsive genes is HIF-1. In this study, it is
demonstrated that H,S inhibits cellular O, consumption
and hypoxia-induced HIF-1 activation by decreasing HIF-
la protein accumulation and that H,S does not inhibit
anoxia- or HIF-« hydroxylase inhibitors-induced HIF-1
activation. Together with the evidence adopting VHL- or
mitochondria-deficient cells, it is indicated that H,S does
not affect neosynthesis of HIF-1a protein but destabilized
HIF-1¢ in a VHL- and mitochondria-dependent manner.
Thus, for the first time it is shown that H,S modulates in-
tracellular O, homeostasis and regulates activation of HIF-1
and the subsequent gene expression induced by hypoxia.

proteins related to cell survival or death. One of the most
important cellular factors involved in regulating the expres-
sion of the genes encoding these proteins, including vascular
endothelial growth factor (VEGF), glucose transporter 1
(GLUT1), lactate dehydrogenase A (LDHA), pyruvate dehy-
drogenase kinase 1 (PDK-1), inducible NO synthase, and
heme oxygenase-1, is hypoxia-inducible factor 1 (HIF-1) (46).
HIF-1 is a heterodimer composed of a constitutively ex-
pressed f subunit (HIF-1f) and an inducibly expressed o
subunit (HIF-1o) (46). The regulation of HIF-1 activity occurs
at multiple levels in vivo. Among these, the mechanisms reg-
ulating HIF-1« protein expression and transcriptional activity
have been most extensively analyzed. Von Hippel-Lindau
(VHL) tumor suppressor is the HIF-1a—binding component of
the ubiquitin protein ligase that targets HIF-1o for proteaso-
mal degradation in nonhypoxic cells (30). Hypoxia induces
changes in the hydroxylation status of well-conserved prolyl
and asparaginyl residues of HIF-1o, thus resulting in protein
stabilization and transcriptional activation of HIF-1o (14). The
iron chelator desferroxamine (DFX) and the divalent cation
Co®* efficiently suppress both the hydroxylases for prolyl and
asparaginyl residues, thus causing HIF-1u stabilization and
transactivation even under normoxic conditions. Signaling
through receptor tyrosine kinases can induce HIF-1 expres-
sion by an independent mechanism. HER2/neu activation
increases the rate of HIF-1o protein synthesis via PI3 kinase
and the downstream serine-threonine kinases Akt (protein
kinase B) and FKBP/rapamycin-associated protein (FRAP),
also known as mammalian target of rapamycin (mTOR) (26).
In contrast, insulin-like growth factor-l1-induced HIF-1a
synthesis is dependent on the activity of both the PI3 kinase
and MAP kinase pathways in cells (8). FRAP/mTOR phos-
phorylates and activates the translational regulatory proteins
eukaryotic initiation factor 4E (eIF-4E)-binding protein 1 (4E-
BP1) and p70 S6 kinase (p70 S6K). Phosphorylation of 4E-BP1
disrupts its inhibitory interaction with eIF-4E, whereas acti-
vated p70 S6K phosphorylates the 40S ribosomal protein S6.
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The effect of HER /neu signaling on the translation of HIF-1«
protein depends on the presence of the 5’-untranslated region
of HIF-1o mRNA. These pathways, thus, provide a molecular
basis for the stimulation of HIF-1o protein synthesis in re-
sponse to HER2/neu activation.

A series of reports indicate that the gaseous molecules NO
and CO significantly enhance and inhibit both HIF-1 activity
under normoxic conditions and HIF-1 activation under hyp-
oxic conditions at physiological and pharmacological con-
centrations (3,12, 17, 22, 29). H,S is increasingly recognized as
an important signaling molecule in the cardiovascular and
nervous systems (23). It exerts a host of biological effects on
various targets, resulting in responses that include both cy-
totoxic and cytoprotective effects (31, 42). Although inhala-
tion of high concentrations of H,S is toxic, breathing low
concentrations reversibly reduces metabolism in rodents and
improves survival after hemorrhagic shock in rats (9, 32). HS
can also partly inhibit cellular respiration by acting as an in-
hibitor of cytochrome c¢ oxidase. Inhibition of cytochrome c
oxidase is a probable mechanism for the regulation of cellular
O, consumption by H,S (4, 20, 24). Further, it was recently
proposed that the metabolism of H,S may serve as an O,
sensor in vertebrate vascular smooth muscle (36, 38). More-
over, there is a report indicating that H,S activates HIF-1 in-
dependent of von Hippel-Lindau in Caenorhabditis elegans (C.
elegans) under 20% O, conditions (2) and also enhances HIF-1-
dependent gene expression induced by CoCl, in cells from
vascular origin (27). However, the influence of H,S on HIF-1
activity and hypoxia-induced HIF-1 activation in mammalian
cells is largely unknown at the moment. The available evi-
dence prompted us to investigate how H,S donors affect HIF-
1 activation under normoxic and hypoxic conditions. In this
study using an in vitro system with established cell lines and
an in vivo system in mice, we for the first time demonstrated
that H,S inhibits hypoxia-induced HIF-1 activation in a VHL-
and mitochondria-dependent manner.

Results

H,>S donors inhibited 1% Os-induced HIF-1 protein
expression and HIF-1-dependent gene expression

We used two H,S donors, sodium hydrosulfide (NaHS)
and sodium sulfide (Na,S), to study the effect of H,S on HIF-1
activation. These donors promptly release H,S in solution.
NaHS dissociates to Na* and HS™ in solution, then HS™ as-
sociates with H" to produce H,S. Hep3B cells were exposed to
NaHS under 20% and 1% O, conditions for 4 h, harvested, and
subjected to immunoblot analysis by using anti-HIF-1o or
anti-HIF-1p antibody (Fig. 1A). NaHS did not affect HIF-1« or
HIF-1p protein expression under the 20% O, condition. On the
other hand, NaHS suppressed HIF-1« protein induction un-
der 1% O, in a concentration-dependent manner up to
1000 uM. HIF-1f expression was not affected by 1000 M
NaHS under 1% O,. Expression of f-actin protein was affected
by neither NaHS treatment nor the 1% O, condition. Na,S also
inhibited 1% O,-induced HIF-1a protein accumulation (Fig.
1B).

Next, we performed a time-course study on the inhibitory
effect of NaHS. Hep3B cells were exposed to 1000 uM NaHS
for the indicated times under the 1% O, condition, and then
harvested for immunoblot analysis. NaHS inhibited HIF-1o
protein accumulation until 2h (Fig. 1C, lanes 2—4); however,
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FIG. 1. Hydrogen sulfide donors inhibited 1% O,-induced HIF-1 protein expression and HIF-1-dependent gene ex-
pression. Hep3B cells were exposed to the indicated concentrations of NaHS (A) or Na,S (B) for 4h under 20% or 1% O,.
After treatment, cells were harvested, and whole-cell lysates were subjected to an immunoblot assay for HIF-1«, HIF-1§, or f-
actin protein expression. (C) Hep3B cells were exposed to the indicated concentrations of NaHS for 2 or 8 h under 20% or 1%
O,. Experiments were repeated thrice. Representative immunoblots are shown (A, B, and C; left panels). Band intensities were
densitometrically analyzed Fold induction relative to lane 1 was plotted as mean+SD (A and B; right panels). *p <0.05
compared with control; *p<0.05 for comparisons between the indicated groups. (D) Hep3B cells were exposed to the
indicated concentrations of NaHS for 8h under 20% or 1% O, and harvested for semi-quantitative RT-PCR for vascular
endothelial growth factor (VEGF), glucose transporter 1 (GLUT1), Lactate dehydrogenase A (LDHA), and pyruvate dehy-
drogenase kinase-1 (PDK 1). Experiments were repeated at least thrice in triplicate. *p <0.05 compared with the control (20%
and no treatment), *p <0.05 for comparisons between the indicated groups. N.S., not statistically significant; HIF-1, hypoxia-
inducible factor 1; NaHS, sodium hydrosulfide; Na,S, sodium sulfide.
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after 8 h, a suppressive effect was no longer observed (lanes 5-
7), thus indicating that the effect is reversible. In contrast, HIF-
1/ expression was constant.

Next, we investigated whether NaHS inhibited 1% O,-
induced gene expression downstream of HIF-1 in Hep3B cells
by semi-quantitative RT-PCR (Fig. 1D). Expression of VEGF,
GLUT1, LDHA, and PDK-1 mRNA was induced under 1%
O,, and all inductions were inhibited by NaHS in a concen-
tration-dependent manner, as in the case of HIF-1a protein
expression. Notably, NaHS did not affect basal expression of
genes under 20% O, conditions.

Inhibition of HIF-1 by NaHS was observed in cells
from various kinds of tissues

To investigate whether the effect of NaHS is observed in
other types of cells, we tested neuronal SH-SY5Y cells (Fig.
2A) and HeLa cells (Fig. 2B). Cells of both cell lines were
exposed to 1% O, with or without 1000 uM NaHS for 4h.
Induction of HIF-1x protein expression was inhibited, but that
of HIF-1p was not affected by NaHS treatment, as in the case
of Hep3B cells (Fig. 2A, B; left panels). Induction of VEGF
and GLUT1 mRNA expression was also inhibited by NaHS,
as in the case of HIF-1« protein and Hep3B cells (Fig. 2A, B;
right panels).

Next, we investigated the effect of NaHS on HIF-1-
dependent gene expressions in primary cultured mouse he-
patocytes (Fig. 2C) and human aortic smooth muscle cells
(HASMCs) (Fig. 2D). Exposure to 1% O, conditions induced
expression of GLUT1 and VEGF in both primary cultured
hepatocytes and HASMCs. In contrast, the basal expression of
those genes was not affected by NaHS treatment under 20%
O, conditions. The induction was suppressed by 1 mM NaHS
treatment. Expression of HIF-lo mRNA was not affected
under 1% O, conditions or NaHS treatment.

H2S donors inhibited hypoxia-induced
HIF-1a. stabilization

To explore the molecular mechanism by which H,S affects
the accumulation of HIF-1o during hypoxia, we first exam-
ined the cytotoxic effect of H,S on Hep3B cells. A cytotoxicity
assay using MTS/phenazine ethosulfate (PES) indicated that
1000 uM NaHS did not exert cytotoxicity within 4 h (Fig. 3A).
Using the trypan blue exclusion dye assay, no significant cell
death was observed at all the time points and concentrations
tested (data not shown). In addition, cleaved-PARP and
cleaved caspase-3 expression, which had been increased by
hypoxic treatment, did not increase by exposure to 1000 uM
NaHS (Fig. 3B). Thus, the inhibitory effect of H,S is not due to
the cytotoxic effect to cells.

Next, we examined the effect of H,S on HIF-20 protein
accumulation. In both Hep3B cells and HeLa cells, hypoxia-
induced HIF-2o protein expression was also suppressed by
NaHS treatment, thereby suggesting that the pathway com-
mon with both HIF-1o and HIF-2« is the target of H,S (Fig.
3C). The steady state of either HIF-lo mRNA or HIF-1p
mRNA did not differ by exposure to 1% O, or NaHS in Hep3B
cells (Fig. 3D).

Since the primary mechanism leading to HIF-1o. accumu-
lation during hypoxia involves stabilization of HIF-1a pro-
teins, we examined whether NaHS affected the intracellular
stability of HIF-1 protein. For this purpose, Hep3B cells were

KAI ET AL.

incubated for 4h under 1% O, before the addition of cyclo-
heximide (CHX) to block ongoing protein synthesis with or
without NaHS treatment under the continued 1% O, condi-
tion in a hypoxic workstation (Fig. 3E). After 30, 60, and
90 min, cells were harvested, and lysates were subjected to
immunoblot analysis by using anti-HIF-1o. and —~HIF-1§ an-
tibodies (Fig. 3E; left panel). The HIF-1x protein level in the
cells decreased significantly more rapidly with NaHS treat-
ment than without NaHS treatment (Fig. 3E; right panel).
Hep3B cells were transfected with the reporter p2.1 contain-
ing an HIF-1-dependent hypoxia response element (HRE).
NaHS also inhibited hypoxia-induced HRE-dependent gene
expression but not the basal expression under normoxia (Fig.
3F). Oxygen-dependent degradation domain (ODD) of HIF-
la fused to luciferase was expressed in the cells, which were
then treated with NaHS (Fig. 3G). Exposure to 1% O, induced
luciferase activity. Treatment with 1mM NaHS inhibited in-
duction of luciferase activity by hypoxia as well as 2mM so-
dium azide, thus indicating that NaHS decreased the stability
of HIF-1« protein in an ODD-dependent manner under 1% O,.
Together, this evidence demonstrates that H,S reduces the half
life of HIF-1o protein in cells under hypoxic conditions.

Next, the effect of NaHS on HIF-1o protein synthesis was
examined (Fig. 3H). Exposure of cells to 10 uM of the pro-
teasome inhibitor Z-Leu-Leu-Leu-al (MG132) resulted in ac-
cumulation of HIF-1o protein (Fig. 3H, lanes 1 and 2), because
MG132 inhibits HIF-1« protein degradation. The translation
inhibitor CHX, which blocks ongoing protein synthesis, in-
hibited the accumulation of HIF-1o induced by MG132 (lane
5). In contrast, NaHS did not affect the HIF-1« protein ex-
pression induced by MG132 (lanes 3 and 4), thus indicating
that H,S does not affect the neosynthesis of HIF-1« protein.
Moreover, NaHS did not affect the phosphorylation status of
Erk1/2, Akt, mTOR, or p70 S6K, which play a significant role
in HIF-1o protein neosynthesis under normoxia or hypoxia
(Fig. 3I).

NaHS inhibited hypoxia-induced
but not anoxia-induced HIF-1 activation

We investigated the effect of H,S on HIF-1a protein ex-
pression under 0.1% and 3% O, conditions in Hep3B cells.
As shown in Figure 4A, an inhibitory effect of NaHS was
not observed under the 0.1% O, conditions. In contrast, an
inhibitory effect was detected under the 3% O, conditions
(lanes 4 and 5). The inhibitory effect of NaHS on HIF-1«
protein expression was O,-tension dependent (Fig. 4A,
right panel). Hep3B cells were more sensitive to exposure to
NaHS under 3% O, than under 1% O,. Next, we examined
the O, tension dependence of the effect of NaHS on VEGF
mRNA expression and HRE-dependent gene expression.
Exposure to hypoxia significantly induced VEGF mRNA
expression in 8 h in Hep3B cells. No difference was detected
between the 0.1% and 1% O, conditions. However, an in-
hibitory effect of NaHS was detected only under the 1% O,
condition in Hep3B cells (Fig. 4B; left panel). As in the case
of VEGF mRNA, similar phenomena were observed in
HRE-dependent gene expression in Hep3B cells. The sup-
pressive effect of NaHS was more significant under 1% O,
than under 0.1% O, (Fig. 4B; right panel). We also exam-
ined the effect of H,S on DFX- and CoCl,-induced HIF-1«
expression under the 20% O, condition. In contrast to its
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FIG. 2. Inhibition of HIF-1 by NaHS was observed in cells from various kinds of tissues. SH-SY5Y cells (A) or HeLa cells
(B) were exposed to the indicated concentrations of NaHS for 4 h under 20% or 1% O,. After treatment, cells were harvested
for Western blot analysis, and whole-cell lysates were subjected to an immunoblot assay for HIF-1a and HIF-1f (A and B).
Representative immunoblots are shown (A and B; left panels). SH-SY5Y cells (A; right panel), HeLa cells (B; right panel),
primary cultured mouse hepatocytes (C), or human aortic smooth muscle cells (HASMCs) (D) were exposed to the indicated
concentrations of NaHS for 8 h under 20% or 1% O, and harvested for semi-quantitative RT-PCR by using primer pairs for
indicated genes. Experiments were repeated at least thrice in triplicate. *p <0.05 compared with the control (20% and no
treatment), "p <0.05 for comparisons between the indicated groups.
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FIG. 3. NaHS inhibited hypoxia-
induced HIF-1a stabilization. (A and
B) Hep3B cells were exposed to the
indicated concentrations of NaHS for
4h under 20% O, conditions and
subjected to a cytotoxicity assay by
using MTS/PES as described in Ma-
terials and Methods section (A), and
cells were subjected to an immuno-
blot assay for PARP and cleaved
Caspase 3 expression (B). c-caspase-3;
cleaved Caspase 3 (C) Hep3B cells or
HelLa cells were exposed to the indi-
cated concentrations of NaHS for 4h
under 20% or 1% O,. After treatment,
cells were harvested for Western blot
analysis, and whole-cell lysates were
subjected to an immunoblot assay for
HIF-1e or HIF-20. (D) Hep3B cells
were exposed to the indicated con-
centrations of NaHS for 8h under
20% or 1% O, and harvested for semi-
quantitative RT-PCR by using primer
sets for HIF-1¢ and HIF-1p. (E) Hep3B
cells were exposed to 1% O, for 4h,
and then cycloheximide (CHX) was
added to a final concentration of
100 uM  with or without 100uM
NaHS in a hypoxic workstation. Cells
were incubated for 0-90min, and
whole-cell lysates were subjected to
an immunoblot assay by using anti-
HIF-1a or anti-HIF-1§ antibodies (left
panel). Relative intensities of HIF-1o
signals were quantified by densito-
metric analysis of the immunoblots.
Normalized values to time 0 as 1 were
plotted against time (right panel). A
representative blot is shown in the left
panel. Results are mean+SD of three
independent experiments. (F) Hep3B
cells were transfected with the HIF-1-
dependent reporter gene p2.1, en-
coding firefly luciferase, downstream
of an HRE and SV40 promoter, and
PRL-SV40, encoding Renilla lucifer-
ase. After 6-h incubation, cells were
treated with the indicated concentra-
tions of NaHS for 4h. The ratio of
firefly to Renilla luciferase activity
was normalized to the value obtained
for untreated cells to obtain a relative
light unit (RLU). Results are mean=+
SD of three independent transfec-
tions. *p<0.05 compared with re-
spective  control;  "p<0.05  for
comparisons between the indicated

groups (G) HeLa/ODD-Luc cells were exposed to 20% or 1% O, conditions under treatment with 1000 uM NaHS or 2000 uM
sodium azide for 4 h. Cells were harvested, and luciferase activity in each well was measured by using the same amount of cell lysate
in the dual-luciferase reporter assay system (Promega). The luciferase activity was normalized to the value obtained for untreated
cells to obtain a relative light unit (RLU). Results are mean+SD of three independent wells. *p <0.05 compared with respective
control under 20% O, conditions; *p <0.05 for comparisons between the indicated groups (H) Hep3B cells were treated with 1000 M
NaHS, 10 uM MG132, and/or 100 uM CHX for 4 h under 1% O, and harvested for immunoblot assays for HIF-1¢ and HIF-1f. (I)
Hep3B cells were exposed to 1000 uM NaHS under 20% and 1% O, for 1h. Cells were harvested, and lysates were subjected to an
immunoblot assay. The phosphorylation status of Erk1/2, Akt, mTOR, and p70 S6K was examined in an immunoblot assay with
anti-phosphospecific antibodies raised against the respective kinases. HRE, hypoxia-response element.
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effect under the 1% O, condition, NaHS did not signifi-
cantly inhibit DFEX- or CoCl,-induced HIF-1o protein ex-
pression (Fig. 4C).

Next, we investigated whether the inhibitory effect of H,S
was VHL dependent. RCC4 cells, which genetically lack VHL,
and their derivatives, RCC4-VHL cells, were tested. RCC4
cells expressed HIF-1a protein even under the 20% O, con-
ditions. Expression was unchanged under the 1% O, condi-

tions and was insensitive to NaHS up to 1000 uM (Fig. 4D; left
panel). In contrast, RCC4-VHL cells, which exogenously ex-
press VHL, expressed HIF-1¢ minimally under the 20% O,
conditions. HIF-1a protein expression was induced under 1%
O,, and induction was inhibited by 1000 uM NaHS (Fig. 4D;
right panel), thus indicating that VHL is necessary for the
suppressive effect of NaHS on HIF-1o protein accumulation
under hypoxia.
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Mitochondria are necessary for the inhibition
of hypoxia-induced HIF-1 activation by H>S

Since mitochondria play an essential role in hypoxia-
induced HIF-1 activation and are target organelles of H,S
in cells, we investigated the possible involvement of mi-
tochondria in the inhibitory effect of H,S on HIF-1 acti-
vation. Reactive oxygen species (ROS), produced to
different degrees by the various complexes of the mito-
chondrial electron transport chain (ETC) under hypoxic
conditions, have been implicated in the regulation of
HIF-1a protein stability. 10mM N-acetylcysteine (NAC)
treatment did not affect the hypoxia-induced HIF-1o ac-
cumulation (Fig. 5A, lane 2), but did reverse the inhibition
of HIF-1o accumulation by NaHS (Fig. 5A, lanes 4 and 5).
We tested the effects of various inhibitors of ETC on Hep3B
cells under the 1% O, condition for 4h. HIF-1a protein
accumulation was prevented by treatment with the dif-
ferent inhibitors including rotenone, antimycin A, and so-
dium azide as well as NaHS in Hep3B cells under the 1%
O, condition, thus indicating that inhibition of respiration
at any site within ETC prevented HIF-1« protein accumu-
lation (Fig. 5B). To investigate the involvement of mito-
chondria in inhibitory effect of H,S, we used EBS cells and
HeEB1 cells. Hypoxic treatment induced HIF-la protein
expression in both EB8 and HeEB1 cells (Fig. 5C; lanes 1
and 2). However, NaHS inhibited HIF-1a protein induction
in only HeEB1 cells (lane 4), thus suggesting that mito-
chondria have an essential role in the inhibitory effect of
H,S on HIF-1 activation. Since mitochondria are major O,
consumers in cells, we examined the impact of NaHS on O,
consumption in HelLa cells. As indicated in Figure 5C,
1mM NaHS significantly suppressed O, consumption to
the same extent as did 2mM sodium azide. O, consump-
tion was also examined in EBS8 cells (HeLa cells lacking
mtDNA) and HeEB1 cells (a hybrid clone of EB8 cells with
mtDNA from wild-type HeLa cells).

NaHS inhibited HIF-1-dependent
gene expression in vivo

To explore whether H,S can influence the activation of HIF-
1 or downstream gene expression in vivo, NaHS was intra-
peritoneally (i.p.) administered to mice under 20% or 10% O,
atmosphere for 4h, and VEGF, GLUT-1, and HIF-1o. mRNA
levels in brain (Fig. 6A), kidney (Fig. 6B), and liver (Fig. 6C)
were examined. Hypoxia-induced VEGF mRNA was in-
hibited in brain and kidney, and was also inhibited by NaHS
(Fig. 6A, B; left panels). Hypoxic treatment of mice increased
GLUT-1 mRNA levels in brain and kidney, and induction was
significantly inhibited by concomitant use of NaHS (2.0 mg/
kg) (Fig. 6A, B, middle panels). In liver, significant induction
of either GLUT1 or VEGF mRNA was not observed at 10% O,
atmosphere, and mRNA expression was not affected by
NaHS treatment. NaHS did not affect the gene expression
under 20% O, conditions (Fig. 6C). HIF-1a mRNA expression
was not affected by either hypoxic treatment or NaHS expo-
sure. There were no significant differences between control
and NaHS groups in the vital parameters of blood pressure,
heart rate, and SpO, during the experiments (data not shown),
thus suggesting that modulation of HIF-1 activation by H,S
was not due to alteration of the respiratory or circulatory
system.
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Discussion

In this study, we demonstrated that the H,S donors
NaHS and Na,S inhibited hypoxia-induced HIF-1 activation.
Hypoxia-induced HIF-1o protein accumulation and HIF-1-
downstream gene expression were suppressed by treatment
with the H,S donors both in vitro and in vivo in a VHL- and
mitochondria-dependent manner.

We used these H,S donors rather than gaseous H,S itself
exclusively in this study. According to previous reports, the
concentrations of the H,S donors NaHS and Na,S tested in
this study were greater than physiological concentrations but
within pharmacological concentrations. As for concentration
of NaHS or Na,S adopted in this study, the concentration was
from 10 to 1000 M in the case of NaHS or from 10 to 100 uM in
the case of Na,S. 100 uM of NaHS or 10 uM of Na,S showed a
significant inhibitory effect. Multiple studies have demon-
strated the cytoprotective effect of H,S that is observed from
10 uM to 5 mM in an in vitro setting and from 1 to 20mg/kg i.p
in an in vivo setting when administrated as NaHS (42). Thus,
doses adopted in this study are within pharmacological dose
of H,S donors. On the other hand, it is reported that values of
labile H,S in plasma and blood vary mostly between 20 and
300 uM (20, 47, 48). Less than one-fifth of H,S is reported to
exist in the undissociated form (H,S), which can evaporate
from the medium; the remaining four-fifths existing as HS™ at
equilibrium with H,S in aqueous solutions with pH 7.4 at
37°C (24, 39). Another report claims that one-third of H,S+
HS™ remains after 15min of administration, and >90%
evaporates from the medium by 30 min (25). Although it has
not been possible to determine the active form of H,S, the term
“hydrogen sulfide” has been used (24). As demonstrated in
Figure 1C, NaHS inhibited hypoxia-induced HIF-1o accu-
mulation as early as 2 h (Fig. 1C, lanes 2—4), but the inhibitory
effect was not observed at 8h (Fig. 1C, lanes 6 and 7); re-
administration of NaHS after 8 h inhibited HIF-1a accumu-
lation (data not shown). Evidence indicates that the inhibitory
effect of H,S is reversible, and the kinetics of inhibition is
consistent with the half life of H,S in the medium. A cyto-
toxicity assay and trypan blue staining indicated that even
1mM NaHS did not elicit cell death within 8h of treatment
(Fig. 3A), although H,S gas is known to be toxic (39, 42). An
assay to examine the expression of cleaved PARP and caspase
3 also indicated that treatment with 1mM NaHS does not
induce apoptosis in cells (Fig. 3B).

The intracellular expression of HIF-1a protein is deter-
mined by the balance between its degradation and synthesis
or stability and translation rate (15, 40). The results of the
experiment using the protein translation inhibitor CHX indi-
cated that H,S facilitated the degradation of HIF-1o protein
under the 1% O, conditions (Fig. 3E). Evidence that NaHS did
not affect HIF-1oo protein expression in cells treated with
MG132 strongly suggest that H,S did not affect HIF-1o pro-
tein neosynthesis under the 1% O, condition (Fig. 3H).
Moreover, the phosphorylation status of the protein kinases
Erk, Akt, mTOR, and p70 S6 kinase, which play a critical role
in maintaining the machinery whereby HIF-1« mRNA is
translated into protein, was not affected by NaHS treatment
under both normoxic and hypoxic conditions (Fig. 3I). Taken
together with the data showing that NaHS did not influence
HIF-1o. mRNA expression (Fig. 3D) and that degradation of
ODD-luciferase was facilitated by NaHS (Fig. 3G), our results
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indicated concentrations of NaHS with or without 10 mM NAC treatment for 4

T T T T T 1 =
0 100200300400500600 (min)
time

NaHS. (A) Hep3B cells were exposed to the
h and harvested for immunoblot assays with

anti-HIF-1a. (B) Hep3B cells were exposed to 1% O, with (+) or without (—) treatment with the indicated reagents (0.5 uM
rotenone, 1 ug/ml antimycin A, and 5 mM sodium azide). After treatment, cells were harvested, and whole-cell lysates were
subjected to an immunoblot assay for HIF-1¢. (C) EB8 and HeEB1 cells were exposed to 20% and 1% O, and treated with the
indicated concentrations of NaHS for 4 h. After treatment, the cells were harvested, and whole-cell lysates were subjected to
an immunoblot assay for HIF-1a and HIF-1f. (D) Oxygen concentration curves were generated by using a Clark electrode for
HeLa, EB8, and HeEB1 cell suspensions. Arrows indicate addition of 2mM sodium azide or 1 mM NaHS. The slope of the

curve is a measure of the rate of O, consumption.



KAI ET AL.

212
A VEGF GLUT1 HIF-1at
# N.S.
4+ * 4 159 nNs.
[ —
c
§ 3 g 5 1.0
brain 13 2d ns. 2 é
g 2 2 0.5
L qd S
0= 0.0-
0:2(%) 20 20 10 10 O2(%) 20 20 10 10 O2(%) 20 20 10 10
NaHS (1) (*) () () NaHS (1) (+) () (9 NaHS () (+) () (4)
B VEGF HIF-1a
= #
| —
*
- [ =
kid é i § é
iane
"2 2] s - 3
o : ! o =
g . 2 =
0- i
02(%) 20 20 10 10 02(%) 20 20 10 10 Oz2(%) 20 20 10 10
NaHS () (+) () () NaHS () () () () Wb 0 0 O @
c VEGF GLUT1 HIF-1at
2.0- NS. 2.5+ NS. 200 s i
1.5 ; ' — o 18
S S 154 S
. 3 g 1 g
liver 32 1.0+ 3 2 1.04
£ £ 1.04 =
ke o ke
& 0.5 e 0.5 £ 0.5
0.0- 0.0~ 0.0~
O2(%) 20 20 10 10 Oz2(%) 20 20 10 10 02(%) 20 20 10 10
NaHS  (-) (+) () (+) NaHs () (+) () (9 NaHS (1) (+) () ()
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indicate that H,S prevents cells from stabilizing HIF-1o pro-
tein even under hypoxia, without affecting the translation of
HIF-1e mRNA into protein. Notably, NaHS also inhibited the
accumulation of HIF-2« protein, the stability of which is reg-
ulated by almost the same mechanism as that regulating the
stability of HIF-1a protein in Hep3B cells under 1% O, con-
dition (28) (Fig. 3C). The O, tension-dependent stability of
HIF-o, including HIF-1oc and HIF-2¢, is mainly regulated by
hydroxylation of HIF-x-specific peptides by the specific
oxygenases PHD1-3 and the subsequent recognition of the
hydroxylated HIF-o peptide by the tumor suppressor VHL
(14). As indicated in Figure 4D, NaHS did not affect HIF-1a
protein expression in VHL-deficient RCC4 cells. However,
insensitivity was reversed by the introduction of VHL into
RCC4 cells. Evidence strongly suggests that H,S affects cel-
lular processes upstream of HIF-1a recognition by VHL in the

signaling pathway from hypoxia to HIF-1o protein accumu-
lation (11).

HIF-u stabilization during anoxia, such as that provided by
the 0.1% O, condition, or in response to DFX or CoCl, does
not seem to require mitochondria, because these conditions
and reagents directly inhibit PHDs (11), thereby preventing
recognition by protein complexes, including VHL. Interest-
ingly, H,S did not inhibit the HIF-1« protein stabilization in-
duced by these interventions (Fig. 4A-C). In contrast, H,S did
inhibit HIF-1o protein stabilization under hypoxic conditions
such as 1% and 3% O,, in which mitochondria are closely
involved in HIF-1o stabilization. Although the bona fide nature
of intracellular hypoxia sensors is still controversial, mito-
chondria play a critical role in hypoxia-induced HIF activa-
tion (6). Figure 5C demonstrates that mitochondria were
essential organelles for the H,S-induced suppression of
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hypoxia-induced HIF-1 activation. In p0 EBS8 cells, HIF-1«
protein accumulation was observed in response to exposure
to 1% O,, but H,S did not affect the protein accumulation (Fig.
5D). On the other hand, HeBE1 cells harboring mtDNA from
wild-type HeLa cells were sensitive to H,S treatment, as were
wild-type HelLa cells (Fig. 5D). Moreover, we demonstrated
that both 1 mM NaHS and 2 mM sodium azide inhibited O,
consumption in a mitochondria-dependent manner (Fig. 5C).
Taken together, our results suggest that H,S acts as a regu-
lator of O, consumption of mitochondria and intracellular O,
metabolism in mammalian cells and that H,S destabilizes
HIF-1a protein under hypoxic conditions on inhibition of
mitochondrial respiration, as indicated by the inhibition of
HIF-1« protein stabilization in hypoxia by NO (12). NaHS did
not affect the phosphorylation status of Erk1/2, Akt, mTOR,
or p70 S6K, which play a significant role in HIF-1a protein
neosynthesis (Fig. 3I), although it is reported that the H,S
donor diallyl sulfide (DAS) induced hemeoxygenase-1
through MAPK pathway (10). Gong et al. reported that DAS
activates ERK in an ROS-dependent manner. In contrast, we
indicated that induction of HIF-1a protein accumulation by
NaHS is not inhibited by NAC treatment (Fig. 5A). It is still
elusive that DAS-dependent MAPK activation is totally de-
pendent on H,S.

By analogy with protein S-nitrosylation, protein S-sulfhy-
dration has been proposed as a mechanism for the modifica-
tion of cellular function mediated by H,S (33, 37). H,S
physiologically modifies cysteines in a large number of pro-
teins by S-sulfhydration, thus converting sulfhydryl (P-SH)
groups to persulfide groups (P-SSH), which appears to be
another type of posttranslational modification of proteins. It is
known that the covalent modification in S-sulfhydration is
reversed by reducing agents, such as NAC and DTT, similar
to nitrosylation by NO (33). In the current study, treatment
with the antioxidant NAC attenuated the H,S-elicited inhi-
bition of HIF-1o protein accumulation (Fig. 5A). Thus, dis-
turbance of the intracellular redox balance by H,S may affect
the hypoxia signaling pathway to HIF-1 activation.

In an in vivo study demonstrated as Figure 6, we did not
observe the induction of HIF-1-dependent gene expression
inhibitory effect of H,S in liver under 10% O, atmosphere. On
the other hand, we also demonstrated that H,S inhibited HIF-
1-dependent gene expression in primary cultured mouse he-
patocytes (Fig. 2C). One of the reasons of the discrepancy may
be that 10% O, atmosphere, which induces HIF-1 activation in
brain and kidney, is not low enough to induce the HIF-1 ac-
tivation in liver.

A recent report describes that the 300 uM of NaHS increases
expression of HIF-1« protein and VEGF induced by CoCl, not
by hypoxia in rat brain capillary endothelial cells and rat
aortic vascular smooth muscle cells within 1h (27). In the
study, the effect of NaHS on hypoxia-induced HIF-1 activa-
tion is not investigated. In contrast, we find that NaHS does
inhibit hypoxia-induced HIF-1 activation in HASMCs (Fig.
2D) and human umbilical vein endothelial cells (data not
shown) in the dose of 300 uM (data not shown) and 1000 uM of
NaHS. The mechanisms behind the discrepancy are largely
elusive at this moment and should be investigated as a further
study. A previous study reported that H,S elicited HIF-1 ac-
tivation in a C. elegans model (2). Worms were exposed to
50 ppm gaseous H,S for 45 min, and the protein expression of
HIF-1a was examined. Exposure to 50 ppm H,S increased
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HIF-1a protein expression as effectively as exposure to a
0.5% O, atmosphere in a VHL-independent but EGLN-1-
dependent manner. However, the effects of H,S on hypoxia-
induced HIF-1o protein accumulation and gene expression
were not investigated in the study. We did not detect an in-
crease in HIF-1a protein or HIF-1-dependent gene expression
on treatment with NaHS under the normoxic condition in
Hep3B or SH-SY5Y cells. The difference in species may ex-
plain the discrepancy between our results and the previous
results in C. elegans, although there is no experimental evi-
dence for this at this moment.

Metabolic “hypoxia,” a pathophysiological state in which
the use of O, in mitochondrial respiration is prevented, is
known to affect HIF-1 activation under hypoxic conditions,
despite the presence of O, (12). In this study, we demon-
strated that inhibition of mitochondrial O, consumption by
H,S, resulted in a destabilization of HIF-1o protein in a VHL-
dependent manner. The physiological and pathophysiologi-
cal implications of these observations remain to be investi-
gated as future studies.

Materials and Methods
Cell culture and reagents

Human hepatoma Hep3B cells and human cervical carci-
noma Hela cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 100 U/ml penicillin, and 0.1 mg/ml streptomy-
cin. Human neuroblastoma SH-SY5Y cells were maintained in
RPMI 1640 medium that contained 10% FBS, 100 U/ml peni-
cillin, and 0.1 mg/ml streptomycin. The characteristics of EB8
cells (HeLa cells lacking mtDNA) and HeEB1 cells (a hybrid
clone of EB8 cells with mtDNA from wild-type HeLa cells)
were described elsewhere (7). They were cultured in RPMI
1640 supplemented with heat-inactivated FBS, 50g/ml uri-
dine, and 0.1 mg/ml pyruvate. RCC4 cells stably transfected
with pcDNA3-VHL (RCC4/VHL) or empty vector (RCC4)
were maintained in DMEM supplemented with 10% FBS,
100U/ml penicillin, and 0.1mg/ml streptomycin. HASMCs
were obtained from Kurabo (Osaka, Japan). Primary cultured
mouse hepatocytes were prepared by following a protocol
previously described (1).

The H,S donors NaHS and Na,S, the iron chelator DEX,
sodium azide, antimycin A, and rotenone were obtained from
Sigma (St. Louis, MO). The protein synthesis inhibitor CHX
and the cell-permeable proteasome inhibitor MG132 were
obtained from Calbiochem (San Diego, CA). Anti-HIF-1a
antibodies were obtained from BD Biosciences (San Jose, CA),
and anti-HIF-1f antibody was obtained from Novus Biolo-
gicals (Littleton, CO). Anti-f-actin antibody was purchased
from Sigma. Anti-phosphorylated p44/42MAPK (Thr-202/
Tyr-204), Akt (Ser-473), the mTOR (Ser 2448), and p70 S6 ki-
nase (S6K) (Thr 389) antibodies were obtained from Cell Sig-
naling Technology (Beverly, MA). Anti-poly-(ADP-ribose)
polymerase (PARP) and-cleaved Caspase-3 antibodies were
from Cell Signaling Technology.

Hypoxic treatment

Cells were maintained in a multigas incubator (APMW-36;
Astec, Fukuoka, Japan) and exposed to hypoxic conditions
(1% O=5% CO,-94% N,) (34, 35, 44).
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Immunoblot assays

Whole-cell lysates were prepared as previously described
(43). Briefly, whole-cell lysates were prepared by using ice-cold
lysis buffer [0.1% SDS, 1% Nonidet P-40 (NP-40), 5mM EDTA,
150 mM NaCl, 50 mM Tris-Cl (pH 8.0), 2mM DTT, 1mM so-
dium orthovanadate, and Complete Protease Inhibitor™
(Roche Diagnostics, Tokyo, Japan) by using a protocol previ-
ously described (49). Samples were centrifuged at 10,000 x g to
form a pellet from the cell debris. For HIF-1o. and HIF-1p,
100 g of protein was fractionated by SDS-PAGE (7.5% gel) and
subjected to an immunoblot assay by using primary antibodies
at 1:1000 dilution. Anti-f-actin mouse monoclonal antibody
(Sigma) was used as a control at 1:5000 dilution. Horseradish
peroxidase-conjugated to sheep anti-mouse IgG (GE Health-
care, Piscataway, NJ) was used as a secondary antibody at
1:1000 dilution. The signal was developed by using enhanced
chemiluminescence reagent (GE Healthcare). Experiments
were repeated at least thrice. The intensity of each band was
quantified with Image ] software [Tanaka, 2010 #232;Waka-
matsu, 2009 #173] for statistical analysis.

Quantitative reverse transcriptase-PCR analysis

RNA was purified by using RNeasy™ (Qiagen, Valencia,
CA) and treated with DNase. First-strand synthesis and real-
time PCR were performed by using the QuantiTect SYBR
green PCR kit (Qiagen) according to the manufacturer’s pro-
tocol. PCR and detection were performed by using a 7300 real-
time PCR system (Applied Biosystems, Foster City, CA). PCR
primers were purchased from Qiagen. The relative change in
expression of each target mRNA relative to 185 rRNA was
calculated (43, 44).

Reporter gene assay

Reporter plasmid p2.1, harboring a 68-bp HRE from the
human enolase 1 gene inserted upstream of an SV40 promoter
and Photinus pyralis (firefly) luciferase coding sequences, was
previously described (18, 22). Cells were plated (5x10* per
well) on the day before transfection. In each transfection, 200 ng
of reporter gene plasmid p2.1 and 50 ng of the control plasmid
PRL-5V40 (Promega, Madison, WI) containing the SV40 pro-
moter upstream of Renilla reniformis (sea pansy) luciferase
coding sequences were premixed with Fugene 6 transfection
reagent (Roche Diagnostics). Cells were exposed to each con-
dition as indicated and harvested. Luciferase activity was de-
termined by using the dual-luciferase reporter assay system™
(Promega). The ratio of firefly to sea pansy luciferase activity
was determined (22). When indicated, HeLa cells stably har-
boring reporter gene plasmid pGL3/5HRE-Luc (HeLa/5HRE-
Luc) (44) were subjected to each condition and treated with
each reagent for 4 h. Cell lysates were subjected to luciferase
assay (Promega) as previously described.

At least two independent transfections were performed in
triplicate for each experiment.

HIF-1a. stability assay using reporter construct
containing HIF-1¢-ODD domain

pGL3/0ODD-Luc plasmid (13) was digested with both Xhol
and Xbal, and the resultant DNA fragment composed of SV40
promoter and ODD-Luc coding sequence was inserted be-
tween Xhol-Xbal site of psHRE-Luc plasmid (pEF/ODD-Luc)
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to produce pGL3/5HRE-Luc plasmid. HeLa/ODD-Luc cells
were subjected to each condition and treated with each reagent
for 4 h. Cells were harvested, and luciferase activity in each well
was measured by using the same amount of cell lysate in the
dual-luciferase reporter assay system (Promega). At least two
independent experiments were performed in triplicate for each
experiment, and representative data are shown.

Cytotoxicity assay

Changes in the cellular viability of NaHS-treated cells were
determined by the CellTiter 96® AQueous One Solution cell
proliferation assay (Promega). The assay uses a colorimetric
method to determine the number of viable cells in cytotox-
icity assays. Hep3B cells were seeded in 96-well plates at a
density of 2.0x 10* per well (in 100 ul medium). After 24 h,
NaHS was added at different concentrations. After an addi-
tional 4 h of incubation, MTS ([3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium,
inner salt]/PES solution was added, and incubation was
continued for 30 min. The absorbance of individual wells
was then measured at a wavelength of 490 nm corrected to
650nm by using a Thermo Max™ microplate reader (Mole-
cular Devices, Sunnyvale, CA).

Measurement of total cellular O, consumption

Cells were trypsinized and suspended at 1x 107 cells per ml
in DMEM with 10% FBS and 25 mM HEPES buffer. For each
experiment, equal numbers of cells suspended in 0.4 ml were
pipetted into the chamber of an Oxytherm electrode unit
(Hansatech Instruments, Norfork, United Kingdom), which
uses a Clark-type electrode to monitor the dissolved O, con-
centration in the sealed chamber over time (49). The data were
exported to a computerized chart recorder (Oxygraph; Han-
satech Instruments) that calculated the rate of O, consumption.
The temperature was maintained at 37°C during measurement.
The O, concentration in 0.4 ml of DMEM medium without cells
was also measured over time to provide background values. O,
consumption experiments were repeated at least thrice. Data
were expressed as mean=+SD.

Animal study

Six-week-old male BALB/CA mice were purchased from
CLEA Japan (Shiga, Japan). Food and water were available ad
libitum, and mice were maintained under controlled environ-
mental conditions (24°C, 12 h light/dark cycle) (43). Mice were
divided into 4 groups: normoxia (exposed to 20% O, for 4h),
hypoxia (exposed to 10% O, for 4h), normoxia+NaHS (ex-
posed to 20% O, with NaHS i.p. 2.0mg/kg for 4h), and hyp-
oxia+NaHS (exposed to 10% O, with NaHS i.p. 2.0 mg/kg for
4 h). Mice were placed in a polypropylene chamber, and O, and
N, mixed gas was delivered to the chamber at a flow rate of 3
L/min by using an anesthetic machine (Custom50; Aika, To-
kyo, Japan). Animal protocols were approved by the Animal
Research Committee of Kyoto University, and all experiments
were conducted in accordance with the National Institutes of
Health Guidelines for the Care and Use of Laboratory Animals.
Blood pressure, heart rate, and peripheral O, saturation (SpO,)
during experiments were measured with a tail-cuff sphygmo-
manometer (model MK-1030; Muromachi Kikai, Tokyo, Japan)
(41) and a MouseOx pulse oximeter (Starr Life Sciences,
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Oakmont, PA) (5). At the end of the experiments, mice were
killed by cervical dislocation. The brains, kidneys, and livers
were rapidly removed, frozen in liquid nitrogen, and stored at
—80°C for subsequent determinations.

Statistical analysis

Data were expressed as mean+SD and analyzed by one-
way analysis of variance followed by the Newman—Keuls test
using Prism version 4c (Graphpad Inc., La Jolla, CA). A p-
value <0.05 was considered significant (43).
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