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Abstract

Hypoxia inducible factor 1 (HIF-1) has been suggested to play a critical role in the fate of cells
exposed to hypoxic stress. However, the mechanism of HIF-1-regulated cell survival is still not fully
understood in ischemic conditions. Redox status is critical for decisions of cell survival, death and
differentiation. We investigated the effects of inhibiting HIF-1 on cellular redox status in SH-SY5Y
cells exposed to hypoxia or oxygen and glucose deprivation (OGD), coupled with cell death analyses.
Our results demonstrated that inhibiting HIF-1o expression by HIF-1a specific SiRNA transfection
increased reactive oxygen species generation, and transformed the cells to more oxidizing
environments (low GSH/GSSG ratio, low NADPH level) under either hypoxic or OGD exposure.
Cell death increased dramatically in the siRNA transfected cells, compared to non-transfected cells
after hypoxic/OGD exposures. In contrast, increasing HIF-1a expression by desferrioxamine, a metal
chelator and hydroxylase inhibitor, induced a more reducing environment (high GSH/GSSG ratio,
high NADPH level) and reduced cell death. Further studies showed that HIF-1 regulated not only
glucose transporter-1 expression, but also the key enzymes of the pentose phosphate pathway such
as glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase. These enzymes are
important in maintaining cellular redox homeostasis by generating NADPH, the primary reducing
agent in cells. Moreover, catalase significantly decreased cell death in the siRNA-transfected cells
induced by hypoxia and OGD. These results suggest that maintenance of cellular redox status by
HIF-1 protects cells from hypoxia and ischemia mediated injuries.
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Introduction

Hypoxia inducible factor 1 (HIF-1) has been identified as a master regulator in cellular
responses to hypoxia. HIF-1 expression promotes cellular adaptation and cell survival in
hypoxic conditions. It has been shown to potentially provide protection under ischemic
conditions (Baranova et al. 2007, Siddiq et al. 2005, Siddiq et al. 2007, Hamrick et al. 2005,
Bergeron et al. 1999, Zhou et al. 2008). A number of mechanisms have been proposed to
account for this cytoprotective effect of HIF-1: 1) Expression of its downstream gene product
erythropoietin (EPO) has been found to protect cells from hypoxic/ischemic injury (Ehrenreich
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et al. 2002, Bernaudin et al. 1999, Sakanaka et al. 1998, Siren et al. 2001, Zaman et al.
1999); 2) Vascular endothelial growth factor (VEGF) expression, another downstream gene
of HIF-1, counteracts detrimental ischemic injuries (Marti et al. 2000, Jin et al. 2000); 3) HIF-1
may prevent apoptotic cell death through inhibition of cytochrome c release, caspase activation,
and PARP cleavage (Piret et al. 2004, Sasabe et al. 2005); and 4) HIF-1 may also have the
ability to suppress p53 activation and thereby maintains cell survival (Li et al. 2004).

In addition to the mechanisms discussed above, increased glucose transport and glycolytic flow
as a result of HIF-1 activation by hypoxia has been linked to tissue viability and cell survival
(Bergeron et al. 1999, Zaman et al. 1999, Freret et al. 2006, Lawrence et al. 1996, Prass et
al. 2002, Hamrick et al. 2005). One important function of glucose metabolism is to sustain a
cellular reducing environment by generating reducing agents through oxidative
phosphorylation, glycolysis, and the pentose phosphate pathway (PPP). The PPP (also called
the hexose-monophosphate shunt) is a main cellular source of NADPH, which is the major
reducing compound in cells and essential in glutathione (GSH) regeneration from glutathione
disulfide (GSSG) by glutathione reductase (Almeida et al. 2002, Kletzien et al. 1994, Delgado-
Esteban et al. 2000). In some cancer cells, it has been reported that HIF-1 upregulates
glucose-6-phosphate dehydrogenase (G6PD), a key enzyme involved in PPP (Bergeron et al.
1999, Semenza et al. 1994, Ebert et al. 1995). These previous results imply that HIF-1 may be
critical in maintaining cellular redox status under low oxygen conditions. However, there is
no direct study on the effect of HIF-1 on cellular redox status in the literature.

The cellular redox environment is primarily a consequence of the balance between the levels
of oxidants such as reactive oxygen species (ROS) and endogenous reducing agents. It plays
a critical role in cellular functions including proliferation and differentiation, as well as
processes such as apoptosis (Kemp et al. 2008). For example, salsolinol and malonate cause
cell death in SH-SY5Y cells by inducing an oxidizing environment (Wanpen et al. 2004,
Fernandez-Gomez et al. 2005). Selective depletion of mitochondrial GSH results in an
accelerated and enhanced ROS generation and subsequent cell death after hypoxic exposure
(Lluis et al. 2007). In contrast, a reducing environment prevents programmed cell death in
neurons (Vincent et al. 2002). Interestingly, cellular redox status seems to regulate the factors
proposed for HIF-1's cytoprotective effects such as EPO (Neumcke et al. 1999, Rondon et
al. 1995), VEGF (Welsh et al. 2003), cytochrome c release (Kirkland & Franklin 2001), caspase
(Kirkland & Franklin 2001), and p53 (Wu & Momand 1998).

We hypothesized that HIF-1 would play an important role in maintaining cellular redox status
and affect cell survival through regulating cellular redox status in hypoxic/ischemic exposures.
This hypothesis was tested by using SH-SY5Y cells transfected with HIF-1a specific small
interfering RNA (SiRNA), coupled with analyses of cell death and cellular redox status.
Depletion of HIF-1a was found to induce a significantly more oxidizing environment, higher
ROS levels, and higher cell death rates after hypoxic and OGD exposures. Increasing
HIF-1a by inhibiting hydroxylase activity resulted in a significantly more reducing
environment, indicated by higher GSH/GSSG ratio and higher NADPH levels. Our findings
suggest that HIF-1 may play a critical role in regulating cellular redox status, which in turn
affects cell death/survival under hypoxic/ischemic conditions.

Materials and Methods

Reagents

Dulbecco’s modified Eagle’s medium (DMEM), DMEM without glucose, desferrioxamine
(DFO), 2',7'-dichlorofluorescin diacetate (DCFH-DA), trypsin, penicillin, streptomycin,
bovine serum albumin, catalase, Hoechst 33258, and protease inhibitor cocktail were purchased
from Sigma (St. Louis, MO). Newborn calf serum was obtained from Hyclone (Logan, UT).
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HIF-1a siRNA and negative control siRNA labeled with Alexa Fluro 488 were from Qiagen
(Valencia, CA). Mn(l11)-tetrakis(1-methyl-4-pyridyl)porphyrin pentachloride (MNnTMPyP)
was obtained from A. G. Scientific Inc. (San Diego, CA).

Cell culture and siRNA transfection

The human SH-SY5Y neuroblastoma cell line (CRL-2266; American Type Culture Collection,
Manassas, VA) was cultured in DMEM (25 mM glucose, supplemented with 10% (v/v) heat-
inactivated new-born calf serum, 100 1U/ml penicillin, and 100 pug/ml streptomycin) in a 5%
CO, humidified incubator at 37 °C according to a previously described protocol (Guo et al.
2005). Medium was changed every 2 3 days. The morphology and physiological functions of
SH-SY5Y cells are very similar to normal neurons, possessing metuliform and obvious axons.
The concentration of 25 mM was selected because it has widely been used in neuronal cultures
and provides the highest rate of neuronal survival in culture (Brewer 1995). The concentration
of 25 mM is considered a basal level of glucose for SH-SY5Y cells and higher concentrations
than 25 mM are being used for high glucose treatments to SH-SY5Y cells (Leinninger et al.
2004).

The sense, antisense and target DNA sequences of the human HIF-1a sSiRNA and negative
control siRNA were as follows: HIF-1a, 5'-r(CCAUAUAGAGAUACUCAAA)ITAT-3'
(sense), 5’-r(UUUGAGUAUCUCUAUAUGG)dTdG-3' (antisense), and 5'-
CACCATATAGAGATACTCAAA- 3’ (target); negative control, 5'-
UUCUCCGAACGUGUCACGUdTAT-3' (sense), 5'-ACGUGA-
CACGUUCGGAGAAITAT-3' (antisense), and 5-AATTCTCCGAACGTGTCACGT-3
(target). The siRNA was transfected into the SH-SY5Y cells using the HiPerFect Transfection
Reagent (Qiagen) according to the manufacturer’s protocol. The siRNA was diluted in 100
ul culture medium without serum to a final concentration of 5 nM. HiPerFect Transfection
Reagent was added to the diluted siRNA to form the transfection complexes. After transfection
complexes were added, the cells were incubated under normal growth conditions. After 24 hr
transfection, cells transfected with HIF-1a sSiRNA were incubated with Hoechst 33258 (final
concentration, 2ug/ml in PBS) for 30 min at 37 °C, and washed three times in PBS. Cells were
observed and photographed using an inverted Nikon TE-300 microscope with an epifluorescent
attachment equipped with a Princeton Instrument Micromax camera. Images were acquired
with Image Pro-plus software (Media Cybernetics, Silver Spring, MD). Alexa Fluro 488 was
excited at 488 nm and observed at 520 nm. Hoechst 33258 was excited at 352 nm and observed
at 461 nm. The transfection rates were the percentage of the number of sSiRNA positive cells
to the total number of cells. To detect the dosage effect of HIF-1a SiRNA, different
concentrations of HIF-1a siRNA (0, 0.1, 1.0, 2.5, 5.0 nm) were transfected into cells. The
transfection rate, cell death, HIF-1a expression, ROS level, and GSH/GSSG ratio were
measured.

Hypoxic and OGD treatments

After cells were washed with pre-warmed PBS, the cells were treated with experimental media.
For hypoxic exposures, the experimental media was DMEM. For oxygen and glucose
deprivation (OGD) treatments, the experimental media were DMEM without glucose. All
media were previously gassed with 95%N2,/5%CO, for 15 min. Cells were incubated in a
polymer hypoxic glove box (Coy Laboratory Products Inc. Grass Lake, MI) with 1% oxygen
for 3 hrs at 37°C. For control experiments, cells were cultured in DMEM in a normoxic (21%
O,) environment at 37 °C. To increase HIF-1a levels, cells were treated with DFO (100puM)
for 15 hrs. To test the roles of ROS on cellular injury induced by hypoxic and OGD treatments,
specific antioxidants were studied: SOD mimic MnTMPyP for scavenging superoxide anion
radical and catalase for degrading hydrogen peroxide. In these antioxidant experiments, cells
were treated with the antioxidants 30 min before the onset of hypoxic or OGD exposures.
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Western blot analysis

There was significant cell death of the siRNA transfected cells under OGD exposures, which
reduced the number of cells we could collect significantly and made the measurements of of
the protein levels of GLUT1, G6PD, and PGD very difficult under these conditions. Thus, the
protein expressions were measured only under hypoxic conditions. Cells were lysed in RIPA
buffer (150 mM NaCl, 100 mM Tris, pH8.0, 1% (v/v) Triton X-100, 0.1% (w/v) SDS, 5 mM
EDTA, 10 mM NaF, 2 mM DTT, 0.8 mM PMSF, 1 mM NazVOy, 1% proteinase inhibitor
cocktail). Total proteins were loaded on SDS-PAGE, transferred to nitrocellulose membrane,
blocked, and incubated with a primary antibody at 4 °C overnight (HIF-1a, 1:500, Novus;
G6PD, 1:2000, Novus; GLUT1, 1:1000, Abcam; PGD, 1:500, Abcam; B-actin, 1:2000, Sigma).
The membrane was then incubated with a secondary antibody (1:2000, Santa Cruz, Santa Cruz,
CA ) for 1 hr at room temperature. The signal development was carried out with an enhanced
chemiluminescence (ECL) detection kit (Pierce, Rockford, IL). The intensity of
immunoreactive bands was quantified using Image-J. Results were normalized to  actin levels.

Total HIF-1a assay by ELISA

The quantity of HIF-1o was measured by Duoset-enzyme-linked immunosorbent assay
(DuoSet IC ELISA) following the manufacturer’s protocol (R&D Systems, Minneapolis, MN).
Briefly, 96-well plates were coated with anti-human HIF-1a antibody overnight, and blocked
with 200 ul PBS, 0.05% (v/v) Tween 20, and 5% (w/v) BSA for 2 hrs. Cells were lysed in lysis
buffer (50 mM Tris-Cl, pH7.4, 300 mM NaCl, 10% (v/v) glycerol, 3 mM EDTA, 1 mM
MgCl,, 20 mM B glycerophosphate, 25 mM NaF, 1% (v/v) Triton X-100, 25 pg/ml Leupeptin,
25 ug/ml Pepstatin, and 3 pg/ml Aprotinin). The lysates (100 ul) were added to the plates and
incubated for 2 hrs. The samples were incubated with streptavidin-horseradish peroxidase for
20 min after which they were incubated with biotinylated anti-HIF-1c antibody for another 2
hrs. The reaction was started by adding 100 ul substrate solution (H,O» and
tetramethylbenzidine) for 30 min in dark, and stopped by adding 1 M H,SO4. The optical
density of each well was then detected by a Model 680 Microplate Reader (Bio-Rad
Laboratories Inc.) at 450 nm. All the steps were performed at room temperature (24 °C).

Active HIF-1a activity assay by ELISA

The activity of HIF-1a was measured by Duoset human active HIF-1a activity assay (DuoSet
IC ELISA) following the manufacturer’s protocol (R&D Systems, Minneapolis, MN). Briefly,
96-well plates were coated with active HIF-1a capture antibody overnight, and blocked with
200 pl PBS, 0.05% Tween 20, 5% BSA for 2 hrs. Cells were lysed in lysis buffer A (10 mM
HEPES, pH7.9, 1.5 mM MgCl,, 10 mM KClI, 0.5 mM DTT, 0.1% NP-40, 2 mM NazgVOy, 5
mM NaF, 3 ug/ml Aprotinin, 25 ug/ml Leupeptin, 25 pg/ml Pepstatin, 25 ug/ml Chymaostatin,
and 0.2 mM PMSF). After centrifuge (16,000 g for 10 min 4 °C), the nuclear pellet was lysed
in lysis buffer B (20 mM HEPES, pH7.9, 1.5 mM MgCl,, 420 mM NaCl, 0.5 mM DTT, 25%
(v/v) glycerol, 2 mM NazVOy, 5 mM NaF, 3 pg/ml Aprotinin, 25 ug/ml Leupeptin, 25 pg/ml
Pepstatin, 25 pg/ml Chymostatin, and 0.2 mM PMSF). The lysates (50 ug) were incubated
with 3 pl of biotin-labeled ds-oligonucleotide for 30 min. Then, the samples were mixed with
200 pl Reagent Diluent, and added to the plates and incubated for 2 hrs. The samples were
incubated with streptavidin-horseradish peroxidase for 20 min. The reaction was started by
adding 100 pl substrate solution (H,O, and tetramethylbenzidine) for 30 min in dark, and
stopped by adding 1 M H,SO,. The optical density of each well was detected by a Model 680
Microplate Reader (Bio-Rad Laboratories Inc.) at 540 nm. All the steps were performed at
room temperature (24 °C).
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Measurement of cell death by LDH (lactate dehydrogenase) release

The release of LDH was used to measure cytotoxicity in cells exposed to the different
experimental conditions. Briefly, the cell-free culture medium (100 pl) was collected and
incubated with 100 pl of the reaction mixture from the Cytotoxicity Detection Kit (Takara Bio
Inc., Shiga, Japan) for 30 min at room temperature (24 °C). The optical density of the solution
was measured at 490 nm (655 nm as reference) on a Bio-Rad 3350 microplate reader. Cell
lysates with 1% (v/v) Triton X-100 was used as 100% cell death. Six sets of experiments were
carried out, if not otherwise noted. In addition, cells were observed and photographed under
an inverted Nikon TE-300 microscope after hypoxic or OGD treatments.

Measurement of intracellular ROS

ROS levels were monitored using the cell-permeable probe dichlorofluorescin diacetate
(DCFH-DA) (Huang et al. 2004). Cells were incubated with 100 uM DCFH-DA (dissolved in
DMSO) for 30 min at 37 °C. After the incubation, cells were washed three times with PBS and
the relative levels of fluorescence were quantified with a fluoro-microplate reader (Ex: 485 nm
and Em: 535 nm). The measured fluorescence values were expressed as a percentage of the
fluorescence in control cells. In addition, DCF levels were also observed and photographed
under the inverted Nikon TE-300 microscope with an epifluorescent attachment equipped with
a Princeton Instrument Micromax camera (Ex: 485 nm, Em: 535 nm).

Measurement of GSH/GSSG ratio

A widely used indicator of cellular redox environment (status), the ratio of glutathione (GSH)
to glutathione disulfide (GSSG), was used to determine the cellular redox status. The ratio was
measured with a kit from Cayman (Cat# 703002, Ann Arbor, MI), which used a
spectrophotometric recyclingassay to measure cellular levels of GSH and GSSG. Briefly,
following treatments, cells were scrape-harvested in cold PBS on ice and centrifuged. The cell
pellets were frozen at —80 °C. Cells were thawed and homogenized in cold MES buffer (0.2M
2-(N-morpholino) ethanesulphonic acid, 50mM phosphate, 1ImM EDTA, pH 6.0), and
centrifuged at 10,000g for 15 min at 4 °C. The supernatants were removed for assay according
to the manufacturer’s instruction. All the determinations were normalizedto protein contents.
Total protein concentrations were measured according to the method of Lowry et al (Lowry
etal. 1951). The absorbance was recorded at 405 nm using a plate reader at 5 min intervals for
30 min.

Measurement of cellular NADPH

The total cellular NADPH content was determined using an assay kit (BioAssay Systems,
Hayward, CA) according to the manufacturer’s instruction. The cells were homogenized in
NADPH extraction buffer. After centrifugation (13,0009 for 5 min), the supernatants were used
for the assay. The working reagent was freshly prepared by mixing 50 ul assay buffer, 1 pl
enzyme, 10 pl glucose, 14 ul PMS and 14 pl MTT for one sample, and 80 pl of the mixture
was added per well. The OD value was read at 595nm on a Bio-Rad 3350 microplate reader,
and AOD values between time 0 and 30 min were used to determine the sample NADPH
concentration from the standard curve. Results were normalized to the protein concentration,
and presented as percentages of normal control cells.

Statistical analysis

One-way ANOVA was used to determine overall significance followed by post hoc Tukey’s
tests corrected for multiple comparisons. Data were presented as mean £ SEM, unless otherwise
noted. Difference was considered significant at p<0.05.
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Results

siRNA-mediated down-regulation of HIF-1a expression and activity in SH-SY5Y cells

HIF-1is composed of HIF-1a and HIF-1p protein subunits. HIF-1 is constitutively expressed
and relatively stable. The HIF-1a level is dependent on oxygen levels and primarily determines
HIF-1 activation. To selectively “knockdown” the expression of HIF-1a, we transfected SH-
SY5Y cells with siRNA targeted to HIF-1a. The siRNA was tagged with Alexa Fluor 488 on
the 3’ end of the sense strand in order to confirm the transfection. Fig. 1A shows that the
HIF-1a siRNAs were successfully transfected into cells and that the majority of the SIRNA
was in the cytosol. The transfection rate was 90.5 + 0.8% determined by the number of cells
with the Alexa Fluor 488 fluorescence. We further determined the ability of this HIF-1a.specific
SiRNA to knock down HIF-1a expression in the cells. The HIF-1a-siRNA- and negative
control-transfected cells were exposed to a 3 hr hypoxic exposure (1% O,). The HIF-1a SiRNA
transfection efficiently blocked the protein expression and activity of HIF-1o as measured by
both immunoblot and ELISA assays (Fig. 1B-E). Transfection with a negative control SiRNA
did not affect the expression of HIF-1a. The HIF-1a protein level in the cells transfected with
the HIF-1a specific sSiRNA was less than 2% of that in negative control cells. As a positive
control, cobalt and DFO increased HIF-1a protein expression and activity.

Inhibiting HIF-1a expression by siRNA transfection exaggerated cell death induced by
hypoxic and OGD exposures

To determine the role of HIF-1 in cell death, HIF-1a specific SIRNA transfected cells were
treated with hypoxic and OGD exposures. Cell death was evaluated by LDH release. Specific
knock-down of HIF-1a exaggerated cellular injury in SH-SY5Y cells following either hypoxic
or OGD treatments, compared to control or negative control cells. After 3 hr OGD treatment,
there were more siRNA transfected cells that rounded up, aggregated and detached from the
bottom of the culture dish than the negative control cells (data not shown). As shown in Fig.
2, inhibiting HIF-1a increased cell death from 18.9 + 2.2% in control cells to 64.3 + 5.2% in
the HIF-1a siRNA transfected cells (p<0.01) after a 3 hr OGD exposure. Cell death increased
from 2.8 + 0.4% in control cells to 12.9 £ 0.6% in the HIF-1a siRNA transfected cells after a
3 hr hypoxic exposure. The figure also reveals that OGD induced more cell death than hypoxic
exposure in either control or HIF-1a SiRNA transfected cells. In addition, the presence of DFO,
which increased HIF-1a, significantly reduced cell death induced by OGD in control cells.

Inhibiting HIF-1a expression by siRNA transfection increased intracellular ROS levels after
hypoxic and OGD treatments

HIF-1 may promote glucose transport and glucose metabolism under hypoxic exposures, which
are very important in maintaining cellular redox status and reducing ROS levels. We
hypothesized that inhibiting HIF-1 expression would reduce cellular reducing potential and
increase ROS generation, which, in turn, induce cell injury. Intracellular ROS levels were
measured by using the cell-permeable probe DCFH-DA, which has been widely used to detect
ROS and determine intracellular levels of oxidative stress. As shown in Fig. 3A, there was
more oxidation of DCFH in HIF-1a siRNA transfected cells than in negative control cells after
either the hypoxic or OGD exposure. Fig. 3B shows that the fluorescent value of HIF-1a.SiRNA
transfected cells (61.1 + 3.8) was significantly higher than that of the negative control cells
(43.4 + 4.4) after a 3 hr OGD treatment (p<0.01). After the hypoxic exposure, oxidation of
DCFH in HIF-1a siRNA transfected cells (26.2 + 3.7) was also higher than that in negative
control cells (17.2 £ 0.8). There was no difference between normal control cells and negative
control cells under these conditions (p>0.05). These results imply that inhibiting HIF-1a
protein expression increased cellular ROS levels when cells were exposed to either hypoxia or
OGD, but not under normal culture conditions.
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HIF-1 regulated cellular redox status after hypoxic exposure

The above results indicate that inhibiting HIF-1o expression deteriorated cellular redox status
after hypoxic and OGD exposures as shown by the increase of ROS level in HIF-1a sSiRNA
transfected cells. We carried out experiments to measure the level of cellular GSH/GSSG ratio
to further evaluate the effect of HIF-1a on the redox status in SH-SY5Y cells exposed to
hypoxic stress. The ratio of GSH/GSSG has been widely used to indicate cellular redox status
(Schafer & Buettner 2001). As shown in Fig. 4, HIF-1 inhibition by HIF-1a siRNA reduced
the GSH/GSSG ratio to 59.4 + 2.1% from 100% (control cells) after a hypoxic exposure. In
contrast, DFO, a hydroxylase inhibitor and an inducer of HIF-1a, increased the GSH/GSSG
ratio to 118.2 = 7.1% in SH-SY5Y cells (p<0.05). These results indicate that HIF-1a can
improve the redox environments and that in the absence of HIF-1, cellular redox status is
deteriorated when cells are exposed to stresses such as hypoxia.

Effects of HIF-1a on glucose transport and the pentose phosphate pathway (PPP) after
hypoxic treatment

Knockdown HIF-1 caused the disruption of redox homeostasis demonstrated by the above
results. To determine the cause for the disruption, we studied the effect of HIF-1 on glucose
transporters and key enzymes of PPP in SH-SY5Y cells under hypoxic exposures. The first
step of glucose utilization is glucose transport, which is facilitated by a family of glucose
transporters. Glucose transporter 1 (GLUT1) and GLUT3 are two main transporters in brain
cells. It has been observed that GLUT1 is mainly expressed in SH-SY5Y cells (Russo et al.
2004). The PPP plays a central role in maintaining cellular redox homeostasis, mainly by
generating NADPH. G6PD is the rate-limiting enzyme in the PPP (Chen et al. 2001, Gao et
al. 2004). PGD is another enzyme of the pathway that is involved in NADPH production. As
shown in Fig. 5A and B, all three proteins (GLUT1, G6PD, and PDG) were sharply down-
regulated in HIF-1a siRNA transfected cells. DFO, which increased HIF-1a expression,
elevated the expression of GLUT1, G6PD, and PGD in SH-SY5Y cells. Furthermore, we
measured cellular NADPH levels after hypoxic exposures. As shown in Fig. 5C, there was no
significant difference in NADPH levels between normal cells (100 + 4.3%) and negative
control cells (98 £ 4.5%) after a 3 hr hypoxic exposure. However, NADPH levels decreased
to 59% of control cells in HIF-1a specific siRNA transfected cells. In contrast, DFO increased
NADPH levels to 135% of control cells. These results suggest that HIF-1 plays an important
role in maintaining redox homeostasis by regulating glucose transport and its metabolism.

Effect of antioxidants on cell death induced by inhibiting HIF-1a after hypoxic and OGD
treatments

If increasing ROS levels and deteriorating cellular redox status were responsible for cellular
injury induced by inhibiting HIF-1, antioxidants should ameliorate cellular injury by reducing
ROS and improving cellular redox status. We further investigated the effect of antioxidants on
cell death of HIF-1a SiRNA transfected cells under hypoxic/ischemic conditions. The cells
were treated with either MNTMPyP (5 uM), a mimic of superoxide dismutase, or catalase (500
units/ml). MnTMPYP was used to dismutate superoxide anion radical, the primary ROS in
cells. MnTMPyP readily permeates cell membranes achieving sufficiently high levels both
inside and outside cells to effectively detoxify intracellular superoxide radical anion (Schlieve
et al. 2006). Catalase was used to quench hydrogen peroxide, which can be generated from the
dismutation of superoxide anion radical. We observed that MnTMPyP had no significant effect
on cell death in HIF-1a siRNA transfected cells under either hypoxic or OGD exposures (Fig.
6A,; 64.3 £ 5.2% for negative control cells v.s. 59.3 + 4.7% for HIF-1a SiRNA transfected cells
under OGD condition; 12.9 * 0.6% for negative control cells v.s. 11.8 £ 0.5% for HIF-1a
SiRNA transfected cells under hypoxia condition; p>0.05). MnTMPyP catalyzes the
dismutation of superoxide anion radical to H,O, that in turn induces oxidative stress and cell
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death. The generation of H,O, from this reaction may account for the lack effectiveness of
MnTMPyP on cell death. On the other hand, catalase significantly reduced cell death from 64.3
+5.2% to 32.1 + 5.0% under OGD conditions and from 12.9 + 0.6% to 7.5 £+ 0.5% under
hypoxic conditions compared to control cells (Fig. 6A, p<0.01). The significant effect of
catalase suggests that H,O, plays an important role in cytotoxicity induced by HIF-1a
inhibition under hypoxic and OGD treatments. This result strongly supports the suggestion
that HIF-1 promotes cell survival through reducing oxidative stress and maintaining redox
status under hypoxic and OGD exposures.

In addition, we compared the effect of MNnTMPyP (Fig. 6C) and catalase (Fig. 6D) on cell death
of control siRNA and HIF-1a siRNA transfected cells exposed to hypoxic and OGD treatments.
The data without treatments is shown in Fig. 2. MnTMPyP did not show any effect on cell
death of control and HIF-1a SiIRNA transfected cells exposed to hypoxia and OGD. Catalase
attenuated the OGD-induced cell death in cells transfected with a control siRNA from 18%
(Fig. 2, NC +OGD) to 12% (Fig. 6D, NC+0OGD), a 30% decrease. It reduced 50% cell death
in HIF-10 siRNA transfected cells exposed to OGD, from 64% (Fig. 2, sSiRNA+OGD) to 32%
(Fig. 6D, siRNA+OGD). There was a larger effect of catalase on cell death in HIF-1a SiRNA
transfected cells than in control siRNA transfected cell.

Dose dependent effect of HIF-1a siRNA on cell death, redox status, and ROS levels

Finally, multiple dosages of HIF-1a siRNA were transfected to cells to test the responsiveness
of cells with different degrees of HIF-1a expression. As shown in Fig. 7, expression of
HIF-1o was negatively proportional to the dose of HIF-1a SiRNA. The figure also shows that
the more HIF-1a SiRNA, the higher ROS level and cell death rate and the lower GSH/GSSG
ratio. These results of multidoses of HIF-1a SiRNA confirmed that inhibiting HIF-1a
deteriorates cellular redox status and induces cell death under hypoxic/ischemic exposures.

Discussion

The intracellular redox status regulates a milieu conducive for cellular growth and proliferation
and has direct and indirect effects on the components of cell death/survival signaling pathways.
In this study, we demonstrate that HIF-1a sSiRNA transfected cells are more sensitive to hypoxic
and ischemic exposures, compared to normal cells. We find that silencing HIF-1a induces a
more oxidizing environment, possibly through deceasing glucose transport and the activity of
PPP. Furthermore, scavenging H,O, inhibits cell death induced by hypoxic/ischemic
exposures in HIF-1a specific SIRNA transfected cells. The results provide evidence that
maintaining cellular redox homeostasis is one important mechanism of HIF-1"s cytoprotection
in response to hypoxic and ischemic exposures.

HIF-1 drives hypoxic gene expression required for cells to adapt a low oxygen environment.
Increased glucose metabolism is necessary to produce energy when low oxygen will not
support mitochondrial oxidative phosphorylation. Although glucose metabolism is regarded
as being very important in supplying reducing agents in cells, the effect of HIF-1 on ROS
generation and oxidative stress has been controversial in hypoxic cells. On one hand, from
studies predominantly carried out in cancer cells, increasing glycolysis in hypoxia has been
reported to reduce ROS generation and ameliorate oxidative injury. In an oral squamous cell
carcinoma cell line, the level of ROS production decreased following transfection of HIF-1
expression vector (Sasabe et al. 2007). The reduction of mitochondrial glucose oxidation and
transition to glycolysis likely prevents ROS production (Brand & Hermfisse 1997, Kim et al.
2006, Semenza 2007). On the other hand, it has been argued that reduced function of
mitochondria by the activation of PDK1 induces ROS generation from complex 111 and results
in oxidative stress (Guzy & Schumacker 2006, Chandel et al. 2000). These previous studies
primarily focused on cellular ROS levels. In this study, we measured not only ROS levels but
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also the cellular redox status in a neuronal cell line. The redox status is an overall evaluation
of cellular oxidative stress levels, which reflects the balance of ROS generation and ROS-
scavenging ability. Our results clearly show that inhibiting HIF-1 increases oxidative stress
and that upregulating HIF-1 by the hydroxylase inhibitor DFO decreases oxidative stress in
SH-SY5Y cells exposed to hypoxia and OGD.

The PPP is an alternative to glycolysis. It is a major source for the rapid production of NADPH
(Paglialunga et al. 2004). NADPH is the principal intracellular reductant and is critical in
maintaining redox homeostasis. Previous studies have shown that up-regulating G6PD induces
NADPH accumulation and offers remarkable resistance against oxidative stress-mediated cell
death, whereas inhibiting G6PD depletes NADPH levels and exacerbates cellular vulnerability
(Garcia-Nogales et al. 2003, Tian et al. 1999, Filosa et al. 2003). The results presented here
show that HIF-1 actively regulates glucose transport in the cells, upregulates PPP enzymes
such as G6PD and PGD, and increase cellular NADPH levels (Fig. 5). Knock-down HIF-1a.
significantly reduces the expression of these enzymes and decrease cellular NADPH levels.
The result shown in Fig. 2 is evident that DFO, which elevates HIF-1a, GLUT1 and pentose
shunt enzymes, increase the survival of cells. It should be pointed out that the results presented
here do not establish a causal relationship between cell death induced by silencing HIF-1o and
the level of the key enzymes (GLUT-1, G6PD, and PGD). However, the results do establish
that cell death induced by inhibiting HIF-1a is strongly associated to the level of these enzymes.
Future studies with both inhibiting HIF-1o and maintaining the level of the key enzymes will
clarify the specific role of these enzymes in cell death induced by silencing HIF-1o.

The results show that the response of HIF-1a siRNA transfected cells to hypoxia is different
from that to OGD exposure. Hypoxia did induce oxidative stress and cell death in the
transfected cells. OGD treatments caused significantly higher oxidative stress and cell death
rate than the hypoxic exposure. These results indicate that glucose is critical in maintaining
redox status and cell survival in the HIF-1a SiRNA transfected cells under low oxygen
conditions, which is in agreement with our previous observations (Shi & Liu 2006, Guo et
al. 2008). In fact, glucose is a main substrate required for producing the principalintracellular
reductant NADPH by the pentose phosphate pathways (Averill-Bates & Przybytkowski
1994, Przybytkowski & Averill-Bates 1996). The results also suggest that HIF-1o knock down
induces severe oxidative stress with the removal of glucose. In the absence of glucose, there
is lack of the source of reducing agents such as NADPH and the regeneration of GSH from
GSSG, which results in severe oxidative stress and thus cell death. It should be pointed out
that although HIF-1a expression can be almost completely blocked by the siRNA transfection,
the expression of GLUT1, G6PD, and PGD is inhibited to a lesser extent. This indicates that
the enzymes are still partly functional in the siRNA-transfected cells, which may partly explain
why OGD induces more oxidative stress and cell death than a hypoxia exposure. More
importantly, the result suggests that HIF-1a is critical in preventing cell death from OGD
exposures. The same OGD exposure induced 64% cell death in HIF-1a siRNA transfected
cells, compared to only 19% cell death in control cells which had normal HIF-1 expression

(Fig. 2).

Our results reveal that H,O, seems to be responsible for the cell injury induced by HIF-1
inhibition. As shown in Fig. 6, catalase, but not the cell permeable SOD mimic MnTMPyP,
significantly reduces cell death induced by HIF-1 inhibition following either hypoxic or OGD
exposures. Besides catalase, glutathione peroxidase (GPx) mainly detoxifies H,O, by using
GSH as its substrate. Cellular GSH is mainly regenerated from GSSG by glutathione reductase,
which uses NADPH as an electron donor (Ramos & Colquhoun 2003). The effectiveness of
catalase implies that H,O, detoxification by GPx in HIF-1a siRNA transfected cells is
insufficient. Our finding demonstrates that HIF-1 inhibition reduces the GSH level and
subsequently the cellular ability to detoxify H,O,. The excess amount of H,O, induces cell
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death under hypoxic and ischemic exposures. As summarized in Scheme 1, the results strongly
support the idea that cellular redox regulation mediated by HIF-1 may be critical in controlling
cell’s survival process during ischemic exposures.

Toxic effects of HIF-1 on cell survival have also been observed in ischemic conditions. For
instance, HIF-1a may coordinate the activity of p53 in driving ischemia-induced delayed
neuronal death (Halterman & Federoff 1999). The adverse effects of HIF-1 on ischemic injuries
seem dependent on the duration and the degree of severity of ischemia. Using the same neuron-
specific HIF-1a knock-out mice, Helton et al. and Baranova et al. reported distinct effects of
HIF-1 on neuronal injuries following ischemia. Baranova et al. reported that neuron-specific
knockdown of HIF-1a increased tissue damage and reduced survival rate of MCAO mice
(Baranova et al. 2007) while Helton et al. observed that the knock-out of HIF-1a reduced
hypoxic-ischemic damage (Helton et al. 2005). Interestingly, the ischemic model that Baranova
etal. used was 30 min ischemia with unilateral common carotid artery occlusion while Helton’s
model was 75 min ischemia with bilateral occlusion. The two observations support the notion
that HIF-1a may induce cell death in a severe and prolonged ischemia. The concept of redox
regulation mediated by HIF-1 may help to explain the discrepancy between the two
observations. In the mild ischemic model, glucose supply is still available and not depleted in
the affected region. HIF-1 mediated glycolysis may have enough substrate to maintain cellular
redox status and promote cell survival. This would suggest that in mild ischemia, induction of
anti-apoptotic pathways prevail as the cells could maintain a more reducing environment.
However, in a severe ischemia, especially a bilateral occlusion, glucose could soon be depleted.
The glycolysis pathway would have insufficient substrate to produce reducing agents. Thus,
severe ischemia could induce a more oxidizing environment, which activates pro-apoptotic
pathways and results in cell death.

In conclusion, knock-down of HIF-1a in SH-SY5Y cells down-regulates the key enzymes in
glucose metabolism that are critical in production of important reducing agents, decreases the
GSH/GSSG ratio, increases ROS levels, and induces cell death under hypoxic or OGD
conditions. HIF-1 maintains cellular redox state and prevents ischemic injury mediated by ROS
production, possibly through up-regulating the expression of key enzymes such as GLUT1,
G6PD and PGD. The present study provides new evidence that HIF-1 protect cells from
ischemic injury by maintaining the cellular redox status.
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Fig. 1.

HIF-1a specific SIRNA down-regulated HIF-1a expression in SH-SY5Y cells. A) The
transfection of HIF-1a specific SIRNA into SH-SY5Y cells. (a) A SH-SY5Y cell transfected
with HIF-1a SiRNA under light microscope. (b) SH-SY5Y cell transfected with HIF-1a. SIRNA
under a fluorescence microscopy. The siRNA was labeled with Alexa Fluor 488 (green) on the
3’ end of the sense strand. (¢) SH-SY5Y cell nuclear strained with Hoechst 33258 (blue). (d)
Merged image of (b) and (c). Images were taken with a 40 objective. Images shown are
representative of at least 10 fields of view. B) A representative of immunoblot of HIF-1a. C)
Average of densitometric analyses of HIF-1a expression normalized to B-actin levels. D) The
total HIF-1a level in SH-SY5Y cells detected by HIF-1a-Duoset-ELISA. E) The activity of
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HIF-1a in SH-SY5Y cells detected by HIF-1a activity-Duoset-ELISA. In B, C, D and E, cells
were exposed to hypoxia (1%) for 3 hrs. N: normal cells; NC: cells transfected with negative
control sSiRNA; siRNA: cells transfected with HIF-1a specific SiRNA (5 nM). CoCl, and DFO:
cells treated with cobalt or DFO as positive HIF-1a control. Data are mean = SEM, n=3.
*p<0.01 v.s. normal cells; #p<0.01 v.s. negative control cells.
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Fig. 2.

Effect of down-regulation of HIF-1a on cell death after hypoxia and OGD exposures. SH-
SY5Y cells were incubated under normal condition (21% O,) (Normoxia), hypoxic condition
(1% O5) (Hypoxia), and oxygen and glucose deprivation (OGD) for 3 hrs. DFO treatment was
used to increase HIF-1 expression. Cell death was assessed by LDH release assay. Data are
expressed as mean = SEM, n=6. N: normal cells; NC: cells transfected with negative control
SiRNA,; siRNA: cells transfected with HIF-1a specific SIRNA (5 nM). *p<0.01 v.s. normal
cells; #p<0.01 v.s. negative control cells.
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Effects of HIF-1a sSiRNA on intracellular ROS levels after hypoxia and OGD treatments. A)
Representatives of cell images with ROS fluorescence. Images were taken with a 10 objective.
Images shown are representative of at least 10 fields of view. B) ROS level. The ROS level
was measured with the cell-permeable probe dichlorofluorescin diacetate (DCFH-DA). Cells
were incubated with 100 pM DCFH-DA (dissolved in DMSO) for 30 min at 37 °C. N: normal
control cells; NC: negative control cells; siRNA: HIF-1a siRNA transfected cells (5 nM). All
cells were incubated under normal condition (21% O,) (Normoxia), hypoxic condition (1%
O,) (Hypoxia), and oxygen and glucose deprivation (OGD) for 3 hrs. The results were
normalized by protein content. Data are the mean + SEM. n=3. *p<0.01 v.s. normal control
cells. #p<0.01 v.s. negative control cells.
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Fig. 4.

Effects of HIF-1a sSiRNA on cellular GSH/GSSG ratio after hypoxia treatments. All cells were
incubated under hypoxic condition (1% O,) for 3 hrs. N: normal control cells; NC: negative
control cells; sSiRNA: HIF-1a siRNA transfected cells (5 nM). DFO was used as a positive
control. Data are expressed as mean = SEM (n=6). *p<0.05 v.s. normal control cells; #p<0.05
Vv.S. negative control cells.
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Fig. 5.

The effect of HIF-1a knockdown on the expression of GLUT1, G6PD, PGD and the total
cellular NADPH under hypoxic conditions in SH-SY5Y cells. A) Representative western blot
of three independent experiments. p-actin serves as protein loading control. B) Average of
densitometric analyses normalized to B-actin. C) The total cellular NADPH concentration. N:
normal control cells; NC: negative control cells; siRNA: HIF-1a siRNA transfected cells; DFO
was used as positive control. All cells were incubated under a hypoxic condition (1% O,) for
3 hrs. Data are expressed as mean + SEM (n=3). $p<0.05, *p<0.01 v.s. normal control

cells; & p<0.05, #p<0.01 v.s. negative control cells.
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Fig. 6.

Effects of SOD mimic MnTMPyP and catalase on cell death and ROS levels of HIF-1a SiRNA
transfected cells. A) Effect of MNTMPyP and catalase on cell death in HIF-1a SIRNA
transfected cells exposed to hypoxia and OGD. Cells were incubated under normal condition
(21% O,) (Normoxia), hypoxic condition (1% O,) (Hypoxia), and oxygen and glucose
deprivation (OGD) for 3 hrs. B) Effect of MnTMPYP and catalase on ROS levels in HIF-1a
siRNA transfected cells exposed to hypoxia and OGD. C) Effect of MnTMPyP on cell death
in control siRNA and HIF-1a siRNA transfected cells exposed to OGD. D) Effect of catalase
on cell death in control siRNA and HIF-1a siRNA transfected cells exposed to OGD.
MnTMPyP at 5 uM and catalase at 500 units/ml were used to treat cells. Cell death/viability
was assessed by LDH release assay. Data are expressed as mean = SEM (n=6). *p<0.01 v.s.
control cells; #p<0.01 v.s. MnTMPyP treated cells.
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Fig. 7.

Dose-depended inhibition of HIF-1a by HIF-1a specific SIRNA in SH-SY5Y cells. A)
Concentration-dependent transfection rate of HIF-1a specific SIRNA. B) A representative of
immunoblot of HIF-1a expression in SY-SY5Y cells transfected with HIF-1a specific SiRNA
at various concentrations. C) Concentration-dependent effect of HIF-1a specific SIRNA on
ROS levels in the cells exposed to hypoxia and OGD. D) Concentration-dependent effect of
HIF-1a specific SIRNA on GSH/GSSG ratio in the cells exposed to hypoxia and OGD. E)
Concentration -dependent effect of HIF-1a specific SIRNA on cell death in the cells exposed
to hypoxia and OGD. Cells were transfected with HIF-1a specific SIRNA at the concentrations
0f0,0.1, 1.0, 2.5, and 5.0 nM. They were exposed to hypoxia (1%) or OGD for 3 hrs. N: normal
cells; NC: cells transfected with negative control sSiRNA. DFO was used as a positive
HIF-1a control. Data are mean + SEM, n=3.
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HIF-1 may provide cytoprotection through maintaining cellular redox status under hypoxic/

ischemic exposures.

J Neurochem. Author manuscript; available in PMC 2009 April 7.



