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Abstract

These studies have examined the effect of hypoxia inducible factor 1a (HIF-1a) on nucleotide
metabolism in the ischemic heart using a genetic mouse model with heart-specific and regulated
expression of a stable form of HIF-1a. We find that AMP deaminase (AMPD), the entry point of
the purine nucleatide cycle (PNC), is induced by HIF-1a at the level of mRNA, protein, and
activity. AMP that accumulates during ischemia can be metabolized to adenosine by 5'-
nucleotidase or to IMP by AMPD. Consistent with the finding of AMPD induction, adenosine
accumulation during ischemia was much attenuated in HIF-1a-expressing hearts. Further
investigation of nucleotide salvage enzymes found that hypoxanthine phosphoribosyl transferase
(HPRT) is also upregulated in HIF-1a-expressing hearts. Treatment of hearts with an inhibitor of
the PNC, hadacidin, hastens the fall of the adenylate energy charge during ischemia and the
accumulation of AMP. The results provide new insight into the role of the PNC in heart,
especially as it relates to ischemia, and indicate that HIF-1a regulates nucleotide metabolism as a
compensatory response to hypoxia.

INTRODUCTION

These studies have used a mouse model as described by Bekeredjian et al [1] containing a
cardiac-specific, oxygen-stabilized, doxycycline (Dox)-off regulated HIF-1a transgene
(HIF-1a-PPN) to probe the role of HIF-1a in purine metabolism. Hypoxia inducible factor
la (HIF-1a) is a master regulatory transcription factor that directs the transcription of a
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multitude of genes that provide adaptive responses when O, levels decrease. The cardio-
specific role of HIF-1a is less understood, however recent evidence indicates that HIF-1a,
plays a central role in the protection of myocardium against hypoxic stress. Several studies
indicate that HIF-1a is necessary for preconditioning protection [2,3] and our previous work
showed that the overexpression of HIF-1a in cardiomyocytes confers robust protection in
adult hearts subjected to ex vivo ischemia [4]. We attributed the protection by HIF-1a to the
cardiomyocyte’s ability to maintain mitochondrial polarization during anoxia or when
cytochrome c oxidase was inhibited with cyanide [4]. We also demonstrated preservation of
electron transport chain (ETC) activity by utilization of fumarate as a terminal electron
acceptor in the absence of O, [5]. Fumarate is reduced to succinate at complex 2 and allows
for the continued pumping of H* by complex 1 in the absence of cytochrome ¢ oxidase
activity. This reduction of fumarate with the concomitant production of succinate has been
shown to operate in kidney tubule and heart tissue previously; albeit at low levels [6,7].
Thus, the capacity to employ fumarate reduction is inducible through HIF-1q stabilization
[5,8].

Further studies identified the source of fumarate used for anaerobic ETC activity as the
purine nucleotide cycle (PNC) and incidentally suggested that PNC activity might be higher
in cardiomyocytes treated with prolyl hydroxylase inhibitors to induce HIF-1a levels [5].
The previous suggestion that the PNC metabolic pathway is upregulated by HIF-1a largely
motivates the present work; a systematic examination of the enzymes of the PNC and the
catabolism of adenonucleotides during ischemia in HIF-1a-over-expressing hearts. The
entry reaction of the PNC is catalyzed by AMP deaminase and converts AMP into IMP
(Figure 1). In a series of two reactions, catalyzed by adenylosuccinate synthetase and
adenylosuccinate lyase, aspartate and GTP are consumed and fumarate and AMP are
produced to complete the cycle. The PNC has been mostly studied in skeletal muscle where
it has been suggested to help maintain the energy charge (EC); where EC=([ATP]
+0.5[ADP])/(JATP]+[ADP]+[AMP]) by preventing the rise of AMP and ADP during
strenuous exercise [9]. The energy charge ranges from 0 to 1 as proposed by Atkinson and is
an index of the cellular energy state [10]. A high energy charge is indicative of favorable
conditions for ATP utilization to carry out cellular work. The PNC may also act as an
anaplerotic pathway that generates fumarate for the citric acid cycle [11]. Direct
confirmation of the function of the PNC in skeletal muscle is lacking, whereas a significant
metabolic role for the PNC in heart has been discounted entirely by some investigators [12].

HIF-1a is stabilized through inhibition of the prolyl hydroxylase domain-containing (PHD)
enzymes at [O,] far above those that limit respiration, and can thus be regarded as
anticipatory in nature. In this scheme HIF-1a responds to sublethal levels of hypoxia,
directing compensatory changes that equip the cardiomyocyte with the ability to survive
ischemic stress. For example, HIF-1a upregulates glycolytic enzymes, thereby, increasing
the capacity to generate ATP anaerobically [13]. Thus, the upregulation of the PNC by
HIF-1a might suggest a protective role for the PNC against ischemic stress. This is certainly
in line with our finding that fumarate derived from the PNC allows for the anaerobic
operation of respiratory complex 1. These considerations motivate the present studies where
we have 1) evaluated the effects of HIF-1a overexpression on the enzymes that constitute
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the PNC, as well as other nucleotide salvage enzymes; and, 2) followed the adenylate
nucleotide breakdown products during a bout of ischemia in hearts with, and without,
enhanced HIF-1a expression. In heart, ischemia limits ATP production via oxidative
phosphorylation and glycolysis is used to generate ATP anaerobically. However, the rate of
glycolytic ATP synthesis is insufficient to meet the ATP demands of the working heart. As
in skeletal muscle during intense exercise, ATP and the nucleotide pool becomes rapidly
depleted while nucleosides and nucleobases accumulate (Figure 1) [14,15]. Taken together,
the above considerations may suggest that the PNC plays a role in heart during ischemia
similar to skeletal muscle during intense work; albeit after the pathway is induced by
HIF-1a.

MATERIALS AND METHODS

Animal model

In order to examine the effect of HIF-1a on nucleotide metabolism in the ischemic heart, we
utilized B6C3F1 mice that contain a doxycycline inducible HIF-1a transgene (HIF-1a-PPN)
that has been previously described [1]. All mice used were males between 2 and 4 months of
age. For experiments in which the HIF-1a transgene was not induced (Non-I), mice were
maintained on a 625 mg/kg doxycycline-replete diet throughout (Harlan Research
Laboratories, Madison, WI). In experiments requiring 2 days of HIF-1a expression (2D),
mice were switched from doxycycline food to doxycycline-replete water containing 73 mM
sucrose (Mallinckrodt Baker, Phillsburg, NJ) and 0.416 mM doxycycline hydrochloride
(Research Product International, Mount Prospect, IL) for 2 days followed by maintenance of
mice on regular food and water for two additional days. In experiments requiring 6 days of
HIF-1a expression (6D), mice were maintained on doxycycline-free food and water for 5-7
days before experimentation. Results from HIF-1a-PPN mice were compared to those from
B6C3F1 wildtypes obtained from Harlan Research Laboratories. Animals were handled in
accordance to a protocol reviewed and approved by the East Tennessee State University
Committee on Animal Care.

Realtime PCR mRNA quantification

RNA was extracted from hearts using TRIzol reagent (Life Technologies, Carlsbhad, CA)
and concentration as well as integrity were determined using the Agilent Bioanalyzer
(Agilent Technologies, Santa Clara, CA). cDNA was synthesized using the Superscript 111
cDNA synthesis kit (Life Technologies). For each cDNA synthesis reaction, 2 ug of RNA
was added to 1.25 uM oligo(dT),q, 50 ng random hexamers, 0.5 mM dNTP mix, 80 U
RNaseOUT, 5 mM DTT, 1.25 mM MgCl,, and 400 U reverse transcriptase in a final volume
of 40 pl. The cDNA synthesis reaction was allowed to proceed for 1 hour at 50°C and then
terminated by heating at 70°C for 15 minutes. Quantitative PCR was performed in triplicate
for all samples in a 96 well plate format on a CFX96 real-time PCR detection system
(BioRad Laboratories, Richmond, CA). 40 cycles were carried out. Each reaction consisted
of 50 ng cDNA and 1.5 pl of Quantitect AMPD2, HPRT, or transferrin primer from Qiagen
in 1x SsoFast Evagreen supermix (BioRad Laboratories). AMPD2 and HPRT mRNA
expression was normalized to that of reference gene transferrin and results were reported as
a percent change in gene expression relative to WT.

J Mol Cell Cardiol. Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al. Page 4

Western blot — protein expression

Hearts obtained from WT, Non-1, 2D, and 6D mice were ground into a fine powder over
liquid nitrogen. The frozen heart powder was then homogenized in RIPA buffer composed
of 50 mM Tris-HCI, pH 7.4 (Calbiochem, Darmstadt, Germany), 1% Triton X-100 (Fisher,
Pittsburgh, PA), 1% w/v sodium deoxycholate (Fisher), 0.1% w/v SDS (EMD, Billerica,
MA), and 1 mM EDTA (Fisher) with 1:40 protease inhibitor cocktail mix (Sigma, St. Louis,
MO). The homogenates were centrifuged at 12,000 g at 4°C for 10 minutes and the
supernatant was collected. Protein concentration for mice heart homogenates was
determined using the Pierce BCA protein assay kit from Thermoscientific (Rockford, IL)
according to the manufacturer’s protocol. Homogenates were then subjected to SDS-PAGE
using Pierce Tris-HEPES-SDS 4-20% precast polyacrylamide gels (Thermoscientific). After
SDS-PAGE, proteins were transferred to PVDF membranes (BioRad Laboratories) and
Ponceau S (Sigma) staining was used to ensure complete transfer and equal protein loading.
Membranes were blocked in 5% nonfat dry milk in TBS with 0.1% Tween 20 (TBS-T) for 1
hour at room temperature. AMPD2 was probed using a mouse monoclonal primary antibody
diluted 1:1000 in TBS-T (Abcam, Cambridge, MA). AMPD3 was probed using a rabbit
polyclonal primary antibody diluted 1:100 in TBS-T (Abcam). HPRT was probed using a
rabbit polyclonal primary antibody diluted 1:1000 (Novus Biologicals, Littleton, CO). The
membranes were incubated in primary antibody at 4°C overnight. After incubation in
primary antibody, the membranes were washed for 5 minutes in TBS-T (5x) before
incubation with 1:5000 rabbit anti-mouse (Abcam) for AMPD2 or 1:2500 goat anti-rabbit
(EMD Millipore) horseradish peroxidase-conjugated secondary antibodies for AMPD3 and
HPRT. Protein bands were detected using the Pierce supersignal west pico
chemiluminescence substrate (Thermoscientific, Rockford, IL) in the G-Box imaging system
(Syngene, Frederick, MD). Densitometry of the protein bands corresponding to AMPD?2,
AMPD3 and HPRT was obtained using ImageJ (National Institutes of Health, Bethesda,
MD) and results were normalized to that of WT.

AMP deaminase activity

AMP deaminase enzyme activity was assessed using a procedure described by Raffin [16].
Hearts were homogenized in a buffer consisting of (mM): 89 KH,PO,, 180 KCI, and 0.1
DTT pH to 6.5. Protein concentration was determined using the Pierce BCA protein assay
kit (Thermoscientific). The volume of heart homogenate corresponding to 1 mg protein was
added to 2 ml of a reaction mixture containing (mM): 50 cacodylic acid, 150 KCI, 10 AMP
with pH adjusted to 6.5 using 10 N KOH. A 250 pl aliquot of the reaction was taken upon
initiation of the reaction (tg) and after 2 hours of incubation at room temperature. 125 pl of
4% perchloric acid (Alfa Aesar, Ward Hill, MA) was used to extract nucleotides from the
reaction aliquots and IMP was detected at 254 nm using high performance liquid
chromatography. IMP production was obtained by subtracting the IMP content at the start of
the reaction (tp) from that after the 2 hour incubation period. AMP deaminase activity was
expressed as nmole of IMP produced per minute per mg protein.
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Nucleotide metabolism

Nucleotide metabolism during ischemia was examined in WT, Non-I, 2D, and 6D mouse
hearts. All hearts were perfused with Krebs buffer containing (in mM): 118.5 NaCl, 4.7 KClI,
1.2 MgS0Qy, 1.2 KH,PO4, 24.8 NaHCO3, 2.5 CaClsy, and 10.6 glucose on the Langendorff
apparatus for 25 minutes to allow stabilization prior to ischemic challenge. Following the
stabilization period, hearts were subjected to 1) 5, 10, 20, or 30 minutes of ischemia, 2)
perfusion for 2.5 minutes with glucose free Krebs buffer containing 5 mM glycolytic
inhibitor iodoacetate (Acros Organics, Morris Plains, NJ) followed by 20 minutes of
ischemia, or 3) perfusion for 15 minutes with 50 pg/ml PNC inhibitor hadacidin
(Developmental Therapeutics Program, National Cancer Institute, Bethesda, MD) followed
by 30 minutes of ischemia. After the ischemic stress protocol, nucleotides were extracted
with 400 ul of 4% perchloric acid and incubated on ice for 20 minutes. Following
incubation, the perchloric acid extracts were centrifuged at 15,000 g for 15 minutes at 4°C
and the supernatant, which contained nucleotides was collected. The remaining pellet was
lyophilized in order to obtain the dry weight (g) of tissue collected. Nucleotide content was
measured with high performance liquid chromatography. Results were expressed as umole
nucleotide per gram dry tissue.

Statistical analysis

RESULTS

Data are expressed as means+SE. Statistical significance was detected using one-way
ANOVA followed by SNK post-hoc test. Student’s t-test was used to test for significance
where appropriate. Statistical analysis was performed using GraphPad Prism 5 (La Jolla,
CA).

In the initial series of experiments the mMRNA levels of key enzymes involved in nucleotide
metabolism were examined in mouse hearts where the HIF-1a-PPN transgene was
suppressed (Non-1) or expressed for 2 days (2D) or 6 days (6D). mRNA encoding the
enzymes comprising the PNC, AMP deaminase (isoforms 2 and 3) and hypoxanthine
phosphoribosyl transferase (HPRT) were also examined. Of the mRNA species examined,
only significant elevations of AMP deaminase isoform 2 (AMPD2) and HPRT were
observed in HIF-1a-PPN-expressing hearts when compared to wildtype (WT) hearts
(Figures 2A and 3A). No significant differences in the expression levels of any of the other
MRNA species examined were noted (data not shown). Some amount of “leak” of stabilized
HIF-1a-PPN is present in Non-I hearts [4], which most likely explains the elevated level of
HPRT mRNA in these hearts when compared to wildtype hearts.

Having found HIF-1a induced changes in several mRNA species encoding nucleotide
salvage enzymes, the protein levels of the PNC enzymes and HPRT were evaluated using
western blot analysis (Figure 2B and 3B). Similar to the results at the level of mMRNA,
AMPD?2 and HPRT protein levels were found to be elevated in HIF-1a-PPN-expressing
hearts (Figures 2C and 3C). No increase in the protein levels of AMPD3 (Figure 2D and
2E), ADSS or ADSL were observed (data not shown). In parallel experiments, enzyme
activity assays for AMPD, ADSS and ADSL were performed using homogenates derived
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from wildtype and the HIF-1a-PPN hearts. Of these enzyme activities, only AMPD (Figure
2D) was observed to be significantly increased, with the 6D HIF-1a-PPN-expressing hearts
showing more AMPD activity compared to wildtype and Non-1 heart homogenates. Thus,
initial experiments examining several of the nucleotide salvage enzymes, identify AMPD2
and HPRT as HIF-1a responsive genes. A retrospective analysis of the AMPD2 and HPRT
genes using Unipro UGENE identified strong (>99% certainty) putative hypoxic response
elements (HRE; 5’-RCGTG-3) that occur at 323 to 326 and 1631 to 1638 base pairs
upstream from the predicted AMPD2 and HPRT transcription start site, respectively. While
the finding of HPRT induction may have important implications for reperfusion and
recovery from ischemia, AMPD, and the resulting PNC activity, exerts its effects during
ischemia [17]. Given the likely temporally separated compensatory roles of these two
enzymes, we selected to focus upon the question of the potential physiological significance
of AMPD in these studies.

Accordingly, the next experiment compared energy charge and the accumulation of
nucleotide breakdown products in wildtype, Non-1, 2D-, and 6D- HIF-1a-PPN-induced
hearts during a 30 minute bout of ischemia. Figure 4A shows that HIF-1a-PPN preserved
energy charge better during the initial 20 minutes of ischemia. By 30 minutes of ischemia,
energy charge was equivalent across the heart groups (Table 1). Depletion of ATP leads to
AMP accumulation, which has only two fates; either deamination to IMP by AMPD, or
alternatively, dephosphorylation to adenosine by 5’-nucleotidase. Figure 4 shows the levels
of AMP, adenosine and IMP during the initial 20 minutes of ischemia in wildtype and
HIF-1a-PPN hearts, while Table 1 contains the levels of a more complete panel of ATP and
its metabolites at 30 minutes of ischemia. Most prominently observed, adenosine elaboration
was significantly suppressed in the HIF-1a-PPN expressing hearts starting at 5 minutes of
ischemia and continuing throughout (Figure 4B and Table 1). Despite the differences in
adenosine levels that accumulate, coronary flow rates, pre-ischemic and during reperfusion
was not significantly different in wildtype and HIF-1a-PPN 6D hearts (data not shown).
AMP accumulation was lower in the HIF-1a expressing hearts at 10 minutes but had largely
normalized across the experimental groups by 20 minutes (Figure 4A). Figure 4C shows that
IMP levels became elevated in wildtype hearts by 20 minutes, but interestingly, remained
unchanged as compared to pre-ischemic values in the HIF-1a-PPN hearts.

The markedly lower adenosine levels of the HIF-1a-PPN expressing hearts is highly
consistent with the shunting of less AMP into the 5’-nucleotidase reaction due to higher
AMPD activity. However, this interpretation is complicated by our previous findings that
ATP depletion is slowed in HIF-1a hearts due to elevated glycolytic ATP production during
the initial period of ischemia [4]. This raises the question of whether the lower adenosine
observed in the HIF-1a-PPN hearts merely reflects the lower AMP that accumulates under
these conditions. To address this question, glycolysis was blocked using treatment with
iodoacetate to equalize the depletion of ATP between the wildtype and HIF-1a hearts.
Previously we have used this strategy successfully[18] and here, perfusion of hearts with 5
mM iodoacetate followed by 20 minutes of ischemia reduced ATP, ADP, and AMP levels to
the same extents in wildtype and 6D hearts (Figure 5). Despite excluding the effects of
glycolysis, adenosine elaboration was still observed to be significantly depressed in the 6D
HIF-1a-PPN hearts (Figure 6).
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As we have shown previously, the downstream reaction steps in the PNC furnishes the
fumarate that is used by cardiomyocytes to sustain anaerobic mitochondrial respiration [5].
In order to examine the PNC function downstream of AMPD at the level of
adenylosuccinate synthetase, we used a stress protocol where hearts were subjected to 30
minutes of ischemia with or without prior treatment with 50 pg/ml ADSS inhibitor
hadacidin. This protocol led to a reduction in ATP, energy charge as well as ATP:ADP
compared to hearts subjected to ischemia alone (Table 1). Furthermore, accumulation of
ADP decreased while that of AMP increased as a result of hadacidin treatment followed by
ischemia (Table 1). Interestingly, the total amount of adenine nucleotides that remains after
ischemia was unchanged by hadacidin.

DISCUSSION

Here we show that AMP deaminase (AMPD), the rate-limiting enzyme of the PNC [19], and
the nucleotide salvage enzyme HPRT, are HIF-1a-responsive genes. The PNC has been
suggested to have several key roles during metabolic stress but its precise function in
metabolism, especially in heart, remains obscure. Consequently, it was of interest to explore
nucleotide metabolism in ischemic wildtype mouse hearts and those that express HIF-1a
and have induced AMPD.

HIF-1a has been demonstrated to confer robust hypoxic tolerance in heart [4,20]. Likewise
adenosine is generally regarded as a cardioprotective molecule that contributes to
preconditioning [21-23]. Thus, our finding that HIF-1a expression attenuates adenosine
elaboration might be considered paradoxical. On the other hand, chronic exposure to
adenosine can cause toxicity [24] and inflammation [25]. Of probably greater significance,
adenosine is uncharged and freely diffuses out of the myocyte. Accordingly, the induction of
AMPD can be expected to conserve the adenylate pool under conditions of chronic hypoxia.

Perhaps the most significant finding of these studies is that inhibition of the PNC with
hadacidin during ischemia reduced ATP and collapsed the energy charge (Table 1). Thus,
the question arises of how PNC activity might support the cellular energy charge.
Lowenstein, the discoverer of the PNC, suggested that the PNC upregulates glycolysis [26].
Further, Terjung has proposed that the PNC helps preserve a high ATP:ADP ratio by
limiting the accumulation of AMP and ADP during fatiguing skeletal muscle exercise [9].
Coupling of the adenylate kinase (2 ADP <+ ATP + AMP) and the AMP deaminase
reactions shifts the equilibrium of the adenylate kinase reaction towards ATP production. To
our knowledge, this is the first direct evidence that the PNC supports the cellular energy
charge during ischemia.

Notwithstanding the above considerations, we originally examined the PNC because it is the
source of fumarate that allows anaerobic complex 1 operation that maintains mitochondrial
polarization during anoxia [4,5]. Here, NADH oxidation is supported by the reversal of
complex 2 activity with fumarate becoming an electron acceptor resulting in succinate
production. Fumarate respiration can be envisioned to support ATP levels through several
mechanisms. Direct production of ATP via the ATP synthase has been argued persuasively
to be unlikely on both theoretical and experimental grounds [27]. While we agree with this
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assessment, our previous finding clearly showed that mitochondrial polarization was
maintained via fumarate reduction in the absence of glycolytic ATP input [4,5]. Thus, we
favor the view that the primary contribution of NAD+ -fumarate reductase activity to the
cellular energy charge is through its prevention of glycolytic ATP consumption by the
reversal of the ATP synthase. Enhanced PNC activity may contribute to the higher energy
charge we observe during the initial 20 minutes of ischemia in the 6D HIF-1a-PPN-
expressing hearts through one, or a combination of the above-discussed mechanisms,.

We also observe that HIF-1a promotes accumulation of hypoxanthine during ischemia. This
finding may have implications for the discovery that HPRT is induced by HIF-1a. In a
reaction catalyzed by HPRT, the 5-phosphoribosyl group on phosphoribosyl pyrophosphate
is transferred to hypoxanthine to regenerate IMP. IMP can be used by the PNC to
resynthesize adenine nucleotides. The fact that HPRT is upregulated by HIF-1a may provide
a significant mechanism for the re-synthesis of ATP during reperfusion. In tetanic exercised
skeletal muscle, IMP accumulation is in direct proportion to ATP breakdown [28]. In
contrast IMP accumulation is seldom seen in ischemic heart [14,29,30]. This led Manfredi et
al to propose the existence of an unidentified factor in heart that limits IMP accumulation
[30]. In this regard, the upregulation of HPRT may hold answers concerning IMP
accumulation. In the HIF-1a expressing hearts, the absence of IMP accumulation is
remarkable during ischemia. The HPRT reaction is known to be reversible with production
of hypoxanthine from IMP. While speculative, we suggest that the induction of HPRT and
its reverse activity might represent the mechanism that prevents IMP accumulation in the
HIF-1a expressing hearts. The finding of significantly higher hypoxanthine in HIF-1a
expressing hearts where depletion in ATP was equalized by blocking glycolysis with
iodoacetate is consistent with the notion of greater reversed HPRT activity.

Another potential benefit of HPRT induction in HIF-1a expressing hearts is moderation of
the ROS burst that accompanies reperfusion [31]. The burst in ROS upon reperfusion has
been attributed to xanthine oxidase activity [32]. In this scenario, HPRT may reduce the
hypoxanthine that is available for metabolism by xanthine oxidase, an enzyme that catalyzes
the conversion of hypoxanthine to xanthine while concomitantly generating ROS. Thus, the
induction of HPRT by HIF-1a may exert enhanced protection of hearts by reducing ROS
induced reperfusion injury.

In summary, we show that HIF-1a upregulates the activity of the purine nucleotide cycle
thru the induction of AMPD. We also show that the nucleotide salvage enzyme HPRT is
induced in HIF-1a expressing hearts. The upregulation of HPRT in HIF-1a expressing
hearts may help in assimilating hypoxanthine back into the nucleotide pool upon recovery
from ischemic stress. These HIF mediated changes alter nucleotide metabolism in a way that
helps the ischemic heart preserve the adenylate energy charge during ischemia. These
studies provide evidence that in addition to glycolysis, HIF-1a upregulates the PNC as a
compensatory response to hypoxia.
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Figure 1. Nucleotide degradation pathways
During ischemia, the rate of ATP consumption exceeds its synthesis from glycolysis. As a

result, there is a net degradation of ATP and the heart’s nucleotide pool while nucleosides
and nucleobases accumulate. PNC = purine nucleotide cycle. AMPD2 = AMP deaminase
isoform 2. ADSS = adenylosuccinate synthetase. ADSL = adenylosuccinate lyase. 5’NT-I =
5’-nucleotidase isoform 1 (AMP specific). 5’NT-11 = 5’-nucleotidase isoform 2 (IMP
specific). HPRT = hypoxanthine phosphoribosyl transferase. Major pathways are indicated
by bold arrows. HIF-1a induced pathways are indicated by dashed arrows.
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Figure 2. HIF-1a upregulates the mRNA, protein, and activity of AMP deaminase 2 (AMPD2) in
mouse hearts
Hearts were obtained from WT mice and those in which the HIF-1a-PPN transgene was

suppressed (Non-1) or allowed to be expressed for 2 days (2D) or 6 days (6D). A: AMPD2
gene expression in mouse heart homogenates was examined using gPCR and normalized to
reference gene transferrin. Results are expressed as the % change in gene expression relative
to WT (n=6). B: Western blot showing AMPD?2 protein expression in mouse heart
homogenates. C: Quantification of AMPD?2 protein levels in mouse heart homogenates
(n=6-8). D: Western blot showing AMPD3 protein expression in mouse heart homogenates.
E: Quantification of AMPD3 protein levels in mouse heart homogenates (n=6-10). F:
AMPD activity assessed by the amount of IMP produced per minute per mg protein in a
buffer system containing excess AMP (n=5). * P<0.05 versus WT.
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Figure 3. HIF-1a upregulates the mRNA and protein of hypoxanthine phosphoribosyl
transferase (HPRT) in mouse hearts

Hearts were obtained from WT mice and those in which the HIF-1a-PPN transgene was
suppressed (Non-1) or allowed to be expressed for 2 days (2D) or 6 days (6D). A: HPRT
gene expression in mouse heart homogenates was examined using gPCR and normalized to
reference gene transferrin. Results are expressed as the % change in gene expression relative
to WT (n=6). B: Western blot showing HPRT protein expression in mouse heart
homogenates. C: Quantification of HPRT protein levels in mouse heart homogenates
(n=4-7). * P<0.05 versus WT.
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Figure 4. Adenylate energy charge, AMP, adenosine, and IMP levels in ischemic adult mouse
hearts

Hearts were obtained from WT mice, mice maintained on a doxycycline diet to suppress the
HIF-1a-PPN transgene (Non-I), or mice denied doxycycline to express the HIF-1a-PPN
transgene for 2 days (2D) or 6 days (6D). Hearts were subjected to the indicated durations of
ischemia. Nucleotides were extracted and measured using HPLC. A: Adenylate energy
charge. B: AMP. C: adenosine. D: IMP. Pre-isch denotes pre-ischemia. The pre-ischemic
level of IMP in 2D HIF-1a-induced hearts was not detectable (ND). * P<0.05 versus WT. #
P<0.05 versus 6D. + P<0.05 versus pre-ischemic values for the corresponding experimental
group. @ P<0.05 versus previous time point. n=3-9.
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Figure 5. Treatment of hearts with iodoacetate followed by 20 minutes of ischemia reduced ATP,
ADP, AMP to the same levels in WT and 6D hearts

Hearts were obtained from WT mice and those in which the HIF-1a-PPN transgene was
expressed for 6 days (6D). A 25 minute pre-ischemic perfusion period was performed to
allow stabilization of the hearts. Then, they were perfused with glucose-free Krebs buffer
containing 5 mM glycolytic inhibitor iodoacetate for 2.5 minutes prior to 20 minutes of total
ischemia. After ischemic challenge, nucleotides were extracted from the hearts and
measured with HPLC. n=4-5.
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Figure 6. HIF-1a expression in the heart attenuates accumulation of adenosine in ischemic

hearts where glycolytic activity has been blocked

Hearts were obtained from WT mice and those in which the HIF-1a-PPN transgene was
expressed for 6 days (6D). A 25 minute pre-ischemic perfusion period was performed in
order to allow stabilization of the hearts. Then, they were perfused with glucose-free Krebs
buffer containing 5 mM glycolytic inhibitor iodoacetate for 2.5 minutes prior to 20 minutes
of total ischemia. After ischemic challenge, nucleotides were extracted from the hearts and
their contents were measured using HPLC. * P<0.05 versus WT. n=4-5,
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Summary of the distribution of adenine nucleotides and their breakdown products in wildtype mouse hearts as
well as those in which the HIF-1a-PPN transgene has been expressed for 6 days (6D). Nucleotide levels were
measured in mouse hearts prior to ischemia, after 30 minutes of ischemia or after perfusion with 50 pg/ml

Table 1

PNC inhibitor hadacidin followed by 30 minutes of ischemia.

WT 30 minutes of

ischemia 6D 30 minutes of ischemia

WT pre- - (+) 6D pre- - +)

ischemic hadacidin hadacidin ischemic hadacidin hadacidin
ATP 26.443.71  200+0.22%  0.32+0,03%8 2LA44£237  444+055™F  0.7320.07"F8
ADP 8924119 o72+021% 1.79+0.12%8 884132 5044020  3.23x0.29™%8
AMP 276+057  513+0787 8.772059%8  3.33£099  gapi094f  14.88+2.06"18
Energy
charge 0792004 0.35+0.04% 0.1120.01%8 0772005  040£0.02F  0.13x0.0118
ATP:ADP 3292060 076:0.10f 0.18+001¥8 305£0.63  g73+007F  0.2320.02%8
total adenine
nucleotide 38.12¢3.91 9.85:0.71% 10.89:0.64% 33.61%2.57 18.91+154°F  18.83+2.33°%
adenosine 0412008  319+092% 6.82+07748 0502014  q1041021"F  1.00+0.20"
IMP 094+0.29  313+065% 3.81x0.287 068+018  3264020"  1.38x0.11°%
inosine 014006  443:055% 52+024%  0.25¥0.07  326+046%  3.08+0.26™F
hypoxanthine  0.14+0.06 1 42+0.07f 1.47+006%f 0.19%0.05 1 3g+0.00% 1.29+0.05%

IP<0.05 versus the pre-ischemic value for the corresponding group.

§P<0.05 versus hearts not treated with hadacidin.

P<0.05 versus wildtype. n=3-9.
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