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Hypoxia-induced metabolism in the diabetic heart

Key Points

Adaptation to hypoxia makes the heart more oxygen efficient, by metabolising more
glucose. In contrast, type 2 diabetes does the opposite, making the heart metabolise
more fatty acids.

Diabetes increases the chances of the heart being exposed to hypoxia, but whether the
diabetic heart can respond is unknown.

In this study we show that diabetic hearts retain the ability to adapt their metabolismin
response to hypoxia, with functional hypoxia signalling pathways.

However, the hypoxia-induced changesin metabolism are additive to abnormal baseline
metabolism, resulting in hypoxic diabetic hearts metabolising more fat and less glucose
than controls. This stops the diabetic heart being able to recover its function when
stressed.

These results demonstrate the diabetic heart retains metabolic flexibility to adapt to
hypoxia, but is hindered by the baseline effects of the disease. This increases our
understanding of how the diabetic heart is affected by hypoxia-associated complications
of the disease.
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Abstract

Hypoxia activates the hypoxia-inducible factor (HIF), promoting glycolysis and suppressing mitochondrial
respiration. Inthetype 2 diabetic heart, glycolysisis suppressed whereas fatty acid metabolism is promoted.
The diabetic heart experiences chronic hypoxia as a consequence of increased obstructive sleep apnoea and
cardiovascular disease. Given the opposing metabolic effects of hypoxia and diabetes, we questioned

whether diabetes affects cardiac metabolic adaptation to hypoxia.

Control and type 2 diabetic rats were housed for three weeks in normoxia or 11% oxygen. Metabolism and
function were measured in the isolated perfused heart using radiolabelled substrates. Following chronic
hypoxia, both control and diabetic hearts upregulated glycolysis, lactate efflux and glycogen content and
decreased fatty acid oxidation rates, with similar activation of HIF signalling pathways. However, hypoxia-
induced changes were superimposed on diabetic hearts that were metabolically abnormal in normoxia,
resulting in glycolytic rates 30% lower, and fatty acid oxidation 36% higher in hypoxic diabetic hearts than
hypoxic controls. Peroxisome proliferator-activated receptor a target proteins were suppressed by hypoxia
but activated by diabetes. Mitochondrial respiration in diabetic hearts was divergently activated following
hypoxia compared with controls. These differences in metabolism were associated with decreased

contractile recovery of the hypoxic diabetic heart following an acute hypoxic insult.

In conclusion, type 2 diabetic hearts retain metabolic flexibility to adapt to hypoxia, with norma HIF
signalling pathways. However, they are more dependent on oxidative metabolism following hypoxia due to

abnormal normoxic metabolism, which was associated with afunctional deficit in response to stress.

Abbreviations: FAT/CD36, fatty acid transocase; GLUT, glucose transporter; HIF, hypoxia
inducible factor; MCAD, medium chain acyl-coenzyme A dehydrogenase; PDK, pyruvate dehydrogenase
kinase; PPARa, peroxisome proliferator-activated receptor a; UCP, uncoupling protein



Hypoxia-induced metabolism in the diabetic heart

| ntroduction

The healthy heart can metabolise arange of substrates to meet its high energy requirements, including fatty
acids, glucose, lactate, ketone bodies and amino acids (Taegtmeyer et al., 2004). Fatty acids are a more
energy dense fuel, providing more ATP per carbon, and account for 60-70% of ATP production, whereas
glucose is amore oxygen-efficient fuel ableto provide ATP viaanaerobic glycolysis (Bing et al., 1954; van
der Vusseet al., 1992). In contrast to the healthy heart, in type 2 diabetes the heart becomes metabolically
abnormal, oxidising more fatty acids and metabolising less glucose, which is associated with increased
myocardial oxygen consumption independent of contraction (Jagasia et al., 2001; Peterson et al., 2004,
Boardman et al., 2009).

A fine balance exists between the supply of and the demand for oxygen within the heart. A decrease in
cellular oxygen availability, hypoxia, causes the transcription factor hypoxia-inducible factor (HIF)la to
escape degradation, translocate to the nucleus and induces transcription of HIF-target genes, which over a
period of days to weeks regulate a plethora of cellular processes aimed at optimising utilisation of the
available oxygen and restoring oxygen supply (Semenza, 2009). Hypoxiaand HIF activation have profound
effects on cardiac metabolism, increasing anaerobic glycolysis and suppressing mitochondrial oxidative
metabolism (Semenzaet al., 1994; Ebert et al., 1995; Kim et al., 2006; Fukuda et al., 2007; Ambrose et al.,
2014). Thus, hypoxia and HIF activation are major metabolic regulators of substrate selection in the heart,
making the heart more oxygen efficient under hypoxic conditions. From a metabolic perspective, type 2
diabetes and hypoxia have opposite effects on cardiac metabolism. Type 2 diabetes promotes fatty acid
metabolism and mitochondrial oxygen consumption, whereas HIF activation promotes glycolysis and
suppresses mitochondrial respiration (Semenzaet al., 1994; Boardman et al., 2009; Ambrose et al., 2014).
Therefore, we questioned what would happen when a diabetic heart was exposed to hypoxia, and whether
the diabetic heart retains the ability to adapt its metabolism to hypoxia given its preference for fatty acids.
Type 2 diabetes is accompanied by a number of hypoxia-associated complications, which result in

cardiomyocytes being exposed directly or indirectly to hypoxia. Systemically, type 2 diabetes increases the
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incidence of obstructive sleep apnoea, which is a risk factor for cardiovascular disease and mortality, and
there is a negative relationship between the severity of sleep apnoea and insulin sensitivity (Medlier et al.,
2003; West et al., 2006; Tasali et al., 2008). The Sleep Heart Health Study identified an increased incidence
of periodic breathing during sleep in type 2 diabetics, and a systematic review identified an association
between type 2 diabetes and decreased lung function (Resnick et al., 2003; Klein et al., 2010). Type 2
diabetes increases the risk of having a myocardial infarction and developing heart failure, and following
myocardia infarction mortality rates are increased among diabetic patients (Rytter et al., 1985; Almdal et
al., 2004; Shah et al., 2015). Following myocardial infarction, cardiac ischemia reduces cellular oxygen
availability within the cardiomyocyte and activates hypoxic signalling pathways within the myocardium,
and HIF signalling persists chronically in the peri-infarct region of the heart (Lee et al., 2000; Willam et al.,
2006). Thus, diabetesis associated with a greater incidence of the heart experiencing chronic hypoxia, and,
whether this is via a direct or indirect mechanisms, it is associated with negative consequences for the
diabetic heart. Therefore, important questions remain as to how the diabetic heart adapts when challenged
by chronic hypoxia.

Conflicting data has been generated on the effects of diabetes on the cardiac HIF signalling pathway, with
some studies showing HIF1a as increased, decreased or unchanged (Marfella et al., 2002; Marfella et al.,
2004; Park et al., 2009; Xue et al., 2012). However, these studies have looked at HIF1a in normoxia or
ischemia, studies have not been performed looking at HIF signalling and downstream effects using the
transcription factors endogenous activator, hypoxia. Using a normobaric hypoxia chamber we can study
how the diabetic heart metabolically adapts to chronic hypoxia and the effects of diabetes on activation of
the HIF signaling pathway, which would not be possible in the isolated organ or tissue culture. Here, we
demonstrate that type 2 diabetic hearts retain the capacity to upregulate glycolysis and glycogen content by
the same percentage as control hearts, and that the HIF signalling pathway is not compromised. However,
the adaptation to hypoxiain diabetesis superimposed on an abnormal metabolic fuel preference at normoxic

baseline. This result in the diabetic heart having lower rates of anaerobic glycolysis and higher rates of
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oxidative metabolism then control hearts following chronic hypoxia, and is associated with a decreased

recovery following an acute hypoxic insult.
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Methods

In vivo rat model of type 2 diabetes and chronic hypoxia

Ethical approval for experiments was granted by the United Kingdom Home Office guidelines under The
Animal (Scientific Procedures) Act, 1986 after approval by the University of Oxford local ethics committee.
Male Wistar rats (n = 73) were obtained from a commercial breeder (Harlan, UK). Control rats were fed for
42 days ad libitum on a standard chow diet (Harlan Laboratories). To induce type 2 diabetes, rats were fed
ahigh-fat diet ad libitum (Special Diet Services) for 42 days, according to our previously published protocol
(Mansor et al., 2013a). On day 14 of 42, diabetic rats were given a single intraperitoneal injection of low
dose streptozotocin (STZ, 25mg/kg bodyweight w/w in citrate buffer, pH 4). We have previously
demonstrated that it is the combination of high-fat diet and STZ that induces diabetes, and that either factor
inisolation is not sufficient to induce disease (Mansor et al., 2013a). On day 20, control and diabetic rats
had fasting blood collected from the saphenous vein for blood glucose analysis (Accu-check Aviva blood
glucose testing system) and for plasma insulin concentrations (ELISA, R&D systems), to confirm
hyperglycaemia and hyperinsulinemia in the diabetic animals prior to hypoxia. On day 21, subgroups of
control and diabetic rats were transferred to a normobaric hypoxia chamber (Biospherix) (Heather et al.,
2012), while the remaining rats continued to be housed in normoxia. From days 21 to 28, the oxygen content
in the hypoxia chamber was reduced from 21% to 11% in daily steps, which produced physiological hypoxic
adaptation and prevented weight loss. From days 28 to 42, the oxygen content was maintained at 11%.
Following hypoxia or normoxia, rats were terminally anaesthetised under normoxia, using an intraperitoneal
injection of sodium pentobarbital, hearts were excised and blood collected for analysis. Dueto Home Office
restrictions, hearts could not be excised whilst the animals were still hypoxic.

| solated heart perfusion

Hearts were perfused at a constant pressure of 100 mmHg and an end-diastolic pressure of 4-8 mmHg,
according to our published protocol (Heather et al., 2013). Heartswere perfused with Krebs-Henseleit buffer

containing 11 mM glucose, 0.3 U/L insulin and 1.5% (w/v) fatty acid-free bovine serum abumin bound to
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0.4 mM pamitate (gassed with 95% O and 5% COg, at 37°C). For measurement of palmitate oxidation
rates, buffer was supplemented with 0.2 uCi.mi™ [9,10-3H] palmitate, and for measurement of glycolytic
rates buffer was supplemented with 0.2 uCi.ml™ [5-*H]-glucose. Lactate efflux rateswere measured intimed
aliquots using lactate dehydrogenase. Metabolic rates were expressed per gram wet weight of tissue (gww).
In aseparate group of chronically hypoxic hearts, the oxygen partial pressure (pO-) of the buffer was reduced
from 413 £ 15 mmHg to 90 £ 10 mmHg for 32 minutes, by replacing the gas supply with 95% N and 5%
CO.. Thiswas followed by 8 minutes of reoxygenation at the original oxygen partial pressure, to study the
recovery of function following an acute hypoxic insult.

Mitochondrial isolation and respiration

Mitochondria were isolated from hearts, according to our previously published protocol (Heather et al.,
2012). Mitochondria were incubated in respiratory media (100 mM KCI, 50 mM MOPS, 1 mM EGTA, 5
mM KH2PO4 and 1 mg/ml BSA, pH 7.4), and respiration was measured using a Clark-type oxygen electrode
with a range of substrates (Heather et al., 2012). State 3 (100 nmol ADP-stimulated) respiration, state 4
(ADP-limited) respiration, maximal ADP-stimulated (1000 nmol) respiration (max ADP), and respiratory
control ratios (RCR, state 3/state 4 respiration rates) were measured at 30°C.

Tissue analysis

Tissue assays were performed on freeze clamped tissue. Glycogen content was determined by the
conversion of glycogen to glycosyl units, using amyloglucosidase. Triglyceride content was measured
following Folch extraction. Citrate synthase activity, a marker of mitochondrial number, aconitase activity
and medium chain acyl-coenzyme A dehydrogenase (MCAD) activity were measured according to
established protocols (Srere, 1969; Lehman et al., 1990).

M etabolomics

Aqueous metabolites were extracted using methanol/water/chloroform extraction protocol from freeze-

clamped hearts and quantified using high resolution *H nuclear magnetic resonance spectroscopy (Mayr et
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al., 2008). Chemical shiftsand metabolite peak areas were calibrated against trimethylsilyl propanoic acid
reference peak (3 uM) at pH 6.5 and normalized for gww of tissue extracted (Tyagi et al., 1996).

Western blotting

Protein lysates were prepared, 30ug of protein was loaded onto 12.5% SDS-PAGE gels and separated by
electrophoresis (Heather et al., 2006). Even protein loading and transfer were confirmed by Ponceau
staining and using cyclophilin B as an internal standard. Bands were quantified using UN-SCAN-IT gel
software (Silk Scientific, USA), and al samples were run in duplicate on separate gels to confirm results.
For measurement of HIF 1 a protein levels, tissue lysates were compared to HL1 cardiomyocytes cultured in
2% oxygen for 6 hours (Ambrose et al., 2014), to act as a positive control.

Real-time quantitative PCR

Left ventricular tissue was immersed in RNAlater (Qiagen, Germany), and total RNA was extracted
according to the RNeasy Fibrous Tissue kit Protocol (Qiagen, Norway). Real-time PCR (qPCR) was
performed in an ABI PRISM 7900 HT fast real-time thermal cycler as previously described (Hafstad et al.,
2009). Housekeeping genes were selected on the basis of the average expression stability determined with
Genorm from a pool of five candidate genes (Vandesompele et al., 2002), and mRNA expression of the
genes of interest was adjusted to the geomean of the three most stable housekeeping genes. Real-time
guantitative PCr was performed for heme oxygenase 1 (NM_012580.2), vascular endothelia growth factor
(VEGF; NM_031836.2), prolyl hydroxylase 3 (NM_019371.1), HIF1a (NM_024359.1), glyceraldehyde-3-
phosphate dehydrogenase (NM_017008), ribosoma protein L13A (NM_173340.2) and
hydroxymethylbilane synthase (NM _013168.2).

Statistics

Results are presented as means + SEM, and were considered significant at p < 0.05 (SPSS Statistics 18).
Differences were investigated using a two-way ANOVA (two factors were diabetic status and oxygen

level), and interactions are reported where identified. Only if statistical significance was obtained at the
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ANOVA level were subsequent post-hoc individual comparison between groups performed using unpaired

t-tests.
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Results

Physical characteristics and plasma metabolites

There were no significant differences in body weights between groups (Table 1). Hypoxiahad no effects on
heart weights or epididymal fat pad weights, but both measurements were increased by diabetes. Fasting
plasma metabolites were measured in control and diabetic rats prior to entry into the hypoxia chamber, to
confirm their diabetic status. Type 2 diabetic rats had 31% higher fasting blood glucose concentrations and
42% higher fasting plasma insulin concentrations compared with controls. Plasma metabolites were also
measured following a three weeks in normoxia or hypoxia. In response to hypoxia, glucose concentrations
were reduced by 18-20% in controls and diabetics, resulting in the amelioration of the hyperglycaemiain the
diabetic rats. NEFA and TAG were increased by hypoxiain both groups, with the former aso increased by
diabetes. There was asignificant effect of hypoxia on plasmainsulin concentrations, with hypoxic diabetic
rats having 41% lower insulin concentrations than normoxic diabetic rats. Interestingly, there was a
significant interaction between diabetes and hypoxia on plasma B-OHB concentrations, which were elevated
to agreater extent by hypoxiain diabetic rats than in controls.

Cardiac function

There was a significant interaction between hypoxia and diabetes for their effects on coronary flow rates,
with diabetic rat hearts having significantly greater coronary flow rates following hypoxia, 25% higher than
controls (Table 2). Rate pressure product, the multiple of developed pressure and heart rate, was not
significantly different between groups, demonstrating that overall cardiac systolic function was not modified
by diabetes or adaptation to chronic hypoxia.

Glucose metabolism

Exposure to chronic hypoxia increased cardiac glycolytic rates by 25% in both control and type 2 diabetic
rats. However, diabetes had a significant opposing effect on glycolysis reducing rates by a third, resulting
in a30% lower rate of anaerobic glycolysisin hypoxic diabetics compared with hypoxic controls (Figure 1).

The changes in cardiac glycolytic rates were reflected by changes in net lactate efflux from these hearts.

11
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Hypoxia increased cardiac glycogen content by 24 and 20% in control and diabetic rats, respectively, but
diabetes had a significant negative effect on glycogen content, resulting in hypoxic diabetic hearts having
18% lower glycogen content compared with hypoxic controls, mirroring the changesin glycolytic flux.
Fatty acid metabolism

Hypoxia and diabetes had opposing effects on fatty acid oxidation, with hypoxia decreasing and diabetes
increasing cardiac fatty acid oxidation rates. As a consequence, diabetic rats oxidised 31% more fatty acid
than controls in normoxia, and 36% more fatty acids than controls following hypoxia (Figure 2). These
changes in fat oxidation were independent of significant changes in intracellular triglycerides. Citrate
synthase activity, a marker of mitochondrial content, showed a similar profile to fatty acid oxidation rates,
remaining significantly increased in hypoxic diabetic rats compared with hypoxic controls.

Changes in intracellular energy metabolism and substrate availability were further investigated using
metabolomics (Table 3). Hypoxia decreased total creatine concentrations, with hypoxic diabetic hearts
having 20% less creatine compared with normoxic diabetics. Krebs cycle intermediates, multiple amino
acids and NAD", a marker of the redox state of the heart, were unchanged between groups. However,
aspartate concentrations were increased by diabetes, with hypoxic diabetic hearts having 77% more aspartate
compared with hypoxic controls.

Mitochondrial respiration

The higher coronary flow rates and fatty acid oxidation rates in hypoxic diabetic rat hearts compared with
hypoxic control hearts would suggest increased rates of mitochondrial oxygen consumption. To test this
hypothesis, oxygen consumption was measured in isolated interfibrillar (IFM) and subsarcolemmal (SSM)
mitochondria. There was a significant interaction between diabetes and hypoxia on oxygen consumption in
IFM and SSM when metabolising the fatty acid substrate palmitoyl CoA (Figure 3). Chronic hypoxia
decreased state 3 respiration in mitochondria from control hearts by 28 and 25%, in IFM and SSM
respectively. In contrast, this effect of chronic hypoxia was absent in mitochondria from diabetic hearts, as

diabetes prevented the decrease in state 3 respiration in response to hypoxia. State 4 respiration, a measure

12
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of oxidative phosphorylation-independent oxygen consumption, also displayed a significant interaction
between diabetes and hypoxia. Whereas hypoxia had no effect on succinate state 4 respiration in IFM from
control hearts, in diabetic hearts hypoxia significantly increased state 4 respiration rates by 53% compared
with hypoxic controls. Thus, diabetes prevented the fatty acid-dependent decreasein state 3 respiration, and
exacerbated the ATP-independent consumption of oxygen by the mitochondria following hypoxia.

Normal HIF-1a signalling pathways in type 2 diabetic hearts in response to hypoxia

The adaptation to chronic hypoxia is regulated by the HIF 1o pathway, and there have been reports that HIF
signaling is perturbed in diabetes. However, we hypothesised that the HIF signaling pathway was not
disrupted in our model of type 2 diabetes, given that our diabetic animals were able to increase their cardiac
glycolytic and | actate efflux rates by the same percentage as controls following hypoxia.

Haematocrits were increased by hypoxia to the same extent in control and diabetic animals, demonstrating
no systemic defect in hypoxic sensing or signalling in diabetes (Figure 4). Cardiac HIF-1oo mRNA was not
different between any of the groups. Downstream targets of HIF signalling, prolyl hydroxylase 3 and heme
oxygenase 1 were both increased in hypoxiato asimilar extent in control and diabetic rat hearts. In addition,
aconitase activity, a metabolic HIF target (Ambrose et al., 2014), was decreased to the same extent by
hypoxia in control and diabetic hearts. Cardiac VEGF mRNA showed no difference between control and
diabetic rats. Finally, HIF-1a protein was not detected in normoxic diabetic or control hearts. Taken as a
whole, these data demonstrate no prior abnormality in the HIF signalling pathway due to type 2 diabetes,
and no abnormalities in the HIF-induced signals following hypoxia.

Overactivation of PPARa signalling in type 2 diabetes following hypoxia

Despite seeing similar percentage changes in fatty acid oxidation and glycolysis in response to hypoxiain
diabetic and control rats, the absolute rates of metabolism through these two pathways remained significantly
different between controls and diabetics following hypoxia. We hypothesised that this was due to the
abnormal baseline normoxic metabolism, onto which the hypoxic response was superimposed. We

guestioned whether there was inappropriate activation of the key metabolic transcription factor, peroxisome

13
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proliferator-activated receptor (PPAR) a, which maintained the hypoxic diabetic heart in a more fatty acid
oxidative state and requiring greater oxygen consumption than the hypoxic control heart. To test this
hypothesis we measured PPARa-targets: pyruvate dehydrogenase kinase 4 (PDK4), uncoupling protein 3
(UCP3), medium chain acyl-coenzyme A dehydrogenase (MCAD) and fatty acid transport protein 1
(FATP1).

Hypoxia and diabetes had opposing effects on PPARa targets, with hypoxia decreasing and diabetes
increasing PPARa target proteins. PPARa targets were decreased by hypoxia, with significant decreases
ranging from 20 - 34% in control hearts (Figure 5), and this was independent of a decrease in PPARa mRNA.
PPARa targets PDK4, UCP3 and MCAD were all significantly upregulated by diabetes, ranging from a 30%
to a 2 fold increase compared with controls. As a result, PPARaq target proteins in hypoxic diabetic hearts
were between 24% higher and 3 fold higher than in hypoxic control hearts. To confirm that these changes
were specific to PPARa targets we measured protein levels of two metabolic proteins that are not direct
PPARa targets, and found both GLUT4 and FAT/CD36 were modified by diabetes but not by hypoxia.
Increased PPARa target enzymes would facilitate the increased fatty acid oxidation and mitochondrial
oxygen consumption in hypoxic diabetic rat hearts, and via the Randle cycle would suppress glucose uptake
and limit glycolysis, glycogenesis and lactate efflux (Randle et al., 1963), providing a mechanism to account
for metabolic changes following hypoxiain our type 2 diabetic hearts.

Decreased recovery of the diabetic heart following acute hypoxia

Diabetic hearts retained the ability to adapt to hypoxia, but the metabolic profile was more oxidative and less
glycolytic than control heart following hypoxia. Therefore, we questioned whether this adaptation to
hypoxiain the diabetic heart was sufficient for the heart to tolerate an acute hypoxic insult to the same extent
as ahypoxic control heart. Cardiac function was the samein both groups when perfused in normoxia (Table
2). Cardiac function decreased to a greater percentage in diabetic hearts at the start of the acute hypoxic
insult, and did not recovery to the same percentage following reoxygenation (Figure 6). Whereas control

hearts recovered 101% of their pre-hypoxic rate pressure product, diabetic hearts only recovered 85%.

14
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Therefore, diabetic hearts had an impaired functional response to acute hypoxia when compared to control

hearts, when both had been acclimatised to chronic hypoxia.

15
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Discussion

In this study we demonstrate that in response to chronic hypoxia, type 2 diabetic rats retain the ability to
adapt their cardiac metabolism, by increasing anaerobic glycolysis and glycogen content by a similar
percentage to control hearts. In addition, the HIF1a signalling pathway was preserved in diabetic hearts, and
similarly activated by hypoxia in control and diabetic rats. However, in diabetes the hypoxia-induced
changes in energy metabolism were superimposed on the abnormal metabolic state present in normoxia.
This resulted in lower absolute rates of glycolysis, glycogen content and higher absolute rates of fatty acid
oxidation and mitochondrial oxygen consumption following hypoxia in diabetic hearts compared with
control hearts. Hypoxia and diabetes had opposing effects on PPAR« target proteins, resulting in proteins
involved in oxidative fatty acid metabolism being higher in hypoxic diabetic hearts than in controls.
Mitochondrial respiration rates and coronary flow rates showed divergent responses in controls and diabetic
hearts when exposed to chronic hypoxia. These differences in energy metabolism between control and
diabetics following chronic hypoxia were associated with negative functiona outcomes when challenged
with an acute hypoxic insult, with diabetic hearts recovering less contractile function than controls.
Diabetes and hypoxiahave opposing effects on cardiac substrate metabolism, as diabetes promotes fatty acid
oxidation and suppresses glycolysis, whereas adaptation to hypoxia suppresses fatty acid oxidation and
promotes glycolysis. Thus, diabetes and hypoxia sit at either end of a metabolic “see-saw”, and it was
important to understand what happens metabolically when both diabetes and hypoxia stimuli are present.
From a clinical perspective being able to adapt to hypoxia is important for the diabetic heart, as diabetes
makes the heart to be more likely to experience hypoxia, either indirectly due to obstructive sleep apnoea,
impaired lung function, or directly via chronic cardiac disease (West et al., 2006; Klein et al., 2010; Shah et
al., 2015). Therefore, understanding if the diabetic heart can adapt to hypoxia and the metabolic
consequences, are important for understanding the effects and consequences of these diseases.

Adaptation to hypoxia involves manipulating metabolism from a more fatty acid oxidative to a more

glycolytic phenotype to ensure essential ATP generation can continue in oxygen-restricted conditions. The
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percentage increases in anaerobic glycolysis, lactate efflux and glycogen content were similar in control and
diabetic hearts in response to hypoxia, suggesting that diabetes does not impair the ability to upregulate
glucose metabolism and glucose uptake in response to hypoxia. There have been conflicting reports on
whether diabetes impairs cardiac metabolic flexibility, with some studies demonstrating metabolic
inflexibility in response to glucose infusion (Oakes et al., 2006), whereas other studies have reported
metabolic responsiveness to insulin (Hafstad et al., 2006). One advantage of probing metabolic flexibility
using hypoxiaisthat thisstimuli is akey metabolic regulator that operates via a different mechanism, acting
through different pathways, to glucose and insulin. Our data would support that the diabetic heart retains
metabolic plasticity and can metabolically adapt to a chronic hypoxiastimulus. Thisisan important finding
in light of the growing interest in metabolic modulators for the treatment of the diabetic heart, as capacity to
change metabolism in diabetes is essential if these compounds have any potentia to produce measureable
benefits. Thus, metabolic flexibility in diabetes may be a stimuli-specific phenomena, and targeting
metabolism pharmacologically may haveto take into account which signalling pathways retain their function
in diabetes.

While the mgjority of metabolic parameters showed a hypoxic response of asimilar direction or magnitude
between controls and diabetics, a few measurements displayed a significant interaction between the effects
of diabetes and hypoxia. Coronary flow, state 3-dependent mitochondrial respiration and state 4 oxidative
phosphorylation-independent oxygen consumption all showed more pronounced ratesin diabetics following
hypoxia than in controls. This would suggest that, for these oxygen supplying and consuming pathways,
that diabetics have an abnormal response to hypoxia. Given that these parameters were normal in normoxic
diabetic hearts, our data demonstrates an as yet unidentified interplay between diabetes and hypoxic
adaptation that promotes the use of oxygen under hypoxic conditions.

In contrast to other studies (Marfellaet al., 2002; Xue et al., 2012), we found no pre-existing differencesin
HIF-1o mRNA or HIF targets genes or proteins in our diabetic hearts in normoxia. Due to technical

limitations we were unable to measure HIFa protein during hypoxia in our diabetic and control rats, however,
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HIF target genes were not differentially activated in response to hypoxiain type 2 diabetic hearts compared
with controls, demonstrating that activation of this pathway in response to changes in oxygen concentration
were not modified in diabetes. Thus, changes in metabolism where interactions between diabetes and
hypoxia were found cannot be attributed to difference in activation of HIFla signalling. The contrast
between other studies and our data may lie in the degree of hyperglycaemiain these animal models. It has
been reported in type 1 diabetic and db/db hearts, with plasma glucose concentrations ranging from 22-58
mmol/l, that normoxic HIF-1ao mRNA was increased whereas downstream targets were decreased (Marfella
etal., 2002; Jesmin et al., 2007; Park et al., 2009). In cell culture experiments, incubating dermal fibroblasts
with 5.5 — 11 mmol/l glucose concentrations did not affect HIF activation in hypoxia, however,
concentrations of 25— 30 mmol/I glucose suppressed the hypoxia-induced HIF accumulation (Catrinaet al .,
2004). Thus, itislikely that the severity of diabetes and hyperglycaemiamay play akey rolein influencing
HIF signalling in the heart. Our model of type 2 diabetes was chosen to mimic human type 2 diabetes, with
mild hyperglycaemia, hyperinsulinaemia and hyperlipidaemia, and because it mimics the developmental
process of the disease (Mansor et al., 2013b). Therefore, in type 2 diabetes if adequate glucose control can
be maintained, defects in HIF and downstream signalling may not be present, and the ability to adapt to

hypoxia can be preserved.

While diabetic hearts retain the ability to adapt to hypoxia, in absolute terms they metabolise less glucose
anaerobically, store less glycogen and are more dependent on fatty acid and oxidative metabolism following
hypoxia than control hearts. This may have profound consequences if the hypoxia became more severe,
either acutely, as occurs in an infarct, or chronically, as can occur during post-infarction structural
remodelling or in sleep apnoea (Willam et al., 2006). Increased myocardial glycogen content would protect
the heart by providing an on-site glycolytic substrate during hypoxia, and higher glycogen reserves have
been associated with increased tolerance of ischemia (Cross et al., 1996). Similarly, myocardial work-
independent oxygen consumption has been shown to decrease in diabetic hearts when fatty acid oxidation is

suppressed (Boardman et al., 2009). Thus, the diabetic heart may be less metabolically prepared if the
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hypoxiawereto escalate. Our datademonstrate that in response to an acute hypoxic insult the diabetic hearts
chronically adapted to hypoxia did significantly worse than the control hearts adapted to hypoxia. The
diabetic hearts decreased their function more rapidly and recovered it to a much less extent, demonstrating
areduced tolerance of acute hypoxia. While adirect causal connection cannot be made by the current data,
alower rate of glycolysis, lower glycogen content and el evated respiration rates may well contribute to this
functional deficit.

Control rats following chronic hypoxia had decreased glucose concentrations accompanied by elevated lipid
metabolites: NEFA, B-OHB and TAG. This profile is in agreement with the changes in systemic metabolism,
shifting towards metabolising more glucose and less fat in hypoxia, shown to occur at the whole body |evel
in both animal and humans (Stanley et al., 1990; Jun et al., 2012; Yao et al., 2013). Diabetic animalsbecame
normoglycaemic in response to chronic hypoxia, likely a consequence of hypoxia-induced increase in
systemic glucose metabolism, however, they became more hyperlipidemic, hyperketonaemic and
hypoinsulinaemic than controls. Activation of HIF-la in pancreatic B-cells decreases insulin secretion
(Cantley et al., 2009), and this may be more profound in our hyperinsulinaemic diabetic animals in which
the pancresas is aready working harder. Thus, the more extreme lipid metabolite profile in diabetic rats
following hypoxiais likely the consequence of multiple factors: — the pre-existing hyperlipidaemic state of
diabetes, the hypoxia-induced suppression of systemic fat oxidation, and the hypoxia-induced decrease in

insulin secretion.

Myocardial fatty acid utilisation is promoted by the nuclear transcription factor PPARa, which is activated
by elevated long chain fatty acid ligands, as occurs in the hyperlipidaemic state associated with diabetes and
insulin resistance. In response to hypoxia, PPARa activation and transactivation of its targets genes are
decreased (Huss et al., 2001; Belanger et al., 2007). Our data demonstrate that the diabetic heartsretainsthe
ability for hypoxia to downregulate PPAR« targets, but that these genes are so highly activated under
baseline normoxic conditions, that the hypoxia-induced change in most instances only brings down the

targetsto the levels we find in anormoxic control heart. Hypoxiaand diabetes are operating at either end of
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a PPARa “see-saw”, with hypoxia decreasing and diabetes increasing PPARa target proteins.
Overactivation of PPARa has been shown to impair recovery following ischemia-reperfusion (Dewald et al .,
2005; Sambandam et al ., 2006), and the ability to decrease PPARa signalling pathways is part of the response

to cardiac disease, therefore, preventing this may be deleterious in the long term.

In conclusion, type 2 diabetic hearts retain metabolic flexibility to adapt to chronic hypoxia by increasing
glycolysis and decreasing fatty acid oxidation, associated with a normal HIF signalling system. However,
these hypoxia-induced changes were superimposed on a diabetic heart that was metabolically abnormal at
baseline, resulting in lower absolute rates of glycolysis, higher rates of fatty acid oxidation and oxygen
consumption in hypoxic diabetic hearts compared with hypoxic controls. These differences in metabolism
following adaptation to chronic hypoxiawere associated with an impaired functional recovery of the diabetic

heart when exposed to an acute hypoxic insult.
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Figure L egends

Figure 1. Glycolytic rates, lactate efflux rates and glycogen content in control and diabetic hearts following
adaptation to chronic hypoxia or normoxia. * p < 0.05 vs. normoxia within same disease state, # p < 0.05

vs. control under same oxygen condition, n =5 —9 per group.

Figure 2. Fatty acid oxidation rates, myocardial triglycerides and citrate synthase activities in control and
diabetic hearts following adaptation to chronic hypoxia or normoxia. * p < 0.05 vs. normoxia within same

disease state, # p < 0.05 vs. control under same oxygen condition, n =5 — 9 per group.

Figure 3. Mitochondrial respiration rates under ADP-stimulated state 3 and ADP-depleted state 4 conditions
in interfibrillar and subsarcolemmal mitochondria, from control and diabetic hearts following adaptation to
chronic hypoxiaor normoxia. * p < 0.05 vs. normoxiawithin same disease state, # p < 0.05 vs. control under

same oxygen condition, T p < 0.05 interaction between hypoxia and diabetes, n = 4 — 8 per group.

Figure 4. Haematocrit, HIF and HIF-target genes, HIF-target enzymes and HIF protein, from control and
diabetic hearts following adaptation to chronic hypoxia or normoxia. * p < 0.05 vs. normoxia within same

disease state, # p < 0.05 vs. control under same oxygen condition, n =5 — 12 per group.

Figure 5. PPARa targets pyruvate dehydrogenase kinase 4, uncoupling protein 3, medium chain acyl-
coenzyme A dehydrogenase and fatty acid transport protein 1 protein and activity levels, from control and
diabetic hearts following adaptation to chronic hypoxia or normoxia. Protein levels of substrate transporters
GLUT4 and FAT/CD36, and PPARa mRNA from control and diabetic hearts following adaptation to chronic
hypoxia or normoxia. * p < 0.05 vs. normoxia within same disease state, # p < 0.05 vs. control under same

oxygen condition, n =5 — 8 per group.

Figure 6. Percentage recovery of rate pressure product following 32 minutes of acute hypoxiaand 8 minutes
of reoxygenation, in chronically hypoxic control and diabetic hearts. # p < 0.05 vs hypoxic control, n = 3 —

4 per group.

22



Hypoxia-induced metabolism in the diabetic heart

References

Almdal T, Scharling H, Jensen JS & Vestergaard H. (2004). The independent effect of type 2
diabetes mellitus on ischemic heart disease, stroke, and death: a population-based study of
13,000 men and women with 20 years of follow-up. Archives of internal medicine 164, 1422-
1426.

Ambrose LJ, Abd-Jamil AH, Gomes RS, Carter EE, Carr CA, Clarke K & Heather LC. (2014).
Investigating mitochondrial metabolism in contracting HL-1 cardiomyocytes following
hypoxia and pharmacological HIF activation identifies HIF-dependent and independent
mechanisms of regulation. Journal of cardiovascular pharmacology and therapeutics 19,
574-585.

Belanger AJ, Luo Z, Vincent KA, AkitaGY, Cheng SH, Gregory RJ & Jiang C. (2007). Hypoxia-
inducible factor 1 mediates hypoxia-induced cardiomyocyte lipid accumulation by reducing
the DNA binding activity of peroxisome proliferator-activated receptor alpha/retinoid X
receptor. Biochem Biophys Res Commun 364, 567-572.

Bing RJ, Siegel A, Ungar | & Gilbert M. (1954). Metabolism of the human heart. 11. Studies on fat,
ketone and amino acid metabolism. Am J Med 16, 504-515.

Boardman N, Hafstad AD, Larsen TS, Severson DL & Aasum E. (2009). Increased O2 cost of basal
metabolism and excitation-contraction coupling in hearts from type 2 diabetic mice. AmJ
Physiol Heart Circ Physiol 296, H1373-1379.

Cantley J, Selman C, ShuklaD, Abramov AY, Forstreuter F, Esteban MA, Claret M, Lingard SJ,
Clements M, Harten SK, Asare-Anane H, Batterham RL, Herrera PL, Persaud SJ, Duchen
MR, Maxwell PH & Withers DJ. (2009). Deletion of the von Hippel-Lindau genein
pancreatic beta cells impairs glucose homeostasis in mice. J Clin Invest 119, 125-135.

Catrina SB, Okamoto K, Pereira T, Brismar K & Poellinger L. (2004). Hyperglycemia regulates
hypoxia-inducible factor-1al pha protein stability and function. Diabetes 53, 3226-3232.

CrossHR, Opie LH, Radda GK & Clarke K. (1996). Is a high glycogen content beneficial or
detrimental to the ischemic rat heart? A controversy resolved. Circ Res 78, 482-491.

Dewald O, Sharma S, Adrogue J, Salazar R, Duerr GD, Crapo JD, Entman ML & Taegtmeyer H.
(2005). Downregulation of peroxisome proliferator-activated receptor-alpha gene expression
in amouse model of ischemic cardiomyopathy is dependent on reactive oxygen species and
prevents lipotoxicity. Circulation 112, 407-415.

Ebert BL, Firth JD & Ratcliffe PJ. (1995). Hypoxia and mitochondrial inhibitors regul ate expression
of glucose transporter-1 via distinct Cis-acting sequences. J Biol Chem 270, 29083-29089.

Fukuda R, Zhang H, Kim JW, ShimodaL, Dang CV & Semenza GL. (2007). HIF-1 regulates
cytochrome oxidase subunits to optimize efficiency of respiration in hypoxic cells. Cell 129,
111-122.

Hafstad AD, Khalid AM, Hagve M, Lund T, Larsen TS, Severson DL, Clarke K, Berge RK &
Aasum E. (2009). Cardiac peroxisome proliferator-activated receptor-a pha activation causes

23



Hypoxia-induced metabolism in the diabetic heart

increased fatty acid oxidation, reducing efficiency and post-ischaemic functional loss.
Cardiovasc Res 83, 519-526.

Hafstad AD, Solevag GH, Severson DL, Larsen TS & Aasum E. (2006). Perfused hearts from Type 2
diabetic (db/db) mice show metabolic responsiveness to insulin. Am J Physiol Heart Circ
Physiol 290, H1763-1769.

Heather LC, Cole MA, Lygate CA, Evans RD, Stuckey DJ, Murray AJ, Neubauer S & Clarke K.
(2006). Fatty acid transporter levels and palmitate oxidation rate correlate with gection
fraction in the infarcted rat heart. Cardiovasc Res 72, 430-437.

Heather LC, Cole MA, Tan JJ, Ambrose LJ, Pope S, Abd-Jamil AH, Carter EE, Dodd M S, Y eoh KK,
Schofield CJ & Clarke K. (2012). Metabolic adaptation to chronic hypoxiain cardiac
mitochondria. Basic Res Cardiol 107, 268-279.

Heather LC, Pates KM, Atherton HJ, Cole MA, Ball DR, Evans RD, Glatz JF, Luiken JJ, Griffin JL
& Clarke K. (2013). Differential translocation of the fatty acid transporter, FAT/CD36, and
the glucose transporter, GLUT4, coordinates changes in cardiac substrate metabolism during
ischemia and reperfusion. Circ Heart Fail 6, 1058-1066.

Huss JM, Levy FH & Kelly DP. (2001). Hypoxia inhibits the peroxisome proliferator-activated
receptor aphalretinoid X receptor gene regulatory pathway in cardiac myocytes: a
mechanism for O2-dependent modul ation of mitochondrial fatty acid oxidation. J Biol Chem
276, 27605-27612.

Jagasia D, Whiting JM, Concato J, Pfau S & McNulty PH. (2001). Effect of non-insulin-dependent
diabetes mellitus on myocardial insulin responsiveness in patients with ischemic heart
disease. Circulation 103, 1734-1739.

Jesmin S, Zaedi S, Shimojo N, lemitsu M, Masuzawa K, Y amaguchi N, Mowa CN, Maeda S, Hattori
Y & Miyauchi T. (2007). Endothelin antagonism normalizes VEGF signaling and cardiac
function in STZ-induced diabetic rat hearts. Am J Physiol Endocrinol Metab 292, E1030-
1040.

Jun JC, Shin MK, Yao Q, Bevans-Fonti S, Poole J, Drager LF & Polotsky VY. (2012). Acute
hypoxia induces hypertriglyceridemia by decreasing plasma triglyceride clearance in mice.
Am J Physiol Endocrinol Metab 303, E377-388.

Kim JW, Tchernyshyov I, Semenza GL & Dang CV. (2006). HIF-1-mediated expression of pyruvate
dehydrogenase kinase: a metabolic switch required for cellular adaptation to hypoxia. Cell
Metab 3, 177-185.

Klein OL, Krishnan JA, Glick S & Smith LJ. (2010). Systematic review of the association between
lung function and Type 2 diabetes mellitus. Diabet Med 27, 977-987.

Lee SH, Wolf PL, Escudero R, Deutsch R, Jamieson SW & Thistlethwaite PA. (2000). Early

expression of angiogenesis factors in acute myocardial ischemiaand infarction. N Engl J Med
342, 626-633.

24



Hypoxia-induced metabolism in the diabetic heart

Lehman TC, Hale DE, BhaaA & Thorpe C. (1990). An acyl-coenzyme A dehydrogenase assay
utilizing the ferricenium ion. Anal Biochem 186, 280-284.

Mansor LS, Gonzalez ER, Cole MA, Tyler DJ, Beeson JH, Clarke K, Carr CA & Heather LC.
(20133). Cardiac metabolism in anew rat model of type 2 diabetes using high-fat diet with
low dose streptozotocin. Cardiovasc Diabetol 12, 136-145.

Mansor LS, Gonzalez ER, Cole MA, Tyler DJ, Beeson JH, Clarke K, Carr CA & Heather LC.
(2013b). Cardiac metabolism in anew rat model of type 2 diabetes using high-fat diet with
low dose streptozotocin. Cardiovasc Diabetol 12, 136.

MarfellaR, D'’Amico M, Di Filippo C, Piegari E, Nappo F, Esposito K, Berrino L, Ross F &
Giugliano D. (2002). Myocardia infarction in diabetic rats: role of hyperglycaemia on infarct
size and early expression of hypoxia-inducible factor 1. Diabetologia 45, 1172-1181.

MarfellaR, Esposito K, Nappo F, Siniscalchi M, Sasso FC, Portoghese M, Di Marino MP, Baldi A,
Cuzzocrea S, Di Filippo C, Barboso G, Baldi F, Rossi F, D'’Amico M & Giugliano D. (2004).
Expression of angiogenic factors during acute coronary syndromes in human type 2 diabetes.
Diabetes 53, 2383-2391.

Mayr M, Yusuf S, Weir G, Chung YL, Mayr U, Yin X, Ladroue C, Madhu B, Roberts N, De Souza
A, Fredericks S, Stubbs M, Griffiths JR, Jahangiri M, Xu Q & Camm AJ. (2008). Combined
metabolomic and proteomic analysis of human atria fibrillation. J Am Coll Cardiol 51, 585-
594.

Medlier N, Gagnadoux F, Giraud P, Person C, Ouksel H, Urban T & Racineux JL. (2003). Impaired
glucose-insulin metabolism in males with obstructive sleep apnoea syndrome. The European
respiratory journal 22, 156-160.

OakesND, Thalen P, Aasum E, Edgley A, Larsen T, Furler SM, Ljung B & Severson D. (2006).
Cardiac metabolism in mice: tracer method developments and in vivo application revealing
profound metabolic inflexibility in diabetes. Am J Physiol Endocrinol Metab 290, E870-881.

Park CW, Kim HW, Lim JH, Yoo KD, Chung S, Shin SJ, Chung HW, Lee SJ, Chae CB, KImYS &
Chang Y S. (2009). Vascular endothelial growth factor inhibition by dRK6 causes endothelia
apoptosis, fibrosis, and inflammation in the heart via the Akt/eNOS axisin db/db mice.
Diabetes 58, 2666-2676.

Peterson LR, Herrero P, Schechtman KB, Racette SB, Waggoner AD, KisrievaaWare Z, Dence C,
Klein S, MarsalaJ, Meyer T & Gropler RJ. (2004). Effect of obesity and insulin resistance on
myocardial substrate metabolism and efficiency in young women. Circulation 109, 2191-
2196.

Randle PJ, Garland PB, Hales CN & Newsholme EA. (1963). The glucose fatty-acid cycle. Itsrolein
insulin sensitivity and the metabolic disturbances of diabetes mellitus. Lancet 1, 785-789.

Resnick HE, Redline S, Shahar E, Gilpin A, Newman A, Walter R, Ewy GA, Howard BV, Punjabi

NM & Sleep Heart Health S. (2003). Diabetes and sleep disturbances:. findings from the Sleep
Heart Health Study. Diabetes care 26, 702-7009.

25



Hypoxia-induced metabolism in the diabetic heart

Rytter L, Troelsen S & Beck-Nielsen H. (1985). Prevalence and mortality of acute myocardial
infarction in patients with diabetes. Diabetes care 8, 230-234.

Sambandam N, Morabito D, Wagg C, Finck BN, Kelly DP & Lopaschuk GD. (2006). Chronic
activation of PPARalphais detrimental to cardiac recovery after ischemia. AmJ Physiol
Heart Circ Physiol 290, H87-95.

Semenza GL. (2009). Regulation of oxygen homeostasis by hypoxia-inducible factor 1. Physiology
(Bethesda) 24, 97-106.

Semenza GL, Roth PH, Fang HM & Wang GL. (1994). Transcriptional regulation of genes encoding
glycolytic enzymes by hypoxia-inducible factor 1. J Biol Chem 269, 23757-23763.

Shah AD, Langenberg C, Rapsomaniki E, Denaxas S, Pujades-Rodriguez M, Gale CP, Deanfield J,
Smeeth L, Timmis A & Hemingway H. (2015). Type 2 diabetes and incidence of
cardiovascular diseases. a cohort study in 1.9 million people. The lancet Diabetes &
endocrinology 3, 105-113.

Srere P. (1969). Citrate Synthase. Methods Enzymol 13, 3-5.

Stanley WC, Mazer CD, Neese RA, Wisneski JA, Cason BA, Demas KA, Hickey RF & Gertz EW.
(1990). Increased lactate appearance and reduced clearance during hypoxiain dogs. Hormone
and metabolic research = Hormon- und Stoffwechselforschung = Hormones et metabolisme
22, 478-484.

Taegtmeyer H, Golfman L, Sharma S, Razeghi P & van Arsdall M. (2004). Linking gene expression
to function: metabolic flexibility in the normal and diseased heart. Ann N Y Acad Sci 1015,
202-213.

Tasali E, Mokhlesi B & Van Cauter E. (2008). Obstructive sleep apnea and type 2 diabetes:
interacting epidemics. Chest 133, 496-506.

Tyagi RK, Azrad A, Degani H & Salomon Y. (1996). Simultaneous extraction of cellular lipids and
water-soluble metabolites. evaluation by NMR spectroscopy. Magnetic resonancein
medicine : official journal of the Society of Magnetic Resonance in Medicine/ Society of
Magnetic Resonance in Medicine 35, 194-200.

van der Vusse GJ, Glatz JF, Stam HC & Reneman RS. (1992). Fatty acid homeostasisin the
normoxic and ischemic heart. Physiol Rev 72, 881-940.

Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De Pagpe A & Speleman F. (2002).
Accurate normalization of real-time quantitative RT-PCR data by geometric averaging of
multiple interna control genes. Genome Biol 3, 1-12.

West SD, Nicoll DJ & Stradling JR. (2006). Prevalence of obstructive sleep apnoeain men with type
2 diabetes. Thorax 61, 945-950.

Willam C, Maxwell PH, NicholsL, Lygate C, Tian YM, Bernhardt W, Wiesener M, Ratcliffe PJ,
Eckardt KU & Pugh CW. (2006). HIF prolyl hydroxylasesin the rat; organ distribution and

26



Hypoxia-induced metabolism in the diabetic heart

changes in expression following hypoxia and coronary artery ligation. J Mol Cell Cardiol 41,
68-77.

XueW, LiuY, Zhao J, Cai L, Li X & Feng W. (2012). Activation of HIF-1 by metallothionein
contributes to cardiac protection in the diabetic heart. Am J Physiol Heart Circ Physiol 302,
H2528-2535.

Yao Q, Shin MK, Jun JC, Hernandez KL, Aggarwa NR, Mock JR, Gay J, Drager LF & Polotsky

VY. (2013). Effect of chronic intermittent hypoxia on triglyceride uptake in different tissues.
J Lipid Res 54, 1058-1065.

27



Hypoxia-induced metabolism in the diabetic heart

Table 1. Physical characteristics and plasma metabolites from control and diabetic rats housed in
normoxiaor hypoxia

Normoxic Hypoxic Normoxic Hypoxic
Control Control Diabetic Diabetic

Starting body weight (Q) 270+ 13 270+ 6 270+ 8 2657
Terminal body weight (Q) 380+ 13 3665 395+8 376+ 10
Heart weight (g) 1.21+0.09 1.34+0.09 1.47 £ 0.06 # 1.52 £ 0.05
Heart weight to body 314+014 356+0.19 3.66+0.18# 4.01+0.10
weight ratio (x10°)
Epididymal fat pad 591+056 5.65+0.75 10.26 + 0.32 # 840+ 0.37#
weight (g)
Fat pad to body weight 146+0.13 1.60+0.19 259+ 0.09# 230+ 0.12#
ratio (x 102)
Fasting plasma metabolites
Glucose (mmol/I) 6.18 + 0.43 8.08+0.61#
Insulin (ug/l) 0.31+0.03 044+ 0.04#

Plasma metabolites in the fed state

Glucose (mmol/l) 127+03  101+05*  141+03# 115+ 0.7 *
NEFA (mmol/l) 005+001 011+002* 0.09+00l#  0.15+0.02*
TAG (mmol/l) 144+018 215+027*  118+0.11 1.81+0.19*
Insulin (ug/l) 1.90+026  1.56+0.21 1.88+0.22 1.11+0.16 *
B-OHB (mmol/l) 032+002 039+001* 057+003#  0.78+0.04*#f

* p < 0.05 vs. normoxia within same disease state, # p < 0.05 vs. control under same oxygen
condition, T p < 0.05 interaction between hypoxia and diabetes. Body weightsn = 12 — 16, heart
weightsn=8-10, fat padsn =4 — 8. Fasting metabolites obtained prior to entry into the hypoxia
chamber after 3weeks (n=5-9), fed metabolites after 6 weeks (n=12—17). NEFA, non-esterified
fatty acids;, B-OHB, B-hydroxybutyrate; TAG, triacylglycerol.
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Table 2. Cardiac function from control and diabetic rats housed in normoxia or

hypoxia.
Normoxic  Hypoxic  Normoxic  Hypoxic
Control Control Diabetic Diabetic
Coronary flow rates 18+1 16+1 18+1 20+ 1#t
(ml/min)
Developed pressure 134+ 2 149+ 6* 136+ 6 149+ 7
(mmHgQ)

Heart rate (beats/min) 2808 258+ 8 276+ 10 277+ 11

Rate pressure product 38x2 38=x1 38+3 41+1
(mmHg/min x 103)

* p < 0.05 vs. normoxiawithin same disease state, # p < 0.05 vs. control under
same oxygen condition, T p < 0.05 interaction between hypoxia and diabetes, n
=7-10.
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Hypoxia-induced metabolism in the diabetic heart

Norxmoxic Hypoxic Normoxic Hypoxic
Control Control Diabetic Diabetic
ATP/ADP pool 254+0.38 3.26+0.77 245+ 0.36 269+1.17
Cregtine 132+14 112+11 122+ 0.8 9.7+ 05*
Succinate 0.61+0.22 0.43+0.38 0.63+0.34 0.44+0.23
Fumarate 0.04 £ 0.03 0.03+0.01 0.03+0.02 0.04+0.01
Alanine 1.56+0.18 1.59+0.31 1.71+031 145+ 0.27
Glutamate 5.96 + 0.65 6.43+1.00 6.52+0.39 6.23+0.80
Glutamine 6.32+0.55 6.58 + 0.93 6.96 £ 0.77 7.59+ 216
Glycine 0.44 + 0.06 0.51+ 0.06 0.56+0.12 0.60+0.12
Aspartate 1.35+0.17 1.36 + 0.08 1.87+0.33 241+ 045#
NAD" 0.49+0.04 0.63+0.10 0.58 + 0.06 0.81+0.15

Units are pumol/gww. * p < 0.05 vs. normoxia within same disease state, # p < 0.05 vs.
control under same oxygen condition, n =4 —5.
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Figure 3
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Figure 6
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Supplementary Table 1

Supplementary Tablel. Real-time quantitative PCR primers and western blotting primary

antibodies
Real-time quantitative PCR primers
Target NM Primer sequence
Heme oxygenase 1 | NM_012580.2 Fp: GTC-AGG-TGT-CCA-GGG-AAG-G
Rp: CTC-TTC-CAG-GGC-CGT-ATA-GA
VEGF NM _031836.2 Fp: CAA-GCC-AAG-GCG-GTG-AGC-CA
Rp: TCT-GCC-GGA-GTC-TCG-CCC-TC
PHD3 NM _019371.1 Fp: CTA-TGT-CAA-GGA-GCG-GTC-CAA
Rp: GTC-CAC-ATG-GCG-AAC-ATA-ACC
HIF1la NM 024359.1 Fp: TGC-TTG-GTG-CTG-ATT-TGT-GA
Pp: GGT-CAG-ATG-ATC-AGA-GTC-CA
GAPDH NM _017008 FP: TGG-GAA-GCT-GGT-CAT-CAA-C
Rp: GCA-TCA-CCC-CAT-TTG-ATG-TT
Cyclophilin A NM_017101.1 Fp: CTG-ATG-GCG-AGC-CCT-TG
Rp: TCT-GCT-GTC-TTT-GGA-ACT-TTG-TC
RPL13A NM _173340.2 Fp: CCC-TCC-ACC-CTA-TGA-CAA
Rp: GGT-ACT-TCC-ACC-CGA-CCT-C
HMBS NM_013168.2 Fp: TCC-CTG-AAG-GAT-GTG-CCT-AC
Rp: ACA-AGG-GTT-TTC-CCG-TTT-G
HPRT1 NM_012583.2 Fp: GAC-CGG-TTC-TGT-CAT-GTC-G
Rp: ACC-TGG-TTC-ATC-ATC-ACT-AAT-CAC

Western blotting antibodies

Target Supplied by:

GLUT4 Prof. Geoff Holman, University of Bath, UK

PDK4 Prof. Mary Sugden, Queen Mary’s, University of London, UK
FAT/CD36 Dr Narendra Tandon, Otsuka Maryland Medicinal Labs, USA
Cyclophilin B Abcam

UCP3 Abcam

FATP1 Santa Cruz Biotechnology

HIF-1a Novus Biologicals

GAPDH; glyceradehyde-3-phosphate dehydrogenase, RP13A; ribosomal protein L13A,
HMBS; hydroxymethylbilane synthase, HPRT 1; hypoxanthine phosphoribosyltransferase 1.



Supplementary Table 2. Two way ANOVA p vaues for the effects of hypoxia, diabetes and
interactions between the two, for metabolic measurements.

Significant effect Significant effect Interaction

of hypoxia of diabetes
Heart weight 0.003
Heart to body weight ratio 0.017 0.003
Fat pad weight 0.000
Fat pad to body weight ratio 0.000
Glucose 0.000 0.004
NEFA 0.000 0.01
TAG 0.000
Insulin 0.013
B-OHB 0.000 0.000 0.000
Coronary flow rates 0.025 0.004
Developed pressure 0.013
Glycolytic rates 0.000 0.000
Lactate efflux rates 0.002 0.000
Glycogen 0.002 0.003
Fatty acid oxidation rates 0.004 0.000
Myocardia triglycerides 0.049
Citrate synthase activity 0.048 0.014
Cresatine 0.043
Aspartate 0.004
State 3 IFM respiration 0.015 0.004
State 3 SSM respiration 0.013 0.045
State 4 IFM respiration 0.005 0.001 0.03
Haematocrit 0.000
Prolyl hydroxylase 3 mRNA 0.000
Heme oxygenase 1 mRNA 0.000
Aconitase activity 0.000
PDK4 protein 0.024 0.000
UCP3 protein 0.013 0.024
MCAD activity 0.000 0.000
FATP1 protein 0.008
GLUTA4 protein 0.032

FAT/CD36 protein 0.001




Supplementary Table 3

Supplementary Table 3. Mitochondria state 4 and maximal ADP-stimulated
respiration in cardiac interfibrillar mitochondria from control and diabetic rats
housed in normoxia or hypoxia.

Normoxic Hypoxic Normoxic Hypoxic
Control Control Diabetic Diabetic

Palmitoyl CoA respiration (nmol O,/min/mg mitochondrial protein)

State 3 181+ 6 131+ 7* 155+ 9 161+ 14t
State 4 43+ 3 40+ 7 39+4 36+4

Max ADP 244+ 8 181+18* 228+ 17 205+ 19
RCR 44+0.3 3.5+05 41+0.3 4.6+0.3

Pyruvate respiration (nmol O,/min/mg mitochondrial protein)

State 3 260+ 9 210+ 12* 213+ 11# 216+ 107
State 4 48+ 4 42+ 6 36+3 39+ 2
Max ADP 229+ 15 219+ 18 213+ 18 210+ 11
RCR 5.5+04 5.2+05 6.1+ 0.6 5.6+0.6

Glutamate respiration (nmol O,/min/mg mitochondrial protein)

State 3 207+11 204 + 15 188+ 8 202+ 13
State 4 24+ 1 27+ 4 23+ 2 24+ 3
Max ADP 241+ 7 222+ 29 209+9 219+12
RCR 8.7+0.3 79+11 85+10 85+09
Succinate respiration (nmol O,/min/mg mitochondrial protein)

State 3 311+21 256 + 23 296+ 17 264+ 7
State 4 817 87+ 10 93+8 133+ 6 *#t
RCR 39+02 3.0+03* 3.3+03 20+0.1*#
FCCP- 248+ 9 194+ 15* 239+ 15 203+ 3*
uncoupled

* p < 0.05 vs. normoxiawithin same disease state, # p < 0.05 vs. control under same
oxygen condition, T p < 0.05 interaction between hypoxia and diabetes. RCR,
respiratory control ratio,n=4- 8.



Supplementary Table 4

Supplementary Table 4. Mitochondrial state 3, state 4 and maximal ADP-
stimulated respiration in cardiac subsarcolemmal mitochondria from control
and diabetic rats housed in normoxia or hypoxia.

Normoxic Hypoxic Normoxic  Hypoxic
Control Control Diabetic Diabetic

Palmitoyl CoA respiration (nmol O,/min/mg mitochondrial protein)

State 3 116 + 4 86+10* 105+5 101+13f¢
State 4 25+3 35+3 271 29+ 4
Max ADP 138+ 4 120+ 7 133+5 123+ 7
RCR 42+0.2 3.0+03 3.9+02 4.0+0.8
Pyruvate respiration (nmol O,/min/mg mitochondrial protein)

State 3 162+ 7 148+ 10 139+ 3 # 145+ 11
State 4 3H+2 38+3 20+3 32+4
Max ADP 134+9 140+ 8 139+ 6 143+ 7
RCR 46+02 39+01 5.0+05 45+ 0.3
Glutamate respiration (nmol O,/min/mg mitochondrial protein)

State 3 112+ 6 113+ 12 94 + 3 109+ 8
State 4 19+2 2+2 17+1 21+1
Max ADP 140+ 6 139+ 16 118+ 3# 133+ 7
RCR 6.2+0.5 51+04 5.7+0.3 52+0.3
Succinate respiration (nmol O,/min/mg mitochondria protein)

State 3 193+ 13 178+ 14 1799 168+ 6
State 4 54+ 3 63+ 6 62+ 7 /GRS
RCR 35+01 29+03* 28+x03# 23+03
Maximal FCCP- 155+ 6 134+ 11 146+ 9 123+ 2*
uncoupled

* p < 0.05 vs. normoxiawithin same disease state, # p < 0.05 vs. control under
same oxygen condition, T p < 0.05 interaction between hypoxia and diabetes,
RCR, respiratory control ratio,n=4- 8.
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