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Abbreviations

BIOPS biopsy preservation solution
cGMP cyclic guanosine monophosphate
CPT carnitine palmitoyltransferase
CS citrate synthase

eNOS endothelial nitric oxide synthase
ETS electron transfer system

FAO fatty acid oxidation

HADH 3-hydroxyacyl dehydrogenase
HFrEF heart failure with reduced ejection fraction
HIF hypoxia-inducible factor

LDH lactate dehydrogenase

LEAK leak respiration

NO nitric oxide

NOy nitrite

NO3 nitrate

NOS nitric oxide synthase

0,” superoxide

ONOO peroxynitrate

OXPHOS oxidative phosphorylation

PGCla peroxisome proliferator-activated receptor gamma co-activator lo
PKG cGMP-dependent protein kinase G
PPAR peroxisome proliferator-activated receptor



PDH

PDK

ROS
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Abstract

Dietary inorganic nitrate prevents aspects of cardiac mitochondrial dysfunction induced by
hypoxia, although the mechanism is not completely understood. In both heart and skeletal
muscle, nitrate increases fatty acid oxidation capacity, and in the latter case this involved
upregulation of PPARa expression. Here we investigated whether dietary nitrate modifies
mitochondrial function in the hypoxic heart in a PPARa-dependent manner. Wild-type and
Ppara"' mice were given water containing 0.7 mM NaCl (control) or 0.7 mM NaNO; for 35
d. After 7 d, mice were exposed to normoxia or hypoxia (10% O;) for the remainder of the
study. Mitochondrial respiratory function and metabolism were assessed in saponin-
permeabilised cardiac muscle fibres. Environmental hypoxia suppressed mass-specific
mitochondrial respiration, and additionally lowered the proportion of respiration supported by
fatty acid oxidation by 18% (P < 0.001). This switch away from fatty acid oxidation was
reversed by nitrate treatment in hypoxic wild-type but not Ppara™ mice, indicating a PPARa-
dependent effect. Hypoxia increased hexokinase activity by 33% in all mice, whilst lactate
dehydrogenase activity increased by 71% in hypoxic wild-type but not Ppara’ mice. Our
findings indicate that PPARa plays a key role in mediating cardiac metabolic remodelling in

response to both hypoxia and dietary nitrate supplementation.
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Introduction

The mammalian heart is often described as a metabolic omnivore, in reference to its ability to
oxidise a variety of substrates in order to meet ATP demands (1). Whilst the healthy heart
predominantly uses fatty acid oxidation (FAQO) to meet these requirements under fasting
conditions, under hypoxic conditions FAO is downregulated in favour of a relative increase
in glucose metabolism (2), which requires less O, per ATP synthesised (1). Key to this
response is a reduction in the expression of peroxisome proliferator-activated receptor
(PPAR)a, a ligand-activated transcription factor expressed in liver, heart, kidney, and to a
lesser extent skeletal muscle (3). When activated, PPARa increases the expression of a
number of genes involved in mitochondrial fatty acid import (e.g. Cptlb) and B-oxidation
(e.g. Hadh, Acadm, Ucp3) (3). In mice, cardiac-specific ablation of Arnt, which encodes
hypoxia-inducible factor (HIF)-1p, increased PPARa expression and transcriptional activity,
increasing FAO (4), suggesting that HIF signalling attenuates PPARa in hypoxia. Indeed, in
cardiomyocytes HIF-1a activation decreased PPARa DNA binding activity (5). In addition to
a suppression of FAO, mitochondrial pyruvate oxidation is also suppressed in hypoxia via the
phosphorylation of pyruvate dehydrogenase (PDH) by pyruvate dehydrogenase kinase 1
(PDK1), which is induced by HIF-1a in hypoxic cells (6, 7). Thus mitochondrial respiration

would be suppressed in favour of glycolytic ATP production.

In the hypoxic rodent heart, the transcriptional activity of PPARa is downregulated in
association with a suppression of FAO (8, 9) and an increase in glycolysis (8). As such, the
cardiac metabolic phenotype of hypoxic mice resembles that of Ppara” mice, and notably, no
further suppression of FAO occurs in Ppara’™ mice following exposure to hypoxia (8).
Moreover, whilst hypoxic exposure results in an impaired cardiac energetic reserve in both
humans (10) and rodents (8), increasing PPARa activity and FAO in hypoxic mice through a
high-fat diet did not improve energetics and in fact worsened contractile function (8), thus it
appears that downregulation of FAO in the hypoxic heart is protective. Recent work,
however, has suggested that both FAO and energetics might be preserved in hypoxic tissues

by dietary supplementation with inorganic nitrate (NO3").

Dietary inorganic nitrate (NO3’) is principally acquired through the consumption of leafy,
green vegetables and has effects on mitochondrial function which may be beneficial to
human health (11). Nitrate is reduced to nitrite (NO) via oral nitrate reductase in commensal

bacteria (12). Nitrite is then converted to nitric oxide (NO) in the stomach by acid
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disproportionation (13), and is absorbed into the bloodstream where it can be oxidised to
nitrite by ceruloplasmin (14) or to nitrate by haemoglobin (15). Under conditions of moderate
hypoxia and/or acidosis, nitrite may be reduced to NO by one of several nitrite reductases,
including xanthine oxidoreductase (16), deoxyhaemoglobin (17), deoxymyoglobin (18) and
endothelial nitric oxide synthase (eNOS) (19). Under such conditions, endogenous NO
production from L-arginine and O, via the nitric oxide synthase (NOS) enzymes is attenuated
due to the low partial pressure of O,, thus nitrate supplementation may prevent a hypoxia-

induced fall in NO bioavailability.

A major physiological role of NO is to induce vasodilatation upon its release from the
endothelium in response to a range of stimuli (20). NO binds to the haem group of soluble
guanylyl cyclase (sGC) inducing cGMP production (21). This in turn activates cGMP-
dependent protein kinase G (PKG), which results in smooth muscle relaxation and
vasodilatation via a reduction in intracellular [Ca®*] (22), thus enhancing blood flow and O,
delivery. Additionally, supplementation with moderate doses of dietary nitrate partially
offsets the rise in circulating erythropoietin and haemoglobin in hypoxic rats (23), which
might prevent the microcirculatory dysfunction associated with an increased haematocrit (24)
further improving O, delivery. Indeed, native Tibetan highlanders have high levels of plasma
nitrate (25) and lower blood haemoglobin concentrations than acclimatised lowlanders at any
given altitude (26), and this is associated with superior forearm blood flow (25).
Supplementation of dietary nitrate under hypoxic conditions may therefore preserve O,

delivery to respiring tissues.

In addition to effects on O, delivery though, NO regulates multiple aspects of oxidative
metabolism in respiring tissues. NO induces mitochondrial biogenesis through the
upregulation of PPARYy co-activator-1a (PGCla) (27). Within mitochondria, NO competes
with O, at complex 1V of the electron transfer system (ETS), leading to partial inhibition of
electron transport and control over reactive oxygen species (ROS) signalling (28). NO also
reacts with the superoxide ion (O;7) to form peroxynitrite (ONOO™) (29), which acts as an
endogenous toxicant (30). Moreover, NO can induce a post-translational modification of
complex | via S-nitrosation, resulting in its inhibition (31), which has implications both for

respiratory function and ROS production.

It has been reported that supplementation with dietary nitrate lowers the O, cost of exercise in

humans (32) by increasing mitochondrial thermodynamic efficiency (11), and accordingly
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nitrate could be beneficial in hypoxia. In the hypoxic rat heart, nitrate supplementation
prevented the downregulation of ETS complex | expression and activity and the depression of
mitochondrial FAO, whilst lowering markers of oxidative stress and protecting ATP levels
(33). It is not clear, however, whether this nitrate-mediated protection resulted from a direct
effect on the cardiomyocyte or through improvements in O, delivery that offset the challenge
of hypoxia. Notably, however, nitrate supplementation enhanced mitochondrial FAO capacity
in both the heart (33) and skeletal muscle (34) of normoxic rats. Mechanistically, nitrate
increased PPARa transcriptional activity in skeletal muscle, with no increase in FAO seen in
Ppara"' mice (34). Moreover, a similar effect on PPARa transcription was seen in cultured
myocytes under constant, well-oxygenated conditions (34), suggesting a role for nitrate

supplementation beyond any influence of NO on haemodynamics.

Dietary nitrate therefore protects B-oxidation in the hypoxic heart (33), and increases f-
oxidation in skeletal muscle via PPARa activation (34). PPARa transcriptional activity is
suppressed in the hypoxic rodent heart, although expression of PPARa itself may be
unchanged (9). The interaction between nitrate and PPARa in the hypoxic heart, however,
remains unclear, and specifically it is not known whether PPARa is essential for the
protective effects on mitochondrial respiratory function and FAO elicited by nitrate. We

++

therefore investigated this in wild-type (Ppara™) and Ppara™ mice, exposed to
environmental hypoxia or normoxia, with and without supplementation with a moderate
concentration of dietary nitrate. We previously reported that nitrate protected aspects of
skeletal muscle mitochondrial respiratory function in these mice in hypoxia, and found this
occurred independently of PPARa (35). However, it has been suggested that in the skeletal
muscle of Ppara’” mice, high expression of PPARB/S compensates for the loss of PPARa
(36). Moreover, expression of PPARa is higher in heart than skeletal muscle (3). Here we
focussed on the role of PPARa in nitrate-mediated effects on the hypoxic heart,
hypothesising that nitrate regulates mitochondrial function and B-oxidation in the hypoxic

heart in a manner dependent upon PPARa activity.



Horscroft et al. Nitrate, hypoxia and cardiac energy metabolism

Materials and Methods

Animal work was carried out in accordance with UK Home Office regulations under the
Animals in Scientific Procedures Act, and underwent review by the University of Cambridge
Animal Welfare and Ethical Review Committee. Procedures involving live animals were

carried out by a licence holder in accordance with these regulations.
Study design

The overall study design has been described previously (35). Mice were bred on a pure
129Ev/Sv background with 10 backcrosses. The original breeding pairs of wild-type

+/+

(Ppara™) and Ppara’™ mice were a kind gift of Frank Gonzalez (National Institutes of
Health, Bethesda, MD). Mice were housed in a temperature, humidity and light controlled
environment (23°C) from birth with a 12 h/12 h light/dark cycle. Normoxic mice were
housed under the same environmental conditions as those in the hypoxia chamber. Mice were
provided with a standard quality-controlled diet RM1(E) (65.0% carbohydrate, 13.1% crude
protein, 3.5% crude fat, 10 mg/kg nitrate, trace nitrite, Special Diet Services) and distilled
water ad libitum. At six weeks of age, mice from each genotype were randomly assigned to
receive sodium chloride (0.7 mM) as a control or sodium nitrate (0.7 mM NaNO3) in their
drinking water. After a further 7 d, mice from each genotype/treatment combination were
equally and randomly assigned to remain under normoxic conditions (21% O) or transferred
to hypoxic (10% O,) conditions in a hypoxia chamber (PFI Systems Ltd., Milton Keynes,
UK). Mice were maintained under these conditions for 28 d (Fig. 1). Body mass, food intake

and water intake was measured weekly.

Mice were killed 80 + 4 d after birth by dislocation of the neck. The chest cavity was opened
and the heart removed and immediately placed in ice-cold biopsy preservation medium
(BIOPS), comprising 2.77 mM CaK,EGTA, 7.23 mM K;EGTA, 6.56 mM MgCl,.6H,0, 20
mM taurine, 15 mM phosphocreatine, 20 mM imidazole, 0,5 mM dithiothreitol, 50 mM
MES, 5.77 mM Na,ATP, pH 7.1. The heart was blotted and trimmed of extraneous tissue
before being separated into three sections: the apex was kept in ice-cold BIOPS for high-
resolution respirometry, while the middle section and base were snap-frozen in liquid
nitrogen. Meanwhile, a droplet of blood was collected from the tail vein and loaded into a
microcuvette to quantify blood-haemoglobin concentration ([Hb],) using a HemoCue Hb 201

Analyzer (Quest Diagnostics, Sweden).
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High-resolution respirometry

Muscle fibre bundles were dissected from the heart and permeabilised using saponin as
described previously (37). Mitochondrial respiratory function was assessed at 37°C using an
Oxygraph-2K (Oroboros Instruments, Innsbruck, Austria) in respiratory medium comprising
0.5 mM EGTA, 3 mM MgCl,.6H,0, 20 mM taurine, 10 mM KH,PO,4, 20 mM HEPES, 1
mg/ml BSA, 60 mM K-lactobionate, 110 mM sucrose, pH 7.1. Respiratory medium was
hyperoxygenated at the start of each experiment and periodically throughout each assay by
lifting the stopper of the oxygraph chamber slightly to introduce a gas phase, before injecting
pure O, gas into the gas phase and then re-sealing the chamber once the desired O
concentration was reached. O, concentration in the chambers was thus maintained between
250 and 500 pM in order to negate limitations associated with O, diffusion (37) and all
reported respiratory fluxes were recorded within this range.

Two substrate-inhibitor titration assays were performed to investigate respiratory control of
different components of the mitochondrial system (Table 1). Assay 1 was based on a
previously described protocol (38) with the concentrations optimised for permeabilised
cardiac fibres, and was designed to investigate B-oxidation of fatty acids. Assay 2 was
adapted from a previously described protocol (39) and aimed to characterise control of

different substrate-supported pathways over oxidative phosphorylation.
Assay 1

The addition of malate (2 mM), plus substrates for carnitine palmitoyltransferase 1 (CPT1),
palmitoyl coenzyme A (40 uM) and carnitine (5 mM), resulted in LEAK respiration
constrained by the activity of CPT1 (CPT1.). ADP (10 mM) resulted in oxidative
phosphorylation (OXPHOS) also constrained by CPT1 (CPT1p). In order to bypass CPT1 and
investigate [-oxidation capacity (PalMp), palmitoyl carnitine (20 pM) was added. Finally,
cytochrome ¢ (10 uM) was added to assess the integrity of the outer mitochondrial

membrane.
Assay 2

Administration of octanoyl carnitine (0.2 mM) with malate (2 mM) resulted in LEAK
respiration (OctM). ADP (10 mM) addition resulted in OXPHQOS respiration dependent on
[-oxidation of medium chain fatty acids (OctMp). Pyruvate (5 mM) was then added (PMp),

followed by glutamate (10 mM) to support electron flux through the N-pathway via complex
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I (GMp). Succinate (10 mM) was then administered to additionally support electron flux
through the S-pathway via complex Il (GMSp). Following this, cytochrome ¢ (10 uM) was
added to assess mitochondrial membrane integrity, before rotenone (0.5 pM) was

administered to inhibit complex | and restrict electron flux to the S-pathway via complex Il
(Sp).

Coupling control ratios

In both assays, the OXPHOS coupling efficiency (j), i.e. the proportion of OXPHOS capacity

that could not be explained by leak-limited respiration, was calculated as follows:

 P-1L

J=7p

] OXPHOS coupling efficiency
L LEAK respiration rate

P OXPHOS respiration rate
Equation 1. OXPHOS coupling efficiency
Substrate control ratios

The control of CPT1 over B-oxidation was assessed from Assay 1, by expressing CPT1-
limited OXPHOS as a ratio of B-oxidation-limited OXPHOS:

CPT1,
FCR¢pr1 = —PalM
P

Equation 2. Flux control of CPT1 over 3-oxidation
From Assay 2, OXPHOS supported by the F-Pathway (via p-oxidation), the N-pathway (via

complex 1) and the S-pathway (via complex IlI) were expressed as a ratio of maximal

OXPHOS to discern the proportion of oxygen flux controlled by these pathways as follows:

Equation 3. Flux control of F-pathway (via B-oxidation) over OXPHOS

GM,
GMS,

FCRy =

Equation 4. Flux control of N-pathway (via complex I) over OXPHOS

10
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Sp
GMS,

FCR =

Equation 5. Flux control of S-pathway (via complex I1) over OXPHOS

Finally, the ratio of OXPHOS supported by octanoyl carnitine and malate to OXPHOS
supported by pyruvate and malate in Assay 2 was used as an indicator of the relative capacity

for fatty acids as a substrate for mitochondrial respiration:

OctMp
PMp

Equation 6. OXPHOS capacity for fatty acid oxidation relative to pyruvate oxidation

FCRp4/p =

Enzyme activity assays

Cardiac muscle homogenates were prepared from the contents of the oxygraph chamber. In
brief, the entire contents of each chamber were removed and the chambers washed with 2 ml
respiratory medium. The original contents and wash were combined with 2 pl protease
inhibitor (cOmplete Protease Inhibitor Cocktail, Roche) and 40 pl Triton X-100 (1%). The
solution was then homogenised using a Polytron (25,000 rpm, 30 sec) (PT-10-35 GT
Kinematic Inc., Switzerland). The homogenate was centrifuged (10,000 rpm, 10 min, 4°C)
and the supernatant removed and stored at -80°C until use.

In addition, whole tissue homogenates were prepared. Approximately 10 mg of cardiac
muscle from the mid-section of the heart was homogenised with an Eppendorf pestle in an
Eppendorf tube containing 300 pl of homogenisation buffer (20 mM HEPES, 1 mM EDTA,
0.1% Triton X-100, pH 7.2). The samples were then centrifuged (1,000 x g, 30 s, 4°C) and

the supernatant collected.

Protein concentration of chamber and tissue homogenates was measured using the Quick
Start Bradford protein assay (Bio Rad).

Enzyme activity assays were carried out at 37°C using an Evolution 220 spectrophotometer
(Thermo Scientific). Cardiac citrate synthase activity was quantified using a method
described previously (40) with a sample size of 10 ug protein. The assay buffer contained 20
mM Tris, 5,5 dithiobis2-nitrobenzoicacid and 0.3 mM acetyl CoA, pH 8.0. The reaction was
initiated by the addition of 0.5 mM oxaloacetate and absorbance change at 412 nm was

measured.

11
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Activity of the B-oxidation enzyme 3-hydroxyacyl dehydrogenase (HADH) was measured as
described previously (41) with a sample size of 20 ug protein. The assay buffer contained 50
mM imidazole, 0.15 mM NADH and 0.1% Triton X-100, pH 7.4 Recording of absorbance
change at 340 nm was initiated 10 s after addition of 0.1 mM acetoacetyl coenzyme A.

Hexokinase activity was measured with a sample size of 60 pg protein as described
previously (42). The assay buffer contained 20 mM imidazole, 1 mM ATP, 5 mM
7H,0.MgCl, 5 mM dithiothreitol (DTT), 2 mM NAD" and 3.125 U glucose-6-phosphate
dehydrogenase, pH 7.4. Recording of absorbance change at 340 nm was initiated 10 s after

addition of 5 mM glucose.

Activity of lactate dehydrogenase (LDH) was quantified essentially as described previously
(41) with a sample size of 2 pg protein. The assay buffer contained 50 mM HEPES and 0.3
mM NADH, pH 7.0. Recording of absorbance change at 340 nm was initiated 10 s after

addition of pyruvate.
Pyruvate dehydrogenase expression and phosphorylation

Samples of left ventricle that had been snap frozen in liquid nitrogen were added to 100-150
pul NP40 cell lysis buffer (ThermoFisher Scientific, US) containing Halt™ protease and
phosphatase inhibitor cocktail (ThermoFisher Scientific, US). Samples were manually
crushed then homogenised on ice using a Pellet Pestle (Sigma-Aldrich, UK). Homogenates
were then snap frozen using liquid nitrogen and allowed to thaw on ice, after which they were
homogenised for a second time. Samples underwent a further two freeze thaw cycles using
liquid nitrogen, vortexing each time, before centrifugation at 16,700 x g for 10 min at 4°C.
Supernatants were collected and stored at -80°C. Protein concentration was determined using
the Bio-Rad DC Assay (Bio-Rad, US). Samples were loaded into Laemmli buffer at a
concentration of 1.5 mg/ml and underwent SDS-PAGE using 10% acrylamide gels under
reducing conditions for approximately 1 h at 0.08 A, after which they were transferred onto
PVDF membrane (GE Healthcare, UK) for approximately 1.5 h at 0.38 A. Membranes were
subsequently blocked for a minimum of 2 h in either 5% (w/v) bovine serum albumin or
skimmed milk in TBS-T, as appropriate. Primary antibody targets were Phospho(serine 232)-
PDH (1:2000, Calbiochem), Phospho(serine 293)-PDH (1:1000, Abcam), Phospho(serine
300)-PDH (1:1000, Calbiochem), PDH (1:1000, Cell Signaling Technology), and B-actin
(1:5000, Sigma). Secondary detection was carried out using HRP-conjugated goat anti-rabbit

(1:1000, Cell Signaling Technology) or goat anti-mouse (1:1500, Dako) antibodies.

12
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Membranes were developed using Pierce™ ECL western blotting substrate (ThermoFisher
Scientific, US) and images captured using a ChemiDoc-It2 imager (Ultra-Violet Products
Ltd, US) with VisionWorksLS 8.1.2. software (Ultra-Violet Products Ltd, US). Images were

analysed using ImageJ and normalised to f-actin expression.

Statistics

In order to investigate the individual effects of hypoxic exposure, dietary nitrate and Ppara”
and the interactions between these effects, a three-way analysis of variance (ANOVA) was
performed. The statistical approach used has been described previously (43). Initially, the
three-way interaction was considered for significance. If there was a significant three-way
interaction, main effects and two-way interactions were disregarded and a post-hoc Tukey’s
HSD test performed. Pairwise comparisons of groups between which only one of the
independent variables differed were considered, and the results recorded. If the three-way
interaction was not significant but one or more two-way interactions were significant, a post-
hoc Tukey’s HSD test was performed to investigate each two-way interaction. Any main
effects of variables involved in the significant two-way interaction(s) were not considered,
while main effects of variables not involved in significant interactions were. In instances
where no three-way or two-way interactions were significant, the main effects of all three
independent variables were considered. Main effects combine all four groups in each state of
one independent variable and make a pairwise comparison between these combinations (e.g.
all four wild-type vs. all four Ppara™ groups). All analyses were carried out using R software
(The R Foundation for Statistical Computing) and P values < 0.05 were considered

significant.

Graphs were generated using GraphPad Prism 7 software and follow a colour/pattern scheme
whereby white indicates normoxia (21% O), blue hypoxia (10% O), block colour chloride
(CI") and striped nitrate (NO3’) treated groups. In addition the wild type groups are separated
from the Ppara"' groups. Graphs display results as mean +/- SEM. Statistically significant
differences between groups are indicated in black (differences between genotypes), blue
(differences between normoxia and hypoxia) and orange (interactions linked to nitrate

treatment vs chloride).

13
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Results

Animal data

Body mass, blood haemoglobin, and food, water and nitrate intake have been reported

previously for these mice (35).

Briefly, food and water intake fell in hypoxic mice in Week 2 (the first week of hypoxic
exposure). Food intake recovered in hypoxic animals over subsequent weeks, such that it was
the same in all groups at the end of the study. Water intake recovered more quickly than food
intake, and was the same in all groups from Week 3 onwards. Inorganic nitrate intake
calculated from food and water intake and over the course of the study was 153 - 257

pmol/kg/d in nitrate-treated mice, compared with 18 - 31 umol/kg/d in chloride-treated mice

Body mass was the same in all wild-type mice at the start of the study, but Ppara™ mice were
6% lighter than wild-types. At the end of the study, Ppara’ mice were 5% lighter than wild-
types (P < 0.01, PPARa main effect), whilst hypoxic mice were 4% lighter than normoxic
mice (P < 0.001, hypoxia main effect) and nitrate-treated mice were 3% lighter than chloride-
treated mice (P < 0.05, nitrate main effect). Blood haemoglobin concentration, measured at

the end of the study, was higher in hypoxic mice than normoxic mice (35).
Cardiac mitochondrial respiration
Mass-specific respiration

Assay 1 was used to measure aspects of FAO and the control exerted by CPT1, with
respiration rates initially normalised to wet weight of tissue (Fig. 2). Mass-specific respiration
rates in Ppara’ mice were 10% (P < 0.01, Fig. 2A), 23% (P < 0.001, Fig. 2B) and 27% lower
(P <0.001, Fig. 2C, all PPARa main effect) when limited by proton leak (CPT1.), CPT1 flux
(CPT1p) and B-oxidation (PalMp), respectively. Hypoxic exposure resulted in 11% lower
LEAK respiration (P < 0.01, Fig. 2A) and 13% lower OXPHOS supported by -oxidation (P
< 0.05, Fig. 2C, both hypoxia main effect). Taken together, these data confirm that PPARa
supports FAO in the mouse heart, whilst hypoxia suppresses the mass-specific capacity for -

oxidation.

Assay 2 was used to measure respiration supported by FAO and substrates for the N-pathway
via Complex | and the S-pathway via Complex Il of the ETS, with respiration rates initially
normalised to wet weight of tissue (Fig. 3). All respiration rates were lower in Ppara’ mice

14
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compared with wild-types, and in hypoxic mice compared with normoxic mice, whilst dietary

nitrate supplementation had no effect on mass-specific respiration rates.

In Ppara’™ mice, LEAK respiration (OctM,) and OXPHOS respiration (OctMp) supported by
malate and octanoyl carnitine were 21% lower (P < 0.001, Fig. 3A) and 45% lower (P <
0.001, Fig. 3B, both PPARa main effect) than in wild-type mice, underlining the role of
PPARo in regulating cardiac fatty acid oxidation. Meanwhile, OXPHOS supported by
pyruvate and malate (PMp) was 16% lower (P < 0.001, Fig. 3C), by glutamate and malate
(GMp) was 14% lower (P < 0.001, Fig. 3D), by glutamate, malate and succinate (GMSp) was
9% lower (P < 0.01, Fig. 3E) and by succinate following the addition of rotenone (Sp) was
10% lower (P <0.01, all PPARo main effect, Fig. 3F).

In hypoxic mice, OctM, and OctMp were 16% (P < 0.001, Fig. 3A) and 17% (P < 0.001, Fig.
3B) lower than in normoxic mice, whilst PMp was 10% lower (P < 0.01, Fig. 3C), GMp was
10% lower (P < 0.01, Fig. 3D), GMSp was 10% lower (P < 0.01, Fig. 3E) and Sp was 13%
lower (P < 0.01, Fig. 3F, all hypoxia main effect).

Together, these data show that both Ppara ablation and hypoxic exposure lower oxidative
capacity in the mouse heart, with suppression of fatty acid-supported respiration occurring to
a greater extent than respiration supported by other substrates. This is particularly

pronounced in the case of Ppara ablation.
Citrate synthase-specific respiration

Both hypoxic exposure and Ppara’ resulted in a general lowering of mass-specific
respiration rates in mouse heart. This might be attributable to a loss of cardiac mitochondrial
content or to changes in respiration per mitochondrial unit, and therefore to further probe the
effects of hypoxia, nitrate and PPARa on mitochondrial respiration, we extracted the contents
of the oxygraph chambers and measured the activity of citrate synthase (CS) in chamber
homogenates. CS activity is a putative marker of mitochondrial content (44), and by
expressing mitochondrial respiration rates relative to CS activity we were able to consider

respiratory capacities per mitochondrial unit.

In Assay 1, hypoxia had no effect on any CS-corrected respiration rate (Fig. 4). Dietary
nitrate supplementation increased CPT1,. by 38% (P < 0.01, Fig. 4A), CPT1p by 33% (P <
0.05, Fig. 4B) and PalMp by 36% (P < 0.01, Fig. 4C, all Tukey’s test of nitrate/PPAR«

interaction) in wild-type but not Ppara”™ mice. Ppara knockout lowered all CS-corrected

15
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respiration rates. In normoxic mice, Ppara knockout lowered CPT1, by 25% (P < 0.05, Fig.
4A), CPT1p by 38% (P < 0.001, Fig. 4B) and PalMp by 38% (P < 0.001, Fig. 4C, all Tukey’s
test of hypoxia/PPARa interaction). In nitrate-supplemented mice, Ppara knockout lowered
CPT1. by 23% (P < 0.05, Fig. 4A), CPT1p by 34% (P < 0.001, Fig. 4B) and PalMp by 35%
(P <0.001, Fig. 4C, all Tukey’s test of nitrate/PPAR« interaction). Taken together, these data
suggest that Ppara ablation attenuates fatty acid oxidation capacity per mitochondrial unit,
and that nitrate increases fatty acid oxidation per mitochondrial unit in a PPARa-dependent

manner.

In Assay 2, neither nitrate supplementation nor hypoxic treatment affected CS-corrected
respiration rates (Figure 5). Ppara ablation, however, lowered CS-corrected OctM, by 25%
(P < 0.01, Fig. 5A), OctMp by 27% (P < 0.001, Fig. 5B), PMp by 19% (P < 0.05, Fig. 5C)
and GMp by 17% (P < 0.05, Fig. 5D, all PPARa main effect). GMSp and Sp were unaffected
by nitrate, hypoxia or genotype (Fig. 5E and 5F). These data further support the notion that
Ppara ablation attenuates cardiac mitochondrial fatty acid oxidation capacity, in addition to

any effect on mitochondrial content.
OXPHOS coupling efficiency

OXPHOS coupling efficiency, indicating the increase in respiration following addition of
ADP relative to the resulting respiration rate was calculated for both assays (Supplementary
Fig. 1). In Assay 1 and Assay 2, OXPHOS coupling efficiency was 19% and 29% lower,
respectively, in Ppara’ mice compared with wild-type mice (P < 0.001, PPARq main effect).
Neither nitrate-supplementation nor hypoxic exposure affected OXPHOS coupling
efficiency. This data suggests that whilst PPARa enhanced fatty acid-supported respiration in
both LEAK and OXPHOS states, the effect on the OXPHOS state was proportionally greater.

Substrate control ratios

To further investigate the effects of nitrate-supplementation, hypoxic-exposure and PPARa
on cardiac mitochondrial respiration, and the interactions between these three factors, we

used substrate control ratios to interrogate control points and substrate-led pathways (Fig. 6).

Firstly, to understand the effect of these factors on the activity of CPT1 (an enzyme
responsible for the entry of long chain fatty acid substrates into mitochondria via the addition
of carnitine) we expressed CPT1p relative to PalMp (FCRcpr1, Fig. 6A). Here we found that

the substrate control ratio was unaffected by any factor, indicating that whilst in Ppara™ mice
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and hypoxic mice OXPHOS supported by CPT1 substrates and B-oxidation are suppressed,

the effects on these two respiration rates are proportionally similar.

Next, we sought to understand the contribution of three substrate-led pathways to total
OXPHOS capacity, expressing OXPHOS supported by a) the F-pathway via [-oxidation
(OctMp), b) the N-pathway via complex |1 (GMp) and c) the S-pathway via complex Il (Sp),
relative to maximal OXPHOS (GMSp).

In wild-type, but not Ppara” mice, exposure to hypoxia lowered OXPHOS respiration
through the F-pathway relative to maximal OXPHOS (FCREg) by 32% (P < 0.001, Tukey’s
test of hypoxia/PPARa interaction, Fig. 6B). Similarly, this was 41% lower in normoxic
Ppara’ mice compared with wild-type mice. This suggests that hypoxic exposure lowers

fatty acid oxidation, relative to maximal OXPHOS, in a PPARa-dependent manner.

OXPHOS supported by the N-pathway via complex I, relative to maximal OXPHOS (FCRy),
was 7% lower in Ppara” mice compared with wild-type mice (P < 0.001, PPARa main
effect, Supplementary Fig. 2A) but was unaffected by hypoxic exposure or nitrate
supplementation. Meanwhile, OXPHOS supported by the S-pathway via complex Il (FCRs),
was unaffected by Ppara ablation or hypoxia, but was 2% higher in nitrate-supplemented

mice (P < 0.05, nitrate main effect, Supplementary Fig. 2B).

Finally, we expressed octanoyl carnitine-supported OXPHOS (OctMp) relative to pyruvate-
supported OXPHQOS (PMp) in order to indicate the relative capacity for FAO compared with
pyruvate-linked respiration through the N-pathway (FCRocyp, Fig. 6C). The relative capacity
for FAO was decreased by hypoxia in chloride-supplemented wild-type mice by 18% (P <
0.001, Tukey’s test of nitrate/hypoxic/PPARa interaction) but not in nitrate-supplemented
wild-type mice nor in either group of hypoxic Ppara’ mice. Dietary nitrate reversed this
effect in hypoxic wild-type mice, increasing the relative capacity for FAO by 17% (P < 0.05,
Tukey’s test of nitrate/hypoxia/PPARa). Again, no effect was seen in Ppara'/' mice. The
relative capacity for FAO was, however, lower in Ppara’ mice (P < 0.001, Tukey’s test of
nitrate/hypoxia/PPARaq interaction). These data therefore demonstrate that in mouse heart (i)
Ppara ablation induces a substrate switch away from fatty acids, (ii) exposure to hypoxia
induces a substrate switch away from fatty acids acting via decreased PPARa activity, and
(iii) dietary nitrate prevents the hypoxia-induced substrate switch in a PPARa-dependent

manner.
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Enzyme activities

Hypoxic exposure resulted in 32% lower citrate synthase activities in wild-type mouse hearts
compared with those of their normoxic counterparts (P < 0.05, Tukey’s test of

hypoxia/PPARa interaction) but did not affect CS activity in Ppara'/ “mice (Fig. 7A).

Nitrate-supplemented wild-type mice had 33% higher activities of the -oxidation enzyme
HADH in heart (P < 0.01), whilst no effect was seen in Ppara"' mice (Fig. 7B). Moreover, in
Ppara™ mice supplemented with nitrate, but not by chloride, HADH activity was 35% lower
than in wild-type counterparts (P < 0.01, Tukey’s test of nitrate/PPARa interaction). This
suggests that dietary nitrate increases HADH activity in cardiac tissue via a PPARa-

dependent mechanism.

Hexokinase activity was 33% higher in hypoxic groups, relative to normoxic counterparts (P
< 0.001, hypoxia main effect), with no significant effect on hexokinase activity resulting
from nitrate supplementation or genotype (Fig. 7C). Hypoxia also increased LDH activity by
71% in wild-type, but not Ppara’™ mice (P < 0.001, Tukey’s test of hypoxia/PPARa
interaction, Fig. 7D). Hypoxia was also permissive of a PPARa effect, since under hypoxic
but not normoxic conditions Ppara ablation resulted in 50% lower LDH activities (P < 0.001,
Tukey’s test of hypoxia/PPARa interaction). Dietary nitrate did not affect the activity of
either hexokinase or LDH. Thus, hypoxia increased hexokinase activity in a manner that was
independent of dietary nitrate and PPARo, but increased LDH in a manner that was

dependent upon PPARGa.
Pyruvate dehydrogenase levels and phosphorylation

To examine the regulation of pyruvate oxidation, total and phosphorylated PDH levels were
measured in cardiac homogenates by immunoblotting. There was no specific effect of
hypoxia on total PDH levels (Fig 8A), although total levels were higher in hypoxic nitrate-
supplemented wild-type mice compared with their normoxic counterparts (P < 0.05, Tukey’s
test of hypoxia/nitrate/PPARa interaction). Hypoxia increased phosphorylation of PDH at
serine residues 232, 293 and 300 in wild-type mice, and this was prevented by nitrate
supplementation (P < 0.01, Tukey’s test of hypoxia/nitrate/PPARa interaction, Fig 8B-D).
There was no clear effect of hypoxia on phosphorylation of any serine residue in Ppara™
mice. At serine 232, nitrate supplementation appeared to enhance phosphorylation in hypoxic
Ppara" “mice (P < 0.05, Tukey’s test of hypoxia/nitrate/PPARa interaction, Fig 8B). Overall,
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these data suggest hypoxia increases PDH inhibition by phosphorylation in a PPARa-

dependent manner, whilst nitrate prevents this.
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Discussion

We have previously demonstrated that a moderate dose of dietary nitrate protects
mitochondrial respiratory function, FAO and energetics in the hypoxic rat heart (33), and
enhances skeletal muscle FAO capacity through a mechanism dependent upon activation of
PPARa (34). Decreased PPARa transcriptional activity appears to be a key aspect of the
cardiac metabolic response to hypoxia (8, 9), so here we sought to understand whether

PPARa plays a role in mediating the protective effect of nitrate in the hypoxic heart.

We found that hypoxic exposure was associated with the suppression of mass-specific
respiratory capacity and citrate synthase activity in mouse heart, with no protective effect of
nitrate. Mass-specific respiration was also lower in Ppara” mice compared with wild-type
mice. Hypoxia increased phosphorylation of PDH in wild-type mice, and also increased the
capacity for glycolysis with increased hexokinase activity in all mice and increased LDH
activity in wild-type mice. In addition to the general suppression of oxidative capacity,
hypoxia resulted in a particular downregulation of FAO capacity in wild-type mice. This was
reversed by nitrate treatment, an effect not apparent in Ppara’ mice. Similarly, nitrate

increased activity of HADH in wild-type mice, but not Ppara’™ mice.

Strengths of this study include the use of high-resolution measurements of oxygen flux to
consider multiple aspects of FAO capacity with both CPT1-dependent and independent
substrates. Our inclusion of both mass-specific and mitochondrial-specific FAO capacity
measurements, as well as FAO in proportion to maximal OXPHOS capacity is also a
strength. It should be noted, however, that all measurements were carried out under
conditions where oxygen and substrates were saturating, and whilst our data indicate
alterations in respiratory capacity there may be further, subtle differences in mitochondrial
respiration in vivo at physiological oxygen and substrate concentrations that we have not
measured here. The use of permeabilised fibres, rather than isolated mitochondria, allowed us
to measure respiration in the entire population of cardiac mitochondria, albeit without
allowing us to distinguish between effects on the interfibrillar and subsarcolemmal
populations of mitochondria (45). A further strength of this study was the statistical approach,
which, whilst complex, allowed us to directly address the key hypothesis that nitrate exerts
effects in hypoxia acting through PPARa. The three-way ANOVA approach allowed us to
test the interaction between these three factors, and represented a conservative approach,

eliminating the need for multiple comparisons and strengthening the conclusions of this
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study. This approach, however, does increase the chance of type 2 errors and is not suitable
for testing differences between just two of the groups, e.g. the effect of hypoxia on wild-type
(non-nitrate-supplemented) mice, for which a more targeted study design would be more

appropriate.

The use of mice, rather than rats, is both a strength and a weakness of this study. The Ppara™
mouse has been studied extensively, particularly in relation to the role of PPARa in
regulating FAO in various tissues, and was a valuable component of this study. Mice,
however, differ from rats and humans, in their NO production rates (46) and concentrations
of circulating nitrate/nitrite levels (47). Moreover, we only used male mice in this study,
which may be a limitation since, for example, gender dimorphic differences in the anti-
platelet response to nitrate supplementation have been observed in humans (48). As with our
previous studies, we were able to precisely control nitrate intake using a standardised quality-
controlled diet and deionised water (23, 33-35, 49, 50). Whilst the anorexic effects in the
early stages of hypoxic exposure may have confounded our findings, the long duration of the
hypoxic exposure proved to be a strength since water intake and therefore nitrate intake
stabilised in hypoxic mice by week 2, matching that of their normoxic counterparts for the

remainder of the study.

Unlike our previous findings in rat heart (33), however, we saw no protective effect of nitrate
supplementation on mass-specific oxidative phosphorylation. This could be due to species
differences, indeed 17 months of NaNOj3 supplementation at 1 mM did not alter plasma
nitrate concentration in mice (51), whilst 0.7 mM NaNOg increased circulating nitrate in rats
(33). It should be noted, however, that both the duration (4 weeks) and degree of hypoxia
(10% O2) were more severe in this study than in our previous work (2 weeks at 13% O), and
this may have limited the effectiveness of nitrate supplementation. Of note, the increased
activity of LDH is an established hypoxia response in heart (52) and this was seen in both
chloride-supplemented and nitrate-supplemented mice, perhaps suggesting that nitrate

supplementation didn’t fully restore O, delivery to these hearts.

The general suppression of mass-specific respiratory capacity, particularly in the context of
more prolonged and severe hypoxia, might be explained by a loss of mitochondrial content in
these hearts. Indeed we saw that hypoxia lowered CS activity in the hearts of wild-type mice
in this study, whilst there was no such change in CS in our previous study which employed a

milder hypoxia protocol (33). In skeletal muscle, the suppression of CS is dependent on both
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duration and degree of hypoxia (53). CS activity is a putative marker of mitochondrial
density, correlating with mitochondrial volume in the skeletal muscle of healthy, young adult
humans (44) although whether this correlation holds in the mouse heart under all conditions

described here is unknown.

In addition to the general effect of hypoxia on mass-specific respiration, a particular
suppression of FAO was seen. This was indicated by a fall in CS-corrected respiration rates
for fatty acid substrates, and also by substrate control ratios expressing FAO as a proportion
of maximal OXPHQOS or in relation to pyruvate-supported OXPHQOS. This effect of hypoxia
was seen in the hearts of wild-type but not Ppara’ mice, indicating that the hypoxic
suppression of FAO is primarily driven by decrcased PPARo activity, as suggested
previously (8). There was no specific effect on CPT1-supported FAO (with palmitoyl-CoA
plus malate) compared with CPT1-independent respiration (with palmitoyl carnitine plus
malate), indicating that whilst CPT1 activity may be downregulated there are also effects of a
similar magnitude downstream, probably on B-oxidation capacity, although in agreement
with our previous work (9) HADH activity was unaltered by hypoxia. Whilst the severity of
the hypoxic stimulus used here may have prevented any restorative effect of nitrate on mass-
specific respiration, nitrate did prevent the particular suppression of FAO, but only in wild-
type mice, suggesting that PPARa is necessary for these nitrate-mediated effects to occur.
Moreover, nitrate-supplementation increased HADH activity in the hearts of wild-type mice,

but not Ppara™ mice.

In addition to the effect of hypoxia, mass-specific respiratory capacity was lower in the hearts
of Ppara” mice than those of wild-type mice, and as might be expected this was most
pronounced for respiration rates supported by fatty acid substrates, although a suppression of
respiration supported by substrates for the N-pathway via complex | (pyruvate, glutamate and
malate) and the S-pathway via complex Il (succinate) was also seen. When corrected for CS
activity, respiration supported by fatty acid substrates remained lower in Ppara’ mice
compared with wild-type mice, underlining its importance in regulating cardiac FAO, but of
note respiration supported by N-pathway substrates was also was lower in Ppara’ mice.
Unlike in wild-type mice, there was no effect of nitrate supplementation on FAO capacity or
HADH activity in Ppara” mice, demonstrating that in line with our initial hypothesis,

PPARa is an essential mediator of the effects of nitrate on cardiac metabolism in hypoxia.
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Activities of hexokinase and LDH were increased following hypoxia as did PDH
phosphorylation, all suggesting an upregulation of glycolytic capacity. Whilst the increase in
hexokinase activity was not dependent on PPARa, occurring in mice of both genotypes, the
increase in LDH dehydrogenase activity only occurred in wild-type mice, suggesting an
unexpected influence of PPARa on Ldh expression. PPAR/6 has been shown to decrease the
expression ratio of Ldha/Ldhb in skeletal muscle (54), but we are not aware of any previously
reported effects of PPARa. While Ldhb encodes a LDH isoform that encourages the
conversion of lactate to pyruvate, the protein product of Ldha favours the conversion of
pyruvate to lactate. It is plausible therefore, that PPARa ablation is compensated by an
increase in PPARP/S, which prevents a hypoxia-induced increase in Ldha/Ldhb, though this
would have to be confirmed with gene expression studies. Alternatively, PPARa is known to
increase pyruvate dehydrogenase kinase (PDK)4 activity, leading to an attenuation of PDH
activity. This could increase pyruvate concentration, which may feed forward to increase
LDH activity. Indeed, whilst hypoxia increased PDH phosphorylation in wild-type mice,
potentially via HIF-dependent upregulation of PDK1 (6, 7), this effect was blunted in Ppara”
mice. Taken together, these data implicate a switch away from oxidative metabolism towards

glycolysis in the hypoxic mouse heart.

Our data therefore suggest that PPARa plays a key role in regulating the process of metabolic
remodelling that occurs in the hypoxic heart, and is essential for the effects of dietary nitrate
in preserving oxidative metabolism. This is in contrast to our previous findings in skeletal
muscle where the metabolic response to hypoxia +/- nitrate was found to be the same in wild-
type mice and Ppara’ mice (35). The difference between the two tissues, and greater
dependence on PPARa in heart, might be explained by the higher expression of PPARa in
cardiac muscle compared with skeletal muscle (3). Nitrate supplementation did exert effects
in hypoxic skeletal muscle, but this may have been due to effects via PPARB/S (36), or
through haemodynamic changes that alter blood flow and O, delivery (20). Our data do not
definitively address whether nitrate exerts its effects by altering blood flow and therefore O,
delivery or through direct effects on tissue metabolism. Although PPARa is an essential
effector in this response, its transcriptional activity may simply be modified by HIF-
signalling in response to changes in tissue oxygenation in order to ensure that oxidative
metabolism is supported only when sufficient oxygen is available. Arguing against this is our
finding here that hexokinase and LDH activity were increased by hypoxia in both chloride-

supplemented and nitrate-supplemented hearts, indicating that whilst the dose of nitrate
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employed here did modulate FAO, it was not sufficient to ameliorate the fall in oxygenation
through improved blood flow. Moreover, our previous work in cultured myotubes indicated
that nitrate enhanced PPARa activity without changes in oxygenation (34), and it would be
interesting to replicate this in cardiomyocytes. It seems likely that nitrate exerts
complementary but separate effects on blood flow and metabolism, ensuring that tissue O,

supply and demand are matched.

Our work has implications for a number of conditions where cardiac and skeletal muscle
metabolism is pathologically altered, particularly where derangements in NO production or
availability have been implicated. For instance, endothelial NOS (eNOS) knockout mice
develop a metabolic syndrome-like phenotype, including obesity and insulin resistance, yet
features of the pathology were reversed following nitrate supplementation (55). It has been
suggested that nitrate supplementation may be of benefit to patients with heart failure with
reduced ejection fraction (HFrEF) in whom eNQOS activity is impaired (56). A recent study
demonstrated improvements in NO bioavailability and muscle power following nitrate
supplementation in 9 patients with HFrEF (56) and it would be interesting to see if this was
associated with changes in tissue metabolism in addition to improvements in blood flow. The
failing heart itself is energy-starved (57) and characterised by a downregulation of FAO (1,
57), which may improve the efficiency of O, utilisation. It was shown, however, that
oxygenation was not impaired in the non-ischaemic failing myocardium (58), and thus
therapeutic strategies that enhance oxidative metabolism, including perhaps nitrate

supplementation, may be of benefit to these patients.

In conclusion, hypoxia suppresses oxidative metabolism in the heart and enhances glycolytic
capacity. In addition, there is a particular suppression of FAO in the hypoxic heart, which is
mediated through decreased PPARa transcriptional activity, and can be reversed by

supplementation with dietary nitrate in a PPARa-dependent manner.
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Figure Legends

Figure 1

Figure 2

Figure 3

Study design. Each stage of the study took place within the ages shown + 4 d,
and the length of each stage was identical for each mouse. The left-hand

+/+

section represents wild-type (Ppara™) mice, whilst the right-hand section
represents Ppara’” mice. The number in brackets indicates the number of mice
per group. Chloride, 0.7 mM NaCl in distilled water ad libitum; Nitrate, 0.7
mM NaNOs in distilled water ad libitum; Normoxia, 21% atmospheric Oy;
Hypoxia, 10% atmospheric O,. Background patterns reflect those used in

figures throughout this manuscript.

Mitochondrial respiratory function from Assay 1 normalised to mass. A)
Malate and palmitoyl CoA stimulated LEAK respiration (CPT1.); B) CPT1-
limited OXPHOS (CPT1p); C) OXPHOS supported by the F-pathway via -
oxidation (PalMp) in permeabilised cardiac muscle fibres from wild-type

+/+

(Ppara*™) and Ppara™ mice following normoxia (white bars, 21% O,) or
hypoxia (blue bars, 10% O,), and chloride (open bars, 0.7 mM NaCl) or nitrate
(striped bars, 0.7 mM NaNO3) supplementation. Error bars indicate SEM. * =
main effect. Blue symbols (*) = hypoxia effect; black symbols (*) = PPARa
effect. 1 symbol (*) = P < 0.05; 2 symbols (**) = P < 0.01; 3 symbols (***) =
P < 0.001. Symbols in brackets (e.g. *)) denote significance of a test of a
combination of groups (i.e. main effects or two-way interactions) as described

in the text. n = 8-11 per group.

Mitochondrial respiratory function from Assay 2 normalised to mass. A)
Malate and octanoyl carnitine stimulated LEAK respiration (OctM,); B)
OXPHOS supported by the F-pathway via B-oxidation (OctMp); C) OXPHOS
supported by pyruvate and malate through the N-pathway via complex |
(PMp); D) OXPHOS supported by glutamate and malate through the N-
pathway via complex | (GMp); E) OXPHOS supported by glutamate, malate
and succinate through the NS-pathway via complexes | and Il (GMSg); F) by
succinate following the addition of rotenone (Sp) in permeabilised cardiac

+/+

muscle fibres from wild-type (Ppara™*) and Ppara’” mice following normoxia
(white bars, 21% O) or hypoxia (blue bars, 10% O,), and chloride (open bars,

0.7 mM NaCl) or nitrate (striped bars, 0.7 mM NaNOs3) supplementation.
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Figure 4

Figure 5
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Error bars indicate SEM. * = main effect. Blue symbols (*) = hypoxia effect;
black symbols (¥) = PPARa effect. 1 symbol (*) = P < 0.05; 2 symbols (**) =
P < 0.01; 3 symbols (***) = P < 0.001. Symbols in brackets (e.g. **') denote
significance of a test of a combination of groups (i.e. main effects or two-way

interactions) as described in the text. n = 8-11 per group.

Mitochondrial respiratory function from Assay 1 normalised to citrate
synthase activity. A) Malate and palmitoyl CoA stimulated LEAK respiration
(CPT1.); B) CPT1-limited OXPHOS (CPT1p); C) OXPHOS supported by the
F-pathway via B-oxidation (PalMp) in permeabilised cardiac muscle fibres

+/+

from wild-type (Ppara™*) and Ppara” mice following normoxia (white bars,
21% O,) or hypoxia (blue bars, 10% O,), and chloride (open bars, 0.7 mM
NaCl) or nitrate (striped bars, 0.7 mM NaNO3) supplementation. Error bars
indicate SEM. * = two-way interaction. Orange symbols (") = nitrate effect;
black symbols (*) = PPARq effect. 1 symbol (*) = P < 0.05; 2 symbols (**) =
P < 0.01; 3 symbols (***) = P < 0.001. Symbols in brackets (e.g. "*') denote
significance of a test of a combination of groups (i.e. main effects or two-way

interactions) as described in the text. n = 4-6 per group.

Mitochondrial respiratory function from Assay 2 normalised to citrate
synthase activity. A) Malate and octanoyl carnitine stimulated LEAK
respiration (OctM,); B) OXPHOS supported by the F-pathway via B-oxidation
(OctMp); C) OXPHOS supported by pyruvate and malate through the N-
pathway via complex | (PMp); D) OXPHOS supported by glutamate and
malate through the N-pathway via complex | (GMp); E) OXPHOS supported
by glutamate, malate and succinate through the NS-pathway via complexes I
and 1l (GMSp); F) OXPHOS supported by by succinate following the addition
of rotenone (Sp) in permeabilised cardiac muscle fibres from wild-type

+/+

(Ppara*™) and Ppara™ mice following normoxia (white bars, 21% O,) or
hypoxia (blue bars, 10% O,), and chloride (open bars, 0.7 mM NaCl) or nitrate
(striped bars, 0.7 mM NaNOg3) supplementation. Error bars indicate SEM.
Black symbols (*) = PPARa effect. 1 symbol (*) = P < 0.05; 2 symbols (**) =

P < 0.01; 3 symbols (***) = P < 0.001. n = 4-6 per group.
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Figure 6

Figure 7

Figure 8
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Substrate control ratios. Ratios indicate A) CPT1 control over B-oxidation
(FCRcp11); B) the contribution of the F-pathway via B-oxidation to maximal
OXPHOS (FCRE) and C) the capacity for OXPHOS supported by octanoyl
carnitine plus malate relative to pyruvate plus malate (FCRoep), in

+/+

permeabilised cardiac muscle fibres from wild-type (Ppara**) and Ppara™
mice, following normoxia (white bars, 21% O;) or hypoxia (blue bars, 10%
0,), and chloride (open bars, 0.7 mM NacCl) or nitrate (striped bars, 0.7 mM
NaNOs) supplementation. Error bars indicate SEM. * = two-way interaction; +
= three-way interaction. Orange symbols (') = nitrate effect; blue symbols (*,
") = hypoxia effect; black symbols (%, ') = PPARa effect. 1 symbol () = P <

0.05; 3 symbols (**4, ") = P < 0.001. n = 8-10 per group.

Enzyme activities in mouse heart tissue homogenates. Maximal activity of
A) citrate synthase (CS); B) 3-hydroxyacyl dehydrogenase (HADH); C)
hexokinase (HK) and D) lactate dehydrogenase (LDH) from wild-type

+/+

(Ppara**) and Ppara™ mice, following normoxia (white bars, 21% O,) or
hypoxia (blue bars, 10% O,), and chloride (open bars, 0.7 mM NaCl) or nitrate
(striped bars, 0.7 mM NaNO3) supplementation. Error bars indicate SEM. ***
P < 0.001, hypoxia main effect; “* P < 0.01, nitrate effect following
nitrate/PPARo. interaction; “** P < 0.001, hypoxia effect following
hypoxia/PPARa interaction; “* P < 0.01, PPARo effect following
nitrate/PPARa  interaction; *** P < 0.01, PPARa effect following
hypoxia/PPAR« interaction. Symbols in brackets denote significance of a test
of a combination of groups (i.e. main effects or two-way interactions) as

described in the text. n = 4-5 per group.

Total pyruvate dehydrogenase (PDH) levels and phosphorylation. Protein
levels of A) total PDH; and phosphorylation of PDH at Ela site B) serine 232
(pPDH S232); C) serine 293 (pPDH S293) and D) serine 300 (pPDH S300) in
wild-type (Ppara**) and Ppara” mice, following normoxia (white bars, 21%
0,) or hypoxia (blue bars, 10% O,), and chloride (open bars, 0.7 mM NacCl) or
nitrate (striped bars, 0.7 mM NaNOs) supplementation. Error bars indicate
SEM. * = two-way interaction; T = three-way interaction. Blue symbols (*, ")
= hypoxia effect; black symbols () = PPARq effect. 1 symbol (") = P < 0.05;
2 symbols (*4, ) = P < 0.05 3 symbols (") = P < 0.001. n = 8-10 per group.
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Supplementary Figure 1: OXPHOS coupling efficiencies (j)

A) From Assay 1 (jerri) and B) Assay 2 (joetm) in permeabilised cardiac fibres from wild-type
(Ppara®*) and Ppara’ mice, following normoxia (white bars, 21% O2) or hypoxia (blue bars,
10% 0O3), and chloride (open bars, 0.7 mM NaCl) or nitrate (striped bars, 0.7 mM NaNOs3)

supplementation. Error bars indicate SEM. *** = PPARq main effect at P < 0.001. n = 8-10
per group.
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Supplementary Figure 2: Substrate control ratios

Ratios indicate the contributions of A) the N-pathway via complex I to maximal OXPHOS
(FCRn) and B) the S-pathway via complex II to maximal OXPHOS (FCRs) in permeabilised
cardiac muscle fibres from wild-type (Ppara™) and Ppara’" mice, following normoxia (white
bars, 21% Oz) or hypoxia (blue bars, 10% O2), and chloride (open bars, 0.7 mM NaCl) or nitrate
(striped bars, 0.7 mM NaNOs3) supplementation. Error bars indicate SEM. * = main effect.
Orange (*) symbols = nitrate effect; black (*) symbols = PPARa effect. 1 (*) symbol = p <
0.05; 3 (***) symbols = p < 0.001. Symbols in brackets (e.g. *)) denote significance of a test
of a combination of groups (i.e. main effects or two-way interactions) as described in the text.

n = 8-10 per group.
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