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Abstract

Skeletal muscle may act as a reservoir for N-oxides following inorganic nitrate
supplementation. This idea is most intriguing in individuals with peripheral
artery disease (PAD) who are unable to endogenously upregulate nitric oxide.
This study analyzed plasma and skeletal muscle nitrate and nitrite concentra-
tions along with exercise performance, prior to and following 12-weeks of exer-
cise training combined with oral inorganic nitrate supplementation (EX+BR) or
placebo (EX+PL) in participants with PAD. Non-supplemented, at baseline, there
were no differences in plasma and muscle nitrate. For nitrite, muscle concentra-
tion was higher than plasma (+0.10 nmol.g™"). After 12 -weeks, acute oral nitrate
increased both plasma and muscle nitrate (455.04 and 121.14 nmol.g_l, p<0.01),
which were correlated (r = 0.63, p<0.01), plasma nitrate increase was greater
than in muscle (p <0.01). Nitrite increased in the plasma (1.01 nmol.g_l, p<0.05)
but not in the muscle (0.22nmol.g™") (p<0.05 between compartments). Peak
walk time (PWT) increased in both groups (PL +257.6 s;BR + 315.0 s). Six-minute
walk (6 MW) distance increased only in the (EX+BR) group (BR + 75.4 m). We re-
port no substantial gradient of nitrate (or nitrite) from skeletal muscle to plasma,
suggesting a lack of reservoir-like function in participants with PAD. Oral nitrate
supplementation produced increases in skeletal muscle nitrate, but not skeletal
muscle nitrite. The related changes in nitrate concentration between plasma and
muscle suggests a potential for inter-compartmental nitrate “communication”.
Skeletal muscle did not appear to play a role in within compartment nitrate re-
duction. Muscle nitrate and nitrite concentrations did not appear to contribute to
exercise performance in patients with PAD.
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1 | INTRODUCTION

Nitric oxide (NO) is a lipid soluble, diatomic gas that af-
fects a plethora of biological functions from immune de-
fense and neurotransmission to blood flow regulation and
exercise performance. In cohorts with vascular patholo-
gies, endothelial dysfunction limits the ability to endog-
enously upregulate NO production. Thus, approaches to
exogenously increase NO bioavailability have focused on
these populations to improve cardiovascular health and
physical function. Oral inorganic nitrate supplementation
is an accepted strategy to increase the circulating pool of
bioavailable NO. Despite the now well studied entero-
salivary pathway of N-oxides conversion and transport,
our understanding of the potential role of skeletal muscle
tissue as a reservoir for NO-bioactivity is limited.

It is established that ingestion of oral inorganic nitrate
can substantially increase plasma nitrate and nitrite con-
centrations, and that plasma nitrite can be subsequently
reduced to NO, especially in conditions of low oxygen
availability. Recent studies suggest that skeletal muscle
tissue may also contribute to the production, storage, and
metabolism of nitrate in mammals, however data is lim-
ited (Nyakayiru et al., 2017; Park, Thomas, Schechter, &
Piknova, 2021; Piknova et al., 2015; Wylie et al., 2019). The
premise for the role of the skeletal muscle as a reservoir
is appealing, as under resting, non-supplemented condi-
tions in rodents there is a gradient of nitrate concentra-
tion from several skeletal muscle groups to the vascular
compartment and to the liver (Park, Thomas, Schechter,
& Piknova, 2021; Piknova et al.,, 2015). Moreover, the
skeletal muscle contains relatively high concentrations
of neuronal NO Synthase (nNOS, NOS1), which is indis-
pensable for muscle integrity and contractile performance
(Percival, 2011). Given that skeletal muscle comprises
approximately 40%-50% of the human mass, even small
concentrations of stored N-oxides could potentially serve
as a very large reservoir of nitrate and nitrite that can be
preferentially released to augment circulating levels (Park,
Thomas, Schechter, & Piknova, 2021).

Dietary inorganic nitrate supplementation leads to in-
creases in nitrate concentrations across muscle and blood
compartments in both rodents and humans (Gilliard
et al., 2018; Kadach et al., 2022; Park, Thomas, Schechter,
& Piknova, 2021; Piknova et al., 2015; Wylie et al., 2019).
In rats a 5-day high nitrate diet increased gluteus nitrate by
2.4-fold, extensor digitorum longus (EDL) 4.3-fold and so-
leus 3.3-fold (Park, Thomas, Schechter, & Piknova, 2021).
Similarly, in healthy young adults, an acute dose of in-
organic nitrate increased vastus lateralis (VL) nitrate
several-fold (Kadach et al., 2022; Wylie et al., 2019). While
these data are intriguing, the studies in humans are lim-
ited. Moreover, an internal reservoir of N-oxides could

potentially be most beneficial to individuals with cardio-
vascular disease characterized by endothelial dysfunction
and an inability to upregulate NO bioavailability endog-
enously. These individuals often have low functional
capacities which may be most amenable to potential er-
gogenic effects (Sim et al., 2021; Woessner, Mcllvenna,
etal., 2018). To date there are no studies outlining changes
in skeletal and plasma nitrate and nitrite concentrations
along with changes in exercise performance following
oral nitrate supplementation in humans with documented
vasculopathies.

Based on the above analysis, it is reasonable to hypothe-
size that some forms of cardiovascular diseases associated
with endothelial dysfunction would also lead to dysfunc-
tional nitric oxide metabolism. In the present study we
examined the effect of acute (2.5 h) dietary nitrate sup-
plementation on plasma and skeletal muscle nitrate con-
centrations and exercise performance in participants with
Peripheral Arterial Disease (PAD) following 12-weeks of
exercise training combined with oral inorganic nitrate
supplementation (EX+BR) or placebo (EX+PL). We also
examined the association among nitrate and nitrite con-
centrations in both the plasma and skeletal muscle tis-
sue, and their relationships to exercise performance in
these individuals, to clarify potential intercompartmental
signaling.

2 | METHODS

The data presented in this manuscript is a sub-study anal-
ysis from data previously collected from randomized trial
involving participants with PAD. The trial examined the
effect of inorganic nitrate supplementation in the form
of beetroot juice (BR) versus placebo (PL) (James White
Drinks) on exercise performance. The study was approved
by the appropriate Human Research Ethics Committee
and are registered on ClinicalTrials.gov (NCT01785524).
The full protocol and the main outcomes have been
published previously (Woessner et al., 2017; Woessner,
VanBruggen, et al., 2018). The relevant methodology is
detailed in brief below with simplified study designs rel-
evant to this manuscript presented in Figure 1.

2.1 | The peripheral arterial
disease cohort

Twenty four participants aged 40-85years with symp-
tomatic PAD were enrolled in randomized controlled,
double-blind parallel designed trial (Woessner et al., 2017).
The primary aim of the trial was to determine whether a
36-session supervised exercise rehabilitation program
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FIGURE 1 Study design schematic. Following the screening assessments (testing visit 1-conducted over two separate days), subjects

followed a 12-weeks rehabilitation program in combination with either oral inorganic nitrate (EX+BR) or nitrate-depleted (EX+PL)

supplementation. At the end of the 12-week period the completed the same battery of test done on visit 1.

in combination with consuming oral inorganic nitrate
(EX+BR) 2.5 h prior to each session would produce supe-
rior benefits over exercise plus placebo (EX+PL) in pain
free walking time (Figure 1 and testing protocol). The dos-
age of 4.2mmol nitrate was taken from previous studies at
the time that demonstrated average increases in plasma
nitrite above 400nM and most likely to provide an ergo-
genic benefit. The 2.5-h timing of beverage administration
prior to exercise training and testing is required to allow
sufficient time for plasma nitrite concentrations to peak.
The process requires the oral nitrate to be swallowed, ab-
sorbed into the blood. It is then sequestered into the sali-
vary glands, secreted into the oral cavity where commensal
bacteria convert the nitrate to nitrite and it is again swal-
lowed and absorbed into the plasma (Kenjale et al., 2011).
A subset of 20 participants from the study also completed
two gastrocnemius muscle biopsies (baseline and 12 weeks)
which are included in the data presented here (see Table 1
for participant inclusion and exclusion criteria and Table 2
for demographics and medications). It is noteworthy that
the data points shown are from baseline testing, prior to
randomization, at which no supplementation occurred and
at the end of 12weeks post randomization and with par-
ticipants still supplemented with BR (4.2mmol nitrate) or
PL approximately 2.5 h prior to data/sample collections
on the day of testing. Data presented from the parent trial
(Woessner, VanBruggen, et al., 2018) was taken from a sub-
sequent visit 1week after suspension of supplementation.
The exercise outcomes are not different between visits.

2.2 | Plasma nitrate and nitrite analysis

Five milliliter blood samples were drawn from the antecu-
bital vein into a nitrate free syringe and separated into five
1 ml Eppendorf tubes containing 5pL 1 to 1000 heparin.
These tubes were then centrifuged for 3 min at 5000 rpm.
The resultant plasma was then pipetted into separate 1 ml
Eppendorf tubes, and immediately snap frozen in liquid
nitrogen and stored at —80°C until analysis. Plasma ni-
trate and nitrite concentrations were measured by gas-
phase chemiluminescence using a NOA 280i Sievers nitric

TABLE 1 Patient inclusion and exclusion criteria.

Inclusion criteria

1. Aged between 40 and 80years.

2. Diagnosed peripheral artery disease (ankle-brachial index
<0.90) with intermittent claudication.

3. No major changes in medications for at least 3 months

Exclusion criteria

1. Foot ulcers, advanced neuropathy, gangrene, or other
musculoskeletal condition that could limit exercise
performance.

2. Type 1 diabetes or glycated hemoglobin >8.5%.

3. A major cardiovascular event within the previous 6 weeks or
a planned hospitalization within the next 2 months.

4. Any cardiovascular condition that impacts safety of
completing a cardiopulmonary exercise test, including history
of significant left main or three-vessel coronary artery disease
(>70% stenosis), recent myocardial infarction (6 weeks), chest
pain during cardiopulmonary exercise test, or >2mm ST
depression during exercise; foot ulcers/advanced neuropathy
or other musculoskeletal condition that could limit exercise
performance.

5. Allergy to beets or proton pump inhibitors.

6. Refusal or inability to abstain from the use of proton pump
inhibitors for 24 h prior to testing.

oxide analyzer, as previously described per manufacturer's
instructions (Sievers Instruments) (Kenjale et al., 2011;
Pinder et al., 2008).

2.3 | Skeletal muscle nitrate and
nitrite analysis

Skeletal Muscle samples were collected from the gastroc-
nemius muscle using a Bergstrom needle with suction
(on a separate day to the maximal treadmill exercise test)
as previously reported (Woessner et al., 2017). All muscle
samples were kept frozen until analysis of muscle nitrate
and nitrite (Park, Thomas, Wylie, et al., 2021). Muscle
samples were initially weighed (20-150 mg wet weight),
mixed with nitrite preserving solution (K;Fe(CN),
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Variable Placebo (n =11,8 =5) Nitrate(n=8,3 =7) ’:n?:l ]rgnlt;cllzicitioi:.rmlpam demographics
Age, mean +SD, year 72+8 68+9
Weight +SD, kg 80.8+12.5 85.4+16
Height +SD, cm 170.4+7.3 174.5+8.1
Diabetic, n (%) 2 (18%) 5(63%)
Medications
ASA/Plavix (blood thinner) 11 (100%) 8 (100%)
B-blocker 7 (64%) 7 (86%)
Ca* channel blocker 3(27%) 6 (75%)
Ace-Inhibitor 8 (73%) 5(63%)
HMG-CoA reductase inhibitors 10 (91%) 6 (75%)
Glucose controlling Meds 2(18%) 5(63%)
Metformin 1(9%) 5(63%)
Proton pump inhibitor 3 (27%) 1(13%)

N-ethylmaleimide, water, Nonidet P-40), as described
in (Park, Thomas, Wylie, et al., 2021) and homogenized
using a GentleMacs homogenizer (Miltenyi Biotec Inc).
Proteins were then precipitated using cold methanol.
Specifically, thawed samples were mixed with ice-cold
methanol (dilution 1:3 sample: methanol) and then cen-
trifuged at 11,000g for 5 min at 4°C. Supernatants were
collected and immediately used to determine nitrate and
nitrite content by chemiluminescence. The nitrite and
nitrate content were determined by a Sievers gas-phase
chemiluminescence NO analyzer (Sievers 280i Nitric
Oxide Analyzer, GE Analytical Instruments). Nitrate and
nitrite data are presented as nanomoles per gram wet
weight of tissue.

2.3.1 | Exercise training and testing protocols
Following baseline testing, participants were randomly
assigned to consume either 70ml (4.2mmol NO;") beet-
root (EX+BR) or an identical nitrate-depleted placebo
(EX+PL), 2.5 hours before each exercise training visit (3x
per week for 12weeks), as previously detailed (Woessner,
VanBruggen, et al., 2018). Each training session included
at least 30 min of actual walking, with the intensity tai-
lored to each participant's initial baseline maximal graded
exercise test results. When claudication pain became mod-
erately severe (3-4/5 on a 5-point claudication pain scale),
they would step off the treadmill and rest until the pain
subsided (rest periods were not included in the 30-min ex-
ercise time). Typically, after a patient was able to walk 8 to
10 min at the initial workload, the grade was increased by
0.5%, or the speed increased by 0.1 mph as tolerated.
Each exercise testing visits included, on separate days a
6 min walk distance (6MWD) test and maximal treadmill
exercise test with a 12-lead ECG to measure peak walk

time (PWT) and claudication onset time (COT) (Woessner
et al., 2017).

2.4 | Statistics

Data were analyzed using independent samples and re-
peated measures t-tests, respectively. Relationships among
plasma nitrite and nitrate, muscle nitrate and nitrite, and
exercise performance were assessed using Pearson's product
moment correlation coefficients. All statistical analysis was
conducted using GraphPad Prism Version 9.3 (GraphPad
Software, www.graphpad.com). GraphPad Prism was also
utilized for the creation of all graphs and figures. Data from
both studies are reported as mean+ SD unless otherwise
stated, with p <0.05 required for statistical significance.

3 | RESULTS

3.1 | Baseline plasma and muscle nitrate
and nitrite concentrations

The baseline (non-supplemented) concentrations of ni-
trate and nitrite in both the plasma and skeletal muscle
can be seen in Figure 2. There were no statistical differ-
ences in nitrate between plasma and muscle compart-
ments (Figure 2a). However, for nitrite there was a small
but statistically significant difference for nitrite between
plasma (0.2+0.11nmol.g™") and muscle (0.3 +0.14nmol.
g™ (p = 0.02) (Figure 2b). Interestingly this finding was
also present at the 12-week samples in the participants
with PAD who were assigned to PL treatment following
randomization (0.16+0.06 and 0.35+0.18nmol.g™") for
plasma and muscle nitrite, respectively (p = 0.01, supple-
mental data Figure S1).
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FIGURE 2 Baseline nitrate (panel a) and nitrite (panel b) in
plasma (white Bar) and muscle (Gray bar). * difference between tissue
within group (plasma vs. muscle, p <0.05). Group means=+SEM.

3.2 | The effect of dietary nitrate
supplementation on muscle and plasma
nitrate and nitrite concentrations at 12weeks

Following BR supplementation, there were significant in-
creases in both plasma and skeletal muscle nitrate from
baseline (Figure 3). This also created a significant differ-
ence (or gradient) in nitrate concentrations in favor of
plasma to muscle (455.04 +219.95 vs 121.14 + 60.24 nmol.
g~!, p<0.01) respectively (see Figure S2 https://figshare.
com/s/beal92ac8e6b24affef1).

Nosas =) Physiological ReportstL“2

Supplementation caused an increase in plasma but not
muscle nitrite (Figure 4), which resulted in a significant
difference (or gradient) between compartments in favor
of plasma to muscle (1.01+0.86 vs. 0.22+0.17nmol.g™ "),
(p<0.05), respectively (Figure S2 https://figshare.com/s/
beal92ac8e6b24affefl).

There was a correlation between plasma and muscle
nitrate concentrations following BR supplementation
(Figure 5) (r = 0.67, p<0.05). This was not the case for
plasma and muscle nitrite concentrations which showed
no relationship (not shown). In addition, there was no
relationship between plasma nitrate and plasma nitrite
(r = —0.14, p = 0.61), or muscle nitrate and muscle nitrite
(r =0.17, p = 0.50) values (data not shown).

3.3 | Effect of dietary nitrate
supplementation and exercise capacity

There were no differences in exercise measures between
BR and PL groups at baseline. Both treatment groups in-
volved exercise training and both demonstrated increases
in treadmill peak walk time (PWT) at the 12-week time-
point (Figure 6a). Only participants assigned to EX+BR
showed an increase in 6 MW distance (Figure 6b) along
with a trend (p <0.14) toward an increase (47.6%) in tread-
mill walking claudication onset time (COT) (Figure 6c).
This value was significant in the larger parent study
(Woessner et al., 2017).

The increase in skeletal muscle nitrate from baseline
(non-supplemented) to 12weeks for the EX+BR group
and acutely supplemented (Figure 3b) was negatively
correlated with the change in treadmill PWT (r = —0.75,
p <0.05) (Figure 6d) but there were no correlations for any
of the other nitrate or nitrite concentrations in plasma or
muscle and exercise performance.

4 | DISCUSSION

This is the first study to examine skeletal muscle nitrate
and nitrite concentrations following dietary inorganic
nitrate supplementation in participants with diagnosed
PAD. We report, at baseline/pre supplementation no dif-
ferences in nitrate between the plasma and the skeletal
muscle tissues. The second major finding of this study is
that supplementation with dietary inorganic nitrate in
individuals with PAD, leads to significant increases in
skeletal muscle nitrate but not skeletal muscle nitrite.
Furthermore, there was a correlation between plasma and
skeletal muscle nitrate concentration following BR sup-
plementation suggesting a potential for communication
between these compartments.
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Both groups increased peak walking time follow-
ing 12weeks of exercise training but only those supple-
mented with BR increased 6 MW and tended to increase
COT which may be more closely associated with the isch-
emic threshold and possibly increases in skeletal mus-
cle capillary density and oxidative metabolism (Duscha
et al., 2020). At 12weeks following acute supplementa-
tion there was a negative correlation between increases
in PWT and muscle nitrate concentration for the EX+BR

group.
4.1 | Baseline plasma and muscle
nitrate and nitrite concentrations

At baseline testing (pre-supplementation) there were no
differences in nitrate concentrations between the plasma

and skeletal muscle of participants with PAD. This is in
agreement with findings in a previous report in healthy
humans (Kadach et al., 2022) but contrasts with an-
other report of concentrations 3-fold higher in muscle
than plasma (226 +213 vs. 54+27nmol.g™", respectively,
p<0.01) (Wylie et al., 2019). In their study, the authors
suggested that this gradient could allow the muscle tissue
to act as a reservoir for N-oxides.

Nitrite concentrations were statistically greater in the
skeletal muscle than in plasma (Figure 2b) both at base-
line for all subjects and in those randomized to EX+PL
following supplementation (Figure S1 https://figshare.
com/s/beal92ac8e6b24affefl). However, this gradient
was small (0.10 nmol.g™ and 0.18nmol.g!, respec-
tively) in comparison to the gradients observed in young
healthy individuals (~5.5 nmol.g™") (Wylie et al., 2019).
We can speculate that such differences could be a result
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of malfunctioning transporter proteins in PAD when com-
pared with a healthy population.

It is possible that non-supplemented muscle in PAD
populations may not store or convert N-oxides (nitrate
and nitrite) eliminating a potential reservoir capacity
that may be available in healthy young participants. This
potentially reflects: (a) an inability to transport N-oxides
from the plasma to the muscle compartments; (b) a lack of
NO production by skeletal muscle eNOS (NOS3) or nNOS
(NOS1) (Piknova et al., 2015), due to their “uncoupling”
(likely related to oxidation of NOS main cofactor, tetrahyd-
robiopterin or decreased availability of calcium ion (Cai &
Harrison, 2000; Oceandy et al., 2007; Schuh et al., 2001));
(c) greater NO consumption by relatively lower oxygen
tensions within the tissues (Elrod et al., 2008) as seen

300
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2 100
]
S
=

° [ Pearson r=0.67 (p <0.05)|
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FIGURE 5 Relationship between plasma nitrate and muscle
nitrate concentrations following BR supplementation.
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in tissue extracted from patients’ incident leg who suf-
fer from critical limb ischemia (Polhemus et al., 2015).
Further studies examining of the expression/function of
proteins involved in nitrate/nitrite/NO cycle are needed,
to better understand these differences.

4.2 | The effect of dietary nitrate
supplementation on muscle and plasma
nitrate and nitrite concentrations at
12weeks

Following the 4.2 mmol nitrate dose (on the day of testing)
in PAD, skeletal muscle nitrate increased by 77.27 nmol.
g ! (~3-fold) above resting/PL levels. This skeletal mus-
cle nitrate level is similar to those reported in participants
with type 2 diabetes mellitus (T2D) and healthy young
individuals following a single dose of 12.3 and 12.8 mmol
potassium nitrate, respectively (Kadach et al., 2022;
Nyakayiru et al., 2017). In comparison, a prior study in
healthy young individuals following an acute 12.8 mmol
dose of inorganic nitrate (via BR) increased skeletal mus-
cle nitrate by 913nmol.g™" (a 5-fold increase) (Wylie
et al., 2019) (Figure 6). Further investigation may be able
to better differentiate these effects.

The relatively lower values of skeletal muscle nitrate
observed following supplementation, in individuals with
PAD may be potentially due to a variety of factors includ-
ing; lower muscle nNOS-activity (Elrod et al., 2008); lower
vascular eNOS-activity; higher NO reduction by ROS; or
reduced expression of membrane transport proteins, such
as sialin (Droge, 2003; Li et al., 2018; Yang et al., 2009).
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FIGURE 6 Exercise performance for 0 — s T y
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change (panel d); after 12-week exercise 5 L o
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beetroot juice (EX+BR - Black circles). 2004 % B =50 50 100 150 200
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We did not explore the presence of sialin in the current
study, but it is possible this transport protein maybe less
abundant in clinical populations.

The current data also reported that the increased
plasma nitrate was correlated with increased muscle ni-
trate following supplementation, suggesting the potential
for movement between the blood and muscle at higher
concentrations (Figure 5). Future studies should assess
the presence of nitrate transport proteins in healthy and
diseased populations to clarify these issues.

Despite significant increases in plasma nitrite following
dietary nitrate supplementation, skeletal muscle nitrite
levels did not change. This aligns with previous data from
healthy humans that also showed no significant increase
in muscle nitrite (Kadach et al., 2022; Wylie et al., 2019).
The data in animal models are mixed, with both signif-
icant (Park, Thomas, Schechter, & Piknova, 2021) and
non-significant (Gilliard et al., 2018) increases in skel-
etal muscle nitrite following a 1 g/L sodium nitrate for
5-7days, and following sustained release sodium nitrite
(80mg BID) in swine with metabolic syndrome and criti-
cal limb ischemia (Polhemus et al., 2015). Currently, our
and other human data suggest a decreased transport of ni-
trite between the vascular compartment and the skeletal
muscle, combined with possible limited nitrate reduction
in muscle itself in participants with PAD.

Current data from studies in humans suggest that ni-
trate reduction to nitrite within skeletal muscle might be
limited although oxidation from nitrite to nitrate is likely.
Even though XOR has been confirmed to have the capac-
ity to reduce nitrate to nitrite (Millar et al., 1998), a recent
review highlights the required biochemical environment
(i.e., oxygen tension, pH and XOR isoform) that deter-
mines XOR’s nitrate- and nitrite-reductase activity (Ortiz
de Zevallos et al., 2022). Additionally, compared to ro-
dents, humans have a relatively smaller expression of XOR
within this tissue which could explain the differences be-
tween human and animal models results (Park, Thomas,

Schechter, & Piknova, 2021). As such, humans might be
able to store nitrate within skeletal muscle for subsequent
reduction to nitrite through the entero-salivary pathway
and hepatic tissue rather than locally by XOR. These hy-
potheses need further investigation as current data is lim-
ited to draw conclusive statements on the role of skeletal
muscle on the nitrate-nitrite-NO pathway as well as XOR's
activity within this tissue.

4.3 | Effect of dietary nitrate
supplementation and exercise capacity

Inorganic nitrate supplementation has been shown to
increase exercise performance in healthy participants
and those with diagnosed cardiovascular disease, al-
though the literature is relatively mixed and may
depend on dosage, population, and activity. In par-
ticipants with PAD, three studies (including the par-
ent study here) show increases in ambulation (Bock
etal., 2018; Kenjale et al., 2011; Woessner, VanBruggen,
et al., 2018). The current data show increases in 6 MW
distance and COT (trend) for the EX+BR group and
extend our previous findings (Woessner, VanBruggen,
et al., 2018) by suggesting chronic nitrate supplementa-
tion and the corresponding increases in skeletal mus-
cle nitrate could potentially promote long term changes
in the ischemic threshold which is likely mediated via
increases in skeletal muscle capillary density and oxi-
dative metabolism (Duscha et al., 2020). This could be
associated to the increased exercise capacity after di-
etary nitrate supplementation in each training session
allowing patients to have larger localized training stim-
ulus (Muggeridge et al., 2017). It has also been suggested
that combining dietary inorganic nitrate and training
might promote improved aerobic metabolism by shift-
ing glycolytic fibers to a more aerobic phenotype which
have been associated with delayed accumulation of
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exercise metabolites within skeletal muscle (Thompson
et al., 2017). However, no between group difference in
PWT (both groups improved) and the negative relation-
ship PWT change and skeletal muscle nitrate concentra-
tion change for the EX+BR group suggests no role for
increased muscle nitrate to acute exercise performance
in PAD. This extends the finding in healthy humans
who found no increase in acute exercise performance
despite increased skeletal muscle nitrate concentrations
(Wylie et al., 2019), however both of these studies may
have been underpowered for this outcome variable.
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FIGURE 8 Schematic representation
showing a comparison of plasma and
skeletal muscle nitrate (panels a—d)

and nitrite (panels e-h) concentrations

in healthy young subjects (previously
reported) and individuals with peripheral
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Additionally, this brings new research questions about
supplementation regimes and dosing in clinical popula-
tions as it has been recently shown that higher NO bio-
availability does not necessarily result in better skeletal
muscle performance (Gallardo et al., 2021).

4.4 | Study limitations

Our study has several limitations of note. First, our sam-
ple size is relatively small, as it is comprised of a sub-group

PAD

Plasma (b)

Healthy

(a) Muscle Muscle

Plasma (d) Muscle

PAD

Plasma )

Healthy

(e) Muscle Muscle

Plasma (h)

c,d, g h).
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from a larger clinical trial. There is an established inter-
and intra- individual variation in the nitrate and nitrite
levels and the small sample size limits our ability to gen-
eralize the findings to larger cohorts. Also, the present
PAD study sampled skeletal muscle from gastrocnemius
and the cited healthy comparator studies used vastus lat-
eralis (Kadach et al., 2022; Wylie et al., 2019). While the
results for nitrate/nitrite and correlations were similar
across both muscles, we cannot rule out the possibility
that the muscle type and fiber composition could have an
impact on the findings (Long et al., 2020; Park, Thomas,
Schechter, & Piknova, 2021). Previous work in rodent mus-
cle has shown significantly different basal levels of nitrate
and nitrite between predominantly fast and slow twitch
fiber types, although all had increased levels of nitrate/
nitrite with supplementation (Park, Thomas, Schechter,
& Piknova, 2021). However, human muscles have less
distinct differentiations of fiber type (more heterogenous
types within a muscle) than rats potentially reducing the
influence of the particular muscle selected.

Finally, subjects were on treatment (BR or PL) on
the days of muscle biopsies and exercise testing and had
undergone blood sampling on repeated days to test for
consistency of plasma concentrations. Biopsies were per-
formed on a separate day to the exercise testing. We did
not directly measure the variations between these blood
and muscle compartments over a prolonged period fol-
lowing supplementation. Interestingly, recent data in
healthy young individuals suggests nitrate in the muscle,
plasma and saliva may all follow a similar pattern with
levels rising rapidly up to 2.5 h post administration before
returning to baseline by 9 h (Kadach et al., 2022). Our cor-
relations suggest that nitrate may be transported between
compartments, but future studies should explore this
mechanism more directly to confirm these findings and
explore possible differences between healthy people and
patients with cardiovascular diseases.

5 | CONCLUSION

The present study is the first to show that, at baseline, no
substantial gradient of nitrate (or nitrite) between plasma
and muscle exists in participants with PAD, which is in con-
trast with observations in healthy individuals (Figure 7).
This suggests limited skeletal muscle NOS-derived NO
production/oxidation or nitrate storage in this condition.
Oral inorganic nitrate supplementation leads to increases
in skeletal muscle nitrate suggesting potential “nitrate
concentration exchange” between plasma and skeletal
muscle. This idea is supported by the positive correlation
between these two compartments after supplementation.
In contrast, skeletal muscle nitrite does not increase after

supplementation suggesting that nitrite may be less able
to readily move between compartments and that nitrate
is unlikely to be able to be reduced to nitrite within the
muscle. Accumulation of N-oxides within skeletal muscle
did not appear to play a role in improving exercise perfor-
mance in PAD. Based on our findings and previous reports
in healthy individuals (Figure 7) we have drawn a cartoon
(Figure 8) to summarize the current literature in this area.

Future studies should focus on further elucidating the
explicit role the muscle reservoir could play in increasing
NO bioavailability in health and disease and further opti-
mize our dosing strategies for health and functional benefits.
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