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Skeletal Muscle Contractile Function
in Heart FailureWith Reduced Ejection
Fraction—A Focus on Nitric Oxide
Lauren K. Park1, Andrew R. Coggan2 and Linda R. Peterson1*

1Department of Medicine, Cardiology Division, Washington University School of Medicine, Saint Louis, MO, United States,
2Department of Kinesiology, Indiana University Purdue University, Indianapolis, IN, United States

Despite advances over the past few decades, heart failure with reduced ejection fraction
(HFrEF) remains not only a mortal but a disabling disease. Indeed, the New York Heart
Association classification of HFrEF severity is based on how much exercise a patient can
perform. Moreover, exercise capacity—both aerobic exercise performance and muscle
power—are intimately linked with survival in patients with HFrEF. This review will highlight
the pathologic changes in skeletal muscle in HFrEF that are related to impaired exercise
performance. Next, it will discuss the key role that impaired nitric oxide (NO) bioavailability
plays in HFrEF skeletal muscle pathology. Lastly, it will discuss intriguing new data
suggesting that the inorganic nitrate ‘enterosalivary pathway’ may be leveraged to
increase NO bioavailability via ingestion of inorganic nitrate. This ingestion of inorganic
nitrate has several advantages over organic nitrate (e.g., nitroglycerin) and the endogenous
nitric oxide synthase pathway. Moreover, inorganic nitrate has been shown to improve
exercise performance: both muscle power and aerobic capacity, in some recent small but
well-controlled, cross-over studies in patients with HFrEF. Given the critical importance of
better exercise performance for the amelioration of disability as well as its links with
improved outcomes in patients with HFrEF, further studies of inorganic nitrate as a
potential novel treatment is critical.
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1 INTRODUCTION

Nearly six million men and women in the United States are affected by heart failure, a deadly
disease whose impact is also significant across the globe (Mozaffarian et al., 2015).
Approximately ½ of all such patients have heart failure with reduced cardiac ejection
fraction, which will be the focus of this review and referred to as HF (Owan et al., 2006).
Etiologies for HF can be grouped into myocardial injury (such as from coronary artery disease,
myocarditis, toxins), abnormal loading conditions (e.g., hypertension, valvular heart disease),
and arrhythmias (e.g., tachy- or bradyarrhythmias) (Murphy et al., 2020). A devastating
characteristic of HF is its highly disabling effect that markedly impairs the ability of patients
to perform normal activities of daily living (e.g., walking, standing from a sitting position,
carrying groceries), which significantly reduces overall quality of life. Indeed, one of the major
systems for characterizing the severity of HF, i.e., the New York Heart Association Functional
Classification, categorizes HF based largely on patients’ ability to undertake physical activity,
emphasizing diminished physical capacity as a primary characteristic of HF.
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Historically, the decrease in exercise capacity accompanying a
HF diagnosis was attributed to the inability of the failing heart to
increase cardiac output sufficiently to provide adequate blood
flow to the working muscles (Okita et al., 2013; Zizola and
Schulze, 2013; Kennel et al., 2015). It is now abundantly clear,
however, that secondary effects of HF on skeletal muscle
morphological and contractile characteristics play a critical
role in the diminished exercise capacity of patients with HF
(Okita et al., 2013; Zizola and Schulze, 2013). In the present
review, we discuss the evidence demonstrating alterations in
intrinsic muscle contractile properties, i.e., in muscle strength,
speed, and power, play an important role in limiting the
functional capacity of patients with HF. We will then explore
the mechanistic basis of muscle contractile dysfunction in HF,
with specific attention being paid to the role of diminished nitric
oxide (NO) bioavailability. Finally, we describe recent evidence
indicating that increasing NO bioavailability via stimulation of
the exogenous inorganic nitrate (NO3

-) pathway by ingestion of
NO3

- rich foods or supplementation may provide a simple but
effective means of combating muscular dysfunction in HF.

2 CHANGES IN MUSCLE AND ITS
CONTRACTILE FUNCTION WITH HF

The earliest evidence that reduced exercise capacity in HF is not
solely due to reduced cardiac function arose almost 40 years ago
(Maskin et al., 1983; Wiener et al., 1986; Mancini et al., 1990). In
particular, it was demonstrated that stimulation of β1 receptors
via dobutamine infusion led to a positive ionotropic effect,
increased cardiac output and limb blood flow but did not
improve VO2peak or exercise capacity in patients with HF
(Maskin et al., 1983; Wiener et al., 1986; Mancini et al., 1990),
nor did it correct abnormalities in muscle metabolism and
function observed during exercise (Mancini et al., 1990). These
observations led to studies using biopsies of the gastrocnemius
and the vastus lateralis, which revealed marked structural and
biochemical abnormalities in the muscles of patients with HF.
Among these are atrophy of both type I, or slow-twitch, and type
II, or fast-twitch, muscle fibers, along with an increase in the
percentage of type II fibers and/or increased relative abundance of
type II myosin (Mancini et al., 1989; Sullivan et al., 1990;
Schaufelberger et al., 1995; Massie et al., 1996; Sullivan et al.,
1997; Szentesi et al., 2005). These changes in fiber size and type
are accompanied by a decline in capillarization (Sullivan et al.,
1990; Schaufelberger et al., 1995), increases in glycolytic enzyme
activity, as well as decreases in oxidative (mitochondrial) enzyme
activity (Mancini et al., 1989; Sullivan et al., 1990; Szentesi et al.,
2005). The latter is due to changes in both the quantity (total
volume) and quality of mitochondria (Drexler et al., 1992). The
net result is a diminished ability of muscle to generate ATP
aerobically, leading to larger declines in phosphocreatine (PCr)
and larger increases in inorganic phosphate (Pi) and H+ levels
during exercise (Maskin et al., 1983; Wiener et al., 1986; Mancini
et al., 1989). In turn, this leads to greater group III-IV afferent
nerve signaling in patients with HF, thus accounting, at least in
part and possibly even in full, for the abnormal ventilatory

response and dyspnea during exercise characteristic of such
patients (Olson et al., 2010; Keller-Ross et al., 2016). The
exaggerated chemoreflex is thought to result in larger blood
pressure responses to exercise in patients with HF,
contributing to impaired exercise capacity (Kato et al., 2008).
Indeed, increased feedback from group III-IV afferents even
seems to constrain stroke volume during exercise in HF
patients (Smith et al., 2020), thus potentially setting up a
viscous cycle of reduced cardiac output → abnormal muscular
metabolic responses → reduced cardiac output.

The muscular and hence metabolic/physiological
abnormalities described above undoubtedly play an important
role in the reduced exercise tolerance of patients with HF. A
number of studies have demonstrated that, despite the increase in
type II fiber percentage/myosin expression described above, the
muscles of HF patients are weaker and slower, and hence less
powerful, than those of healthy individuals (Buller et al., 1991;
Magnusson et al., 1994; Harridge et al., 1996; Clark et al., 1997;
Harrington et al., 1997; Sunnerhagen et al., 1998; Carrington
et al., 2001; Brunjes et al., 2016). The plantar flexor muscles seem
to be especially affected (Panizzolo et al., 2014; Panizzolo et al.,
2015). This HF-related reduction in muscle contractility is
apparent even when both groups are matched based on age,
sex, physical activity, and medication (statin) use and differences
in leg leanmass are incorporated into the statistical analysis (Toth
et al., 2010), indicating that they are not merely due to inactivity
and/or muscle atrophy (“cardiac cachexia”). Rather, they seem to
be due in part to changes at the molecular level, which precede the
decrease in whole-muscle function (Godard et al., 2012). In
particular, studies using isolated single muscle fibers have
demonstrated that HF results in a decrease in specific tension
(i.e., force per cross-sectional area) and a reduction in maximal
myosin ATPase activity (Szentesi et al., 2005). Other studies have
shown a selective loss of myosin in type I, type IIA, and type IIA/
X fibers (Miller et al., 2009) and a slowing of the rate of cross-
bridge formation in both type I and IIA fibers and a reduction in
Ca2+ sensitivity in IIA fibers (Miller et al., 2010). These
abnormalities appear to be at least partially due to a decrease
in Akt and/or mTOR phosphorylation (Toth et al., 2011). There
are also HF-induced alterations in the content and/or regulation
of Ca2+-handling proteins, i.e., ryanodine receptor type I,
sarco(endo)plasmic reticulum Ca2+ ATPase (SERCA) 2a,
phospholamban, and dihydropyridine receptor (Middlekauff
et al., 2012; Rullman et al., 2013), which resemble those found
in cardiac muscle (Andersson and Marks, 2010). Because
contraction of skeletal muscle myocytes is critically dependent
on cytoplasmic Ca2+, any alteration in the handling of Ca2+ would
interfere with actin-myosin crossbridge formation, and therefore
disrupt skeletal muscle force production. These molecular
changes therefore help account for the reductions in whole-
muscle contractile function found in patients with HF.

Thus, the altered muscle contractile properties of patients with
HF have important implications for their quality and perhaps
even length of life. This is because many normal activities of daily
living (e.g., getting out of a chair, climbing a short flight of stairs)
require generating significant power. HF also causes inspiratory
(diaphragm) muscle weakness and fatigue that contributes to
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dyspnea and limited physical capacity (Empinado et al., 2014).
Resistance exercise training has been found to significantly
improve both objectively and subjectively measured physical
function in HF patients (Savage et al., 2011). Muscle
contractile function has also been demonstrated to be a better
predictor of survival than VO2peak in HF patients (Hülsmann
et al., 2004). Reductions in muscle contractility therefore play a
key role in the morbidity and mortality of HF.

3 REDUCED NO BIOAVAILABILITY IN HF
AND IMPACT ON EXERCISE CAPACITY

Although numerous factors undoubtedly account for the decline in
exercise performance and increased ventilatory effort in HFrEF, one
key molecular factor contributing to these derangements is low NO
bioavailability. This is evidenced by a significant reduction in breath
NO levels in patients with HF (Adachi et al., 2003). Moreover, Katz
et al., have demonstrated that HF results in reduced urinary
excretion of [15N]nitrate after infusion of L-[15N]arginine,
indicative of an overall decline in NOS activity (Katz et al., 1999).
NO is also low in HF, at least in part, because of enhanced
degradation by superoxide, the primary reactive oxygen species
(ROS) created by the mitochondria, and potentially other ROS
(Beckman and Koppenol, 1996; Münzel and Harrison, 1999; Cai
andHarrison, 2000; Bertero andMaack, 2018). NO is well-known to
contribute to vasodilation. Indeed, it was first called “endothelium-
derived relaxing factor.” Thus, low NO bioavailability in HF likely
contributes to the muscle’s impaired vasodilatory response to
exercise and hence, to low tissue oxygenation and low V_O2peak.
However, NO is more than a vasodilator. NO has pleiotropic effects
in many tissues, including skeletal muscle. In muscle, NO helps
modulate contractile function (cf ((Maréchal and Gailly, 1999;
Stamler and Meissner, 2001; Suhr et al., 2013) for review).
Directly, NO may slightly suppress isometric force production
due to S-nitrosation of specific proteins (Lamb and Westerblad,
2011). However, the following indirect effects of NO overcome this
possible suppression, resulting in enhanced skeletal muscle function.
NO increases the rate of force development, maximal shortening
velocity, and maximal power of single muscle fibers and isolated
muscle (Maréchal and Gailly, 1999; Kaminski and Andrade, 2001;
Stamler and Meissner, 2001; Suhr et al., 2013). NO apparently
enhances skeletal muscle function via increasing soluble guanylate
cyclase (sGC) activity and hence cyclic guanosine monophosphate
(cGMP) production, effectively reversing the abnormalities
previously described (Maréchal and Gailly, 1999). Thus,
increasing the low NO levels in HFrEF patients should improve
peripheral vascular and skeletal muscle function, resulting in
improved exercise performance and reduced ventilatory effort.

4 NITRIC OXIDE GENERATION PATHWAYS
WITH A FOCUS ON THE EXOGENOUS NO3

-

PATHWAY
NO was first discovered by Joseph Priestly in 1772. However, for
much of the time since its discovery NO has been thought of as

merely a pollutant because it destroys ozone and is a component
of acid rain and smog. Finally, in the 1980s, researchers interested
in blood flow discovered the important role that NO plays in
vasodilation and human health. There are three main pathways
for the delivery of NO to skeletal muscle: the endogenous (nitric
oxide synthase) pathway, the exogenous organic nitrate pathway,
and the exogenous inorganic enterosalivary pathway. The
endogenous pathway was first described by Furchgott, Ignarro,
and Murad for which they received the 1998 Nobel Prize in
Physiology or Medicine. This Nobel prize-winning discovery
elucidated that the previously described “endothelium relaxing
factor” was NO, which was generated by a family of enzymes
known as nitric oxide synthases (NOS). The primary substrate for
NOS is the semi-essential amino acid L-arginine. NOS catalyzes
the following reaction to create NO: 2 L-arginine + 3 NADPH
+3 H+ + 4 O2# two citrulline +2 NO + 4H2O+ 3 NADP+. There
are several mammalian NOS isoenzymes, i.e., NOS1 or neuronal
NOS (nNOS), NOS2 or inducible NOS (iNOS), and NOS3 or
endothelial NOS (eNOS). A detailed description of the different
NOS subtypes and their locations and function is beyond the
scope of this review but have been recently discussed in detail by
Król and Kepinska (Król and Kepinska, 2020).

There are several known benefits to organic nitrates in HF.
First, they are venodilators, lowering venous pressure and thereby
minimizing edema due to extravasation of water from the
vascular system. Second, organic nitrates can also cause
arterial vasodilation, thereby decreasing afterload on the failing
heart and improving coronary blood flow. Improved epicardial
coronary blood flow is especially beneficial in the setting of
ischemic cardiomyopathy. Improved coronary blood flow may
lead to an improvement in myocardial tissue perfusion, which is
associated with improved outcomes in patients with HF, even in
the absence of epicardial coronary artery disease (Kadkhodayan
et al., 2017). The benefits of organic nitrates in patients with HF
are most pronounced in those who are Black, as they
demonstrated an improvement in outcomes, including overall
survival, when organic nitrates were paired with the afterload
reducing agent hydralazine in the V-HeFT and A-HeFT trials
(Taylor et al., 2004; Echols and Yancy, 2006). Because of the
results from these trials, the combination is hydralazine and
isosorbide dinitrate are a class 1 indication for patients with
HF who self-identify as Black or African American. In other
patients with HF, who cannot be given first-line HF agents, the
combination of isosorbide dinitrate + hydralazine has a class 2b
indication (Aguilar et al., 2022). There are several limitations to
the use of organic nitrates, however. Hypotension, headache, and
the development of ‘tolerance’ can all limit the use of organic
nitrates in patients (Münzel et al., 2014). Also, to our knowledge
there are no studies to date that have evaluated the effect of
organic nitrates specifically on skeletal muscle contractile
function in patients with HF.

In contrast, there is a burgeoning literature on the effects of
exogenous (inorganic) NO3

- on skeletal muscle function,
including in patients with HF. The discovery of exogenous
NO3

- as a source of NO for the skeletal muscle and other
organs was far more recent than the other two pathways for
NO production. It was only in 1994 that the ‘enterosalivary
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pathway for the production of NO from NO3
- was recognized.

NO3
- is found in drinking water, especially from contaminated

wells, which was previously thought to be associated with
increased risk of cancer, though this association has long been
disproved (L’Hirondel et al., 2006). In fact, most NO3

- is obtained
from food (see Figure 1), particularly beetroot and dark green
leafy vegetables. After ingestion, NO3

- enters the “enterosalivary
pathway” (Kapil et al., 2010). In the mouth (and the rest of the
gut) facultative anaerobes, such asVeilonella, help reduce NO3

- to
nitrite (NO2

-) (Kapil et al., 2010). Both NO3
- and NO2

- are
swallowed and enter the stomach. The stomach’s acidic
conditions facilitate reduction of NO3

- and NO2
- and NO2

- to
NO (In fact, proton pump inhibitors abolish some of the
physiological effects of NO3

-) (Montenegro et al., 2017). NO3
-

and NO2
- are then absorbed by the gastrointestinal tract and enter

the circulation and hence, other tissues. Skeletal muscle in
particular is thought to be a major ‘sink’ for NO3

-

(Mulkareddy et al., 2019). The NO3
- to NO2

- to NO
conversion in the skeletal muscle is facilitated by low pH and
anaerobic conditions, which are often seen in heavily exercising
skeletal muscle (Piknova et al., 2015). The molecule NO has
pleiotropic effects, but of particular importance to skeletal muscle
and the smooth muscle surrounding arteries, NO stimulates the

FIGURE 1 | The main pathways for nitric oxide (NO) production. The dietary pathway (starting at upper left) utilizes NO3
- and is facilitated by lower pO2 and pH.

Ingestion of NO3
−-containing foods, especially vegetables such as beetroot, start this pathway. NO3

− is reduced to nitrite (NO2
-) by reductases or acidic conditions and

facilitated by oxyheme proteins. Then NO2
- is reduced to NO under the appropriate conditions. Importantly, skeletal muscle can serve as a ‘reservoir’ for nitrate. As

shown by the dashed arrows, this pathway can also ‘run in reverse’ with NO being used to create NO2
- and then NO3

− given the appropriate conditions. *Note:
NO3

− can be taken up from the circulation into the salivary glands and go through this reduction pathway again in what is known as ‘the enterosalivary pathway.’ The
endogenous pathway (lower left) uses NO synthase and oxygen to create citrulline and NO. An abbreviated depiction of the organic nitrate pathway (lower right) shows
the production of NO derived from pharmacologic sources, such as nitroglycerin. ALDH-2 = aldehyde dehydrogenase, P450 = cytochrome P450. Reproduced with
permission from Biochimica et Biophysica Acta (BBA)—Molecular Basis of Disease. Vol 1865, Mulkareddy V, Racette SB, Coggan AR, Peterson LR. Dietary nitrate’s
effects on exercise performance in heart failure with reduced ejection fraction (HF). Page Nos 735–740. Copyright Elsevier (2019).

FIGURE 2 | Average concentrations of plasma NO3
- and NO2

- observed
in patients (N = 5) following a 10 mmol dose of KNO3. NO3

- concentrations are
depicted as blue triangles, and NO2

- concentrations as red squares
(Reproduced with permission from Pharmacology Research).
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activation of soluble guanylate cyclase. This increases cyclic
guanyl monophosphate (cGMP), which activates several
phosphodiesterases, ion channels, and kinases (Kapil et al.,
2010). This chain reaction is well-known to lead to smooth
muscle relaxation, and consequent vasodilation. It is less clear
how NO enhances skeletal muscle contractile function, but it
appears to be due to alterations in calcium release and/or
sensitivity, possibly through enhanced activation of cGMP
(Coggan and Peterson, 2018). NO is thought to be short-lived
and can also be oxidized and converted back to NO2

- and to NO3
-.

This results in recycling of NO3
-, allowing for prolonged exposure

of tissues to NO3
- and its reduction products—NO2

- and NO.
Preliminary data from patients with HF show that the time to
peak plasma NO3

- concentrations is ~1–3 h after ingestion with a
slow taper over 24 h. Plasma NO2

- concentrations peak slightly
later, i.e., ~3–6 h after ingestion (see Figure 2). This mirrors the
time course of plasma NO3

- and NO2
- described in the literature

in patients with hypertension (Kapil et al., 2010). Based on these
pharmacokinetic data most studies of NO3

- effects on skeletal
muscle and exercise performance have been performed ~2–3 h
after ingestion with NO3

-.

5 EFFECT OF NO3
- ON EXERCISE

PERFORMANCE IN HF

The acute effects on skeletal muscle power in the short time after
ingestion in patients with HF are significant and are
quantitatively greater than those of healthy individuals. In a
double-blind, randomized crossover study of healthy subjects,
knee extensor average muscle power and muscle contraction
Percent increase in Vmax was 11% after a single dose of
11.2 mmol of NO3

- (Coggan et al., 2015a). Similarly, a study
of athletes showed maximum power (assessed using a maximal
inertial-load cycling trial) improved ~6% after a single dose of
NO3

- supplementation (Rimer et al., 2016). Patients with HF,
though, appeared to derive an even greater benefit from an acute
dose of NO3

-. In a double-blind, placebo-controlled, crossover
study of patients with HF, knee extensor power was increased by
11% at the highest velocity tested (6.28 rad/s) and trended toward
a 9% improvement at 4.71 rad/s (Coggan et al., 2015b).
Interestingly, this more marked improvement in muscle power
in patients with HF, as compared with healthy subjects, was
evident despite the patients having both a lower baseline breath
NO and less of an increase in breath NO after ingestion of NO3

-.
This lower baseline breath NO and lesser rise in breath NO may
be due to greater destruction of NO from oxidative stress and/or
from differences in nitrate reduction or absorption (Coggan et al.,
2015b). This indirectly supports the hypothesis that impaired
muscle power in HF may be partly due to decreases in NO
bioavailability (Coggan et al., 2015b). The improvements in
muscle power in patients with HF are not the only
improvements in physical performance associated with NO3

-,
however.

There are also data to support the idea that NO3
-

supplementation can improve aerobic exercise performance in
patients with HF. Studies of aerobic performance in patients was

based on earlier studies in healthy subjects, which have often (but
not always) shown improvements in exercise efficiency, possibly
due to direct inhibition of mitochondrial respiration or a decrease
in ATP utilization (Bailey et al., 2010; Larsen et al., 2011; Coggan
and Peterson, 2018). However, in a double-blind, placebo-
controlled, crossover study of NO3

- (11.2 mmol in the form of
beetroot juice) in patients with HF (mean left ventricular ejection
fraction 34±2%), our group showed that exercise efficiency (the
ratio of external power to metabolic power calculated utilizing
respiratory gas exchange data collected during a submaximal
exercise test) was not changed with an acute dose of 11.2 mmol
NO3

- treatment (Coggan et al., 2018). Nevertheless, in this study
VO2peak and maximal cycling exercise duration significantly
increased (Coggan et al., 2018); this was mirrored by an
increase in plasma NO3

- and NO2
- (Coggan et al., 2018).

Though the increase in VO2peak (~1.6±0.5 mL min−1kg−1) was
relatively modest, this would correspond to a clinically significant
change because studies suggest that for every increase of
1 mL min-1 kg−1 there is a 5% decrease in the annualized risk
of transplantation/death (Peterson et al., 2003). The
improvement seen in VO2peak is congruent with the findings
of Kerley et al., who found an improvement in exercise
performance as measured by an incremental shuttle test in
patients with nonischemic HF (Kerley et al., 2016). However,
in a study by Hirai et al., repeated intake of NO3

- did not result in
an improvement in VO2peak in patients with predominantly
ischemic cardiomyopathy (Hirai et al., 2017). The reason(s) for
the discrepancy in findings among these studies is not clear, but it
may be that disease etiology plays a role in responsiveness to NO3

-

(Coggan et al., 2018).
Importantly, these improvements in VO2peak, total exercise

time, and skeletal muscle power have all been in addition to
that which would be seen from guideline-directed medical
therapy (GDMT). As shown in Table 1, the improvements in
VO2peak seen with an acute dose of NO3

- therapy are just
slightly less than the improvements that would be seen from
chronic beta-blocker therapy or from chronic angiotensin
converting enzyme (ACE)-inhibitor or angiotensin receptor
blocker (ARB) therapy and more that what is expected from
chronic aldosterone antagonism. Moreover, the muscle power
improvements seen after ingestion of acute dietary nitrate are
in stark contrast to no change in muscle power after chronic
ACE-inhibitor/ARB or beta-blocker therapy. It is also
important to note as well that in several small trials
inorganic nitrate therapy has not resulted in hypotension in
subjects already taking ACE-inhibitor/ARB and/or beta-
blocker therapy (Coggan et al., 2015b; Coggan et al., 2018;
Coggan et al., 2020).

6 FORM, DOSE, AND TIMING OF NO3
-

SUPPLEMENTATION

Many of the studies of NO3
- efficacy on exercise performance

were done using concentrated beetroot juice as the source of
nitrate, but there are other formulations that have been
studied. An advantage of using beetroot juice is that it is a
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natural foodstuff, which has increased appeal to a segment of
the population and does not require a prescription from a
physician. There are several different formulations of beetroot
juice, as well as beet powder (with added nitrite) and other
food sources of NO3

- (Gallardo and Coggan, 2019).
Concentrated beetroot juices have an advantage over
nonconcentrated juices for the treatment of HF because less
volume needs to be consumed to get the requisite amount of
NO3

-. For research purposes, the commercial brand ‘Beet It’
concentrated beetroot juice makes an identical-appearing
placebo that is devoid of NO3

-, which facilitates conduct of
true double-blind, placebo-controlled trials. There are some
disadvantages of using beetroot juice or other foodstuff as the
vehicle for delivering NO3

-, however. First, there is a wide
range of NO3

- amongst various brands (Gallardo and Coggan,
2019). There is also potentially more variation within brands
than there would be in a regulated prescription pill that is
FDA-approved. There are also a few other potential
disadvantages to using beetroot juice as a source for NO3

-

delivery to patients. Beeturia (red coloration of urine) and red
stools are common after ingestion of beets. This can not only
potentially cause concern for patients who may think they are
bleeding but also could mask if they were actually bleeding.
While not a major problem for an acute dose of beetroot juice,
this could be a problem if this were prescribed as a treatment to
be taken daily for HF. Beets are also a source of oxalate, which
could theoretically possibly increase the risk of kidney stones,

especially if taken daily for years as a treatment for HF. Lastly,
some patients may not like the taste of beets, and even
concentrated beetroot juice bottles are larger and potentially
less portable than a pill format. Thus, some studies of patients
with hypertension and patients with HF have moved to using
nitrate salts (cation + NO3) in a pill format; e.g., KNO3 pills to
obviate some of the disadvantages of beetroot juice (Table 2)
(Coggan et al., 2020; Sundqvist et al., 2020). KNO3 (aka
saltpeter or niter) has been known to humans since
prehistoric times and has been used in Chinese medicine
since the 8th century for treatment of angina (Butler and
Feelisch, 2008). Others have used NaNO3 supplementation,
intravenous infusions or inhaled NO2

- in healthy volunteers or
those with hypertension or heart failure with preserved
ejection fraction (Larsen et al., 2006; Borlaug et al., 2015;
Bashline et al., 2020). To our knowledge, no formulations
other than beetroot juice or KNO3 have been used in
studies of HF. A disadvantage of infusions or inhaled NO2

-

is potential cost or cumbersome apparatus for administration
for outpatients. Another disadvantage of administration of
NO2

- is its very short half-life (i.e., ~30 min) (Dejam et al.,
2007; Hunault et al., 2009), which would requiring
impractically frequent dosing to maintain plasma levels.
This limitation can be partially overcome by administering
greater amounts of NO2

-, but this results in headache, nausea,
and/or methemoglobinemia in a significant percentage of
individuals (Justice et al., 2015). In sum, there are many

TABLE 1 | Different pathways for enhancing NO and advantages of KNO3.

Alternative Approach Advantages of KNO3

L-arginine Not dependent on NO synthase
Functions well in acidic tissue
Functions well in ischemic tissue

Organic, pharmacologic nitrates e.g.,
nitroglycerin

Does not cause tolerance
Does not increase reactive oxygen species (ROS) in mitochondria
May be less likely to cause hypotension
May be less likely to cause headaches

Sildenafil or other phosphodiesterase inhibitors Inadvertent inhibition of PDE6 (Phospodiesterase 6), which is thought to be responsible for retinal dysfunction and
vision changes
May be less likely to cause hypotension
May be less likely to cause flushing or headache

Beetroot Juice Does not contain oxalate (decreased risk of kidney stones)
No allergies
No bitter taste
Easier to control exact NO3

- content
More portable
No beeturia to be confused with/mask renal/urinary tract disease
No red stool to be confused with/mask gastrointestinal disease

TABLE 2 | Improvements in VO2peak and muscle power after dietary NO3
- vs common classes of HF drugs in patients with HF with reduced ejection fraction.

*Acute
Inorganic NO3

- Intake
Chronic

beta-Adrenergic Blockade
Chronic ACEI/ARB Use Chronic

Aldosterone Antagonism

VO2peak 6% 9% 10% 0
Muscle Power 9–13% N/c N/c N/a

athat the benefits of acute NO3
- are in addition to chronic beta-blocker use + Angiotensin Converting enzyme-inhibitor (ACEI)/Angiotensin receptor blocker (ARB) and aldosterone

antagonists. N/c = no change; N/a = data not available.
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different routes and forms of NO3
-/NO2

- that can be
potentially leveraged to boost NO production via the
exogenous pathway for HF.

7 CONCLUSIONS AND CLINICAL
RELEVANCE

In HF the underlying problem starts off as a single-organ
problem: that of reduced cardiac function and output.
However, the cascade of the neurohumoral activation and
downstream effects of decreased cardiac output affect many
organs including skeletal muscle. This multi-organ dysfunction
then feeds-forward on the pathophysiology and symptomatology
of HF. For example, derangements of skeletal muscle function
exacerbate the impaired physical functioning of patients with HF.
Skeletal muscle structure and signaling are both impaired in HF,
and a primary signaling derangement is a deficiency of NO.
Endogenously derived NO appears to be diminished due to
decreased production and increased destruction. While organic
nitrates, such as nitroglycerin have been used for over a century,
they have limitations—including the development of tolerance
with prolonged continuous use. Recently, NO3

- (ingested and
circulated via the enterosalivary pathway) has been leveraged to
increase NO bioavailability and skeletal muscle performance. NO
is well-known for increasing perfusion by inducing relaxation of
smooth muscle (around arteries), but NO also stimulates skeletal
muscle. Different formulations and delivery routes of NO3

- (as
well as nitrite) have been used in studies of HF, hypertension, and
heart failure with preserved ejection fraction. The advantages and
disadvantages of these different modes/formulas has been
described above. There are now several small proof-of-concept
studies showing intriguing improvements in physical
performance—both muscle power and aerobic

performance—in patients with HF after an acute dose of NO3
-

. Future, larger trials are needed for further proof that NO3
- may

restore NO bioavailability thereby improving physical
performance and disability from HF have been used for over a
century, they have limitations—including the development of
tolerance with prolonged continuous use. Recently, NO3

-

(ingested and circulated via the enterosalivary pathway) has
been leveraged to increase NO bioavailability and skeletal
muscle performance. NO is well-known for increasing
perfusion by inducing relaxation of smooth muscle (around
arteries), but NO also stimulates skeletal muscle.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct, and intellectual
contribution to the work and approved it for publication.

FUNDING

The authors gratefully acknowledge support for this manuscript
was provided by grants (HL138253, AG060499, AG053606,
5T32HL130357-05) from the National Institutes of Health
(NIH, Bethesda, Maryland), and the Barnes-Jewish Hospital
Foundation.

ACKNOWLEDGMENTS

We wish to thank the National Institutes of Health and the
Barnes-Jewish Hospital Foundation for their support. We also
wish to thank the participants in all our studies of NO3

- for their
participation.

REFERENCES

Adachi, H., Oshima, S., Sakurai, S., Toyama, T., Hoshizaki, H., Taniguchi, K., et al.
(2003). Nitric Oxide Exhalation Correlates with Ventilatory Response to
Exercise in Patients with Heart Disease. Eur. J. Heart Fail. 5 (5), 639–643.
doi:10.1016/s1388-9842(03)00107-7

Aguilar, D., Allen, L. A., Bozkurt, B., Byun, J. J., Paul, A., and Monica, M. (2022). AHA/
ACC/HFSA Guideline for the Management of Heart Failure. J. Card. Fail.145,
e895–e1032. doi:10.1161/CIR.0000000000001063

Andersson, D. C., and Marks, A. R. (2010). Fixing Ryanodine Receptor Ca2+ Leak - a
Novel Therapeutic Strategy for Contractile Failure inHeart and SkeletalMuscle.Drug
Discov. Today Dis. Mech. 7 (2), e151–e157. doi:10.1016/j.ddmec.2010.09.009

Bailey, S. J., Fulford, J., Vanhatalo, A., Winyard, P. G., Blackwell, J. R., DiMenna, F.
J., et al. (2010). Dietary Nitrate Supplementation Enhances Muscle Contractile
Efficiency during Knee-Extensor Exercise in Humans. J. Appl. Physiol. 109,
135–148. doi:10.1152/japplphysiol.00046.2010

Bashline, M. J., Bachman, T. N., Helbling, N. L., Nouraie, M., Gladwin, M. T., and
Simon, M. A. (2020). The Effects of Inhaled Sodium Nitrite on Pulmonary
Vascular Impedance in Patients with Pulmonary Hypertension Associated with
Heart Failure with Preserved Ejection Fraction. J. Cardiac Fail. 26 (8), 654–661.
doi:10.1016/j.cardfail.2020.04.006

Beckman, J. S., and Koppenol, W. H. (1996). Nitric Oxide, Superoxide, and
Peroxynitrite: the Good, the Bad, and Ugly. Am. J. Physiol. 271 (5 Pt 1),
C1424–C1437. doi:10.1152/ajpcell.1996.271.5.C1424

Bertero, E., and Maack, C. (2018). Calcium Signaling and Reactive Oxygen Species in
Mitochondria. Circ. Res. 122 (10), 1460–1478. doi:10.1161/circresaha.118.310082

Borlaug, B. A., Koepp, K. E., and Melenovsky, V. (2015). Sodium Nitrite Improves
Exercise Hemodynamics and Ventricular Performance in Heart Failure with
Preserved Ejection Fraction. J. Am. Coll. Cardiol. 66 (15), 1672–1682. doi:10.
1016/j.jacc.2015.07.067

Brunjes, D. L., Dunlop, M., Wu, C., Jones, M., Kato, T. S., Kennel, P. J., et al. (2016).
Analysis of Skeletal Muscle Torque Capacity and Circulating Ceramides in
Patients with Advanced Heart Failure. J. Cardiac Fail. 22 (5), 347–355. doi:10.
1016/j.cardfail.2016.02.002

Buller, N. P., Jones, D., and Poole-Wilson, P. A. (1991). Direct Measurement of
Skeletal Muscle Fatigue in Patients with Chronic Heart Failure. Heart 65 (1),
20–24. doi:10.1136/hrt.65.1.20

Butler, A. R., and Feelisch, M. (2008). Therapeutic Uses of Inorganic Nitrite andNitrate.
Circulation 117 (16), 2151–2159. doi:10.1161/circulationaha.107.753814

Cai, H., and Harrison, D. G. (2000). Endothelial Dysfunction in Cardiovascular
Diseases: the Role of Oxidant Stress. Circulation Res. 87 (10), 840–844. doi:10.
1161/01.res.87.10.840

Carrington, C. A., Fisher, W. J., Davies, M. K., and White, M. J. (2001). Is There a
Relationship between Muscle Fatigue Resistance and Cardiovascular Responses
to Isometric Exercise in Mild Chronic Heart Failure? Eur. J. Heart Fail. 3 (1),
53–58. doi:10.1016/s1388-9842(00)00112-4

Clark, A., Rafferty, D., and Arbuthnott, K. (1997). Relationship between Isokinetic
Muscle Strength and Exercise Capacity in Chronic Heart Failure. Int. J. Cardiol.
59 (2), 145–148. doi:10.1016/s0167-5273(97)02934-3

Frontiers in Physiology | www.frontiersin.org June 2022 | Volume 13 | Article 8727197

Park et al. Skeletal Muscle and Nitric Oxide

https://doi.org/10.1016/s1388-9842(03)00107-7
https://doi.org/10.1161/CIR.0000000000001063
https://doi.org/10.1016/j.ddmec.2010.09.009
https://doi.org/10.1152/japplphysiol.00046.2010
https://doi.org/10.1016/j.cardfail.2020.04.006
https://doi.org/10.1152/ajpcell.1996.271.5.C1424
https://doi.org/10.1161/circresaha.118.310082
https://doi.org/10.1016/j.jacc.2015.07.067
https://doi.org/10.1016/j.jacc.2015.07.067
https://doi.org/10.1016/j.cardfail.2016.02.002
https://doi.org/10.1016/j.cardfail.2016.02.002
https://doi.org/10.1136/hrt.65.1.20
https://doi.org/10.1161/circulationaha.107.753814
https://doi.org/10.1161/01.res.87.10.840
https://doi.org/10.1161/01.res.87.10.840
https://doi.org/10.1016/s1388-9842(00)00112-4
https://doi.org/10.1016/s0167-5273(97)02934-3
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Coggan, A. R., Broadstreet, S. R., Mahmood, K., Mikhalkova, D., Madigan, M.,
Bole, I., et al. (2018). Dietary Nitrate Increases VO2peak and Performance but
Does Not Alter Ventilation or Efficiency in Patients with Heart Failure with
Reduced Ejection Fraction. J. Cardiac Fail. 24 (2), 65–73. doi:10.1016/j.cardfail.
2017.09.004

Coggan, A. R., Leibowitz, J. L., Kadkhodayan, A., Thomas, D. P., Ramamurthy, S.,
Spearie, C. A., et al. (2015). Effect of Acute Dietary Nitrate Intake on Maximal
Knee Extensor Speed and Power in Healthy Men and Women. Nitric Oxide 48,
16–21. doi:10.1016/j.niox.2014.08.014

Coggan, A. R., Leibowitz, J. L., Spearie, C. A., Kadkhodayan, A., Thomas, D. P.,
Ramamurthy, S., et al. (2015). Acute Dietary Nitrate Intake Improves Muscle
Contractile Function in Patients with Heart Failure. Circ. Heart Fail. 8 (5),
914–920. doi:10.1161/circheartfailure.115.002141

Coggan, A. R., and Peterson, L. R. (2018). Dietary Nitrate Enhances the Contractile
Properties of Human Skeletal Muscle. Exerc Sport Sci. Rev. 46 (4), 254–261.
doi:10.1249/jes.0000000000000167

Coggan, A. R., Racette, S. B., Thies, D., Peterson, L. R., and Stratford, R. E., Jr
(2020). Simultaneous Pharmacokinetic Analysis of Nitrate and its Reduced
Metabolite, Nitrite, Following Ingestion of Inorganic Nitrate in a Mixed Patient
Population. Pharm. Res. 37 (12), 235. doi:10.1007/s11095-020-02959-w

Dejam, A., Hunter, C. J., Tremonti, C., Pluta, R. M., Hon, Y. Y., Grimes, G., et al.
(2007). Nitrite Infusion in Humans and Nonhuman Primates. Circulation 116
(16), 1821–1831. doi:10.1161/circulationaha.107.712133

Drexler, H., Riede, U., Münzel, T., König, H., Funke, E., and Just, H. (1992).
Alterations of Skeletal Muscle in Chronic Heart Failure. Circulation 85 (5),
1751–1759. doi:10.1161/01.cir.85.5.1751

Echols, M. R., and Yancy, C. W. (2006). Isosorbide Dinitrate-Hydralazine
Combination Therapy in African Americans with Heart Failure. Vasc.
Health Risk Manag. 2 (4), 423–431. doi:10.2147/vhrm.2006.2.4.423

Empinado, H. M., Deevska, G. M., Nikolova-Karakashian, M., Yoo, J.-K., Christou,
D. D., and Ferreira, L. F. (2014). Diaphragm Dysfunction in Heart Failure Is
Accompanied by Increases in Neutral Sphingomyelinase Activity and Ceramide
Content. Eur. J. Heart Fail 16 (5), 519–525. doi:10.1002/ejhf.73

Gallardo, E. J., and Coggan, A. R. (2019). What’s in Your Beet Juice? Nitrate and
Nitrite Content of Beet Juice Products Marketed to Athletes. Int. J. Sport Nutr.
Exerc Metab. 29 (4), 345–349. doi:10.1123/ijsnem.2018-0223

Godard, M., Song, S. A., Delafontaine, Y. H., and Whitman, P. (2012). Skeletal
Muscle Molecular Alterations Precede Whole-Muscle Dysfunction in NYHA
Class II Heart Failure Patients. Cia 7, 489–497. doi:10.2147/cia.s37879

Harridge, S. D. R., Magnusson, G., and Gordon, A. (1996). Skeletal Muscle
Contractile Characteristics and Fatigue Resistance in Patients with Chronic
Heart Failure. Eur. Heart J. 17 (6), 896–901. doi:10.1093/oxfordjournals.
eurheartj.a014971

Harrington, D., Anker, S. D., Chua, T. P., Webb-Peploe, K. M., Ponikowski, P. P.,
Poole-Wilson, P. A., et al. (1997). Skeletal Muscle Function and its Relation to
Exercise Tolerance in Chronic Heart Failure. J. Am. Coll. Cardiol. 30 (7),
1758–1764. doi:10.1016/s0735-1097(97)00381-1

Hirai, D. M., Zelt, J. T., Jones, J. H., Castanhas, L. G., Bentley, R. F., Earle, W., et al.
(2017). Dietary Nitrate Supplementation and Exercise Tolerance in Patients
with Heart Failure with Reduced Ejection Fraction. Am. J. Physiology-
Regulatory, Integr. Comp. Physiology 312 (1), R13–r22. doi:10.1152/ajpregu.
00263.2016

Hülsmann, M., Quittan, M., Berger, R., Crevenna, R., Springer, C., Nuhr, M., et al.
(2004). Muscle Strength as a Predictor of Long-Term Survival in Severe
Congestive Heart Failure. Eur. J. Heart Fail 6 (1), 101–107. doi:10.1016/j.
ejheart.2003.07.008

Hunault, C. C., van Velzen, A. G., Sips, A. J. A. M., Schothorst, R. C., and
Meulenbelt, J. (2009). Bioavailability of Sodium Nitrite from an Aqueous
Solution in Healthy Adults. Toxicol. Lett. 190 (1), 48–53. doi:10.1016/j.
toxlet.2009.06.865

Justice, J. N., Johnson, L. C., DeVan, A. E., Cruickshank-Quinn, C., Reisdorph, N.,
Bassett, C. J., et al. (2015). Improved Motor and Cognitive Performance with
Sodium Nitrite Supplementation Is Related to Small Metabolite Signatures: a
Pilot Trial in Middle-Aged and Older Adults. Aging 7 (11), 1004–1021. doi:10.
18632/aging.100842

Kadkhodayan, A., Lin, C. H., Coggan, A. R., Kisrieva-Ware, Z., Schechtman, K. B.,
Novak, E., et al. (2017). Sex Affects Myocardial Blood Flow and Fatty Acid

Substrate Metabolism in Humans with Nonischemic Heart Failure. J. Nucl.
Cardiol. 24 (4), 1226–1235. doi:10.1007/s12350-016-0467-6

Kaminski, H. J., and Andrade, F. H. (2001). Nitric Oxide: Biologic Effects on
Muscle and Role in Muscle Diseases. Neuromuscul. Disord. 11 (6-7), 517–524.
doi:10.1016/s0960-8966(01)00215-2

Kapil, V., Webb, A. J., and Ahluwalia, A. (2010). Inorganic Nitrate and the
Cardiovascular System.Heart 96 (21), 1703–1709. doi:10.1136/hrt.2009.180372

Kato, S., Onishi, K., Yamanaka, T., Takamura, T., Dohi, K., Yamada, N., et al.
(2008). Exaggerated Hypertensive Response to Exercise in Patients with
Diastolic Heart Failure. Hypertens. Res. 31 (4), 679–684. doi:10.1291/hypres.
31.679

Katz, S. D., Khan, T., Zeballos, G. A., Mathew, L., Potharlanka, P., Knecht, M., et al.
(1999). Decreased Activity of the L -Arginine-Nitric Oxide Metabolic Pathway
in Patients with Congestive Heart Failure. Circulation 99 (16), 2113–2117.
doi:10.1161/01.cir.99.16.2113

Keller-Ross, M. L., Johnson, B. D., Carter, R. E., Joyner, M. J., Eisenach, J. H., Curry,
T. B., et al. (2016). Improved Ventilatory Efficiency with Locomotor Muscle
Afferent Inhibition Is Strongly Associated with Leg Composition in Heart
Failure. Int. J. Cardiol. 202, 159–166. doi:10.1016/j.ijcard.2015.08.212

Kennel, P. J., Mancini, D. M., and Schulze, P. C. (2015). Skeletal Muscle Changes in
Chronic Cardiac Disease and Failure. Compr. Physiol. 5 (4), 1947–1969. doi:10.
1002/cphy.c110003

Kerley, C. P., O’Neill, J. O., Reddy Bijjam, V., Blaine, C., James, P. E., and Cormican,
L. (2016). Dietary Nitrate Increases Exercise Tolerance in Patients with Non-
ischemic, Dilated Cardiomyopathy-A Double-Blind, Randomized, Placebo-
Controlled, Crossover Trial. J. Heart Lung Transplant. 35 (7), 922–926.
doi:10.1016/j.healun.2016.01.018

Król, M., and Kepinska, M. (2020). Human Nitric Oxide Synthase-Its Functions,
Polymorphisms, and Inhibitors in the Context of Inflammation, Diabetes and
Cardiovascular Diseases. Int. J. Mol. Sci. 22 (1), 56. doi:10.3390/ijms22010056

L’Hirondel, J. L., Avery, A. A., and Addiscott, T. (2006). Dietary Nitrate: where Is
the Risk? Environ. Health Perspect. 114 (8), A458–A461. author reply A9-61.
doi:10.1289/ehp.114-1552029

Lamb, G. D., and Westerblad, H. (2011). Acute Effects of Reactive Oxygen and
Nitrogen Species on the Contractile Function of Skeletal Muscle. J. Physiol. 589
(Pt 9), 2119–2127. doi:10.1113/jphysiol.2010.199059

Larsen, F. J., Ekblom, B., Sahlin, K., Lundberg, J. O., and Weitzberg, E. (2006).
Effects of Dietary Nitrate on Blood Pressure in Healthy Volunteers. N. Engl.
J. Med. 355 (26), 2792–2793. doi:10.1056/nejmc062800

Larsen, F. J., Schiffer, T. A., Borniquel, S., Sahlin, K., Ekblom, B., Lundberg, J. O.,
et al. (2011). Dietary Inorganic Nitrate Improves Mitochondrial Efficiency in
Humans. Cell metab. 13 (2), 149–159. doi:10.1016/j.cmet.2011.01.004

Magnusson, G., Isberg, B., Karlberg, K.-E., and Sylven, C. (1994). Skeletal Muscle
Strength and Endurance in Chronic Congestive Heart Failure Secondary to
Idiopathic Dilated Cardiomyopathy. Am. J. Cardiol. 73 (4), 307–309. doi:10.
1016/0002-9149(94)90239-9

Mancini, D. M., Coyle, E., Coggan, A., Beltz, J., Ferraro, N., Montain, S., et al.
(1989). Contribution of Intrinsic Skeletal Muscle Changes to 31P NMR Skeletal
Muscle Metabolic Abnormalities in Patients with Chronic Heart Failure.
Circulation 80 (5), 1338–1346. doi:10.1161/01.cir.80.5.1338

Mancini, D. M., Schwartz, M., Ferraro, N., Seestedt, R., Chance, B., and Wilson,
J. R. (1990). Effect of Dobutamine on Skeletal Muscle Metabolism in Patients
with Congestive Heart Failure. Am. J. Cardiol. 65 (16), 1121–1126. doi:10.1016/
0002-9149(90)90325-u

Maréchal, G., and Gailly, P. (1999). Effects of Nitric Oxide on the Contraction of
Skeletal Muscle. Cell Mol. Life Sci. 55 (8-9), 1088–1102.

Maskin, C. S., Forman, R., Sonnenblick, E. H., Frishman,W. H., and LeJemtel, T. H.
(1983). Failure of Dobutamine to Increase Exercise Capacity Despite
Hemodynamic Improvement in Severe Chronic Heart Failure. Am.
J. Cardiol. 51 (1), 177–182. doi:10.1016/s0002-9149(83)80032-0

Massie, B. M., Simonini, A., Sahgal, P., Wells, L., and Dudley, G. A. (1996). Relation
of Systemic and Local Muscle Exercise Capacity to Skeletal Muscle
Characteristics in Men with Congestive Heart Failure. J. Am. Coll. Cardiol.
27 (1), 140–145. doi:10.1016/0735-1097(95)00416-5

Middlekauff, H. R., Vigna, C., Verity, M. A., Fonarow, G. C., Horwich, T. B.,
Hamilton, M. A., et al. (2012). Abnormalities of Calcium Handling Proteins in
Skeletal Muscle Mirror Those of the Heart in Humans with Heart Failure: a

Frontiers in Physiology | www.frontiersin.org June 2022 | Volume 13 | Article 8727198

Park et al. Skeletal Muscle and Nitric Oxide

https://doi.org/10.1016/j.cardfail.2017.09.004
https://doi.org/10.1016/j.cardfail.2017.09.004
https://doi.org/10.1016/j.niox.2014.08.014
https://doi.org/10.1161/circheartfailure.115.002141
https://doi.org/10.1249/jes.0000000000000167
https://doi.org/10.1007/s11095-020-02959-w
https://doi.org/10.1161/circulationaha.107.712133
https://doi.org/10.1161/01.cir.85.5.1751
https://doi.org/10.2147/vhrm.2006.2.4.423
https://doi.org/10.1002/ejhf.73
https://doi.org/10.1123/ijsnem.2018-0223
https://doi.org/10.2147/cia.s37879
https://doi.org/10.1093/oxfordjournals.eurheartj.a014971
https://doi.org/10.1093/oxfordjournals.eurheartj.a014971
https://doi.org/10.1016/s0735-1097(97)00381-1
https://doi.org/10.1152/ajpregu.00263.2016
https://doi.org/10.1152/ajpregu.00263.2016
https://doi.org/10.1016/j.ejheart.2003.07.008
https://doi.org/10.1016/j.ejheart.2003.07.008
https://doi.org/10.1016/j.toxlet.2009.06.865
https://doi.org/10.1016/j.toxlet.2009.06.865
https://doi.org/10.18632/aging.100842
https://doi.org/10.18632/aging.100842
https://doi.org/10.1007/s12350-016-0467-6
https://doi.org/10.1016/s0960-8966(01)00215-2
https://doi.org/10.1136/hrt.2009.180372
https://doi.org/10.1291/hypres.31.679
https://doi.org/10.1291/hypres.31.679
https://doi.org/10.1161/01.cir.99.16.2113
https://doi.org/10.1016/j.ijcard.2015.08.212
https://doi.org/10.1002/cphy.c110003
https://doi.org/10.1002/cphy.c110003
https://doi.org/10.1016/j.healun.2016.01.018
https://doi.org/10.3390/ijms22010056
https://doi.org/10.1289/ehp.114-1552029
https://doi.org/10.1113/jphysiol.2010.199059
https://doi.org/10.1056/nejmc062800
https://doi.org/10.1016/j.cmet.2011.01.004
https://doi.org/10.1016/0002-9149(94)90239-9
https://doi.org/10.1016/0002-9149(94)90239-9
https://doi.org/10.1161/01.cir.80.5.1338
https://doi.org/10.1016/0002-9149(90)90325-u
https://doi.org/10.1016/0002-9149(90)90325-u
https://doi.org/10.1016/s0002-9149(83)80032-0
https://doi.org/10.1016/0735-1097(95)00416-5
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Shared Mechanism? J. Cardiac Fail. 18 (9), 724–733. doi:10.1016/j.cardfail.
2012.07.005

Miller, M. S., VanBuren, P., LeWinter, M. M., Braddock, J. M., Ades, P. A.,
Maughan, D. W., et al. (2010). Chronic Heart Failure Decreases Cross-Bridge
Kinetics in Single Skeletal Muscle Fibres from Humans. J. Physiol. 588 (Pt 20),
4039–4053. doi:10.1113/jphysiol.2010.191957

Miller, M. S., Vanburen, P., Lewinter, M. M., Lecker, S. H., Selby, D. E., Palmer, B.
M., et al. (2009). Mechanisms Underlying Skeletal Muscle Weakness in Human
Heart Failure. Circ. Heart Fail. 2 (6), 700–706. doi:10.1161/circheartfailure.109.
876433

Montenegro, M. F., Sundqvist, M. L., Larsen, F. J., Zhuge, Z., Carlström, M.,
Weitzberg, E., et al. (2017). Blood Pressure-Lowering Effect of Orally Ingested
Nitrite Is Abolished by a Proton Pump Inhibitor. Hypertension 69 (1), 23–31.
doi:10.1161/HYPERTENSIONAHA.116.08081

Mozaffarian, D., Benjamin, E. J., Go, A. S., Arnett, D. K., Blaha, M. J., Cushman, M.,
et al. (2015). Heart Disease and Stroke Statistics--2015 Update: a Report from
the American Heart Association. Circulation 131 (4), e29–322. doi:10.1161/
CIR.0000000000000152

Mulkareddy, V., Racette, S. B., Coggan, A. R., and Peterson, L. R. (2019). Dietary
Nitrate’s Effects on Exercise Performance in Heart Failure with Reduced
Ejection Fraction (HFrEF). Biochimica. Biophysica. Acta. Mol. Basis Dis.
1865 (4), 735–740. doi:10.1016/j.bbadis.2018.09.026

Münzel, T., and Harrison, D. G. (1999). Increased Superoxide in Heart Failure: a
Biochemical Baroreflex Gone Awry. Circulation 100 (3), 216–218.

Münzel, T., Steven, S., and Daiber, A. (2014). Organic Nitrates: Update on
Mechanisms Underlying Vasodilation, Tolerance and Endothelial
Dysfunction. Vasc. Pharmacol. 63 (3), 105–113. doi:10.1016/j.vph.2014.09.002

Murphy, S. P., Ibrahim, N. E., and Januzzi, J. L., Jr (2020). Heart Failure with Reduced
Ejection Fraction. Jama 324 (5), 488–504. doi:10.1001/jama.2020.10262

Okita, K., Kinugawa, S., and Tsutsui, H. (2013). Exercise Intolerance in Chronic
Heart Failure. Circ. J. 77 (2), 293–300. doi:10.1253/circj.cj-12-1235

Olson, T. P., Joyner, M. J., and Johnson, B. D. (2010). Influence of Locomotor Muscle
Metaboreceptor Stimulation on theVentilatory Response to Exercise inHeart Failure.
Circ. Heart Fail. 3 (2), 212–219. doi:10.1161/circheartfailure.109.879684

Owan, T. E., Hodge, D. O., Herges, R. M., Jacobsen, S. J., Roger, V. L., and Redfield,
M. M. (2006). Trends in Prevalence and Outcome of Heart Failure with
Preserved Ejection Fraction. N. Engl. J. Med. 355 (3), 251–259. doi:10.1056/
nejmoa052256

Panizzolo, F. A., Maiorana, A. J., Naylor, L. H., Dembo, L., Lloyd, D. G., Green, D.
J., et al. (2014). Gait Analysis in Chronic Heart Failure: The Calf as a Locus of
Impaired Walking Capacity. J. Biomechanics 47 (15), 3719–3725. doi:10.1016/j.
jbiomech.2014.09.015

Panizzolo, F. A., Maiorana, A. J., Naylor, L. H., Lichtwark, G. A., Dembo, L., Lloyd,
D. G., et al. (2015). Is the Soleus a Sentinel Muscle for Impaired Aerobic
Capacity in Heart Failure? Med. Sci. Sports Exerc 47 (3), 498–508. doi:10.1249/
mss.0000000000000431

Peterson, L. R., Schechtman, K. B., Ewald, G. A., Geltman, E. M., Meyer, T.,
Krekeler, P., et al. (2003). The Effect of β-adrenergic Blockers on the Prognostic
Value of Peak Exercise Oxygen Uptake in Patients with Heart Failure. J. Heart
Lung Transplant. 22 (1), 70–77. doi:10.1016/s1053-2498(02)00473-4

Piknova, B., Park, J. W., Swanson, K. M., Dey, S., Noguchi, C. T., and Schechter, A.
N. (2015). Skeletal Muscle as an Endogenous Nitrate Reservoir. Nitric Oxide 47,
10–16. doi:10.1016/j.niox.2015.02.145

Rimer, E. G., Peterson, L. R., Coggan, A. R., and Martin, J. C. (2016). Increase in
Maximal Cycling Power with Acute Dietary Nitrate Supplementation. Int.
J. Sports Physiol. Perform. 11 (6), 715–720. doi:10.1123/ijspp.2015-0533

Rullman, E., Andersson, D. C., Melin, M., Reiken, S., Mancini, D. M., Marks, A. R.,
et al. (2013). Modifications of Skeletal Muscle Ryanodine Receptor Type 1 and
Exercise Intolerance in Heart Failure. J. Heart Lung Transplant. 32 (9), 925–929.
doi:10.1016/j.healun.2013.06.026

Savage, P. A., Shaw, A. O.,Miller,M. S., VanBuren, P., LeWinter,M.M., Ades, P. A., et al.
(2011). Effect of Resistance Training on Physical Disability in Chronic Heart Failure.
Med. Sci. Sports Exerc 43 (8), 1379–1386. doi:10.1249/mss.0b013e31820eeea1

Schaufelberger, M., Eriksson, B. O., Grimby, G., Held, P., and Swedberg, K. (1995).
Skeletal Muscle Fiber Composition and Capillarization in Patients with Chronic

Heart Failure: Relation to Exercise Capacity and Central Hemodynamics.
J. Cardiac Fail. 1 (4), 267–272. doi:10.1016/1071-9164(95)90001-2

Smith, J. R., Joyner, M. J., Curry, T. B., Borlaug, B. A., Keller-Ross, M. L., Van
Iterson, E. H., et al. (2020). Locomotor Muscle Group III/IV Afferents
Constrain Stroke Volume and Contribute to Exercise Intolerance in Human
Heart Failure. J. Physiol. 598 (23), 5379–5390. doi:10.1113/jp280333

Stamler, J. S., and Meissner, G. (2001). Physiology of Nitric Oxide in Skeletal
Muscle. Physiol. Rev. 81 (1), 209–237. doi:10.1152/physrev.2001.81.1.209

Suhr, F., Gehlert, S., Grau, M., and Bloch, W. (2013). Skeletal Muscle Function
during Exercise-Fine-Tuning of Diverse Subsystems by Nitric Oxide. Ijms 14
(4), 7109–7139. doi:10.3390/ijms14047109

Sullivan, M. J., Duscha, B. D., Klitgaard, H., Kraus, W. E., Cobb, F. R., and Saltin, B.
(1997). Altered Expression of Myosin Heavy Chain in Human Skeletal Muscle
in Chronic Heart Failure. Med. Sci. Sports. Exerc. 29 (7), 860–866. doi:10.1097/
00005768-199707000-00004

Sullivan, M. J., Green, H. J., and Cobb, F. R. (1990). Skeletal Muscle Biochemistry
and Histology in Ambulatory Patients with Long-Term Heart Failure.
Circulation 81 (2), 518–527. doi:10.1161/01.cir.81.2.518

Sundqvist, M. L., Larsen, F. J., Carlström, M., Bottai, M., Pernow, J., Hellénius, M.-
L., et al. (2020). A Randomized Clinical Trial of the Effects of Leafy Green
Vegetables and Inorganic Nitrate on Blood Pressure. Am. J. Clin. Nutr. 111 (4),
749–756. doi:10.1093/ajcn/nqaa024

Sunnerhagen, K. S., Cider, Å., Schaufelberger, M., Hedberg, M., and Grimby, G.
(1998). Muscular Performance in Heart Failure. J. Cardiac Fail. 4 (2), 97–104.
doi:10.1016/s1071-9164(98)90249-4

Szentesi, P., Bekedam, M. A., van Beek-Harmsen, B. J., van der Laarse, W. J.,
Zaremba, R., Boonstra, A., et al. (2005). Depression of Force Production and
ATPase Activity in Different Types of Human Skeletal Muscle Fibers from
Patients with Chronic Heart Failure. J. Appl. Physiol. 99 (6), 2189–2195. doi:10.
1152/japplphysiol.00542.2005

Taylor, A. L., Ziesche, S., Yancy, C., Carson, P., D’Agostino, R., Jr., Ferdinand, K.,
et al. (2004). Combination of Isosorbide Dinitrate and Hydralazine in Blacks
with Heart Failure. N. Engl. J. Med. 351 (20), 2049–2057. doi:10.1056/
nejmoa042934

Toth, M. J., Ward, K., van der Velden, J., Miller, M. S., Vanburen, P., Lewinter, M.
M., et al. (2011). Chronic Heart Failure Reduces Akt Phosphorylation in
Human Skeletal Muscle: Relationship to Muscle Size and Function. J. Appl.
Physiol. 110 (4), 892–900. doi:10.1152/japplphysiol.00545.2010

Toth,M. J., Shaw, A. O.,Miller,M. S., VanBuren, P., LeWinter,M.M.,Maughan, D.W.,
et al. (2010). Reduced Knee Extensor Function in Heart Failure Is Not Explained by
Inactivity. Int. J. Cardiol. 143 (3), 276–282. doi:10.1016/j.ijcard.2009.02.040

Wiener, D. H., Fink, L. I., Maris, J., Jones, R. A., Chance, B., and Wilson, J. R.
(1986). Abnormal Skeletal Muscle Bioenergetics during Exercise in Patients
with Heart Failure: Role of Reduced Muscle Blood Flow. Circulation 73 (6),
1127–1136. doi:10.1161/01.cir.73.6.1127

Zizola,C., andSchulze, P.C. (2013).Metabolic andStructural Impairment of SkeletalMuscle
in Heart Failure. Heart Fail Rev. 18 (5), 623–630. doi:10.1007/s10741-012-9353-8

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Park, Coggan and Peterson. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Physiology | www.frontiersin.org June 2022 | Volume 13 | Article 8727199

Park et al. Skeletal Muscle and Nitric Oxide

https://doi.org/10.1016/j.cardfail.2012.07.005
https://doi.org/10.1016/j.cardfail.2012.07.005
https://doi.org/10.1113/jphysiol.2010.191957
https://doi.org/10.1161/circheartfailure.109.876433
https://doi.org/10.1161/circheartfailure.109.876433
https://doi.org/10.1161/HYPERTENSIONAHA.116.08081
https://doi.org/10.1161/CIR.0000000000000152
https://doi.org/10.1161/CIR.0000000000000152
https://doi.org/10.1016/j.bbadis.2018.09.026
https://doi.org/10.1016/j.vph.2014.09.002
https://doi.org/10.1001/jama.2020.10262
https://doi.org/10.1253/circj.cj-12-1235
https://doi.org/10.1161/circheartfailure.109.879684
https://doi.org/10.1056/nejmoa052256
https://doi.org/10.1056/nejmoa052256
https://doi.org/10.1016/j.jbiomech.2014.09.015
https://doi.org/10.1016/j.jbiomech.2014.09.015
https://doi.org/10.1249/mss.0000000000000431
https://doi.org/10.1249/mss.0000000000000431
https://doi.org/10.1016/s1053-2498(02)00473-4
https://doi.org/10.1016/j.niox.2015.02.145
https://doi.org/10.1123/ijspp.2015-0533
https://doi.org/10.1016/j.healun.2013.06.026
https://doi.org/10.1249/mss.0b013e31820eeea1
https://doi.org/10.1016/1071-9164(95)90001-2
https://doi.org/10.1113/jp280333
https://doi.org/10.1152/physrev.2001.81.1.209
https://doi.org/10.3390/ijms14047109
https://doi.org/10.1097/00005768-199707000-00004
https://doi.org/10.1097/00005768-199707000-00004
https://doi.org/10.1161/01.cir.81.2.518
https://doi.org/10.1093/ajcn/nqaa024
https://doi.org/10.1016/s1071-9164(98)90249-4
https://doi.org/10.1152/japplphysiol.00542.2005
https://doi.org/10.1152/japplphysiol.00542.2005
https://doi.org/10.1056/nejmoa042934
https://doi.org/10.1056/nejmoa042934
https://doi.org/10.1152/japplphysiol.00545.2010
https://doi.org/10.1016/j.ijcard.2009.02.040
https://doi.org/10.1161/01.cir.73.6.1127
https://doi.org/10.1007/s10741-012-9353-8
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

	Skeletal muscle contractile function in heart failure with reduced ejection fraction - A focus on nitric oxide
	Skeletal Muscle Contractile Function in Heart Failure With Reduced Ejection Fraction—A Focus on Nitric Oxide
	1 Introduction
	2 Changes in Muscle and Its Contractile Function With HF
	3 Reduced NO Bioavailability in HF and Impact on Exercise Capacity
	4 Nitric Oxide Generation Pathways With a Focus on the Exogenous NO3- Pathway
	5 Effect of NO3- on Exercise Performance in HF
	6 Form, Dose, and Timing of NO3- Supplementation
	7 Conclusions and Clinical Relevance
	Author Contributions
	Funding
	Acknowledgments
	References


