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Dietary nitrate increases tetanic [Ca2+]i and contractile
force in mouse fast-twitch muscle
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Key points

• Dietary supplementation with inorganic nitrate has beneficial effects on skeletal muscle
responses to exercise.

• Both mitochondrial and extra-mitochondrial explanations have been proposed.
• Contractile force of fast-twitch muscles was enhanced in mice supplemented with 1 mM NaNO3

in drinking water for 7 days.
• Myoplasmic free [Ca2+] during tetanic stimulation was increased in fast-twitch muscles of

nitrate-supplemented mice and this was accompanied by increased expression of calsequestrin
1 and the dihydropyridine receptor.

• These results provide a new mechanism by which nitrate exerts beneficial effects on muscle
function with applications to sports performance and a potential therapeutic role in conditions
with muscle weakness.

Abstract Dietary inorganic nitrate has profound effects on health and physiological responses
to exercise. Here, we examined if nitrate, in doses readily achievable via a normal diet, could
improve Ca2+ handling and contractile function using fast- and slow-twitch skeletal muscles
from C57bl/6 male mice given 1 mM sodium nitrate in water for 7 days. Age matched controls
were provided water without added nitrate. In fast-twitch muscle fibres dissected from nitrate
treated mice, myoplasmic free [Ca2+] was significantly greater than in Control fibres at stimulation
frequencies from 20 to 150 Hz, which resulted in a major increase in contractile force at ≤50 Hz.
At 100 Hz stimulation, the rate of force development was ∼35% faster in the nitrate group. These
changes in nitrate treated mice were accompanied by increased expression of the Ca2+ handling
proteins calsequestrin 1 and the dihydropyridine receptor. No changes in force or calsequestrin 1
and dihydropyridine receptor expression were measured in slow-twitch muscles. In conclusion,
these results show a striking effect of nitrate supplementation on intracellular Ca2+ handling
in fast-twitch muscle resulting in increased force production. A new mechanism is revealed
by which nitrate can exert effects on muscle function with applications to performance and a
potential therapeutic role in conditions with muscle weakness.
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Introduction

Inorganic nitrate (NO3
−) and nitrite (NO2

−) are
circulating oxidation products from endogenous nitric
oxide (NO) production. Emerging data show that these
anions can be recycled back to NO, thereby constituting
a large pool of potential NO bioactivity, existing in
parallel with the more classical L-arginine–NO synthase
pathway (Lundberg et al. 2008). Interestingly, this pool
can be supplemented by the diet where green leafy
vegetables such as spinach and beetroot are especially rich
in inorganic nitrate. Numerous studies now show that
administration of nitrate or nitrite has NO-like bioactivity
in animals and humans including a reduction of blood
pressure, protection against ischaemia–reperfusion injury,
and modulation of mitochondrial function (Weitzberg
et al. 2010).

Nitrate supplementation, either as a sodium salt
(NaNO3) or as a natural resource (e.g. beetroot juice),
reduces the oxygen cost of exercise (Larsen et al. 2007,
2010, 2011; Bailey et al. 2009, 2010; Vanhatalo et al. 2010;
Lansley et al. 2011b; Cemak et al. 2012), and enhances
exercise performance (Bailey et al. 2010; Lansley et al.
2011a; Cemak et al. 2012). Both mitochondrial (Larsen
et al. 2011) and extra-mitochondrial effects (Bailey et al.
2010; Lansley et al. 2011b) have been reported after
nitrate supplementation. Specifically, Larsen et al. (2011)
showed that dietary nitrate supplementation for 3 days
in healthy human subjects significantly improved skeletal
muscle mitochondrial efficiency and this correlated to a
measured reduction in whole body O2 consumption. In
these experiments, the expression of the mitochondrial
uncoupling protein adenine nucleotide translocase was
reduced after nitrate treatment. On the other hand,
attenuated [PCr] changes during exercise (Bailey et al.
2010) and the absence of alterations in [PCr] recovery
rate (Lansley et al. 2011b) indicate an extra-mitochondrial
effect of nitrate supplementation.

Modified intracellular Ca2+ handling has been
suggested as a mechanism by which nitrate
supplementation may enhance muscle performance
(Bailey et al. 2010; Ferreira & Behnke, 2011). To date,
however, this suggestion has not been experimentally
explored. Here, we examine the role of nitrate ingestion
for 7 days on contractile force and Ca2+ handling in
skeletal muscles from the mouse. It was hypothesized
that nitrate supplementation would result in improved
contractile performance due to increased Ca2+ activation
of contractile proteins.

Methods

Ethical approval

All experiments complied with the Swedish Animal
Welfare Act, the Swedish Welfare ordinance, and

applicable regulations and recommendations from
Swedish authorities. The study was approved by
the Stockholm North Ethical Committee on Animal
Experiments. The experiments comply with the policies
of The Journal of Physiology (Drummond, 2009). Mice
were killed by rapid neck disarticulation. A total of 45
mice were used.

Nitrate ingestion

C57bl/6 male mice were given 1 mM NaNO3 (∼3.75 μmol
nitrate day−1) dissolved in distilled water for 7 days
(Nitrate) and age-matched controls were provided
distilled water without nitrate (Control). The dose of
nitrate is similar to what has been studied in human
exercise studies and corresponds to a daily ingestion of
three to four beetroots or 200–300 g of spinach in a human.
Mice were given chow containing 0.2 μmol nitrate g−1 and
ingested ∼0.75 μmol nitrate day−1 from food.

Contractile function in intact muscles

Intact fast-twitch EDL and slow-twitch soleus muscles
were isolated from Control and Nitrate mice. After
dissection, stainless steel hooks were tied to each end
of the soleus and EDL muscles with suture thread.
The muscle was then mounted at optimal length in a
stimulation chamber containing Tyrode solution (mM):
NaCl, 121; KCl, 5.0; CaCl2, 1.8; MgCl2, 0.5; NaH2PO4,
0.4, NaHCO3, 24.0; EDTA, 0.1; glucose, 5.5 and fetal
calf serum (0.2%). The solution was bubbled with
95% O2, 5% CO2 which gives an extracellular pH of
7.4. Experiments were performed at room temperature
(24–26◦C). The muscle was equilibrated for 45 min prior
to data collection. Tetanic stimulation was achieved by
supramaximal current pulses (duration 0.5 ms) delivered
via platinum electrodes lying parallel to the muscle. The
force–frequency relationship was tested by producing one
contraction every minute. The duration of contractions
was 300 ms for EDL and 1 s for soleus. Frequencies tested
ranged from 1 to 150 Hz for EDL and 1 to 100 Hz for
soleus. Tetanic force was measured when force was at its
peak.

Force and [Ca2+]i measurements in dissected fibres

Single flexor digitorum brevis (FDB) fibres were
mechanically dissected as previously described
(Lännergren & Westerblad, 1987). The isolated fibre
was mounted in a stimulation chamber at optimum
length and superfused with Tyrode solution (see above)
at room temperature (24–26◦C). Tetanic stimulation
was achieved by supramaximal current pulses (duration
0.5 ms) delivered via platinum electrodes lying parallel to
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the muscle fibre. The fluorescent Ca2+ indicator indo-1
(Invitrogen, Carlsbad, CA, USA) was microinjected
into the isolated fibre. The fluorescence of indo-1 was
converted to free myoplasmic [Ca2+] ([Ca2+]i) using an
intracellularly established calibration curve (Andrade
et al. 1998a). Tetanic [Ca2+]i was measured as the mean
indo-1 fluorescence during tetanic stimulation trains, and
basal [Ca2+]i as the mean over ∼200 ms immediately prior
to tetanic stimulation. Possible changes in sarcoplasmic
reticulum (SR) Ca2+ pumping and/or passive SR Ca2+

leak were assessed by measuring the tails of elevated
[Ca2+]i after 30 and 100 Hz tetani (Klein et al. 1991;
Westerblad & Allen, 1994). Tetanic force was measured as
the mean over 100 ms where force was maximal.

The fibre was allowed to rest for at least 30 min after
being injected with indo-1. It was then stimulated by
individual 350 ms trains at 15–150 Hz at 1 min inter-
vals while force and [Ca2+]i were recorded. Force–[Ca2+]i

curves were constructed from these contractions by fitting
data points to the following equation:

P = Pmax[Ca2+]N
i

/ (
CaN

50 + [Ca2+]N
i

)

where P is the force, Pmax is the force at saturating
[Ca2+]i, Ca50 is the [Ca2+]i giving 50% of Pmax, and N
is the Hill coefficient that describes the steepness of the
function.

In another set of fibres, the amount of releasable Ca2+

stored within the SR was measured. Caffeine at 5 mM was
dissolved directly in Tyrode solution and applied for 1 min
before stimulation at 100 Hz. Tetanic stimulation in the
presence of caffeine can be used to assess the SR Ca2+

load and force at saturating [Ca2+]i (Allen & Westerblad,
1995).

Western blot

EDL and soleus muscles were homogenized with a ground
glass homogenizer in ice-cold homogenisation buffer at
pH 7.4 (20 μl per mg wet weight) consisting of (mM):
Hepes, 20; NaCl, 150; EDTA, 5; KF, 25; Na3VO4, 1;
20% glycerol, 0.5% Triton X-100, and protease inhibitor
cocktail (Roche, Basel, Switzerland) 1 tablet/50 ml. The
homogenate was centrifuged at 700 g for 10 min at
4◦C. Protein content of the supernatant was determined
using the Bradford assay (Bio-Rad, Hercules, CA, USA).
Samples were diluted 1:1 in Laemmli buffer (Bio-Rad)
with 5% 2-mercaptoethanol and heated to 95 ◦C for
5 min.

Thirty micrograms of protein of were loaded into
each well and separated by electrophoresis using NuPAGE
Novex 4–12% Bis-Tris Gels (Invitrogen) and transferred
onto polyvinylidine fluoride membranes (Immobilon FL,
Millipore, Billerica, MA, USA). Membranes were blocked
for 1 h at room temperature in Li-Cor Blocking buffer

(LI-COR Biosciences, Lincoln, NE, USA), followed by
incubation overnight at 4◦C with the following antibodies
diluted in blocking buffer: mouse anti-SR Ca2+-ATPase
1 (SERCA1; 1:2500, no. ab2818, Abcam, Cambridge,
UK), rabbit anti-calsequestrin (CASQ; 1:2500, no. ab3516,
Abcam), mouse anti-dihydropyridine receptor (DHPR;
1:500, no. ab2864, Abcam), and mouse anti-ryanodine
receptor (RyR, 1:1000, MA3-925, Thermo Scientific,
Rockford, IL, USA). Membranes were then washed in
TBS-T and incubated for 1 h at room temperature
with IRDye 680-conjugated goat anti-mouse IgG and
IRDye 800-conjugated goat anti-rabbit IgG (1:15,000,
LI-COR) in blocking buffer and 0.01% SDS. Following
incubation, membranes were washed in TBS-T. Immuno-
reactive bands were visualized using infrared fluorescence
(IR-Odyssey scanner, LI-COR).

Band densities were analysed with ImageJ (NIH,
USA; http://rsb.info.nih.gov/ij/). Equal protein loading
was verified with protein staining of membranes
(SimplyBlue Safe Stain, Invitrogen) and subsequent
scanning of densities for each lane. Band densities
were normalized to the total protein measured by
Coomassie staining. Precautions were taken to ensure
that bands did not reach saturation, but experiments
were not performed to establish exact linearity between
band density and protein concentration and hence
the analyses were only semi-quantitative. The CASQ
antibody used (no. ab3516, Abcam) detects CASQ1
and CASQ2 which were identified based on their
molecular weights (http://www.uniprot.org; CASQ1:
O09165, CASQ2: O09161). The CASQ2 band was
markedly stronger than the CASQ1 band even in
fast-twitch EDL muscles where CASQ1 should be the
dominating isoform (Murphy et al. 2009) and no
difference in CASQ2 band densities between muscles
was detected. Control Western blot experiments were
performed on heart muscle, where CASQ2 is the
dominating isoform, and showed no clear CASQ1 band,
whereas the CASQ2 band density was similar to that in
EDL muscles blotted on the same gel (data not shown).
Thus, it is doubtful whether the antibody used accurately
detects CASQ2 expression and therefore we have not
measured CASQ2 band densities.

Statistics

Data are presented as means ± SEM. Two-way repeated
measures ANOVA (SigmaStat 3.1, Systat Software,
Chicago, IL, USA) was used when comparing repeated
measures (frequency and Nitrate vs. Control). Student’s
unpaired t test was used to detect differences in single
measurements between Nitrate and Control conditions.
P < 0.05 was considered significant.

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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Results

Nitrate ingestion increases contractile force in
fast-twitch muscle

Muscle mass did not differ between Control (n = 7)
and Nitrate mice (n = 6 soleus; 7 EDL) for fast-twitch
EDL (11.6 ± 0.7 vs. 11.6 ± 0.3 mg) or slow-twitch soleus
(9.6 ± 0.2 vs. 8.9 ± 0.2 mg) muscles. Cross sectional area
also did not differ between Control and Nitrate mice for
EDL (1.2 ± 0.1 vs. 1.2 ± 0.1 mm2) or soleus (1.1 ± 0.05
vs. 1.0 ± 0.02 mm2). Time to peak force during a twitch
did not differ between Control and Nitrate mice for EDL
(21.1 ± 0.9 vs. 23.1 ± 0.7 ms) or soleus (35.6 ± 1.8 vs.
33.7 ± 0.8 ms). Figure 1 depicts mean contractile force
data for EDL (Fig. 1A) and soleus (Fig. 1B). Force in
Nitrate EDL muscles was significantly greater over the
range 1–50 Hz compared to Control mice (P < 0.05). In
contrast, there were no significant differences in force at
any stimulation frequency between Nitrate and Control
soleus muscles.

Figure 1. Nitrate feeding increases contractile force in
fast-twitch EDL muscles
Mean force data (±SEM) for EDL (A) and soleus (B) vs. stimulation
frequency. Note the break in the x-axis in panel A. Muscles from
Control (filled symbols, n = 7) and Nitrate mice (open symbols; n = 7
for EDL, n = 6 for soleus). ∗P < 0.05.

The greater force at low stimulation frequencies
(≤50 Hz) in EDL muscles from Nitrate mice suggests
alterations in cellular Ca2+ handling (Allen et al. 2008).
We therefore investigated the expression of proteins
involved in SR Ca2+ release (CASQ, DHPR and RyR).
Representative Western blots and plotted means relative
to total protein are presented in Fig. 2. The expression
of CASQ1, the dominating isoform in fast-twitch muscle
(Beard et al. 2009), was significantly greater (P < 0.05)
in EDL muscles from Nitrate compared to Control
mice. DHPR protein expression was also significantly
greater (P < 0.05) in EDL muscles from Nitrate compared
to those from Control mice. No significant difference
(P > 0.05) was found between groups for total RyR. We
then examined CASQ1 and DHPR protein expression in
the soleus. In contrast to the results from EDL, but in
agreement with the lack of effect of nitrate ingestion on
contractile force in the soleus, no difference in CASQ1 or
DHPR protein expression was found (P > 0.05) (Fig. 2).

Nitrate ingestion increases contractile force by
increasing tetanic [Ca2+]i in fast-twitch muscle

Figure 3 depicts tetanic [Ca2+]i (Fig. 3A) and force
(Fig. 3B) responses to 30 Hz stimulation in a representative
Control and Nitrate fibre. Mean [Ca2+]i and force for
Control and Nitrate fibres vs. stimulation frequency are
shown in Fig. 3C and D, respectively. ANOVA revealed
significantly higher tetanic [Ca2+]i from 20–150 Hz for
Nitrate compared to Control (P < 0.05). Force up to 50 Hz
stimulation was significantly greater for Nitrate compared
to Control fibres (P < 0.05). However, at 70 Hz and higher
frequencies, force was not significantly larger in the Nitrate
than in the Control group, despite markedly higher [Ca2+]i

in the former. This apparent discrepancy can be explained
by the shape of the force–[Ca2+]i relationship and the fact
that at higher frequencies, force approaches its maximum
level. Therefore, force and [Ca2+]i obtained in contra-
ctions at 15–150 Hz were used to construct force–[Ca2+]i

curves for each fibre. This analysis showed no difference
in maximum force (Pmax: 394 ± 50 vs. 378 ± 11 kPa) or
the [Ca2+]i giving 50% of Pmax (Ca50: 0.62 ± 0.03 vs.
0.57 ± 0.03 μM) between Control (n = 7) and Nitrate
(n = 5) fibres, whereas the relationship was less steep
in Nitrate fibres (N : 5.5 ± 0.8 vs. 2.9 ± 0.1). The mean
force–[Ca2+]i curves for Control and Nitrate fibres are
shown in Fig. 4A, where we have also included mean data
for 30 and 100 Hz tetani. It can then be seen that the
markedly higher force at 30 Hz in Nitrate fibres is due
to increased [Ca2+]i combined with data points at this
frequency lying on the steep part of the force–[Ca2+]i

relationship. On the other hand, the lack of higher forces
at 100 Hz in the Nitrate group despite higher [Ca2+]i is

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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due to these data points lying on the part of the curve
where force is close to the maximum.

Figure 4A illustrates the effect of the less steep
force–[Ca2+]i relationship in Nitrate fibres. At [Ca2+]i

higher than Ca50, the corresponding force is slightly lower
than it would be with a steeper relationship (e.g. the 30 Hz
data point). The opposite is true when [Ca2+]i is lower than
Ca50, which in the present experiments only occurred with
15 Hz stimulation (see Fig. 3C and D).

The increase of force at the onset of contraction was
used to assess whether the difference in tetanic [Ca2+]i

between the groups at 100 Hz still had some effect on
force production. This analysis revealed a markedly faster
rate of force increase in Nitrate fibres with the time to
achieve 50% of maximum force (t1/2) being ∼35% less in
Nitrate than in Control fibres (Fig. 4B and C).

The greater CASQ1 expression and tetanic [Ca2+]i in
fast-twitch muscles from Nitrate mice indicates a greater

store of releasable Ca2+ within the SR. This assumption
was examined in another group of fibres by generating
100 Hz tetani during exposure to 5 mM caffeine. During
the caffeine experiments, indo-1 approached saturation
and hence the conversion of ratios to [Ca2+]i became
uncertain (i.e. small changes in ratio translate to large
differences in [Ca2+]i). Data are therefore presented as
ratios and 100 Hz stimulation in the presence of caffeine
gave significantly greater ratios in the Nitrate (4.3 ± 0.2,
n = 7) compared to the Control group (3.7 ± 0.1, n = 5),
indicating greater SR Ca2+ stores in the Nitrate group.

There was a tendency for resting [Ca2+]i to be higher
in Nitrate fibres (79 ± 9 nM) than in Control fibres
(60 ± 9 nM) but this difference did not reach statistical
significance (P = 0.16). A higher resting [Ca2+]i can,
in principle, contribute to a higher tetanic [Ca2+]i by
increasing the basal occupancy of Ca2+ binding sites
in the cytoplasm and hence the same release of Ca2+

Figure 2. Nitrate feeding increases expression of
SR Ca2+ handling proteins
Representative Western blots (EDL: panel A; soleus:
panel B). C, Control; N, Nitrate. Mean data (±SEM; EDL:
panel C; soleus: panel D) for CASQ1, DHPR, and RyR.
EDL for Control (n = 3–7) and Nitrate mice (n = 3–7).
Soleus for Control (n = 6) and Nitrate mice (n = 4).
Control is filled bar mean set to 100%; Nitrate is open
bar. ∗P < 0.05.

Figure 3. Tetanic [Ca2+]i and force are
increased in FDB fibres of nitrate fed mice
[Ca2+]i (A) and force traces (B) from
representative Control and Nitrate fibres during
30 Hz stimulation. Mean data (±SEM) of
tetanic [Ca2+]i (C) and force (D) vs. stimulation
frequency. Note that in C, two axes are used
for tetanic [Ca2+]i in order to show the marked
differences between the groups both at low
and high frequencies. Fibres from Control (filled
symbols, n = 7) and Nitrate mice (open
symbols, n = 5). ∗P < 0.05.

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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Figure 4. The effect of nitrate feeding on
force is mediated via increased [Ca2+]i
A, mean force–Ca2+ curves constructed from
15–150 Hz contractions given at 1 min
intervals. Mean (±SEM) data for 30 and 100 Hz
are included to illustrate how the force
response to an increase in [Ca2+]i depends on
the location on the force–Ca2+ curve. B, mean
force records illustrating the faster rate of
development of force in 100 Hz tetani. C, mean
data (±SEM) for time to 50% max force (t1/2)
in these tetani. Control (n = 7, filled symbols
and bar, continuous line) and Nitrate (n = 5,
open symbols and bar, dashed line). ∗P < 0.05.

from the SR during stimulation would result in a
higher [Ca2+]i. To test this possibility, we plotted [Ca2+]i

in 120 Hz tetani vs. resting [Ca2+]i for the individual
fibres (Fig. 5A). A positive correlation of tetanic to
resting [Ca2+]i would be expected if tetanic [Ca2+]i

critically depended on resting [Ca2+]i. Although there
was a tendency for a positive correlation for Control
fibres (slope 17 ± 10), Nitrate fibres showed the opposite
tendency (−38 ± 10), and neither of these correlations was
statistically significant. Similar results were obtained with
other tetanic stimulation frequencies. Thus, these results
do not support an important causative relation between
elevated resting and increased tetanic [Ca2+]i.

SERCA1 protein expression was not significantly
different between Control and Nitrate groups (Fig. 5A).
To investigate the possibility of changes in SR [Ca2+]i

pumping and/or passive SR leak as a contributor for the
measured increase in tetanic [Ca2+]i, [Ca2+]i tails after
stimulation for Control and Nitrate fibres were examined
at 30 and 100 Hz (Fig. 5B). [Ca2+]i transient decay (as
assessed by [Ca2+]i 200 ms after the end of stimulation)
was not different post-30 Hz (119 ± 12 vs. 107 ± 14 nM) or
100 Hz (155 ± 22 vs. 157 ± 17 nM) between Control and
Nitrate fibres, respectively, indicating no difference in SR
Ca2+ pumping or leak.

Discussion

The effect of nitrate ingestion over 7 days on skeletal
muscle function was examined in this study. The amount
of inorganic nitrate per kg body mass used in these
experiments is similar to that given to humans in studies on
blood pressure and performance and represents amounts
that are easily achieved with a normal diet (Larsen et al.
2007; Larsen et al. 2011). Contractile force was measured
in fast-twitch EDL and FDB, and slow-twitch soleus of
Nitrate and Control mice. Contractile force was increased
at low stimulation frequencies in fast-twitch, but not
in slow-twitch muscles. This result was accompanied by
increased expression of the Ca2+ handling proteins CASQ1
and DHPR, and increased SR Ca2+ content and tetanic
[Ca2+]i.

The results from these experiments demonstrate a
targeted effect of nitrate supplementation on contra-
ctile function in fast-twitch skeletal muscles. Ingestion
of nitrate over a 7 day period enhanced SR Ca2+ release
and tetanic force production via modifications to cellular
Ca2+ handling components. The effect of elevated [Ca2+]i

on lower frequency forces is larger due to the sigmoidal
nature of the force–Ca2+ relationship (Westerblad et al.
1993): up to 50 Hz stimulation the relationship is steep and
an increase in [Ca2+]i results in a marked force increase,

Figure 5. Sarcoplasmic reticulum Ca2+ uptake is not altered in
muscles of Nitrate mice
A, individual 120 Hz tetanic vs. resting [Ca2+]i data points for
Control (filled circles) and Nitrate (open circles) fibres. B,
representative Western blots and mean data (±SEM) of SERCA1
protein expression in EDL muscles from Control (C, n = 7, filled bar
mean set to 100%) and Nitrate (N, n = 6, open bar). C, average
records of [Ca2+]i tails after 30 and 100 Hz stimulation. Control
(n = 7, continuous line) and Nitrate mice (n = 5, dashed line).

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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whereas above 50 Hz forces approach the maximum
and thus increased [Ca2+]i will have little effect (see
Fig. 4A). Interestingly, the low frequencies of stimulation
(15–50 Hz), where force is most augmented by nitrate
ingestion, are similar to those recorded from rat EDL
motoneurones during normal movements in vivo (see
Table 1 in Hennig & Lømo, 1985). Furthermore, it
should be noted that force production was not completely
unaffected by the difference in [Ca2+]i at high stimulation
frequencies because the rate of force development was
markedly faster in the Nitrate than in the Control group,
which is consistent with the faster force development when
[Ca2+]i is increased by application of caffeine (Allen &
Westerblad, 1995). A more rapid force development also
has an important positive effect on muscle performance,
especially during locomotion where contractions are of
short duration (Slawinska & Kasicki, 2002).

The results of the current experiments with caffeine
showed an increased Ca2+ content within the SR of FDB
fibres in Nitrate mice. In accordance with this result,
CASQ1 expression was increased in muscles from Nitrate
mice. Increased expression of CASQ has been reported
previously in skeletal muscle under a variety of conditions
(Ferretti et al. 2009; Goodman et al. 2009; Novak &
Soukup, 2011). CASQ is a high-capacity, low affinity Ca2+

buffer which maintains free [Ca2+] in the SR lumen at
1 mM during contraction when Ca2+ is first released from
the SR and subsequently pumped back (Beard et al. 2004).
Other workers have demonstrated that CASQ and SR Ca2+

regulate the SR Ca2+ release channels (RyR) and thus
affect [Ca2+]i and force during contractions (Beard et al.
2004; Paolini et al. 2007; Aydin et al. 2009; Canato et al.
2010). Thus, increased CASQ1 in muscles from nitrate fed
mice results in increased SR Ca2+ storage and in turn
this increases Ca2+ release. The lack of an increase in
CASQ1 expression in soleus coupled with no alterations
in force production indicates SR Ca2+ storage and release
are unaffected in slow-twitch muscle. The reason for the
lack of effect in soleus is unclear, but may be related to
the fact that the slow-twitch soleus has: (1) lower nitric
oxide synthase content than fast-twitch muscle (Punkt
et al. 2006) and (2) a high content of glutathione and anti-
oxidant enzymes (Ji et al. 1992), which could counteract
effects of circulating NO2

− and NO.
Another interesting finding in the present set of

experiments is that DHPR expression was significantly
increased in fast-twitch muscles from Nitrate mice whereas
RyR was unchanged. DHPRs are voltage sensors located
in the t-tubules which relay action potential activation
to the RyRs, opening them and producing SR Ca2+

release (Lamb, 2000). DHPRs in skeletal muscle form
close connections with RyRs (Tanabe et al. 1990) with
four DHPRs forming a complex that is associated with
every other RyR (Block et al. 1988), and thus some ‘free’
RyRs exist. Whether the RyRs not directly associated with

DHPRs contribute to Ca2+ release is not clear (Dulhunty
et al. 2002) and increased DHPR content in the absence of
increased RyR content could potentially lead to greater
SR Ca2+ release. While there are no previous reports
showing that increased DHPR content results in increased
force production, DiFranco et al. (2011) showed that
over-expression of the DHPR α subunit in mouse muscle
resulted in increased charge movement but this extra
charge movement did not cause any extra Ca2+ release.
On the other hand, reductions in DHPR content have
been shown to result in reduced force in skeletal muscle
(Pietri-Rouxel et al. 2010).

Ingested inorganic nitrate is converted in the body to
NO2

−, NO and other nitrogen oxides. The physiological
effects of nitrate intake are supposed to be mediated
via these two metabolites (Weitzberg et al. 2010). It is
worth noting that the present effects of nitrate feeding on
muscle function are not similar to those obtained with
acute exposure to traditional NO donors. For example,
application of the NO donors S-nitroso-N-acetylcysteine
and nitroprusside resulted in increased tetanic [Ca2+]i,
reduced Ca2+ sensitivity and hence no change in force
production (Andrade et al. 1998b). These effects were
rapidly reversed after washout (Andrade et al. 1998b).
Conversely, the major effect in the present study was
an increase in tetanic [Ca2+]i and the effect remained
throughout the experiments, which were performed in
standard Tyrode solution without added NO2

− or NO.
Moreover, the increase in tetanic [Ca2+]i in the present
study was accompanied by increased expression of the
Ca2+ handling proteins CASQ1 and DHPR, which would
not occur with acute exposure of NO donors. Thus, the
longer-term nitrate supplementation used in the present
study resulted in ‘structural’ (i.e. protein-linked) changes
to skeletal muscle.

Conclusions

We show that fast-twitch skeletal muscles from mice
provided nitrate in drinking water for 7 days display
increased tetanic [Ca2+]i, which resulted in increased
contractile force at low stimulation frequencies, which are
those used most often for normal movement (Hennig &
Lømo, 1985). These effects on intracellular Ca2+ handling
are consistent with recent proposals (Bailey et al. 2010;
Ferreira & Behnke, 2011). It must be emphasized that
the changes measured here were due to altered protein
expression and not simply acute effects of circulating
nitrate and NO intermediates. Translating to the in vivo
situation, our results show that fast-twitch muscle of
Nitrate mice can be activated at a lower frequency to
achieve the same force output, which would reduce the
effort required for a given task. An additional benefit
is that for a given torque or force output, the number
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of motor units needed to be recruited will be reduced
without any increase in the time taken to achieve the target
force.

Practical application of the present results is not limited
to exercise performance. The changes in Ca2+ handling
and involved proteins (e.g. CASQ1 and DHPR) indicate
a potential therapeutic role for nitrate. For example,
impaired Ca2+ handling in skeletal muscle has recently
been reported in mitochondrial myopathy (Aydin et al.
2009). Specifically, Aydin et al. found that reduced CASQ1
mRNA and protein expression caused reduced tetanic
[Ca2+]i and muscle weakness in a mouse model of
mitochondrial myopathy. Thus, nitrate supplementation
may be used to improve contractile function in diseases
with muscle weakness involving impaired Ca2+ handling.
This is also interesting from a nutritional perspective
since several leafy green vegetables are high in inorganic
nitrate and the amount of nitrate used in the pre-
sent study can be easily achieved by adopting a ‘green’
diet.
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