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Abstract

The roles of nitrate and nitrite ions as nitric oxide (NO) sources in mammals, complementing NOS 

enzymes, have recently been the focus of much research. We previously reported that rat skeletal 

muscle serves as a nitrate reservoir, with the amount of stored nitrate being highly dependent on 

dietary nitrate availability, as well as its synthesis by NOS1 enzymes and its subsequent 

utilization. We showed that at conditions of increased NO need, this nitrate reservoir is used in situ 
to generate nitrite and NO, at least in part via the nitrate reductase activity of xanthine 

oxidoreductase (XOR). We now further investigate the dynamics of nitrate/nitrite fluxes in rat 

skeletal muscle after first increasing nitrate levels in drinking water and then returning to the 

original intake level. Nitrate/nitrite levels were analyzed in liver, blood and several skeletal muscle 

samples, and expression of proteins involved in nitrate metabolism and transport were also 

measured. Increased nitrate supply elevated nitrate and nitrite levels in all measured tissues. 

Surprisingly, after high nitrate diet termination, levels of both ions in liver and all muscle samples 

first declined to lower levels than the original baseline. During the course of the overall experiment 

there was a gradual increase of XOR expression in muscle tissue, which likely led to enhanced 

nitrate to nitrite reduction. We also noted differences in basal levels of nitrate in the different types 

of muscles. These findings suggest complex control of muscle nitrate levels, perhaps with multiple 

processes to preserve its intracellular levels.
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Introduction.

Nitric oxide (NO) is considered to be among the most important signaling molecules in the 

mammalian body. NO is a small diatomic molecule but with a large field of effects, 

including its roles in the vasculature as a potent vasodilator and inhibitor of platelet 

aggregation, in immune system regulation, in neuronal tissues as a volume neurotransmitter 

and in regulation of mitochondrial respiration, to name just few [1; 2; 3; 4; 5]. After NO was 

identified in 1987 to be the mysterious and elusive endothelium-derived relaxing factor 

(EDRF), NO synthetizing enzymes were discovered and named as nitric oxide synthases 

(NOS). Originally, the NOS pathway, where NO and citrulline are synthesized from L-

arginine in the presence of oxygen, was considered the only physiological pathway of 

mammalian NO synthesis [6].

The contradiction between the greatest need of NO vasodilatory effects at low oxygen levels 

and the requirement of oxygen for its synthesis by NOS, combined with the short NO 

lifetime in vasculature remained unexplained for several decades [7; 8]. One of the obvious 

explanations was that there are other sources of NO than arginine and other enzymes than 

NOS involved in NO physiology. Finally, it was realized that heme proteins, such as 

hemoglobin or myoglobin, serve as important regulators of availability of NO by either 

oxidizing the excess of NO to nitrate when oxygen is bound to the heme (and therefore, 

there is less need to increase oxygen availability by increasing vasodilation), or by reducing 

nitrite, an inauspicious ion present in the bloodstream, directly to NO when the heme is free 

of oxygen [9; 10; 11; 12; 13]. Later on, other members of nitrite-to-NO reduction pathways 

(proteins containing heme or molybdopterin compounds) were identified in various 

mammalian tissues [14; 15; 16].

Previously, using rodents, we showed that skeletal muscle is the largest reservoir of nitrate, 

which also can be reduced to nitrite and then NO and that the amount of stored nitrate in 

muscle depends strongly on diet [17; 18]. Further, we found that at least in rodents, there is 

an unexpected tendency of skeletal muscle to “hoard” nitrate if its supply was previously 

unusually low [18]. We also showed that skeletal muscle expresses at least two different 

nitrate transporters [19], and that muscle tissue is able to use the stored nitrate in situ, with 

increased demand for local NO production such as increasing local blood flow, as in the case 

of exercise [20; 21]. Rat muscle tissue also expresses xanthine oxidoreductase (XOR), a 

protein known to be able to reduce nitrate to nitrite and then to NO. This local NO 

expression is likely to be important for functional hyperemia in working muscle. Based on 

these results that established a prominent nitrate concentration gradient from muscle to other 

organs, we hypothesize that rat skeletal muscle also supplies nitrate “on demand” to other 

tissues.

In the present work, our goal was to follow the dynamics of outflux of nitrate ions from the 

skeletal muscle into blood and other organs in rats. Using a dietary approach, we provided 

high amounts of nitrate to rats for 5 days and then we abruptly lowered nitrate levels to the 

pre-experimental baseline values. We measured nitrate and nitrite levels in skeletal muscle, 

blood and liver at several time points after high nitrate withdrawal. The liver was chosen as a 

comparison organ because liver tissue shows the highest known nitrate and nitrite reductase 
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activity [22; 23]. We also followed expression of some of the proteins known to be involved 

in nitrate metabolism and transport in muscle tissue – XOR, nitric oxide synthase 1 (NOS1), 

myoglobin and sialin [24]. As expected, when high amounts of nitrate were available in diet, 

nitrate levels in muscle, blood and liver increased well above the baseline and when amount 

of dietary nitrate decreased, its levels in skeletal muscle rapidly declined, perhaps to 

compensate its loss in other organs. To our surprise, nitrate levels in muscle continued to 

decline over time, to values below observed for the pre-experimental baseline, before slowly 

returning to the original baseline. At the same time, XOR expression gradually increased in 

rat muscle tissue, which likely caused the increased nitrate reductase activity of this tissue; 

we also found a delayed increase of expression of sialin (known nitrate transporter) and 

NOS1. Since there are indications that NO might be supplied differently in type I and II 

fibers, based on their different oxygenation (type II being more hypoxic than type I) [25; 

26], we collected muscles with different proportions of type I and type II fibers. Our results 

showed that different muscle groups do, indeed, store different amounts of nitrate, but there 

was no simple clear correlation between muscle type and level of nitrate, probably due to the 

fact that most of muscles are mixed type I/II and even in pure type II there are 3 different 

subtypes that, in theory could have different properties vis a vis nitrate/NO metabolism. 

Further experiments are needed to elucidate the possible differences of muscle fiber type and 

their nitrate metabolism on a molecular level.

These findings together suggest complex dynamics of the muscle nitrate reservoir and 

significant changes and adaptations in nitrate ion trafficking in and out of the muscle cells, 

based on local and/or global demand for NO. Elucidating the dynamics of this nitrate 

transport might allow us to better understand the basic physiological processes in these 

muscles, first, in animals and, ultimately, in humans. At the end, it could also help with 

design of supporting dietary recommendations for metabolic diseases associated with NO 

deficiencies and/or for diets designed to improve sarcopenia or athletic performances if 

some of the findings reported here for rats are confirmed in humans.

Materials and Methods.

Dietary intervention.

All experiments were done under NIDDK animal protocol K049-MMB-17 and in agreement 

with NIH animal care policies. Animals were housed in a 12h light/dark cycle environment 

with access to food and drinking tap water ad libitum. Young Wistar rats (n=32, 250±50g, 16 

males, 16 females) were fed NIH standard rat diet (NIH07, nitrate 340.3±13.5 nmol/g, nitrite 

7.4±0.1nmol/g) for one week. Then high nitrate diet consisting of water containing 1g/l 

(11.8mM) of sodium nitrate (Sigma, St. Louis, MO) was introduced for 5 days to 28 rats. 

There was no change of diet for remaining 4 control rats. After 5 days of high nitrate water 

(day 0, D0), all 32 rats continued to be fed standard diet and tap water (containing 100μM 

nitrate) up to 21 days. Groups of 4 rats (2 males, 2 females) were killed at time points D0 

(immediately after completing 5 days of high nitrate water), 12 hours (D0.5), 1, 4, 7, 14 and 

21 days after D0, together with the 4 control rats. Experimental design is shown in Scheme 

1.
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Sample collection.

Rats were enclosed in an anesthesia box and anesthetized using 5% isoflurane mixture with 

air. Anesthetized animals were placed on the pad in supine position and anesthesia continued 

through a nose cone. The thoracic cavity was opened and ~9–10 ml of blood was collected 

by cardiac puncture; representing about two-thirds of total blood volume for a rat of this 

size. Heparinized syringes were used for blood collection. Immediately after withdrawal, 

blood was mixed with a solution containing potassium ferricyanide, NEM and detergent in 

final ratio 2:1 as previously described [27] to conserve nitrite from oxidation by hemoglobin. 

Animals were then perfused using heparin-containing saline to flush the remaining blood out 

of the tissues. Perfusion continued until no blood was detected in outgoing saline and liver 

and kidneys were significantly discolored. Samples from liver and five skeletal muscles from 

both hind legs - gluteus, soleus, extensor digitorum longus (EDL), gastrocnemius, and 

tibialis anterior (TA) - were then collected, placed into Eppendorf tubes and immediately 

frozen on dry ice. All samples were stored at −80°C until analysis. According to published 

analyses of rat muscle fiber type [28], fiber type and relative composition in these collected 

muscles is the following: soleus: 80% type I, 20% type IIa, extensor digitorum longus 

(EDL): 11% type IIa, 25% type IIx, 64% type IIb, gluteus: 5% type IIa, 19% type IIx, 76% 

type IIb., tibialis anterior (TA): 0.4% type I, 10% type IIa, 20% type IIx, 70% type IIb and 

gastrocnemius: 6% type I, 10% type IIa, 19% type IIx, 64% type IIb.

Determination of nitrite and nitrate.

Nitrite and nitrate levels in whole blood were measured using a standard chemiluminescence 

method [29]. Samples were deproteinized by dilution with cold methanol 1:1 

(sample:methanol, vol/vol), then centrifuged for 5 min at 13,000 rpm and 4°C 

(AccuSpinMicroR, Fisher Scientific, Pittsburgh, PA), the supernatant was collected and 

injected into the nitric oxide analyzer (NOA, Sievers, Model 280 NO analyzer, Boulder, CO) 

using helium as the carrier gas for determination of NO. For nitrate analysis, samples were 

processed the same way as for nitrite determination and analyzed with NOA using the 

vanadium(III) chloride (VCl3) chemiluminescence assay.

Tissue samples were weighed, mixed with 1% solution of NP-40 in water and homogenized 

using GentleMacs (Miltenyi Biotec Inc, Auburn, CA). Proteins were precipitated using 

methanol (dilution 1:3 sample:methanol, vol/vol) and samples were centrifuged at 3,000 g 

for 45 min to separate most of the protein. Supernatants were collected and used to 

determine nitrite and nitrate content by chemiluminescence as described above for blood 

samples.

Nitrate reductase assay.

Nitrate reduction activity assay was performed as previously described [23]. Briefly, EDL 

muscle tissue was homogenized using GentleMacs and protein content was measured by the 

bicinchoninic acid (BCA) assay (Thermo Scientific, #23227) and adjusted to 3mg/ml. The 

cofactor mixture with or without oxypurinol (200μM) was added to homogenate solution 

and then 500μM nitrate was added to the reaction tube. The aliquots were taken at 0 and 2h 

and then analyzed by chemiluminescence for nitrite content. Experiments were performed at 

37°C under 2% oxygen in 100mM phosphate buffer, pH6.5.
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Western blots.

Western blotting was performed to analyze the levels of XOR, NOS1, sialin, myoglobin and 

GAPDH protein in soleus and EDL skeletal muscle samples. Muscle tissues were 

homogenized in RIPA buffer (Sigma, Cat. # R0278) containing protease inhibitors 

(CalBiochem, #539134) and protein concentration was measured by the (BCA) assay. 

Denatured samples (20 μg) were run on SDS-PAGE and then transferred to nitrocellulose 

membranes. The membranes were incubated with primary antibodies (Anti-myoglobin: 

Santa Cruz Biotechnology, sc-25607; Anti-sialin: Alpha Diagnostics, SIAL11-A; Anti-

XOR: Abcam, ab133268; Anti-NOS1: BD Transduction Laboratories, 610309; Anti-

GAPDH: Cell Signaling, 97166) overnight at 4°C. Goat-anti-mouse or goat-anti-rabbit 

antibodies conjugated with horseradish peroxidase (Jackson Immunoresearch) were used as 

secondary antibodies and followed by ECL detection (Thermo Scientific, #34095). Band 

density was quantified using NIH Image J software.

Results.

Dynamics of nitrate levels in skeletal muscles, blood and liver.

Figure 1A shows the time course of nitrate levels in liver, blood and gluteus muscle of rats 

after 5 days of high nitrate ingestion (D0) and six time points at 12h, 1, 4, 7, 14 and 21 days 

after returning to the normal diet (D0.5, D1, D4, D7, D14 and D21, respectively) and control 

animals on their normal nitrate ingestion levels.

In control rats, nitrate was distributed in nonhomogeneous manner among liver, blood and 

gluteus, with liver containing the least amount (4.7±1.3 nmol/g tissue) and gluteus the 

highest amount (43.4±14.6 nmol/g tissue or 9.2-fold increase over its amount in liver tissue), 

with blood levels of nitrate at mid-levels (18.5±2.9 μM, equivalent to 18.5±2.9 nmol/g tissue 

or 3.9-fold increased over its amount in liver).

Five days of increased nitrate supply led to significant, 2.8-, 5.9- and 2.4-fold increases of 

nitrate in liver, blood and gluteus, respectively, when compared to their baseline values.

When the dietary nitrate levels returned to control amounts, levels of both nitrate and nitrite 

started to decrease, each organ with its own dynamics. Liver nitrate levels decreased back to 

the control baseline values after one day (D1, 1.1-fold of controls) and blood nitrate after 4 

days (D4, 1.1-fold of controls) after cessation of high nitrate supplementation. Interestingly 

and surprisingly, after a rapid decrease to baseline levels at 12 hours after high nitrate 

withdrawal (D0.5, 1.3-fold of controls), nitrate in gluteus continued to decrease further with 

a minimum reached at 7 days, when its level was significantly lower than that observed at 

baseline (D7, 0.3-fold of controls). It was only at day 14 that nitrate levels returned to the 

control baseline values again (D14, 0.8-fold of controls) and were stable by day 21.

Figure 1B compares nitrate levels in three different muscles – gluteus (type II, fast twitch 

fibers), extensor digitorum longus (EDL, type II, fast twitch fibers) and soleus 

(predominantly type I slow twitch fibers) for controls, day 0 (D0, after 5 days of high nitrate 

water) and after returning to tap water at day 1, 4, 7, and 21 (D1, D4, D7 and D21, 

respectively).

Park et al. Page 5

Nitric Oxide. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Interestingly, baseline levels of nitrate differ significantly between these three types of 

muscles, with gluteus containing significantly higher amounts of nitrate compared to EDL 

and soleus (1.9- and 2.6-fold, respectively), thus not strongly correlating with fiber types.

As expected, 5 days of nitrate supplementation significantly increased levels of nitrate in all 

measured muscles - gluteus (2.4-fold from 43.4±14.6 nmol/g to 103.2±15.3nmol/g tissue), 

EDL (4.3-fold from 16.6±5.4 to 70.7±20.4 nmol/g tissue) and soleus (3.3-fold from 

22.8±4.0 to 75.9±48.8 nmol/g tissue).

After nitrate supplementation ceased, nitrate decreased in all three muscles following the 

pattern observed in gluteus muscle (described above), with the minimum observed at day 7 

(D7) (reaching 0.6- and 0.4-fold of control value for EDL and soleus, respectively). 

Interestingly, the absolute values of nitrate levels at their minimum at D7 are very similar for 

all three muscles – 11.7±5.9, 9.2±0.5 and 10.0±6.4 nmol/g tissue for gluteus, EDL and 

soleus, respectively).

Return to baseline values is observed at day 21 with nitrate levels of 41.9±6.5, 14.4±5.2 and 

16.5±6.1 nmol/g tissue for gluteus, EDL and soleus, respectively.

To determine if fiber type could be one of the deciding factors for skeletal muscle nitrate 

storage capacity, we also measured nitrate levels in two additional skeletal muscles, 

gastrocnemius and tibialis anterior (TA), at the baseline. Nitrate level in TA was 12.1±3.5 

nmol /g tissue and gastrocnemius contained 18.8±9.2 nmol /g tissue of nitrate.

Dynamic of nitrite levels in skeletal muscles, blood and liver.

Figure 2A shows the time course of nitrite levels in liver, blood and gluteus muscle of 

animals at baseline, after 5 days of high nitrate diet (D0) and six time points, 12h, 1, 4, 7, 14 

and 21 days, after returning to the normal diet (D0.5, D1, D4, D7, D14 and D21, 

respectively). Distribution of nitrite at control conditions was mostly uniform, with 

0.20±0.07, 0.20±0.05 and 0.28±0.05 nmol /g tissue of nitrite measured in liver, blood and 

gluteus, respectively.

Similar to nitrate, significantly lower nitrite levels than in controls were observed after 

cessation of nitrate supplementation, in gluteus at day 1 (D1, 0.5-fold of controls), days 4 

and 7 (D4, D7, 0.7-fold of controls) and in liver at day 4 (D4, 0.4-fold of controls). After 

reaching its minimum at day 7, gluteus nitrite level returned to baseline at day 14, timing 

similar to nitrate. Liver nitrite increased back to its baseline values faster, within only 7 days. 

Nitrite in blood stabilized back to baseline values even faster, after 12 hours, but after day 4 

its levels stabilized at a new, slightly lower baseline level (D7-D21, 0.7-fold of ctrl).

Figure 2B compares nitrite levels in three different muscles – gluteus (type II fiber muscle), 

extensor digitorum longus (EDL, type II fiber muscle) and soleus (type I fiber muscle) for 

controls, day 0 (D0, after 5 days of high nitrate water) and after returning to tap water at day 

1, 4, 7, and 21 (D1, D4, D7 and D21, respectively).

Baseline levels of nitrite significantly differ in these three types of muscles, with gluteus 

containing the lowest amounts of nitrite (0.28±0.05 nmol/g tissue) compared to EDL 
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(0.38±0.04 nmol/g tissue) and soleus (0.44±0.06 nmol/g tissue), the opposite of the finding 

with nitrate levels.

Five days of nitrate supplementation (at time-point D0) significantly increased levels of 

nitrite in all three muscle – gluteus (2.9-fold from 0.28±0.05 to 0.80±0.11 nmol/g tissue), 

EDL (2.5-fold from 0.38±0.04 to 0.95±0.83 nmol/g tissue) and soleus (3.3-fold from 

0.44±0.06 to 1.43±0.21 nmol/g tissue).

After termination of high nitrate supplementation, nitrite decreased with a similar pattern in 

all three muscles, with minimum values (again, significantly lower than previous baseline 

value) reached at day 7 (D7) - 0.7– 0.6- and 0.4-fold of ctrl values for gluteus, EDL and 

soleus, respectively. It is intriguing that all three nitrite level values at D7 are practically 

identical - 0.19±0.08, 0.18±0.05 and 0.16±0.08 nmol/g tissue for gluteus, EDL and soleus, 

respectively. Return to baseline values is evident at day 21 with nitrite values of 0.25±0.06, 

0.36±0.03 and 0.39±0.06 nmol/g tissue for gluteus, EDL and soleus, respectively.

To determine if fiber type influenced skeletal muscle nitrite content, we measured nitrite 

levels in two additional skeletal muscles, gastrocnemius and tibialis anterior (TA), at the 

baseline. TA contained 0.31±0.04 nmol /g tissue and gastrocnemius 0.26±0.04 nmol /g 

tissue of nitrite.

Expression of proteins involved in nitrate metabolism in EDL and soleus muscles.

Figure 3 shows expression levels of proteins involved in the nitrate-nitrite-NO cycle – XOR, 

NOS1, sialin and myoglobin in EDL and soleus muscles. Panels A and C presents original 

Western blots in EDL and soleus, respectively, and panels B and D show densitometric 

evaluation of protein expression levels for EDL and soleus, respectively.

In EDL (panel A and B), XOR levels gradually increased through the whole experimental 

treatment, from baseline up to day 21 (1.9-, 2.1- and 3-fold increase at D0, D7 and D21, 

respectively, relative to controls). Levels of NOS1 and sialin increased significantly only at 

day 21 (1.4- and 1.5-fold for NOS1 and sialin, respectively), and expression of myoglobin 

remained stable, with the exception of a small dip at day 7 (D7, 0.8-fold relative to ctrl).

In soleus (panel C and D), XOR levels increased at day 7 and 21, albeit not as pronouncedly 

as in EDL (1.3-, and 1.4-fold increase at D7 and D21 when compared with controls). Sialin 

levels were also slightly elevated at day 7 and 21 when compared to controls (1.5- and 1.5-

fold for D7 and D21, respectively). NOS1 expression slightly decreased at day 0 (0.7-fold), 

and then rose 2.4-fold by day 21, compared with controls. Expression of myoglobin 

remained stable, with a small dip at day 0 (D0, 0.6-fold relative to controls).

Nitrate and nitrite levels and nitrate reductase activity in EDL muscle.

Figure 4 shows nitrate reductase activity of EDL at baseline, after 5 days of nitrate 

supplementation (D0) and at D1, D7 and D21 after withdrawal of high nitrate (grey bars) 

and at the same time points with the addition of xanthine oxidoreductase (XOR) inhibitor, 

oxypurinol (green bars).

Park et al. Page 7

Nitric Oxide. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



After addition of 500μM of nitrate to EDL muscle homogenate, XOR-related nitrate 

reductase activity was followed by measuring the amount of newly appeared nitrite that 

originated from reduction of exogenous nitrate after 2 hours of incubation period at pH 6.5 

and 2% oxygen. Results (gray bars) show that significant generation of nitrite from 

reduction of exogenous nitrate occurred in EDL homogenates at every time point studied 

with nitrite levels increases of 23.3±6.4, 20.3±6.2, 44.1±29.8 and 49.5±31.0 nmol/g protein 

after 2 hours for controls, D0, D7 and D21, respectively. Introduction of high dietary nitrate 

didn’t lead to changes of XOR-related nitrate reduction, but subsequent decrease of dietary 

nitrate levels triggers increased nitrate reduction at days 7 and 21 (1.9- and 2.1-folds for D7 

and D21, respectively, when compared with controls).

Nitrate reduction is greatly inhibited by addition of XOR inhibitor, oxypurinol with levels of 

nitrite at 6.1±7.2, 2.7±1.4, 10.3±7.2 and 5.9±6.6 nmol/g protein, generated after 2h for 

controls, D0, D7 and D21, respectively (green bars).

Discussion.

Nitrate and nitrite ions are now understood to be significant storage and precursor forms of 

NO in mammals. It had been shown recently in animals [30] and, more importantly, in 

humans [31; 32], that lack of the steady dietary supply of these ions has many detrimental 

effects for health, especially for cardiovascular health. In the past, several studies showed 

that, when ingested, about a quarter of dietary nitrate from the bloodstream is transported by 

salivary glands into the saliva where it is reduced to nitrite by oral bacteria [33]. Most of the 

remaining dietary nitrate is excreted from the bloodstream, mostly by kidney [34], but small 

portions of dietary intake appear to be retained by various organs, such as muscle [17]. In 

addition to dietary nitrate supply, nitrate is also continuously generated in the body by 

oxidation of NO, and probably nitrite ions, by oxyhemoglobin and by other oxyheme 

proteins [35].

Until recently, commensal oral bacteria were considered to be the main nitrite suppliers to 

mammals and their presence and action is, with no doubt of high importance. Just to point 

few, studies on normal and germ-free mice [36] showed that absence of bacteria combined 

with NOS inhibition had detrimental effects on the cardiometabolic health. In several human 

trials, eliminating oral bacteria by using mouthwash suppressed dietary nitrate effect on 

lowering blood pressure [37; 38; 39; 40]. Mammals themselves were considered only being 

able to reduce nitrite to NO, using either XOR or deoxy-heme proteins as nitrite reductases; 

nitrite reduction was assumed to be mainly taking place either in liver (by XOR [22]) or 

blood (by deoxyHb, for review see [12; 41]). Small amounts of NO oxidation to nitrite in the 

blood were assumed to be due to a reaction with molecular oxygen, perhaps catalyzed by 

ceruloplasmin [42]. However, when it was demonstrated that mammalian xanthine 

oxidoreductase (XOR) is also able to reduce nitrate into nitrite, and that this reaction is 

enhanced with decreased oxygen and increased acidification (similar to nitrite reduction), it 

became clear that mammals themselves possess the complete set of enzymes for nitrate-to-

nitrite-to-NO reduction [23]. Therefore, high reliance of humans on their oral microbiome to 

regulate the amount of NO for vascular events, does not exclude the possibility of native 

mammalian enzymes being equally important in some compartments (organs) or at some 
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physiological conditions. We believe that these three parts of NO formation cycle (oral 

microbiome, XOR, NOS) have their specific sphere of influence or compartment where their 

proper functioning is crucial and that they support each other, but are not completely 

interchangeable. Follow-up research confirmed the idea of possible importance of nitrate 

and mammalian nitrate reductases for normal physiology [20]. Since then, evidence about 

the role of both nitrate and nitrite ions as a NO source in mammals is growing [41]. It is 

likely that both sources of nitrate, diet and NO/nitrite oxidation, are roughly equivalent in 

their importance and the quantities of nitrate they supply, but this is still uncertain and 

further research is needed. For these purposes, one can clearly and easily manipulate the 

amount of bio-available nitrate by dietary changes, exposing the subjects either to low- or 

high- nitrate containing diets. Most hypotheses about NO metabolic pathways usually 

consider nitrate as a resource that is constantly supplied by either diet or NO/nitrite 

oxidation and unused excess is excreted with only minimal nitrate retention in the body, 

mainly in the bloodstream [43]; for review see [44]. The question rarely considered was a 

possibility of some intermittent larger nitrate reservoir in the body that would supply 

necessary nitrate when its dietary supply falls or perhaps the NOS pathway becomes 

nonfunctional (such as in hypoxia).

Thus, for us the question had become: does the mammalian body store nitrate or nitrite and 

if it does, where? To find a tissue/organ which would function as a possible nitrate reservoir, 

we previously concentrated our efforts on a simple question of the distribution of nitrate and 

nitrite ions through the body. To our surprise, we and others found that there is a particular 

mammalian tissue that contains high nitrate levels and appears to serve as a temporary 

nitrate reservoir – skeletal muscle tissue [17; 45]. As the current study confirms again, our 

previous reports of the existence of nitrate concentration gradients from muscle to blood to 

liver (which is in this study 9.2- and 3.9- fold of liver values in gluteus muscle and blood, 

respectively) was confirmed for the baseline values before treatment by high nitrate diet.

Considerable amounts of published data in exercise physiology research during the past few 

years leads to the hypothesis that nitrate/nitrite/NO pathway differs for different type of 

muscle fiber types [25; 26; 46]. In all our previously published studies [17; 18; 20] we only 

collected gluteus (type II), as a representative muscle, which provided a comfortable amount 

of material for all of our experiments. In an attempt to clarify if there are indeed differences 

in nitrate/nitrite/NO pathway that are due to different muscle fiber types or other factors 

(such as muscle size and function), we also collected four smaller additional muscles from 

the rat hind leg – EDL (type II fibers), TA and gastrocnemius (both predominantly type II 

fibers) and soleus (predominantly type I fibers) in addition to gluteus (type II fibers). When 

comparing the baseline nitrate values in these five different muscles, there is a spread over 

an interval of values, ranging from 12.1±3.5nmol/g tissue for TA, up to gluteus with 

43.4±14.6 nmol/g tissue, with EDL (14.4±5.2 nmol/g tissue), soleus (22.8±4 nmol/g tissue) 

and gastrocnemius (18.8±9.2nmol/g tissue) spreading in this interval. Levels of nitrate in 

gluteus and soleus are higher than in blood and liver and follow the previously described 

muscle-blood-liver gradient, when their nitrate values are compared to ones in blood and 

liver. EDL and gastrocnemius nitrate levels are similar to levels found in blood and still 

significantly higher than that in liver. TA nitrate levels are lower than those in blood, but 

higher than nitrate levels in liver. As follows from these observations, there is definitely 
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diversity in the nitrate levels among different muscles, an observation that deserves further 

study to find a possible pattern. It is possible that only some muscles function as the real 

nitrate reservoir and supply the whole body, while other muscles might only store limited 

amounts of nitrate for their own local use and/or some might rely on other mechanisms, such 

as NOS-derived NO synthesis. The distinction among these possibilities is an important one 

and can be only made by carefully mapping different muscle groups and comparing the 

measured values, possibly with and without exercise.

In all of our previous animal studies we only collected gluteus (type II), as a representative 

muscle, which provided adequate amounts of material for all our experiments. However, a 

recent study [46] also reports significant differences in the levels of nitrate in soleus (mostly 

type I) and vastus lateralis (mostly type II) in rat, with nitrate and nitrite concentrations 3.4- 

and 1.8-fold higher in soleus than vastus lateralis. In our study, similar differences were less 

pronounced but were in the same direction, with 1.4-fold increase of nitrate and 1.2-fold 

increase of nitrite in soleus when compared to EDL (type II). Interestingly, both the Jones 

and Verdijk’s groups recently proposed that nitrate would be more beneficial for improving 

performances of type 2, fast twitch muscle, which includes EDL and vastus lateralis [25; 45; 

47]. At this point, due to the lack of enough experimental data, it is probably too early to 

formulate any more detailed hypotheses about this phenomenon, but certainly, one might 

reasonably expect significant differences in how different muscle and, in general, different 

organs, handle storage and use of nitrate.

Nitrite levels at baseline conditions in liver, blood and reported muscle samples range from 

0.20±0.07, to 0.44±0.06 nmol/g tissue for liver and soleus, respectively, and with similar 

ranges in all five muscle specimens (from 0.28±0.05 to 0.44±0.06nmol/g tissue for gluteus 

and soleus, respectively). Such relatively uniform distributions of nitrite levels through 

various organs is in agreement with our previous observations for sedentary rats, where we 

found that nitrite concentrations among tissues change only when nitrite is in physiological 

need, such as during the exercise-caused hypoxia and functional hyperemia in skeletal 

muscle [20; 21].

Five days of consumption of high nitrate water led to a significant increase of nitrate and 

nitrite levels in all collected rat organs and tissues, followed by rapid decrease within 12 

hours after withdrawal of high nitrate supply. Such observations are naturally expected and 

are not surprising. It is also unsurprising that nitrate and nitrite decrease at different rates 

from different organs and tissues. Unsurprisingly, blood is the tissue with fastest decay of 

both values, reaching pre-supplementation nitrate baseline level at day 4 and nitrite levels 

already only 12 hours after returning to regular tap water. However, to our surprise, in liver 

and all skeletal muscles nitrate and nitrite decreased further after reaching their pre-

supplementation values and only returned to original values after reaching a lower “dip” 

values below the previously observed baseline. This suggests that some other changes at the 

biochemical level take place in these tissues. Both, nitrate and nitrite levels in gluteus 

decrease below the baseline levels at day 1, declining to only 60% (nitrate) and 50%(nitrite) 

of values at baseline. Interestingly, nitrate decreases slower in both the EDL and soleus one 

day following the removal of high nitrate intake (D1); however, nitrate is still well above the 

original baseline level. Nitrate levels in all three skeletal muscles decline to their minima at 
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30%, 60% and 40% of their baseline value for gluteus, EDL and soleus, respectively, at day 

7. Interestingly, the absolute minimal value of nitrate reached at this point, around 10.3 

nmol/g tissue, are almost identical in all three muscles (within 25%). A similar observation 

was made for the respective minimum reached for nitrite at day 7, where the minimal value 

hovers around 0.17 nmol/g tissue (within 20%). From these observations one might assume 

the existence of a minimal basal amount of nitrate and nitrite that are retained in the muscle 

and are likely crucial for its proper functionality. At this point, we do not have a definitive 

hypothesis of a mechanism to explain either the differences in nitrate and nitrite decline rates 

observed in different muscle groups or the similarities in minimum values reached by 

different muscle tissues nor can we explain the differences in nitrate values for different 

muscles observed at the baseline.

The complex behavior of these nitrate and nitrite dynamics in rat muscle tissue levels 

naturally requires further study of the underlying biochemical changes in tissues, such as 

altered expression of proteins involved in nitrate-nitrite-NO cycle that are induced by and 

persist after dramatic dietary changes. In our previous work, we reported that introducing 

high nitrate diet after seven days of a very low nitrate diet leads to significant accumulation 

of nitrate in the gluteus muscle, well over the value observed without the period of nitrate 

starvation included [18]. The capability of muscle tissue to “super-store” this ion was clear 

evidence of the importance of nitrate for metabolism and gave a first insight into the 

complex dynamics which govern regulation of its levels. The current study shows the 

opposite: how the body handles (presumably) “excess” of stored nitrate when the dietary 

supply returns to the usual baseline levels. Again, we see the tissue “over-reacting”, in this 

case, likely trying to dispose of the excess of accumulated nitrate by altering either the 

amount or activities (or both) of proteins involved in nitrate metabolism. We also suggest 

that nitrate-handling proteins respond slightly differently in different types of muscle, 

depending on ability of muscle and, presumably, its local needs.

This hypothesis about a local needs-driven response of individual muscles is further 

supported by several pieces of information available to us at this current time. In the fast-

twitch, predominantly the type II fiber muscle, such as EDL, we saw that the amount of 

newly synthetized nitrite by XOR-related nitrate reduction doubled at day 7 and day 21 

when compared with the amount of nitrite found at baseline. When we measured levels of 

XOR expressed in EDL at baseline, day 0, 7 and 21, we saw a dramatic increase of the 

amounts of protein over time, which doubled by day 0 and tripled at day 21 when compared 

to pre-supplementation period, which is likely the cause of increased observed nitrate 

reduction. Clearly, when given access to nitrate, EDL muscle (and, possibly also other fast-

twitch type II fiber muscles) can use it. Nitrate reduction was significantly inhibited in all 

cases by oxypurinol, an XOR inhibitor, with only 11 – 26% newly synthetized nitrite 

detected, comparing with the samples without oxypurinol. This confirms the importance of 

XOR for nitrate reduction, as well as pointing to the existence of some additional non XOR-

related nitrate reduction or nitrite transport responsible for the remaining portion of detected 

nitrite after XOR inhibition. In slow-twitch, predominantly type I fiber muscle, such as 

soleus, the increase of XOR levels was rather modest, not exceeding 40% above control 

values at day 7 and 21. We do not have direct data showing nitrate reduction in soleus, but it 

is likely that a modest increase of XOR levels would be reflected by a similarly modest 
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increase of nitrate reduction when compared with controls. However, the kinetics of XOR-

governed nitrate and nitrite reductions is also complicated by the fact that these two 

reactions are with each other and, as reported by Tanus-Santos’ group, presence of nitrate 

decreased nitrite reduction [48]. Interestingly, expression of NOS1, which is responsible for 

NO and nitrate synthesis from L-arginine [49], was also affected differently in EDL and 

soleus. In EDL, we observed modest, about 40%, increases of NOS1 levels at day 21, while 

in soleus NOS1 levels more than doubled at the same time point. In our opinion, these 

almost exact mirror changes observed for XOR and NOS1 in EDL and soleus clearly 

illustrate different roles of nitrate in different types of muscles, with some handling their NO 

needs mainly through NOS-related pathways (slow-twitch, type I) and others being able to 

rely more on nitrate/nitrite reduction pathways (fast-twitch, type II). To our knowledge, this 

is the first report of such a comparison based on protein level changes.

Expression of sialin, a nitrate (and possibly nitrite) transporter, shows almost identical 

patterns in EDL and soleus, with 50% increased amounts of protein at day 21 for both 

muscles when compared to control levels. Similarly, expression of myoglobin, which has a 

dual role as NO/nitrite oxygenase (oxyMb) or nitrite reductase (deoxyMb) to produce NO, 

was mostly unaffected by nitrate changes in the diet.

In summary, we observed an unexpected dynamic of stored nitrate levels in rat skeletal 

muscle, not dissimilar to a “withdrawal syndrome”. These dynamics are summarized in 

Figure 5. We believe that 5 days of high dietary nitrate led to full “acclimatization” of the 

rodent body to a high nitrate supply and caused a gradual switch to the nitrate reduction 

pathway as a main NO supplying pathway in type II, fast-twitch muscles - with a 

progressive increase of XOR levels over the whole period of observation, as seen by Western 

blots. This was not as pronounced in type I, slow-twitch. However, because most muscles 

contain both types of fibers (type I and II), significant changes in expression of any protein 

in one type of fiber will necessarily have some effects on the other fiber type in the same 

muscle, as strongly suggested in mirror-like changes in expression of XOR and NOS1 

proteins observed over time in EDL and soleus, respectively. When abrupt diet changes 

(lowering the nitrate content back to baseline) disturbed this adaptation, levels of XOR in 

type II muscle continued to rise because the amount of substrate (nitrate) declined and, albeit 

with a delay, levels of sialin (nitrate transporter) and NOS1 (which is able to synthetize 

nitrate directly during futile cycle) eventually increased. In contrast, in type I muscle, 

decreased nitrate supply led to an increasing reliance on the NOS-related pathway. At this 

point, it is not clear if NOS1 in slow-twitch muscle supplied “missing” nitrate or if the 

enzyme was used as a source of NO, and its myoglobin was used to oxidize NO to nitrate. 

More research needs to be done to further support or refute these several hypotheses, but we 

consider this unusual nitrate handling by the mammalian body, especially in muscle tissue, 

very intriguing.

Conclusions.

In the present study in rat, we further support the idea that nitrate and nitrite distributions in 

muscle, blood and liver and fluxes of these ions into and from different compartments are 

highly dynamic processes, with many still unknown factors. In conjunction with our 
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previous studies, we showed that these fluxes and states reached during the equilibration 

processes are highly dependent on the previous nutritional history, which is a fact that had 

not been previously considered for most small molecules, such as nitrate or nitrite ions, with 

the exception of carbohydrates in the well-known “carb-loading” routine used by long-

distance runners.

We believe that understanding nitrate and nitrite fluxes in rat muscle tissue and possible 

differences among different muscle types is an important step in studying overall NO 

physiology in mammals. It will provide useful, basic information not only about so far little 

known metabolism and physiological pathways involving nitrate and nitrite but, if confirmed 

in humans, also it may further open the door to therapeutic uses of these ions, possibly in 

neuromuscular diseases (such as dystrophies), age-related muscular changes (sarcopenia) or 

for simple increase of athletic performance. Also, in general, better understanding of the 

physiology of these processes for nitrate could lead to discoveries of similar processes/

reservoirs that might exist in mammalian bodies for other ion substances, not considered so 

far.
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Highlights

Nitrate/nitrite levels time course in rat after high nitrate withdrawal was studied

Nitrate levels returned to baseline in 2-phase nonlinear manner

Variable nitrate levels in different muscle groups were found

Nitrate withdrawal was accompanied by changes in several protein expression
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Figure 1. 
A: Nitrate levels in rat liver, blood and skeletal muscle (gluteus) at basal levels (ctrl), five 

days after high nitrate supplementation (D0) and after cessation of nitrate supplementation at 

12 hours and 1, 4, 7, 14 and 21 days (D0.5, D1, D4, D7, D14 and D21). Bars represents 

average of 4 rats, data are plot as average ± SD, * denotes p<0.05.

B: Comparison of nitrate levels in rat gluteus (type II fibers type), extensor digitorum longus 

(EDL, type II fibers) and soleus (predominantly type I fibers) muscles at basal levels (ctrl), 

five days after high nitrate supplementation (D0) and after cessation of nitrate 

supplementation at 1, 7 and 21 days (D1, D7, and D21). Bars represent average of 4 rats, 

data are plot as average ± SD, * denotes p<0.05.
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Figure 2. 
A: Nitrite levels in rat liver, blood and skeletal muscle (gluteus) at basal levels (ctrl), five 

days after high nitrate supplementation (D0) and after cessation of nitrate supplementation at 

12 hours and 1, 4, 7, 14 and 21 days (D0.5, D1, D4, D7, D14 and D21). Bars represents 

average of 4 rats, data are plot as average ± SD, * denotes p<0.05.

B: Comparison of nitrite levels in rat gluteus (type II fibers), extensor digitorum longus 

(EDL, type II fibers) and soleus (predominantly type I fibers) muscles at basal levels (ctrl), 

five days after high nitrate supplementation (D0) and after cessation of nitrate 

supplementation at 1, 7 and 21 days (D1, D7, and D21). Bars represent average of 4 rats, 

data are plot as average ± SD, * denotes p<0.05.
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Figure 3. 
Expression of proteins involved in nitrate cycle at basal level (control), 5 days after high 

nitrate supplementation (D0) and 7 and 21 days after cessation of nitrate supplementation 

(D7 and D21) in EDL (panel A and B) and soleus (panel C and D). Panels A and C show 

original Western blots and panels B and D show densitometric evaluation of protein 

expression changes. XOR: xanthine oxidoreductase, NOS1: nitric oxide synthase 1 (nNOS), 

GAPDH: glyceraldehyde 3-phosphate dehydrogenase. Data are plot as average ± SD,* 

denotes p<0.05
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Figure 4. 
Nitrate reductase activity of extensor digitorum longus (EDL) tissue homogenate in control 

conditions (ctrl), 5 days after nitrate supplementation (D0) and 7 and 21 days after high 

nitrate withdrawal (D7 and D21, respectively). Bars represent the amount of nitrite in nmol/g 

protein reduced by EDL tissue from 500 μM of exogenous nitrate during 2 hours after its 

addition. Oxypurinol, xanthine oxidoreductase inhibitor, was added at the same time as 

exogenous nitrate to the final concentration of 200μM. Gray bars represent values measured 

in sample without oxypurionol and green bars are values measured in the samples containing 

oxypurinol. EDL homogenates were kept under atmosphere of 2% oxygen, 37°C and at pH 

6.5. Bars represent average of 4 rats, data are plot as average ± SD, * denotes p<0.05.
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Figure 5. 
Schematic representation of the effect of switching diets with different nitrate content on the 

nitrate levels in skeletal muscle. When rats are switched from normal diet (gray area) to high 

nitrate diet (yellow area), increase nitrate content in muscle is observed. When high nitrate 

diet is abruptly switched back to its normal nitrate content, nitrate content in skeletal muscle 

rapidly decreases and depletion of nitrate from skeletal muscle (blue area) is observed. It 

takes significant time for nitrate to reach back up to values observed before dietary 

manipulation started.
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Scheme 1. 
Flow chart of experiment. At baseline (control conditions) rats were consuming tap water 

and standard chow for one week. High nitrate water (1g/l) was then introduced and rats 

continued to receive the standard chow for 5 days. On the fifth day, water was switched back 

to tap water. Arrows show time points at which groups of 4 rats were killed.
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