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Abstract

Background: Delayed onset muscle soreness (DOMS) results from unaccustomed exercise, leading to pain, decreased muscle force,
and limited joint range of motion (ROM). Nitrate supplementation may alleviate these symptoms. The aim of this study was to evaluate
the impact of potassium nitrate on muscle tenderness, isometric force, and elbow ROM following eccentric exercise.

Methods: This double-blind, randomized, crossover clinical trial was conducted at Imam Khomeini Hospital, Tehran, Iran, during
2023. Participants (sedentary adults aged 18-40) ingested 1000 mg of potassium nitrate or a placebo (Stevia) 3 hours prior to performing
eccentric biceps curls. Assessments included tenderness (Visual Analogue Scale), force (kilogram force), and ROM (degrees) at baseline,
48 hours, and 96 hours post-exercise. A minimum one-week washout period separated the interventions. Data were analyzed using non-
parametric repeated-measures models in R software version 4.5.0 (significance set at £<0.05).

Results: Sixteen participants completed both arms of the crossover study. Median (IQR) tenderness scores for potassium nitrate were
20 (39) at baseline, 26.5 (45.5) at 48 hours, and 22 (36.75) at 96 hours, compared to 21 (36.75), 49.5 (26.25), and 32 (42.75) for the
placebo. Nitrate reduced tenderness over time compared to the placebo (P<0.001). The p-values for the time-treatment interaction were
P=0.05 for Wald-type statistics and P=0.06 for ANOVA-type statistics. Post-hoc testing confirmed lower pain in the nitrate group at 96
hours post-exercise (P=0.03). No significant between-group differences were found for isometric force or ROM (P>0.05).

Conclusion: A single dose of potassium nitrate supplementation before eccentric exercise significantly reduced muscle tenderness but
had no effect on muscle force or joint ROM.
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Introduction

Delayed onset muscle soreness (DOMS), typically peak-
ing 24 to 72 hours after unaccustomed exercise, is caused
by microtrauma and inflammation in muscle and its respec-
tive connective tissue. This condition leads to pain, stiff-

Corresponding author: Dr Farzin Halabchi, fhalabchi@tums.ac.ir

1 Department of Sports and Exercise Medicine, Imam Khomeini Hospital Complex,
School of Medicine, Tehran University of Medical Sciences, Tehran, Iran

ness, reduced muscle force, and a decreased range of mo-
tion that may last up to 10 days (1). Studies have demon-
strated the complex mechanisms underlying DOMS, which
is initiated by microtrauma to the Z-lines of type 2 skeletal

1What is “already known” in this topic:

Delayed onset muscle soreness (DOMS) is primarily induced by
unaccustomed eccentric exercise, resulting in muscle pain, decreased
strength, and restricted range of motion. Various treatments, including
dietary supplements such as nitrate, have been investigated to alleviate these
symptoms, with some studies indicating potential benefits from nitrate-rich
foods like beetroot juice.

— What this article adds:
This study provides new evidence regarding the acute effects of potassium
nitrate supplementation prior to exercise. It demonstrates that potassium
nitrate significantly reduces muscle tenderness following eccentric exercise,
while having no effect on muscle strength or joint range of motion. These
findings offer insights into the potential role of nitrates in managing delayed
onset muscle soreness.
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muscle fibers following eccentric contraction (2). This pro-
cess eventually triggers inflammatory reactions and dis-
turbances in cell homeostasis and neuromuscular processes
(3-5). These aforementioned processes also result in an in-
crease in certain blood markers, namely creatine kinase
(CK), myoglobulin, troponin I, lactate dehydrogenase, and
alpha actin (6-8).

Numerous strategies for the prevention and treatment of
complications associated with DOMS have been the focus
of extensive research. These strategies include heat and
cold therapy (9), physiotherapy modalities (10-12), mas-
sage (13), kinesiotaping (14), acupuncture (15, 16), blood
flow restriction techniques (17), nutritional strategies (18-
20), and the use of non-steroidal anti-inflammatory drugs
(NSAIDs) (21).

Nitrate (NOs-) is an anion found in various food sources,
particularly in vegetables such as beetroot and leafy greens
(e.g., spinach, celery) (22). After entering the nitrate cycle
in the body, consumed nitrate is converted to nitrite (NO»-
) and ultimately to nitric oxide (NO), which serves multiple
functions within the body (23). Nitric oxide exerts several
effects on skeletal and vascular tissues, including exercise-
associated vasodilation (24), increased muscle microcircu-
lation (25), enhanced release of growth factors and Fol-
listatin, inhibition of myostatin release, activation of satel-
lite cells (26), and antioxidant properties at physiological
levels, as well as pro-oxidant effects at supraphysiological
levels (e.g., following eccentric contraction) (27).

Given the potential benefits of nitrate, particularly its
vasodilatory properties, several studies have investigated
its effects on exercise performance. Comprehensive re-
views of these studies provide strong evidence that 300-600
milligrams of nitrate can serve as a performance enhancer
in time trials and high-intensity interval training lasting 12
to 40 minutes. Although research on the effects of this sup-
plement on other types of exercises with varying durations
is limited, the findings are promising (28).

Based on the physiological effects of nitrate, its supple-
mentation can have varying impacts on delayed onset mus-
cle soreness (DOMS), either alleviating or exacerbating
symptoms. Previous studies, however, have primarily uti-
lized beetroot juice supplements, which are rich in various
bioactive compounds, thus complicating the ability to dis-
tinguish the direct effects of nitrate. Furthermore, nitrate
has predominantly been researched as a recovery supple-
ment following exercise. In the present study, we investi-
gated the acute effects of potassium nitrate as a pre-exercise
ergogenic aid on key DOMS indices, including muscle ten-
derness, muscle force, and joint range of motion, thereby
addressing existing gaps and providing new evidence for
nitrate supplementation and its relationship with DOMS.

Methods

Study design

This study is a double-blind, randomized, crossover clin-
ical trial conducted at the Department of Sports and Exer-
cise Medicine at Imam Khomeini Hospital in Tehran, Iran,
during 2023. The proposal for this study was prepared and
constructed in accordance with the Consolidated Standards
of Reporting Trials (CONSORT) 2025 statement and the
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latest CONSORT extension for randomized crossover tri-
als, published in 2019 (29, 30). The study was ethically
evaluated and approved by the institutional review board
(ethical approval ID: IR. TUMS.IKHC.REC.1400.206) and
subsequently registered in the Iranian Registry of Clinical
Trials (study ID: IRCT20210512051273N1).

Study population

The target population for this study consisted of individ-
uals aged 18—40 years with a sedentary lifestyle. The inclu-
sion criteria, aside from age, included the absence of any
significant physical or mental illness that could potentially
disrupt the study process, a sedentary lifestyle (defined as
engaging in less than 3 days of physical activity for 30
minutes per week during the last 3 months), no history of
addiction to drugs, narcotics, or tobacco, no pregnancy or
breastfeeding, and no pain or injury in the biceps brachii
muscle of the non-dominant upper extremity. Exclusion
criteria included the development of any illnesses during
the study, the use of any type of medication during the week
preceding the study, the consumption of any ergogenic or
sports supplements within one month prior to or during the
study, a history of any musculoskeletal injury within three
months before participation, and the consumption of foods
containing more than 50 milligrams of nitrate per 100
grams within 24 hours prior to entering the study.

Participants were recruited through public notifications
and advertisements placed on hospital bulletin boards, so-
cial media, and word-of-mouth referrals. Interested poten-
tial participants underwent a preliminary eligibility assess-
ment via telephone interviews to confirm their age and sed-
entary lifestyle, and they were provided with detailed infor-
mation about the study. Eligible individuals who met the
initial criteria were invited for an in-person evaluation at
the research facility. The researchers assessed the subjects’
eligibility and obtained written informed consent.

Interventions

This experiment comprised three stages. Stage 1 involved
the initial assessment of the subjects. Stages 2 and 3 em-
ployed a classic two-treatment, two-period randomized
crossover design (AB/BA) and included the administration
of the intervention protocols as well as the assessment of
their impact on the subjects. The subjects were randomly
allocated to either sequence NP (potassium nitrate in Stage
2 (Period 1), followed by placebo in Stage 3 (Period 2)) or
PN (placebo in Stage 2 (Period 1), followed by potassium
nitrate in Stage 3 (Period 2)), with a wash-out period be-
tween stages (Figure 1).

Potassium nitrate was selected as an intervention due to
its capacity to provide an isolated source of inorganic ni-
trates with a standardized dosage, thereby minimizing the
confounding effects of other bioactive substances com-
monly found in nitrate-rich foods and extracts.

The details of each stage were as follows:

e The first stage: The purpose of this stage was to obtain
the demographic, anthropometric, and muscular strength
characteristics of the participants by determining their one
repetition maximum (1-RM). To achieve this, the height
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Figure 1. The study protocol comprised multiple stages separated by periods exceeding 7 days. In Stage 1, anthropometric and demographic data, as
well as one-repetition maximum (1-RM), were collected. In Stages 2 and 3, active range of motion (AROM), isometric force, and tenderness were
assessed on Day 1 (baseline) during a biceps-curl session, with reassessment of the same outcomes on Days 3 (48 hours later) and 5 (96 hours later).

and weight of each participant were measured, and a dumb-
bell weighing 10% of the participant's body weight was uti-
lized. The 1-RM was calculated using the Brzycki formula
(1-RM = 100 x weight / (102.78 — 2.78 x number of repe-
titions to failure)), based on the number of biceps curl rep-
etitions performed by the non-dominant arm until volitional
fatigue (31).

e The second and third stages: The protocols for these
two stages were identical and were conducted over two sep-
arate weeks, with a minimum wash-out period of seven
days between them. Participants were instructed to abstain
from foods containing more than 50 milligrams of nitrates
per 100 grams for 24 hours prior to the first visit of each
stage (a list of these foods was provided to the participants)
(32). Additionally, participants were advised to refrain
from using mouthwash during this period. Compliance with
the dietary nitrate restriction and avoidance of mouthwash
use was assessed through self-report by the participants at
the beginning of each stage visit.

Either 1000 mg of potassium nitrate (approximately 600
mg nitrate and 400 mg potassium, produced by Ghatran
Shimi Co., Tehran, Iran) or 1000 mg of stevia (an artificial
plant sweetener produced by Kamvar Co., Isfahan, Iran)
was prepared by independent staff responsible for random-
ization. Each volunteer consumed one capsule orally with
a cup of water exactly three hours before commencing the
eccentric exercise protocol, aimed at enhancing NO bioa-
vailability during the time when the pathomechanisms of
DOMS occur, under the supervision of the study team. Both
capsules were identical in appearance to maintain blinding.
Participants and study staff, including outcome assessors,
were blinded to the capsule content, ensuring a double-
blind design. Blinding was maintained until data analysis,
at which point the capsule contents were revealed to the
study staff.

During the initial visit (day 1) of the second and third
stages, we measured the active range of motion (ROM) of
the elbow joint, the isometric contraction force of the non-
dominant biceps brachii at 90 degrees of elbow flexion, and
the tenderness of this muscle.

Following the completion of the measurements, partici-
pants were familiarized with the exercise protocol and en-
gaged in a warm-up by performing six repetitions of biceps
curls with their non-dominant arm using a dumbbell weigh-
ing 30% of their 1-RM. Subsequently, participants were in-
structed to perform three sets of ten repetitions of biceps
curls with a dumbbell weighing 120% of their 1-RM, also
with the non-dominant arm, allowing for 60 seconds of rest
between sets. During the concentric phase of each biceps
curl (i.e., elbow flexion), the operator assisted in complet-
ing the movement within approximately 1-2 seconds, while
the eccentric phase (i.e., elbow extension) was executed by
the participant alone in a controlled and deliberate manner
over approximately 3—4 seconds. This repetition tempo was
standardized and applied uniformly across all subjects to
ensure an equal eccentric load.

In addition to day I, outcome assessments were con-
ducted on Day 3 and Day 5 to reflect the typical time course
of muscle damage induced by exercise. Pain and impair-
ment generally develop within 24 hours, peak at 24-72
hours, and resolve within 5-7 days following eccentric ex-
ercise.

Outcomes

All outcome measurements were conducted in a stand-
ardized sequence: 1. isometric force of the biceps brachii,
2. tenderness assessment, and 3. elbow joint active range of
motion. This sequence was maintained consistently across
all participants and study visits. Additionally, all measure-
ments were performed during morning sessions between
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9:00 AM and 11:00 AM to minimize variability related to
diurnal fluctuations in muscle function and perceived sore-
ness.

o [sometric force of biceps brachii muscle: The isometric
force of the biceps brachii was measured using a handheld
dynamometer (Danesh Salar Iranian Co., Tehran, Iran). Af-
ter flexing the elbow to 90 degrees, the posterior aspect of
the elbow was positioned against the edge of the examina-
tion table, and the probe of the dynamometer was placed on
the volar wrist crease. The subject was instructed to exert
maximum flexion force on the dynamometer’s probe while
the operator held the probe steadily. The force exerted was
displayed on the dynamometer’s monitor in kilogram-force
(Kgf) units.

e Tenderness of biceps brachii muscle: To measure bi-
ceps brachii tenderness, we employed a method proposed
and validated by Lau et al. (33). A wooden ball with a di-
ameter of 3 cm was positioned 3 cm above the elbow
crease. While the wooden ball remained in place, a sphyg-
momanometer cuff was wrapped around the subject's arm
and inflated to 250 mm Hg. The subject was instructed to
rate the pain experienced under the wooden ball by marking
a line on a visual analogue scale (VAS) ranging from 1 to
100.

e Elbow active range of motion: Active range of motion
(ROM) was assessed by calculating the difference between
the full active flexion and full active extension angles of the
elbow. These angles were measured using a manual goni-
ometer (Model SH5201, Saehan Corporation, Masan,
South Korea).

Sample Size

The sample size for this study was calculated based on
data from a study that examined the effects of beetroot juice
supplementation (as a nitrate source) on indices of muscle
damage following eccentric exercise (34). The outcome
measure used for this purpose was Maximal Isometric Vol-
untary Contraction (MIVC), which quantifies isometric
force. The two sets of means + SD for sample size calcula-
tion were 594 = 134 and 510 + 183.

Given that the power of the study and the error probabil-
ity were set at 0.8 and 0.05, respectively, the sample size
was calculated based on the comparison of means from two
dependent samples, utilizing G*Power Version 3.1 soft-
ware. In the absence of reported within-subject correlation,
a moderate within-subject correlation (r=0.50) was as-
sumed for the paired calculations in G¥Power.

The estimated sample size was 32 participants in total.
Accounting for a potential 25% dropout rate (8 partici-
pants), the total sample size was adjusted to 40, resulting in
20 participants for the crossover study.

Randomization

Participants were randomized using the block randomi-
zation method. The allocation sequence was generated by a
computer in R utilizing the blockrand package, with varia-
ble block sizes of 2, 4, and 6. During the randomization
process, participants were assigned to either the group re-
ceiving the control protocol first or the group receiving the
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intervention protocol first, designated as PN and NP, re-
spectively (P = placebo, N = potassium nitrate). The allo-
cation ratio of PN to NP was 1:1 within each block.

Allocation Concealment and Blinding

Allocation concealment was ensured by an independent
individual who was not involved in participant enrollment,
intervention administration, or outcome assessment. This
individual maintained the allocation sequence and distrib-
uted the study capsules according to this sequence. Partici-
pants, enrollment staff, and outcome assessors remained
blinded to the treatment assignments throughout both peri-
ods. The study capsules were labeled and packaged uni-
formly to prevent unblinding. The allocation sequence was
not disclosed until the conclusion of the data analysis.

Statistics

The normal distribution of data was assessed using the
Shapiro-Wilk test, which indicated a non-normal distribu-
tion. To analyze the longitudinal repeated measures data,
we employed the LD-F2 model implemented in the nparLD
package in R software version 4.5.0. This model accommo-
dates two within-subject factors (days 1, 3, 5 and interven-
tion types, i.e., potassium nitrate and placebo) and calcu-
lates rank means for each condition. The Wald-type statis-
tic (WTS), a nonparametric factorial repeated measures de-
sign, and the ANOV A-type statistic (ATS), which provides
additional inferential checks, were utilized to test main and
interaction effects.

Statistical significance was established at P<0.05. When
significant effects were observed, pre-specified pairwise
comparisons were performed using nonparametric Wil-
coxon tests with Bonferroni correction. These comparisons
were restricted to the primary analytic time points (Day 3
and Day 5) and included both between-treatment compari-
sons and within-treatment comparisons versus baseline
(Day 1). Any additional pairwise comparisons were re-
garded as exploratory.

Given the use of a crossover design, crossover-specific
effects were assessed prior to the aggregation of data from
the two treatment sequences. Sequence effects were evalu-
ated by incorporating sequence (NP vs PN) as a between-
subject factor in the nonparametric repeated measures de-
sign and analyzing the main effect of sequence using
WTS/ATS. Period effects (stage 2 vs stage 3) were assessed
by including period as a design factor and examining the
main effect of period (WTS/ATS) while controlling for
treatment and sequence. Considering the nitrate half-life
(approximately 5 hours) and the return of nitrate/nitrite to
baseline within about 24 hours following acute ingestion
(35), a minimum 7-day washout period was deemed suffi-
cient to minimize carryover. Carryover effects were also
analyzed for Day 3 and Day 5 by comparing period sums
between sequences (NP vs PN) using Wilcoxon rank-sum
tests.

The primary efficacy analysis was conducted on a per-
protocol population, which included only participants who
completed both periods and had outcome data for both
treatments.
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Results

A total of 20 volunteers (9 males, 11 females) partici-
pated in the study. Three volunteers withdrew after Stage 1
and prior to randomization/allocation. Seventeen partici-
pants were randomized into the two sequences (NP = 8 and
PN = 9) and completed Stage 2. One participant in the PN
group withdrew during the washout period following Stage
2 and before the commencement of Stage 3. This with-
drawal was not related to the study intervention or proce-
dures, and the participant declined to continue. Conse-
quently, sixteen participants completed both periods and
were included in the analyses (NP = 8 and PN = 8) (Figure
2).

Baseline demographic and anthropometric variables did
not differ significantly between the NP and PN groups (Ta-
ble 1).

Before pooling data across sequences, we evaluated
crossover-specific effects. Sequence, period, and carry-
over effects were tested within a nonparametric repeated-

Assessed for eligibility
Enrollment =20

Included Participants
n=20

Baseline assessment
(Demographic and anthropometric data,
measuring 1-RM)

n=20

Allocation

measures framework and were found to be statistically in-
significant (all P>0.05), thereby supporting the aggregation
across sequences.

After aggregating data from both the NP and PN groups,
we employed a framework for data analysis. Regardless of
the treatment sequence, tl, t2, and t3 corresponded to the
times of the first, second, and third visits of the week when
participants consumed potassium nitrate, while t4, t5, and
t6 corresponded to the times of the first, second, and third
visits of the week when participants consumed placebo.
The detailed measurement results for each outcome varia-
ble (muscle force, muscle tenderness, and elbow ROM) at
all three time points (day 1, day 3, and day 5) are presented
in Table 2.

Force

In the group receiving potassium nitrate, muscle force de-
clined from a mean of 15.45 Kgf (IQR: 6.82) on day 1 to
14.40 Kgf (IQR: 7.00) on day 3, before increasing back to

Dropped-out after
enrollment
Unwillingness to
participate (n=3)

Potassium nitrate Placebo
=8 n=9
‘Wash-out period
(>1 weeks)

Potassium nitrate
n=8

Wash-out

Placebo
n=8

. Analyzed
Analysis 4
& n=16

Discontinued during
wash-out period

Personal issues (n= 1)

Figure 2. This figure represents the CONSORT flow diagram of the study.

Table 1. Baseline characteristics of participants. Continuous variables are presented as mean = SD and were compared between sequences using
independent-samples t-tests; categorical variables were analyzed using Fisher’s exact test.

Characteristics NP PN P-value

Sex Female 5 4 P>0.05
Male 3 4

Age (Years) 27.62 +6.25 29+5.85 0.62

Weight (kg) 60.75 +£5.01 59.75+5.22 0.71

Height (cm) 165.25 +5.75 162.5+13.5 0.53
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Table 2. presents the outcome measures over time along with the respective p-values for time effect, treatment effect, and time-treatment interaction.
P-values for time, treatment, and time-treatment effects were derived from nonparametric repeated-measures analysis (nparLD; WTS/ATS). Meas-
urements are reported as median (IQR), where WTS refers to Wald-type Statistics and ATS refers to ANOVA-type Statistics.

Variables Measurements P- Values
Time Effect Treatment Effect =~ Time — Treat-
ment Interac-
tion
1 t ty ty ts te WTS ATS WTS ATS WTS ATS
Force 15.45 14.4 14.9 13.50 12.40 15 0.06 0.07 0.52 0.58 0.21 0.23
(Kgf) (6.82) 7 (6.3) (6.95) (6.55) (8.80)
Tenderness 20 26.50 22 21 49.50 32 <0.001 <0.001 <0.001 <0.001 0.05 0.06
(VAS 1-100) (39) (45.5) (36.75)  (36.75)  (26.25) (42.75)
Range of Motion 136 127.50 129.50 140 139 134.50 0.20 0.25 0.12 0.14 020 025
(Degrees) (15) (25) (30) (15) (29) (24)

14.90 Kgf (IQR: 6.30) on day 5. The mean change in the
potassium nitrate group from day 1 to day 5 was -0.55 Kgf.
In the placebo group, the force on day 1 was 13.50 Kgf
(IQR: 6.95), slightly decreased to 12.40 Kgf (IQR: 6.55) by
day 3, and then increased to 15.00 Kgf (IQR: 8.80) by day
5. The mean change from day 1 to day 5 was 1.50 Kgf (Fig-
ure 3A).

Statistical analyses showed no significant effects of treat-
ment, time or time-treatment interaction (all P>0.05) (Ta-
ble 2).

On average, potassium nitrate was not more effective
than placebo in increasing muscle force.

Tenderness

In the Potassium nitrate group, pain levels were recorded
at 20 (IQR: 39.00) on day 1, increased to 26.5 (IQR: 45.50)
on day 3, and subsequently decreased to 22 (IQR: 36.75)
on day 5. In the placebo group, pain levels rose from a me-
dian of 21 (IQR: 36.75) on day 1 to 49.5 (IQR: 26.25) on
day 3, before decreasing to 32 (IQR: 42.75) by day 5 (Fig-
ure 3B).

Nonparametric repeated-measures models revealed sig-
nificant main effects of both time and treatment (WTS and
ATS, P<0.001 for both), alongside a borderline significant
time—treatment interaction (WTS, P=0.05; ATS, P=0.06).
Post-hoc Wilcoxon tests confirmed a significantly greater
level of pain on day 3 compared with baseline in the pla-
cebo group (P=0.01, Bonferroni-corrected) and a signifi-
cantly lower level of pain on day 5 in the potassium nitrate
group compared with placebo (P=0.03) (Table 2).

In the paired nitrate—placebo comparison, the Hodges—
Lehmann estimate (nitrate — placebo) was —9.0 VAS points
at Day 3 and —12.5 VAS points at Day 5, with correspond-
ing rank-biserial correlations (effect sizes) of —0.54 and
—0.77, respectively.

Based on these results, potassium nitrate significantly re-
duced pain compared to placebo, indicating a potential
trend suggesting that the effect may vary over time between
groups.

Range of motion

The decrease in range of motion in the potassium nitrate
group was from a median of 136° (IQR: 15) on day 1 to
127.5° (IQR: 25) on day 3, followed by a slight recovery to
129.5° (IQR: 30) on day 5. The mean change in the potas-
sium nitrate group from day 1 to day 5 was -6.50°. In the
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placebo group, ROM was 140° (IQR: 15) on day 1, 139°
(IQR: 29) on day 3, and 134.5° (IQR: 24) on day 5. The
mean change in the placebo group from day 1 to day 5 was
-5.50° (Figure 3C).

No significant effects of time, treatment, or interaction
were observed (all P>0.05) (Table 2).

Based on the results, potassium nitrate supplementation
had no statistically significant effect on the active range of
motion following muscle-damaging exercise.

Discussion

This randomized crossover trial demonstrated that a sin-
gle dose of potassium nitrate supplementation prior to ec-
centric exercise had a beneficial effect on delayed onset
muscle soreness (DOMS). Specifically, nitrate signifi-
cantly reduced muscle tenderness compared with placebo,
particularly on day 5 of recovery, while no effects were ob-
served on isometric force or elbow range of motion (ROM).
The time-treatment interaction for tenderness was border-
line; therefore, the consistency of the treatment effect over
time should be interpreted cautiously and may be sensitive
to sample size and analytical choices. In the placebo group,
DOMS symptoms were more pronounced, with tenderness
increasing from day 1 to day 3, whereas this pattern was not
observed in the nitrate condition. These findings suggest
that nitrate supplementation may alleviate the pain compo-
nent of DOMS, although it does not appear to influence the
associated declines in muscle strength or joint ROM, both
of which followed a typical decline after exercise and
showed only partial recovery by day 5.

The absence of a measurable effect on isometric force
and elbow ROM can be attributed to several factors. Firstly,
the elements influencing impairments in strength and ROM
following eccentric exercise—such as structural disruption,
excitation-contraction coupling, and swelling—may not be
significantly modified by a dose of nitrates administered
prior to exercise, despite the observed reduction in pain per-
ception. Secondly, the subtle differences between condi-
tions may not be readily detectable using the assessment
methods employed in this study, which may lack the sensi-
tivity required to measure small changes in strength with a
handheld dynamometer, an effort-dependent tool that may
be constrained by measurement error, and universal goni-
ometry, which may also be prone to considerable measure-
ment error.
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Figure 3. illustrates the temporal changes in (A) isometric force (kgf), (B) muscle tenderness (VAS 1-100), and (C) elbow active range of motion
(degrees) for potassium nitrate versus placebo on Days 1, 3, and 5. The values are presented as median, with error bars indicating the interquartile
range. Kgf refers to Kilogram Force, and VAS denotes Visual Analogue Scale.

The findings of this study are partially consistent with
previous research conducted by Clifford et al. in 2016 and
2017, which investigated the effects of beetroot juice con-
taining dietary nitrate following various eccentric activi-
ties. Their results indicated that beetroot juice consistently
reduced post-exercise muscle pain, although it had sporadic
or negligible effects on other measures, such as isometric
strength and countermovement jump performance. Clifford
et al. also reported greater pain relief with beetroot juice
compared to sodium nitrate, potentially due to the synergis-
tic effects of polyphenols and betaine present in beetroot
(34, 36-38). These compounds possess antioxidant and os-
moprotective properties, which may work in conjunction

with nitric oxide pathways to mitigate oxidative stress and
membrane disruption following eccentric contractions (39).
Recent trials involving nitrate-rich beetroot juices sup-

port the potential role of nitrate/NO mechanisms in the re-
covery from exercise-induced muscle damage. Hemmatin-
afar et al. (2023) found that two days of beetroot juice sup-
plementation following exercise-induced muscle damage
(EIMD) in female volleyball players resulted in a decrease
in perceived muscle soreness and swelling; however, it did
not affect explosive performance measures compared to
placebo. This aligns with our findings that potassium nitrate
supplementation influenced only the pain and tenderness
aspects of DOMS, without impacting isometric force or
range of motion (40).
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Similarly, Salem et al. (2025) found that short-term beet-
root juice supplementation, which provides dietary nitrate,
improved high-intensity resistance exercise performance,
increased muscle oxygenation, and was associated with de-
creased upper limb DOMS at 24-48 hours, as well as a
quicker recovery of neuromuscular function compared to
placebo. Although their study demonstrated performance
benefits that exceeded our findings, these differences may
be attributed to the multi-day supplementation protocol, the
nature of the exercise stimulus (multi-muscle resistance
training bouts versus the isolated muscle damage protocol),
and the time point used to assess performance recovery
410).

Our results also partially align with the overall findings
of the review by Gamonales et al. in 2022, which compiled
15 studies and concluded that nitrate supplementation is ef-
fective in improving post-exercise pain and reducing mus-
cle force. However, the consistency and magnitude of these
effects were found to be dependent on dosage, timing, and
type of exercise (42).

The alignment between our results and the cited studies
supports the hypothesis that nitrate-generated nitric oxide
increases muscle perfusion and enhances the elimination of
inflammatory mediators, leading to a subsequent reduction
in soreness, although it does not restore force-generating
capacity. Furthermore, the improved muscle force observed
in the study by Gamonales et al. (in contrast to our findings)
is theorized to result from decreased leakage of calcium
from the sarcoplasmic reticulum and improved muscle ox-
ygenation (42).

Conversely, a review by Jones et al. in 2022, which ana-
lyzed 9 studies to investigate the effects of beetroot juice
on DOMS indices, found that beetroot juice not only has a
positive effect on post-exercise muscular pain but also en-
hances muscle isometric strength and functional move-
ments, such as the counter movement jump. This finding
somewhat contrasts with the results of the present study.
The explanation for this disparity may lie in methodologi-
cal differences (43).

The present study extends existing research on nitrate-
enriched supplements and muscle soreness by utilizing a
purified nitrate compound (potassium nitrate) and an ergo-
genic administration model for nitrate supplementation.
The focus on a single muscle group (upper limb, biceps bra-
chii) may yield more specific results compared to a multi-
muscle group model.

Limitations must be acknowledged. Measurement errors
may have influenced data recording; however, to mitigate
this risk, all tests were conducted by a single researcher us-
ing the same equipment for all participants. The supplement
also contained potassium in addition to nitrate, which may
have exerted additional effects on the measured outcomes
through known or unknown mechanisms. Furthermore, the
relatively small number of completers may have affected
the study’s power to detect small effects, particularly re-
garding muscle force and range of motion; therefore, the
null results should be interpreted with caution. Addition-
ally, because the participants were young sedentary adults,
the generalizability of these findings to athletes, older
adults, or individuals with musculoskeletal or metabolic
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conditions may be limited. We evaluated only a single pre-
exercise dose; thus, the effects of different dosing strategies
remain uncertain. Only functional measures (strength and
range of motion) and self-reported pain were assessed. No
blood or biochemical markers of muscle damage or inflam-
mation were measured, which restricts our understanding
of the underlying biological mechanisms. Pain-related out-
comes are inherently subjective and may be influenced by
individual pain tolerance, potentially contributing to varia-
bility, particularly in a modest sample.

Conclusion

This study found that 1 gram of potassium nitrate supple-
mentation prior to eccentric exercise significantly reduced
muscle tenderness, suggesting a potential role in alleviating
delayed onset muscle soreness (DOMS). However, no sig-
nificant effects were observed on isometric muscle force or
joint range of motion. Further research with larger sample
sizes and varying dosing protocols is recommended to elu-
cidate the broader effects of nitrate on DOMS-related out-
comes.

Acknowledgment
N/A.

Conflict of Interests
The authors declare that they have no competing interests.

Authors’ Contributions

All authors contributed to the conception and design, data
analysis and interpretation, drafting of the article, critically
revising it for significant intellectual content, and granting
final approval for the version to be published.

Ethical Considerations

The study was ethically evaluated and approved by Imam
Khomeini Hospital Complex Ethics Committee (ethical ap-
proval ID: IR. TUMS.IKHC.REC.1400.206).

Funding Support

This project was funded by the Vice Chancellor for Re-
search of Tehran University of Medical Sciences (TUMS;
grant no.1400-2-101-54488).

Data Availability
The data supporting our findings is available upon re-
quest.

Al Use Statement
The authors did not use artificial intelligence or Al-as-
sisted technologies in the preparation of this manuscript.

References

1. Brukner P, Khan K. Clinical Sports Medicine. 6th ed.
Australia: McGraw Hill; 2025.

2. Wilke J, Behringer M. Is "Delayed Onset Muscle Soreness" a
False Friend? The potential implication of the fascial
connective tissue in post-exercise discomfort. Int J Mol Sci.
2021;22.

3. Fatouros IG, Jamurtas AZ. Insights into the molecular etiology


http://dx.doi.org/10.47176/mjiri.40.39
https://mjiri.iums.ac.ir/article-1-10123-en.html

[ Downloaded from mjiri.iums.ac.ir on 2026-06-01 ]

[ DOI: 10.47176/mjiri.40.39]

MM. Tavana, et al.

of exercise-induced inflammation: opportunities for optimizing
performance. J Inflamm Res. 2016;9:175-86.

4. Hotfiel T, Freiwald J, Hoppe MW, Lutter C, Forst R, Grim C,
et al. Advances in Delayed-Onset Muscle Soreness (DOMS):
Part I: Pathogenesis and Diagnostics. Sportverletz
Sportschaden. 2018;32:243-50.

5. Sonkodi B, Berkes I, Koltai E. Have we looked in the wrong
direction for more than 100 years? Delayed onset muscle
soreness is, in fact, neural microdamage rather than muscle
damage. Antioxidants (Basel). 2020;9.

6. Chen TC, Liu HW, Russell A, Barthel BL, Tseng KW, Huang
MJ, et al. Large increases in plasma fast skeletal muscle
troponin 1 after whole-body eccentric exercises. J Sci Med
Sport. 2020;23:776-81.

7. Leite C, Zovico PVC, Rica RL, Barros BM, Machado AF,
Evangelista AL, et al. Exercise-induced muscle damage after a
high-intensity interval exercise session: systematic review. Int J
Environ Res Public Health. 2023;20.

8. Jannas-Vela S, Bustamante A, Zbinden-Foncea H, Pefailillo L.
Plasma a-actin as an early marker of muscle damage after
repeated bouts of eccentric cycling. Res Q Exerc Sport.
2023;94:853-60.

9. Wang Y, Li S, Zhang Y, Chen Y, Yan F, Han L, et al. Heat and
cold therapy reduce pain in patients with delayed onset muscle
soreness: A systematic review and meta-analysis of 32
randomized controlled trials. Phys Ther Sport. 2021;48:177-87.
doi: 10.1016/j.ptsp.2021.01.004. PubMed PMID: 33493991.

10. Menezes MA, Menezes DA, Vasconcelos LL, DeSantana JM.
Is electrical stimulation effective in preventing or treating
delayed-onset muscle soreness (DOMS) in athletes and
untrained adults? a systematic review with meta-analysis. J
Pain. 2022;23:2013-35.

11. Keriven H, Sanchez-Sierra A, Mifambres-Martin D, Gonzélez
de la Flor A, Garcia-Pérez-de-Sevilla G, Dominguez-
Balmaseda D. Effects of peripheral electromagnetic stimulation
after an  eccentric  exercise-induced delayed-onset muscle
soreness protocol in professional soccer players: a randomized
controlled trial. Front Physiol. 2023;14:1206293.

12. Chen TC, Huang YC, Chou TY, Hsu ST, Chen MY, Nosaka
K. Effects of far-infrared radiation lamp therapy on recovery
from muscle damage induced by eccentric exercise. Eur J Sport
Sci. 2023;23:1638-46.

13. Guo J, Li L, Gong Y, Zhu R, Xu J, Zou J, et al. Massage
alleviates delayed onset muscle soreness after strenuous
exercise: A systematic review and meta-analysis. Front Physiol.
2017;8:747.

14. Xue X, Hao Y, Yang X, Zhang C, Xu J, Wu X, et al. Effect of
Kinesio tape and compression sleeves on delayed onset of
muscle soreness: A single-blinded randomized controlled trial.
BMC Musculoskelet Disord. 2023;24:392

15. Chang WD, Chang NJ, Lin HY, Wu JH. Effects of
acupuncture on delayed-onset muscle soreness: A systematic
review and meta-analysis. Evid Based Complement Alternat
Med. 2020:5864057.

16. Ko GWY, Clarkson C. The effectiveness of acupuncture for
pain reduction in delayed-onset muscle soreness: a systematic
review. Acupunct Med. 2020;38:63-74.

17. Rodrigues S, Forte P, Dewaele E, Branquinho L, Teixeira JE,
Ferraz R, et al. Effect of blood flow restriction technique on
delayed onset muscle soreness: a systematic review. Medicina
(Kaunas). 2022;58.

18. Cao W, Qiu J, Cai T, Yi L, Benardot D, Zou M. Effect of D-
ribose supplementation on delayed onset muscle soreness
induced by plyometric exercise in college students. J Int Soc
Sports Nutr. 2020;17:42.

19. Harty PS, Cottet ML, Malloy JK, Kerksick CM. Nutritional
and supplementation strategies to prevent and attenuate
exercise-induced muscle damage: A brief review. Sports Med
Open. 2019;5:1.

20. Lopez-Seoane J, Martinez-Ferran M, Romero-Morales C,
Pareja-Galeano H. N-3 PUFA as an ergogenic supplement
modulating muscle hypertrophy and strength: A  systematic
review. Crit Rev Food Sci Nutr. 2022;62:9000-20.

21. Cornu C, Grange C, Regalin A, Munier J, Ounissi S, Reynaud
N, et al. Effect of non-steroidal anti-inflammatory drugs on

sport performance indices in healthy people: A meta-analysis of
randomized controlled trials. Sports Med Open. 2020;6:20.

22. Sweazea KL, Johnston CS, Miller B, Gumpricht E. Nitrate-
rich fruit and vegetable supplement reduces blood pressure in
normotensive  healthy young males without significantly
altering flow-mediated vasodilation: a randomized, double-
blinded, controlled trial. J Nutr Metab. 2018:1729653.

23. Lundberg JO, Carlstrom M, Weitzberg E. Metabolic effects of
dietary nitrate in health and disease. Cell Metab. 2018;28:9-22.

24. Bentley RF, Walsh JJ, Drouin PJ, Velickovic A, Kitner SJ,
Fenuta AM, et al. Dietary nitrate restores compensatory
vasodilation and exercise capacity in response to a compromise
in oxygen delivery in the noncompensator phenotype. J Appl
Physiol (1985). 2017;123:594-605.

25. Pekas EJ, Anderson CP, Park S-Y. Moderate dose of dietary
nitrate improves skeletal muscle microvascular function in
patients with  peripheral artery disease. Microvasc  Res.
2023;146:104469.

26. Zembron-Lacny A, Orysiak J, Kalina K, Morawin B,
Pokrywka A. The role of nitric oxide in skeletal muscle
regeneration. Trends Sport Sci. 2013;4:1185-91.

27. Andrabi SM, Sharma NS, Karan A, Shahriar SMS, Cordon B,
Ma B, et al. Nitric Oxide: physiological functions, delivery, and
biomedical applications. Adv Sci (Weinh). 2023;10:¢2303259.

28. Maughan RJ, Burke LM, Dvorak J, Larson-Meyer DE,
Peeling P, Phillips SM, et al. IOC Consensus statement: Dietary
supplements and the high-performance athlete. Int J Sport Nutr
Exerc Metab. 2018;28:104-25.

29. Hopewell S, Chan AW, Collins GS, Hrobjartsson A, Moher
D, Schulz KF, et al. CONSORT 2025 statement: Updated
guideline  for  reporting  randomized  trials. Nat  Med.
2025;31(6):1776-83.

30. Dwan K, Li T, Altman DG, Elbourne D. CONSORT 2010
statement: Extension to randomised crossover trials. BMI.
2019;366:14378.

31. Zhang J, Chang H, Cui H, Chen B. Comparative analysis of
high-intensity resistance training and blood flow restriction
training on enhancing upper limb muscle strength and mass.
Front Physiol. 2025;16:1568616.

32. Hord NG, Tang Y, Bryan NS. Food sources of nitrates and
nitrites: the physiologic context for potential health benefits.
Am J Clin Nutr. 2009 ;90(1):1-10.

33. Lau WY, Blazevich AJ, Newton MJ, Wu SS, Nosaka K.
Assessment of muscle pain induced by elbow-flexor eccentric
exercise. J Athl Train. 2015;50:1140-8.

34. Clifford T, Bell O, West DJ, Howatson G, Stevenson EJ. The
effects of beetroot juice supplementation on indices of muscle
damage following eccentric exercise. Eur J Appl Physiol.
2016;116:353-6.

35. Jungersten L, Edlund A, Petersson AS, Wennmalm A. Plasma
nitrate as an index of nitric oxide formation in man: analyses of
kinetics and confounding factors. Clin Physiol. 1996;16(4):369-
79.

36. Clifford T, Berntzen B, Davison GW, West DJ, Howatson G,
Stevenson EJ. Effects of beetroot juice on recovery of muscle
function and performance between bouts of repeated sprint
exercise. Nutrients. 2016;8.

37. Clifford T, Howatson G, West DJ, Stevenson EJ. Beetroot
juice is more beneficial than sodium nitrate for attenuating
muscle pain after strenuous eccentric-bias exercise. Appl
Physiol Nutr Metab. 2017;42:1185-91.

38. Clifford T, Allerton DM, Brown MA, Harper L, Horsburgh S,
Keane KM, et al. Minimal muscle damage after a marathon and
no influence of beetroot juice on inflammation and recovery.
Appl Physiol Nutr Metab. 2017;42:263-70.

39- Zoughaib WS, Fry MJ, Singhal A, Coggan AR. Beetroot juice
supplementation and exercise performance: is there more to the
story than just nitrate? Front Nutr. 2024;11:1347242.

40- Hemmatinafar M, Zaremoayedi L, Koushkie Jahromi M,
Alvarez-Alvarado S, Wong A, Niknam A, et al. Effect of
Beetroot Juice Supplementation on Muscle Soreness and
Performance Recovery after Exercise-Induced Muscle Damage
in Female Volleyball Players. Nutrients. 2023;15(17):3763.

41- Salem A, Ammar A, Kerkeni M, Boujelbane MA, Uyar AM,
Kobel LM, et al. Short-Term Beetroot Juice Supplementation

http://mjiri.lums.ac.ir 9
Med J Islam Repub Iran. 2026 (22 Apr); 40:39.



http://dx.doi.org/10.47176/mjiri.40.39
https://mjiri.iums.ac.ir/article-1-10123-en.html

[ Downloaded from mjiri.iums.ac.ir on 2026-06-01 ]

[ DOI: 10.47176/mjiri.40.39]

Effect of Nitrate on Muscle Soreness

Enhances Strength, Reduces Fatigue, and Promotes Recovery
in Physically Active Individuals: A Randomized, Double-Blind,
Crossover Trial. Nutrients. 2025; 17(10):1720.

42. Gamonales JM, Rojas-Valverde D, Muifoz-Jiménez J,
Serrano-Moreno W, Ibafiez SJ. Effectiveness of nitrate intake
on recovery from exercise-related fatigue: a systematic review.
Int J Environ Res Public Health. 2022;19.

43. Jones L, Bailey SJ, Rowland SN, Alsharif N, Shannon OM, Clifford
T. The effect of nitrate-rich beetroot juice on markers of exercise-
induced muscle damage: a systematic review and meta-analysis of
human intervention trials. J Diet Suppl. 2022;19:749-71.

10 http://mjiri.iums.ac.ir
Med J Islam Repub Iran. 2026 (22 Apr); 40:39.



http://dx.doi.org/10.47176/mjiri.40.39
https://mjiri.iums.ac.ir/article-1-10123-en.html
http://www.tcpdf.org

