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Abstract

Dietary nitrate supplementation has been purported to enhance explosive exercise performance; however, research exam-
ining the efficacy of nitrate to improve resistance exercise performance, such as weightlifting, in women is scarce. The
purpose of this study was to investigate the impact of an acute nitrate dose on neuromuscular performance during barbell
back squat and bench press. Eighteen resistance-trained women were assigned in a randomized, double-blinded, cross-
over design to consume: (1) nitrate-depleted beetroot juice (PL; negligible nitrate) and (2) nitrate-rich beetroot juice
(BR;~6.7 mmol nitrate) 2.5 h prior to exercise. Participants performed explosive efforts during 1 set of 3 repetitions at
55%1RM, 60%1RM, and 65%1RM, with each set interspersed by 2 min of passive recovery. A linear transducer was used
to assess peak and mean power and velocity of each set. There were no differences between conditions for back squat and
bench press variables (P>0.05) with the exception that performance declined in BR compared to PL in 60%1RM bench
press mean power (BR: 201+61 W vs. PL: 206+61 W; P=0.047, g,=-0.48) and mean velocity (BR: 0.68+0.08 m/s vs.
PL: 0.70£0.08 m/s; P=0.049, g.=-0.50). These results indicate that acute nitrate ingestion does not improve back squat
performance and more research is required to elucidate if nitrate elicits ergolytic effects in resistance-trained women.
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Introduction

Dietary nitrate supplementation is a precursor for nitric
oxide, an important molecule involved in regulating a
plethora of physiological functions (Stamler and Meissner
2001), via the conversion of nitrate to nitrite and then nitrite
to nitric oxide (Lundberg et al. 2008). Initially, dietary
nitrate was reported to enhance performance during con-
tinuous submaximal endurance exercise (Senefeld et al.
2020). Since then, evidence also supports that dietary nitrate
supplementation has potential ergogenic effects on explo-
sive, short-duration, high-intensity exercise requiring high-
velocity and high-power contractions (Alsharif et al. 2023;
Esen et al. 2022; Tan et al. 2023b). Given that the reduction
of nitrite to nitric oxide is facilitated in acidic and hypoxic
milieu (Castello et al. 2006; Modin et al. 2001), and that
these physiological conditions are better reflected in con-
tracting type Il compared to type I muscle fibers, this fur-
ther highlights the ergogenic potential for nitrate to improve
physiological responses in type II muscle, which are heavily
recruited in resistance exercises such as weightlifting (Mor-
ton et al. 2019).

In the few available studies examining the effects of
dietary nitrate on weightlifting performance, nitrate has
been shown to be effective (Jurado-Castro et al. 2022;
Ranchal-Sanchez et al. 2020; Rodriguez-Fernandez et al.
2021) and ineffective at improving power output and veloc-
ity during back squats (Tan et al. 2022, 2023c, 2025). Con-
sequently, it is currently unclear whether power and velocity
during lower-body weightlifting can be improved by nitrate
supplementation. While it is possible that the ergogenic
potential of nitrate is greater in upper body exercises due to
greater proportions of type II muscle fibers in some upper
body compared to lower body skeletal muscles (Zinner et al.
2016), the effects of nitrate on power output during bench
press exercise are also conflicting. Indeed, there is evidence
of improved (e.g.,+19%; Williams et al. 2020) and no
effects (Tan et al. 2022, 2025) on bench press power follow-
ing nitrate supplementation.

Importantly, of the nine studies that have examined the
ergogenic potential of dietary nitrate on power and veloc-
ity during weightlifting exercise (Jurado-Castro et al. 2022;
Montalvo-Alonso et al. 2025; Ranchal-Sanchez et al. 2020;
Rodriguez-Fernandez et al. 2021; Tan et al. 2022, 2023Db,
¢, 2025; Williams et al. 2020), to our knowledge, only one
study has exclusively studied women (Jurado-Castro et al.
2022). In this study, nitrate supplementation enhanced power
and velocity during 50%1RM Smith-machine back squats
and countermovement jump height (Jurado-Castro et al.
2022). The dearth of studies in women is potentially impor-
tant because the efficacy of nitrate supplementation may dif-
fer depending on biological sex due to sex-differences in
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fiber type composition (Nuzzo 2024), nitrate storage (Dao
and Kazin 2007; Fujii et al. 2023; Janssen et al. 2000; Wylie
et al. 2019), nitrate metabolism (Hickner et al. 2006), and
nitrate reduction capacity (Inoue et al. 2006; Kapil et al.
2018). Indeed, the majority of the limited current evidence
in women-only studies suggests that there are no effects of
nitrate supplementation in single or repeated sprints (Lopez-
Samanes et al. 2022a, b, 2023), strength (Lopez-Samanes
et al. 2022a, b, 2023), endurance (Ortiz de Zevallos et al.
2023), power (Ortiz de Zevallos et al. 2024; Poredos$ et
al. 2022), and economy (Forbes and Spriet 2021; Lépez-
Samanes et al. 2023; Ortiz de Zevallos et al. 2023; Poredo$
et al. 2022) and that it could be ergolytic for cycling perfor-
mance (Hogwood et al. 2023, 2024a, b). These data are in
contrast to the findings of Jurado-Castro et al., where nitrate
improved resistance exercise performance (Jurado-Castro
et al. 2022). Since dietary nitrate supplementation may be
an ergogenic aid for men (Senefeld et al. 2020), the current
limited equivocal evidence and potential ergolytic effects in
women-only cohorts highlights a critical gap in knowledge
that needs to be resolved.

The purpose of this study was to investigate the effects of
acute dietary nitrate, provided as concentrated nitrate-rich
beetroot juice, on power output and velocity during barbell
back squats and bench press in resistance-trained women.
We hypothesized that dietary nitrate supplementation would
enhance performance variables during back squats and
bench press when compared to a nitrate-depleted placebo.

Materials and methods
Participants

Twenty resistance-trained women volunteered to partici-
pate in this randomized, double-blind, placebo-controlled
crossover trial. While a minimum sample size of n=17
was selected using power calculations based on a pub-
lished report (Williams et al. 2020) (i.e., power of 0.95, an
alpha of 0.05, and a ‘large’ Cohen’s d effect size threshold
of 0.80), we recruited additional participants to account for
participant drop out. This sample size falls in line with pre-
vious/related investigations that observed significant posi-
tive effects of nitrate on weightlifting exercise performance
(Rodriguez-Fernandez et al. 2021). Resistance-trained was
defined as having performed barbell back or front squat and
bench press 2—3 times per week, for the past 2 years. Par-
ticipants were instructed to maintain their normal training
regimen throughout the experiment. Participant exclusion
criteria were: individuals with contraindications to exercise,
cardiometabolic disease, men, women on hormonal contra-
ceptives, women with menstrual cycle irregularities (e.g.,
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amenorrhea, endometriosis, etc.), smokers, and individuals
currently consuming dietary supplements containing caf-
feine, sodium bicarbonate, creatine, beta-alanine, and/or
nitric oxide precursor supplements (i.e., nitrate, arginine,
citrulline, antioxidants). The experimental protocol, risks
and benefits were explained to each participant prior to
obtaining informed consent. Participants were assigned an
anonymous randomization code. This study was approved
by the Institutional Research Ethics Committee (Protocol
24-04-2402 on 2024 May 02) and conformed to the code
of ethics of the Declaration of Helsinki. This study was
pre-registered to the Open Science Framework database on
2024 May 10 (osf.io/u928b), and was conducted between
May 2024 to October 2025 at Pepperdine University, Mal-
ibu, United States of America. Two participants dropped out
prior to the last experimental visit as they no longer met
the inclusion criteria: one was removed due to a change
in health status; one experienced secondary amenorrhea.
Therefore, data were collected, analyzed and reported for
n=18 (mean SD: age 20+ 3 y, body mass 61+ 10 kg, height
1.62+0.06 m).

Experimental overview

Participants reported to the laboratory for a total of 4 X 50 min
sessions over an~ 8 to 10-wk period during the early follicu-
lar phase of the menstrual cycle (day 1 to 5 of menses as
determined by self-cycle reporting). This phase is generally
characterized by more stable and lower levels of ovarian
hormones, particularly estrogen—which can increase nitric
oxide bioavailability—thereby minimizing potential con-
founding effects on nitric oxide (Baranauskas et al. 2022;
Elliott-Sale et al. 2025). On visit 1, participants underwent
informed consent, participant screening, and standardized
one repetition maximum (1RM) testing procedures for the
determination of exercise intensity for subsequent visits.
On visit 2, participants performed familiarization to the
experimental protocol and coaching to ensure correct lift-
ing techniques for our protocol which emphasized explosive
performance. Then, in a randomized, double-blinded, cross-
over design, participants were assigned to two experimental
conditions using a web-based randomizer (random.org) to
receive: 1) placebo consisting of nitrate-depleted beetroot
juice (PL; 1x70 mL per day containing negligible nitrate)
and 2) nitrate-rich beetroot juice (BR; 1x70 mL contain-
ing 6.7 mmol of nitrate). The same web-based randomizer
was used to create a randomization sequence determining
the order of exercise between bench press and back squats.
Since plasma [nitrate] and [nitrite] return to baseline levels
24-h post-ingestion (Wylie et al. 2013), each condition was
separated by a washout period of at least 2 days to ensure
that the previous condition or exercise did not impact the

subsequent condition. Together, the randomized balance
sequence and washout period minimized possible carry-
over effects. All supplements were identical in taste, smell,
and appearance. The supplementation dose was based on
previous meta-analyses which demonstrated that>5 mmol
of nitrate (i.e., ingestion of 1x70 mL nitrate-rich beetroot
‘shot’ containing~6-6.5 mmol of nitrate) (Shannon et al.
2022) ingested 2 to 3-h prior to exercise is required for
performance effects (Senefeld et al. 2020). Participants
recorded diet, hydration, sleep and physical activity habits
24-h prior to the first supplemented visit (i.e., visit 3) and
were asked to repeat their recorded diet and physical activ-
ity log 24-h prior to the subsequent visit (i.e., visit 4) to
control for lifestyle factors, and was verified during experi-
mental visits. Participants used period tracking applications
on their phones (i.e., Flo, P.Tracker) to monitor and predict
menstrual cycle and reported the onset menses via text to
schedule experimental visits. All tests were performed at the
same time of day. Participants were instructed to: (1) avoid
antibacterial mouthwash for the duration of the study since
mouthwash interferes with nitrate metabolism (Govoni et
al. 2008); and (2) avoid caffeine 8-h, exercise 24-h, and
alcohol 24-h before each experimental visit. If participants
were regular consumers of non-excluded supplements (e.g.,
protein powder, multivitamins, etc.) they were required to
continue their typical regimen, and were not permitted to
initiate a new brand or new supplement regimen during the
study.

Exercise protocol

Participants performed a one-repetition maximum (1RM)
test for barbell back squat and barbell bench press as previ-
ously described (Tan et al. 2025) and based on Essentials
of Strength Training and Conditioning (Haff & Triplett,
2016). Briefly, participants completed 5 back squats at 50%
of their perceived 1RM, followed by 3 repetitions at 70% of
their perceived 1RM with each set interspersed by 2 min of
recovery. Subsequently, the load was increased in stepwise
increments (0.2 kg to 9 kg) until the participant’s maximum
was successfully lifted within 3 to 5 attempts, with each
attempt interspersed by 3 min of recovery. This process was
then repeated for the determination of bench press 1RM. All
participants were required to use standardized procedures
for the back squat (i.e., medium grip, parallel depth, neutral
stance and spine, lower-body extension to original standing
position), and bench press (i.e., medium grip, bar to chest,
full extension of arms) throughout the entire duration of the
study and were provided coaching cues to ensure standard-
ized technique.

During visit 2, participants performed a familiarization to
the exercise protocol to ensure correct lifting technique and
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to minimize any potential learning effects. Participants com-
pleted a warm-up for their randomly selected first resistance
exercise (i.e., squat or bench press). Following warm-up,
participants performed an explosive lift, using an eccentric—
pause—concentric—pause tempo of 1-0—1-2 (each phase in
seconds) to emphasize explosive movements and to standard-
ize lifting across participants (Wilk et al. 2018), and using the
barbell only (20 kg), for a total of 10 repetitions and 1 setx 5
repetitions at 40%1RM. Then, participants were familiarized
to the experimental protocol consisting of 1 setx 3 repetitions
at 55%1RM, 1 setx3 repetitions at 60%I1RM, and 1 setx3
repetitions at 65%1RM, with 2 min of recovery between
each set. The same protocol was performed for the remain-
ing resistance exercise following a warm-up specific to that
exercise (e.g., if squats were performed first, bench was per-
formed second, and vice versa). Standardized coaching tech-
niques were provided during this session.

During the experimental visits (i.e., visits 3 and 4), partici-
pants reported to the laboratory to perform the experimental
protocol for the determination of primary outcomes of mus-
cular power and velocity—as familiarized with on visit 2—at
2.5 h post-supplementation. The movement tempo of individ-
ual movement phases during weightlifting exercise was con-
trolled for using an eccentric—pause—concentric—pause tempo
of 1-0—1-2 (each phase in seconds) to emphasize explosive
movements and to standardize lifting across participants
(e.g., descend quickly, ascend quickly, brief pause at the top,
and repeat) (Wilk et al. 2018). During these visits, partici-
pants completed back squats and bench press in a randomized
order that was consistent within participants and across con-
ditions. Participants completed a standardized warm up for
back squats and bench press as described in the previous sec-
tion. Following this, a linear position transducer (GymAware
Power Tool, Kinetic Performance Technology, Mitchell, Aus-
tralia) was attached to the barbell to assess power and veloc-
ity of movement. Power and velocity were determined during
the experimental protocol consisting of 1 setx 3 repetitions
at 55% 1RM, 1 setx 3 repetitions at 60% IRM, and 1 setx3
repetitions at 65% IRM, with each set interspersed by 2 min
of recovery. For both resistance exercises, participants were
instructed to lift the weight as fast as possible to produce an
explosive movement. Standardized encouragement and tech-
nical feedback were given to participants during all sets.

To maximize the applicability and implementation of the
study results to current practices in strength and conditioning,
this protocol follows current research- and National Strength
and Conditioning Association (NSCA) supported guidelines
(e.g.,<6 reps; 30-70%1RM, 2-5 min rest, etc.) for power
training (Cormie et al. 2007; Haff & Triplett, 2016; McGuigan
& National Strength and Conditioning Association (U.S.),
2017; Soriano et al. 2017). Moreover, to maximize transla-
tion of study results to current training for sports teams, the
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exercise protocol was verified by the current strength and
conditioning specialists for our National Collegiate Athlet-
ics Association (NCAA) Division I baseball team as current
and relevant for their programming, which is also based on
research- and/or evidence-based practices (Baker et al. 2001;
Davies et al. 2020; Haff & Triplett, 2016; Verkhoshansky &
Siff 2009) as well as grounded within the NSCA Professional
Standards and Guidelines (2017).

Supplementation procedures

In a randomized, double-blinded, crossover design, par-
ticipants were assigned to two supplementation periods to
consume (1) nitrate-depleted beetroot juice (PL; negligible
nitrate per 70 mL; Beet It; James White Drinks Ltd.; Ipswich,
UK) and (2) nitrate-rich beetroot juice (BR;~6.7 mmol of
nitrate per 70 mL; Beet It; James White Drinks Ltd.; Ipswich,
UK). During each condition, participants consumed a carbo-
hydrate snack of their choice, which was recorded and repli-
cated with each visit, along with 170 mL of their allocated
supplement 2.5-h prior to exercise to align the attainment of
peak nitric oxide bioavailability (i.e., plasma [nitrite]) with
the start of exercise (Wylie et al. 2013). During this 2.5-h time
period between supplementation and the start of exercise,
participants did not ingest anything other than the ad libitum
consumption of water and this fasting time was consistently
replicated for each supplemented visit. Consumption of sup-
plements was verified via text prior to arriving at the labora-
tory, log records, and verbal confirmation and recorded on a
questionnaire upon arriving to the laboratory. Empty supple-
ment bottles were returned to researchers wherein blinded
manufacturing codes were recorded. The effectiveness of the
blinding procedures was recorded and assessed by asking
whether the participants noticed any difference in the supple-
ments ingested via verbal questions and completing a form at
the start and end of the experimental visits, respectively.

Measurements
Plasma nitrate and nitrite analysis

A resting venous blood sample was obtained from an antecu-
bital vein of the forearm by a trained member of the research
team upon arrival to the laboratory for the assessment of
plasma nitrate and nitrite. Samples were drawn into 6 mL
lithium heparin tubes (Vacutainer, Becton—Dickinson, New
Jersey, USA) and centrifuged at 3100x g at 4 °C for 10 min
within 2 min of collection. Plasma was extracted and stored
in a — 80 °C freezer for the later analysis of plasma nitrate
and nitrite using gas phase chemiluminescence as previously
described (Hogwood et al. 2024a, b). Plasma nitrate and
nitrite were assessed via ozone-based chemiluminescence
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using a Sievers NOA Model 280i (GE Analytical Instru-
ments, Boulder, CO). Briefly, plasma nitrite of the undiluted
plasma samples was determined by its reduction to nitric
oxide in the presence of glacial acetic acid and potassium
iodide. For plasma nitrate analysis, the plasma samples were
deproteinized using cold ethanol precipitation in a 1:3 dilu-
tion (plasma:ethanol) before being centrifuged at 14,000 g
for 10 min. The supernatant was removed for the subsequent
plasma nitrate analysis in the presence of vanadium chloride
in hydrochloric acid at 95 °C. For nitrate of the supplement
conditions, 100 x and 150 x dilutions in deionized water were
completed, and for nitrite, undiluted samples were injected.
Plasma nitrite and nitrate were determined using the area
under the curve in OriginPro software (v. 7.5 OriginLab,
Northampton, MA).

Mood

The Brunel Mood Scale (BRUMS) (Terry et al. 1999, 2003)
is used to assess mood states in adult populations and was
conducted prior to exercise as mood may have a mediating
effect on resistance training performance (Beedie et al. 2000).
Using the standard response timeframe of “How do you feel
right now?”, 24 items representing six subscales (i.e., anger,
confusion, depression, fatigue, tension, vigor; four items
per subscale) were captured using a five-point Likert scale
(i.e., O=not at all, 1=a little, 2=moderately, 3=quite a bit,
4=extremely). Respective items were summed so that each
subscale score ranged from 0 to 16 raw points. Elevated vigor
and decreased anger, confusion, depression, fatigue, and ten-
sion subscale scores are viewed as positive outcomes.

Back squat and bench press performance

Power and velocity measurements were obtained during
back squats and bench press using a portable, wireless, com-
mercially available, linear position transducer (GymAware,
Kinetic Performance Technology, Mitchell, Australia), which
has been previously used (Tan et al. 2022, 2023c, 2025;
Williams et al. 2020) and validated for test-retest reliabil-
ity (Ballmann et al. 2021; Orange et al. 2020). During the 3
sets x 3 repetitions at 55%, 60%, and 65% 1RM, power and
velocity were averaged across sets for the determination of
mean power and mean velocity, and the highest power and
velocity values were recorded for the determination of peak
power and peak velocity.

Statistical analysis
A Student’s paired #-test was used to investigate differences

across conditions (PL and BR) and exercise performance.
Normality of paired differences was assessed using the

Shapiro—Wilk test. A Bonferroni correction was applied for
multiple comparisons using alpha of 0.05/number of com-
parisons. Effect sizes for t-tests were assessed using change
scores with Hedge’s g, correction applied, in which small,
medium, and large effects were operationalized as 0.2, 0.5,
and 0.8, respectively (Cohen 1988; Lakens 2013). Pearson
product-moment correlation coefficients were used to assess
the relationships between changes in plasma [nitrite] and
performance variables, in which weak, moderate, and strong
correlations were operationalized as 0.2, 0.5, and 0.8, respec-
tively. Statistical significance was set to £<0.05 and all data
are presented as mean=standard deviation (SD) unless oth-
erwise stated. All data was analyzed using SPSS version 27
(IBM, Armonk NY). Figures were generated using GraphPad
Prism version 10.6.1.

Modelled individual change scores for all outcomes were
calculated as the difference between the BR and PL condi-
tions (BR—PL). Consistent with previous work, individual
responses were then evaluated relative to the smallest worth-
while change (SWC), a threshold defined as 0.2 times the
baseline between-individual standard deviation for each per-
formance outcome during the PL condition (Swinton et al.
2018). Individual responses were classified as “meaningful”,
“uncertain” or “adverse” if their observed changes lay above
a 1 xSWC threshold, lay below a 1xSWC threshold, or
diminish beyond a 1 x SWC threshold (in the opposite direc-
tion of intended change), respectively.

Strategies to reduce potential bias

To align with methodological best practices, we implemented
rigorous procedures to control for various biases. This study
was preregistered and the performance outcomes reported
align with the registry. Computer-generated randomization
and allocation concealment minimized selection bias. To mit-
igate performance bias, participants were blinded to the study
hypothesis. The preparation, blinding and distribution of
sensory-matched supplements to participants was performed
by a researcher who was not formally involved in data collec-
tion. Data collection was performed by researchers who were
blinded to experimental conditions for the entire duration of
the experiment and who read from a standardized script for
all visits. Data analysis was performed by researchers who
were blinded to experimental conditions and who were not
formally involved in data collection to reduce observer bias.
The number of dropouts, the specific reasons for dropout, and
the number of participants included in final analyses were
reported to mitigate attrition bias.
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Table 1 Nitric oxide biomarkers following an acute dose of nitrate and
placebo (n=15)

Table 3 55%1RM, 60%1RM, and 65%1RM back squat performance
following an acute dose of nitrate and placebo

Variable PL BR
Plasma Nitrate (uM) 37+9 394456
Plasma Nitrite (nM) 78+33 394£186"

BR nitrate-rich beetroot juice, PL nitrate-depleted beetroot juice
*Significant difference compared to PL (P<0.001);

Table 2 Summary of variations in mood across all experimental visits

Placebo Nitrate

Variable Average Median Average Median
Anger 0.33+0.84 0.00 0.06+£0.24 0.00
Confusion 0.11+0.32 0.00 0.00+0.00 0.00
Depression 0.33+£0.69 0.00 0.22£0.65 0.00
Fatigue 2.50+2.04 2.00 2.33+1.64 2.00
Tension 0.67+£1.03 0.00 0.67+£1.08 0.00
Vigor 5.06+3.54 5.00 5.33+2.87 5.50
Results

All participants reported consuming all servings of each
supplement at the correct times, that their menstrual cycle
began and that they had maintained their habitual exercise
and dietary habits prior to each testing visit via verbal con-
firmation and through a recorded questionnaire. There were
no reported side effects from the supplement or perceived
differences in taste between conditions. While the minimum
washout period was set as 2 days minimum, all washout
periods were>2 days in duration to ensure experimental
visits were performed during the early follicular phase.

Plasma nitrate and nitrite

Plasma nitrate and nitrite are displayed in Table 1 for a
subset of data (n=15) owing to unsuccessful blood draws
(n=2) and sample contamination (n=1). The coefficient
of variation (CV%) for duplicate samples was 5.13%, for
plasma nitrate. The placebo of nitrate-depleted beetroot
juice contained negligible nitrate and the nitrate-rich of
beetroot juice contained 6.7 mmol of nitrate. There was a
significant difference between conditions in plasma nitrate
(P<0.001, g.=5.76) and nitrite (P<0.001, g.=1.56). No
significant associations were found between the change in
plasma [nitrite] and any of the performance variables (Sup-
plementary Table 1 and 2).

Mood

There was no effect of condition on the six subcategories
of mood (Table 2): anger (P=0.21; g,=0.30), confusion
(P=0.16; g,=0.33), depression (P=0.54; g,=0.14), fatigue
(P=0.73; g,=0.08), tension (P=1.00; g,=0.00), vigour
(P=0.68; g,=-0.10) before and after Bonferroni corrections.
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Variable Placebo Nitrate % Dif-
ference
Peak Power (W) 55%IRM  718+212 725+218 0.97
60%I1RM  761+207 7534215 -1.05
65%I1RM  827+219 820+234 -0.85
Mean Power (W) 55%1RM  319+80 324479 1.57
60%I1RM  332+81 332481 0.00
65%1RM  333+86 341481 2.40
Peak Velocity 55%1RM  1.35+0.13 1.35+0.14 0.00
(m/s)
60%IRM  1.30+0.12 1.29+0.14 -0.77
65%I1RM  1.30+0.12 1.28+0.13 —1.54
Mean Velocity 55%IRM  0.74£0.08 0.76+0.06 2.70
(m/s)
60%IRM  0.71+0.08 0.71+0.07 0.00
65%IRM  0.67+0.09 0.68+0.07 1.49

IRM one-repetition maximum; m/s=meters per second, W watts; %
Difference=[(Nitrate-Placebo)/Placebo]*100

Back squat performance

Back squat 1RM, 55%1RM, 60%1RM, and 65%1RM was
80+18kg,44+10kg, 48+ 10kg, and 52+ 12 kg, respectively.
Performance outcomes during explosive barbell back squats
are displayed in Table 3. There was no effect of condition
on back squat peak power at 55%1RM (P=0.66; g,=0.10),
60%1RM (P=0.63; g,=-0.11), 65%IRM (P=0.68;
g2,=-0.10), mean power at 55%I1RM (P=0.21; g,=0.29),
60%1RM (P=0.99;2.=0.00),65%1RM (P=0.31;g,=0.24),
peak velocity at 55%1RM (P=0.88; g.=0.04), 60%1RM
(P=0.80; g.=-0.06), 65%1RM (P=0.27; g.=-0.25) and
mean velocity at 55%1RM (P=0.30; g.=0.27), 60%1RM
(P=0.83; g2.=0.06), 65%1RM (P=0.39; g.=0.14) before
and after Bonferroni corrections. Individual changes, pat-
terns of response and rates of response for all performance
outcomes are presented in Supplementary Material.

Bench press performance

Bench press 1RM, 55%1RM, 60%1RM, and 65%1RM was
50+14 kg, 28+10 kg, 31+11 kg, and 34+13 kg, respec-
tively. Performance outcomes during barbell bench press
are displayed in Table 4. Bench press performance was
significantly lower compared to PL for 60%1RM in mean
power (P=0.047; g.=-0.48; Fig. 1) and mean velocity dur-
ing 60%1RM (P=0.049; g,=-0.50; Fig. 1) before Bonfer-
roni corrections; however, there was no significance after
Bonferroni corrections were applied. There was no effect
of condition on bench press peak power at 55%1RM
(P=0.50; g,=-0.15), 60%IRM (P=0.60; g,=-0.12),
65%1RM (P=0.28; g.=-0.25), mean power at 55%1RM
(P=0.48; g.=-0.16), 65%I1RM (P=0.23; g,=-0.28), peak



European Journal of Applied Physiology

Table 4 55%I1RM, 60%1RM, and 65%1RM bench press performance
following an acute dose of nitrate and placebo

Variable Placebo Nitrate % dif-
ference

Peak Power (W) 55%1RM  337+103 331+102 -1.78

60%IRM  326+96 3244105 -0.61

65%I1RM  332+99 321+97 -3.31
Mean Power 55%1RM  197+56 193+54 —2.03
(W)

60%I1RM  206+61 201+61%* —-2.43

65%I1RM  202+60 197+56 —2.48
Peak Velocity 55%1RM  1.12+0.13  1.10+0.16 -1.79
(m/s)

60%IRM  1.01+£0.13 1.00+0.15 -0.99

65%1RM  0.92+0.13 0.92+0.13 0.00
Mean Velocity  55%1RM  0.74+0.09 0.72+0.09 -2.70
(m/s)

60%IRM  0.70+0.08 0.68+0.08* —2.86

65%1RM  0.64+0.09 0.63+0.07 -1.56

IRM one-repetition maximum, m/s meters per second, W watts, %
Difference [(Nitrate-Placebo)/Placebo]*100

*P<0.05

velocity at 55%IRM (P=0.30; g.=-0.24), 60%1RM
(P=0.20; g,=-0.30), 65%1RM (P=0.97; g.,=-0.01) and
mean velocity at 55%1RM (P=0.18; g,=-0.33), 65%1RM
(P=0.33; g,=-0.26) before and after Bonferroni correc-
tions. Individual changes, patterns of response and rates
of response for all performance outcomes are presented in
Supplementary Material.

Discussion

The main novel finding of the present study was that there
were no beneficial effects of dietary nitrate on upper- and
lower-body resistance exercise performance in resistance-
trained women. Additionally, mean power (-2.4%) and
mean velocity (-3%) were lowered in 60%1RM barbell
bench press (P<0.05) following an acute nitrate dose (6.7
mmol nitrate) in resistance-trained women although these
effects were not present after the Bonferonni correction was
applied. These findings conflict with our hypothesis and
suggest that dietary nitrate supplementation has no effects
on barbell back squat performance and most of the bench
press performance indices assessed, but may compromise
some aspects of bench press performance in resistance-
trained women. These data do not support dietary nitrate as
an effective strategy to improve explosive weightlifting per-
formance in resistance-trained women and further research
is required to elucidate whether dietary nitrate has ergolytic
effects in this context.

No ergogenic effects of dietary nitrate on resistance
exercise performance in women

Far fewer studies have assessed the potential for dietary
nitrate supplementation to improve exercise performance in
women-only cohorts compared to men (Meng et al. 2025;
Senefeld et al. 2020), with these women-only studies hav-
ing reported equivocal effects (Buck et al. 2015; Lopez-
Samanes et al. 2022a, b, , 2023; Tan et al. 2024; Wickham et
al. 2019). Notably, some studies have found that short-term
(35 days) moderate nitrate dosing (~13 mmol per day)
worsened severe-intensity cycling time-to-exhaustion per-
formance (Hogwood et al. 2023) and knee extension power
and velocity (Hogwood et al. 2024a, b). Our original find-
ings extend these observations by showing that an acute low
nitrate dose (6.7 mmol nitrate) compromised some aspects,
but not all aspects, of explosive bench press performance,
and did not impact power and velocity during back squats in
resistance-trained women.

Previous studies found that greater elevations in plasma
[nitrite] (Coggan et al. 2018; Porcelli et al. 2015; Wilkerson
etal. 2012) and muscle [nitrate] (Kadach et al. 2023) follow-
ing dietary nitrate supplementation increased the likelihood
of ergogenic effects in cycling, running and knee extensions
in healthy men. In the present study, we did not observe
significant correlations between plasma [nitrite] and any
weightlifting performance outcomes. However, recent stud-
ies from our laboratory and others have provided additional
insight as it was observed that a greater increase in plasma
[nitrite], and thus, potential for greater nitric oxide synthe-
sis, was associated with less beneficial effects of nitrate in
barbell back squats (Tan et al. 2025) and isokinetic knee
extensions (Gallardo et al. 2021; Wei et al. 2025). While
these data suggest that a lower dose might increase efficacy,
the current study provided 6.7 mmol of nitrate—which
aligns with the currently accepted minimum nitrate dose
for eliciting beneficial effects (> 5 mmol nitrate or 1 nitrate-
rich beetroot shot containing ~ 6—6.5 mmol nitrate (Senefeld
et al. 2020))—but did not find any positive effects. Impor-
tantly, this dose has been established for endurance and
repeated sprinting exercise (Senefeld et al. 2020), but the
optimal dose for resistance exercise and weightlifting per-
formance enhancement (Tan et al. 2025), and particularly in
women, is unclear and requires more research. Current dos-
ing guidelines are based on only one early study conducted
on cycling performance and in healthy Caucasian men from
the United Kingdom which limits its application to women
and other exercise modalities and populations (Wylie et al.
2013).

We observed that acute dietary nitrate ingestion appeared
to worsen mean power and mean velocity during 60%1RM
barbell bench press (P<0.05); however, the significant
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Fig. 1 Mean, individual and exploratory analysis of smallest worth-
while change (SWC) for power and velocity during 60% 1RM barbell
bench press after consuming a single dose of nitrate-depleted placebo
(PL) and nitrate-rich beetroot juice (BR). A Group mean power and (B)
individual power responses; C group mean velocity and (D) individual
velocity responses. For exploratory analysis (B and D), coloured data
points reflect individual response classifications relative to the SWC;

effects were not present after applying the Bonferroni
method. Additionally, there were no effects of dietary nitrate
during 55%1RM and 65%1RM barbell bench press. These
data indicate the potential for dietary nitrate to negatively
impact some aspects of bench press performance and that
mean power and mean velocity at 60%1RM may be worth
additional focus in future studies to verify these findings.
Only 9 studies have examined the effects of dietary nitrate
on neuromuscular performance (i.e., power and velocity)
during weightlifting exercise, in which 5 studies reported
improved power (+6-22%) and/or velocity (+6-28%)

@ Springer

green points represent a “meaningful” response (>1xSWC); black
data points captured within the shaded region represent an “uncer-
tain” response (+1xSWC); red data points represent an “adverse"
response (<-1x SWC). MPO=mean power output; MV =mean veloc-
ity; m/s=meters per second; W=Watts; 1RM=1-repetition max.
*=P<0.05

(Jurado-Castro et al. 2022; Rodriguez-Fernandez et al. 2021;
Salem et al. 2025; Williams et al. 2020) while 4 studies did
not observe any effects (Montalvo-Alonso et al. 2025; Tan
et al. 2022, 2023c, 2025). To the authors’ knowledge, this
is the first study to investigate nitrate supplementation on
bench press performance in women.

We did not observe any influence of dietary nitrate sup-
plementation on 55%1RM, 60%1RM, and 65%1RM bar-
bell back squats. These results are in agreement with some
(Montalvo-Alonso et al. 2025; Ranchal-Sanchez et al. 2020;
Salem et al. 2025; Tan et al. 2022, 2023c, 2025) but not all
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studies (Jurado-Castro et al. 2022; Rodriguez-Fernandez et
al. 2021). Importantly, apart from the present study, only
Jurado-Castro et al. examined effects of dietary nitrate on
back squat performance in a women-only cohort (Jurado-
Castro et al. 2022). Contrary to the present study, Jurado-
Castro et al. found that an acute low nitrate dose (~6 mmol
nitrate) improved mean velocity (+6.7%), peak velocity
(+6%), mean power (+7.3%), and peak power (+6.8%)
during Smith-machine back squats at 50%1RM but not
75%1RM in recreationally active women (Jurado-Castro et
al. 2022).

The discrepancy in performance effects between the
present study and Jurado-Castro et al. could be due to differ-
ences in: (1) exercise protocol, modalities, and best practices
for weightlifting; (2) standardization of tempo, instructions,
and cues; (3) equipment for weightlifting and performance
outcomes; (4); population (e.g., definition of “resistance-
trained”, and fiber-type composition); and (5) controls for
placebo, lifestyle habits, time of day, and menstrual cycle
(Haff & Triplett, 2016; Jurado-Castro et al. 2022; Tan et
al. 2023b; Weakley et al. 2021). Comprehensive and rigor-
ous methodological designs appear important in assessing
dietary nitrate and weightlifting performance since studies
with better control measures have not observed positive
effects while others yielded large effects (Tan et al. 2023b).
Additionally, it is unclear why some bench press outcomes
were potentially compromised; however, it has been specu-
lated that nitric oxide balance is important for the efficacy
of nitrate on performance in women and is more complex
than merely increasing circulating nitrite (Forte et al. 1998;
Hogwood et al. 2023).

The classification of “resistance-trained” can encom-
pass a broad range of experience levels, from recreation-
ally active individuals to highly trained athletes; therefore,
training age and elite-level weightlifting experience may
be important factors to consider that could modulate the
ergogenic potential of dietary nitrate supplementation.
Similarly, some recent data have suggested that dietary
nitrate supplementation may be less likely to be ergogenic
in women (Hogwood et al. 2023) which is in contrast to
studies conducted in men (Senefeld et al. 2020) highlight-
ing the importance of potential sex differences. No stud-
ies to date have examined the effects of dietary nitrate in
resistance-trained women at the elite level. Although dietary
nitrate literature frequently suggests that highly trained or
elite athletes are less likely to gain an ergogenic benefit from
nitrate supplementation, a key nuance is that the available
evidence primarily indicates reduced efficacy in individuals
with high aerobic capacity (>65 ml/kg/min) (e.g., Porcelli
et al. 2015; Wilkerson et al. 2012). Extending this finding
to all elite athletes is potentially misleading as elite sport

is characterized by more than high aerobic capacity and
includes athletes with diverse metabolic profiles and pheno-
types. Consequently, dietary nitrate may still have potential
efficacy in elite female athletes with high training ages in
weightlifting, such as in power- and strength-based disci-
plines, given that nitrate may preferentially influence type
II muscle fiber function (Ferguson et al. 2013; Hernandez
et al. 2012) and that skeletal muscle mass appears to have
a role (Kadach et al. 2023). Additional research is required
to clarify the effects of dietary nitrate across different elite
athletic populations and in women(Tan et al. 2023a).

Individual responses

Quantifying individual responses and meaningful change
is rare in exercise science research, but various methods
are available including gold standard repeatability cross-
over trials (Hayes et al. 2025); calculating minimum clini-
cally important difference of extensively studied outcomes
(Margaritelis et al. 2023) or smallest worthwhile change
(SWC) (Renwick et al. 2025); and more simplistically and
less rigorously, the “responder vs. non-responder” dichoto-
mies (Wylie et al. 2013). We implemented SWC to define
“meaningful change” for power and velocity during bar-
bell back squats and bench press since there are no univer-
sally accepted “clinically meaningful” thresholds for these
metrics and exercise modality. We defined the response
threshold for power and velocity based on the baseline
between-individual standard deviation for each performance
outcome (Bonafiglia et al. 2018; Swinton et al. 2018). This
exploratory analysis provides insight beyond the P value
and mean data; our SWC threshold revealed substantial het-
erogeneity across all performance outcomes across exercise
intensities, modalities, and within and across participants
(Supplementary Materials). These data reveal that there are
no global “responders” or “non-responders”, and rather, that
the majority of responses are uncertain and highly variable
within and between participants. While the SWC statistical
framework is imperfect, the highly variable results observed
in our exploratory analysis serve as an impetus for further
consideration and investigation of individual responses
to dietary nitrate supplementation. Additionally, caution
is warranted to avoid overinterpretation of these findings.
Exploring intra- and inter-individual variability is particu-
larly relevant in applied sporting contexts where even mar-
ginal performance changes can determine outcomes (e.g.,
hundredths to a few tenths of a second can shift podium
outcomes from finalist to a medalist at the Olympic level
(Turner et al. 2025)). However, based on the present find-
ings, inorganic dietary nitrate does not appear to be ergo-
genic for weightlifting performance in women.

@ Springer
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Limitations and future directions

We acknowledge that adequately characterizing individual
variability requires larger data sets and gold standard study
designs where possible, and thus, our exploratory analysis
of the SWC is intended only to highlight intra- and inter-
individual variability as an important consideration for
future research. We did not directly measure hormonal pro-
files to confirm that participants were tested on days 1-5 of
menses (i.e., early follicular phase) or quantify symptoms
associated with menses. However, our study did not aim
to draw conclusions specific to the early follicular phase;
rather, we used this time frame to control for hormonal vari-
ability within and across participants which our study design
accomplishes (Baranauskas et al. 2022; Elliott-Sale et al.
2025). Future studies should investigate, for example, how
weightlifting protocols/modalities, performance outcomes,
supplementation strategies, nitric oxide biomarkers, popu-
lation/training status, repeatability crossover trials, direct
sex comparisons etc., impact potential ergogenic effects
of nitrate supplementation on weightlifting performance
in women, as well as how findings translate from strength
training centers to practical and meaningful changes in
sport-specific contexts.

Conclusion

An acute nitrate dose did not improve any performance
outcome in barbell back squats and barbell bench press at
55%1RM, 60%I1RM, and 65%I1RM in resistance-trained
women. Thus, while dietary nitrate supplementation may
confer performance-enhancing effects on cycling and run-
ning in men, as evidenced by the myriads of studies con-
ducted in men-only cohorts, our results suggest that its
effects may not be beneficial in women, at least for explo-
sive weightlifting performance. More research is required
to verify if dietary nitrate is detrimental to weightlifting per-
formance in women.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s00421-0
26-06206-9.

Acknowledgements We thank Daphne Green and Layla Busquets for
their assistance in administration and Dr. Martin Gibala for guidance
on statistical analyses. We are grateful to the participants for their time
and efforts.

Author contributions All authors contributed to the conception and
design of the study. SB, JF, RG, TM, RT, CS, KG, ME, AB, SG, and
RT performed data collection and acquisition. SB, JF, RG, TM, KG,
AB, AP and RT organized the database. SB, JF, RG, TM, RT, CS, KG,
ME, AB, MG, JR, JA, and RT performed data analysis. JF, CS, JR, AP
and RT performed the statistical analysis. SB, JR, SR, JA, AP, and RT

@ Springer

interpreted the data. SB, RG, TM, RT, JR, AP, and RT wrote the first
draft of the manuscript. All authors contributed to manuscript revision,
read, and approved the submitted version.

Funding Open access funding provided by SCELC, Statewide Cali-
fornia Electronic Library Consortium

Data availability The experimental data and the simulation results that
support the findings of this study are available upon request.

Declarations
Conflict of interest The authors declare no conflict of interest.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

Alsharif NS, Clifford T, Alhebshi A, Rowland SN, Bailey SJ (2023)
Effects of dietary nitrate supplementation on performance dur-
ing single and repeated bouts of short-duration high-intensity
exercise: a systematic review and meta-analysis of randomised
controlled trials. Antioxidants 12(6):1194. https://doi.org/10.339
0/antiox12061194

Baker D, Nance S, Moore M (2001) The load that maximizes the
average mechanical power output during jump squats in power-
trained athletes. J Strength Cond Res 15(1):92-97

Ballmann CG, McCullum MJ, Rogers RR, Marshall MR, Williams TD
(2021) Effects of preferred vs. nonpreferred music on resistance
exercise performance. J Strength Cond Res 35(6):1650-1655. htt
ps://doi.org/10.1519/JSC.0000000000002981

Baranauskas MN, Freemas JA, Tan R, Carter SJ (2022) Moving beyond
inclusion: methodological considerations for the menstrual cycle
and menopause in research evaluating effects of dietary nitrate on
vascular function. Nitric Oxide 118:39-48. https://doi.org/10.101
6/j.ni0x.2021.11.001

Beedie CJ, Terry PC, Lane AM (2000) The profile of mood states and
athletic performance: two meta-analyses. J Appl Sport Psychol
12(1):49-68. https://doi.org/10.1080/10413200008404213

Bonafiglia JT, Nelms MW, Preobrazenski N, LeBlanc C, Robins L,
Lu S, Lithopoulos A, Walsh JJ, Gurd BJ (2018) Moving beyond
threshold-based dichotomous classification to improve the accu-
racy in classifying non-responders. Physiol Rep 6(22):¢13928. ht
tps://doi.org/10.14814/phy2.13928

Buck CL, Henry T, Guelfi K, Dawson B, McNaughton LR, Wall-
man K (2015) Effects of sodium phosphate and beetroot juice
supplementation on repeated-sprint ability in females. Eur J Appl
Physiol 115(10):2205-2213. https://doi.org/10.1007/s00421-01
5-3201-1

Castello PR, David PS, McClure T, Crook Z, Poyton RO (2006)
Mitochondrial cytochrome oxidase produces nitric oxide under


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/antiox12061194
https://doi.org/10.3390/antiox12061194
https://doi.org/10.1519/JSC.0000000000002981
https://doi.org/10.1519/JSC.0000000000002981
https://doi.org/10.1016/j.niox.2021.11.001
https://doi.org/10.1016/j.niox.2021.11.001
https://doi.org/10.1080/10413200008404213
https://doi.org/10.14814/phy2.13928
https://doi.org/10.14814/phy2.13928
https://doi.org/10.1007/s00421-015-3201-1
https://doi.org/10.1007/s00421-015-3201-1
https://doi.org/10.1007/s00421-026-06206-9
https://doi.org/10.1007/s00421-026-06206-9

European Journal of Applied Physiology

hypoxic conditions: implications for oxygen sensing and hypoxic
signaling in eukaryotes. Cell Metab 3(4):277-287. https://doi.org
/10.1016/j.cmet.2006.02.011

Coggan AR, Broadstreet SR, Mikhalkova D, Bole I, Leibowitz JL,
Kadkhodayan A, Park S, Thomas DP, Thies D, Peterson LR
(2018) Dietary nitrate-induced increases in human muscle power:
high versus low responders. Physiol Rep 6(2):¢13575-13582. htt
ps://doi.org/10.14814/phy2.13575

Cohen J (1988) Statistical power analysis for the behavioral sciences,
2nd edn. Routledge

Cormie P, McCaulley GO, Triplett NT, McBride JM (2007) Optimal
loading for maximal power output during lower-body resistance
exercises. Med Sci Sports Exerc 39(2):340-349. https://doi.org/1
0.1249/01.mss.0000246993.71599.bf

Dao H, Kazin RA (2007) Gender differences in skin: a review of the
literature. Gend Med 4(4):308-328. https://doi.org/10.1016/s155
0-8579(07)80061-1

Davies TB, Halaki M, Orr R, Helms ER, Hackett DA (2020) Changes
in bench press velocity and power after 8 weeks of high-load
cluster- or traditional-set structures. J Strength Cond Res
34(10):2734-2742. https://doi.org/10.1519/JSC.0000000000003
166

Elliott-Sale KJ, Altini M, Doyle-Baker P, Ferrer E, Flood TR, Harris R,
Impellizzeri FM, de Jonge XJ, Kryger KO, Lewin G, Lebrun CM,
McCall A, Nimphius S, Phillips SM, Swinton PA, Taylor M, Ver-
hagen E, Burden RJ (2025) Why we must stop assuming and esti-
mating menstrual cycle phases in laboratory and field-based sport
related research. Sports Med (Auckland, N.z.) 55(6):1339-1351.
https://doi.org/10.1007/s40279-025-02189-3

Esen O, Dobbin N, Callaghan MJ (2022) The effect of dietary nitrate
on the contractile properties of human skeletal muscle: a system-
atic review and meta-analysis. J Am Nutr Assoc. https://doi.org/1
0.1080/07315724.2022.2037475

Ferguson SK, Hirai DM, Copp SW, Holdsworth CT, Allen JD, Jones
AM, Musch TI, Poole DC (2013) Impact of dietary nitrate supple-
mentation via beetroot juice on exercising muscle vascular con-
trol in rats. J Physiol 591(2):547-557. https://doi.org/10.1113/jp
hysiol.2012.243121

Forbes SPA, Spriet LL (2021) Potential effect of beetroot juice sup-
plementation on exercise economy in well-trained females. Appl
Physiol, Nutr, Metab = Physiologie Appliquee, Nutrition Et
Metabolisme. https://doi.org/10.1139/apnm-2021-0563

Forte P, Kneale BJ, Milne E, Chowienczyk PJ, Johnston A, Benjamin
N, Ritter JM (1998) Evidence for a difference in nitric oxide
biosynthesis between healthy women and men. Hypertension
32(4):730-734. https://doi.org/10.1161/01.HYP.32.4.730

Fujii N, Omori S, Kataoka Y, Maimaituxun G, Bailey SJ, Lloyd AB,
Arnold JT, Amano T, Tanabe Y, Omi N, Watanabe K, Nishiyasu
T (2023) Dietary nitrate supplementation increases nitrate and
nitrite concentrations in human skin interstitial fluid. Nitric Oxide
134-135:10-16. https://doi.org/10.1016/j.ni0x.2023.02.003

Gallardo EJ, Gray DA, Hoffman RL, Yates BA, Moorthi RN, Cog-
gan AR (2021) Dose-response effect of dietary nitrate on muscle
contractility and blood pressure in older subjects: a pilot study. J
Gerontol A Biol Sci Med Sci 76(4):591-598. https://doi.org/10.1
093/gerona/glaa311

Govoni M, Jansson EA, Weitzberg E, Lundberg JO (2008) The increase
in plasma nitrite after a dietary nitrate load is markedly attenuated
by an antibacterial mouthwash. Nitric Oxide 19(4):333-337. http
s://doi.org/10.1016/j.ni0x.2008.08.003

Haff G, Triplett NT (2016) Essentials of strength training and condi-
tioning, 4th edn. Human Kinetics

Hayes E, Alhulaefi S, Siervo M, Whyte E, Kimble R, Matu J, Griffiths
A, Sim M, Burleigh M, Easton C, Lolli L, Atkinson G, Mathers
JC, Shannon OM (2025) Inter-individual differences in the
blood pressure lowering effects of dietary nitrate: a randomised

double-blind placebo-controlled replicate crossover trial. Eur J
Nutr 64(2):101. https://doi.org/10.1007/s00394-025-03616-x
Hernandez A, Schiffer TA, Ivarsson N, Cheng AJ, Bruton JD, Lun-
dberg JO, Weitzberg E, Westerblad H (2012) Dietary nitrate
increases tetanic [Ca®']i and contractile force in mouse fast-
twitch muscle. J Physiol 590(15):3575-3583. https://doi.org/10.
1113/jphysiol.2012.232777

Hickner RC, Kemeny G, Stallings HW, Manning SM, Mclver KL
(2006) Relationship between body composition and skeletal mus-
cle eNOS. Int J Obesity (2005) 30(2):308-312. https://doi.org/10
.1038/sj.1j0.0803134

Hogwood AC, Ortiz de Zevallos J, Kruse K, De Guzman J, Buckley
M, Weltman A, Allen JD (2023) The effects of inorganic nitrate
supplementation on exercise economy and endurance capacity
across the menstrual cycle. J Appl Physiol (Bethesda, Md.: 1985)
135(5):1167-1175. https://doi.org/10.1152/japplphysiol.00221.2
023

Hogwood AC, Ortiz De Zevallos J, Kruse K, Buckley M, De Guzman
J, DeJong Lempke A, Weltman A, Allen JD (2024a) The effects of
inorganic nitrate supplementation on muscular power and endur-
ance across the menstrual cycle. J Appl Physiol (Bethesda, Md.:
1985) 137(6):1503—1511. https://doi.org/10.1152/japplphysiol.00
323.2024

Hogwood AC, Ortiz De Zevallos J, Kruse K, Buckley M, De Guzman
J, DeJong Lempke A, Weltman A, Allen JD (2024b) The effects of
inorganic nitrate supplementation on muscular power and endur-
ance across the menstrual cycle. J Appl Physiol 137(6):1503—
1511. https://doi.org/10.1152/japplphysiol.00323.2024

Inoue H, Ono K, Masuda W, Morimoto Y, Tanaka T, Yokota M, Ine-
naga K (2006) Gender difference in unstimulated whole saliva
flow rate and salivary gland sizes. Arch Oral Biol 51(12):1055—
1060. https://doi.org/10.1016/j.archoralbio.2006.06.010

Janssen I, Heymsfield SB, Wang Z, Ross R (2000) Skeletal muscle
mass and distribution in 468 men and women aged 18-88 yr. J
Appl Physiol 89(1):81-88. https://doi.org/10.1152/jappl.2000.89
.1.81

Jurado-Castro JM, Campos-Perez J, Ranchal-Sanchez A, Duran-
Lopez N, Dominguez R (2022) Acute effects of beetroot juice
supplements on lower-body strength in female athletes: double-
blind crossover randomized trial. Sports Health: Multidisc App
14(6):812-821. https://doi.org/10.1177/19417381221083590

Kadach S, Park JW, Stoyanov Z, Black MI, Vanhatalo A, Burnley M,
Walter PJ, Cai H, Schechter AN, Piknova B, Jones AM (2023)
15 N-labeled dietary nitrate supplementation increases human
skeletal muscle nitrate concentration and improves muscle torque
production. Acta Physiol (Oxf) 237(3):e13924. https://doi.org/10
.1111/apha.13924

Kapil V, Rathod KS, Khambata RS, Bahra M, Velmurugan S, Purba
A, Watson DS, Barnes MR, Wade WG, Ahluwalia A (2018) Sex
differences in the nitrate-nitrite-NOe pathway: role of oral nitrate-
reducing bacteria. Free Radical Biol Med 126:113—121. https://d
oi.org/10.1016/j.freeradbiomed.2018.07.010

Lakens D (2013) Calculating and reporting effect sizes to facilitate
cumulative science: a practical primer for t-tests and ANOVAs.
Front Psychol 4:863. https://doi.org/10.3389/fpsyg.2013.00863

Lopez-Samanes A, Ramos-Alvarez JJ, Miguel-Tobal F, Gaos S, Jodra
P, Arranz-Muioz R, Dominguez R, Montoya JJ (2022a) Influ-
ence of beetroot juice ingestion on neuromuscular performance
on semi-professional female rugby players: a randomized, dou-
ble-blind, placebo-controlled study. Foods (Basel, Switzerland)
11(22):3614. https://doi.org/10.3390/foods11223614

Lopez-Samanes A, Ramos-Alvarez JJ, Miguel-Tobal F, Gaos S, Jodra
P, Arranz-Muioz R, Dominguez R, Montoya JJ (2022b) Influ-
ence of beetroot juice ingestion on neuromuscular performance
on semi-professional female rugby players: a randomized,

@ Springer


https://doi.org/10.1007/s00394-025-03616-x
https://doi.org/10.1113/jphysiol.2012.232777
https://doi.org/10.1113/jphysiol.2012.232777
https://doi.org/10.1038/sj.ijo.0803134
https://doi.org/10.1038/sj.ijo.0803134
https://doi.org/10.1152/japplphysiol.00221.2023
https://doi.org/10.1152/japplphysiol.00221.2023
https://doi.org/10.1152/japplphysiol.00323.2024
https://doi.org/10.1152/japplphysiol.00323.2024
https://doi.org/10.1152/japplphysiol.00323.2024
https://doi.org/10.1016/j.archoralbio.2006.06.010
https://doi.org/10.1152/jappl.2000.89.1.81
https://doi.org/10.1152/jappl.2000.89.1.81
https://doi.org/10.1177/19417381221083590
https://doi.org/10.1111/apha.13924
https://doi.org/10.1111/apha.13924
https://doi.org/10.1016/j.freeradbiomed.2018.07.010
https://doi.org/10.1016/j.freeradbiomed.2018.07.010
https://doi.org/10.3389/fpsyg.2013.00863
https://doi.org/10.3390/foods11223614
https://doi.org/10.1016/j.cmet.2006.02.011
https://doi.org/10.1016/j.cmet.2006.02.011
https://doi.org/10.14814/phy2.13575
https://doi.org/10.14814/phy2.13575
https://doi.org/10.1249/01.mss.0000246993.71599.bf
https://doi.org/10.1249/01.mss.0000246993.71599.bf
https://doi.org/10.1016/s1550-8579(07)80061-1
https://doi.org/10.1016/s1550-8579(07)80061-1
https://doi.org/10.1519/JSC.0000000000003166
https://doi.org/10.1519/JSC.0000000000003166
https://doi.org/10.1007/s40279-025-02189-3
https://doi.org/10.1007/s40279-025-02189-3
https://doi.org/10.1080/07315724.2022.2037475
https://doi.org/10.1080/07315724.2022.2037475
https://doi.org/10.1113/jphysiol.2012.243121
https://doi.org/10.1113/jphysiol.2012.243121
https://doi.org/10.1139/apnm-2021-0563
https://doi.org/10.1161/01.HYP.32.4.730
https://doi.org/10.1016/j.niox.2023.02.003
https://doi.org/10.1093/gerona/glaa311
https://doi.org/10.1093/gerona/glaa311
https://doi.org/10.1016/j.niox.2008.08.003
https://doi.org/10.1016/j.niox.2008.08.003

European Journal of Applied Physiology

double-blind, placebo-controlled study. Foods 11(22):3614. https
://doi.org/10.3390/foods11223614

Lépez-Samanes A, Pérez-Lopez A, Morencos E, Muiloz A, Kithn A,
Sanchez-Migallon V, Moreno-Pérez V, Gonzalez-Frutos P, Bach-
Faig A, Roberts J, Dominguez R (2023) Beetroot juice ingestion
does not improve neuromuscular performance and match-play
demands in elite female hockey players: a randomized, double-
blind, placebo-controlled study. Eur J Nutr 62(3):1123-1130. http
s://doi.org/10.1007/s00394-022-03052-1

Lundberg JO, Weitzberg E, Gladwin MT (2008) The nitrate-nitrite-
nitric oxide pathway in physiology and therapeutics. Nat Rev
Drug Discovery 7(2):156—167. https://doi.org/10.1038/nrd2466

Margaritelis NV, Nastos GG, Vasileiadou O, Chatzinikolaou PN,
Theodorou AA, Paschalis V, Vrabas IS, Kyparos A, Fatouros
IG, Nikolaidis MG (2023) Inter-individual variability in redox
and performance responses after antioxidant supplementation:
a randomized double blind crossover study. Acta Physiol (Oxf)
238(4):e14017. https://doi.org/10.1111/apha.14017

McGuigan, M. & National Strength and Conditioning Association
(US). (2017). Developing power. Human Kinetics

Meng F, Liu Y, Qiu B, Li J (2025) Does nitrate supplementation
improve muscle strength, power, and sprint performance in
females? A systematic review and meta-analysis. Life 15(9):1425.
https://doi.org/10.3390/1ife15091425

Modin A, Bjorne H, Herulf M, Alving K, Weitzberg E, Lundberg JO
(2001) Nitrite-derived nitric oxide: a possible mediator of “acidic-
metabolic” vasodilation. Acta Physiol Scand 171(1):9-16. https://
doi.org/10.1046/j.1365-201X.2001.00771.x

Montalvo-Alonso JJ, Del Val-Manzano M, Ferragut C, Valadés D,
Lopez-Samanes A, Dominguez R, Pérez-Lopez A (2025) Single
and combined effect of beetroot juice and caffeine intake on mus-
cular strength, power and endurance performance in resistance-
trained males. Sci Rep 15(1):16781. https://doi.org/10.1038/s41
598-025-02021-y

Morton RW, Sonne MW, Farias Zuniga A, Mohammad 1YZ, Jones
A, McGlory C, Keir PJ, Potvin JR, Phillips SM (2019) Muscle
fibre activation is unaffected by load and repetition duration
when resistance exercise is performed to task failure. J Physiol
597(17):4601-4613. https://doi.org/10.1113/JP278056

Nuzzo JL (2024) Sex differences in skeletal muscle fiber types: a meta-
analysis. Clin Anat 37(1):81-91. https://doi.org/10.1002/ca.2409
1

Orange ST, Metcalfe JW, Marshall P, Vince RV, Madden LA, Lief-
eith A (2020) Test-retest reliability of a commercial linear posi-
tion transducer (GymAware PowerTool) to measure velocity and
power in the back squat and bench press. J Strength Cond Res
34(3):728-737. https://doi.org/10.1519/JSC.0000000000002715

Ortiz de Zevallos J, Hogwood AC, Kruse K, De Guzman J, Buckley
M, Weltman AL, Allen JD (2023) Sex differences in the effects
of inorganic nitrate supplementation on exercise economy and
endurance capacity in healthy young adults. J Appl Physiol
(1985) 135(5):1157-1166. https://doi.org/10.1152/japplphysiol.
00220.2023

Ortiz de Zevallos J, Hogwood AC, Kruse K, De Guzman J, Buckley
M, DeJong Lempke AF, Weltman A, Allen JD (2024) The influ-
ence of sex on the effects of inorganic nitrate supplementation
on muscular power and endurance. J Appl Physiol 137(6):1649—
1658. https://doi.org/10.1152/japplphysiol.00321.2024

Porcelli S, Ramaglia M, Bellistri G, Pavei G, Pugliese L, Montorsi M,
Rasica L, Marzorati M (2015) Aerobic fitness affects the exer-
cise performance responses to nitrate supplementation. Med Sci
Sports Exerc 47(8):1643-1651. https://doi.org/10.1249/MSS.000
0000000000577

Poredo§ D, Jenko Praznikar Z, Kozinc Z (2022) Acute effects of beet-
root juice supplementation on isometric muscle strength, rate of
torque development and isometric endurance in young adult men

@ Springer

and women: a randomized, double-blind. Controlled Cross-over
Pilot Study Nutr 14(22):4759. https://doi.org/10.3390/nu142247
59

Ranchal-Sanchez A, Diaz-Bernier VM, De La Florida-Villagran CA,
Llorente-Cantarero FJ, Campos-Perez J, Jurado-Castro JM (2020)
Acute effects of beetroot juice supplements on resistance train-
ing: a randomized double-blind crossover. Nutrients 12(7):1912—
1925. https://doi.org/10.3390/nu12071912

Renwick JRM, Crukley J, Kudsi M, Binet ER, Bone J, Mulkewich NJ,
Babir FJ, Gurd BJ, Gibala MJ (2025) Six weeks of low-volume
sprint interval training improves peak oxygen uptake compared
to a non-exercise control: a randomized controlled trial. Scand J
Med Sci Sports 35(9):¢70130. https://doi.org/10.1111/sms.70130

Rodriguez-Fernandez A, Castillo D, Raya-Gonzalez J, Dominguez R,
Bailey SJ (2021) Beetroot juice supplementation increases con-
centric and eccentric muscle power output. Original investiga-
tion. J Sci Med Sport 24(1):80-84. https://doi.org/10.1016/j.jsa
ms.2020.05.018

Salem A, Ammar A, Kerkeni M, Boujelbane MA, Uyar AM, Kobel
LM, Selvaraj S, Zare R, Heinrich KM, Jahrami H, Tounsi S, Zmi-
jewski P, Schollhorn W1, Trabelsi K, Chtourou H (2025) Short-
term beetroot juice supplementation enhances strength, reduces
fatigue, and promotes recovery in physically active individuals: a
randomized, double-blind. Crossover Trial Nutr 17(10):1720. htt
ps://doi.org/10.3390/nul7101720

Senefeld JW, Wiggins CC, Regimbal RJ, Dominelli PB, Baker SE,
Joyner MJ (2020) Ergogenic effect of nitrate supplementation:
a systematic review and meta-analysis. Med Sci Sports Exerc
52(10):2250-2261. https://doi.org/10.1249/MSS.000000000000
2363

Shannon OM, Allen JD, Bescos R, Burke L, Clifford T, Easton C, Gon-
zalez JT, Jones AM, Jonvik KL, Larsen FJ, Peeling P, Piknova B,
Siervo M, Vanhatalo A, McGawley K, Porcelli S (2022) Dietary
Inorganic nitrate as an ergogenic aid: an expert consensus derived
via the modified delphi technique. Sports Med 52(10):2537-2558.
https://doi.org/10.1007/s40279-022-01701-3

Soriano MA, Suchomel TJ, Marin PJ (2017) The optimal load for max-
imal power production during upper-body resistance exercises: a
meta-analysis. Sports Medicine (Auckland, Nz) 47(4):757-768. h
ttps://doi.org/10.1007/s40279-016-0626-6

Stamler JS, Meissner G (2001) Physiology of nitric oxide in skeletal
muscle. Physiol Rev 81(1):209-237. https://doi.org/10.1152/phy
srev.2001.81.1.209

National Strength and Conditioning Association. (2017). NSCA
Strength and Conditioning Professional Standards and Guide-
lines. National Strength and Conditioning Association (NSCA).
https://www.nsca.com/education/articles/nsca-strength-and-cond
itioning-professional-standards-and-guidelines/

Swinton PA, Hemingway BS, Saunders B, Gualano B, Dolan E (2018)
A statistical framework to interpret individual response to inter-
vention: paving the way for personalized nutrition and exercise
prescription. Front Nutr 5:41. https://doi.org/10.3389/fnut.2018.
00041

Tan R, Pennell A, Price KM, Karl ST, Seekamp-Hicks NG, Paniagua
KK, Weiderman GD, Powell JP, Sharabidze LK, Lincoln IG, Kim
IM, Espinoza MF, Hammer MA, Goulding RP, Bailey SJ (2022)
Effects of dietary nitrate supplementation on performance and
muscle oxygenation during resistance exercise in men. Nutrients.
https://doi.org/10.3390/nu14183703

Tan R, Baranauskas MN, Karl ST, Ortiz de Zevallos J, Shei R-J, Paris
HL, Wiggins CC, Bailey SJ (2023a) Effects of dietary nitrate
supplementation on muscular power output: Influence of supple-
mentation strategy and population. Nitric Oxide Biol Chem 136—
137:33-47. https://doi.org/10.1016/j.ni0x.2023.05.003

Tan R, Pennell A, Karl ST, Cass JK, Go K, Clifford T, Bailey SJ, Per-
kins Storm C (2023b) Effects of dietary nitrate supplementation


https://doi.org/10.3390/nu14224759
https://doi.org/10.3390/nu14224759
https://doi.org/10.3390/nu12071912
https://doi.org/10.1111/sms.70130
https://doi.org/10.1016/j.jsams.2020.05.018
https://doi.org/10.1016/j.jsams.2020.05.018
https://doi.org/10.3390/nu17101720
https://doi.org/10.3390/nu17101720
https://doi.org/10.1249/MSS.0000000000002363
https://doi.org/10.1249/MSS.0000000000002363
https://doi.org/10.1007/s40279-022-01701-3
https://doi.org/10.1007/s40279-022-01701-3
https://doi.org/10.1007/s40279-016-0626-6
https://doi.org/10.1007/s40279-016-0626-6
https://doi.org/10.1152/physrev.2001.81.1.209
https://doi.org/10.1152/physrev.2001.81.1.209
https://www.nsca.com/education/articles/nsca-strength-and-conditioning-professional-standards-and-guidelines/
https://www.nsca.com/education/articles/nsca-strength-and-conditioning-professional-standards-and-guidelines/
https://www.nsca.com/education/articles/nsca-strength-and-conditioning-professional-standards-and-guidelines/
https://doi.org/10.3389/fnut.2018.00041
https://doi.org/10.3389/fnut.2018.00041
https://doi.org/10.3390/nu14183703
https://doi.org/10.3390/nu14183703
https://doi.org/10.1016/j.niox.2023.05.003
https://doi.org/10.3390/foods11223614
https://doi.org/10.3390/foods11223614
https://doi.org/10.1007/s00394-022-03052-1
https://doi.org/10.1007/s00394-022-03052-1
https://doi.org/10.1038/nrd2466
https://doi.org/10.1111/apha.14017
https://doi.org/10.3390/life15091425
https://doi.org/10.3390/life15091425
https://doi.org/10.1046/j.1365-201X.2001.00771.x
https://doi.org/10.1046/j.1365-201X.2001.00771.x
https://doi.org/10.1038/s41598-025-02021-y
https://doi.org/10.1038/s41598-025-02021-y
https://doi.org/10.1113/JP278056
https://doi.org/10.1002/ca.24091
https://doi.org/10.1002/ca.24091
https://doi.org/10.1519/JSC.0000000000002715
https://doi.org/10.1152/japplphysiol.00220.2023
https://doi.org/10.1152/japplphysiol.00220.2023
https://doi.org/10.1152/japplphysiol.00321.2024
https://doi.org/10.1249/MSS.0000000000000577
https://doi.org/10.1249/MSS.0000000000000577

European Journal of Applied Physiology

on back squat and bench press performance: a systematic review
and meta-analysis. Nutrients 15(11):2493. https://doi.org/10.339
0/mul5112493

Tan R, Price KM, Wideen LE, Lincoln IG, Karl ST, Seals JP, Pani-
agua KK, Hagen DW, Tchaprazian I, Bailey SJ, Pennell A (2023c¢)
Dietary nitrate ingested with and without pomegranate supple-
mentation does not improve resistance exercise performance.
Front Nutr. https://doi.org/10.3389/fnut.2023.1217192

Tan R, Merrill C, Riley CF, Hammer MA, Kenney RT, Riley AA, Li
J, Zink AC, Karl ST, Price KM, Sharabidze LK, Rowland SN,
Bailey SJ, Stiemsma LT, Pennell A (2024) Acute inorganic nitrate
ingestion does not impact oral microbial composition, cognitive
function, or high-intensity exercise performance in female team-
sport athletes. Eur J Appl Physiol. https://doi.org/10.1007/s0042
1-024-05552-w

Tan R, Lincoln IG, Paniagua KK, Foster JM, Wideen LE, Gerardo
RT, Ornelas NJ, Tchaprazian I, Li J, Egiazarian M, Rowland SN,
Bailey SJ, Pennell A (2025) The effect of dietary nitrate supple-
mentation on resistance exercise performance: a dose-response
investigation. Eur J Appl Physiol. https://doi.org/10.1007/s0042
1-025-05779-1

Terry PC, Lane AM, Lane HJ, Keohane L (1999) Development and
validation of a mood measure for adolescents. J Sports Sci
17(11):861-872. https://doi.org/10.1080/026404199365425

Terry PC, Lane AM, Fogarty GJ (2003) Construct validity of the pro-
file of mood states-adolescents for use with adults. Psychol Sport
Exerc 4(2):125-139. https://doi.org/10.1016/S1469-0292(01)000
35-8

Turner KJ, Trowell D, Millett EL, Bonacci J, Elvish TM, Kremer P,
Pickering C, Saunders N (2025) Can current metrics characterise
or differentiate between elite track and field athletes within the
sprints, hurdles, high jump, long jump and triple jump? A system-
atic review. Sports Med 55(10):2567-2594. https://doi.org/10.10
07/s40279-025-02284-5

Verkhoshansky Y, Siff MC (2009) Supertraining (6th ed.-Expanded
ed). Verkhoshansky ; Distributed by Ultimate Athlete Concepts

Weakley J, Morrison M, Garcia-Ramos A, Johnston R, James L, Cole
MH (2021) The validity and reliability of commercially avail-
able resistance training monitoring devices: a systematic review.
Sports Med 51(3):443-502. https://doi.org/10.1007/s40279-02
0-01382-w

Wei C, Vanhatalo A, Black MI, Rajaram R, Massey G, Jones AM
(2025) Dose-response relationship between dietary nitrate intake

and nitric oxide congeners in various blood compartments and
skeletal muscle: differential effects on skeletal muscle torque and
velocity. Free Radic Biol Med 229:520-533. https://doi.org/10.1
016/j.freeradbiomed.2025.01.048

Wickham KA, McCarthy DG, Pereira JM, Cervone DT, Verdijk LB,
van Loon LJC, Power GA, Spriet LL (2019) No effect of beetroot
juice supplementation on exercise economy and performance in
recreationally active females despite increased torque production.
Physiol Rep 7(2):e13982. https://doi.org/10.14814/phy2.13982

Wilk M, Golas A, Stastny P, Nawrocka M, Krzysztofik M, Zajac A
(2018) Does tempo of resistance exercise impact training vol-
ume? J Hum Kinet 62(1):241-250. https://doi.org/10.2478/huki
n-2018-0034

Wilkerson DP, Hayward GM, Bailey SJ, Vanhatalo A, Blackwell JR,
Jones AM (2012) Influence of acute dietary nitrate supplementa-
tion on 50 mile time trial performance in well-trained cyclists.
Eur J Appl Physiol 112(12):4127-4134. https://doi.org/10.1007/
s00421-012-2397-6

Williams TD, Martin MP, Mintz JA, Rogers RR, Ballmann CG (2020)
Effect of acute beetroot juice supplementation on bench press
power, velocity, and repetition volume. J Strength Cond Res
34(4):924-928. https://doi.org/10.1519/JSC.0000000000003509

Wylie LJ, Kelly J, Bailey SJ, Blackwell JR, Skiba PF, Winyard PG,
Jeukendrup AE, Vanhatalo A, Jones AM (2013) Beetroot juice
and exercise: Pharmacodynamic and dose-response relationships.
J Appl Physiol 115(3):325-336. https://doi.org/10.1152/japplphy
si01.00372.2013

Wylie LJ, Park JW, Vanhatalo A, Kadach S, Black MI, Stoyanov Z,
Schechter AN, Jones AM, Piknova B (2019) Human skeletal
muscle nitrate store: influence of dietary nitrate supplementation
and exercise. J Physiol 597(23):5565-5576. https://doi.org/10.11
13/JP278076

Zinner C, Morales-Alamo D, @rtenblad N, Larsen FJ, Schiffer TA,
Willis SJ, Gelabert-Rebato M, Perez-Valera M, Boushel R, Cal-
bet JAL, Holmberg H-C (2016) The physiological mechanisms
of performance enhancement with sprint interval training dif-
fer between the upper and lower extremities in humans. Front
Physiol 7:426. https://doi.org/10.3389/fphys.2016.00426

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.freeradbiomed.2025.01.048
https://doi.org/10.1016/j.freeradbiomed.2025.01.048
https://doi.org/10.14814/phy2.13982
https://doi.org/10.2478/hukin-2018-0034
https://doi.org/10.2478/hukin-2018-0034
https://doi.org/10.1007/s00421-012-2397-6
https://doi.org/10.1007/s00421-012-2397-6
https://doi.org/10.1519/JSC.0000000000003509
https://doi.org/10.1152/japplphysiol.00372.2013
https://doi.org/10.1152/japplphysiol.00372.2013
https://doi.org/10.1113/JP278076
https://doi.org/10.1113/JP278076
https://doi.org/10.3389/fphys.2016.00426
https://doi.org/10.3390/nu15112493
https://doi.org/10.3390/nu15112493
https://doi.org/10.3389/fnut.2023.1217192
https://doi.org/10.1007/s00421-024-05552-w
https://doi.org/10.1007/s00421-024-05552-w
https://doi.org/10.1007/s00421-025-05779-1
https://doi.org/10.1007/s00421-025-05779-1
https://doi.org/10.1080/026404199365425
https://doi.org/10.1016/S1469-0292(01)00035-8
https://doi.org/10.1016/S1469-0292(01)00035-8
https://doi.org/10.1007/s40279-025-02284-5
https://doi.org/10.1007/s40279-025-02284-5
https://doi.org/10.1007/s40279-020-01382-w
https://doi.org/10.1007/s40279-020-01382-w

	﻿Dietary nitrate supplementation does not improve resistance exercise performance in resistance-trained women
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Participants
	﻿Experimental overview
	﻿Exercise protocol
	﻿Supplementation procedures
	﻿Measurements
	﻿Plasma nitrate and nitrite analysis
	﻿Mood
	﻿Back squat and bench press performance
	﻿Statistical analysis


	﻿Strategies to reduce potential bias
	﻿Results
	﻿Plasma nitrate and nitrite



