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Abstract 

Aging is associated with declines in muscle strength and functional capacity, driven by both 

neuromuscular and cardiovascular changes. In parallel, ageing is accompanied by reduced nitric 

oxide (NO) bioavailability and potentially a reduced efficacy of the nitrate (NO₃⁻)–nitrite (NO₂⁻)–

NO pathway, a route for NO generation that supports vascular and skeletal-muscle function. Thus, 

the aim of the present study was to examine the effects of acute ingestion of 70 mL of nitrate-rich 

beetroot juice (6.4 mmol NO₃⁻) versus 70 mL placebo (0.04 mmol NO₃⁻) on strength and functional 

performance in healthy older women aged between 70-80 years. Nine healthy women (75.4 ± 4.0 

years) participated in this randomized, double-blind, placebo-controlled crossover experiment. 

Participants completed a physical performance test consisting of 6-m walk test, isometric handgrip 

strength (i.e., dominant and non-dominant hand), Timed Up-and-Go test (TUG), and sit-to-stand 

(STS) muscle power test along with cardiovascular assessments (systolic/diastolic blood pressure, 

heart rate response and 6-minutes’ walk performance ) after ingesting either 70 mL of beetroot juice 

(6.4 mmol NO₃⁻) or 70 mL of placebo (0.04 mmol NO₃⁻) in a randomized order. Beetroot juice 

ingestion resulted in significant improvement vs. placebo in isometric dominant handgrip strength 

(9.6%, p = 0.046, ES = 0.78), with no changes observed in the non-dominant hand (1.2%, p = 

0.553, ES = 0.11). No differences were found in beetroot juice vs placebo for 6-m walk 
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performance (−3.3%, p = 0.306, ES = −0.19), TUG (−5.0%, p = 0.225, ES = −0.17), STS leg 

extensor muscle power (5.0%, p = 0.121, ES = −0.25), or 6-minute walk performance (−7.7%, p = 

0.110, ES = −0.48). Acute ingestion of nitrate-rich beetroot juice led to increased isometric 

handgrip strength in healthy older women, with no significant effects observed in functional 

performance (TUG), lower limb STS power, cardiovascular responses, or short-term (6-m) as well 

as long-term (6-min) walking performance compared with placebo conditions. 

 

Key words: elderly, nitric oxide, dietary supplements, cardiovascular. 

 

 

 

Introduction 

Ageing is a complex biological process characterized by progressive physiological and behavioral 

changes that contribute to declines in physical function, functional independence, and overall 

health.1 Among these changes, increased physical inactivity plays a central role, accelerating 

neuromuscular deterioration2 and impairing the ability to perform activities of daily living in older 

adults.3 For this reason, physical function at old age has become a growing public health priority in 

modern-day societies.2 One of the main strategies proposed to prevent this decline in physical 

activity is the regular practice of resistance exercise, which has demonstrated robust benefits in 

maintaining health, improving quality of life, and attenuating neuromuscular impairments in older 

populations.4,5  

Specifically, resistance training interventions appear to be highly effective in enhancing 

neuromuscular function and increasing muscle strength and mass in older adults, even when 

approaching advanced ages.6 Consequently, resistance training represents a powerful 

countermeasure against age-related neuromuscular decline in muscle strength and muscle mass 

quantity and quality (i.e., hallmarks of sarcopenia).7 When combined with adequate nutritional 

support, resistance training may offer a particularly effective strategy to counteract muscle mass 

loss and neuromuscular deterioration associated with ageing.8,9 From a nutritional perspective, 

ageing is often accompanied by a reduction in total food intake, which may result in an insufficient 

availability of essential nutrients required to sustain muscle protein synthesis and preserve 

neuromuscular integrity.10 Thus, dietary supplements capable of enhancing exercise-induced 

neuromuscular and muscle mass adaptations have gained increasing attention. Among them, nitric 

oxide (NO) precursors, particularly dietary nitrate (NO₃⁻) in beetroot juice form, have emerged as 

promising agents to improve neuromuscular performance and muscle function.11 
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Beetroot extract juice is a rich source of dietary nitrate and has been shown to enhance nitric oxide 

(NO) bioavailability via the NO₃⁻–nitrite (NO₂⁻)–NO pathway.12 Nitric oxide plays a key role in 

vascular and muscular physiology by promoting vasodilation, stimulating myogenic stem cell 

(satellite cell) proliferation,13 and increasing neurotransmitter release and enhancing motor unit 

recruitment.14 Together, these mechanisms may contribute to improvements in mechanical muscle 

function and neuromuscular performance, respectively, and may be particularly relevant in older 

populations, in whom ageing-related impairments in the NO₃⁻–NO₂⁻–NO pathway have been 

suggested to result in reduced endogenous NO bioavailability15 especially in older adults with low 

physical fitness levels or compromised vascular and metabolic function.16 Although previous 

studies have shown that acute NO₃⁻ supplementation can improve mechanical muscle function 

(maximal knee extensor strength) assessed  by means of isokinetic dynamometry,17,18 these studies 

included mixed cohorts of older men and women. To our best of our knowledge, however, no 

previous investigations have exclusively examined the acute effects of beetroot juice ingestion in 

women aged over 65 years while concurrently evaluating the impact on physical performance 

(muscle strength and power output) and cardiovascular capacity (i.e., blood pressure, submaximal 

cardiovascular exercise responses). Therefore, the aim of the present study was to examine the acute 

effects of ingesting 70 mL of beetroot juice on physical performance, mechanical muscle function, 

and cardiovascular exercise responses in healthy older women. 

 

Material and Methods 

Participants  

Initially, a total of twenty-one potential participants (n = 21) were enrolled and visited the Lab 

facilities. Exclusion criteria were: i) age outside the range of 65-80 years; ii) orthopedic limitations 

or other contraindications to strenuous exercise; iii) inability to provide informed consent; iv) 

currently smokers; v) were taking proton pump inhibitors, antacids, or xanthine oxidoreductase 

inhibitors; vi) history of major metabolic (thyroid disorders, type I or II diabetes), cardiovascular 

(e.g., moderate or severe valvular disease, myocardial/pericardial disease, stage II or greater 

hypertension, heart failure, myocardial infarction/ischemia), renal (eGFR <60 mL/min/1.73 m2, or 

61– 90 mL/ min/1.73 m2 and albumin: creatine ratio > 30), affected by neuromuscular diseases 

(e.g., cervical spondylosis radiculomyelopathy, lumbar spondylosis, amyotrophic lateral sclerosis, 

Guillain- Barre syndrome, acquired demyelinating polyneuropathies), or liver (e.g., SGOT/SGPT 

>2× normal) diseases,  anemic state (hematocrit <30%).19 During their initial visit, participants 

underwent a health history assessment and a physical examination and were familiarized (practiced) 

with all physical and cardiovascular tests performed in the study. Ten participants (n = 10) were 
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excluded after the initial visit due to the following reasons: age outside the inclusion range (n = 6; 

younger or older than 65–79 years), current smoking status (n = 3), and diagnosed hypertension (n 

= 1). Consequently, eleven participants were recruited for the study. Subsequently, two participants 

were excluded from the analysis. Two participants were excluded due to failure to attend one 

experimental session (n = 2) (Figure 1). As a result, the final study sample consisted of nine healthy 

older women (Table 1). The study protocol was approved by the Bioethics Commission of 

Francisco de Vitoria University (approval no. 05/2022) and was conducted in accordance with the 

Declaration of Helsinki and register in ClinicalTrials.gov (U.S. National Institutes of Health; 

Identifier: NCT05337527).  

 

Experimental design 

A randomized, double-blind, placebo-controlled crossover design was employed in the present 

study. Each participant completed two identical experimental trials separated by one week to allow 

for physical recovery and a sufficiently long washout period. The experimental trials were identical 

in all aspects except for the beverage ingested prior to exercise. On one occasion, participants 

consumed 70 mL of beetroot juice (6.4 mmol NO₃⁻; Beet It Pro Elite Shot, James White Drinks 

Ltd., Ipswich, UK), produced from beetroot juice concentrate (98%) and lemon juice (2%). The 

nutritional composition per 100 mL was: energy, 373 kJ; fat, 0 g; carbohydrates, 18 g (of which 

sugars: 17 g); protein, 3.7 g; salt, 0.48 g. On a separate occasion, participants consumed 70 mL of a 

taste-matched placebo beverage containing negligible nitrate content (0.04 mmol NO₃⁻; Beet It Pro 

Elite Shot, James White Drinks Ltd., Ipswich, UK). All beverages were administered at the same 

time of day (8:30 AM), provided in opaque bottles to maintain blinding, and ingested 150 min prior 

to the initiation of performance assessments, in accordance with previously published protocols.20 

This timing was chosen to align with previous studies that established the peak plasma response of 

oral nitrate/nitrite (NO3- and NO2-) ingestion occurs 2–3 hours after ingestion.21 The order of the test 

days (beetroot vs placebo) was randomized for each participant using an online randomization tool 

(randomizer.org). An independent researcher assigned alphanumeric codes to each trial to ensure 

blinding of both participants and investigators during data collection and analysis. These codes were 

revealed only after completion of the statistical analyses. All tests were administered in the same 

sequence across sessions and conducted at the Lab facilities at the same time of day (between 11:00 

and 12:00 h) to minimize the influence of circadian variations on performance. During the testing 

sessions, the mean ± Standard Deviation (SD) air temperature was 19.5 ± 2.3°C, and relative 

humidity was 35 ± 6%, as measured using a portable weather station (Meteorological Station, 

Küken, Spain). 
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Experimental protocol 

Two days before each experimental trial, dietary nitrate (NO₃⁻) intake was restricted by instructing 

participants to avoid nitrate-rich foods, including beetroot, celery, lettuce, arugula, spinach, and 

kale, in accordance with written guidelines reported in previous studies.22 In addition, participants 

were asked to refrain from brushing their teeth, using oral antiseptic mouthwashes, chewing gum, or 

consuming sweet foods during the 24 h preceding each experimental session, as these behaviors 

may alter the oral microbiota and interfere with nitrate metabolism.23 During the experimental 

period, the participants were also instructed to avoid strenuous physical activity for 24 h prior to 

testing and to adhere to a standardized daily macronutrient distribution consisting of 60% 

carbohydrates, 30% fat, and 10% protein (all participants completed 3-day food diaries prior to 

testing to confirm they followed the macronutrient distribution). On both experimental days, 

participants arrived at the Lab and consumed the assigned beverage (beetroot juice or placebo) 

under the supervision of an investigator to ensure complete ingestion. Body mass and body 

composition were subsequently assessed using a Tanita B-601 analyzer (Tanita Corp., Tokyo, 

Japan), while body height was measured with a stadiometer (Seca, Germany).  Subsequently, 150 

minutes after beverage ingestion, resting blood pressure (systolic and diastolic) and heart rate were 

measured using a validated oscillometric blood pressure monitor (OMRON MX3 Plus, Osaka, 

Japan)24 to verify comparable trial conditions across sessions. Immediately after blood pressure 

assessment, participants completed a neuromuscular test battery comprising several physical 

performance tests, all of which have previously demonstrated acceptable test–retest reliability (ICC 

= 0.84–0.98). This battery included consisting of the 6-m walk test to assess maximal gait speed;25 

maximal isometric handgrip strength (i.e., dominant and non-dominant hand)26 the timed up-and-go 

(TUG) test to determine functional capacity,27 the sit-to-stand (STS) test to assess functional 

capacity including lower limb muscular power and short-term endurance;28 and the 6-min walk test 

to evaluate cardiorespiratory fitness (Figure 2).29 Upon completion of the testing battery, ratings of 

perceived exertion (RPE; 0–10 scale) were recorded, and participants were asked to report any 

perceived side effects related to beetroot juice or placebo intake.20 

 

Gait speed and isometric handgrip strength testing 

Maximal horizontal gait speed was assessed by means of a 6-m walk test in which participants were 

instructed to walk as fast as possible along a 6-m walkway marked with cones, preceded by a 1-m 

acceleration zone before the first cone using photoelectric timing gates (Witty Microgate, Bolzano, 

Italy). Participants completed two trials separated by 1 min of passive seated rest, and the fastest 
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trial was selected for subsequent analysis.30 The ICC of this test 0.88 was Upper-limb isometric 

muscle strength was evaluated through an isometric handgrip strength test (TKK 5101 Grip-D, 

Takei, Tokyo, Japan). Participants were seated with their shoulders in a neutral position and their 

elbows fully extended during the test.26 Two maximal 5-second trials were performed for each 

hand, with a 1-minute passive seated rest between trials, and the highest value in Newtons (N) 

obtained for each hand was selected for further analysis. 

 

Timed Up & Go (TUG) and Sit to Stand (STS) testing 

Functional mobility was assessed using the TUG test using a standard chair with a backrest, 

positioned at one end of a hallway. A marker was placed on the floor at 3 m from the front edge of 

the chair. Participants began the test seated, with their back supported by the chair, arms resting on 

the armrests, and feet flat on the floor. Upon the verbal command “go,” participants were instructed 

to stand up, walk at a comfortable and safe pace to the 3-m marker, turn around, return to the chair, 

and sit down again.27 Timing commenced at the verbal cue and stopped once the participant was 

fully seated, and time was measured with a handheld stopwatch (Zastor 2, Alicante, Spain). 

Participants completed two trials separated by 1 min of passive seated rest, and the fastest trial was 

selected for subsequent analysis. Functional lower-limb performance was assessed using the five-

reps STS test. The test was performed on a standardized armless chair (0.50 m height). Participants 

started from a seated position with their buttocks in contact with the chair, arms crossed over the 

chest and were instructed to stand up and sit down five times as fast as possible following the verbal 

command “ready, set, go!”. Test execution and timing were recorded using a validated mobile 

application (PowerFrail, Toledo, Spain), as previously described.28 The test ended when the 

participant sat down after completing the fifth repetition. Participants were allowed one to two 

familiarization trials with 30–60 s of rest before the recorded trial. Verbal encouragement was 

provided during the test. 

 

6-minutes’ walk testing (6MWT) 

Functional aerobic capacity was assessed using the six-minute walk test (6MWT) following 

standardized guidelines.29 The test was performed along a straight 30-m indoor walkway marked 

with cones every 3 m. Participants were instructed to walk back and forth along the walkway for six 

minutes at a self-selected, comfortable pace, aiming to cover as far as possible.29 The evaluator 

recorded the start and end of the test using a stopwatch (Zastor 2, Alicante, Spain), and the total 

distance was calculated by summing the number of completed laps and the remaining distance from 

the last turn to the nearest cone.31 Participants were allowed to stop and rest if necessary and resume 
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walking when able and the test leader was responsible for determining the start and end of the test 

using a stopwatch. 

 

Rating of perceived exertion and side effects questionnaire 

Participants reported their subjective perception of effort (RPE) using a numerical scale ranging 

from 0 to 10, which was recorded 30 minutes after cessation of the physical performance and 

cardiovascular tests, respectively.32 In addition, on the morning following each experimental 

condition, participants completed a questionnaire to assess potential side effects (e.g., 

gastrointestinal discomfort, gastric reflux, nausea, muscle soreness, headache, increased fatigue, or 

nervousness) after beetroot juice ingestion in the hours post-test time interval following completion 

of the neuromuscular test battery.20  

 

Statistical analysis  

Normality of the data distribution was assessed using the Shapiro–Wilk test, and homoscedasticity 

was verified using Levene’s test. Students' t-tests were used to compare intra-individual differences 

in dependent variables between the two conditions (beetroot juice vs. placebo juice). The McNemar 

test was applied to analyze side effects outcomes related to beetroot juice or placebo ingestion. 

Effect size was calculated using Cohen’s d and interpreted as trivial (<0.15), small (0.15–0.39), 

moderate (0.40–0.75), or large (≥0.75), according to the Brydges classification for effect sizes in 

gerontology 33. Statistical significance was set at p ≤ 0.05. Statistical analyses were performed using 

JASP (version 0.95.4, University of Amsterdam) while figures were produced using GraphPad 

Prism version 8.0 (GraphPad Software, San Diego, CA, USA). 

 

Results 

Blood pressure and resting heart rate  

No significant differences between conditions (beetroot juice vs. placebo) were observed for resting 

systolic blood pressure (136.22 ± 22.63 vs. 145.22 ± 21.14 mmHg, p = 0.135; ES = 0.55 [−1.25, 

0.17], moderate), diastolic blood pressure (83.00 ± 12.08 vs. 87.89 ± 15.46 mmHg, p = 0.225; ES = 

0.43 [−1.13, 0.26], moderate), or heart rate (75.3 ± 16.9 vs. 76.6 ± 10.1 beats·min⁻¹, p = 0.700; ES= 

-0.13 [−0.78, 0.52]). 

 

Gait speed and isometric handgrip strength 

No statistically significant differences were observed following acute beetroot juice ingestion 

compared with placebo ingestion in 6-m walk gait speed test (−3.29 ± 10.4%; p = 0.312; ES = -0.36 
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[−1.02, 0.32]); Figure 3a).  In contrast, statistically significant differences were found in favor of 

beetroot ingestion for maximal handgrip strength of the dominant hand (9.6 ± 10.8%; p = 0.046; ES 

= 0.78 [0.01, 1.56]; Figure 3b), whereas no differences were observed in the non-dominant hand 

(1.1 ± 11.0%; p = 0.556; ES = 0.11 [−0.86, 0.46]; Figure 3c). 

 

TUG, STS Muscle Power and 6MWT 

Compared with placebo conditions, no statistically significant differences were observed following 

acute beetroot juice ingestion in the TUG test (4.9 ± 9.6%; p = 0.225; ES = −0.17 [−0.48, 0.14] 

Figure 3d),  STS  performance (−4.9 ± 10.0%; p = 0.121; ES = −0.25 [−0.56, 0.06]; Figure 3e), or 

the six-minute walking distance  (−7.7 ± 12.6%; p = 0.110; ES = −0.48 [0.18, 0.78]; Figure 3f). 

Notably, however, STS performance and 6-minute walking distance tended (p = 0.121 and p = 

0.110) to be superior with beetroot vs. placebo ingestion without reaching statistical significance. 

 

Perceptual responses and side effects 

Regarding rating of perceived exertion (RPE), statistically significant differences were observed 

between placebo trials vs beetroot juice (2.9 ± 1.7 vs. 2.0 ± 1.5 points, respectively; (p = 0.041; ES 

= −0.55 [−0.87, −0.24]). No statistically significant differences were observed between placebo and 

beetroot juice conditions for any of the reported adverse effects (p > 0.05). Urine discoloration 

(reddish) was reported by four participants (44.4%) following placebo ingestion and by five 

participants (55.5%) following beetroot juice ingestion, and an increase in urine output was reported 

by a single participant (11.1%) in both conditions (p = 1.000). No participants reported 

gastrointestinal discomfort, gastric reflux, nausea, muscle soreness, headache, increased fatigue, or 

nervousness in either condition. Finally, 33% of the participants (3 out of 9) were able to correctly 

identify their supplementation conditions, indicating successful blinding. 

 

Discussion 

The aim of the present study was to evaluate the acute effects of beetroot juice ingestion (70 mL 

providing a total of 6.4 mmol of NO₃⁻) versus placebo intake (70 mL providing a total of 0.04 mmol 

of NO₃⁻) on physical performance and cardiovascular demands in healthy older women. To our best 

knowledge, this is the first study to examine the acute effects of beetroot juice intake on strength 

and power-related physical performance parameters in an older female cohort. The main findings 

revealed significant improvements in dominant isometric handgrip strength compared with placebo, 

while no differences were reported in the other physical performance or cardiovascular variables. 
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The six-meter walk test is often used to evaluate maximal horizontal gait speed in elderly and older 

adults to predict aging-related functional declines and fall risk.34 In addition, performance in short-

distance gait speed tests (e.g., 6-m walk test) has been shown to be strongly positively associated 

with functional fitness and indicators of health status in older adults which makes gait speed 

represent a feasible biomarker of functional capacity and risk of adverse outcomes in aging 

populations.35 According to the present data, acute beetroot juice ingestion did not result in an 

improvement in 6-m maximal gait speed in the present cohort of older women. These findings are 

consistent with previous reports by Siervo et al. (2016), who observed no significant changes in 10-

m maximal gait speed following seven days of beetroot juice ingestion in a cohort of male and 

female healthy individuals.(≈65 years).25 As a possible explanation, horizontal gait speed is a highly 

automated motor task that relies strongly on motor control and balance, particularly in habitual 

walkers, and may therefore be less sensitive to peripheral physiological enhancements induced by 

acute beetroot juice supplementation. 

Maximal isometric handgrip strength is a key metric for identifying probable sarcopenia7 and is also 

associated with other relevant health outcomes, such as blood pressure regulation,36 highlighting its 

clinical relevance in older adults. A novel and clinically meaningful finding in the present study was 

the selective improvement in dominant handgrip isometric strength following acute beetroot juice 

ingestion. We hypothesized that this asymmetric response (no changes were observed for the non-

dominant hand) may be explained by differences in habitual use and neuromuscular efficiency 

between dominant and non-dominant limbs.37 Specifically, the dominant hand is typically more 

heavily engaged in daily activities, which may enhance neural drive and intermuscular 

coordination,38 allowing acute physiological enhancements to be  manifested as measurable 

performance gains. As a potential adaptive mechanism, beetroot ingestion may have led to increase 

NO bioavailability via the NO₃⁻–NO₂⁻–NO pathway, which plays an important role in skeletal 

muscle function by improving excitation–contraction coupling, calcium handling, enhancing 

myofibrillar function, and increasing motor unit recruitment.12,14,17 These mechanisms appear to 

preferentially benefit short-duration, high neural-demand tasks such as maximal isometric 

contractions, particularly in muscles with higher baseline neuromuscular efficiency, while the 

absence of improvements in the non-dominant hand could reflect a reduced capacity to exploit these 

acute NO-mediated effects. Supporting this interpretation, previous experiments in older adults 

have shown that the ergogenic responses to acute nitrate supplementation may be task- and muscle-

specific rather than global.17 However, more research is needed to confirm this preliminary 

outcome. 
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The TUG test is a reliable and valid assessment for evaluating functional mobility, balance, and fall 

risk in older adults27 and has been shown to be closely associated with maximal gait speed.39 

According to the present data, acute beetroot juice ingestion did not result in an improvement in 

TUG performance as also failed to be observed in previous investigations.25 Although beetroot juice 

supplementation has been shown to increase nitric oxide bioavailability,40 these physiological 

adaptations may not directly translate into improvements in short-duration, multi-component 

functional tasks such as the TUG, as discussed in detail above. Furthermore, age-related declines in 

muscle power, neuromuscular activation, and postural control may attenuate the potential ergogenic 

effects of beetroot juice administration in complex mobility tasks requiring rapid transitions and 

precise balance control.41 These results suggest that acute beetroot juice ingestion is unlikely to 

meaningfully enhance functional mobility in healthy older women during complex (multi-

directional) locomotion’s tasks, highlighting the potential need for longer-term supplementation 

strategies and/or combined exercise interventions to elicit measurable improvements in TUG 

performance.  

STS muscle power testing has emerged as an easy, portable and inexpensive procedure to assess 

lower limb mechanical muscle power in older adults, including various clinical settings.42 Although 

acute NO₃⁻ supplementation has previously been associated with improvements in muscle 

contractile properties and maximal muscle power output in older adults,19 respectively, according to  

the present data these effects may not necessarily translate into improvements in complex functional 

mobility tasks such as the STS maneuver.25 Thus, in conjunction, the absence of improvements in 

TUG and STS performance suggests that acute nitrate supplementation may not be effective to 

overcome the multifactorial limitations governing complex functional movement enhancements in 

healthy older women. 

The 6MWT is a submaximal, self-paced test designed to assess functional aerobic capacity and 

overall mobility in older adults.29 While beetroot juice supplementation has been shown to reduce 

the oxygen cost of exercise and improve vascular function in certain populations,43 its effects on 

functional walking performance in healthy older adults appear to be limited. A possible explanation 

for the lack of improvement in 6-min walking distance  may be that the present participants all were 

free from overt cardiovascular or metabolic diseases, which may have constrained the potential for 

acute nitrate-induced enhancements in oxygen delivery or utilization compared with populations 

exhibiting impairments in the NO₃⁻–NO₂⁻–NO pathway (e.g. cardiometabolic diseases).44 

Moreover, the self-regulated nature of the 6MWT (i.e. the habitually chosen gait speed) may have 

reduced its sensitivity to detect subtle physiological changes, as participants may subconsciously 

have adjusted their walking pace to maintain comfort and ensure high perceived safety. Consistent 
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with this interpretation, previous studies investigating beetroot juice supplementation in older adults 

have reported null or only modest effects on a range of functional endurance outcomes18, 19 

particularly following acute single-session and chronic supplementation protocols.25 Thus, future 

studies examining the effects of beetroot juice supplementation in older populations should include 

cohorts with different pathologies and compare acute versus more chronic supplementation 

protocols. 

 

Limitations 

A number of limitations with the present study should be acknowledged. Firstly, the small sample 

size is likely to have caused limited levels of statistical power and generalizability, although the 

randomized crossover design has helped to reduce inter-individual variability. Secondly, plasma or 

salivary NO₃⁻and NO2⁻concentrations were not measured, preventing direct confirmation of the 

efficacy of beetroot supplementation on systemic NO bioavailability thereby hampering the 

characterization of responders versus non-responders, which otherwise would seem relevant given 

the relatively high degrees of inter-individual variability. Thirdly, the study evaluated only the acute 

effects of beetroot juice ingestion, and therefore the findings cannot be extrapolated to multi-day or 

more chronic supplementation protocols. Fourth, although the present test battery included several 

clinically relevant assessments of functional capacity, the absence of more extensive direct 

neuromuscular or biomechanical measurements (e.g., electromyography or kinetic analyses) is 

likely to have limited any mechanistic interpretations of the task-specific responses observed in the 

present study. 

 

Conclusions 

Acute supplementation with beetroot juice led to significantly greater increases compared to 

placebo in maximal isometric handgrip strength of the dominant hand. Conversely, no 

corresponding effects were observed for a number of other physical performance parameters (i.e., 6-

m walking, non-dominant isometric handgrip strength, TUG performance and lower limb STS 

muscle power) no measurable effects of acute beetroot supplementation were observed on selected 

cardiovascular outcomes (6-min walking distance, systolic/diastolic blood pressure, heart rate 

responses) in healthy older women. 
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NO₃⁻, Nitrate 



13 
 

NO₂⁻, Nitrite 

TUG, Timed Up-and-Go test  

STS, Sit-to-Stand Muscle Power Test  

SD, Standard Deviation 

ICC, Intraclass Correlation Coefficient 

TUG, Timed Up-and-Go 

RPE, Rating of Perceived Exertion 

N, Newton 

 

Corresponding author 

Álvaro López Samanes, GICAF Research Group, Education, Research Methods and Evaluation 

Department, Faculty of Human and Social Sciences, Universidad Pontificia Comillas, Madrid, 

Spain.  

E-mail: alsamanes@comillas.edu 

ORCID-ID: 0000-0003-0721-0150 

 

Sofía Gaos de Teresa 

E-mail: 7375082@ufv.es 

ORCID ID: 0009-0007-5331-6307 

 

Michelle Matos-Duarte 

E-mail: michelle.matos@ufv.es 

ORCID ID: 0000-0001-6381-6021 

 

Sandra Ortiz 

E-mail: sandraortizgamero@gmail.com 

 

Daniel Ramasco 

E-mail:danielramos65@gmail.com 

 

Alejandro Muñoz Moreno 

E-mail: alejandro.munoz@ufv.es 

ORCID ID: 0000-0001-7679-4116 

 

mailto:alsamanes@comillas.edu
mailto:7375082@ufv.es
https://orcid.org/0009-0007-5331-6307


14 
 

Millán Aguilar-Navarro  

E-mail: millan.aguilar@ufv.es 

ORCID ID: 0000-0001-9130-9182 

 

Miguel López-Moreno 

E-mail: miguel.lopez@ufv.es 

ORCID ID: 0000-0003-0553-6210 

 

Julio Martín-López 

E-mail: j.martinl@ufv.es 

ORCID ID: 0000-0002-8548-7342 

 

Marta González-Ramos, 

E-mail: mgonzalezr@comillas.edu 

ORCID ID: 0000-0003-2717-4417 

 

 Luis Berlanga 

E-mail: lualberlanga@hotmail.com 

ORCID ID: 0000-0002-0309-6568 

 

 Per Aagaard 

E-mail: paagaard@health.sdu.dk 

ORCID ID: 0000-0002-9773-7361 

 

Contributions  

Sofía Gaos, Michelle Matos-Duarte, Sandra Ortiz, Daniel Ramasco and Álvaro López-Samanes 

conceived the idea presented and prepared the manuscript. Sofía Gaos, Michelle Matos-Duarte, Per 

Aagaard and Álvaro López-Samanes wrote the article. Sandra Ortiz, Daniel Ramasco, Alejandro 

Muñoz, Millán Aguilar-Navarro, Miguel López-Moreno, Julio Martín-López, Marta González-

Ramos, Luis Berlanga,, Per Aagaard and Álvaro López-Samanes critically reviewed the manuscript 

for intellectual content. All authors contributed substantially to the conception of the article, read and 

approved the final edited manuscript. 

 

Conflict of interest 

https://orcid.org/0000-0003-2717-4417
https://orcid.org/0000-0002-0309-6568


15 
 

The authors declare no support from any organization for the submitted work; no financial 

relationships with any organizations that might have an interest in the submitted work in the 

previous three years; and no other relationships or activities that could appear to have influenced the 

submitted work. 

 

Ethics approval 

The Ethics Committee of Francisco de Vitoria University approved this study (EC 05/2022). The 

study is conformed with the Helsinki Declaration of 1964, as revised in 2013, concerning human and 

animal rights.  

 

Informed consent 

All patients participating in this study signed a written informed consent form for participating in 

this study. 

 

Patient consent for publication 

Written informed consent was obtained from a legally authorized representatives for anonymized 

patient information to be published in this article. 

 

Availability of data and materials: 

All data generated or analyzed during this study are included in this published article. 

 

Funding 

This work forms part of the research project “Effects of beetroot juice intake on neuromuscular and 

cognitive function in older adults”, funded under the Internal Research Project Funding scheme of 

Universidad Pontificia Comillas (grant number: PP2024_7), and the project “Effects of nitrate 

intake on neuromuscular, cognitive, and cardiovascular responses in healthy older adults”, funded 

by Universidad Francisco de Vitoria (grant number: UFV2024_45). 

Trial registration: The study was registered in ClinicalTrials.gov with the following ID: 

NCT05337527. 

 

Acknowledgments 

The authors wish to thank the participants for their invaluable contribution to the study.  

 



16 
 

 

 

References  

1. García-Domínguez M. Pathological and inflammatory consequences of aging. Biomolecules 

2025;15:404.  

2. Booth FW, Roberts CK, Laye MJ. Lack of exercise is a major cause of chronic diseases. 

Compr Physiol 2012;2:1143-211. 

3. Nascimento CM, Ingles M, Salvador-Pascual A, et al. Sarcopenia, frailty and their 

prevention by exercise. Free Radic Biol Med 2019;132:42-49. 

4. Izquierdo M, Duque G, Morley JE. Physical activity guidelines for older people: knowledge 

gaps and future directions. Lancet Healthy Longev 2021;2:e380-e383. 

5. Warburton DE, Nicol CW, Bredin SS.,Health benefits of physical activity: the evidence. 

CMAJ 2006;174:801-9. 

6. Aagaard P, Suetta C, Caserotti P, et al. Role of the nervous system in sarcopenia and muscle atrophy 

with aging: strength training as a countermeasure. Scand J Med Sci Sports 2010;20:49-64. 

7. Cruz-Jentoft AJ, Bahat G, Bauer J, et al. Sarcopenia: revised European consensus on definition and 

diagnosis. Age Ageing 2019;48:16-31. 

8. Xie C, Yan R, Tao R. Combined resistance training and amino acid-based supplementation for 

sarcopenia in older adults: a systematic review and meta-analysis. BMC Musculoskelet Disord 

2026;27:35. 

9. Fiatarone MA, O'Neill EF, Ryan ND, et al. Exercise training and nutritional supplementation for 

physical frailty in very elderly people. N Engl J Med 1994;330:1769-75. 

10. Robinson SM. Improving nutrition to support healthy ageing: what are the opportunities for 

intervention? Proc Nutr Soc 2018;77:257-64. 

11. Valenzuela PL, Morales JS, Emanuele E, et al. Supplements with purported effects on muscle 

mass and strength. Eur J Nutr 2019;58:2983-3008. 

12. Lundberg JO, Weitzberg E. Nitric oxide signaling in health and disease. Cell 2022;185:2853-78. 

13. Nielsen JL, Suetta C, Frandsen U, et al. Nitric Oxide-dependent Myogenic Satellite Cell 

Activation In Human Skeletal Muscle Following Blood-flow Restricted Exercise. Med Sci Sports 

Exerc 2019;49:S766. 

14. Esen O, Faisal A, Zambolin F, et al. Effect of nitrate supplementation on skeletal muscle motor 

unit activity during isometric blood flow restriction exercise. Eur J Appl Physiol 2022;122:1683-93. 



17 
 

15. Rocha BS. The Nitrate-Nitrite-Nitric Oxide Pathway on Healthy Ageing: A Review of Pre-clinical 

and Clinical Data on the Impact of Dietary Nitrate in the Elderly. Front Aging 2021;2:778467. 

16. Carter SJ, Gruber AH, Raglin JS, Baranauskas MN, Coggan AR. Potential health effects of dietary 

nitrate supplementation in aging and chronic degenerative disease. Med Hypotheses 

2020;141:109732. 

17. Coggan AR, Hoffman RL, Gray DA, et al. A single dose of dietary nitrate increases maximal 

knee extensor angular velocity and power in healthy older men and women. J Gerontol A Biol Sci 

Med Sci 2020;75:1154-60. 

18. Zoughaib WS, Hoffman RL, Yates BA, et al. The influence of acute dietary nitrate 

supplementation on skeletal muscle fatigue and recovery in older women. medRxiv 2023. 

19. Gallardo EJ, Gray DA, Hoffman RL, et al. 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 

2021;76:591-98. 

20. Lopez-Samanes A, Ramos-Alvarez JJ, Miguel-Tobal F, et al. Influence of beetroot juice ingestion 

on neuromuscular performance on semi-professional female rugby players: a randomized, double-

blind, placebo-controlled study. Foods 2022;11:22. 

21. Wylie LJ, Kelly J, Bailey SJ, et al. Beetroot juice and exercise: pharmacodynamic and dose-

response relationships. J Appl Physiol 2013;115:325-36. 

22. Lopez-Samanes A, Perez-Lopez A, Morencos E, et al. 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 2023;62:1123-30. 

23. Burleigh M, Liddle L, Muggeridge DJ, et al. Dietary nitrate supplementation alters the oral 

microbiome but does not improve the vascular responses to an acute nitrate dose. Nitric Oxide 

2019;89:54-63. 

24. Coleman A, Freeman P, Steel S, Shennan A. Validation of the mron MX3 Plus oscillometric 

blood pressure monitoring device according to the European Society of Hypertension international 

protocol. Blood Press Monit 2005;10:165-68. 

25. Siervo M, Oggioni C, Jakovljevic DG, et al. Dietary nitrate does not affect physical activity or 

outcomes in healthy older adults in a randomized, cross-over trial. Nutr Res 2016;36:1361-69. 

26. Buendia-Romero A, Hernandez-Belmonte A, Martinez-Cava A, et al. Isometric knee extension 

test: A practical, repeatable, and suitable tool for lower-limb screening among institutionalized older 

adults. Exp Gerontol 2021;155:111575. 



18 
 

27. Kear BM, Guck TP, McGaha AL. Timed Up and Go (TUG) Test: normative reference values for 

ages 20 to 59 years and relationships with physical and mental health risk factors. J Prim Care 

Community Health 2017;8:9-13. 

28. Baltasar-Fernandez I, Alcazar J, Rodriguez-Lopez C, et al. Sit-to-stand muscle power test: 

Comparison between estimated and force plate-derived mechanical power and their association with 

physical function in older adults. Exp Gerontol 2021;145:111213. 

29. Enright PL, McBurnie MA, Bittner V, et al. The 6-min walk test: a quick measure of functional 

status in elderly adults. Chest 2003;123:387-98. 

30. Lyons JG, Heeren T, Stuver SO, Fredman L. Assessing the agreement between 3-meter and 6-

meter walk tests in 136 community-dwelling older adults. J Aging Health 2015;27:594-605. 

31. Steffen TM, Hacker TA, Mollinger L. Age- and gender-related test performance in community-

dwelling elderly people: Six-Minute Walk Test, Berg Balance Scale, Timed Up & Go Test, and gait 

speeds. Phys Ther 2002;82:128-37. 

32. Foster C, Florhaug JA, Franklin J, Gottschall L, Hrovatin LA, Parker S, et al. A new approach to 

monitoring exercise training. J Strength Cond Res 2001;15:109-15. 

33. Brydges CR. Effect size guidelines, sample size calculations, and statistical power in gerontology. 

Innov Aging 2019;3:igz036. 

34. Cesari M, Kritchevsky SB, Penninx BW, et al. Prognostic value of usual gait speed in well-

functioning older people--results from the Health, Aging and Body Composition Study. J Am Geriatr 

Soc 2005;53:1675-80. 

35. Abellan van Kan G, Rolland Y, Andrieu S, et al. Gait speed at usual pace as a predictor of adverse 

outcomes in community-dwelling older people: an International Academy on Nutrition and Aging 

(IANA) Task Force. J Nutr Health Aging 2009;13:881-89. 

36. Yamada Y, Spitz RW, Wong V, et al. The impact of isometric handgrip exercise and training on 

health-related factors: A review. Clin Physiol Funct Imaging 2022;42:57-87. 

37. Nicolini C, Harasym D, Turco CV, Nelson AJ. Human motor cortical organization is influenced 

by handedness. Cortex 2019;115:172-83. 

38. Foley RCA, Callaghan DH, Forman GN, et al. A comprehensive scoping review and meta-

analysis of upper limb strength asymmetry. Sci Rep 2025;15:4636. 

39. Podsiadlo D, Richardson S. The timed "Up & Go": a test of basic functional mobility for frail 

elderly persons. J Am Geriatr Soc 1991;39:142-48. 

40. Nowak A, Szymanska A, Kwasniewska M, et al. Beetroot juice supplementation as a healthy 

aging strategy through improving physical performance and cognitive functions: a systematic review. 

Nutrients 2025;17:24. 



19 
 

41. Beauchet O, Fantino B, Allali G, et al. Timed Up and Go test and risk of falls in older adults: a 

systematic review. J Nutr Health Aging 2011;15:933-38. 

42. Baltasar-Fernandez I, Alcazar J, Manas A, et al. Relative sit-to-stand power cut-off points and 

their association with negative outcomes in older adults. Sci Rep 2021;11:19460. 

43. Bailey SJ, Winyard P, Vanhatalo A, et al. Dietary nitrate supplementation reduces the O2 cost of 

low-intensity exercise and enhances tolerance to high-intensity exercise in humans. J Appl Physiol 

2009;107:1144-55. 

44. Krzystek-Korpacka M, Wisniewski J, Fleszar MG, et al. Metabolites of the Nitric Oxide (NO) 

pathway are altered and indicative of reduced NO and arginine bioavailability in patients with 

cardiometabolic diseases complicated with chronic wounds of lower extremities: targeted 

metabolomics approach (LC-MS/MS). Oxid Med Cell Longev 2019;2019:5965721. 

 

 

  



20 
 

Figure 1. CONSORT flowchart of randomized, double-blind, crossover experiments. 
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Figure 2. A schematic diagram outlining the sequence of experimental procedures at each testing 

session.  

 

 

 

Figure 3. Gait speed 6-meters (A), Dominant isometric handgrip strength (B), Non-dominant 

isometric handgrip strength (C), Time Up and Go Test (s) (D), STS muscle power test (E) and 6-

minutes’ walk test (s) (F). Data are presented as box-and-whisker plots, with boxes representing 

mean and standard deviation, while individual data points are shown as dots. *Statistically 

significant differences occurred at p <0.05. Abbreviations: DOM =dominant, NO-DOM =non-

dominant  
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Table 1. Characteristics of the study participants (mean ± SD). 

 

Variable Mean ± SD 

Age (years) 75.4 ± 4.0 

Height (m) 1.53 ± 0.09 

Body mass (kg) 67.96 ± 9.04 

BMI (kg/m²) 29.16 ± 4.01 

 

SD, standard deviation; BMI, body mass index. 

 


