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Abstract: Background/Objectives: Beetroot juice (BJ), a natural source of dietary nitrate,
has gained increasing attention for its potential to improve exercise performance and
cardiovascular function. While its benefits are well documented in endurance contexts,
less is known about its short-term effects on resistance training performance and recovery.
Thus, this study investigated the effects of short-term BJ supplementation on strength
performance, cardiovascular responses, muscle oxygenation, and post-exercise recovery
in resistance-trained males. Methods: Twelve healthy men (age: 21.3 &+ 1.9 years; body
mass index: 21.42 + 2.36 kg/m?) completed two supplementation protocols involving
BJ, providing 450 mg of nitrate per day, and a nitrate-free placebo (PLA). Each protocol
consisted of two laboratory visits, one to assess the acute ergogenic effects and another to
evaluate recovery after 72 h, resulting in a total of four sessions over a two-week period.
During the three consecutive days of supplementation, participants ingested a single 900 mL
dose (15 g B] powder/PLA) 2 h before the first session, followed by three daily 300 mL
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doses (5 g BJ each/PLA) over the next two days, and a final dose (15 g B] powder/PLA)
taken 2 h before the second session (72 h post-first session). Each testing session involved
incremental back squat (BS) and bench press (BP) exercises at 60%, 70%, and 80% of the one-
repetition maximum (1RM) performed to failure, with three-minute rest intervals between
sets. Repetition to failure, movement velocity, peak power, peak heart rate (HR), and muscle
oxygenation (SmO;) were recorded during BP and BS exercises. Heart rate variability (HRV)
and blood lactate were assessed before and after each training session. Lower-limb strength
(CMJ and SJ) and delayed-onset muscle soreness (DOMS) were assessed daily during the
3-day supplementation period. Results: BJ significantly increased repetitions completed
at 80% 1RM during BP and BS (p < 0.05) compared to the PLA. Peak movement velocity
improved across all intensities using BJ with higher values compared to the PLA at 60-80%
1RM (p < 0.05). SmO, was higher in BJ at 70-80% 1RM) and further improved after 72 h
of B] supplementation (p < 0.05). Cardiovascular strain was reduced in BJ, evidenced
by lower peak HRs and smaller post-exercise declines in HRV indices (p < 0.05). Post-
exercise recovery favored BJ, with faster recovery in jump performance at 24 h and reduced
upper-limb DOMS at 24-48 h (p < 0.05). Conclusions: Short-term BJ supplementation
enhances high-intensity resistance performance, improves muscle oxygenation, attenuates
cardiovascular strain, and accelerates neuromuscular recovery. These benefits highlight its
potential as a practical strategy for athletes seeking to optimize training performance and
recovery during periods of intense resistance training.

Keywords: nitrate; resistance training; muscle oxygenation; heart rate variability; delayed
onset muscle soreness

1. Introduction

Beetroot juice (BJ), rich in dietary nitrate (NO3 ™), has garnered increasing interest for
its ergogenic potential in both sports performance and general cardiovascular health [1].
In sports nutrition, B] supplementation is primarily attributed to its high NO3 ™ content,
which, upon ingestion, follows a complex pathway. Upon ingestion, NO3 ™ is reduced to
nitrite (NO, ™) by oral bacteria and further converted into nitric oxide (NO) under hypoxic
conditions, such as those during intense exercise [2—4]. Under hypoxic conditions such as
those encountered during high-intensity resistance exercise, NO, ™ is further reduced to
nitric oxide (NO), a potent vasodilator that improves muscle blood flow, optimizes oxygen
delivery, and enhances mitochondrial efficiency by reducing the oxygen cost of adenosine
triphosphate (ATP) production [5,6].

Although BJ has been extensively studied in endurance sports (e.g., reductions in
oxygen consumption), its application in resistance training (RT) remains less explored.
Emerging evidence suggests that acute B] supplementation (6.4-13 mmol NO3 ™) improves
muscular endurance, power output, and repetition volume in exercises like the bench press
and back squat, with pronounced effects in lower-body movements due to greater muscle
mass engagement [6-9]. Multi-day supplementation (>6 days) may amplify the benefits by
elevating plasma NO, ~, enhancing calcium sensitivity, and sustaining performance across
sets [6,7]. These effects align with velocity-based training paradigms, where BJ’s ability to
preserve movement velocity could optimize sport-specific adaptations [10].

Moreover, B] has shown promising effects in modulating cardiovascular responses
during exercise. Its vasodilatory properties not only facilitate increased blood flow and im-
proved lactate clearance but may also contribute to blood pressure regulation and enhanced
endothelial function [9,10]. B]’s cardiovascular effects extend beyond performance, includ-
ing enhanced lactate clearance, blood pressure regulation, and endothelial function [11,12].
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Its vasodilatory properties also modulate heart rate variability (HRV), reflecting improved
autonomic balance and recovery—key metrics for athlete monitoring [13,14].

Furthermore, BJ-derived NO is a key modulator of heart rate variability (HRV), an es-
tablished marker of autonomic nervous system function and recovery [15]. HRV reflects the
dynamic interplay between sympathetic and parasympathetic activity and serves as a valu-
able tool for monitoring internal load and recovery status in athletes [16]. Advanced HRV
analysis—using methods such as the root mean square of successive differences (RMSSD)—
has been validated in various sports settings, providing insights into parasympathetic
activation and neuromuscular recovery post-exercise [17]. BJ has also been recognized
for its broader health benefits, including cardiovascular diseases, through improvements
in vascular endothelial function and blood pressure regulation [18]. In the context of RT,
these cardiovascular adaptations may support enhanced lower-limb strength and reduced
muscle soreness by optimizing muscle perfusion and accelerating recovery processes [19].

However, several gaps remain in the current literature. Most studies have either
focused on the acute or prolonged effects of B] supplementation, with limited research
exploring the combined effects of acute ingestion followed by short-term use (e.g., 3 days).
This supplementation approach may be particularly relevant for athletes who perform
multiple high-intensity sessions per week and seek immediate performance and recovery
benefits. The practical relevance is especially pronounced for strength athletes, who often
prioritize rapid power output and neuromuscular recovery between sessions, compared to
endurance athletes, who may benefit more from sustained aerobic efficiency. Furthermore,
while the majority of B] research has focused on endurance modalities, emerging evidence
underscores its potential to enhance RT performance through improved muscular strength,
power, and recovery. Nevertheless, while available strength-related studies emphasize
performance outcomes, they often neglect underlying physiological responses like HRV
and muscle oxygenation—critical for monitoring internal load and recovery. For strength
athletes, understanding these mechanisms could optimize training periodization, whereas
endurance athletes may prioritize B]’s oxygen utilization benefits, underscoring the need
for modality-specific research frameworks.

Thus, there is a need to clarify whether short-term BJ supplementation can provide
both performance and recovery benefits while modulating cardiovascular and neuromus-
cular responses. Considering these observations, this study aimed to examine the effect
of short-term BJ supplementation on strength performance, HRV responses, and muscle
oxygenation, while exploring its recovery effects on lower-limb strength and muscle sore-
ness. The hypotheses were as follows: (i) short-term BJ supplementation would enhance
strength performance, (ii) short-term B] supplementation would positively influence heart
rate variability (HRV) responses, and (iii) short-term B] supplementation would improve
recovery by enhancing lower-limb strength, reducing muscle soreness, and improving
muscle oxygenation.

2. Materials and Methods
2.1. Population

The minimum required sample size was calculated using the software G*power (ver-
sion 3.1.9.6; Kiel University, Kiel, Germany) using the F test family (repeated measures,
within factors). We set the values of o« and power (1 — 3) at 0.05 and 0.95, respectively. The
effect size, based on Ranchal-Sanchez et al. [11] and discussed between authors was esti-
mated to be 0.5 (medium effect). The minimum sample size required was nine participants
for this study.

Eleven physically active males (age: 21.3 + 1.9 years; BMI: 21.42 + 2.36 kg/m?; 1IRM
BS: 97 £ 14.18 kg; 1RM BP: 36 + 4.59 kg) were recruited. All had prior RT experience
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(>3 sessions/week for >6 weeks) and were familiar with BP and BS exercises. Exclusion
criteria included medication use affecting muscle biology, prior creatine supplementation,
kidney or liver conditions, low blood pressure, or musculoskeletal injuries. Compliance
with these criteria was confirmed via interviews. Participants had to follow dietary guide-
lines, avoid strenuous activity, and refrain from nonsteroidal anti-inflammatory drugs
(NSAIDs). Informed consent was obtained, and ethical approval was granted by the local
Research Ethics Committee of High Institute of Sport and Physical Education of El Kef,
El Kef, Tunisia (ISSEPK-0033/2024). The study was registered at the Pan African Clinical
Trials Registry database on 15 May 2025 (PACTR202505827886996).

2.2. Experimentation Protocol

The study followed a double-blind, randomized, crossover, within-subject controlled
design. During the first visit, participants underwent body composition assessment via
bioimpedance (Tanita MC-780MA, Tokyo, Japan) and completed a familiarization protocol
to standardize lifting techniques for BS and BP. To determine their one-repetition maximum
(IRM), participants followed a warm-up protocol based on prior research investigating BJ
effects on strength [7,11,14], adhering to the American Society of Exercise Physiologists
(ASEP) guidelines for muscular strength assessment [20]. Both exercises were tested on
the same day using a structured protocol: five repetitions at a 50% estimated 1RM, three
repetitions at 70%, and up to five incremental 1RM attempts, each separated by 3 min rest
intervals. Movement velocity was monitored [21,22] to confirm that 1RM loads aligned
with expected velocities for maximal effort. These values were used to calibrate intensities
for subsequent testing. Following the first visit, which included familiarization and 1RM
determination, the protocol involved four testing sessions conducted over a two-week
period, with at least 72 h of rest between sessions to ensure adequate recovery [23]. Testing
occurred in the afternoon [24,25] under controlled environmental conditions (24 °C + 1 °C)
at a consistent time (0.5 h) to minimize circadian effects [26,27]. Participants completed
two supplementation protocols (B] and placebo (PLA)), each involving two laboratory
visits: one to assess acute ergogenic effects and another to evaluate 72 h recovery (Figure 1).
Performance metrics—including incremental strength test outcomes (repetitions at 60%,
70%, 80% 1RM), peak HR, and muscle oxygen saturation (SmO,)—were recorded during
BP and BS exercises. HRV indices and blood lactate were measured before and after the
1st and 2nd testing sessions. Recovery was tracked via countermovement jump (CM]J),
squat jump (SJ]), and upper (elbow flexor) and lower-limb (knee extensor) delayed onset
muscle soreness (DOMS) assessed before and after the 1st testing session, at 24 h, at 48 h,
and before and after the 2nd testing session (Figure 1).

2.3. Supplementation Protocol

Participants consumed Bio beetroot powder (Beta vulgaris; GymBeam GmbH, Berlin,
Germany) dissolved in a nitrate-free placebo juice that matched in color, texture, and
nutritional content, except for the absence of nitrate. The beetroot powder’s nitrate content
and purity (7.26 mmol or 450 mg NO3 ™ per 15 g) were confirmed by independent lab testing
at CBS, University of Sfax, Tunisia. Detailed nutritional facts of the used beetroot powder
are provided in Table 1. The placebo (PLA) was nitrate-free but nutritionally matched to
beetroot juice (identical calories, carbs, sugars; Table 1). Two individuals, who were not
involved in other study procedures, were responsible for randomizing participants and
preparing supplement kits. These kits contained the assigned supplement, detailed usage
instructions, measuring spoons, and a water bottle. The specific order in which participants
received either BJ or the PLA was only revealed to researchers after all data had been
collected. On the first day, participants took the full 15 g dose (in 900 mL of placebo juice)
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two hours before testing. Over the next two days, they consumed three 5 g servings (each
in 300 mL juice) spaced throughout the day, with the final dose taken two hours before the
second testing session (72 h later). This protocol ensured a consistent nitrate intake (i.e.,
450 mg NO; ™~ per day) sufficient to produce ergogenic effects [2,28].

Table 1. GymBeam BIO beetroot powder nutrition facts.

Nutritional Value 100 g 15 g (Daily Dose)
Values provided by GymBeam
Energy value 1305 kJ /310 kcal 196 kJ /46.5 kcal
Fats 07¢g 011g
Saturated fats Og Og
Carbohydrates 75g 11g
Sugar 53¢g 8¢g
Protein 12 ¢ 18¢g
Salt 036¢g 0.05¢g
Vitamin B1 56g 084 ¢g
Iron 37¢g 055¢g
Mangan 27g 04g
Values provided by the Centre of Biotechnology of Sfax
Sodium 1510 mg 226.5mg
Potassium 2690 mg 403.5 mg
Magnesium 210 mg 31.5mg
Chloride 2260 mg 339 mg
Nitrate 3000 mg 450 mg
Phosphate 1060 mg 159 mg
Sulfate 360 mg 54 mg

Participants were required to abstain from food or beverages (except for water, which
was allowed as needed) for at least two hours before each test to ensure accurate assess-
ments. To maintain dietary consistency, participants completed a 24 h dietary recall before
each test session [14]. These recalls were verbally conducted and recorded by a trained
researcher to identify any deviations from dietary instructions, with particular attention
to nitrate intake and the consumption of substances that could interfere with oral nitrate
reduction. Further guidelines for participants included the following: (i) avoiding nitrate-
rich foods (e.g., beetroot, celery, spinach) for 48 h before each testing session to control
background dietary nitrate; (ii) avoiding foods high in stimulants (e.g., caffeine), gum,
sweets, and alcohol, which could influence the oral microbiota for three days before testing;
(iii) refraining from brushing their teeth on the morning of the test and avoiding antiseptic
mouth rinses for at least one week before and throughout the study, as these could inhibit
the conversion of nitrate to nitrite [29]; (iv) ensuring proper hydration; (v) avoiding intense
physical activity; and (vi) sleeping at least eight hours each night. Compliance with these
guidelines was emphasized during the initial briefing sessions, and adherence was verbally
confirmed before each testing session.
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Figure 1. Experimental design. 1RM: one-repetition maximum; Prel: before the 1st session; Post1:
after the 1st session; Pre2: before the 2nd session; Post2: after the 2nd session; CMJ: countermovement

jump; SJ: squat jump; DOMS: delayed onset of muscle soreness.
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2.4. Strength Exercise Protocol

During each testing session, participants started with an 8 min standardized warm-up
under supervision, which included light muscle activation on a treadmill. After warming
up, they performed the BS first, followed by the BP, both executed using a Smith machine,
with a 3 min rest between exercises. Before the incremental strength test, participants
completed a structured warm-up for both exercises, consisting of 12 repetitions at 10%
of their 1RM, followed by 6 repetitions at 30% of their 1IRM, with a 1 min rest between
sets [11]. Afterward, they rested for 2 min before the test began. The incremental strength
test comprised three sets with progressively increasing loads at 60%, 70%, and 80% of their
1RM, with repetitions performed until muscle failure. A 3 min rest was provided between
sets to allow sufficient recovery and maintain performance [30]. Both BS and BP were
performed through a full range of motion [31]. Participants were instructed to execute
the concentric phase of each repetition at maximum velocity to enhance muscle strength
development [22]. The full testing session, including the warm-up, lasted about 35 min.

2.5. Measurements
2.5.1. Incremental Strength Test and Performance

Maximum repetitions completed at 60%, 70%, and 80% RM until failure were noted for
both the BP and BS. The maximum velocity (MV) and maximum power (MP) per set were
recorded using the validated accelerometer-based sensor “Vmax Pro” (Blaumann & Meyer,
Sports Technology UG, Magdeburg, Germany), which demonstrated high agreement with
Vicon (R? = 0.935) and T-Force (R? = 0.968) systems during squat movements [32]. Execution
velocity and power output were continuously monitored by the researchers.

2.5.2. Heart Rate Variability (HRV) Analysis

HRYV was assessed at 5 min pre-session and 5 min post-session. Data were collected
via a Polar H10 heart rate monitor and analyzed using the Elite HRV app (version 5.5.8) [33].
Time-domain parameters included the mean RR interval (MeanRR), root mean square of suc-
cessive differences (RMSSD), and standard deviation of RR intervals (SDNN). Frequency-
domain analysis evaluated low-frequency (LF) and high-frequency (HF) components. Peak
heart rate during exercise was also recorded.

2.5.3. Muscle Oxygenation

Muscle oxygenation was assessed using Near-Infrared Spectroscopy (NIRS), a non-
invasive method to monitor oxygen delivery and consumption in muscle tissue. This
technique provided semi-quantitative data on oxygen levels in hemoglobin/myoglobin
(tissue O, stores) and total hemoglobin (THb) concentration, reflecting blood volume
changes [34]. Real-time SmO; was measured using the validated Moxy 3-Sensor Bundle
(Fortiori Design LLC, Spicer, MN, USA) [35]. Additionally, THb was monitored to evaluate
blood volume and flow dynamics in the muscle.

2.5.4. Lower-Limb Strength Tests

CM]J and SJ performances were quantified via the My Jump 2 app [36]. For 5], partic-
ipants executed a maximal vertical jump from a 90° knee angle with hands on hips. For
CM]J, jumps begin from a standing position without arm swing. Three attempts per test
were allowed, with the highest-performing attempt retained for analysis.

2.5.5. Blood Lactate Measurement

Lactate levels were assessed using Lactate Pro 2 (AKRAY Europe B.V., Amstelveen, The
Netherlands). Samples were obtained from the sterilized earlobe (70% ethanol) following
standardized protocols [37,38].
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2.5.6. Delayed-Onset Muscle Soreness (DOMS)

DOMS was evaluated using a visual analog scale (0-10) for knee extensors and elbow
flexors. Scores were normalized to 100% of the maximum perceived soreness [25,39], where
0 indicated no soreness and 10 represented intolerable discomfort.

2.6. Statistical Analysis

All statistical procedures were performed using the R programming language (ver-
sion 4.4.0) [40]. Descriptive statistics are presented as mean =+ standard deviation (SD).
The normality of the data was assessed and confirmed using the Shapiro-Wilk test. To
examine the effects of supplementation condition, time, and intensity, a three-way repeated
measures analysis of variance (ANOVA) with Greenhouse—Geisser correction was con-
ducted. When significant main or interaction effects were detected, post hoc pairwise
comparisons with Bonferroni adjustments were performed. Delta change (Apre-post) was
calculated as follows: Apre-post (%) = ((score at post-session — score at pre-session)/score
at pre-session) x 100. To assess differences in HRV indices between supplementation con-
ditions and time effects, a two-way ANOVA was conducted, followed by post hoc pairwise
comparisons with Bonferroni adjustments. Moreover, to assess recovery effects in CM],
5], and DOMS between supplementation conditions and time effects, a two-way ANOVA
was conducted, followed by post hoc pairwise comparisons with Bonferroni adjustments.
Effect sizes were calculated as partial eta-squared (nzp), with small (0.01), moderate (0.06),
and large (0.14) thresholds [41]. Standardized effect size (Cohen’s d) was used to inter-
pret the magnitude of mean differences and classified according to Hopkins [42]: trivial
(d £0.20), small (0.20 < d < 0.60), moderate (0.60 < d < 1.20), large (1.20 < d < 2.0), very
large (2.0 < d < 4.0), and extremely large (d > 4.0). A significant level of p < 0.05 was used
for all analyses. Normality was assessed using the Shapiro-Wilk test with the “rstatix”
package (version 0.7.2) [43], and ANOVA for normally distributed data was conducted
with the “afex” package (version 1.3-1) [44]. Pairwise comparisons were performed using
the “emmeans” package (version 1.10.2) [45], and visualizations were generated with the
“ggplot2” package (version 3.5.2) [46].

3. Results
3.1. Dietary Intake

Dietary intake for both BJ and PLA conditions are presented in Table 2. No significant
differences in energy or macronutrient intake were found between conditions (p > 0.05).

Table 2. Dietary intake 24 h before sessions under beetroot juice (BJ) and placebo (PLA) conditions
(mean + SD).

Variable BJ PLA
Energy (kcal) 2450 + 310 2380 + 295
Carbohydrates (g) 3124 +42.1 305.7 £+ 39.8
Protein (g) 112.8 £ 18.6 110.5£17.3
Fat (g) 87.1+£129 849 £11.7

3.2. Strenght Performance and Physiological Parameters

All three-way ANOVA results for reached repetitions, peak velocity, peak power, peak
HR, SmO,, and tHb are presented in Table S1.
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3.2.1. Reached Repetitions

Regarding the reached repetitions during BP, there were significant main effects of
condition and intensity (Table S1). In all conditions and sessions, the pairwise comparisons
showed that performance values increased significantly from 60% to 70% RM, 60% to 80%
RM, and 70% to 80% RM (p < 0.001, d = 1.63 to 3.97; Figure 2). The reached repetitions
for 80% RM in BJ were significantly lower in the second than the first session (p = 0.046,
d = 0.69; Figure 2). Moreover, B] presented higher values than the PLA, with significant
differences observed at 80% RM (p = 0.0344, d = 0.74) in the first session, as well as at 70%
RM in second session (p = 0.0189, d = 0.84) (Figure 2). During the BS, there were significant
main effects of condition, session, and intensity (Table S1). The reached repetitions in BS
increased significantly from 60% to 70% RM, 60% to 80% RM, and 70% to 80% RM (p < 0.001,
d = 0.98-2.55; Figure 2) under all conditions and in all sessions, except from 70% to 80%
RM in the first session for BJ (p = 0.1489, d = 0.63). BJ repetitions in the second session were
significantly lower compared to those in the first session (p = 0.0126, d = 0.91) for 80% RM
(Figure 2). B] was reported to have significant higher repetitions compared to the PLA at
60% and 80% RM in the first session (p = 0.0104 and 0.0069, d = 0.95 and 096, respectively)
(Figure 2).

3.2.2. Peak Velocity

Concerning velocity during BP, significant main effects of condition, session, and
intensity were observed (Table S1). In all conditions and all sessions, velocity decreased
significantly from 60% to 70% RM (p < 0.05, d = 0.86-1.72), 60% to 80% RM (p < 0.002,
d =1.78-2.21), and 70% to 80% RM (p < 0.05, d = 1.06-1.57), except from 70% to 80% RM in
the first session for BJ (p = 0.395, d = 0.48) (Figure 2). In those given BJ, velocity at 60% RM
was significantly lower in the second than the first session (p = 0.0114, d = 0.93; Figure 2).
BJ presented significantly greater velocities at all intensity levels and sessions (p < 0.011,
d = 0.94-2.29; Figure 2). Regarding the velocity under BS supplementation, significant
main effects of condition, session, and intensity were found (Table S1). The PLA’s velocity
decreased significantly from 60% to 80% RM in both sessions (p = 0.0002 and 0.0003, and
d = 2.03 and 1.88, respectively, for the first and second sessions), while velocity decreased
only in the first session from 70% to 80% RM (p = 0.0040, d = 1.33) (Figure 2). Similarly,
velocity in the B] decreased significantly from 60% to 80% RM across the first (p = 0.0026,
d = 1.41) and the second sessions (p = 0.0029, d = 1.39), while a significant decrease was
found from 70% to 80% RM in the first session (p = 0.0001, d = 2.13) (Figure 2). Moreover,
velocity was significantly lower in the first compared to the second session in 70% RM for
both the PLA (p = 0.0062, d = 1.04) and BJ (p = 0.0211, d = 0.82) (Figure 2). Additionally,
BJ supplementation resulted in significantly higher velocity than the PLA did across all
intensity levels in both the first and the second sessions (p < 0.05, d = 0.69-1.3) (Figure 2).

3.2.3. Peak Power

Concerning the peak power during BP supplementation, a significant main effect of
intensity was found (Table S1). In the PLA condition, the power significantly increased from
60% to 80% RM, and from 70% to 80% RM (p < 0.0001, d = 2.35-4.77) in both sessions, while
it increased from 60% to 70% RM in the second session only (p = 0.0073, d = 1.21) (Figure 2).
Similarly for BJ, there were significant increases in power from 60% to 80% RM and from
70% to 80% RM (p < 0.0001, d = 2.35-3.94) across both sessions (Figure 2). However, B]
showed a significant increase from 60% to 70% RM in the first session only (p = 0.0442,
d =0.89) (Figure 2). Regarding the peak power during BS, there was a significant main effect
of intensity and a significant condition x session x intensity interaction (Table S1). In all
conditions and all sessions, power increased significantly from 60% to 70% RM (p < 0.0005,
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d =1.8-4.19), 60% to 80% RM (p < 0.0001, d = 4.24-6.03), and 70% to 80% RM (p < 0.0001,
d = 2.25-3.94) (Figure 2). Additionally, peak power significantly increased from the first to
second session for performance under BJ supplementation at 60% RM (p = 0.0083, d = 0.99)
and for performance on the PLA at 70% RM (p = 0.0367, d = 0.73) (Figure 2).
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Figure 2. Reached repetition, peak velocity, and peak power recorded during bench press (BP)
and back squat (BS) incremental tests in two sessions under beetroot juice (BJ) and placebo (PLA)
conditions. t: Significantly different compared to 60% RM; : significantly different compared to 70%
RM; *: significantly different compared to PLA; @: significantly different compared to 1st session.



Nutrients 2025, 17, 1720 11 of 24

3.2.4. Peak HR

Regarding the peak HR recorded during the BP, there were significant main effects
of condition and intensity (Table S1). Additionally, a significant condition X intensity
interaction was found (Table S1). In both conditions, HR increased with increasing intensity
(p <0.0001, d = 0.78-6.84), except from 60% to 70% RM for BJ (p = 0.1304, d = 0.78) during
the second session (Figure 3). Additionally, the PLA produced higher HRs compared to BJ
across all intensity levels in both sessions (p < 0.05, d = 1.18-2.08) (Figure 3).
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Figure 3. Peak heart rate (HR), muscle oxygenation (SmO2), and total hemoglobin (tHb) recorded
during bench press (BP) and back squat (BS) incremental tests at two sessions for beetroot juice
(BJ) and placebo (PLA) conditions. t: Significantly different compared to 60% RM; }: significantly
different compared to 70% RM; *: significantly different compared to PLA; @: significantly different
compared to 1st session.
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During the BS, there were significant main effects of condition and intensity; also, a
significant condition x session X intensity interaction was detected (Table S1). For the PLA,
during the second session, HRs significantly increased from 60% to 70% RM (p = 0.0014,
d =1.99), 60% to 80% RM (p = 0.0003, d = 3.02), and 70% to 80% RM (p = 0.0370, d = 1.14)
(Figure 3). Similarly, during the first session, B] was reported to lead to significant increases
from 60% to 70% RM (p = 0.0314, d = 1.09) and from 60% to 80% RM (p = 0.0066, d = 1.16)
(Figure 3). In contrast, for BJ, during the 2nd session, HRs significantly increased from 60%
to 80% RM (p = 0.0307, d = 0.99) and 70% to 80% RM (p = 0.0137, d = 1.13) (Figure 3).

3.2.5. SmO,

During BPs, there were significant main effects of condition and session, as well as
a significant condition X session interaction (Table S1). BJ supplementation during the
second session showed a significant decrease in SmO; from 70% to 80% RM (p = 0.478,
d = 0.87) (Figure 3). Additionally, B]'s SmO, was significantly higher in the second session
compared to the first session for 70% (p = 0.0001, d = 2.03) and 80% RM (p = 0.0187, d = 0.85)
(Figure 3). BJ led to higher SmO, compared to the PLA during the first and second sessions,
at 60% (p = 0.0048 and 0.0001, d = 1.09 and 1.94, respectively), 70% (p = 0.0169 and 0.0003,
d = 0.86 and 1.61, respectively), and 80% RM (p = 0.0004 and 0.0001, d = 1.55 and 1.8,
respectively) (Figure 3).

The analysis for SmO; during BSs revealed significant main effects of the condition
and session, as well as a significant condition x session interaction (Table S1). SmO, under
BJ supplementation showed a significant increase from the first to the second session at
60% (p < 0.0001, d = 10.24), 70% (p = 0.0009, d = 4.68), and 80% RM (p = 0.0004, d = 5.28)
(Figure 3). Additionally, SmO, was significantly higher under BJ supplementation during
the second session compared to the PLA at 60% (p < 0.0001, d = 11.27), 70% (p = 0.0001,
d = 6.57), and 80% RM (p = 0.0001, d = 5.94) (Figure 3).

3.2.6. Total Hemoglobin

Regarding the tHb during BPs, a significant main effect of condition was observed
(Table S1), where tHb was significantly lower for those taking B] compared to those on the
PLA during ST at 80% RM (p = 0.0232, d = 0.81). Concerning tHb during BSs, there was a
significant session X intensity interaction (Table S1), where a significant increase in tHb at
80% RM from AC to ST was revealed (p = 0.0266, d = 0.78) (Figure 3).

3.3. APre-Post Change in HRV Indices and Lactate

The APre-Post change in HRV indices and the lactate and ANOVA results are presented
in Table 3. For MeanRR, there was a significant main effect of session, where the PLA and
BJ showed a significant decrease from AC to ST (p = 0.0113 and 0.0123, d = 0.93 and 0.92,
respectively). Similarly, RMSSD showed a significant main effect of session, with the PLA
and B] showing a significant decrease from AC to ST (p = 0.0027 and 0.021, d = 1.2 and
0.832, respectively), with a greater APre-Post change for the PLA compared to that for BJ at
AC (p =0.044, d = 0.69). For SDNN, no significant effects were found. Additionally, LF and
HF showed a significant main effect of session, with significant decreases in HF changes
for the PLA and BJ from AC to ST (p = 0.0025 and 0.0045, d = 1.21 and 1.1, respectively).
Lastly, for lactate, there were no significant effects.



Nutrients 2025, 17,1720

13 of 24

Table 3. APre-Post change and ANOVA results in heart rate variability (HRV) indices and lactate
recorded in two sessions for beetroot juice (BJ) and placebo (PLA) conditions.

PLA

BJ

1st Session

2nd Session

1st Session

2nd Session

ANOVA Results

—26.48 £ 7.85

MeanRR

—15.6 £11.18"

—25.6 £6.18

—14.43 £9.74°

C: F(1, 10) = 0.13,
p=0.722,1%p = 0.013
S: F(1, 10) = 25.39,

p <0.001, n?p = 0.717
C x S: F(1, 10) = 0.00,
p=0.961,71%p < 0.001

—40.78 £ 13.21

RMSSD

—19.01 £20.2°"

—32.74 £11.59 *

—19.66 £9.9°

C: F(1, 10) = 0.86,

p = 0.377,m%*p = 0.079
S: F(1, 10) = 17.10,
p = 0.002, n%p = 0.631
C x S:F(1,10) = 2.14,
p=0.174,m*p =0.177

—22.87 +16.74

SDNN

—11.8 £ 16.94

—25.37 £ 8.24

—23.67 +12.92

C: F(1,10) = 2.01,
p=0.187,1%p = 0.167
S: F(1, 10) = 3.46,

p =0.093, n%p = 0.257
C x S: F(1,10) = 2.05,
p=0.183,n%p = 0.170

—27.8 £19.6

LF

—11.5£5.72

—30.86 + 15.11

—22.19 +16.92

C: F(1, 10) = 2.93,
p=0.118,1%p = 0.227
S: F(1, 10) = 6.94,

p = 0.025, n%p = 0.410
C x S: F(1, 10) = 0.66,
p = 0.435,1%p = 0.062

HF

—34.56 £ 1049 —15.09 £ 16.06 "

—23.08 £ 13.74

—11.98 +£10.78 ©

C: F(1,10) = 1.49,
p = 0.250, 1%p = 0.130
S: F(1, 10) = 21.54,
p < 0.001, n2p = 0.683
C x S:F(1,10) = 3.16,
p =0.106, n%p = 0.240

135.24 £+ 116.13

Lactate

150.96 + 78.74

182.02 £ 142.74

280.66 £ 247.96

C: F(1, 10) = 3.40,
p = 0.095,1%p = 0.254
S:F(1,10) = 1.17,
p = 0.305,n%p = 0.105
C x S:F(1,10) = 0.78,
p=0.397,1n%p = 0.073

ANOVA: analysis of variance; C: condition; S: session; MeanRR: mean R-R interval; RMSSD: root mean square of
successive differences; SDNN: standard Deviation of NN intervals; LF: low-frequency power; HF: high-frequency
power; *: significantly different compared to PLA; a: significantly different compared to the 1st session. A p value
of less than 0.05 was considered statistically significant for all analyses; Significant effects were highlighted in

bold in the ANOVA results.

3.4. Post-Session Recovery

CMyJ, 5], and upper- and lower-limb DOMS results are visualized in Figure 4.
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Figure 4. Countermovement jump (CM]J), squat jump (SJ), and delayed onset of muscle soreness
(DOMS) recorded before and after the 1st session, at 24 h, at 48 h, and before and after the 2nd session
for the beetroot juice (B]) and placebo (PLA) conditions. t: significantly different compared to Prel;
1: significantly different compared to Postl; o: significantly different compared to 24 h; $: significantly
different compared to 48 h; #: significantly different compared to Pre2; *: significantly different
compared to PLA.

34.1.CMJ

The analysis showed no significant effects of condition (F(1, 10) = 4.42, p = 0.062,
n2p = 0.306). However, there was a significant main effect of time (F(3.13, 31.26) = 91.38,
p <0.001, nzp =0.901) and a condition x time interaction (F(2.21, 22.06) = 17.61, p < 0.001,
n%p = 0.638). In the PLA, CM] performance significantly decreased from Prel to Postl,
(p < 0.0001, d = 5.55), and CM]J performance at Prel was significantly higher compared
to that at 24 h, 48 h, and Pre2 (p < 0.0008, d = 2.03—4.07). However, CM] performance
significantly increased from Postl to Pre2 (p = 0.0006, d = 2.5) and from 24 h to 48 h
(p=0.0021, d = 1.79). Also, CM]J performance significantly decreased from Pre2 to Post2
(p =0.0008, d = 2.03). With B] supplementation, CM] performance decreased significantly
from Prel to Post1 (p = 0.0002, d = 2.45), 24 h (p = 0.0001, d = 2.47), and 48 h (p = 0.0220,
d = 1.31). CM]J performance also increased significantly from Post1 to 48 h (p < 0.0001,
d =3.09) and Pre2 (p < 0.0001, d = 4.74), and from 48 h to Pre2 (p < 0.0001, d = 3.5). There
was also a significant decrease for CM] performance under BJ supplementation from Pre2
to Post2 (p < 0.0001, d = 2.99). Otherwise, BJ led to higher CM] performance compared
to the PLA at 24 h (p = 0.0123, d = 0.92), 48 h (p = 0.0364, d = 0.73), and Pre2 (p = 0.0442,
d =0.69).

342.9]

There was no significant effect of condition (F(1, 10) = 3.28, p = 0.1, n’p = 0.247).
However, there was a significant main effect of time (F(2.66, 26.61) = 42.39, p < 0.001,
1%p = 0.809) and a condition x time interaction (F(2.64, 26.42) = 6.40, p = 0.003, n%p = 0.390).
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In the PLA condition, S] performance significantly decreased from Prel to Post1 (p < 0.0001,
d=3.63),24h (p <0.0001, d = 5.99), and 48 h (p = 0.0085, d = 1.5). Additionally, performance
was significantly increased from Postl to Pre2 (p = 0.0001, d = 2.7) and from 24 h to Pre2
(p <0.0001, d = 3.06). S] performance decreased significantly from Pre2 to Post2 (p = 0.0078,
d = 1.15). In BJ conditions, S] performance significantly decreased from Prel to Postl
(p < 0.0001, d = 4.51) and at 24 h (p = 0.0007, d = 2.06). Furthermore, performance was
significantly lower at Postl compared to 24 h (p = 0.0004, d = 2.18), 48 h (p < 0.0001, d =4.59),
and Pre2 (p < 0.0001, d = 4.72), at 24 h compared to that at 48 h and Pre2 (p < 0.0001, d =2.96
and 3.23), as well as at 48 h compared to that at Pre2 (p = 0.0020, d = 1.81). Furthermore,
S] performance under BJ conditions significantly decreased from Pre2 to Post2 (p = 0.0349,
d =1.22). Moreover, BJ led to higher S] performance compared to the PLA at 24 h (p = 0.0449,
d =0.69) and 48 h (p = 0.0105, d = 0.94).

3.4.3. Upper-Limb DOMS

There were significant main effects of condition (F(1, 10) = 34.53, p < 0.001, nzp =0.775)
and time (F(2.63, 26.28) = 139.78, p < 0.001, n?p = 0.933), as well as a significant
condition x time interaction (F(1.74, 17.40) = 9.59, p = 0.002, nzp = 0.490). DOMS for
the PLA significantly increased from Prel to Postl (p < 0.0001, d = 5.73), 24 h (p < 0.0001,
d =6.33), 48 h (p = 0.0001, d = 2.57), and Pre2 (p = 0.0034, d = 1.69). Additionally, DOMS
was significantly higher at Postl compared to Pre2 (p < 0.0001, d = 4), at 24 h compared
to Pre2 (p < 0.0001, d = 4.4), and at 48 h compared to Pre2 (p = 0.0007, d = 2.07). DOMS
significantly increased from Pre2 compared to Post2 (p < 0.0001, d = 4.45). Concerning the
BJ condition, DOMS significantly increased from Prel to Postl (p < 0.0001, d = 4.03), and
24 h (p = 0.0013, d = 1.92). Furthermore, DOMS was significantly higher at Postl compared
to24 h (p = 0.0254, d = 1.26), 48 h (p = 0.0001, d = 2.89), and Pre2 (p < 0.0001, d = 5.22).
DOMS under BJ supplementation at 24 h was also significantly higher compared to that at
48 h (p < 0.0001, d =2.98) and Pre2 (p = 0.0028, d = 1.73). Furthermore, DOMS increased
significantly from Pre2 to Post2 (p < 0.0001). Additionally, BJ led to lower DOMS compared
to the PLA at 24 h (p = 0.0013, d = 4.39) and 48 h (p = 0.0016, d = 4.3).

3.4.4. Lower-Limb DOMS

There was neither a significant main effect of condition (F(1, 10) = 1.10, p = 0.319,
1%p = 0.099) nor a condition x time interaction (F(2.05, 20.55) = 2.53, p = 0.103, n?p = 0.202).
However, there was a significant main effect of time (F(3.37, 33.71) = 153.04, p < 0.001,
n%p = 0.939). In the PLA condition, DOMS significantly increased from Prel to Postl
(p < 0.0001, d = 5.68), 24 h (p < 0.0001, d = 6.94), 48 h (p < 0.0001, d = 3.44), and Pre2
(p=0.0371, d =1.21). However, DOMS significantly decreased from Post1 to 48 h (p = 0.0233,
d =1.29) and Pre2 (p < 0.0001, d = 3.39), and from 24 h to 48 h (p = 0.0035, d = 1.69) and
Pre2 (p < 0.0001, d = 2.79). Additionally, DOMS increased from Pre2 to Post2 (p = 0.0001,
d = 2.83). DOMS under BJ supplementation significantly increased from Prel to Postl
(p <0.0001,d =3.47),24 h (p < 0.0001, d = 3.47), and 48 h (p = 0.0043, d = 1.64). Furthermore,
DOMS decreased from 24 h to 48 h (p = 0.001, d = 1.96) and Pre2 (p < 0.0001, d = 4.41), and
from 48 h to Pre2 (p = 0.0004, d = 2.22). Also, DOMS reported significant increases from
Pre2 to Post2 (p < 0.0001, d = 6.96). Moreover, B] led to lower DOMS compared to the PLA
at Pre2 (p = 0.0036, d = 1.14).

4. Discussion

The primary aim of this study was to assess the impact of short-term BJ supplemen-
tation on strength performance, HRV responses, muscle oxygenation, and post-exercise
recovery. Results demonstrated that BJ significantly enhanced strength performance, as in-
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dicated by higher repetitions and peak velocity at 80% 1RM during BPs and BSs, alongside
attenuated cardiovascular strain, with lower peak HRs in the BJ condition compared to
those for the PLA, and moderated autonomic stress with smaller reductions in HRV indices
under BJ supplementation such as RMSSD and HE. Also, BJ led to a higher SmO, after
3 days of ingestion compared to the PLA. While the B] improved post-exercise recovery
of lower-limb strength (CM] and SJ) and reduced upper-limb DOMS, it did not mitigate
lower-limb DOMS or lactate accumulation. These outcomes confirm the hypothesis that B]
enhances strength performance and partially supports its role in improving recovery and
HRYV regulation.

Reached repetitions during both exercises decreased at higher intensities following
BJ supplementation, suggesting a potentially ergogenic effect likely driven by enhanced
neuromuscular efficiency and delayed fatigue. This performance enhancement was es-
pecially evident during the second session, where B] outperformed the PLA at higher
loads—possibly due to improved phosphocreatine resynthesis and faster calcium kinet-
ics in type Il fibers, as supported by previous findings from trained female athletes and
team-sport players [47,48]. Peak velocity also reduced with increasing intensity, with BJ
consistently achieving greater velocities than the PLA. On the other hand, peak power
increased with rising exercise intensity in both exercises, suggesting that the essential
load—-power relationship of the neuromuscular system may overshadow any small er-
gogenic contributions of nitrate supplementation [6,14]. Furthermore, BJ, rich in dietary
nitrates, enhances muscle performance by increasing NO bioavailability, which improves
vasodilation and muscle contraction kinetics, with its high nitrate content being converted
into NO in the body, playing a crucial role in muscle function by increasing the maximal
shortening velocity and peak power of muscle fibers [47,49,50]. This effect is thought to
result from NO'’s role in improving blood flow and reducing the oxygen cost of exercise,
thereby enhancing exercise performance [51].

These improvements in strength performance coincided with cardiovascular adapta-
tions; BJ significantly reduced peak HR compared to the PLA, indicating reduced cardio-
vascular strain. This HR response, particularly during BPs at 60-70% 1RM in the second
session, may reflect an adaptive effect from repeated NO exposure, which enhances car-
diovascular efficiency at submaximal loads [52]. For the BS, the attenuated HR increased
with BJ supplementation—especially in the second session—suggesting that NO helped
maintain muscle oxygenation under high mechanical stress, minimizing the need for car-
diac compensation [48,53]. In contrast, the PLA showed a HR rise at higher intensities,
emphasizing the cardiovascular system’s reliance on elevated cardiac output when pe-
ripheral perfusion is limited [54]. B] appears to stabilize oxygen delivery, reducing acute
HR-driven strain and potentially improving exercise tolerance [49,55]. Mechanistically, B]’s
ergogenic effects proceed from the NO3 ~-NO, "-NO pathway, where NO3~ is converted
by oral bacteria and under hypoxia into NO, a potent vasodilator that enhances skeletal
and coronary muscle perfusion, reduces systemic vascular resistance, and improves stroke
volume [56,57]. Through the Frank-Starling mechanism, greater venous return stretches
the myocardium, optimizing contractility and reducing the HR needed to maintain cardiac
output. Simultaneously, NO enhances mitochondrial efficiency by reducing the oxygen
cost of ATP production, thereby decreasing the metabolic drive for HR elevation [4]. These
dual effects—vascular and mitochondrial—may explain the lower peak HR and improved
performance with BJ. Beyond NO, BJ’s antioxidant and anti-inflammatory compounds (e.g.,
betalains and polyphenols) may mitigate oxidative stress and muscle damage, contributing
to more efficient recovery and performance sustainability [58].

Furthermore, SmO, responses supported the cardiovascular and performance findings,
offering additional evidence of B]’s vasoactive effects. During BPs, BJ elevated SmO, across
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all intensities compared to the PLA, suggesting improved microvascular perfusion [4].
During the BS, SmO, increases in B] were observed only during the second session (after
3 days of supplementation), indicating a potential cumulative effect of repeated nitrate
intake. This aligns with the nitrate-nitrite-NO pathway, in which dietary nitrate is reduced
to nitrite by oral bacteria and further converted into NO in the bloodstream, particularly
under hypoxic conditions typical of RT [3,59]. Repeated BJ ingestion resulted in greater
NO availability, which in turn would have promoted vasodilation, improved capillary
blood flow, and enhanced oxygen delivery to working muscles [4]. These vascular effects
manifest as elevated SmO,, reflecting both improved oxygen supply and potentially more
efficient oxygen extraction [60]. This is consistent with findings from endurance studies in
which NO has been shown to optimize mitochondrial function and lower the oxygen cost
of ATP production [61].

Importantly, HRV results demonstrated that B] consumption reduced RMSSD from
pre- to post-sessions, reflecting increased sympathetic dominance and internal workload.
This transient decrease in RMSSD aligns with previous findings that RT typically suppresses
parasympathetic modulation during intense exercise [62]. The higher total repetitions and
HRs in the BJ further validate the existence of a state of increased physiological demand.
Conversely, post-exercise, RMSSD returned to the baseline in both conditions, but with a
high recovery slope in BJ, suggesting that B] may enhance autonomic recovery through NO-
induced improvements in vagal modulation, as supported by studies reporting accelerated
parasympathetic recovery following strength exercise with BJ intake [61]. However, the
absence of blood pressure changes and the short HRV measurement duration impose
limitations on interpreting these findings fully, while the exercise order (BS preceding BP)
might have introduced cumulative neuromuscular fatigue that altered HRV responses.

BJ supplementation significantly enhanced neuromuscular recovery, as evidenced by
improved CM] and S] performance at 24 h and 48 h after the first session compared to the
PLA. Following initial performance declines immediately post-exercise, BJ participants
exhibited a more rapid return to near-baseline values after 72 h, demonstrating accelerated
recovery kinetics [59,63]. These findings align with those in the literature, in which more
than 60% of nitrate supplementation studies report improved recovery metrics, particu-
larly in attenuating DOMS and restoring muscle function [64]. For example, upper-limb
DOMS was notably reduced with BJ at 24 h and 48 h, likely due to NO-mediated anti-
inflammatory effects and enhanced tissue perfusion—mechanisms supported by previous
investigations showing nitrate-induced improvements in vascular function and inflam-
mation modulation [65]. In contrast, lower-limb DOMS responses were less pronounced,
which may reflect regional variability in NO bioavailability or differences in the muscle
damage profile between upper and lower-limb exercise [66]. Furthermore, NO3 ™~ from BJ
may accelerate recovery by preserving muscle excitability, improving sarcoplasmic calcium
release, and promoting mitochondrial biogenesis [67]; these pathways contribute to faster
phosphocreatine resynthesis that is often not captured by traditional biomarkers such as
creatine kinase [65]. Importantly, these effects seem to be dose-dependent, with optimal
recovery benefits observed around moderate nitrate doses (approximately 8-12.9 mmol),
while higher doses may yield diminishing returns [68]. Furthermore, the synergistic action
of bioactive compounds such as betalains may confer additional antioxidant and anti-
inflammatory support, thereby enhancing recovery outcomes compared to when nitrate is
administered in the form isolated salts [66,69]. Recent studies have also noted that acute BJ
ingestion does significantly reduce RPE, and it does lower markers associated with mus-
cle damage, thereby enhancing neuromuscular efficiency during repeated high-intensity
bouts [64]. These benefits, observed in conjunction with improvements in CMJ and SJ
performance at 24 h and 48 h after the first session, suggest that B] can facilitate more rapid
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autonomic and functional recovery likely mediated by enhanced NO-induced vasodilation
and improved calcium handling [70]. However, biochemical and molecular biomarkers
are warranted to fully elucidate the contribution of NO-mediated mechanisms versus
the potential synergistic effects of other beetroot components [1,58,69]. Collectively, these
acute outcomes complement prior evidence showing that chronic B] supplementation (over
5-7 days) augments training adaptations by increasing resistance exercise repetitions and
mitigating post-exercise muscle soreness, primarily through improved oxygen delivery
and neuromuscular function [59].

While our findings support the ergogenic effects of short-term BJ supplementation
(450 mg nitrate/day) on physical performance, physiological responses, and recovery, it is
important to acknowledge emerging concerns regarding long-term or high-dose nitrate
consumption. Elevated nitrate intake can increase the endogenous formation of N-nitroso
compounds (NOCs), which are known to contribute to carcinogenic processes, particularly
through DNA adduct formation such as O6-alkylguanine [71,72]. The nitrate dose used in
our study was selected based on prior recommendations for optimizing ergogenic benefits
in athletic populations [28], while still considering safety guidelines. Nitrates are widely
considered an effective ergogenic aid when taken acutely or chronically in doses ranging
from approximately 5 to 16.8 mmol (300-1041 mg), typically 2-3 h prior to exercise, and are
recommended for athletes seeking to improve performance or endurance, particularly for
exercise durations of around 10-17 min [73]. This range of nitrate intake aligns with current
research and expert recommendations for both acute and chronic effects, demonstrating
its safety and effectiveness [73]. However, it is noteworthy that for some participants,
this dose exceeds the acceptable daily intake (ADI) of 3.7 mg/kg body weight set for the
general (non-athletic) population [74]. Previous acute studies have reported increased
urinary and fecal excretion of NOCs following similar high doses [75,76]. Additionally,
unlike whole vegetables such as spinach or beetroot—which contain antioxidants like
vitamin C that can inhibit NOC formation—commercial B] supplements typically lack such
protective compounds [72,77]. While our study focused on short-term outcomes, regular or
chronic BJ supplementation, especially without concurrent antioxidant intake, may raise
health concerns. Epidemiological data suggests a potential link between prolonged nitrate
exposure and an increased risk of colorectal and gastric cancers [78,79].

Therefore, although BJ supplementation appears safe and beneficial in the context of
short-term use among healthy, physically active individuals, its long-term safety should
be evaluated carefully, particularly in non-athletic populations. Future research should
consider population-specific factors such as health status, physical activity levels, dietary
habits, and baseline antioxidant intake when determining optimal dosing strategies to
maximize ergogenic effects while minimizing potential health risks.

Strengths and Limitations

This study presents several strengths worth highlighting. It employed a double-
blind, randomized crossover design, which enhances internal validity and reduces inter-
individual variability, allowing for robust within-subject comparisons. The use of multiple,
performance-relevant endpoints—including movement velocity, peak power, HRV, and
SmO,—offers a comprehensive assessment of both the acute and short-term effects of B]
supplementation. Additionally, the inclusion of practical recovery metrics such as jump
performance and DOMS provides ecologically valid outcomes that are directly applicable
to real-world resistance training contexts.

Several limitations should also be acknowledged. The study’s small sample size
(n=11), which excluded females and non-physically active individuals, may limit statistical
power and generalizability. Although our study exclusively included male participants,
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this decision was based on the goal of controlling for hormonal fluctuations that could
potentially influence the outcomes, particularly in relation to nitrate metabolism and
performance. Future research should aim to include both male and female participants to
provide a more comprehensive understanding of the effects of B] supplementation across
genders. While efforts were made to ensure blinding, inherent sensory differences between
BJ and the PLA might have compromised this process, introducing potential bias. Reliance
on self-reported dietary and lifestyle compliance without biochemical verification (e.g.,
plasma nitrate/nitrite levels) further adds variability, without biochemical verification (e.g.,
plasma nitrate/nitrite levels or urinary NOCs), prevents confirmation of strict protocol
adherence, and obscures individual variability in nitrate metabolism. Crucially, the absence
of molecular biomarkers (e.g., oxidative stress markers like malondialdehyde, inflammatory
cytokines, or DNA adducts such as O6-alkylguanine) limits mechanistic insights into BJ’s
ergogenic effects and its potential to stimulate carcinogenic pathways. While studies
demonstrated increased urinary NOC excretion following acute BJ intake [76], our design
did not assess these outcomes, precluding a direct evaluation of safety risks alongside
performance benefits.

Methodologically, the use of a Smith machine for the BS and BP, though enhancing
safety and consistency, reduces ecological validity compared to that when free-weight
training in real-world athletic settings is used. Similarly, semi-quantitative near-infrared
spectroscopy (NIRS) and smartphone-based jump assessments, while pragmatic, lack the
precision of laboratory-grade equipment (e.g., force plates and gas analyzers) and may
underestimate subtle physiological changes. Moreover, while a 7-day washout period
was implemented in accordance with Zhang et al. [68], residual beetroot effects cannot
be entirely ruled out in the crossover design, and the focus on acute and 72 h recovery
precludes insights into long-term supplementation benefits.

5. Conclusions

The current findings underscore B]’s multifaceted ergogenic potential, across strength
performance, cardiovascular regulation, autonomic function, and recovery. B] intake ap-
pears to enhance both acute and short-term RT outcomes, particularly in high-intensity,
phosphagen-dependent tasks. Its benefits likely stem from the nitrate-mediated pathways,
promoting improved muscle perfusion, oxygen utilization, and neuromuscular efficiency.
Notably, the observed reductions in cardiovascular strain and improvements in HRV sug-
gest favorable autonomic adaptations that may support both exercise tolerance and recovery.
Additionally, B] supplementation appears to accelerate neuromuscular recovery and at-
tenuate muscle soreness, possibly through nitric oxide (NO)-related anti-inflammatory;,
antioxidative, and mitochondrial-enhancing effects.

Collectively, these outcomes position BJ as a practical, time-sensitive nutritional strat-
egy for athletes seeking to optimize training performance and recovery during periods
of intense resistance exercise. For practitioners, we recommend (i) timing BJ intake 2-3 h
pre-exercise to align with peak plasma nitrate availability, (ii) pairing acute BJ supplemen-
tation (e.g., 450 mg nitrate/day) with antioxidant-rich foods (e.g., citrus fruits) to mitigate
potential NOC-related risks, and (iii) reserving chronic use for targeted training phases
until long-term safety data are established.

Future studies incorporating direct assessments of plasma nitrate /nitrite concentra-
tions and mechanistic biomarkers are warranted to validate these physiological effects
and further refine B] supplementation protocols for athletic populations. Critical research
gaps remain, including investigations into B]’s efficacy and safety in underrepresented
cohorts (e.g., female athletes, older adults, and elite competitors), dose-response relation-
ships across training modalities, and longitudinal monitoring of molecular biomarkers
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(e.g., oxidative stress, inflammatory cytokines, and DNA adducts) to evaluate carcino-
genic risks. Additionally, comparative studies examining BJ’s effects in free-weight versus
machine-based training environments could enhance ecological validity, while trials com-
bining BJ with dietary nitrosation inhibitors (e.g., vitamin C, polyphenols) may optimize
its risk-benefit profile.
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The following abbreviations are used in this manuscript:

BJ Beetroot Juice

PLA Placebo

1RM One-Repetition Maximum

BS Back Squat

BP Bench Press

HR Heart Rate

HRV Heart Rate Variability

RMSSD Root Mean Square of Successive Differences
HF High Frequency

CMJ Countermovement Jump

SJ Squat Jump

DOMS Delayed Onset Muscle Soreness
RPE Rate of Perceived Exertion
NO3™~ Nitrate

NO,;~ Nitrite


https://www.mdpi.com/article/10.3390/nu17101720/s1
https://www.mdpi.com/article/10.3390/nu17101720/s1

Nutrients 2025, 17, 1720 21 of 24

NO Nitric Oxide
ATP Adenosine Triphosphate
RT Resistance Training
LF Low Frequency
MeanRR Mean RR Interval
SDNN Standard Deviation of NN Intervals
SmO, Muscle Oxygen Saturation
THb Total Hemoglobin
NIRS Near-Infrared Spectroscopy
APre-Post  Delta Change from Pre- to Post-Intervention
n%p Partial Eta-Squared
d Cohen’s d (Effect Size)
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