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ABSTRACT: Combining beetroot juice (BRJ) supplementation with blood flow restriction (BFR) training shows
potential to meet the dual demand for enhanced muscle strength and improved fatigue resistance. This study
involved 21 male college athletes who were randomized to a BFR group (n = 10) and a BFR-supplemented BRJ
group (n = 11, nitrate 8 mmol/day) for 4 weeks of isokinetic BFR training. The strength (at 60°/s, 180°%s, and
maximal voluntary isometric contraction) and fatigue resistance of the knee extensors and flexors were assessed
pre- and post-intervention using an isokinetic dynamometer and a 30-second anaerobic power test, respectively.
The four-week BFR and BFR+BRJ interventions significantly (P < 0.05) improved knee extensor/flexor peak torque
and power (at 60°s and 180°s), while also delaying the decline in knee extensor torque during the 100-repetition
maximal voluntary contraction test. The BFR+BRJ group showed a more significant advantage in the second half
of the contraction (51-100 repetitions; P < 0.01). In addition, both interventions significantly reduced the rate of
decline in peak torque, peak power, and average power at 60°/s and 180°/s after fatigue, with the reductions being
more pronounced in the BFR+BRJ group (P < 0.01). In the anaerobic power test, the BFR+BRJ group maintained
a higher power output for a longer duration (P < 0.05) compared to before the intervention, whereas the improvement
in the BFR group was limited to the initial 3—10 seconds (P < 0.05). The results suggest that BFR combined with
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BRJ is an effective training method for improving knee extensor strength performance and fatigue resistance.
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The strength of lower limb muscles, especially the knee extensors
and flexors, is essential for sports performance and injury preven-
tion. The quadriceps, being the principal extensors of the knee,
are crucial for lower limb activities such as running, jumping, and
walking, and are vital for stabilizing the knee joint during dy-
namic activities [1]. Inadequate muscle strength or fatigue resis-
tance may result in poor joint mechanics and increased risks of
anterior cruciate ligament tears, patellofemoral pain syndrome,
and knee osteoarthritis [2]. Knee extensor strength is closely cor-
related with explosive performance in athletes participating in sports
that necessitate repetitive, high-intensity leg motions, such as
soccer, basketball, and track and field. Impairment of the quadri-
ceps due to weakness or early fatigue diminishes performance in
these motions [3, 4]. Thus, enhancing knee extensor strength and
fatigue resistance has become a central focus in sports science,
rehabilitation, and injury prevention.

In recent years, blood flow restriction (BFR) training has attract-
ed attention for its effects on muscle hypertrophy and strength in
athletes, rehabilitation populations, and persons with chronic illness-
es. BFR training employs cuffs to partially restrict venous return and
arterial blood flow [5], resulting in a localized hypoxic environment
in active muscles. This condition heightens metabolic stress and en-
hances the recruitment of fast-twitch muscle fibers [6]. This envi-
ronment promotes metabolite accumulation in skeletal muscle, which
enhances cardiovascular adaptations [7], hormonal responses [8],
and muscle oxidative capacity [9], while stimulating protein synthe-
sis [10] and myogenic stem cell pathways [11], thereby improving
muscle fiber structure and function even at low loads. Recent stud-
ies have verified that BFR training significantly enhances muscle
strength and hypertrophy in collegiate and semi-professional ath-
letes, positively impacting athletic performance and fatigue
resistance [12].
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The integration of BFR with isokinetic training has been investi-
gated as a potent method to augment knee extensor strength. Iso-
kinetic training enables precise assessment and improvement of spe-
cific muscle groups by controlling the speed of muscle contractions [13].
Isokinetic training, when combined with BFR, can enhance muscu-
lar adaptations. Studies demonstrate that the incorporation of iso-
kinetic concentric/eccentric training with BFR significantly improves
peak torque in knee extensors and flexors and effectively reduces the
decrease in knee extensor torque after fatigue from running, thus
preventing sports-related knee injuries [14]. However, impact of in-
tegrating BFR with isokinetic training in both professional and am-
ateur athletes need additional investigation. This study aims to pro-
vide insight into this research area.

Beetroot juice (BRJ) has attracted interest for its potential to en-
hance athletic performance, delay fatigue, and facilitate recovery. It
contains high levels of betaine [15] and nitrates [16]. Betaine pos-
sesses antioxidant and anti-inflammatory characteristics [17], effi-
ciently neutralizing reactive oxygen species (ROS) generated during
strenuous exercise, thus alleviating the inflammatory response asso-
ciated with muscle fiber damage and accelerating recovery [18]. The
nitrate concentration in BRJ is transformed into nitric oxide (NO) by
the nitrate-nitrite-NO pathway. This procedure facilitates vasodila-
tion and improves the delivery of oxygen, hormones, and nutrients
to active muscles. Furthermore, NO enhances muscular oxygen us-
age efficiency and mitochondrial function, thereby facilitating en-
hanced muscular performance and recovery [19]. Recent studies in-
dicate that dietary nitrate supplementation, such as BRJ, promotes
muscular contractility [18] and improves fatigue resistance [16]. No-
tably, chronic BRJ supplementation has been shown to improve neu-
romuscular function by enhancing Ca®* release from the sarcoplas-
mic reticulum [20], increasing muscle contractility in type Il fibers,
and optimizing excitation-contraction coupling [21]. The study by
Daab et al. showed that chronic BRJ supplementation (containing
8 mmol/L nitrate for 7 days) significantly attenuated neuromuscular
fatigue during a simulated football match [22]. Compared to the con-
trol group, BRJ supplementation significantly attenuated the decline
in maximal voluntary contraction and reduced both central and pe-
ripheral fatigue. These findings suggest that chronic BRJ supplemen-
tation may contribute to improvements in neuromuscular perfor-
mance and attenuation of the development of neuromuscular fatigue.
In addition, long-term supplementation yields more pronounced out-
comes in strength and fatigue resistance training [23].

While the mechanisms of BFR training and BRJ supplementation
in augmenting muscle strength and fatigue resistance are distinct,
the localized hypoxic effects of BFR, coupled with nitrate-induced
enhancements in blood flow and muscle nitrate reserves, may result
in greater significant metabolic effects in skeletal muscle. Studies in-
dicate that low-oxygen environments enhance the conversion of ni-
trite to NO, highlighting the potential of BFR training to leverage the
nitrate reserves stored in skeletal muscle [24, 25]. Although sever-
al studies have confirmed the individual effects of BFR training and
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nitrate supplementation, there is a lack of research and evidence on
their combined benefits. The purpose of this study was to determine
if the BFR paired with BRJ supplementation is superior to BFR train-
ing alone in terms of enhancing knee flexor/extensor strength, alle-
viating muscle fatigue, and improving exercise performance.

MATERIALS AND METHOD 'S 155
Subjects

Twenty-four male undergraduates from the School of Physical
Education volunteered for this study. The participants had consis-
tent training experience in basketball, soccer, sprinting, or middle-
distance running. All participants reported no chronic illnesses,
nitrate supplement use in the past six months, or recent injuries
or surgeries. They were required to avoid mouthwash, sports sup-
plements (creatine, B-alanine, arginine, citrulline and antioxidants),
alcohol, and caffeine throughout the study. Written informed con-
sent was obtained from all participants after explaining the study
details. This study adhered to the Declaration of Helsinki and re-
ceived approval from the Research Ethics Committee of Northeast
Normal University (Approval ID: 20242026). Power analysis using
G*Power 3.1 (Heinrich-Heine-Universitat Diisseldorf, Diisseldorf,
Germany) for repeated measures ANOVA (within—between interac-
tion) determined a required sample size of 20 (a = 0.05, pow-
er = 0.9, Effect size = 0.4). A total sample size of 20 was required
to achieve an actual power of 0.92.

Experimental Design and Procedures

The study included a one-week BRJ pre-supplementation phase and
a four-week bilateral knee flexor and extensor BFR training (3 sessions
per week). Participants were stratified by body weight in 5 kg incre-
ments starting from a 65 kg baseline, and were randomly assigned
to either BFR group (n = 12) or BFR+BRJ group (n = 12) using
a block size of six to ensure balanced allocation. Three participants
withdrew due to scheduling conflicts, resulting in 10 participants in
the BFR group and 11 in the BFR+BRJ group. They completed three
pre-intervention visits to familiarize themselves with the equipment.
Based on current research recommendations for optimal nitrate sup-
plementation [26, 271, the BFR+BRJ group consumed 80 ml of BRJ
daily during the pre-supplementation and training phases (nitrate
8 mmol/day, M-ACTION, Shanghai, China), while the BFR group
received an identical placebo (PLA). To mimic the color and earthiness
of BRJ, PLA used food coloring and traces of cocoa powder. These
were mixed with commercially available purple potato juice, which
have a similar calorie content (217 klJ), protein content (1.5 g), and
carbohydrate content (11 g) to the BRJ sports drink. To ensure effec-
tive double-blinding, BRJ and PLA are dispensed in opaque, unlabeled
glass containers. Blood samples were collected twice in the morning
at the same time, before and after pre-supplementation, to measure
plasma nitrite levels. Before starting the formal training, baseline
strength testing of knee extensors and flexors and a 30-second Wing-
ate test were performed using the CON-TREX multi-joint isokinetic
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FIG. 1. Schematic representation of the study design.

system (CON-TREX® MJ, Physiomed Elektromedizin AG, Schnaittach,
Germany) and Monark ergometer (Ergometer 894E, Monark Exercise
AB, Vansbro, Sweden), respectively [28]. These tests were repeated
after the four-week intervention to evaluate changes in knee extensor
strength, power, and fatigue resistance. The detailed experimental
protocol is shown in Figure 1.

Blood Collection and Analysis

Blood samples (10 ml) were collected twice in the morning in anti-
coagulant-treated tubes, centrifuged at 4°C (2000 x g, 10 min), and
analyzed for plasma nitrite using a Nitrite Colorimetric Assay Kit
(E-BC-KO70-S, Elabscience, Wuhan, China).

Isokinetic Training Protocol

During the four-week training phase, BFR and BFR+BRJ groups per-
formed isokinetic BFR training thrice weekly. Training speed was set
at 120°%s with resistance at 30% of peak flexion and extension torque
(peak torque tested at each session using the CON-TREX system).
Each session included 5 sets (1 x 30 and 4 x 15 reps) with 30-sec-
ond rest intervals. Blood Flow Restriction cuffs (Thera tools Cuff
110 x 13 cm, Zhengzhou, China) were applied at 40% limb occlusion
pressure (LOP), calculated as Thigh Occlusion Pressure (mmHg) =
5.893 (Thigh circumference) + 0.734 Diastolic Blood Pressure (DBP)
+ 0.912 Systolic Blood Pressure (SBP) — 220.046, based on Jer-
emy P et al. [29] and validated by Ivan et al. [30]. The protocol is
based on and adapted from previous studies and has been applied in
several studies and has shown favorable results [31, 32]. Except for
the three participants who withdrew for various reasons, all com-
pleted the training sessions three times a week for the entire interven-
tion period.

Maximum Strength and Fatigue Tést Protocols

Before testing, participants completed a 10-minute warm-up on
a stationary bike followed by lower limb stretching. Testing used the
CON-TREX system with a spine-femur angle set to 110°, and motion
range customized to each participant’s flexibility (0°-90°, where 0°
corresponds to full knee extension). Following the 100 maximal dy-
namic knee extensions test protocol to induce fatigue and assess
fatigue resistance [33]. Peak torque and peak power were measured
twice before and after fatigue at angular velocities of 60%s and 180°/s
(5 repetitions each), along with maximum voluntary isometric con-
traction (MVIC) at a fixed 75° (5 s hold). The peak torque was defined
as the maximal knee flexors and extensors moment (N-m) gener-
ated during concentric contraction, peak power as the highest in-
stantaneous mechanical power output (W) calculated by multiplying
peak torque with angular velocity (calculated by CON-TREX system),
and average power as the mean value over all five repetitions. For
the 100-repetition test, knee extensions were performed at angular
velocities of 90°/s with maximal effort in extension (90°-0°) and as-
sisted flexion (0°-90°) [34]. All participants completed the test on
both legs, with the dominant leg defined as the kicking leg. The
testing procedure was conducted by two operators, who were un-
known to the subject, and who independently completed the subject’s
testing.

WinGate Test protocol

The BFR and BFR+BRJ groups completed two 30-second all-out
Wingate tests on a Monark ergometer pre- and post-intervention. The
load was set to 7.5% of body weight, and resistance was released
automatically upon reaching 100 rpm [35]. Power metrics such as
peak power, average power, power decrement percentage, and total
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work were recorded using Monark Anaerobic Test Software (COSMED,
Italy). Power decrement was calculated as the percentage difference
between peak power and power over time.

Statistical Analysis

The data were analyzed using GraphPad Prism 9 software (Graph-
Pad Software, San Diego, CA, USA). All data are presented as
mean =+ standard deviation (SD). Normality and homogeneity of
distribution variances by Shapiro-Wilk and Levene tests of depen-
dent variables. An independent samples t-test was used to compare
descriptive characteristics between two groups. Plasma nitrite and
muscle performance parameters (peak torque, peak power, time
to peak torque, average power in 60°/s and 180°s maximum
strength test, and different ranges of average torque in 90°/s
100-repetition test) were analyzed using a two-way repeated mea-
sures ANOVA with group (BFR vs. BFR+BRJ) and time (pre vs.
post) as independent factors. The decrease in peak torque, peak
power, and average power over time during fatigue testing was also
analyzed using this method. A three-way repeated measures ANO-
VA (group X fatigue x time) was used for knee extensor performance
under fatigued and non-fatigued conditions, and the assumption
of sphericity was assessed by Mauchly’s test, with Green-
house-Geisser correction for degrees of freedom if violated. The
effect sizes of the main or interaction effects were evaluated using
partial n? (partial eta-squared, pn?), where pn2 > 0.01, 0.06, and
0.14 indicate small, medium, and large effects, respectively. Bon-
ferroni's multiple comparison test was used for post hoc analysis
when main or interaction effects were significant, and the statisti-
cal significance threshold was set at P < 0.05.

Xudong Yang et al.
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Descriptive characteristics and comparison of variables between
BFR and BFR+BR] groups

There was no significant difference in age, height, weight, BMI,
resting DBP and SBP, left/right Thigh Circumference, and Plasma
Nitrite Concentration between subjects in BFR and BFR+BRJ groups
before the start of intervention. Whereas, after one week of BRJ
supplementation, Plasma Nitrite Concentration was significantly in-
creased in BFR+BRJ group (Table 1).

Peak rorque, time to peak torque, peak power, and average pow-
er for knee extensors and flexors at various test conditions pre- and
post-intervention

The changes in peak torque, time to peak torque, peak power, and
average power for knee extensors and flexors after the four-week
intervention are shown in Figure 2. Results in Figure 2A and B indi-
cate that the four-week BFR and BFR+BRJ interventions signifi-
cantly increased the peak torque of knee extensors in both the left
and right legs at 60°%s (P < 0.05), 180°%s (P < 0.05) and MVIC
(P < 0.01). Additionally, both interventions significantly improved
the peak torque of knee flexors in the left and right legs at 60°/s
(P < 0.01) and 180°%s (P < 0.01). This may be due to the rela-
tively low involvement of knee flexors in daily activities, resulting in
a lower baseline strength. Consequently, flexors are more responsive
to targeted training, achieving greater strength gains. No significant
changes were observed in the time to peak torque for knee extensors
or flexors in either leg at 60°%s, 180°%s, or MVIC testing conditions
following both interventions (Figure 2C, D). The peak power of the
knee extensors and flexors of both legs was significantly increased

TABLE 1. Descriptive Characteristics and Comparison of Variables Between BFR and BFR+BRJ Groups

Variables BFR BFR+BRJ P-value 95% Confidence
(n = 10) (n =11) Interval (CI)

Age (years) 21.9+1.58 21.63+x1.43 0.707 [-1.709, 1.118]
Height (m) 1.79+0.04 1.78+0.05 0.409 [-0.063, 0.027]
Weight (kg) 76.6+5.71 76.09+6.73 0.862 [-6.536, 5.518]
BMI (kg-m~2) 23.67+1.17 24.02+2.03 0.653 [-1.258, 1.961]
DBP (mmHg) 71.90+4.74 73.27 +6.28 0.599 [-4.013, 6.759]
SBP (mmHg) 118.3+6.48 120.45+6.26 0.470 [-3.965, 8.274]
Left Thigh Circumference (cm) 55.4+2.87 55.91+2.26 0.688 [-2.106, 3.124]
Right Thigh Circumference (cm) 56.40+2.94 56.82+2.12 0.725 [-2.029, 2.865]
Pre-Plasma Nitrite Concentration (uM) 0.423 +£0.052 0.445+0.061" < 0.001 [-0.358, -0.105]
Post-Plasma Nitrite Concentration (uM) 0.441 +0.053* 0.679+0.166 < 0.001 [-0.374, -0.098]

Data are shown as mean = SD. Abbreviations: BMI, body mass index; DBP, diastolic blood pressure, SBP, systolic blood pressure.
Statistical significance is indicated as follows: " indicates significant difference between post-BFR+BRJ and pre-BFR+BRJ; * indicates

significant difference between post-BFR and post-BFR+BRJ.
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FIG. 2. Pre- and Post-Intervention Comparison of Peak Torque, Time to Peak Torque, Peak Power, and Average Power for Knee
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Note: E60, extensors at 60%s; E180, extensors at 180°s; EMVIC, extensors maximum voluntary isometric contraction; F60, flexors
at 60°s; F180, flexors at 180°s. Values are presented as mean = standard deviation (SD). Statistical analysis was conducted using
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for time (pre vs. post) were statistically significant, while no significant interaction effects (group and group X time) were detected.
Significant differences between groups indicated by * P < 0.05, ** P < 0.01 and *** P < 0.001.
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at 60%s (P < 0.05) and 180%s (P < 0.05) in the BFR+BRJ groups
(Figure 2 E, F). Both groups exhibited a significant increase in aver-
age power of knee extensors and flexors in both the left and right
legs at 60%s (P < 0.05, Figure 2G, H). In addition, the average
power of the knee flexors of both the right and left legs increased
significantly at 180°s in the BFR and BFR+BRJ groups, whereas
only the extensors of the right leg increased significantly at 180°/s
(P < 0.05, Figure 2H). The results suggest that BFR and BFR
combined with BRJ interventions have similar effects on improving
knee flexor and extensor strength.

Lsokinetic test of knee extensor strength at 90°/s over 100 repeti-
tions

Torque values of left and right knee extensors were continuously
recorded during the 100-repetition test (Figure 3A, B). The results
show that knee extensor strength in both the left and right legs in-
creased after the four-week intervention in both the BFR and

Isokinetic Test of Left Knee Extensor Strength
at 90°/s Over 100 Repetitions

Xudong Yang et al.

BFR-+BRJ groups. To assess the effect of the four-week intervention
on knee extensor fatigue resistance, the 100 repetitions were di-
vided into 10 intervals for trend analysis of the average torque and
relative average torque decline (Figure 3C, D). Results indicate that
both BFR and BFR+BRJ interventions significantly increased left
and right knee extensor torque in the 11-100 repetition range
(P < 0.05). Notably, while BFR significantly improved the relative
average torque of the right leg in the range of 0-10 repetitions, the
BFR+BRJ group maintained a greater increase in the relative aver-
age torque of the left and right legs in the range of 51-100 repetitions
compared to the pre-intervention period. Thus, both BFR and BFR
combined with BRJ intervention were able to improve knee extensor
force output during prolonged contractions compared to pre-inter-
vention, with the BFR+BRJ group showing a more significant ad-
vantage in the second half of the contraction. This suggests that BFR
combined with BRJ intervention may better improve the fatigue re-
sistance of the knee extensors during prolonged contractions.

Isokinetic Test of Right Knee Extensor Strength
at 90°/s Over 100 Repetitions
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FIG. 3. Comparison of Pre- and Post-Intervention Effects of BFR and BFR+BRJ on 100-Repetition Isometric Knee Extensor Maximal

Voluntary Contraction Test.

Note: Torque values of knee extensors over 100 repetitions (A, B), and the relative average torque and average torque (C, D) in
different ranges (1-10, 11-20, etc.), pre- and post-intervention in the BFR and BFR + BRJ groups. Values are presented as mean
+ standard deviation (SD). Significant differences between pre- and post-intervention are indicated by # for the BFR group and * for
the BFR + BRJ group (* P < 0.05, ** P < 0.01 and *** P < 0.001).
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post-Intervention).

Note: E60, extensors at 60°s; E180, extensors at 180°%s; EMVIC, extensors maximum voluntary isometric contraction. Significant differences
between NF-pre and NF-post are denoted by *, and between F-pre and F-post by #. Differences between pre-NF and pre-F are represented
by $, while those between post-NF and post-F are represented by &. Statistical analysis was conducted using a three-way repeated-measures
ANOVA (group x fatigue x time) with Bonferroni’s multiple comparisons test for post hoc analysis. Main effects for time (pre vs. post) and
fatigue (NF vs. F) were statistically significant, while no significant interaction effects (group, group x time, group X fatigue, time X fatigue,
or group X fatigue x time) were detected. Statistical significance levels are: * P < 0.05, ** P < 0.01, and *** P < 0.001.

Pre- and Post-intervention comparisons of peak torque, peak
power, and average power between fatigued and non-fatigued
conditions

The performance of the knee extensor muscles under fatigued and
non-fatigued conditions is shown in Figure 4. At pre-intervention, the
left leg showed significantly lower peak torque in the fatigued state
compared to the non-fatigued state at 60°/s (P < 0.05, Figure 4A),
180°s (P < 0.01, Figure 4B), and MVIC (P < 0.05, Figure 4C).
A similar trend was observed in the right leg at 60°/s (P < 0.05,
Figure 4H), 180°s (P < 0.01, Figure 4l), and MVIC (P < 0.05,
Figure 4J). At post-intervention, peak torque in the non-fatigued state
significantly increased in both groups (60°s, 180°%s, and MVIC:
P < 0.05, Figures 4A-C, Figures 4H-J). In the fatigued state, the

BFR+BRJ group showed greater improvements than the BFR group
(60°%s: P < 0.01, Figure 4H; 180°s: P < 0.05, Figure 4B). In the
right leg at 180°s, post-intervention-fatigued peak torque remained
lower than post-intervention-non-fatigued, but showed significant
improvement compared to pre-intervention-fatigued in the BFR+BRJ
group (Figure 41).

For peak power, at pre-intervention-fatigued, the left leg showed
significant reductions at 60°s (P < 0.05, Figure 4D), while the right
leg showed reductions at 60°%s (P < 0.05, Figure 4K) and 180°%s
(P < 0.01, Figure 4L) compared to the non-fatigued state. At post-
intervention, peak power in the non-fatigued state significantly im-
proved in both groups (P < 0.05, Figures 4D, K). The BFR+BRJ
group also showed significant improvement in the right leg at 180°/s
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by # for the BFR group and * for the BFR + BRJ group (* P < 0.05, ** P < 0.01 and *** P < 0.001).

(P < 0.05, Figure 4L). In the fatigued state, peak power increased
in both groups (60%s: P < 0.01, Figures 4D, K; 180°s: P < 0.05,
Figure 4L).

For average power, at pre-intervention-fatigued, the right leg showed
significant reductions at 60°%s (P < 0.05, Figure 4M), while the left
leg showed reductions at 180°%s (P < 0.05, Figure 4G) compared to
the non-fatigued state. At post-intervention, average power in the non-
fatigued state significantly increased in both groups (P < 0.05, Fig-
ures 4F, M). In the fatigued state, the BFR group showed moderate
improvements (P < 0.05, Figures 4M, N), while the BFR+BRJ group
exhibited more pronounced enhancements, particularly in the right
leg at 60°s (P < 0.01, Figure 4M). Both BFR and BFR+BRJ inter-
ventions improved knee extensor performance, especially in the fa-
tigued state. The BFR+BRJ group showed greater improvements,
with significant advantages in peak power and torque.

Changes in the rate of decline in peak torque, peak power, and
average power of fatigued knee extensors pre- and post-interven-
tion

Figure 5 illustrates the pre- and post-intervention changes in the
decline rates of peak knee extensor torque, peak power, and average
power under fatigue. After four weeks of intervention, the BFR group
and the BFR+BRJ group demonstrated significant reductions in the
decline rate of peak knee extensor torque in both legs under 60°s
and MVIC conditions (P < 0.05), with the BFR+BRJ group showing
a more pronounced reduction in the right leg (P < 0.01, Figure 5A).
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At 180°s, although the right leg of the BFR group did not show
a significant reduction, the left leg of the BFR group (P < 0.01) and
both legs of the BFR+BRJ group (P < 0.01) exhibited significant
reductions. Notably, in the BFR+BRJ group, the improvements in
both legs were significantly greater than in the BFR group, with the
right leg showing particularly prominent improvements.

For peak power, both the BFR group and the BFR+BRJ group
demonstrated significant reductions in the decline rates for both legs
at 60°s and 180°%s compared to baseline (P < 0.05, Figure 5B).
Regarding average power, while the right leg of the BFR group at
60°s did not show significant reductions, significant declines were
observed in the BFR group (left leg at 60°s and 180°%s; right leg at
180°%s) and in the BFR+BRJ group (both legs at 60°/s and 180°%s)
(P < 0.05, Figure 5C). Compared to the BFR group, the BFR+BRJ
group showed superior advantages in mitigating the decline in knee
extensor strength under fatigue.

Anaerobic power test between pre- and post-intervention

The average power per unit of time was recorded in full throughout
the test (Figure 6A). Compared to pre-intervention, the BFR interven-
tion resulted in a significant increase in relative average power in the
first 10 seconds (P < 0.05), while the BFR+BRJ intervention ex-
tended this effect to 12 seconds, with significant increases at 20 and
22 seconds (P < 0.05). Figure 6B shows the rate of decrease in
average power per unit time relative to peak power. Total work (Fig-
ure 6C, P < 0.001) and relative peak power (Figure 6D, P < 0.01)
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FIG. 6. Changes in 30-Second Anaerobic Power Test Indicators Pre- and Post-Intervention.
Note: Values are presented as mean = standard deviation (SD). Significant differences between pre- and post-intervention in Figure A
are indicated by # for the BFR group and * for the BFR + BRJ group (* P < 0.05, ** P < 0.01, and ***P < 0.001).

were significantly higher in both the BFR and BFR+BRJ groups
after the intervention compared to the pre-intervention.

DISCU'S'S 1O /N 15
This study verified the effective role of BFR intervention and BFR
combined with BRJ intervention in improving the maximal strength
of the knee flexor and extensor muscles. Specifically, in the 60%/s
test, which is used to assess the maximal strength of the muscle,
both interventions significantly improved the peak torque of the knee
extensors and flexors of both legs, further supporting the effectiveness
of BFR in improving muscle strength [12]. However, in the 180%s
and MVIC tests, which assess power characteristics and isometric

maximal strength, the BFR+BRJ group showed superior effects on
peak torque, peak power, and average power. This may be attributed
to elevated plasma nitrite levels induced by BRJ supplementation,
which enhances NO synthesis. Research involving both humans [36]
and rodents [20] substantiates the notion that increased NO levels,
resulting from dietary nitrate consumption, can improve the contraction
velocity and strength of fast-twitch muscle fibers by influencing exci-
tation-contraction coupling at the Ca®* release level. Nonetheless, BRJ
supplementation does not entirely elucidate this phenomenon, as the
time to peak torque was not significantly diminished across all assess-
ments. Furthermore, NO may slightly inhibit isometric force genera-
tion [37] and the beneficial effect of nitric oxide on neuromuscular
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function in combination with BFR remains to be elucidated. Conse-
quently, the combination of BFR and BRJ may exhibit complimentary
or inhibitory effects that require additional validation.

The BFR intervention exhibited good results in slowing down
the loss in torque during prolonged contractions of the knee exten-
sors, significantly enhancing the torque during the 100 repeat iso-
metric tests. Despite variations in the test protocol, Apiwan et al.
reported analogous results, indicating that five weeks of knee ex-
tensor BFR training significantly enhanced the area under the
30-second force curve (MVIC30) and repetitions at 20% of one-
repetition maximum (1RM) [38], thereby suggesting the beneficial
effects of BFR on knee extensor fatigue resistance. The BFR+BRJ
group had enhanced torque maintenance, showing a more signifi-
cant advantage in the second half of the contraction. The BFR+BRJ
group also showed a greater power output for a longer period in the
30-second anaerobic power test, therefore supporting the effect of
BRJ in extending high-intensity power output during anaerobic ex-
ercise. As previously mentioned, BRJ can increase blood flow by
means of NO, thereby improving the supply of energy and enabling
the lactate clearance. Recent studies suggest that skeletal muscle
may function as a primary site for nitrate storage and metabo-
lism [25]. During physical activity, the higher oxygen demand may
facilitate the fast conversion of nitrate stored in skeletal muscle to
nitrite through the nitrate reductase route, hence increasing NO
synthesis [39]. Nevertheless, the synergistic action of BRJ and BFR
may extend beyond the promotion of blood circulation. NO-induced
vasodilation may amplify metabolic responses by enhancing reper-
fusion after BFR-induced hypoxia. This may improve oxygen use
and energy production rates in muscle cells by regulating mitochon-
drial respiratory chain complexes and mitochondrial biogenesis in
skeletal muscle [19, 36]. Furthermore, hypoxic circumstances have
been demonstrated to promote the conversion of nitrite to NO, which
may enhance nitrate utilization and NO production in skeletal mus-
cle during BFR, hence eliciting a more pronounced metabolic re-
sponse [24, 25]. Our findings substantiate the efficacy of BFR in
conjunction with BRJ in postponing muscle fatigue and sustaining
elevated muscle performance over prolonged durations.

Recovery from fatigue is a crucial indicator for evaluating fatigue
resistance. Our investigation revealed that both BFR intervention alone
and BFR in conjunction with BRJ intervention significantly reduced
the decline in peak torque, average power, and total work during
60°s, 180°s, and MVIC assessments post-fatigued. Although BFR
intervention alone has demonstrated the ability to improve post-ex-
ercise performance recovery [40], it is noteworthy that the BFR com-
bined with BRJ intervention appeared to yield more pronounced im-
provements in the tests. On the one hand, BRJ been demonstrated
to possess significant antioxidant and anti-inflammatory effects, which
appear to effectively clear the substantial ROS produced in skeletal
muscle during intense exercise. This reduces the inflammatory re-
sponse caused by micro-damage to muscle fibers [171, thereby de-
laying exercise-induced fatigue and accelerating post-exercise
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recovery [18]. On the other hand, the local hypoxia induced by BFR
increases the oxygen demand of muscles, stimulating the upregula-
tion of hypoxia-inducible factor-1a (HIF-1a), which in turn enhanc-
es capillary formation and muscle metabolic adaptability [7]. Con-
currently, BRJ facilitates vasodilation by elevating NO levels, thereby
mitigating hypoxic stress, and further advancing microcirculation re-
modeling, which continuously enhances muscle adaptability follow-
ing fatigue [41]. This circulation-boosting effect not only accelerates
the supply of oxygen and nutrients after fatigue, but also enhances
muscle recovery and adaptation to subsequent exercise by boosting
angiogenesis and mitochondrial function.

The results of this study could provide a theoretical basis for the
use of BFR and BRJ to optimize the training methods of athletes and
improving the efficiency of sports recovery. The present study exhib-
ited some limitations: Firstly, the study population was confined to
male students majoring in physical education, hence constraining the
generalizability of the findings; additionally, the sample size should
be augmented in future research to encompass diverse genders and
age groups. Secondly, the long-term effects of BFR+BRJ and the sus-
tainability of short-term interventions were not evaluated, necessitat-
ing additional long-term follow-up research. Ultimately, the lack of
systematic and standardized monitoring of participants’ habitual di-
etary patterns and caloric intake represents a limitation of this study.
It is necessary to consider the potential confounding effects of dietary
changes on the results.

CON CLU SO/ S 0000000
BFR combined with BRJ is an effective training method for improv-
ing muscle strength performance and fatigue resistance. Based on
the findings of this study, the following evidence-based recommenda-
tions are proposed for sports training implementation:

1. Low-load blood flow restriction (BFR) training (30% maximum
force) combined with moderate-dose nitrate supplementation
(8 mmol/day via BRJ) constitutes a synergistic strategy to effec-
tively enhance skeletal muscle force and fatigue resistance.

2. It is recommended that competitive athletes and fitness enthusi-
asts with comparable training backgrounds should integrate this
combined intervention with traditional resistance training regi-
mens. Particularly for sports that require both muscular strength
and endurance (e.g., Soccer, basketball, volleyball, wrestling, row-
ing, middle distance running).

Funding

This work was supported by the Ministry of Education of the Re-
public of Korea and the National Research Foundation of Korea
(NRF) and grant funded by the Korea government (MSIT) (NRF-
2021S1A5A2A01071056, RS-2022-NR070856).

Conflict of interest statement
The authors declared no conflict of interest.




Synergistic Effects of BFR and Nitrate Supplementation

$HaELHe|\esy____________________________________________________________________________________|]

1.

10.

Chen C, Ali Z, Rehman Rashid MA,
Samethanovna MU, Wu G,
Mukhametkali S, et al. Relationship
between isokinetic strength of the knee
joint and countermovement jump
performance in elite boxers. Peerl.
2023; 11:e16521.

@iestad BE, Juhl CB, Culvenor AG,
Berg B, Thorlund JB. Knee extensor
muscle weakness is a risk factor for the
development of knee osteoarthritis: an
updated systematic review and
meta-analysis including 46 819 men
and women. Br J Sports Med. 2022;
56(6):349-55.

Bedo BLS, Catelli DS, Lamontagne M,
Moraes R, Pereira DR, Graca JB, et al.
Fatigue modifies hip and knee kinematics
during single- and double-leg dynamic
tasks: An investigation with female
handball players. J Sports Sci. 2022;
40(17):1964-72.

Kamitani A, Hara K, Fujii Y, Yoshida S.
Landing Posture in Elite Female Athletes
During a Drop Vertical Jump Before and
After a High-Intensity Ergometer Fatigue
Protocol: A Study of 20 Japanese
Women's Soccer League Players.
Orthop J Sports Med. 2023;
11(6):23259671231171859.
Pignanelli C, Christiansen D, Burr JF.
Blood flow restriction training and the
high-performance athlete: science to
application. J Appl Physiol (1985).
2021; 130(4):1163-70.

Nielsen JL, Frandsen U, Prokhorova T,
Bech RD, Nygaard T, Suetta C, et al.
Delayed Effect of Blood Flow-restricted
Resistance Training on Rapid Force
Capacity. Med Sci Sports Exerc. 2017;
49(6):1157-67.

Christiansen D, Eibye K, Hostrup M,
Bangsbo J. Training with blood flow
restriction increases femoral artery
diameter and thigh oxygen delivery
during knee-extensor exercise in
recreationally trained men. J Physiol.
2020; 598(12):2337-53.

Takarada Y, Nakamura Y, Aruga S,
Onda T, Miyazaki S, Ishii N. Rapid
increase in plasma growth hormone
after low-intensity resistance exercise
with vascular occlusion. J Appl Physiol
(1985). 2000; 88(1):61-5.
Groennebaek T, Jespersen NR,
Jakobsgaard JE, Sieljacks P, Wang J,
Rindom E, et al. Skeletal Muscle
Mitochondrial Protein Synthesis

and Respiration Increase With
Low-Load Blood Flow Restricted

as Well as High-Load Resistance
Training. Front Physiol. 2018;
9:1796.

Fry CS, Glynn EL, Drummond MJ,
Timmerman KL, Fujita S, Abe T, et al.
Blood flow restriction exercise stimulates
mTORC1 signaling and muscle protein

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

synthesis in older men. J Appl Physiol
(1985). 2010; 108(5):1199-209.
Nielsen JL, Aagaard P, Bech RD,
Nygaard T, Hvid LG, Wernbom M, et al.
Proliferation of myogenic stem cells in
human skeletal muscle in response to
low-load resistance training with blood
flow restriction. J Physiol. 2012;
590(17):4351-61.

Scott BR, Loenneke JP, Slattery KM,
Dascombe BJ. Blood flow restricted
exercise for athletes: A review of available
evidence. J Sci Med Sport. 2016;
19(5):360-7.

Wang K, Cheng L, Wang B, He B. Effect
of isokinetic muscle strength training on
knee muscle strength, proprioception,
and balance ability in athletes with
anterior cruciate ligament reconstruction:
a randomised control trial. Front Physiol.
2023; 14:1237497.

Oliveira AS, Caputo F, Aagaard P,
Corvino RB, Goncalves M, Denadai BS.
Isokinetic eccentric resistance training
prevents loss in mechanical muscle
function after running. Eur J Appl Physiol.
2013; 113(9):2301-11.

Chhikara N, Kushwaha K, Sharma P,
Gat Y, Panghal A. Bioactive compounds of
beetroot and utilization in food processing
industry: A critical review. Food Chem.
2019; 272:192-200.

Lidder S, Webb AJ. Vascular effects of
dietary nitrate (as found in green leafy
vegetables and beetroot) via the
nitrate-nitrite-nitric oxide pathway. Br

J Clin Pharmacol. 2013; 75(3):677-96.
Nirmal S, Olatunde OO, Medhe S, Vitti S,
Khemtong C, Nirmal NP. Betalains
Alleviate Exercise-Induced Oxidative
Stress, Inflammation, and Fatigue and
Improve Sports Performance: an Update
on Recent Advancement. Curr Nutr Rep.
2023; 12(4):778-87.

Montenegro CF, Kwong DA, Minow ZA,
Davis BA, Lozada CF, Casazza GA.
Betalain-rich concentrate
supplementation improves exercise
performance and recovery in competitive
triathletes. Appl Physiol Nutr Metab.
2017; 42(2):166-72.

Larsen FJ, Schiffer TA, Borniquel S,
Sahlin K, Ekblom B, Lundberg JO, et al.
Dietary inorganic nitrate improves
mitochondrial efficiency in humans. Cell
Metab. 2011; 13(2):149-59.
Hernandez A, Schiffer TA, Ivarsson N,
Cheng AJ, Bruton JD, Lundberg JO, et al.
Dietary nitrate increases tetanic [Ca®*]i
and contractile force in mouse fast-twitch
muscle. J Physiol. 2012;
590(15):3575-83.

Haider G, Folland JP. Nitrate
supplementation enhances the contractile
properties of human skeletal muscle.
Med Sci Sports Exerc. 2014;
46(12):2234-43.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Daab W, Zghal F, Nassis GPF, Rebai H,
Moalla W, Bouzid MA. Chronic beetroot
juice supplementation attenuates
neuromuscular fatigue etiology during
simulated soccer match play. Appl Physiol
Nutr Metab. 2024; 49(1):105-13.
McMahon NF, Leveritt MD, Pavey TG.
The Effect of Dietary Nitrate
Supplementation on Endurance

Exercise Performance in Healthy

Adults: A Systematic Review and
Meta-Analysis. Sports Med. 2017;
47(4):735-56.

Shiva S, Huang Z, Grubina R, Sun J,
Ringwood LA, MacArthur PH, et al.
Deoxymyoglobin is a nitrite reductase
that generates nitric oxide and regulates
mitochondrial respiration. Circ Res.
2007; 100(5):654-61.

Wylie LJ, Park JW, Vanhatalo A,

Kadach S, Black MI, Stoyanov Z,

et al. Human skeletal muscle nitrate
store: influence of dietary nitrate
supplementation and exercise.

J Physiol. 2019; 597(23):5565-76.
Wylie LJ, Kelly J, Bailey SJ, Blackwell JR,
Skiba PF, Winyard PG, et al. Beetroot
juice and exercise: pharmacodynamic
and dose-response relationships.

J Appl Physiol (1985). 2013;
115(3):325-36.

Kapil V, Khambata RS, Robertson A,
Caulfield MJ, Ahluwalia A. Dietary
nitrate provides sustained blood
pressure lowering in hypertensive
patients: a randomized, phase 2,
double-blind, placebo-controlled study.
Hypertension. 2015; 65(2):320-7.
Cuenca E, Jodra P, Pérez-Lépez A,
Gonzalez-Rodriguez LG, Fernandes da
Silva S, Veiga-Herreros P, et al. Effects of
Beetroot Juice Supplementation on
Performance and Fatigue in a 30-s
All-Out Sprint Exercise: A Randomized,
Double-Blind Cross-Over Study.
Nutrients. 2018; 10(9).

Loenneke JP, Allen KM, Mouser JG,
Thiebaud RS, Kim D, Abe T, et al. Blood
flow restriction in the upper and lower
limbs is predicted by limb circumference
and systolic blood pressure. Eur J Appl
Physiol. 2015; 115(2):397-405.
Chulvi-Medrano |, Cortell-Tormo JM,
Hernandez-Sanchez S,

Picon-Martinez M, Rolnick N.

Blood Flow Restriction Training in Clinical
Rehabilitation: Occlusion Pressure
Methods Relative to the Limb Occlusion
Pressure. J Sport Rehabil. 2023;
32(4):361-8.

Hill EC, Housh TJ, Keller JL, Smith CM,
Anders JV, Schmidt RJ, et al. Patterns of
responses and time-course of changes in
muscle size and strength during low-load
blood flow restriction resistance training
in women. Eur J Appl Physiol. 2021;
121(5):1473-85.

a BioLoGy ofF SPoRrT, VoL. 42 No4, 2025 22 1



32.

33.

34.

35.

222 .

Loenneke JP, Wilson JM, Marin PJ,
Zourdos MC, Bemben MG. Low intensity
blood flow restriction training:

a meta-analysis. Eur J Appl Physiol.
2012; 112(5):1849-59.

Lindstrom B, Lexell J, Gerdle B,
Downham D. Skeletal muscle fatigue and
endurance in young and old men and
women. J Gerontol A Biol Sci Med Sci.
1997; 52(1):B59-66.

Ataabadi PA, Abbasi A, Shojaatian M,
Letafatkar A, Svoboda Z, Rossettini G.
The effects of facilitatory and inhibitory
kinesiotaping of Vastus Medialis on the
activation and fatigue of superficial
quadriceps muscles. Sci Rep. 2022;
12(1):13451.

Martinez N, Campbell B, Franek M,
Buchanan L, Colguhoun R. The effect of

36.

37.

38.

acute pre-workout supplementation on
power and strength performance. J Int
Soc Sports Nutr. 2016; 13:29.

Coggan AR, Leibowitz JL,

Kadkhodayan A, Thomas DP,
Ramamurthy S, Spearie CA, et al. Effect
of acute dietary nitrate intake on maximal
knee extensor speed and power in
healthy men and women. Nitric Oxide.
2015; 48:16-21.

Maréchal G, Gailly P. Effects of nitric
oxide on the contraction of skeletal
muscle. Cell Mol Life Sci. 1999;
55(8-9):1088-102.

Manimmanakorn A, Hamlin MJ, Ross JJ,
Taylor R, Manimmanakorn N. Effects of
low-load resistance training combined
with blood flow restriction or hypoxia on
muscle function and performance in

39.

40.

41.

Xudong Yang et al.

netball athletes. J Sci Med Sport. 2013;
16(4):337-42.

Piknova B, Park JW, Kwan Jeff Lam K,
Schechter AN. Nitrate as a source of
nitrite and nitric oxide during exercise
hyperemia in rat skeletal muscle. Nitric
Oxide. 2016; 55-56:54-61.

Corvino RB, Scheffer DDL, Penteado Dos
Santos R, Latini A, Oliveira AS, Caputo F.
Muscle Fatigue Is Attenuated When
Applying Intermittent Compared With
Continuous Blood Flow Restriction During
Endurance Cycling. Int J Sports Physiol
Perform. 2022; 17(7):1126-31.

Dai Z, Wu Z, Yang Y, Wang J,

Satterfield MC, Meininger CJ, et al.

Nitric oxide and energy metabolism

in mammals. Biofactors. 2013;
39(4):383-91.

Articles published in the Biology of Sport are licensed under an open access Creative Commons CC BY 4.0 license.




