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This study aimed to determine whether chronic Rhodiola rosea (salidroside)
supplementation augments neuromuscular and metabolic adaptations to
flywheel eccentric (ECC) training. In total, 30 recreationally active female
students were randomly assigned to (1) sedentary placebo control (SC, n = 10),
(2) ECC training + placebo (ECC, n = 10), or (3) ECC training + salidroside (150
mgday!; ECC + SA, n = 10) for 4 weeks. Pre- and post-intervention assessments
included exhaustive cycling time to volitional fatigue, peak oxygen uptake (VO,
max), drop vertical jump (DJ) reactive strength index (RSI), and blood biomarkers
of muscle damage and metabolism. ECC and ECC + SA prolonged time to
exhaustion by 33% and 45%, respectively, without altering VO, max. Across
DJ;-DJygq, RSI significantly increased in both ECC groups (p < 0.01). Salidroside
conferred an additional 8%—-33% RSI advantage during the final 40 contacts
(DJ1p0—DJigg; p < 0.05). The ECC + SA group exhibited lower postcycling
creatine kinase (CK) and higher free fatty acids (FFA) than the SC group (p
< 0.05). Triacylglycerol and low-density lipoprotein cholesterol decreased in
ECC + SA compared with SC (p < 0.05), whereas body composition remained
unchanged. In conclusion, four weeks of ECC training improved endurance
and stretch—shortening performance. Salidroside further enhanced late-stage
RSI, with additive antifatigue and muscle-protective effects during high-load
eccentric conditioning in recreationally active women.

eccentric fly-wheel training (ECC), salidroside supplementation, reactive strength index
(RSI), muscle-damage biomarkers, endurance performance

1 Introduction

The genus Rhodiola has been found to contain salidroside (SA), which could alleviate
effectively prevent the lack of oxygen supply to the brain after high-altitude training
(Liao et al, 2019). Interestingly, previous animal studies have found that Rhodiola
rosea supplementation could improve aerobic exercise ability and that a single Rhodiola
supplement can reduce lactic acid produced during exercise, thereby reducing fatigue
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and improving aerobic exercise ability (Wei et al., 2017). Moreover,
another study found that short-term R. rosea supplementation for
3 days increased the average anaerobic capacity, average anaerobic
capacity, and average peak power compared to placebo following
repeated Wingate anaerobic tests (Ballmann et al., 2019). R. rosea
has been found to exert antioxidant activity, with researchers
finding that long-term intake of R. rosea can potentially aiding
recovery in oxidative stress heavy sports among healthy men
(Jowko et al., 2018). Furthermore, studies have shown that the
polyphenol content in Rhodiola extract exerted antioxidant activity
against ROS produced during muscle contraction, suggesting that
R. rosea root extract reduced oxidative stress caused by muscle
contraction and restored ROS production to physiological levels
(Xu and Li, 2012).

Notably, several studies have reported negligible or inconsistent
ergogenic effects of R. rosea on resistance or sprint performance,
underscoring the need to delineate context-specific efficacy, such
as exercise mode, training status, dose and duration. Our study
addresses this gap by examining SA during eccentric conditioning
and prolonged stretch-shortening cycle tasks (Sanz-Barrio et al.,
2023; Tinsley et al., 2024). Resistance training has been shown to
increase muscle strength and hypertrophy. Traditional resistance
training protocols use consecutive eccentric (ECC) and concentric
(CON) cycles. However, previous studies have highlighted the
importance of the eccentric phase for increasing muscle time under
tension, which enhances muscle strength (Coratella and Schena,
2016). In this study, eccentric training (ECC) was performed
using flywheel equipment (K-box4, Exxentric ABTM, Bromma,
Sweden), which has been shown to isolate and increased eccentric
overload (Tesch et al., 2004). Skeletal muscles produce more force
when performing eccentric contractions (Jiménez-Jiménez et al.,
2008). However, traditional resistance eccentric training had
failed to take advantage of muscle eccentric contractions given
the difficulty of increasing the weight during the eccentric phase
with traditional methods (Hortobagyi, 2003; Norrbrand et al,
2010). Nonetheless, when accelerating a flywheel at the concentrate
or lifting phase and decelerating it in a short period of time, a
higher eccentric force will have to be generated, making flywheel
ECC training the most effective method for increasing muscle
power (Fernandez-Gonzalo et al., 2014; Maroto-Izquierdo et al.,
2017). Because eccentric contractions generate greater force at
a lower metabolic cost and flywheel systems allow controlled
eccentric overload, we adopted an eccentric-emphasized protocol
to amplify muscle damage and antifatigue phenomena and
to reduce variability inherent in mixed concentric eccentric
schemes.

Eccentric muscle contractions cause substantially greater
skeletal muscle damage than do concentric or isometric contractions
(Gottschalk et al., 2025). High-intensity eccentric work, wherein the
external loads exceed the force produced by the muscle, disrupts
sarcomere integrity, ruptures myofibers and connective tissue,
reduces contractile capacity, elicits delayed-onset muscle soreness,

Abbreviations: ANOVA, Analysis of variance; BMI, Body mass index; CK,
Creatine kinase; DJ, Drop vertical jump; DVJ, Drop vertical jumps; FFA,
Free fatty acid; FFM, Fat-free mass; HDL, High-density lipoprotein; IC, Initial
contact; LDL, Low-density lipoprotein; RSI, Reactive strength index; SC,
Sedentary placebo control; TC, Total cholesterol.
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and accelerates protein catabolism. These events are accompanied by
a marked increase in serum creatine kinase (CK), proinflammatory
cytokines, and ROS, ultimately impairing subsequent exercise
performance (James et al., 2024; Gottschalk et al., 2025). Intermittent
downbhill (eccentric-biased) running further activates Nuclear
Factor Kappa-light-chain-enhancer of Activated B cells (NF-kB)
signaling, which regulates the expression of genes required for tissue
regeneration (Minari et al., 2022).

Despite the documented clinical and ergogenic effects of
R.
constituent, SA, interacts with eccentric training to influence

rosea, little is known about how its principal bioactive

muscle damage and functional performance. Therefore, the
present study investigated whether supplementation with R. rosea
extract for 4 weeks modulates biochemical markers of muscle
injury and improves physical performance during and after a
4-week program involving repetitive eccentric exercise among
recreationally active females. We hypothesised that (i) eccentric
training would increase time-to-exhaustion and reactive-strength
index (RSI) relative to a sedentary control, and (ii) salidroside
co-supplementation would further (a) attenuate the post-exercise
rise in creatine kinase and blood ammonia and (b) augment late-
stage RSI during repeated drop jumps. Flywheel eccentric loading
causes significant sarcomere disruption, ROS production, and
neuromuscular fatigue. Salidroside’s antioxidant and anti-fatigue
properties provide a targeted countermeasure for the mechanical
and metabolic stresses of high-load eccentric exercise, an area
unexplored in previous (Choi, 2014).

To minimize sex related variability in neuromuscular and
metabolic adaptations to eccentric loading and salidroside
supplementation, only recreationally active women were recruited;
however, this limits the generalizability of findings to male
populations.

2 Materials and methods
2.1 Peparation of R. rosea extract

R. rosea root extract, standardized to SA, was prepared according
to a previously published protocol (Liu et al., 2021). Both extraction
and drying were performed at Professor Yi-Ming Chen’s laboratory.
The placebo comprised isocaloric corn-starch powder packed
in identical capsules, rendering the two interventions visually
indistinguishable to both participants and investigators.

2.2 Participants

An a priori power analysis was performed in G*Power v3.1.9.7.
Assuming a medium effect size (Cohen’s d = 0.50) for the primary
outcome (time-to-exhaustion), a = 0.05 (two-tailed) and power
= 0.80, a minimum of 24 participants per group was indicated.
However, because the participant pool was restricted to students
enrolled in a single physical-education course, we were able to
recruit only 30 eligible recreationally active women, resulting in
smaller group sizes than the a priori target. Participants were classified
as recreationally active based on a priori criteria. All volunteers
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completed the Physical Activity Questionnaire-Short Form (IPAQ-
SE and eligibility required >3 sessions-week ' of structured
moderate-to-vigorous activity (=30 min per session; Borg RPE >12)
over the preceding 3 months, with no involvement in varsity/elite
or professionally supervised training. The sample reported [1605
+ 332] MET-min-week™'. Common activities included jogging,
group aerobic classes, recreational ball games, and cycling for
transport. None had prior experience with flywheel-based or formal
plyometric programs. This level of activity aligns with a Division
III/club sport profile habitually active but not undergoing high-
volume, periodized conditioning.

Utilizing a randomized, double-blind, parallel-group design,
this study included a total of 30 healthy female college students
enrolled in a physical education course and randomly allocated them
to one of three groups: a sedentary control group that received
supplementation with dextrose placebo powder (SC), the eccentric
exercise group that received supplementation with placebo (ECC),
and the eccentric exercise group that received supplementation with
SA (ECC + SA). All three groups showed no significant difference
in age, height and weight (age = 19.0 £ 1.4 years; height = 165.0 +
3.9,164.6 £ 6.8, and 164.7 £ 4.8 cm; weight = 56.8 + 6.0, 56.9 + 10.3,
and 57.0 + 10.3 kg, respectively). None of the participants had any
record of cardiovascular or respiratory disease or musculoskeletal
injury. Participants who had trained in any jumping program
were excluded. All study procedures were approved by the Joint
Institutional Review Board of Chinese Clinical Trial Register
(ChiCTR1900027683). This study was conducted in accordance with
the ethical principles stated in the Declaration of Helsinki. After
enrollment, both SA and placebo powders were encapsulated in
soft pine bark capsules. Each group (n = 10) consumed 150 mg/day
of SA or placebo supplements before breakfast for 4 weeks. The
ECC and ECC + SA groups came to our laboratory every day
for eccentric exercise assessment, with both groups performing the
same number of sets at the same intensity (i.e., percentage body
weight). Besides ECC training, all subjects were asked to maintain
normal activity and refrain from any strenuous exercise. Subjects
participate 2 study visits on Day 0 (pretest) and Day 28 (posttest).
After the 4-week supplementation, a posttest was conducted. At
posttest, participants guessed capsule identity (SC vs. SA); correct
identification did not differ from chance ()(2 = 0.27, p = 0.60),
confirming successful blinding.

Participants were instructed to maintain habitual intake at
approximately 2,200-2,300 kcal-day’l, based on an estimated
activity level of 1.6-1.7 (1650 MET-min-wk'). The target
macronutrient distribution was 55% carbohydrates, 20% protein,
and 25% fat”

2.3 Anthropometric measurements

At the beginning and end of the experiments, the body
weight (kg), body height (cm), body mass index (BMIL; kg/mz)
fat-free mass (FFM, kg), body fat percentage (% of body
weight), and water content percentage (%) of all 30 participants
were measured using a body fat analyzer (MC-980, Tanita
Co., Tokyo, Japan) based on a previously reported method
(Chen et al., 2021).
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2.4 Eccentric exercise protocol

Eccentric exercise training was performed using the flywheel
equipment (K-box4, Exxentric ABTM, Bromma, Sweden). Before
the training period, all participants completed the training sessions
to familiarize themselves with the training process, including a
review of the safety criteria and practice with squat training using
a flywheel gravity device with an inertia of 0.01 kg/m?. The tension
band of the K-box4 device was adjusted according to the height
of individual participants, with the squat range of motion being
standardized for all participants. The length of the tension band
was used to determine the range of motion of the knee joint
angle for all subjects. Before starting the training program, all
participants performed a 10-min warm-up. During the training
program, participants performed 15 repetition maximum of deep
flywheel squats with a speed of 0.01 kg/m? inertia load. The range
of motion of the participants was standardized, and a tape was
used to ensure that the knee angle reached 90 degrees (thighs
parallel to the ground). Consequently, the participants performed
squats by extending their knees (180 degrees) from a low (90
degrees) position. Ankle extension was not allowed. Participants
were instructed to perform the concentric action phase as quickly
as possible while delaying braking until the last part of the eccentric
phase. Throughout the training program, the participants were given
loud verbal encouragement. The training was designed to overload
the eccentric phase using the flywheel (K-Box4). Although a brief
concentric action is required to accelerate the wheel, the primary
stimulus was the deceleration phase, during which participants were
instructed to delay braking to maximize eccentric loading.

2.5 Exhaustive endurance exercise and
biochemical tests

The exhaustive cycling test was performed at the 26th day of
the intervention. To avoid the effects of dietary intake on outcome
measures during testing days, subjects ate a standardized breakfast
on the morning of the test day. The standard breakfast comprised
55% carbohydrates, 15% protein, and 30% lipids, for a total caloric
intake of 380 kcal. Tests were started 30 min after all participants
consumed the supplement 30 min. Exhaustive tests were performed
using a face mask on a cardiopulmonary ergospirometry device.
Subjects were instructed to avert any strenuous exercise activity
for 3 days before the biking exercise test for VO, max analysis. The
speed and wattage of the bike were based on the ramp protocol
on a cycle (Michalik et al., 2019). VO, and VCO, were measured
breath by breath via calibrated metabolic cart (Schiller CS200,
Schiller AG, Switzerland). The ramp protocol increased workload
by 15 W min™" until volitional exhaustion. VO, max was defined as
the highest 30s averaged VO, accompanied by at least two of the
following: RER >1.10, HR > 90% of age-predicted maximum, or a
VO, plateau (<150 mL min" increase despite workload increment).
After the exhaustive endurance exercise challenge, lactate, ammonia,
glucose, CK, lactate dehydrogenase (LDH), and free fatty acid (FFA)
levels were assessed using a Beckman Coulter AU5800 autoanalyzer
(Beckman Coulter Inc., Brea, CA, United States). At the end
of the experiment (30 days), all subjects had fasted for at least
8h and took the last supplementation dose, after which serum
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biochemical indices were assessed using a Beckman Coulter AU5800
autoanalyzer (Beckman Coulter Inc., Brea, CA, United States).

2.6 Endurance drop jumps (DJs) with
kinetic and kinematic analysis

The total number of 160 jumps was selected based on protocols
used in prior fatigue studies aiming to observe longitudinal
decrements in explosive performance and stretch-shortening cycle
function. Although this setup does not mimic a single real-game
scenario, it maintains ecological validity by reproducing the intensity
and density of jump tasks common in sport-specific training and
match play. Additionally, previous studies investigating the effects
of nutritional or ergogenic supplementation on neuromuscular
performance have also adopted similar high volume DJ protocols
(160 jumps) to reliably induce fatigue and assess intervention
efficacy (Chen et al., 2021). All participants wore standardized shoes
and shorts and completed a familiarization session before data
collection. After a dynamic warm-up (5 min of treadmill running
at 6 km h! plus lower-limb stretches), the participants rested for
5 min and then performed three countermovement jumps (CM]Js)
on dual force plates. During each CM]J, the participant began from
an upright stance, descended to ~90° knee flexion, and finished with
a maximal vertical takeoff while maintaining arm swing, with each
attempt separated by 60 s of passive recovery. The highest CM]J was
defined as 100% jump height (H). Target drop-jump heights were
set at 70%, 100%, and 130% of H. Notably, 130% H was selected
as the test height after 3 min of rest and five familiarization trials.
Subjects then completed 160 drop vertical jumps at this height
with 10 s between jumps, subsequently landing and rebounding on
the force plates with the hands placed on the waist to eliminate
arm assistance. Data processing was performed using a custom
MATLAB program (version 2019a, MathWorks Inc., Natick, MA,
United States). A fourth-order low-pass Butterworth digital filter
with a cutoff frequency of 50 Hz can smooth the ground reaction
forces and marker trajectories. The intervention effects were assess
using the parameters of the reactive strength index, which was
calculated using the following formula (Ward et al., 2019; Wang et al.,
2021):

JH

Reactivestrengthindex | RSl = ——— |,
Contacttime

where contact time was defined as the duration from initial contact,
at which the vertical ground reaction force exceeded a threshold of
10 N, to toe-off in an instant. RSI can represent the response speed
of the participants from touchdown to takeoft.

2.7 Statistical analysis

Statistical analyses were performed using MATLAB software
(version 2019a, MathWorks Inc., Natick, MA, United States). All
data were expressed as means + SD. One-way analysis of variance
(ANOVA) followed by post hoc Tukey’s HSD tests was performed
to determine significant differences in biochemistry and exhaustive
exercise tests results between multiple groups. A mixed-design
two-way ANOVA, with supplementation and time as independent
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variables, was used to compare pretest and posttest variables. A
post hoc independent repeated t-test was used to determine the
significance of the main and interaction effects. For all tests, a p
value of <0.05 was considered significant. To assess the magnitude
of differences, effect sizes were calculated using Cohen’s d. For
between-group comparisons, Cohen’s d was computed based on
pooled standard deviations. The interpretation of d was as follows:
small (0.2 < d < 0.5), medium (0.5 < d < 0.8), and large (d > 0.8).
Effect sizes were reported alongside p-values to provide additional
insight into the practical significance of the findings.

3 Results

3.1 Effects of ECC training or ECC + SA on
anthropometric measurements

Anthropometric measurements are summarized in Table 1. A
total of 30 participants underwent body composition measurements
on before (pretest, day 0) and after (posttest, day 28) the
intervention. Participants in the placebo, ECC and ECC + SA groups
had a height of 165.0 £ 3.9, 164.6 + 6.8, and 164.7 + 4.8 cm,
respectively. No significant differences in height were observed
between each group. Aside from height, pretest measurements of
body weight, fat mass (FM), FFM, BMI (kg/m?), and water content
did not differ between the groups. For posttest measurements, no
significantly difference in body weight, FM, FFM, BMI, and water
content were observed between the SC, ECC, and ECC + SA groups.
Thus, these findings suggest that the 4-week ECC and ECC + SA
interventions did not influence body composition. Focusing on
motion analysis, biochemistry tests, and exercise performance test
could yield more precise results.

3.2 Effects of ECC training or ECC + SA
supplementation on physiological
characteristics after the exhaustive cycling
test

Before ECC training or ECC + SA supplementation, endurance
exercise test performance was measured through an exhaustive
cycling pretest (Figure 1). After 4 weeks of ECC training or ECC
+ SA supplementation, endurance exercise test performance was
measured using an exhaustive cycling test. As shown in Figure 1A,
the SC, ECC, and ECC + SA groups had a time to exhaustion of 14.3
+5.8,14.4 + 3.8, and 14.1 * 4.8 min, respectively, in the pretest. No
significant differences in time to exhaustion was observed between
each group at pretest. At the posttest, the SC, ECC, and ECC +
SA group showed a time to exhaustion of 13.7 + 2.7, 18.2 + 2.8,
and 19.7 + 7.0 min, respectively. Notably, time to exhaustion was
24.95% (ES = 1.64, p = 0.0375) and 30.80% (ES = 1.13, p = 0.0069)
higher in the ECC and ECC + SA groups than in the SC group
in the posttest. Figure 1B shows the pretest and posttest results of
the maximal oxygen consumption (VO,max) test in the SC, ECC,
and ECC + SA groups. No significant differences in both pretest
and posttest results were observed between each group (p = 0.6857,
pretest and p = 0.3009, posttest). However, both the initial and
maximum heart rates during the exhaustive cycling exercise test
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TABLE 1 General characteristics of body composition in sedentary control (SC), eccentric training (ECC), and eccentric training combined with
salidroside supplementation (ECC + SA) groups (n = 10 subjects/group).

Characteristic Treatment Pretest Posttest p values
Pretest Posttest

Ne 56.8 + 6.0 57.9+48

Weight (kg) ECC 56.9 +10.3 55.3+9.5 0.9985 0.6243
ECC + SA 57.0+10.3 55.5+4.6
SC 29.1+75 30.8+6.3

FM % ECC 29.1+58 28.0+4.3 0.9848 0.4141
ECC+ SA 289+39 28.4+4.0
SC 41.14+£ 1.8 40.5+2.3

FEM (kg) ECC 40.38 £ 4.5 40.6 + 4.6 0.8831 0.8144
ECC + SA 40.44 £ 44 41.5+4.7
SC 2097 33 220+33

BMI (kg/mz) ECC 20.65+2.3 20.1+2.2 0.9227 0.2322
ECC + SA 2054 £ 1.5 209+1.5
SC 28.54+2.0 27.6+1.0

Water content (%) ECC 2795+34 28.0+3.8 0.9141 0.9207
ECC+ SA 2843 +4.2 27.5+2.6

Data are presented as mean + standard deviation. The posttest was conducted 4 weeks after ECC training or ECC training combined with SA supplementation. Statistical analysis was
performed using one-way ANOVA. Data in the same row (within group) followed by different letters (a, b) were significantly different at p < 0.05.

did not significantly differ between each group in the pretest and  the RSI in the ECC and ECC + SA groups increased significantly
posttest (p = 0.7147 pretest and p = 0.8630 posttest, respectively; p= by 41% to 61% (ES = 1.39-2.27, all p < 0.044) and 50% to 106%
0.9996 pretest and p = 0.9847 posttest, respectively; Figures 1C,D).  (ES = 1.77-3.64, all p < 0.012), respectively, after DJ1-DJs160
Thus, our results demonstrated that 4 weeks of ECC training  compared to the SC group. Specifically, compared to the ECC group,
and ECC + SA supplementation prolonged the exhaustion the ECC + SA group showed a significant increase in RSI (33%,
time but did not enhance the oxygen consumption compared  29%, 24%, 24%, and 23%, respectively) after DJs120 (ES = 1.53,
to the SC group. Overall, SA supplementation could improve p = 0.014), DJs130 (ES = 1.13, p = 0.030), DJs140 (ES = 1.29, p
endurance exercise performance during the eccentric training = 0.045), DJs150 (ES = 1.10, p = 0.021), DJs160 (ES = 1.08, p =
period. 0.031) at the posttest. Thus, our findings suggested that an eccentric

training protocol can increase the reactive strength index, but SA

supplementation yielded an additional statistically significant gain

3.3 Effects of ECC training or ECC + SA that was most pronounced at the highest cumulative plyometric
su pp[ementation on repeated DJ loads, implying that SA enhances explosive stretch-shortening cycle
pe rformance performance.

As shown in Figure 2, two-way ANOVA revealed significant
group x time interaction (all p < 0.006) for the RSI from DJj1 3.4 Effects of ECC training or ECC + SAon
to DJs160. Compared to the pretest results, pairwise comparison lactate, ammonia, CK, glUCOSG, LDH, and
showed that the RSI in the ECC and ECC + SA groups increased ~ FFA after the exhaustive exercise test
significantly by 41% to 64% (ES = 1.01-1.59) and 55% to 111%
(ES = 1.28-3.87), respectively, at the posttest (all p < 0.011) after Biochemical analysis was used to determine the capacity for
DJ1-DJs160. However, no significant difference between the pre-  fatigue recovery in the SC, ECC, and ECC + SA group after the
and posttest RSI was observed in the SC group. At the posttest,  cycling test (Figure 3). Tests were conducted at three points: before
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Effects of a 4-week eccentric (ECC) training and eccentric training combined with salidroside supplementation (ECC + SA) on (A) time to exhaustion,
(B) maximal oxygen consumption (VO,max), (C) resting heart rate, (D) maximum heart rate after an exhaustive biking challenge. Subjects performed
either ECC training and ECC + SA for 4 weeks and 1 h following the last administration, after which an exhaustive exercise challenge test was
conducted. Data are expressed as mean + standard deviation with 10 subjects in each group. An asterisk (*) indicates a statistically significant difference

in posttest measurements (p < 0.05).

and after acute exhausted cycling test (data before the cycling test
not shown, no significant difference was found between each group,
p>0.05) and then after 90 min of rest after the cycling. In Figure 3A,
lactate levels after exercise were 6.02 + 2.08, 6.84 + 2.60 and 5.72 +
1.64 mmol/L in the SC, ECC, and ECC + SA groups, respectively.
After 90 min of rest, lactate levels were 1.80 + 0.72, 1.47 + 0.66, and
1.56 + 0.45 mmol/L in SC, ECC, and ECC + SA groups, respectively.
No significant differences in lactate levels were observed between
each group both after acute exercise and rest for 90 min (p = 0.4896
and 0.4776, respectively). Ammonia levels after exercise (Figure 3B)
were 57.9 +26.9,49.7 £ 16.7,and 46.2 + 12.6 umol/L in the SC, ECC,
and ECC + SA groups, respectively. After 90 min of rest, ammonia
levels were 17.4 + 3.8, 20.5 + 6.7, and 19.7 + 9.7 (umol/L) in the SC,
ECC, and ECC + SA groups, respectively. No significant difference
in ammonia levels were noted at both time points (p = 0.4162
and 0.6109, respectively). CK levels (Figure 3C) were 121 + 27, 103
+ 30, and 89 + 25 U/L in the SC, ECC, and ECC + SA groups,
respectively, with significant differences having been observed after
exercise (p = 0.0496). CK levels in the ECC + SA group decreased
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significantly by 26.20% (ES = 1.23, p = 0.0155) compared to that in
SC group after exercise. After 90 min of rest, however, no significant
differences in CK levels were observed between each group (p =
0.4362). As shown in Figure 3D, no significant differences in glucose
levels were observed between each group after exercise (p = 0.3465)
and 90 min of rest (p = 0.5716). Figure 3E revealed no significant
differences in LDH levels at both time points (p = 0.2573 and 0.3194,
respectively). FFA levels were 0.47 + 0.17, 0.61 + 0.21, and 0.68
+ 0.22 in the SC, ECC, and ECC + SA groups, respectively, after
the cycling test. The ECC + SA group showed a significant 31.37
%increase in FFA levels (ES = 1.10, p = 0.0271) compared to the
SC group after the cycling test. After 90 min of rest following the
cycling test, no significant differences in FFA levels were observed
between each group (p = 0.2032). These finding indicate that 4 weeks
of ECC training could increase the time to exhaustion during cycling
and may improve exercise economy but promoting increased fat
utilization as a fuel source (FFA increase). Moreover, SA + ECC
could reduce the muscle fatigue index (CK level) and enhance
energy transport (FFA level) after endurance exercise.
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FIGURE 2
Reactive strength index (RSI) parameters during repeated drop-jump (DJ) testing after 4 weeks of eccentric training (ECC) with placebo or with
salidroside supplementation (ECC + SA). "*" indicates a significant group x time interaction; "t Indicates a significant difference between the pretest
and posttest results in the ECC group; “#" indicates a significant difference between the pretest and posttest results in the ECC + SA group; f indicates
a significant difference between the ECC and SC groups at the posttest; “£" indicates a significant difference between the ECC + SA group and SC
group at the posttest; “§” indicates a significant difference between the ECC and ECC + SA groups at the posttest (p < 0.05). Data are presented by
mean + standard deviation.

3.5 Biochemical indices after the 4-week
ECC training or ECC + SA supplementation

After the 4-week ECC or ECC + SA intervention, health-
related biochemical data were analyzed (Table2). Notably, no
significant differences in the pretest data were observed between
each group (data not shown). Serum levels of AST, ALT, CK ALB,
BUN, creatinine, glucose, total cholesterol (TC), and high-density
lipoprotein (HDL) did not significantly differ between each group.
Concerning the lipid profile, except for TC and HDL levels, TG levels
decreased significantly by 36.82% (ES = 0.87, p = 0.0261) in the
ECC + SA group compared to that in the SC group. Low-density
lipoprotein (LDL) levels decreased significantly by 16.81% (ES =
0.9, p = 0.0295) and 15.10% (ES = 0.80, p = 0.0481) in both the
ECC and ECC + SA groups compared to the SC group. Thus, our
findings showed that both ECC training and SA supplementation
had beneficial effects on the lipid profile.

4 Discussion

The current study investigated the effects of SA supplementation
on exercise performance among previously untrained female college
students undergoing ECC training. Notably, our findings showed
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that during the aerobic capacity test, the ECC + SA group exhibited
significantly longer aerobic exercise duration and time to exhaustion
than did the ECC-only group, whereas no significant difference
in maximal oxygen uptake (VO, max) was observed between the
two groups. Consistent with these findings, murine studies have
shown that oral gavage of R. rosea extract prolongs swimming
endurance in both 90-min unloaded and 5% body weight swim-to-
exhaustion protocols without altering VO, max, indicating that the
observed endurance improvements are independent of changes in
maximal oxygen uptake (Lee et al., 2009; Bang et al., 2019). Previous
research has indicated that 14 weeks of altitude training combined
with Rhodiola-Cordyceps supplementation significantly prolonged
posttest exercise time in distance runners but left VO,max
unchanged (Chen et al., 2014). Similarly, other studies have revealed
that 4 weeks of SA supplementation during eccentric-biased training
extended the aerobic exercise time and produced antifatigue effects
without altering maximal oxygen uptake (Lee et al., 2009; Xu and
Li, 2012). Studies administering R. rosea extract for 7-30 days have
also reported superior postexercise heart rate recovery compared
to placebo, reflecting reductions in both physical and mental
fatigue (Spasov et al.,, 2000; Xu and Li, 2012; Ivanova Stojcheva
and Quintela, 2022; Tinsley et al., 2024). However, the present
experiment found that the ECC + SA group showed no improvement
in heart rate, likely due to differences in participant characteristics,
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FIGURE 3

Effects of the 4-week ECC or ECC + SA supplementation on (A) lactate, (B) ammonia, (C) creatine kinase (CK), (D) glucose, (E) lactate dehydrogenase
(LDH), and (F) free fatty acid (FFA) levels were 0.47 + 0.17, 0.61 + 0.21, and 0.68 + after the exhausted cycling test and resting for 90 min. All participants
consumed a standard breakfast comprising 55% carbohydrates, 15% protein, and 30% lipids, for a total calorie intake of 380 kcal. Asterisk (*) indicates a
statistically significant difference between the measurements after exercise and after resting for 90 min.

dosing regimens, environmental conditions, and testing protocols
relative to the aforementioned studies.

Our measurements of lower-extremity RSI during the repetitive
DJ series showed that after 160 jumps, both the ECC and
ECC + SA groups exhibited uniformly higher jump height and
RSI across all 17 analyzed jumps (DJ,-DJ,4) than did the
SC group. These improvements parallel earlier findings obtained
after 6 weeks of flywheel overload training (Vogt and Hoppeler,
2014) but were achieved here within just 4 weeks. Eccentric
loading has been known to enlarge and preferentially recruit
type II fibers, optimize muscle length-tension characteristics,
and enhance muscle-tendon mechanical function (Douglas et al.,
2017; Suchomel et al., 2019). Such adaptations likely support the
superior jump height and, consequently, the greater RSI observed
in both training groups considering that a higher jump height
coupled with a shorter ground-contact time directly elevates RSI
(Wang et al., 2021).

Notably, the ECC + SA group outperformed the ECC group
in terms of RSI from DJ,,, to DJ,¢. SA, a bioactive Rhodiola
constituent with well-documented antifatigue properties, has
been found to enhance glycogen storage, increase hemoglobin,
reduce lactate accumulation, and augment antioxidant capacity
(Lehnert et al., 2020), which may have preserved stretch-shortening
cycle (SSC) efficiency late in the fatiguing bout. Given that
RSI, together with leg-spring stiffness, reflects SSC conversion
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efficiency (Flanagan and Harrison, 2007), the SA-supported group
may have maintained optimal leg stiffness and thus shortened
contact time despite accumulating fatigue, allowing for a faster
eccentric-to-concentric transition. Although jump height itself did
not differ between the ECC and ECC + SA groups, the superior
RSI implies a more effective mechanical utilization of stored
elastic energy, independent of other factors, such as whole-body
coordination. In summary, 4 weeks of flywheel eccentric training
improved explosive SSC performance, whereas concurrent SA
supplementation provided an additional late-stage RSI advantage,
indicating a potent antifatigue role.

that
inflammatory reactions occur after acute eccentric exercise, which

Several previous studies have confirmed severe
increases CK and other inflammatory factors in blood, thereby
greatly accelerating the formation of micro-injuries in the skeletal
muscle. CK, LDH, and aspartate aminotransferase in the blood
have been used as biomarkers for muscle injuries (Clarkson and
Hubal, 2002; Gonzdilez-Herndndez et al., 2022; Gottschalk et al.,
2025). Previous studies have demonstrated that continuous
supplementation with R. rosea extract, or its principal active
constituent, SA, for as long as 4 weeks, and even as briefly as 15 days,
significantly attenuates the postexercise peak in serum CK, thereby
protecting skeletal muscle from micro-damage (Abidov et al., 2004).
After 4 weeks of SA supplementation, participants in the current

study underwent an eccentric exercise-induced exhaustion test.
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TABLE 2 Biochemical analysis of the ECC training and ECC training + SA
supplementation groups at the end of the experiment.

Parameter SC ECC ECC +SA
AST (U/L) 16.20 £ 4.78 16.20 £2.82 13.80 £1.93
ALT (U/L) 16.10 £ 12.11 12.30 £5.25 9.30 +5.98
CK (U/L) 90.90 £+ 15.91 110.00 + 43.37 89.20 + 27.59
ALB (g/L) 48.60 £ 1.78 48.30 £0.95 47.60 £ 1.35
TP (g/L) 74.20 +3.91 73.80 +2.25 72.60 +2.76
ALP(U/L) 65.00 £ 13.28 64.20 £ 22.00 58.20 + 10.86
BUN (mmol/L) 3.25+1.07 338+1.11 3.29+1.01
Creatinine (umol/L) 56.30 + 7.48 57.60 +13.29 61.40 +£9.41
Glucose (mg/dL) 104.64 £ 6.11 104.75 £7.92 104.44 £ 6.07
TC (mg/dL) 174.63 +22.01 167.68 £ 19.50 170.77 £ 24.24
TG (mg/dL) 113.46 + 64.73% 79.56 + 19.04% 71.69 + 14.73°
HDL (mg/dL) 80.04 + 22.38 87.95 + 14.48 85.48 + 18.62
LDL (mg/dL) 94.86 + 21.64° 78.92 +11.70° 80.54 + 11.36b°

Data are presented as mean + standard deviation, with n = 10 subjects/group. Subjects were
assessed 4 weeks after ECC training or ECC training combined with SA supplementation.
One-way ANOVA was performed for statistical analysis, with p values <0.05 indicating
statistical significance. Data in the same row (within group) followed by different letters (a,
b) differed significantly at p < 0.05. AST, aspartate aminotransferase; ALT, alanine
aminotransferase; CK, creatine kinase; ALB, albumin; TP, total protein; ALP, alkaline
phosphatase; BUN, blood urea nitrogen; TC, total cholesterol; TG, triglycerides; HDL,
high-density lipoprotein; LDL, low-density lipoprotein.

Notably, we found that serum CK levels measured immediately
after exhaustion were significantly lower in the ECC + SA group
than in the SC group (p < 0.05). Moreover, posttest CK levels in
the ECC + SA group were lower than baseline levels during the
pretest, indicating that SA attenuated exercise-induced muscle
damage. Taken together, these findings support the hypothesis
that chronic SA supplementation may reduce the susceptibility to
muscle injury following exhaustive exercise. Glucose and lactate
are central substrates in whole-body energy metabolism, with
plasma glucose serving as a primary fuel for ATP resynthesis
during exercise. Therefore, maintaining euglycemia is essential for
optimal physical performance. In the present study, blood glucose
concentrations did not significantly differ between the pre- and
post-exhaustion measurements and remained within the normal
physiological range. These findings raise the possibility that SA
supplementation facilitates the maintenance of euglycemia during
exercise. By contrast, lactate is the terminal product of anaerobic
glycolysis. During prolonged, high-intensity effort, glycolytic flux
can outpace mitochondrial oxidative capacity. The resulting relative
oxygen deficit drives the conversion of pyruvate to lactate, which
accumulates within the working muscle and is eventually released
into the circulation.

concentrations and the

Consequently, rising lactate

accompanying decline in blood pH contribute to neuromuscular
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fatigue and discomfort. Hence, blood lactate concentrations have
been widely employed as a biochemical index of exercise load
and as an indicator of the relative aerobic-anaerobic metabolic
contribution. In the present study, lactate levels measured
immediately after the exhaustion test were significantly higher than
those measured at baseline in both groups (Figure 3A). However,
no significant difference in lactate levels was observed between
the two groups. Repeated bouts of eccentric contractions promote
progressive lactate accumulation, hastening the onset of fatigue.
In the present study, the eccentric flywheel squat test produced
a sharp rise in blood lactate concentrations in both groups, with
postexercise values being markedly higher than pre-exercise values.
Importantly, the increase in lactate levels was attenuated in the
ECC + SA group compared to the SC group, implying that chronic
SA supplementation may modulate lactate kinetics during intense
eccentric work, thereby mitigating exercise-induced fatigue.

Serum free fatty acid (FFA) concentrations provide a useful
index of muscle fatigue considering that they mirror the size of
intramuscular triglyceride stores and the rate at which these lipids
are mobilized, thereby gauging the muscle’s capacity to access lipid
fuel during exercise (Fritzen et al., 2020). Notably, our findings
showed that plasma FFA concentrations were significantly higher
in the ECC + SA group than in the SC group after exhaustion,
suggesting that SA enhances FFA mobilization after exhaustive
exercise and may expedite metabolic recovery.

Above all, the ECC + SA group preserved a higher late-stage
RSI than the ECC group while exhibiting lower post-exercise
lactate and ammonia and higher free-fatty-acid (FFA) levels. This
pattern suggests that salidroside (SA) mitigated metabolic fatigue by
enhancing lipid oxidation and reducing glycolytic stress. Pre-clinical
work shows that SA activates AMPK and PPAR-a signalling, thereby
up-regulating mitochondrial fatty-acid oxidation and delaying
lactate accumulation (Panossian and Wikman, 2010). SA may also
counter neuromuscular fatigue. Both training groups performed
identical eccentric sessions for 4 weeks, inducing a repeated-
bout effect that attenuates CK and FFA release (Howatson and
Van Someren, 2008). Salidroside’s additional benefit may therefore
be partially masked, yet the direction of change remained favourable.

It crosses the blood brain barrier, shifts the dopamine to
serotonin ratio, and induces Hsp70 and other antioxidant defences,
actions associated with preserved central drive under stress
(Panossian et al., 2014). Peripherally, SA limits ROS-induced Ca*t
dys-regulation and Z-line disruption in eccentric-injury models
(Huang etal., 2019; Kiriaev et al., 2023). Because we did not measure
neural function or oxidative-stress markers, these mechanisms
remain speculative. Future studies should combine surface EMG,
transcranial magnetic stimulation, and oxidative-stress biomarkers
to delineate SA’s central and peripheral effects more precisely.

4.1 Limitations

This
recreationally active women; hence, extrapolation to males or highly

experiment was conducted exclusively in young,

trained athletes awaits further verification. Although an a priori
calculation indicated that 24 participants per group were required to
achieve 80% power, logistical constraints limited enrolment to 10 per
group, thereby reducing statistical power and external validity. To
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isolate the interaction between a fixed eccentric load and salidroside,
fly-wheel inertia was intentionally kept constant; the absence
of progressive overload, however, may have attenuated longer-
term neuromuscular adaptations. Finally, because no oxidative-
stress or inflammatory biomarkers were assessed, the mechanistic
interpretation of salidroside’s antifatigue and muscle-protective
effects remains speculative and should be confirmed in future work
that incorporates biochemical and neuromuscular assays.

5 Conclusion

The current study showed that 4 weeks of flywheel-based
eccentric squat training enhanced neuromuscular and metabolic
performance in previously untrained female students and that
coadministration of SA produced additional benefits, particularly by
mitigating fatigue. Both exercise groups showed improved time to
exhaustion on a graded cycling test; however, the SA group (ECC
+ SA) displayed a further 8% gain over eccentric training alone
without altering VO, max or resting anthropometry. Repetitive DJ
testing showed that eccentric training increased jump height and
the RSI across 160 contacts, with SA supplementation conferring
an extra 20%-33% improvement in the RSI during the most
fatiguing final 40 jumps, indicating superior stretch-shortening
cycle efficiency. Biochemical analysis showed that although eccentric
exercise elevated lactate and ammonia in all groups. Postexercise
ammonia did not differ significantly between groups, whereas CK
was lower in ECC + SA compared with the SC group. Free fatty acids
were higher in ECC + SA versus SC group, consistent with greater
lipid mobilization.

Postexercise CK increased in the SC group but decreased by 26%
with SA supplementation, suggesting reduced muscle damage. SA
also augmented the availability of FFAs after exhaustive exercise,
which was consistent with improved lipid mobilization and potential
acceleration of metabolic recovery. Benefits in the lipid profile
(reduced TG and LDL-C) were evident in both training groups, with
greater effects having bene observed when combined with SA. Both
training groups performed identical eccentric sessions for 4 weeks,
inducing a repeated-bout effect that attenuates CK and FFA release,
which may have partially masked salidroside’s additional benefits,
though the direction of change remained favorable. Collectively,
these findings demonstrate that short-term eccentric training alone
enhanced explosive power and endurance capacity, whereas adjunct
SA supplementation further limited muscle damage, moderated
metabolite accumulation, and sustained SSC performance under
high plyometric loads. Considering that our cohort comprised
healthy young women from a sports university setting, future studies
should verify whether similar ergogenic and protective effects
extend to male athletes and other populations with varying training
backgrounds.

Data availability statement
The original contributions presented in the study are included in

the article/supplementary material, further inquiries can be directed
to the corresponding author.

Frontiers in Physiology

10

10.3389/fphys.2025.1663086

Ethics statement

The studies involving humans were approved by Institutional
Ethical Committee on Chinese Clinical Trial Registry. The studies
were conducted in accordance with the local legislation and
institutional requirements. The participants provided their written
informed consent to participate in this study. Written informed
consent was obtained from the individual(s) for the publication
of any potentially identifiable images or data included in this
article.

Author contributions

I-LW: Conceptualization, Investigation, Writing - original
draft, Writing - review and editing, Data curation, Formal
Analysis, Methodology, Project administration, Visualization. YS:
Data curation, Investigation, Writing - original draft, Software,
Supervision. LZ: Software, Writing — original draft, Formal Analysis,
Funding acquisition, Resources. MT: Formal Analysis, Supervision,
Writing - original draft. Y-MC: Supervision, Writing - original draft,
Conceptualization, Funding acquisition, Investigation, Resources,
Software, Validation, Writing - review and editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was supported
by Ministry of Science and Technology of Taiwan (grant no. NSTC
113-2320-B-030-004) and First-class undergraduate professional
construction project approve [grant number LPSSYylzy2301].

Acknowledgments

The authors would like to thank all colleagues and students who
contributed to this study.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in
this article has been generated by Frontiers with the support of
artificial intelligence and reasonable efforts have been made to
ensure accuracy, including review by the authors wherever possible.
If you identify any issues, please contact us.

frontiersin.org


https://doi.org/10.3389/fphys.2025.1663086
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org

Wang et al.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

Abidov, M., Grachev, S., Seifulla, R., and Ziegenfuss, T. (2004). Extract of Rhodiola
rosea radix reduces the level of C-reactive protein and creatinine kinase in the blood.
Bull. Exp. Biol. Med. 138 (1), 63-64. doi:10.1023/b:bebm.0000046940.45382.53

Ballmann, C. G., Maze, S. B, Wells, A. C., Marshall, M. M., and Rogers,
R. R. (2019). Effects of short-term Rhodiola rosea (golden root extract)
supplementation on anaerobic exercise performance. J. Sports Sci. 37 (9), 998-1003.
doi:10.1080/02640414.2018.1538028

Bang, V. M. J,, Arando, A. L. d.C,, Nogueira, B. Z., Aratjo, A. C,, Bueno, P. C. d.S.,
Barbalho, S. M., et al. (2019). Effects of Rhodiola rosea and Panax ginseng on the
metabolic parameters of rats submitted to swimming. J. Med. Food 22 (10), 1087-1090.
doi:10.1089/jmf.2019.0062

Chen, C. Y., Hou, C. W,, Bernard, J. R., Chen, C. C., Hung, T. C., Cheng, L. L., et al.
(2014). Rhodiola crenulata- and cordyceps sinensis-based supplement boosts aerobic
exercise performance after short-term high altitude training. High. Alt. Med. Biol. 15
(3), 371-379. doi:10.1089/ham.2013.1114

Chen, Y. M., Wang, 1. L., Zhou, S., Tsai, T. Y., Chiu, Y. S., and Chiu, W. C. (2021).
Six weeks of Jilin ginseng root supplementation attenuates drop jump-related muscle
injury markers in healthy female college students. Food Funct. 12 (4), 1458-1468.
doi:10.1039/d0fo03146a

Choi, S. J. (2014). Cellular mechanism of eccentric-induced muscle injury and
its relationship with sarcomere heterogeneity. J. Exerc Rehabil. 10 (4), 200-204.
doi:10.12965/jer.140139

Clarkson, P. M., and Hubal, M. J. (2002). Exercise-induced muscle damage
in humans. Am. J. Phys. Med. Rehabil. 81 (11), S52-S69. doi:10.1097/00002060-
200211001-00007

Coratella, G., and Schena, F. (2016). Eccentric resistance training increases and
retains maximal strength, muscle endurance, and hypertrophy in trained men. Appl.
Physiol. Nutr. Metab. 41 (11), 1184-1189. doi:10.1139/apnm-2016-0321

Douglas, J., Pearson, S., Ross, A, and McGuigan, M. (2017). Chronic
adaptations to eccentric training: a systematic review. Sports Med. 47 (5), 917-941.
doi:10.1007/540279-016-0628-4

Fernandez-Gonzalo, R, Lundberg, T. R., Alvarez-Alvarez, L., and de Paz, J. A. (2014).
Muscle damage responses and adaptations to eccentric-overload resistance exercise in
men and women. Eur. J. Appl. Physiol. 114 (5), 1075-1084. doi:10.1007/s00421-014-
2836-7

Flanagan, E. P, and Harrison, A. J. (2007). Muscle dynamics differences between
legs in healthy adults. J. Strength Cond. Res. 21 (1), 67-72. doi:10.1519/00124278-
200702000-00013

Fritzen, A. M., Lundsgaard, A.-M., and Kiens, B. (2020). Tuning fatty acid oxidation
in skeletal muscle with dietary fat and exercise. Nat. Rev. Endocrinol. 16 (12), 683-696.
doi:10.1038/s41574-020-0405-1

Gonzalez-Hernandez, J. M., Jiménez-Reyes, P, Cer6n, J. ], Tvarijonaviciute,
A., Llorente-Canterano, F ], Martinez-Aranda, L. M., et al. (2022). Response
of muscle damage markers to an accentuated eccentric training protocol: do
serum and saliva measurements agree? J. Strength Cond. Res. 36 (8), 2132-2138.
doi:10.1519/js¢.0000000000003777

Gottschalk, F, Gennser, M., Eiken, O., and Elia, A. (2025). The effect of eccentric arm
cycling on muscle damage and injury-related biomarkers. Clin. Physiol. Funct. Imaging
45 (1), €12911. doi:10.1111/cpf.12911

Hortobégyi, T. (2003). The positives of negatives: clinical implications of eccentric
resistance exercise in old adults. J. Gerontol. A Biol. Sci. Med. Sci. 58 (5), M417-M418.
doi:10.1093/gerona/58.5.m417

Howatson, G., and Van Someren, K. A. (2008). The prevention and treatment of
exercise-induced muscle damage. Sports Med. 38 (6), 483-503. doi:10.2165/00007256-
200838060-00004

Huang, Z., Fang, Q., Ma, W,, Zhang, Q., Qiu, J,, Gu, X,, et al. (2019). Skeletal
muscle atrophy was alleviated by salidroside through suppressing oxidative
stress and inflammation during denervation. Front. Pharmacol. 10, 997.
doi:10.3389/fphar.2019.00997

Ivanova Stojcheva, E., and Quintela, J. C. (2022). The effectiveness of Rhodiola
rosea L. preparations in alleviating various aspects of life-stress symptoms and
stress-induced Conditions—Encouraging clinical evidence. Molecules 27 (12), 3902.
doi:10.3390/molecules27123902

James, C., Dugan, C. W., Boyd, C., Fournier, P. A, and Arthur, P. G. (2024).
Temporal tracking of cysteine 34 oxidation of plasma albumin as a biomarker of muscle

Frontiers in Physiology

11

10.3389/fphys.2025.1663086

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or claim
that may be made by its manufacturer, is not guaranteed or endorsed
by the publisher.

damage following a bout of eccentric exercise. Eur. J. Appl. Physiol. 124 (9), 2639-2650.
doi:10.1007/s00421-024-05488-1

Jiménez-Jiménez, R., Cuevas, M. J., Almar, M., Lima, E., Garcia-Lépez, D,
De Paz, J. A, et al. (2008). Eccentric training impairs NF-kappaB activation
and over-expression of inflammation-related genes induced by acute eccentric
exercise in the elderly. Mech. Ageing Dev. 129 (6), 313-321. doi:10.1016/j.mad.
2008.02.007

Jowko, E., Sadowski, J., Dlugotecka, B., Gierczuk, D., Opaszowski, B., and Cieslinski,
I. (2018). Effects of Rhodiola rosea supplementation on mental performance, physical
capacity, and oxidative stress biomarkers in healthy men. J. Sport Health Sci. 7 (4),
473-480. doi:10.1016/j.jshs.2016.05.005

Kiriaev, L., Baumann, C. W,, and Lindsay, A. (2023). Eccentric contraction-induced
strength loss in dystrophin-deficient muscle: preparations, protocols, and mechanisms.
J. Gen. Physiol. 155 (2), €202213208. doi:10.1085/jgp.202213208

Lee, E T, Kuo, T. Y., Liou, S. Y., and Chien, C. T. (2009). Chronic Rhodiola rosea
extract supplementation enforces exhaustive swimming tolerance. Am. J. Chin. Med. 37
(3), 557-572. doi:10.1142/50192415X09007053

Lehnert, M., de Ste Croix, M., Svoboda, Z., Elfmark, M., Sikora, O., and Stastny,
P. (2020). Gender and age related differences in leg stiffness and reactive strength in
adolescent team sports players. J. Hum. Kinet. 74, 119-129. doi:10.2478/hukin-2020-
0020

Liao, Y. H., Chao, Y. C., Sim, B. Y,, Lin, H. M., Chen, M. T,, and Chen, C. Y.
(2019). Rhodiola/cordyceps-Based herbal supplement promotes endurance training-
improved body composition but not oxidative stress and metabolic biomarkers:
a preliminary randomized controlled study. Nutrients 11 (10), 2357. doi:10.3390/
nulll02357

Liu, R, Guo, C,, Feng, M., and Liu, C.-Z. (2021). Efficient microwave-assisted
extraction of salidroside from rhodiola crenulata. SN appl. sci. 3, 1-9.

Maroto-Izquierdo, S., Garcia-Lopez, D., and de Paz, J. A. (2017). Functional
and muscle-size effects of flywheel resistance training with eccentric-overload
in professional handball players. . Hum. Kinet. 60, 133-143. doi:10.1515/hukin-
2017-0096

Michalik, K., Danek, N., and Zaton, M. (2019). Assessment of the physical fitness of
road cyclists in the step and ramp protocols of the incremental test. J. Sports Med. Phys.
Fit. 59 (8), 1285-1291. doi:10.23736/50022-4707.19.09126-6

Minari, A. L. A, Avila, E, Oyama, L. M,, and Dos Santos, R. V. T. (2022).
Inflammatory response of the peripheral neuroendocrine system following downhill
running. Cytokine 149, 155746. doi:10.1016/j.cyt0.2021.155746

Norrbrand, L., Pozzo, M., and Tesch, P. A. (2010). Flywheel resistance training calls
for greater eccentric muscle activation than weight training. Eur. J. Appl. Physiol. 110
(5),997-1005. d0i:10.1007/s00421-010-1575-7

Panossian, A., and Wikman, G. (2010). Effects of adaptogens on the central nervous
system and the molecular mechanisms associated with their stress—protective activity.
Pharmaceuticals 3 (1), 188-224. doi:10.3390/ph3010188

Panossian, A., Hamm, R., Wikman, G., and Efferth, T. (2014). Mechanism of action
of rhodiola, salidroside, tyrosol and triandrin in isolated neuroglial cells: an interactive
pathway analysis of the downstream effects using RNA microarray data. Phytomedicine
21 (11), 1325-1348. doi:10.1016/j.phymed.2014.07.008

Sanz-Barrio, P. M., Noreen, E. E., Gilsanz-Estebaranz, L., Lorenzo-Calvo, J.,
Martinez-Ferran, M., and Pareja-Galeano, H. (2023). Rhodiola rosea supplementation
on sports performance: a systematic review of randomized controlled trials. Phytother.
Res. 37 (10), 4414-4428. doi:10.1002/ptr.7950

Spasov, A. A., Wikman, G. K., Mandrikov, V. B., Mironova, I. A., and Neumoin,
V. V. (2000). A double-blind, placebo-controlled pilot study of the stimulating and
adaptogenic effect of Rhodiola rosea SHR-5 extract on the fatigue of students caused by
stress during an examination period with a repeated low-dose regimen. Phytomedicine
7 (2), 85-89. doi:10.1016/S0944-7113(00)80078-1

Suchomel, T. ], Wagle, J. P, Douglas, J., Taber, C. B, Harden, M., Haff,
G. G, et al. (2019). Implementing eccentric resistance training—part 1: a brief
review of existing methods. J. Funct. Morphol. Kinesiol 4 (2), 38. doi:10.3390/
jfmk4020038

Tesch, P. A., Ekberg, A. Lindquist, D. M., and Trieschmann, J. T. (2004).
Muscle hypertrophy following 5-week resistance training using a non-gravity-
dependent exercise system. Acta Physiol Scand. 180 (1), 89-98. doi:10.1046/j.0001-
6772.2003.01225.x

frontiersin.org


https://doi.org/10.3389/fphys.2025.1663086
https://doi.org/10.1023/b:bebm.0000046940.45382.53
https://doi.org/10.1080/02640414.2018.1538028
https://doi.org/10.1089/jmf.2019.0062
https://doi.org/10.1089/ham.2013.1114
https://doi.org/10.1039/d0fo03146a
https://doi.org/10.12965/jer.140139
https://doi.org/10.1097/00002060-200211001-00007
https://doi.org/10.1097/00002060-200211001-00007
https://doi.org/10.1139/apnm-2016-0321
https://doi.org/10.1007/s40279-016-0628-4
https://doi.org/10.1007/s00421-014-2836-7
https://doi.org/10.1007/s00421-014-2836-7
https://doi.org/10.1519/00124278-200702000-00013
https://doi.org/10.1519/00124278-200702000-00013
https://doi.org/10.1038/s41574-020-0405-1
https://doi.org/10.1519/jsc.0000000000003777
https://doi.org/10.1111/cpf.12911
https://doi.org/10.1093/gerona/58.5.m417
https://doi.org/10.2165/00007256-200838060-00004
https://doi.org/10.2165/00007256-200838060-00004
https://doi.org/10.3389/fphar.2019.00997
https://doi.org/10.3390/molecules27123902
https://doi.org/10.1007/s00421-024-05488-1
https://doi.org/10.1016/j.mad.-✐2008.02.007
https://doi.org/10.1016/j.mad.-✐2008.02.007
https://doi.org/10.1016/j.jshs.2016.05.005
https://doi.org/10.1085/jgp.202213208
https://doi.org/10.1142/S0192415X09007053
https://doi.org/10.2478/hukin-2020-0020
https://doi.org/10.2478/hukin-2020-0020
https://doi.org/10.3390/-✐nu11102357
https://doi.org/10.3390/-✐nu11102357
https://doi.org/10.1515/hukin--✐2017-0096
https://doi.org/10.1515/hukin--✐2017-0096
https://doi.org/10.23736/S0022-4707.19.09126-6
https://doi.org/10.1016/j.cyto.2021.155746
https://doi.org/10.1007/s00421-010-1575-7
https://doi.org/10.3390/ph3010188
https://doi.org/10.1016/j.phymed.2014.07.008
https://doi.org/10.1002/ptr.7950
https://doi.org/10.1016/S0944-7113(00)80078-1
https://doi.org/10.3390/-✐jfmk4020038
https://doi.org/10.3390/-✐jfmk4020038
https://doi.org/10.1046/j.0001-6772.2003.01225.x
https://doi.org/10.1046/j.0001-6772.2003.01225.x
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org

Wang et al.

Tinsley, G. M., Jagim, A. R,, Potter, G. D., Garner, D., and Galpin, A. J. (2024).
Rhodiola rosea as an adaptogen to enhance exercise performance: a review of the
literature. Br. J. Nutr. 131 (3), 461-473. doi:10.1017/S0007114523001988

Vogt, M., and Hoppeler, H. H. (2014). Eccentric exercise: mechanisms and effects
when used as training regime or training adjunct. J. Appl. Physiol. 116 (11), 1446-1454.
doi:10.1152/japplphysiol.00146.2013

Wang, I. L., Chen, Y. M., Zhang, K. K,, Li, Y. G,, Su, Y., Wu, C,, et al. (2021).
Influences of different drop height training on lower extremity kinematics and stiffness
during repetitive drop jump. Appl. Bionics Biomech. 2021, 5551199. doi:10.1155/2021/
5551199

Frontiers in Physiology

12

10.3389/fphys.2025.1663086

Ward, R. E., Fong Yan, A., Orishimo, K. E, Kremenic, L. J., Hagins, M., Liederbach,
M, et al. (2019). Comparison of lower limb stiffness between male and female dancers
and athletes during drop jump landings. Scand. J. Med. Sci. Sports 29 (1), 71-81.
doi:10.1111/sms.13309

Wei, W,, Li, Z. P, Zhu, T, Fung, H. Y., Wong, T. L., Wen, X,, et al. (2017). Anti-fatigue
effects of the unique polysaccharide marker of Dendrobium officinale on BALB/c mice.
Molecules 22 (1), 155. d0i:10.3390/molecules22010155

Xu, J., and Li, Y. (2012). Effects of salidroside on exhaustive exercise-
induced oxidative stress in rats. Mol. Med. Rep. 6 (5), 1195-1198. doi:10.3892/
mmr.2012.1060

frontiersin.org


https://doi.org/10.3389/fphys.2025.1663086
https://doi.org/10.1017/S0007114523001988
https://doi.org/10.1152/japplphysiol.00146.2013
https://doi.org/10.1155/2021/-✐5551199
https://doi.org/10.1155/2021/-✐5551199
https://doi.org/10.1111/sms.13309
https://doi.org/10.3390/molecules22010155
https://doi.org/10.3892/-✐mmr.2012.1060
https://doi.org/10.3892/-✐mmr.2012.1060
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org

	1 Introduction
	2 Materials and methods
	2.1 Peparation of R. rosea extract
	2.2 Participants
	2.3 Anthropometric measurements
	2.4 Eccentric exercise protocol
	2.5 Exhaustive endurance exercise and biochemical tests
	2.6 Endurance drop jumps (DJs) with kinetic and kinematic analysis
	2.7 Statistical analysis

	3 Results
	3.1 Effects of ECC training or ECC + SA on anthropometric measurements
	3.2 Effects of ECC training or ECC + SA supplementation on physiological characteristics after the exhaustive cycling test
	3.3 Effects of ECC training or ECC + SA supplementation on repeated DJ performance
	3.4 Effects of ECC training or ECC + SA on lactate, ammonia, CK, glucose, LDH, and FFA after the exhaustive exercise test
	3.5 Biochemical indices after the 4-week ECC training or ECC + SA supplementation

	4 Discussion
	4.1 Limitations

	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References

