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Abstract

Background/Objectives: This study assessed the individual and combined effects of green
tea extract and ginger supplementation on endurance performance, metabolic responses,
perceived exertion, thermal sensation, and muscle soreness in normothermic and cold
environmental conditions. Methods: In a randomized, double-blind crossover trial, sixteen
recreationally active males (age: 23.4 ± 0.4 years; VO2 max: 46.8 ± 2.8 mL/kg/min) were
tested in eight conditions (placebo [maltodextrin], green tea [500 mg], ginger [1000 mg],
combined), all in normothermic (21–24 ◦C) and cold (5–7 ◦C) environments. All sup-
plements and the placebo were encapsulated in identical capsules to ensure blinding.
Participants completed a submaximal time-to-exhaustion (TTE) test at 70% VO2 max on
a cycle ergometer. TTE, respiratory exchange ratio (RER), perceived exertion (RPE), thermal
sensation (TSS), and muscle soreness via a visual analog scale (VAS), assessed 24 h post-
exercise, were measured. Results: In normothermic condition, green tea and combined
supplementation significantly increased TTE and reduced RER compared to the placebo
(p < 0.05), and that combined supplementation lowered RPE relative to the placebo and
ginger (all p < 0.05). In cold conditions, combined supplementation significantly enhanced
TTE, reduced RER, and improved TSS compared to the placebo and ginger (p < 0.05), while
all supplements decreased VAS relative to the placebo (p < 0.05). Ginger alone showed
no significant effect on TTE or RER but improved TSS and VAS in cold compared to the
placebo (p < 0.05). Cold placebo conditions exhibited significantly higher RPE and VAS than
all normothermic conditions (p < 0.05). Conclusions: Green tea enhances endurance and
fat oxidation in normothermic conditions, while its combination with ginger can optimize
performance, thermal comfort, and recovery in cold environments. These findings suggest
a practical nutritional strategy for mitigating environmental stress during exercise, specific
to the acute supplementation in males. Trial Registration: This trial was registered at
ClinicalTrials.gov (Identifier: NCT07150533).
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1. Introduction
It is well known that endurance performance represents a cornerstone of exercise phys-

iology, deeply influenced by environmental conditions and nutritional interventions [1,2].
Cold environments naturally impose significant physiological stress by increasing metabolic
demands through thermogenesis and altering substrate utilization, often favoring carbohy-
drate over fat metabolism [3,4]. Such conditions can alter exercise capacity by increasing
perceived exertion and diminishing thermal comfort, thereby accelerating the onset of fatigue
during prolonged physical activity [5,6]. As athletes and recreational exercisers increasingly
train and compete under diverse environmental stressors, the use of ergogenic aids in opti-
mizing performance and mitigating environmental impacts has become of growing scientific
interest worldwide [7,8].

Cold environments elicit distinct physiological responses that alter endurance per-
formance and thermal homeostasis, particularly at temperatures of <10 ◦C [4,9]. Such
conditions trigger non-shivering thermogenesis, elevating oxygen consumption (VO2) and
shifting substrate metabolism toward increased fat oxidation, as indicated by a reduced res-
piratory exchange ratio (RER) [10,11]. While this metabolic adaptation may enhance energy
efficiency, it is often accompanied by an increase in both thermal discomfort and perceived
exertion, which can result in early fatigue and impaired exercise performance [6,12].

In this consideration, green tea extract and ginger have emerged as a promising
ergogenic aid in the sports nutrition field, thanks to their bioactive constituents with
well-documented physiological effects [13–15]. Green tea, enriched with catechins such
as epigallocatechin gallate and caffeine, enhances fat oxidation and increases energy ex-
penditure, which may contribute to modest improvements in endurance performance
during submaximal exercise [16,17]. This is not surprising since caffeine is known for its
central nervous system stimulant effect, potentially reducing perceived exertion, while
catechins facilitate lipolysis, thereby conserving glycogen reserves that are indispensable
for exercising during prolonged activity [18,19].

Likewise, ginger exhibits anti-inflammatory properties and mild thermogenic activity,
due to its gingerols’ content, reducing muscle soreness, and enhances thermal comfort
through improved peripheral circulation [8,15,20]. These individual mechanisms suggest
that green tea and ginger may independently support endurance and thermoregulatory
responses, particularly under cold stress, where enhanced thermogenesis and improved
circulation may help counteract discomfort and fatigue, providing a scientific framework
to raise the question of how they might interact synergistically.

Given the thermogenic properties of green tea and ginger that were previously under-
lined, these supplements may counteract the adverse effects of cold exposure by enhancing
heat production and improving thermal perception, while their ergogenic effects could
delay the onset of fatigue [8,9,16]. However, the potential for a synergistic interaction
between green tea and ginger in cold environments remains largely unexplored, despite
their complementary mechanisms, highlighting a critical gap in understanding how these
supplements can optimize performance under such conditions. To our knowledge, no
previous study has systematically examined the combined effects of green tea and gin-
ger supplementation under both normothermic and cold environments within the same
randomized, double-blind, crossover design. This positions the present study as the
first to provide direct evidence of their potential synergistic efficacy in mitigating cold-
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induced decrements in endurance performance and thermal comfort. Therefore, this study
aimed to evaluate the individual and combined effects of green tea extract and ginger
supplementation on endurance performance, metabolic responses, and thermal perception
in normothermic (21–24 ◦C) and cold (5–7 ◦C) environments using a randomized crossover
design. We hypothesized that both supplements would individually improve endurance
and thermal perception compared to the placebo, with combined supplementation eliciting
greater improvements, particularly in the cold.

2. Materials and Methods
2.1. Study Design

This study employed a randomized, placebo-controlled, double-blind, crossover de-
sign to investigate the combined effects of green tea extract and ginger supplementation
on endurance performance and thermal perception in normothermic (21–24 ◦C) and cold
(5–7 ◦C) environmental conditions. The crossover design ensured that each participant
served as their own control, thereby minimizing inter-individual variability. Furthermore,
repeated measures within participants, combined with randomisation and washout peri-
ods, helped to reduce the influence of intra-individual variability across testing sessions.
Eight experimental conditions were tested: placebo, green tea extract (500 mg per capsule;
Ocean®, Orzaks Pharmaceutical and Chemical Industry Inc., Istanbul, Turkey) standardized
to ~45% epigallocatechin gallate (EGCG; ≈225 mg per capsule), ginger extract (1000 mg
per capsule; VeNatura®, Istanbul, Turkey), and a combined supplement, each administered
in both normothermic and cold environments. All active and placebo supplements were
provided in identical capsule form, prepared to be indistinguishable in appearance and
packaging. The selected doses are consistent with previous clinical and sports nutrition
studies that demonstrated efficacy and safety at these levels [10,11,15]. Green tea extract
and ginger were administered orally in encapsulated form, identical in appearance to the
placebo capsules filled with maltodextrin.

Participants were divided into groups of two, and conditions were administered in
randomized orders using a computer-generated sequence (RandList software, version 1.2).
A Latin square design was used to counterbalance order effects, ensuring each condition
appeared in each position an equal number of times. Allocation was concealed using
sequentially numbered, opaque envelopes to prevent selection bias. A 2 day washout
period separated each condition to eliminate active compounds (e.g., caffeine half-life ~5 h,
gingerols metabolized within 24 h), supported by prior pharmacokinetic studies [12,21–23].
The study was conducted in a temperature-controlled laboratory chamber (normothermic:
21–24 ◦C, cold: 5–7 ◦C; 40–50% humidity). Double-blinding was achieved by matching the
appearance, taste, and packaging of the placebo (maltodextrin) and active supplements,
prepared by an independent pharmacist unaware of the study protocol. To address potential
circadian variability or acclimatization, all testing sessions were scheduled between 16:00
and 18:00 to control for diurnal effects.

2.2. Participants

Sixteen healthy male participants were recruited for this study, (Mean ± SD; age:
23.4 ± 0.4 years, height: 176.9 ± 3.5 cm, body mass: 74.1 ± 4.4 kg, body mass index
(BMI) of 23.7 ± 0.7 kg/m2, body fat percentage: 14.6 ± 2.3%, and maximum oxygen
consumption (VO2 max): 46.8 ± 2.8 mL/kg/min). Participants were classified as Tier 2:
Trained/Developmental Active according to the Participant Classification Framework [24],
as they met World Health Organization physical activity guidelines (≥75 min/week
vigorous-intensity activity) but did not identify with a specific sport or compete. Inclusion
criteria required participants to be aged 18–35 years, engage in regular aerobic exercise
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(≥3 sessions/week, ≥30 min/session) for at least 6 months prior to the study, and exhibit
a VO2 max between 40 and 50 mL/kg/min, ensuring a homogeneous fitness level. Exclu-
sion criteria included a history of cardiovascular, respiratory, or metabolic disorders, allergy
or intolerance to green tea, ginger, or maltodextrin, current use of ergogenic supplements
or medications affecting metabolism (e.g., beta-blockers and stimulants), and smoking
or excessive alcohol consumption (>14 units/week). To address potential gender-related
variability, only male participants were included to control for hormonal influences on
thermoregulation and metabolism, a decision informed by prior research on sex differences
in cold tolerance. All participants provided written informed consent prior to participation,
in accordance with the Declaration of Helsinki. The study protocol was approved by the
Yeni Yüzyıl University Ethics Committee for Science and Health Sciences Not Requiring
Medical Intervention (Date: 4 March 2025; Protocol No: 2025/03-1509) and was registered
at ClinicalTrials.gov (Identifier: NCT07150533).

2.3. Procedures

Prior to experimental trials, a familiarization session was conducted 48–72 h before the
first trial to reduce learning effects. During this session, participants performed a VO2 max
test on a cycle ergometer (Lode Excalibur Sport, Lode BV, Groningen, The Netherlands),
calibrated before each use. The VO2 max test followed a graded exercise protocol starting
at 50 W, increasing by 25 W every 2 min until volitional exhaustion or inability to maintain
a 60 rpm cadence [25,26]. VO2 max was defined as the highest 30 s average oxygen
consumption (Cosmed K5 portable gas analyzer, COSMED, Rome, Italy) with a respiratory
exchange ratio ≥ 1.20, a VO2 plateau, or maximal heart rate within 10 bpm of the age-
predicted maximum (220−age). VO2 max testing was conducted under normothermic
conditions to ensure methodological consistency and comparability across participants,
as cold exposure may introduce additional variability and confound the determination of
relative exercise intensity.

Each experimental session began with a 10 min acclimatization period in a seated
position to stabilize physiological responses under standardized conditions: normoth-
ermic (21–24 ◦C, 40–50% relative humidity) or cold (5–7 ◦C, 40–50% relative humidity).
Participants performed a submaximal time-to-exhaustion test (TTE) at 70% of their individ-
ual VO2 max on the cycle ergometer. This intensity was chosen because ~70% VO2 max
is a standard workload in endurance research, high enough to elicit substantial physio-
logical stress while allowing prolonged exercise duration, thereby providing sensitivity to
detect supplementation effects [27]. Exhaustion was defined as the inability to maintain
a 60 rpm cadence for 10 consecutive seconds, measured via the ergometer’s software (Lode
Ergometry Manager, version 10.5). TTE (min) was the primary measure of endurance
performance. Metabolic responses were monitored continuously using the gas analyzer
and calibrated per manufacturer guidelines (oxygen sensor accuracy: ±0.02%, carbon
dioxide (CO2) sensor accuracy: ±0.01%). RER was calculated as the VCO2/VO2 ratio, aver-
aged over the test duration for steady-state conditions. Perceived exertion was assessed
using the Borg RPE scale (6–20) immediately post-exhaustion [28]. Thermal sensation (TSS)
was measured pre-exercise (post-acclimatization) and post-exercise using a 7 point scale
[−3: very cold to +3: very warm, 0.5 increments] [29]. Delayed onset muscle soreness
(DOMS) was evaluated 24 h post-exercise via a 10 cm Visual Analog Scale [VAS; 0: no pain,
10: extreme pain], with participants instructed to report muscle soreness in the exercised
lower limbs [30].

To standardize conditions, participants refrained from caffeine, polyphenol-rich foods
(e.g., tea, coffee, cocoa, grapes, red wine, berries, and dark chocolate), dietary supplements,
alcohol, and strenuous exercise for 48 h prior to each session. They also wore standardized
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clothing (shorts, t-shirt, athletic shoes; estimated insulation value ≈0.3–0.4 clothing insula-
tion unit, CLO [31,32], and consumed 500 mL of water 2 h before testing to ensure hydration.
Testing occurred between 16:00 and 18:00 to control for circadian effects, with participants
maintaining a consistent sleep schedule (7–9 h/night). Dietary intake was controlled 24 h
prior to each session, providing ~55% carbohydrates, 30% fats, and 15% proteins based on
individual energy needs [33–35]. Food logs were reviewed for compliance.

2.4. Statistical Analysis

A priori power analysis was conducted using G*Power (version 3.1.9.4) to determine
the required sample size for detecting significant effects in a two-way repeated-measures
analysis of variance (ANOVA) (within factors). The analysis assumed an effect size (f) of
0.25 (equivalent to a partial eta squared, ηp2, of 0.06, indicating a medium effect), a signifi-
cance level (α) of 0.05, and a desired power (1 − β) of 0.80. Additional parameters included
a correlation among repeated measures of 0.5, a non-sphericity correction (ε) of 1, 4 groups
(supplementation conditions: placebo, green tea, ginger, or combined), and 2 measure-
ments (environmental conditions: normothermic or cold). The analysis yielded a required
sample size of 16 participants to achieve a total power of 0.820, with a critical F-value of
2.098 and a non-centrality parameter (λ) of 16.0. Statistical analyses were performed us-
ing SPSS software (version 27.0, IBM Corp., Armonk, NY, USA). Data are presented as
means ± standard deviations (SD). Data sets were first assessed for normality using the
Shapiro–Wilk test and for sphericity using Mauchly’s test, ensuring the assumptions for
parametric testing were met. In the case of sphericity violations, a Greenhouse-Geisser
correction was applied to adjust degrees of freedom. A two-way ANOVA with repeated
measures was used to examine the main effects of supplementation (placebo, green tea,
ginger, combined) and environmental condition (normothermic, cold), as well as their in-
teraction on each dependent variable. Partial eta squared (ηp2) was calculated to estimate
effect sizes, with values interpreted as small (0.01), medium (0.06), or large (0.14) effects [36].
When significant main effects or interactions were identified, post hoc comparisons were per-
formed using Bonferroni correction to control for Type I errors across multiple comparisons.
To address potential concerns of over-conservativeness, results were also checked using
Holm correction [37]. The most borderline pairwise comparison observed (p = 0.08) did not
reach statistical significance under Holm adjustment, and the overall pattern of findings
remained unchanged. The significance level was set at α = 0.05. For pairwise comparisons,
Hedge’s g effect sizes were also computed and interpreted according to Hopkins’ criteria
(trivial: <0.2, small: 0.2–0.6, moderate: 0.6–1.2, large: 1.2–2.0, very large: 2.0–4.0, and nearly
perfect: >4.0) to provide additional insights into the magnitude of differences between
conditions [38]. Hedges’ g was preferred over Cohen’s d due to its correction for small
sample size bias, providing a more accurate estimate of effect size in repeated measures
designs with modest participant numbers [39,40].

3. Results
Descriptive and inferential statistics for all outcome variables are presented in Table 1,

and a graphical summary of the primary and secondary outcomes is provided in Figure 1.
Data for TTE were normally distributed, and sphericity was confirmed. A two-way
repeated-measures ANOVA revealed a significant main effect of supplementation on TTE,
indicating that supplementation influenced endurance performance. No significant main
effect of the environmental condition was found. The interaction between supplementation
and environmental condition was not significant. Post hoc pairwise comparisons identified
significant differences (Table 1). In the normothermic environment (21–24 ◦C), green tea sup-
plementation significantly increased TTE compared to the placebo (Hedges’ g = 1.28, large
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effect), as did the combined supplement (Hedges’ g = 1.43, large effect). Ginger supplementa-
tion showed no difference from the placebo. In the cold environment (5–7 ◦C), the com-
bined supplement outperformed the placebo (Hedges’ g = 1.46, large effect), as did ginger
(Hedges’ g = 1.14, moderate effect), and the combined supplement compared to the placebo
(Hedges’ g = 2.40, very large effect). The combined supplement also outperformed ginger
in the cold environment (Hedges’ g = 1.10, moderate effect). Cross-environment comparisons
showed that cold–placebo significantly reduced TTE compared to normothermic–placebo
(Hedges’ g = 1.76, large effect), normothermic–green tea (Hedges’ g = 2.16, very large effect),
normothermic–ginger (Hedges’ g = 0.93, moderate effect), and normothermic–combined
conditions (Hedges’ g = 2.31, very large effect). Normothermic–green tea outperformed cold–
ginger (Hedges’ g = 1.24, large effect). Normothermic–combined outperformed cold–green
tea (Hedges’ g = 1.04, moderate effect) and cold–ginger (Hedges’ g = 1.43, large effect). No
other comparisons were significant.

Table 1. Mean ± SD Values and Statistical Analysis Across Supplementation Conditions and
Temperatures.

Variable Placebo Green Tea Ginger Combined Statistics (F, p, ηp2)

TTE
(Normothermic) 24.5 ± 2.3 26.3 ± 2.8 a 24.8 ± 2.7 26.5 ± 2.4 a

Supplementation effect:
F = 27.274; p < 0.001; ηp2 = 0.476
Environmental condition effect:
F = 1.741; p = 0.197; ηp2 = 0.055
Interaction effect:
F = 2.316; p = 0.081; ηp2 = 0.072

TTE (s, Cold) 23.5 ± 2.3 abd 24.7 ± 2.3 d 24.4 ± 2.5 bd 25.3 ± 2.2 aeg

RER
(Normothermic) 0.86 ± 0.05 0.82 ± 0.03 a 0.86 ± 0.04 0.83 ± 0.03

Supplementation effect:
F = 29.976; p < 0.001; ηp2 = 0.500
Environmental condition effect:
F = 3.142; p = 0.086; ηp2 = 0.095
Interaction effect:
F = 2.200; p = 0.093; ηp2 = 0.068

RER (Cold) 0.86 ± 0.03 a 0.80 ± 0.03 abcde 0.85 ± 0.04 f 0.80 ± 0.02 abcdeg

RPE
(Normothermic) 13.94 ± 0.93 12.69 ± 1.66 a 13.88 ± 1.15 12.62 ± 0.89 ac

Supplementation effect:
F = 13.572; p < 0.001; ηp2 = 0.311
Environmental condition effect:
F = 4.094; p = 0.052; ηp2 = 0.120
Interaction effect:
F = 1.212; p = 0.310; ηp2 = 0.039

RPE (Cold) 15.12 ± 1.26 abcd 13.69 ± 2.06 14.12 ± 1.26 d 13.56 ± 2.16 e

TSS
(Normothermic) 1.12 ± 0.62 1.19 ± 0.75 1.47 ± 0.56 1.69 ± 0.48 ab

Supplementation effect:
F = 39.729; p < 0.001; ηp2 = 0.570
Environmental condition effect:
F = 406.125; p < 0.001; ηp2 = 0.931
Interaction effect:
F = 2.588; p = 0.058; ηp2 = 0.079

TSS (Cold) −2.31 ± 0.54 abcd −2.06 ± 0.51 abcde −1.66 ± 0.30 abcdef −1.34 ± 0.24 abcdefg

VAS
(Normothermic) 5.06 ± 1.18 4.81 ± 0.66 3.94 ± 0.68 3.81 ± 1.11

Supplementation effect:
F = 24.463; p < 0.001; ηp2 = 0.449
Environmental condition effect:
F = 34.225; p < 0.001; ηp2 = 0.533
Interaction effect:
F = 0.196; p = 0.899; ηp2 = 0.007

VAS (Cold) 6.88 ± 0.96 abcd 6.38 ± 1.26 bcde 5.09 ± 1.20 cde 5.44 ± 1.03 cdef

Values are expressed as mean ± SD. TTE = Time-to-Exhaustion (min). RER = Respiratory Exchange Ratio,
calculated as VCO2/VO2. RPE = Rating of Perceived Exertion, assessed post-exercise using the Borg 6–20 scale.
TSS = Thermal Sensation Scale, rated from −3 (very cold) to +3 (very warm). VAS = Visual Analog Scale of Delayed
Onset Muscle Soreness, 0 (no pain) to 10 (extreme pain). Different lowercase letters (a–g) indicate significant
differences (p < 0.05) between conditions based on post hoc analysis (Bonferroni correction). For example,
“a” denotes a significant difference from Placebo (Normothermic), “b” from GT (Normothermic), “c” from Ging
(Normothermic), “d” from Comb (Normothermic), “e” from Placebo (Cold), “f” from GT (Cold), “g” from
Ging (Cold). Conditions sharing the same letter are not significantly different. GT = Green Tea, Ging = Ginger,
Comb = Combined.
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Figure 1. Effects of green tea (GT), ginger (Ging), combined supplementation (Comb), and
placebo (PLA) under normothermic (Normo) and cold (Cold) conditions on (A) time-to-exhaustion,
(B) respiratory exchange ratio, (C) rating of perceived exertion, (D) thermal sensation, and (E) mus-
cle soreness assessed by visual analog scale. Values are presented as mean ± SD. Abbreviations:
GT = Green Tea; Ging = Ginger; Comb = Combined; PLA = Placebo; Normo = Normothermic;
Cold = Cold.
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Data for RER were normally distributed, and sphericity was confirmed. A two-way
repeated measures ANOVA revealed a significant main effect of supplementation on RER,
indicating that supplementation altered metabolic responses. No significant main effect
of the environmental condition was found. The interaction between supplementation and
environmental condition was not significant. Post hoc pairwise comparisons identified
significant differences (Table 1). In the normothermic environment (21–24 ◦C), green tea
supplementation significantly increased RER compared to the placebo (Hedges’ g = 1.06,
moderate effect). In the cold environment (5–7 ◦C), both green tea (Hedges’ g = 1.12, mod-
erate effect) and the combined supplement (Hedges’ g = 1.33, large effect) increased RER
compared to the placebo. The combined supplement also outperformed ginger in the cold
environment (Hedges’ g = 1.42, large effect), and cold–green tea outperformed cold–ginger
(Hedges’ g = 1.28, large effect). Cross-environment comparisons showed that cold–green
tea significantly increased RER compared to normothermic–placebo (Hedges’ g = 1.12,
moderate effect), normothermic–ginger (Hedges’ g = 1.83, large effect), and normothermic–
combined (Hedges’ g = 0.90, moderate effect). Cold–combined increased RER com-
pared to normothermic–placebo (Hedges’ g = 1.33, large effect), normothermic–ginger
(Hedges’ g = 2.01, very large effect), and normothermic–combined (Hedges’ g = 1.04, moderate
effect). Normothermic–green tea outperformed cold–placebo (Hedges’ g = 0.99, moder-
ate effect) and cold–combined (Hedges’ g = 0.97, moderate effect). Cold–placebo showed
lower RER compared to cold–green tea (Hedges’ g = 1.99, large effect) and cold–combined
(Hedges’ g = 2.01, very large effect). No other comparisons were significant.

Data for RPE were normally distributed, and sphericity was confirmed. A two-way
repeated measures ANOVA revealed a significant main effect of supplementation on RPE,
indicating that supplementation influenced perceived exertion. No significant main ef-
fect of environmental condition was found, and the interaction was not significant. Post
hoc pairwise comparisons identified significant differences (Table 1). In the normother-
mic environment (21–24 ◦C), green tea supplementation significantly reduced RPE com-
pared to the placebo (Hedges’ g = 1.11, moderate effect), as did the combined supplement
(Hedges’ g = 1.77, large effect). The combined supplement also reduced RPE compared to
ginger in the normothermic environment (Hedges’ g = 0.96, moderate effect). In the cold
environment (5–7 ◦C), the combined supplement reduced RPE compared to the placebo
(Hedges’ g = 0.93, moderate effect). Cross-environment comparisons showed that cold–
placebo significantly increased RPE compared to normothermic–placebo (Hedges’ g = 1.35,
large effect), normothermic–green tea (Hedges’ g = 1.70, large effect), normothermic–
ginger (Hedges’ g = 0.92, moderate effect), and normothermic–combined conditions
(Hedges’ g = 2.46, very large effect). Normothermic–combined also reduced RPE compared to
cold–ginger (Hedges’ g = 1.23, large effect). No other comparisons were significant.

Data for TSS were normally distributed, and sphericity was confirmed. A two-
way repeated-measures ANOVA revealed significant main effects of supplementation
and environmental condition, indicating that both supplementation and environment
influenced thermal sensation. The interaction between supplementation and environ-
mental condition was not significant. Post hoc pairwise comparisons identified signifi-
cant differences (Table 1). In the normothermic environment (21–24 ◦C), the combined
supplement significantly reduced TSS compared to the placebo (Hedges’ g = 0.98, mod-
erate effect) and green tea (Hedges’ g = 0.92, moderate effect). In the cold environment
(5–7 ◦C), cold–green tea (Hedges’ g = 0.92, moderate effect), cold–ginger (Hedges’ g = 1.57,
large effect), and cold–combined (Hedges’ g = 1.73, large effect) significantly reduced
TSS compared to cold–placebo. Additionally, cold–green tea outperformed cold–ginger
(Hedges’ g = 1.18, moderate effect), and cold–combined outperformed both cold–green
tea (Hedges’ g = 1.32, large effect) and cold–ginger (Hedges’ g = 0.96, moderate effect).
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Cross-environment comparisons showed that all cold conditions significantly reduced
TSS compared to all normothermic conditions. Specifically, cold–placebo reduced TSS
compared to normothermic–placebo (Hedges’ g = 5.42, very large effect), normothermic–
green tea (Hedges’ g = 4.86, very large effect), normothermic–ginger (Hedges’ g = 6.56, very
large effect), and normothermic–combined (Hedges’ g = 7.86, very large effect). Cold–green
tea reduced TSS compared to normothermic–placebo (Hedges’ g = 4.45, very large effect),
normothermic–green tea (Hedges’ g = 4.22, very large effect), normothermic–ginger (Hedges’
g = 5.67, very large effect), and normothermic–combined (Hedges’ g = 6.89, very large ef-
fect). Cold–ginger reduced TSS compared to normothermic–placebo (Hedges’ g = 4.37, very
large effect), normothermic–green tea (Hedges’ g = 3.73, very large effect), normothermic–
ginger (Hedges’ g = 5.27, very large effect), and normothermic–combined (Hedges’ g = 6.26,
very large effect). Cold–combined reduced TSS compared to normothermic–placebo
(Hedges’ g = 3.50, very large effect), normothermic–green tea (Hedges’ g = 3.06, very large ef-
fect), normothermic–ginger (Hedges’ g = 4.43, very large effect), and normothermic–combined
(Hedges’ g = 4.87, very large effect). No other comparisons were significant.

Data for VAS were normally distributed, and sphericity was confirmed. A two-way
repeated-measures ANOVA revealed significant main effects of supplementation and
environmental condition, indicating that both supplementation and environment influ-
enced muscle soreness for 24 h post-exercise. The interaction between supplementation
and environmental condition was not significant. Post hoc pairwise comparisons iden-
tified significant differences (Table 1). In the cold environment (5–7 ◦C), cold–green tea
(Hedges’ g = 0.92, moderate effect), cold–ginger (Hedges’ g = 1.35, large effect), and cold–
combined (Hedges’ g = 2.66, very large effect) significantly reduced VAS scores com-
pared to cold–placebo. Cold–combine also reduced VAS scores compared to cold–
green tea (Hedges’ g = 1.15, moderate effect). Cross-environment comparisons showed
that cold–placebo significantly increased VAS scores compared to normothermic–placebo
(Hedges’ g = 1.10, moderate effect), normothermic–green tea (Hedges’ g = 1.52, large
effect), normothermic–ginger (Hedges’ g = 2.26, very large effect), and normothermic–
combine (Hedges’ g = 1.85, large effect). Cold–green tea increased VAS scores com-
pared to normothermic–green tea (Hedges’ g = 0.96, moderate effect), normothermic–
ginger (Hedges’ g = 1.50, large effect), and normothermic–combined (Hedges’ g = 1.33,
moderate effect). Cold–ginger increased VAS scores compared to normothermic–ginger
(Hedges’ g = 1.16, moderate effect), normothermic–combined (Hedges’ g = 1.02, moderate
effect), and cold–combined (Hedges’ g = 0.24, small effect, non-significant). Cold–combined
increased VAS scores compared to normothermic–ginger (Hedges’ g = 1.18, moderate effect)
and normothermic–combine (Hedges’ g = 1.03, moderate effect). No other comparisons were
significant.

4. Discussion
The present study demonstrated that green tea extract and ginger combined

supplementation-enhanced endurance performance, metabolic responses, and thermal
perception in both normothermic and cold environments. The findings revealed that green
tea and combined supplementation increased TTE, reduced RER to promote fat oxidation,
and decreased RPE, with these effects being particularly pronounced in cold conditions.
Cold exposure, as an independent factor, imposes distinct physiological demands; for
instance, in the placebo condition, cold significantly elevated VAS compared to normoth-
ermic conditions, worsened TSS, and increased RPE. This reflects the disadvantages of
cold-induced thermogenic stress and vasoconstriction, which elevate metabolic load, along-
side advantages such as enhanced fat oxidation that improve energy efficiency [41,42].
The combination of green tea and ginger mitigated these disadvantages—evidenced by
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TSS’ improvement and reduced VAS—while amplifying the benefits, through a greater
reduction in RER. This supportive combined effect likely comes from the optimization of
thermogenic and ergogenic mechanisms mediated by caffeine, catechins, and gingerols,
suggesting that appropriate supplementation can attenuate physiological decrements due
to environmental stressors [15,16,22,43].

The ergogenic effects of green tea observed in normothermic conditions are derived
from the complementary physiological actions of its primary constituents, namely catechins
(notably epigallocatechin gallate, EGCG) and caffeine [14,17]. Specifically, catechins can acti-
vate AMP-activated protein kinase (AMPK), a key regulator of cellular energy homeostasis,
which in chronic supplementation studies has been associated with enhanced lipolysis
and mitochondrial biogenesis [44]. While such long-term adaptations are unlikely to arise
from the acute, single-dose protocol employed in the present study, acute catechin intake
may still transiently increase fatty acid oxidation and reduce reliance on carbohydrate
stores during submaximal exercise, aligning with the observed reduction in respiratory
exchange ratio [18,43,44]. Caffeine, meanwhile, acutely stimulates the central nervous
system by antagonizing adenosine receptors, elevating dopamine and norepinephrine
levels, and thereby reducing perceived exertion while prolonging TTE [45]. These acute
mechanisms most plausibly explain the improved endurance performance recorded under
green tea supplementation and are consistent with prior evidence supporting its lipolytic
and stimulant properties [9,10,43]. Additionally, catechins enhance insulin sensitivity by
modulating glucose uptake and insulin signaling pathways, optimizing energy substrate
availability during exercise [10,46]. Their antioxidant properties mitigate further oxidative
stress, delaying muscle fatigue and supporting sustained performance [10,47]. While caf-
feine may stimulate thermogenesis via brown adipose tissue activation, this effect appears
less pronounced in normothermic conditions compared to colder environments, suggesting
that green tea’s ergogenic benefits in this context rely predominantly on metabolic and
neurological enhancements [45,48]. Collectively, these physiological processes support the
study’s findings, highlighting the green tea’s capacity to optimize endurance and metabolic
efficiency under normothermic environmental conditions.

Ginger resulted in improvements in TSS and VAS, particularly in cold conditions,
primarily attributed to the physiological actions of its bioactive compounds, notably gin-
gerols and shogaols, indicating a supportive role in thermal comfort and recovery rather
than a direct ergogenic effect on endurance performance [23,49]. Gingerols are known for
their thermogenic properties that stimulate transient receptor potential vanilloid 1 (TRPV1)
channels, expressed in sensory neurons and vascular tissues [22,23]. Activation of TRPV1
enhances peripheral blood flow and induces mild heat production, counteracting the vaso-
constriction and thermal discomfort induced by cold exposure [50]. In addition, gingerols
may also interact with transient receptor potential melastatin 8 (TRPM8) channels, which
are activated by menthol to evoke cooling sensations. Evidence suggests that gingerols
can dampen TRPM8 activity, thereby attenuating cold perception and contributing to im-
proved thermal comfort. This dual mechanism aligns with the observed TSS improvements
after ginger supplementation, and is consistent with broader evidence on TRP channel
modulation in environmental stress [51]. This mechanism aligns with TSS’ improvement
after ginger supplementation, reflecting an enhanced perception of warmth. Addition-
ally, gingerols upregulate peroxisome proliferator-activated receptor gamma coactivator
1-alpha (PGC-1α), a key regulator of mitochondrial biogenesis and thermogenesis, poten-
tially amplifying heat generation through non-shivering thermogenesis in brown adipose
tissue [52]. However, this thermogenic effect appears insufficient to significantly alter TTE
or RER, as ginger alone did not induce different results compared to the placebo. Ginger’s
anti-inflammatory properties, mediated by the inhibition of pro-inflammatory cytokines
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(e.g., TNF-α and IL-6) and cyclooxygenase-2 (COX-2) pathways, further contribute to
its role in reducing VAS [53,54]. This attenuation of exercise-induced inflammation and
muscle damage supports the study’s finding of decreased muscle soreness, consistent with
prior evidence [50,55]. While ginger’s physiological actions enhance thermal comfort and
recovery, its limited direct influence on energy metabolism explains the lack of standalone
ergogenic effects, suggesting that its benefits are most pronounced when combined with
other bioactive agents like green tea catechins.

The combined supplementation of green tea and ginger demonstrates a supportive
combined effect, particularly in cold conditions, where it outperforms individual treat-
ments in enhancing TTE, reducing RER, and improving TSS. This synergy arises from the
complementary physiological actions of catechins, caffeine, and gingerols [15,54]. Green
tea’s catechin content boosts lipolysis and mitochondrial fatty acid oxidation through
AMPK activation, while caffeine amplifies this metabolic change induced by increasing
catecholamine release (e.g., epinephrine), further mobilizing fat stores [56]. In cold en-
vironments, these effects are potentiated because non-shivering thermogenesis naturally
elevates fat oxidation to maintain core temperature, which is evidenced by the significant
RER reduction with the combined treatment [57]. Gingerols enhance this response by
activating TRPV1 channels and upregulating PGC-1α, which collectively augment ther-
mogenesis and peripheral circulation, mitigating cold-induced vasoconstriction [23,52].
This thermogenic synergy directly supports the TSS’ improvement, reflecting a heightened
perception of warmth that complements green tea’s metabolic contributions [14,16,43]. The
combined increase in TTE likely results from this optimized energy metabolism—where
fat becomes the predominant fuel—coupled with caffeine’s ergogenic stimulation of the
central nervous system, which sustains effort despite cold stress [45,48]. Furthermore,
ginger’s anti-inflammatory properties may reduce subclinical muscle damage induced
by cold, indirectly supporting endurance capacity [22,55]. This interplay aligns with the
study’s observation of higher outcomes in the combined group, suggesting that the inte-
gration of thermogenic and metabolic adaptations offers a robust physiological advantage
in challenging environmental conditions [58].

Previous research has established the individual effects of green tea and ginger on
exercise performance [14,16,47,59], yet, our study uniquely highlights their synergistic po-
tential, especially in cold environments. Studies on green tea, such as those systematically
reviewed by Gholami et al. [43], demonstrated a modest enhancement of fat oxidation and
endurance performance, with meta-analyses indicating small but consistent effects on body
weight and fat reduction when combined with exercise. Similarly, the results from previous
studies about the potential effect of green tea’s catechins in increasing fat oxidation during
moderate-intensity exercise support those from our study highlighted by the reduced RER
in both normothermic and cold conditions [10,44,46]. However, these studies primarily
focused on weight loss or metabolic outcomes in warm environments, whereas our find-
ings extend this to endurance and metabolic efficiency under cold stress, where the effect
is amplified. Regarding ginger, Wilson [11,15] found that approximately 1–2 g/day mod-
estly reduced muscle soreness post-exercise, particularly after eccentric or prolonged
running, support the VAS reduction. Yet, these studies reported negligible ergogenic effects
on performance metrics like TTE, mirroring ginger’s lack of potential impact in our trial.
Sheikhhossein et al. [59] further supported the ginger’s role in mitigating oxidative stress,
which may underpin its soreness relief, though this was not directly measured here. Unlike
prior work, our study reveals that combining green tea and ginger not only enhances
fat oxidation and endurance but also significantly improves thermal sensation in cold
conditions—an outcome rarely explored previously—suggesting a novel application for
athletes facing environmental challenges.
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Strengths and Limitations

This study presents several notable strengths that enhance its scientific rigor and
relevance. The randomized, double-blind crossover design minimized bias and inter-
individual variability, providing robust internal validity for assessing the effects of green
tea and ginger supplementation across normothermic and cold conditions. The use of
standardized environmental controls and precise physiological measurements, such as gas
analysis for RER and validated scales for TSS and VAS, ensured reliable and reproducible
data. Additionally, the inclusion of both individual and combined supplementation arms
offered a comprehensive evaluation of their independent and supportive combined effects,
a rare approach in prior research.

However, fundamental limitations must be acknowledged. The sample size of 16 male
participants, while adequately powered for the primary outcomes, restricts the generaliz-
ability of findings to larger or more diverse populations. The study included only young,
recreationally active men with VO2 max values corresponding to the average aerobic capac-
ity for this demographic. Therefore, results cannot be extrapolated to women, older adults,
or competitive athletes, whose hormonal, metabolic, and training characteristics may lead
to different responses. The acute nature of the supplementation protocol (single dose with
a short washout period) limits insights into chronic effects, which could differ given the
potential for cumulative adaptations in fat oxidation or thermogenesis. Furthermore, the
study did not assess molecular markers, such as oxidative stress or inflammatory cytokines,
which could elucidate the underlying mechanisms of the observed benefits, particularly for
VAS and TSS improvements.

A further limitation concerns the potential training effect associated with the experi-
mental design. Participants completed nine separate exercise sessions, including multiple
time-to-exhaustion trials, which may have represented a period of intensified training
exposure. Although washout periods and the randomized crossover design reduced order
and carryover effects, repeated exposure to TTE testing could still have induced train-
ing adaptations that influenced performance outcomes. As VO2 max was not reassessed
post-intervention, this potential confounding factor cannot be confirmed or ruled out.

These constraints highlight the need for cautious interpretation and further investiga-
tion into broader applicability and long-term outcomes. Future research should address
these limitations by including larger and more diverse populations (e.g., females), as well as
chronic supplementation protocols to evaluate long-term adaptations. Moreover, incorpo-
rating biochemical markers of oxidative stress and inflammation could provide mechanistic
insights into the observed effects.

5. Conclusions
The present study demonstrates that green tea extract and ginger supplementation,

individually and in combination, enhanced endurance performance, metabolic efficiency,
and thermal perception in recreationally active males under normothermic and cold condi-
tions. Green tea alone increased time to exhaustion and reduced respiratory exchange ratio
in normothermic conditions, indicating improved fat oxidation and endurance capacity.
In cold conditions, the combination of green tea and ginger enhanced time to exhaustion,
lowered the respiratory exchange ratio, improved thermal sensation, and reduced muscle
soreness. These effects are most pronounced in cold environments, where the combined
supplementation mitigated the heightened physiological demands of cold exposure while
amplifying metabolic benefits. To our knowledge, this is the first randomized, double-
blind crossover trial to systematically evaluate the supportive combined effects of green
tea and ginger across different environmental conditions. This original contribution ex-
tends current evidence by demonstrating that nutritional strategies can not only support
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endurance under normothermic conditions but also attenuate cold-induced decrements
in performance and comfort. The findings highlighted the potential of this supplementation
strategy to optimize exercise performance and comfort, particularly under environmental
stress. However, the benefits observed are specific to the acute supplementation protocol
and male participants tested, underscoring the need for broader investigations to confirm
these effects across diverse populations and longer durations. From a practical perspective,
the doses employed in this study are within the range of commercially available supple-
ments and generally regarded as safe for healthy adults. Nevertheless, individual tolerance
and potential interactions, particularly related to caffeine intake, should be considered
in applied settings. Furthermore, the current results reflect acute supplementation, and
extrapolation to long-term use requires caution. Future studies should examine chronic
supplementation protocols to evaluate safety, tolerability, and sustained efficacy.
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