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Abstract: Flavonoids, known for their antioxidant properties, can prevent reactive oxygen species
(ROS) and influence athletic performance through various physiological and metabolic mechanisms.
However, there are conflicting results after summarizing and analyzing the relevant literature. Hence,
it is warranted to evaluate the overall impact of flavonoids on athletic performance in healthy adults
based on a comprehensive and systematic review and meta-analysis. After searching four databases
for literature published since their respective establishments until February 2023 and conducting
publication bias and quality assessments, a total of 22 studies were ultimately included. The names
and doses of flavonoids, various outcome measurements, as well as types of training, were extracted
from included studies. The athletic performance outcomes from the included studies were categorized
into ‘performance tests’” and “exercise tolerance,” depending on the type of training undertaken.
Several statistical results, such as pooled effect size (ES), among others, were implemented by
meta-analysis using the random effects model. The results of meta-analysis suggest that there is
currently sufficient evidence (ES = —0.28; 95% confidence interval (CI): [-0.50, —0.07]; p = 0.01
and ES = 0.23; 95% CI: [0.07, 0.39]; p = 0.005) to support the notion that flavonoid supplementation
enhanced athletic performance in performance tests and exercise tolerance. In addition, among the
subgroups, nonsignificant results were observed for athletes (p = 0.28) and acute supplementation
(p = 0.41) in performance tests, as well as athletes (p = 0.57) and acute supplementation (p = 0.44) in
exercise tolerance. Meanwhile, significant results were found for non-athletes (p = 0.04) and long-term
supplementation (p = 0.02) in performance tests, as well as non-athletes (p = 0.005) in performance
tests and long-term supplementation (p = 0.006) in exercise tolerance. The nonsignificant results were
likely due to the limitation in the number of related papers, sample sizes, optimal dosage, duration,
type of flavonoids, and other factors. Therefore, future research should focus on further investigating
these relationships with larger sample sizes, optimal dosage, duration, and type of flavonoids to
provide more robust conclusions.
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1. Introduction

Flavonoids are an important class of natural products extracted from plants, which
belong to plant secondary metabolites with polyphenol structure [1]. They have been
found in large quantities in vegetables, cocoa, wine, and other plant-based foods as well as
beverages; therefore, they are also known as dietary flavonoids [2,3]. The intake of dietary
flavonoids has a favorable effect on the prevention and treatment of several diseases due
to the antioxidant abilities of flavonoids [4-9]. These grounds suggest that flavonoid sup-
plementation could potentially have a positive impact on athletic performance. Certain
attributes of flavonoids, like their antioxidant properties, contribute to safeguarding against
oxidative stress linked with physical activities and exercise [7]. Therefore, extensive inter-
vention studies have been carried out to investigate whether flavonoid supplementation
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produces a positive effect on athletic performance. However, to date, related trials of
exercise training with flavonoid supplementation have produced equivocal findings.

The beneficial impacts of flavonoids on athletic performance have been affirmed by
a substantial amount of research [10-25]. Cook et al. [19] studied 14 well-trained cyclists
who were supplemented with New Zealand black currant (NZBC) extract (105 mg-day !
anthocyanins) for 7 days and improved their performance in a 16.1 km TT by 2.4%. The
core reason might be that vasodilation induced by anthocyanin was able to increase the
peripheral blood flow in humans to affect the athlete performance. Moreover, the findings
discovered by Davis et al. [20] revealed that the intake of quercetin for 7 days increased cy-
cling time when quercetin had induced mitochondrial biogenesis. Additionally, flavonoid
supplementation (such as hesperidin [15], blueberry [18], green tea extract [17,21], mont-
morency cherry [22,23], grape juice [24], pomegranate extract [25], etc.) promoted athlete
performance due to its protective role against muscle damage and oxidative stress caused
by exercise.

In contrast, in a separate study by Garcia-Merino et al. [26], participants engaged in a
1 km running TT after undergoing 5 g-day ! cocoa supplementation with 425 g flavanols
for 10 weeks. Surprisingly, the study did not reveal any performance improvements linked
to cocoa supplementation. In addition, Askari et al.’s [27] findings indicated that the intake
of quercetin and vitamin C for 8 weeks was not able to achieve the desired mitochondrial
changes or demonstrate the biological effects of quercetin in the human body. These
studies did not provide support for the enhancement of athletic performance through
flavonoid supplementation. It was notable that several other research studies, such as
Abbey et al. [28], Brandenburg et al. [29], Dean et al. [30], and Decroix et al. [31], claimed
there were insignificant differences on flavonoid supplementation for athletic performance
as well.

Hence, it is necessary to review the literature related to flavonoid supplementation
in exercise trials to evaluate their overall impacts on athletic performance and to inspire
the development of relevant studies. However, to the best of our knowledge, there has
been only one paper [32] that conducted a relevant survey on exercise training combined
with flavonoids. This systematic review by Ruiz-Iglesias et al. reported that flavonoid
supplementation found promising results. Still, no definitive conclusions could be drawn
on whether enhancing athletic performance, and the study focused on changes in immune
system and inflammatory biomarkers. In summary, we aim to systematically review the
effects of flavonoid supplementation on athletic performance. Athletic performance is
categorized into performance tests and exercise tolerance. Performance tests include time-
trial (TT) [33], while exercise tolerance encompasses time-to-exhaustion tests (TTE) [34]
and graded exercise tests (GXT) [35]. Unlike Ruiz-Iglesias et al. [32], this article carries out
an overall evaluation using systematic review and meta-analysis. We also investigate the
impacts of flavonoid supplementation on training subjects and supplementation duration.

2. Methods

The systematic review and meta-analysis were conducted based on the Cochrane
Handbook to assess the impacts of flavonoid supplementation. Concretely, this procedure
was comprised of three phases. Firstly, we formulated the literature search strategies
following the PRISMA® [36] and the PICOS model (see Table 1) [37]. We also established
inclusion criteria, after which we preliminarily obtained some literature. Secondly, the
publication bias and quality assessment of the included literature were carried out to
exclude inconsistent literature. Finally, we undertook data extraction and statistical analysis.
Moreover, this meta-analysis has been registered in PROSPERO (Registration number:
CRD42023425112) before starting this work.
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Table 1. PICOS criteria used to perform the systematic review.
PICOS Standard
Population Healthy adults
Intervention Flavonoid supplementation
Comparator Placebo
Outcome Athletic performance
Study design Randomized controlled trial (RCT)

2.1. Literature Search Strategies

The two authors (Y.W. and Z.T.) conducted literature searches on PubMed, Web of
Science (WOS), Cochrane Library, and Embase. All full-text literature published in English
since the establishment of each database until February 2023 were reviewed. The used
Boolean searching equation included: “Flavonoids” [Title/Abstract] OR “Flavonoid” [Ti-
tle/ Abstract] OR “Bioflavonoids” AND “Athletic Performance” [Mesh] OR “Performance,
Athletic” [Title/ Abstract] OR “Sports Performance” [Title/ Abstract] AND “randomized”
[tiab] OR “placebo” [tiab] OR “randomly” [tiab] OR “trial” [tiab] OR “groups” [tiab] OR
“randomized controlled trial” [pt] OR “controlled clinical trial” [pt]. Meanwhile, a compre-
hensive manual search of relevant publications, including journal articles and reference
lists, was performed to fully ensure the most comprehensive inclusion of pertinent studies.

2.2. Inclusion Criteria
The inclusion criteria of studies were as follows:

e  Studies were carried out on healthy adults without disease;
e  Studies for which the experiments must contain randomized controlled trial;
e  Studies for which the full text must be English.

2.3. Searching Procedure

The selection procedure of included literature was shown in Figure 1. The main
procedures were as follows:

e 148 records were obtained from specified four databases;

e  After removing 66 duplicate records, 82 articles remained, from which we removed
eight reviews and 13 non-human experimental studies again;
A total of 61 articles met the eligibility criteria, and their full texts were assessed;
After finishing a comprehensive and systematic evaluation, 38 articles were excluded,
seven for which full texts were not found, 10 on unrelated subjects, 12 included another
supplements, seven had unsuitable outcomes, two used abnormal healthy populations
and one had insufficient data, respectively;

e  Finally, a total of 22 studies were included for the meta-analysis.

2.4. Publication Bias

Excluding literature with negative results might lead to a biased outcome in the meta-
analysis; thus, we assessed publication bias for all included literature. The funnel plots
for visual interpretation and Egger’s statistics were conducted to confirm the presence of
publication bias.

2.5. Quality Assessment of the Experiments

The quality and interpretation of the research were determined by two independent re-
viewers (Y.W. and Z.T.) in accordance with the Cochrane Collaboration Guidelines [37,38] using
Review Manager 5.3 software. The checklist areas covered seven criteria of quality assessment.
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Figure 1. The flow diagram of searching strategy.

2.6. Data Extraction

All relevant trial data were obtained in electronic databases and screened indepen-
dently by two authors (Y.W. and Z.T.). If there was a disagreement, it was necessary
to discuss or have a third-party arbitration (Z.Y.L.). From the included studies, we ex-
tracted key details such as the first author, year of publication, study type, subjects’ gender,
flavonoid name and dose, administration method and timing, control group regimen,
training type, and outcome measures, including sample size and mean =+ standard devia-
tion (SD). If some included studies contained more than one supplement intervention or
multiple athletic output indicators, they needed to be coded as separate results according
to multi-intervention and multi-output studies.

2.7. Statistical Analysis

The sample size and mean =+ SD extracted from included literature were employed to
conduct the meta-analysis. If the outcome measures included standard error (SE) in the
extracted data, SD was calculated as SD = SE x /n [39], where n was the sample size.

The standardized mean difference (SMD) involved the use of mean + SD from exper-
imental and control groups to standardize the difference in means, while the Effect Size
(ES) was typically the weighted average of the SMD. Both were statistical measures used
to quantify the magnitude of the difference between experimental and control groups. In
our study, the SMD was calculated using Hedges’ g and it was used as an estimate for the
effect size. Therefore, in this context, SMD and ES were equivalent [40-42]. The evaluation
criteria of ES followed Cohen criteria: <0.2, trivial; 0.2-0.5, small; 0.5-0.8, moderate; and
>0.8, large [43]. It was notable that a negative ES for a performance variable suggested
an ergogenic effect. The statistics I? indicated the degree of heterogeneity between stud-
ies [37]: 25-50%, small inconsistency; 50-75%, moderate inconsistency; and >75%, high
inconsistency [43].
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We used the forest plot to present the overall analysis results. If the p < 0.05, 95% CI
without 0, then it was statistically significant.

3. Results
3.1. Publication Bias

As shown in Figure 2, a standard funnel plot was made to assess publication bias. We
found that the literature on exercise tolerance showed overall good symmetry, while the
literature on performance tests exhibited some degree of asymmetry. Additionally, one
study, Nieman et al. [44], surpassed the boundary of funnel plot. So, to further validate
the potential presence of publication bias, an assessment was conducted using Egger’s
statistical test. As a result, we found no publication bias for performance tests and exercise
tolerance with an observed significance level p > 0.05 [45]. It is worth noting that the article
by Nieman et al. did not have a bias risk and should be included in our analysis [44]. To
sum up, publication bias was not presented in our included literature, all the papers could
be used to conduct the meta-analysis.
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Figure 2. Funnel plot: publication bias risk in performance test (A) and in exercise tolerance (B).
Where both slanting dotted lines represent the expected 95% CI; vertical dotted line refer to the
position of no effect; circles represent individual studies.

3.2. Quality Assessment of the Experiments

The quality assessment of the experiments was conducted based on the “Cochrane
Collaboration Guidelines for Assessing Quality in Experiments” [37,38]. This evaluation
encompassed seven vital criteria: ensuring participants’ random assignment (Random
Sequence Generation); maintaining the concealment of trial group allocation (Allocation
Concealment); making certain both participants and personnel are unaware of group assign-
ments (Blinding of Participants and Personnel); verifying that those assessing outcomes
are blinded to group designations (Blinding of Outcome Assessment); addressing any
potential gaps in trial data (Incomplete Outcome Data); ensuring all study results, whether
favorable or not, are reported (Selective Reporting); and considering any other possible
biases (Other Bias). The results are shown in Figure 3, where each item was expressed as
a percentage relative to the total number of studies included. We found that there was
an unclear risk of bias on random sequence generation due to 16 papers out of 22 being
ambiguous about their random assignment methods. In addition, the remaining six factors
of quality assessment were identified as low risk. Meanwhile, Figure 4 presented the risk of
bias for each study as well. Hence, we believed the quality assessment of the experiments
of all included studies presented a low risk. Therefore, we were able to proceed with
a meta-analysis.
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Allocation concealment (selection bias)

Incomplete outcome data (attrition bias)

Selective reporting (reporting bias)
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Blinding of participants and personnel (performance bias)
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Figure 3. Graph of risk of bias.
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Figure 4. Summary of risk of bias [11,20,26-31,44-58]. Where the “green +” represents low risk of
bias; “yellow ?” represents unclear risk of bias; “red -” represents high risk of bias.
3.3. Study Characteristics
Based on the methodology of Section 2, the participants and intervention character-
istics of 22 studies are shown in Table 2, which illustrates subject, experimental design,
intervention, exercise protocol, outcomes, trial results (means + SD), and main conclusion
of each study. We noted from Table 2 that the effects of flavonoid supplementation on
athletic performance varied across different studies, indicating a lack of consensus. Given
this variability and the challenges in visually discerning any consistent impact, a thorough
and systematic meta-analysis becomes imperative, especially for performance tests and
exercise tolerance.
Table 2. Participants and intervention characteristics.
Experimental Exercise Trial Results Main
Reference Subject, n Design Intervention Protocol Outcomes (Mean =+ SD) C:;:,c,;u-
Double- 1000 m
Abbey, 2011 Athletes, =15 blinded, 5 12 % 30-m Average Q=485+024s
Quercetin a . . —
[28] (males) Cross-over, sprints times P=485+024s
day for 7 days
RCT
Students with Qi?i;??in
Askari, 2013 histgzhlgucears Dou:i:ﬁﬁlmd' &250mg Lo Total Q=1289.07 + 221.74 m R
[27] ny_ 62)’ ’ PRCT ’ Vitamin C P distance P =1233.92 4 209.85 m
R 500 mg a day
(males)

for 8 weeks
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Table 2. Cont.

Experimental Exercise Trial Results Main
Reference Subject, n Design Intervention Protocol Outcomes (Mean + SD) C(S)itr)cr{u-
. . 150 mL .
Bentley, 2012 Cyclists, n =9 Double-blind, Lactaway for Time to Total tim: LA =574 4+ 265s 4
[46] (males) RCT ac (amc?’ © exhaustion otaltime P =494 42135
2-mile runnin Q=14.92 + 1.74 min .
Moderately 1000 mg T & P =15.17 + 1.67 min (a)
Bigelman, 2010 trained Double-blind, Quercetin a Wingate Total time Q=551.72 £110.99 W
person, n = 58 parallel, . Mean power P =513.21 £ 10498 W —
[47] day for anaerobic .
(44 males RCT 49-54 davs test. 36.6-m Total time (b)
and 14 females) y O Q=578+050s R
P P=576+ 0525 (c)
Recreational Double- 324¢g 30 min TT in
Brandenburg,  runners,n =11 blinded, Blueberry a norm bari Total BLU =4.47 £ 0.69 km N
2021 [29] (4 males and 7 Cross-over, day ;)1 ox‘za ¢ distance P =446 +0.62 km
females) RCT for 4 days yp
Student Double-
. . 1000 mg .
Davis, 2010 volunteers, n = blinded, Quercetin a Endurance Ride time Q =105.7 £ 21.8 min 4
[20] 12 (7 males and Cross-over, dav for 7 d P =934+ 22.9 min
5 females) RCT ay tor / days
270 mg
Well-trained blinded, ey 40-km Cyclin GT = 3652 + 295
Dean, 2009 [30]  cyclists, n = 10 e (TEAVIGO) a YOS Total time - S —
Cross-over, TT P=3627 +211s
(males) RCT day for 5 days
and 270 x 2 on
Day 6
CO =29.22+ 1.32 mi
. . Double-blind, 900 mg Cocoa . P=2978 + 1.97 mir:l(ral) —
Decroix, 2017 Cyclists, n =12 cross-over, Flavanols Two ?;O min Total time co 7 30.0 :I:. 58 mi
(31] (male) RCT for once running TT 9. 00 T —
P =29.57 £+ 1.82 min (b)
Endurance 5 %aCocf:(())? a
Garcia, 2020 cross-country Blind, parallel, 10 y K 1 km Running Total tim CO =3.15 % 0.21 min o
[26] athletes, n = 44 RCT weeks TT otaltime P =3.19 & 0.27 min
(males) (425 mg of
flavanols)
48hMA+LU(L) =
L: 50 mg 288 £ 86.6 W T
peanut and 140 P =277 +103.9 W (a)
mg MLE a day MA +LU (H) =291 +
Physical Double-blind for 48 h and 166.3 W -
Gelabert, 2019 education ouble-blind, 15 days Incremental Output P=291 4 166.3 W(b)
[11] students, Cross-over, H: 100 mg exercise test power 15 days MA + LU (L) =
n =12 (male) RCT peanut and 271 +831W -
420 mg MLE a P =282+ 86.6 W(c)
day for 48 h MA + LU (H) =291 +
and 15 days 162.8 W T
P =286 £+ 145.5 W(d)
Haskap
Howatson, Volunteer, Double-blind, (150 mg 5 km Running Total time Has =1282 +140s 4
2022 [48] n =30 (male) parallel, RCT Anthocyanin) a TT P=1384 +193s
day for 6 days
600 mg
MacRae, 2006 bhtecyclists, - Double-blind, - Vitamins & = 51 o0 ging . FRS = 50.70 + 2.22 min
[49] n=11 Cross-over, Quercetin a T Total time P = 5230 4+ 2.03 min T
(male) RCT day for ’ ’
6 weeks
Martinez, 2019 ?mateu_r Single-blind, }5100 mg 4 % 30 s all-out Average 25-hes = 567.84 £ 55.44
150] cyclists, n =16 cross-over, 2S-hesperidin sprints power \ T
(male) RCT for once P =55525+51.81W
. 500 mg _
Martinez, 2020 Ama;t eur Doublei})llmd, 2S-hesperidin a . Absolute 25-hes = 860.6 +70.37
51] cyclists, parallel, day for Wingate test peak power W T
n =40 (male) RCT P =840.2 + 11893 W

8 weeks
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Table 2. Cont.
Main
. Experimental . Exercise Trial Results
Reference Subject, n Design Intervention Protocol Outcomes (Mean + SD) C(S)ixgiu-
. 90 mL Cherry juice
McCormick,  Water polo players, Double-blind, (9.117 mg/mL of .Water p olo Total CJ =605+ 239 m
Cross-over, . intermittent . —
2016 [52] n =9 (male) RCT anthocyanins) a im test distance P =558 +203m
day for 7 days sw es
. _ Double-blind, =~ 1000 mg Quercetin _
Nieman, Adults, n =26 cross-over, a 12 min TT Total Q=1013 £209 m 4
2010 [44] (male) RCT day for 2 weeks distance P =990 4+20.5m
Overdevest, Trained athletes, DO;:EZEII nd, 50}?1;1]%)55315 10 min TT Absolut CF=313£43.6 W 4
2018 [53] n =40 (male) RCT a day for 4 weeks power P=3043£51W
300 mg New
Perkins, 2015 Healthy adults, Double-blind, Zealand 6% 19's of Total NZBC =4282 +
[54] n=13 Cross-over, Black Currant a sprints distance 833 m T
g (males) RCT day for P=3871+622m
7 days
Seelev. 2020 Cyclists and Double-blind, Soy = 33311 +311
Y triathletes, Cross-over, 30 g Soy for once 20-km TT Total time T
[55] 1 = 25 (male) RCT P =3553 4+ 3.09
- min
Sharp, 2012 Healthy volunteers,  Double-blind, =~ 1000 mg Quercetin 200-4J Cycle . Q=183 + 1.0 min
156] n= Cross-over, a T Total time P =185+ 1.1 min —
16 (male) RCT day for 8.5 day ’ ’
400 mg(a) or CFE =526 + 150 W 4
Van, 2021 Moderately trained ~ Double-blind, 500 mg(b) . Wingate Average P =511+ 140 W (a)
157] volunteers, n = 93 parallel, Citrus Flavonoid anaerobic power CFE =575 + 148 W 4
(males and females) RCT extract test P =511+ 140 W (b)
a day for 4 weeks
Yarahmadi Athletes, n = 54 Double-blind, 100 mg Bruce A; (t)ZI?r?ini
! (22 female and parallel, Anthocyanin a . Vo, max ’ T
2014 [58] treadmill test P=49.61 +
32 male) RCT day for 6 weeks 533 L/min

RCT: randomized controlled trial; TT: time trial; P: placebo trial, L: group of low-dose; H: group of high-dose; Vo,
max: maximal oxygen uptake; 1: improved athletic performance; —: unimproved athletic performance; (a), (b),
(c) and (d) indicate certain paper uses more than one test or supplementation protocol.

3.4. Performing a Meta-Analysis on Performance Tests

The 11 studies [5,29-31,44,47-49,53,55,56] related to TT were included in the meta-
analysis of performance tests; these 11 studies contain 401 participants and 12 ESs in total.
Figure 5 indicated that flavonoid supplementation presented a significant effect on the
performance tests derived from the TT regimen.

Although a significant effect had been observed in healthy adults based on the above
discussion, we still would like to investigate the effects of flavonoids on both athletes
and non-athletes, as well as examine the impact of acute supplementation and long-term
supplementation duration. In this study, the distinction between athletes and non-athletes is
determined by whether they have undergone systematic professional training. Additionally,
the categorization between acute supplementation and long-term supplementation is made
based on the duration of flavonoid supplementation. Specifically, if the supplementation
lasts for more than 7 days, it is viewed as long-term supplementation, while anything less
is regarded as acute supplementation [59].

For the subgroup analysis of athletes and non-athletes, Figure 6A suggested that
flavonoid supplementation revealed no effect on performance tests in athletes. Conversely,
as shown in Figure 6B, flavonoid supplementation presented a significant effect on the
performance tests in non-athletes.
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Std. Mean Difference

Std. Mean Difference

_Study or Subgroup  Weight |V, Random, 95% CI IV. Random.95%Cl
Bigelman 2010a 13.6% -0.14 [-0.66, 0.37] -
Brandenburg 2021 6.0% -0.01 [-0.85, 0.82]

Dean 2009 4.5% 0.09 [-0.89, 1.07]

Decroix 2017a 6.4% -0.32[-1.13, 0.48] - 1
Decroix 2017b 6.5% 0.24 [-0.56, 1.05] - 1
Garcia 2020 8.3% -0.16 [-0.86, 0.54] - 1
Howatson 2022 7.6% -0.59 [-1.32, 0.14] -
MacRae 2006 5.6% -0.72[-1.59, 0.14] -
Nieman 2010 11.1% -1.09 [-1.68, -0.51] e
Overdevest 2018 9.9% -0.18 [-0.81, 0.45] - =]
Seeley 2020 12.1% -0.07 [-0.62, 0.48] -
Sharp 2012 8.3% -0.19[-0.88, 0.51] - 1
Total (95% ClI) 100.0% -0.28 [-0.50, -0.07] <>

Heterogeneity: Tau? = 0.02; Chi? = 12.78, df =11 (P =0.31); I? = 14% _’2 _'1
Test for overall effect: Z = 2.57 (P = 0.01) Favours [experimental] Favours [control]

o
-
N

Figure 5. Forest plot: meta-analysis of flavonoid impacts on performance tests [26,29-31,44,47—
49,53,55,56]. Where each color square represents the point estimate of the ES (SMD); black diamond
represents the combined or pooled effect size and its 95% CI from all the studies.
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Seeley 2020 12.1% -0.07 [-0.62, 0.48] —r—
Subtotal (95% CI) 53.3%  -0.15[-0.42, 0.12] >
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Figure 6. Forest plot: athlete and non-athlete subgroup analysis of flavonoid impacts on performance
tests. (A) Athlete subgroup. (B) Non-athlete subgroup [26,29-31,44,47-49,53,55,56].

For the subgroup analysis of acute supplementation and long-term supplementation.
Figure 7A suggested that flavonoid supplementation revealed no effect on performance
tests in acute supplementation. However, as shown in Figure 7B, flavonoid supplementa-
tion presented a significant effect on the performance tests when long-term supplementation
duration was conducted.
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Figure 7. Forest plot: acute and long-term supplementation subgroup analysis of flavonoid im-
pacts on performance tests. (A) Acute supplementation subgroup. (B) Long-term supplementation
subgroup [26,29-31,44,47-49,53,55,56].

3.5. Performing a Meta-Analysis on Exercise Tolerance

The 12 studies [11,20,27,28,46,47,50-52,54,57,58] related to TTE and GXT were used
to perform the meta-analysis of exercise tolerance; these 12 studies contain 595 partici-
pants and 17 ESs in total. Figure 8 indicated that flavonoid supplementation presented a
significant effect on the exercise tolerance derived from TT regimen.

Std. Mean Difference Std. Mean Difference

_ Study or Subgroup __Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Abbey 2011 5.1% 0.00 [-0.72, 0.72]
Askari 2013 5.1% 0.25 [-0.47, 0.97)
Bentley 2012 3.0% 0.32 [-0.61, 1.25]
Bigelman 2010b 9.7% 0.35[-0.17, 0.87) T—
Bigelman 2010c 9.9% 0.04 [-0.48, 0.55] S
Davis 2010 3.9% 0.53 [-0.29, 1.35] .
Gelabert 2019a 4.1% 0.11 [-0.69, 0.91]
Gelabert 2019b 4.1% 0.00 [-0.80, 0.80]
Gelabert 2019¢ 4.1% -0.13 [-0.93, 0.68]
Gelabert 2019d 4.1% 0.03 [-0.77, 0.83]
Martinez 2019 5.1% 0.23 [-0.49, 0.95] %
Martinez 2020 6.8% 0.20 [-0.42, 0.83] .
McCormick 2016 3.0% 0.20 [-0.73, 1.13]
Perkins 2015 4.2% 0.54 [-0.24, 1.33]
van 2021a 10.4% 0.10 [-0.40, 0.60] —l—
van 2021b 10.3% 0.44 [-0.07, 0.94] T
Yarahmadi 2014 7.2% 0.57 [-0.03, 1.17]
Total (95% CI) 100.0% 0.23 [0.07, 0.39] >

Heterogeneity: Chi? = 5.83, df = 16 (P = 0.99); I? = 0%

Test for overall effect: Z = 2.82 (P = 0.005) = =05 0 05 !

Favours [control] Favours [experimenta]

Figure 8. Forest plot: meta-analysis of flavonoid impacts on exercise tolerance [11,20,27,28,46,47,50—
52,54,57,58].
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Although a significant effect had been observed in healthy adults based on the above
discussion, we still would like to investigate the effects of flavonoids on both athletes
and non-athletes, as well as examine the impact of acute supplementation and long-term
supplementation duration.

For the subgroup analysis of athletes and non-athletes, Figure 9A suggested that
flavonoid supplementation revealed no effect on exercise tolerance in athletes. Conversely,
as shown in Figure 9B, flavonoid supplementation presented a significant effect on exercise
tolerance in non-athletes.
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Figure 9. Forest plot: athlete and non-athlete subgroup analysis of flavonoid impacts on exercise
tolerance. (A) Athlete subgroup. (B) Non-athlete subgroup [11,20,27,28,46,47,50-52,54,57,58].

For the subgroup analysis of acute supplementation and long-term supplementation,
Figure 10A suggested that flavonoid supplementation revealed no effect on exercise toler-
ance in acute supplementation. However, as shown in Figure 10B, flavonoid supplementa-
tion presented a significant effect on exercise tolerance, when long-term supplementation
duration was conducted.
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Figure 10. Forest plot: acute and long-term supplementation subgroup analysis of flavonoid im-
pacts on exercise tolerance. (A) Acute supplementation subgroup. (B) Long-term supplementation
subgroup [11,20,27,28,46,47,50-52,54,57,58].

4. Discussion

A significant difference in performance tests had been identified when the subject had
a specified dosage of flavonoid supplementation in TT regimen by meta-analysis. Based
on the findings of the meta-analysis of performance tests, we firmly believed that flavonoid
supplementation might contribute to slight variations in athletic performance by inducing
distinct metabolic pathways or a regulation of mitochondrial biogenesis, which could result
in significant differences in performance tests. Accordingly, our statements also align with
the reasons for which flavonoid supplementation has produced a significant effect on per-
formance tests in this literature [44,49,55]. However, no significant changes in performance
tests were observed in certain studies, as evidenced by references [26,29-31,47,56]; however,
we must emphasize that there might be explainable reasons behind their conclusions. The
excessive intensity of exercise and the dosage of the supplement could inhibit mitochondrial
biogenesis and function while suppressing excessive oxidative stress. Therefore, flavonoid
supplementation can improve performance tests, but the intensity of exercise and dosage,
type, as well as duration of the supplement must be appropriate [32]. Too little dosage might
present non-\significance, while too much could produce a negative effect. Specific dosages
might be a better choice. In addition, different flavonoids have unique impacts as well. Mean-
while, different intake duration could induce different performance changes; for example,
quercetin (1000 mg/day, 2 weeks) [44], anthocyanin (150 mg/day, 6 day) [48], vitamins and
quercetin (600 mg/day, 6 weeks) [49] citrus flavonoid (500 mg/day, 4 weeks) [53], and soy
(30 g, once) [55] improved performance.

Results from the athlete and non-athlete subgroup analysis suggested that the exercise
subjects’ characteristics might influence the efficacy of flavonoid supplementation in per-
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formance tests. We observed significant results in non-athletes but not in athletes, which
might be attributed to exercise subjects’ characteristics. Garcia-Merino et al. [26] reported a
statistically insignificant improvement increased by 1.27% after athlete intake flavonoid
supplementation in a TT experiment. However, Overdevest et al. [53] found a statistically
significant improvement increased by 5% after non-athletes underwent 500 mg-day ! hes-
peridin supplementation for 4 weeks. It is noteworthy that non-athletes have greater room
for improvement compared to athletes. The reason revealed is also consistent with the con-
clusion discussed by Hopkins et al. in [60]. Therefore, the exercise subjects’ characteristics
should be emphasized.

There was a significant improvement for performance tests with long-term supple-
mentation, but for acute supplementation, it was insignificant. These could be related
to the duration of supplementation, because the long-term could result in an increase in
muscle-oxidation [61,62]. Decroix et al. [31] found that acute supplementation of cocoa
flavanols (CF) could marginally enhance the relative power output following TT exercise,
and Dean et al. [30] carried out acute supplementation with 270 mg of green tea extract.
This acute supplementation did not produce improvements. However, Wolfram et al. [63]
observed that undergoing green tea supplementation beyond 12 weeks might yield more
beneficial effects in human experiments.

A significant difference of exercise tolerance has been identified when the subject
intake specified dosage flavonoid supplementation in TTE or GXT regimen by meta-
analysis. As we all know, flavonoids boost exercise tolerance by amplifying oxygen delivery
to muscles, increasing nitric oxide (NO) concentrations and strengthening antioxidant
defenses. For example, Van lersel et al. [57] carried out the daily intake of 400 mg/day
of citrus flavonoids over 8 weeks, resulting in a substantial enhancement in the capacity
to supply oxygen to muscles. This improvement was achieved through the elevation
of NO levels, ultimately leading to increased average power output in the Wingate test.
Furthermore, Yarahmadi, et al. [58] conducted the Bruce exercise test after 6 consecutive
weeks of supplementing the subjects with 100 mg of anthocyanins per day, indicated
a significant improvement in Vo, max due to attributing to the antioxidant properties
exhibited by anthocyanins. This coincides perfectly with our findings. Meanwhile, we must
consider the effects of dosage, type, and duration of flavonoid supplementation as well
as exercise subjects’ characteristics too. Proper dosing can extend aerobic endurance and
reduce recovery time. Some benefit cardiovascular endurance, others aid muscle recovery;
for example, luteolin and mangiferin (50 mg and 140 mg for 48 h) [11], luteolin and
mangiferin (100 mg and 420 mg for 15 days) [11], lactaway (150 mL for once) [46], quercetin
(1000 mg/day, 7 days) [20], 25-hesperidin (500 mg for once) [50], 25-hesperidin (500 mg/day,
8 weeks) [51], New Zealand black currant (300 mg/day, 7 days) [54], citrus flavonoid
(400 mg or 500 mg/day, 4 weeks) [57], and anthocyanin (100 mg/day, 6 weeks) [58]
improved performance.

The results from the athlete and non-athlete subgroup analysis indicated that the
exercise subjects’ characteristics might influence the efficacy of flavonoid supplementation
on exercise tolerance as well. Athletes, due to their prolonged, high-intensity training,
have developed robust adaptive responses, particularly in areas of antioxidant activity,
energy metabolism, and inflammatory reactions. When they supplement with flavonoids,
these compounds may further amplify these established adaptive mechanisms. In con-
trast, non-athletes might not have such pronounced adaptive responses. This difference in
adaptive reactions explains why athletes and non-athletes may exhibit distinct endurance
performance outcomes after flavonoid supplementation. Well-trained athletes showcase
enhanced physiological adaptations due to consistent training, particularly in areas like
antioxidant activity, mitochondrial function, and NO production [20,64]. While athletes al-
ready exhibit superior antioxidative and mitochondrial capacities, non-athletes can achieve
more pronounced performance boosts from quercetin supplementation [54]. Furthermore,
black currant intake in healthy adults can delay muscle fatigue and combat exercise-induced
ROS. Such benefits are largely attributed to the role of exercise in activating eNOS, pro-
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moting NO synthesis, and enhancing blood flow [65]. Therefore, supplementation with
flavonoids has been proven effective for non-athletes, but its impact on athletes still war-
rants further research. Moreover, adaptability and the characteristics of the subjects should
be taken into account.

In addition, regarding acute supplementation and long-term supplementation in ex-
ercise tolerance. Long-term supplementation with flavonoids may enhance endurance
by improving blood flow, strengthening antioxidant defenses, alleviating chronic inflam-
mation, and optimizing energy metabolism. In contrast, acute supplementation might
offer immediate vasodilation, short-term antioxidant protection, and rapid alleviation of
inflammatory responses. As noted by Van Iersel et al. [57], the citrus flavonoid group could
enhance athletes” anaerobic capacity after 8 weeks by upregulating NO, scavenging ROS, or
regulating mitochondrial biogenesis. Gelabert-Rebato et al. [11] declared that peak power
output exhibited a significant increase whether it is a long-term supplementation or an
acute supplementation after oral mangiferin and luteolin supplementation. There were
only three studies of acute flavonoid supplementation, which could result in the increasing
risk of inaccurate estimates. Therefore, it is imperative to exercise prudence in interpreting
the findings, while taking into account the constraints posed by the limited scope and
number of studies included in the analysis.

Finally, in view of the limitations of exercise regimens, sample size, flavonoid intake,
diverse designs and target population led to unstable statistical results, so, further research
was necessary to establish much more incontrovertible evidence regarding exercise regi-
mens. While many of the articles included in the analysis focused on evaluating athletic
performance, a subset of studies only reported it as a secondary outcome. As a result, a
comprehensive and thorough evaluation of athletic performance cannot be conducted. In
terms of sample size, in clinical studies, experimental subjects were often limited by various
factors such as specific populations, time constraints, and resource availability, leading to
insufficient sample sizes and hindering more in-depth analyses. Concerning the number of
relevant studies, the fewer related research studies result in an unstable statistical result;
for example, there were only three studies for acute flavonoid supplementation on acute
supplementation subgroup of exercise tolerance, but at least two studies were required to
perform a meta-analysis [35]. Fewer studies might increase the risk of inaccurate estimates
and limit the generalizability of the results. Thereby, the exercise regimens, sample size,
and the number of correlated research were challenges in conducting systematic review
and meta-analysis, these challenges provided opportunities for our future research endeav-
ors and underscore the necessity for further investigations in this field. Future studies
on flavonoid supplementation and athletic performance should consider diverse designs,
notably randomized controlled trials and dose-response trials, while targeting varied pop-
ulations, including elite vs. recreational athletes, different age groups, and sport-specific
groups. It is essential to control for confounding factors such as diet, training load, and
other supplements to ensure accurate findings.

In summary, flavonoid supplementation had a significant improvement in perfor-
mance tests using the TT regimen. Meanwhile, the subgroup analysis, athletes and non-
athletes as well as for acute supplementation and long-term supplementation, was carried
out, and found that supplementing flavonoid is slightly beneficial for non-athlete and long-
term supplementation, whereas it was not useful for athlete and acute supplementation.
However, it was essential to conduct further research to solve some limitations. Addition-
ally, flavonoid supplementation demonstrated that there was a modest yet statistically
significant ES for exercise tolerance using the TTE and GXT regimens as well. Subsequently,
we performed further subgroup analyses on exercise tolerance too. Results indicated that
the non-athletes group presented a significant improvement, but there was no significance
in athletes group. Meanwhile, long-term supplementation was found to effectively enhance
exercise tolerance, whereas no changes were observed with acute supplementation. Conse-
quently, athletic performance would present a significant improvement in exercise tolerance
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when non-athletes took flavonoid supplementation for a long-term. However, much further
research with a larger sample size was essential for athletes and acute supplementation.

5. Conclusions

In summary, our meta-analysis results indicate that flavonoid compounds can provide
positive support for the athletic performance of adults. Particularly in the cases of non-
athletes and/or long-term supplementation, flavonoid supplementation is effective in
enhancing athletic performance. However, factors such as different training environments,
variations in supplement dosage, and duration of intake can influence its effects. Thus,
further research is needed to establish more concrete evidence regarding the impact of
flavonoid supplementation on athletic performance.
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