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1 | INTRODUCTION

Endurance performance is a complex trait and the neces-
sary phenotypes (e.g., maximal oxygen uptake) for success
are influenced by numerous internal and external fac-
tors such as genetic composition,l training process,2 psy-
chological factors,> or nutrition.’ It is well known that
purposeful (exercise) behavior and a promising degree of
talent are necessary for success. Therefore, the theoreti-
cal probability of becoming a successful athlete is likely
to increase proportionately with a higher number of ad-
vantageous alleles.®’ For instance, athletes with a certain
genetic make-up are more prone to achieve favorable
physiological adaptation for high levels of performance
compared with athletes with a less advantageous genetic
profile.

One of the first sport genetic publications estimated
the heritability of maximal oxygen uptake in response to
training approximately at 47%° and a genome wide link-
age scan of female twins reported a heritability of 66%
for athletic performance.’ Later on, a comprehensive
review identified 155 genetic markers linked to athletic
status.'® The angiotensin I converting enzyme insertion/
deletion variant (ACE 1/D) is one of the most frequently
studied variation in sport genetics, and the insertion al-
lele has been linked to endurance performance, while the
deletion allele has been linked to muscular power.'""'?
Traditionally, polymorphism investigations in sport
science have focused on the two opposite sides of the
neuromuscular spectrum, that is, power vs. endurance
sports.m’14 Unfortunately, this distinct classification of
“power” vs. “endurance” results in heterogeneous study
populations,’> since, for example, badminton, soccer,
or rowing altogether have been classified as “endurance”
sport.'”® This somewhat “rough” clustering of sport dis-
ciplines into one trait is problematic because each disci-
pline encompasses unique phenotypic characteristics for
success.' Therefore, it seems reasonable to focus on more
homogenous endurance disciplines, for example, runners
and cyclists since these disciplines are predominantly leg-
dominated sports with similar and distinct physiological
surrogates (e.g., peak oxygen uptake) explaining the level
of performance to a high degree.”**

Moreover, within bio-medical research the term “ath-
lete” isused inconsistently leading to frequent misinterpre-
tations of the performance level.” The literature contains
a variety of definitions including “highly trained,” “elite,”
and “professional” altogether attempting to describe an
exclusive population with extraordinary (genetic) ability
to adapt. However, these definitions are rather subjective
than objective®* and become problematic especially when
comparing data from different studies dealing with dif-
ferent performance levels. For several reasons, it may be
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more appropriate to simply classify performance level into
“national” or “international” competing athletes: (i) there
are documented norms for competing on (inter)national
level and (ii) classification into (inter)national competing
athletes allows for retrieval of a larger sample size to eval-
uate genetic associations.?

To the best of our knowledge, no comprehensive meta-
analysis has been conducted to identify the interplay
between genetic variants and performance level in a ho-
mogeneous group of endurance athletes (i.e., runners and
cyclists). By combining the results of multiple scientific
studies in the form of a meta-analysis, the problem of small
sample sizes can be partially overcome and at the same
time provides a more valid pooled estimate.*® Therefore,
the aim of this study was to systematically identify genetic
variants of (inter)national competing runners and cyclists
compared to sedentary controls.

2 | METHODS

2.1 | Eligibility criteria

This meta-analysis was conducted according to the 2020
PRISMA guidelines®® (see Appendix S1 for the PRISMA
checklist) and eligible reports composed of peer reviewed
genetic association studies investigating (inter)national
competing runners and cyclists published in English. To
ensure a certain degree of homogeneity, we included only
long-distance runners (main discipline >5000m) as well
as road cyclists (i.e., no mountain bikers or cyclocross
racers) competing on (inter)national level and sedentary
controls.*® A non-athletic population was chosen as refer-
ence, because the pool of this group is relatively extensive,
so, the chances of this group for possessing alleles con-
nected to (inter)national performance are low. National
performance level was defined as participating in national
championship events and international performance level
as participating in world championship events. To fur-
ther classify runners, marathon performance times under
2h 20min (males) and 2h 45min (females) were consid-
ered international performance level.”’** For cyclists,
a maximal oxygen uptake of >71ml/kg/min confirmed
high level of competition.?>**** Case studies and confer-
ence abstracts were excluded. Articles were also excluded
when no correct rs-number or no information about geno-
type frequency was reported or when no nuclear genome
data was analyzed. Candidate gene studies analyzing
more than 30 different genetic variants were excluded for
efficiency reasons but will be addressed in the discussion
section. When articles involved identical participants the
most recent article was included for analysis. An excep-
tion was made when the older study reported stratified



1416
_I_Wl LEY

KONOPKA ET AL.

results for discipline (runners vs. cyclists), performance
level (national vs. international), or sex (male vs. female).
In case studies employed, partly same athletic cohorts
only new sub-cohorts were included.*

2.2 | Study selection and data extraction
Medline and Embase databases were searched on July 1,
2020, and updated on November 15, 2021. All relevant
studies and reviews related to the topic were checked for
cross references. The search strategy for both databases
consisted of three online searches. The search terms and
the full search strategies are summarized in ESM 2, 3, and
4. No filters were applied during the search. Identified
studies from databases were extracted to Endnote
(Clarivate Analytics) and automatically screened for du-
plicates. Title and abstract of the retrieved reports were
initially read by one reviewer (MK). Two independent re-
viewers (MK and JB) then screened the full texts for eli-
gibility. Disagreement between MK and JB was solved by
discussion. Data collection was performed independently
by the two reviewers using Excel. The following items
were extracted: first author's name, publication year, jour-
nal, country of origin, ethnicity and sex of participants,
number and performance level of athletes (runners and
cyclists), number of controls, rs-number, and genotype
frequencies. The authors were contacted in case the full
text was not available or relevant information for data ex-
traction was missing or unclear.

2.3 | Risk of bias assessment

The risk of bias within each study was assessed indepen-
dently by the two reviewers using the Clark Baudouin
scale, a 10-point scoring system for the quality of genetic
association studies.* This scale assesses size of cases and
controls, Hardy Weinberg equilibrium of controls, ade-
quate definition of cases, primer sequence, genotyping ac-
curacy and reproducibility, statistical power, corrections
for multiplicity, and replication of results. The scores range
from 0 (worst) to 10 (best), and overall scoring is based on
quality (low<4, moderate 5-7, and high>8). Risk of bias
was rated as “high” for low quality studies, as “unclear”
for moderate quality and as “low” for high quality studies.
The Robvis tool was used to visualize risk-of-bias.*’

2.4 | Synthesis of results

Odds ratios between (inter)national competing runners
and cyclists and controls were calculated for genotype

status and genetic variant assuming a recessive inherit-
ance model. A dominant inheritance model was assumed
when zero counts were reported for the effect allele.
Eligible for the synthesis of results were at least two inde-
pendent studies analyzing identical variants. All statistical
analyses were performed with R (version 4.0.3). Pooling of
effect sizes (odds ratio) was performed based on raw geno-
type data using the meta package/metabin function. The
random effects model for pooling of effect size was applied
because between-study heterogeneity was expected.*® The
exact Mantel-Haenszel method for statistical pooling was
used and the Wald test for the confidence interval of the
summary effect. Furthermore, 95% prediction intervals
were calculated.®

2.5 | Heterogeneity and
sensitivity analyses

Heterogeneity was analyzed by Q-statistics based on the
Mantel-Haenszel estimator and tau® (DerSimonian and
Laird).*® I represented inconsistency and was categorized
as low (<25%), moderate (25%-75%), or high (>75%).
Heterogeneity, outliers, and influential cases were in-
spected with Baujat and Gosh plots*** and the leave-one-
out method. In case the meta-analysis included >5 reports,
we examined publication bias with funnel plot asym-
metry. In case the meta-analysis included >10 reports,*
publication bias was statistically tested with linear regres-
sion analysis.* In addition, we employed random effects
meta-regressions to examine statistical heterogeneity in
case >10 articles were included in the pooled analysis.*
When significant, we performed subgroup analysis using
a random effects model comparing “discipline,” “ethnic-
ity,” “performance level,” and “sex.” International level
of competition was expected to have a greater effect size
compared with national level of competition. No expecta-
tions were set for sex, discipline, or ethnicity. In addition,
we performed several sensitivity analyses: (i) a fixed effect
model, (ii) a dominant inheritance model, (iii) Hartung-
Knapp adjustment,*® (iv) exclusion of studies violating the
Hardy Weinberg equilibrium,*” and (v) exclusion of stud-
ies with high risk of bias. Significance for all analyses was
p<0.05.

2.6 | Certainty of evidence

Certainty of the evidence was assessed using the GRADE
framework categorizing the evidence as high, moderate,
low, or very low.* Certainty of evidence was graded by
the two reviewers independently, and disagreement was
solved by discussion.
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3 | RESULTS
3.1 | Study selection

The literature search identified 4627 records. Of the initial
dataset, 1014 duplicates were removed as well as 120 non-
English studies. Consequently, 3493 articles were screened
based on title and abstract thereby excluding another 3224
records. Next, 269 articles were read for detailed evaluation
of which three articles were not retrievable even after con-
tacting the author(s).*~>! Of the remaining 266 studies, 43
were eligible for inclusion. The journals of all included ar-
ticles are summarized in ESM 5. Figure 1 depicts the flow
of study selection. The reasons for study exclusion were
other definitions of the performance level (n = 24), other
definitions of the sport disciplines (n = 152) or control
group (n = 26), unclear genotype frequency (n = 10), case

studies (n = 4),°* conference abstracts (n = 1), dupli-
cate study populations (n = 3),*****7 incorrect rs-number
(n= 1),58 no nuclear genome (n = 1),59 and >30 genetic
variants analyzed (n = 1).%° The reasons for exclusion are
summarized in ESM 6.

3.2 | Study characteristics, risk of
bias, and results of individual studies

ESM 7 displays the key characteristics of all included stud-
ies. ESM 8 presents the observed genotype and allele fre-
quencies as well as the estimated population frequencies.
Of the 43 articles, 25 (58%) were rated as low and 18 (42%)
were rated as unclear risk of bias. Detailed information
about the risk of bias assessment is summarized in ESM
9. Overall, we identified 42 genetic variants. Of those,

[ Identification of studies via databases and registers J
G
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—
\ 4
o
Records screened Records excluded
—>
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4
Reports sought for retrieval Reports not retrieved
(n = 269) (n=3)
g i
c
§ Reports assessed for eligibility Reports excluded:
o (n = 266) ’
@ Definition of:
-Performance level (n = 24)
-Sport discipline (n = 152)
-Control group (n = 26)
Genotype frequency (n = 10)
Case studies (n =4)
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Rs-number not correct (n = 1)
No nuclear genome (n = 1)
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) —
v
M
2
IS Studies included in review
° (n=43)
FIGURE 1 PRISMA flow chart for E
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29 variants were investigated by single studies included
in this meta-analysis (ESM 10). Therefore, these 29 poly-
morphisms could not statistically be pooled and 12 of the
29 variants showed a significant association with runners
and cyclists competing at (inter)national level compared
with controls.

3.3 | Results of synthesis

Thirteen genetic variants were examined in at least two
independent studies, yielding 3938 (inter)national runners
and cyclists and 10 752 controls in total (Table 1). Of the 13
variants, five showed significant associations with runners
and cyclists compared with controls. The pooled odds ratio
[95%CI] favoring (inter)national competing runners and
cyclists was 1.42 [1.12-1.81] for ACE I/D (II vs. ID+DD),
1.66 [1.26-2.19] for alpha-actinin 3 (ACTN3) rs1815739 (TT
vs. CT+CC), 1.75 [1.34-2.29] for peroxisome proliferator-
activated receptor gamma coactivator 1-alpha (PPARGC1A)
polymorphism rs8192678 (GG vs. AG+AA), 2.23 [1.42-
3.51] for adenosine monophosphate deaminase 1 (AMPD1)
rs17602729 (CC vs. CT+TT), and 2.85 [1.27-6.39] for
homeostatic iron regulator (HFE) 1s1799945 (GG+CG
vs. CC). The remaining eight variants did not show a sig-
nificant result in the main analysis: myostatin (MSTN,
rs1805086), bradykinin receptor B2 (BDKRB, —9/+9), in-
terleukin-6 (IL6, rs1800795), adrenoceptor beta 2 (ADRB2,
rs1042713 and rs1042714), creatine kinase M-type (CKMM,
rs8111989), G protein subunit beta 3 (GNB3, rs5443), and
nitric oxide synthase 3 (NOS3, rs2070744). Heterogeneity of
the pooled results was low (0%-20%) except for HFE (71%),
GNB3 (80%) and NOS3 (76%).

331 | ACE

The following figures illustrate the forest plots of the
significant genetic variants associated with (inter)na-
tional runners and cyclists compared with controls.
Figure 2 displays 14 studies analyzing ACE I/D with in
total 782 (inter)national competing runners and cyclists
and 4637 controls.”7*#*? Seven publications were rated
as low® 626667173 and seven as unclear® %7708 rigk
of bias. ESM 11 and 12 present the ACE-specific study
characteristics and the risk of bias assessment. The re-
ports mainly involved Caucasian participants (n = 12).
One study comprised African’* and one Asian’ partici-
pants. Seven articles analyzed internationa],®:6466-68.71,73,83
two national,*®® and the remaining studies investigated
both national and international athletes together.%>%7%72
Finally, five publications investigated runners,®¢*>7%-"1
two examined cyclists,“’72 and the remaining seven

publications analyzed both disciplines of which three ana-
lyzed runners and cyclists apart.®>%+

In general, (inter)national competing runners and cy-
clists showed a significantly higher prevalence of the II
genotype (II vs. ID +DD) compared with controls (pooled
odds ratio [95%CI]: 1.42 [1.12-1.81]). The II genotype fre-
quency was 24.7% in athletes and 21.8% in controls. The
between-study heterogeneity variance was estimated with
T? =0.04 and an I* [95%CI] value of 20.0% [0.0%-57.2%.
Meta-regression results for sex (p = 0.23), discipline
(p = 0.79), ethnicity (p = 0.74), and performance level
(p = 0.26) were not significant. Finally, reporting biases
were not detected, funnel plot (ESM 13) asymmetry was
not significant (p = 0.24), and certainty of evidence was
rated as high (Table 1).

3.3.2 | ACTNS3
Figure 3 illustrates the pooled results for ACTN3 in
which 557 (inter)national competing runners and cy-
clists as well as 1085 controls were analyzed (see ESM
14 for the study characteristics analyzing ACTN3). In
total, nine studies were included in the meta-analysis
of ACTN3.567673757778 mour reports showed low’*7>7®
and five showed unclear®%*77 risk of bias (ESM 15). The
study populations consisted mainly of Caucasian origin.
Only one study involved Chinese participants.”® Three
articles investigated international,’®*®®*”* one national,”
and the remaining five®”**’>’"7® employed runners and
cyclists competing at national and international level as
one group. In addition, three publications examined run-
ners,”>””” two cyclists,’®’* and four investigated runners
and cyclists together.®”-%7?
(Inter)national competing runners and cyclists showed
1.66 times the odds of possessing the TT genotype (TT
vs. CT+ CC) compared with controls (pooled odds ratio
[95%CI]: 1.66 [1.26-2.19]). The frequency of the TT gen-
otype was 28.4% in the athlete and 19.5% in the control
group. The between-study heterogeneity variance was
estimated with 7% =0.03 and I* at 19.1% [0.0%-60.8%].
Meta-regression results regarding sex (p = 0.86), disci-
pline (p = 0.77), ethnicity (p = 0.16), and performance
level (p = 0.17) were not significant. Noteworthy, two pub-
lications®”*® might have employed the same control group
(N = 123) but different athletes. Excluding one or both
studies did not change the present finding (p <0.01). The
control group of four reports®®’*’>’” deviated from Hardy
Weinberg equilibrium and excluding those studies also
did not change the main result (p <0.01). ESM 16 displays
the funnel plot for ACTN3, which did not indicate the
presence of publication bias. Finally, certainty of evidence
was rated as high (see Table 1).
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Athletes Controls ACE IID
Study Events Total Events Total OR 95%-Cl Weight
Delgado [83] 2021 6 123 13 122 —8— 0.43 [0.16; 1.17] 5.0%
Nazarov [63] 2001 2 10 105 449 B 0.82 [0.17;3.92] 2.2%
Amir [65] 2007 7 79 26 247 —8—— 0.83 [0.34;1.98] 6.3%
Shahmoradi [72] 2014 6 37 27 163 :{I? 0.97 [0.37;2.56] 5.3%
Ruiz [69] 2010 44 100 44 100 1.00 [0.57;1.75] 12.4%
Tobina [70] 2010 19 37 155 335 —H— 1.23 [0.62;2.42] 9.4%
Gomez-Gallego [66] 2009 13 46 11 46 —E— 1.25 [0.49;3.19] 5.7%
Muniesa [68] 2010 31 102 24 123 —E— 1.80 [0.97; 3.33] 10.9%
Ruiz [67] 2009 14 46 23 123 —H— 1.90 [0.88;4.13] 7.7%
Ash [71] 2011 12 76 36 408 —l— 1.94 [0.96; 3.92] 8.9%
Alvarez [62] 2000 12 45 62 400 —E— 1.98 [0.97;4.05] 8.7%
Flueck [73] 2019 8 30 9 63 —— 88— 2.18 [0.75;6.38] 4.4%
Myerson [61] 1999 14 34 457 1906 ——— 222 [1.11;4.43] 9.2%
Scanavini [64] 2002 5 17 19 152 T 8—— 292 [0.92;9.20] 3.9%
Random effects model 193 782 1011 4637 <> 1.42 [1.12; 1.81] 100.0%
Prediction interval | : -—] | [0.85; 2.39]

Heterogeneity: 12 = 20% [0%; 57%], ©* = 0.0417, p = 0.24

Il genotype more frequent among controls

02 05 1 2 5

Il genotype more frequent among athletes

FIGURE 2 Results of the meta-analysis investigating ACE I/D when comparing (inter)national runners and cyclists to controls;

Events = II genotype

Athletes Controls ACTN3 (rs1815739) .
Study Events Total Events Total OR 95%-Cl Weight
Flueck [73] 2019 10 30 25 63 o : 0.76 [0.31;1.89] 8.0%
Yang [78] 2017 14 44 17 50 —H— 0.91 [0.38;2.15] 8.8%
Muniesa [68] 2010 22 102 22 123 —— 1.26 [0.65;2.44] 13.6%
Ruiz [67] 2009 11 46 22 123 —rE— 1.44 [0.64;3.27] 9.6%
Gomez-Gallego [66] 2009 11 46 8 46 & 1.49 [0.54;4.14] 6.6%
Lucia [74] 2006 14 50 22 123 ———H—— 1.79 [0.83;3.86] 10.6%
Eynon [75] 2009 24 74 42 240 —FF— 2.26 [1.25;4.08] 16.1%
Ben-Zaken [77] 2015 23 65 40 217 ——FF— 242 [1.31;4.47] 152%
Ruiz [69] 2010 29 100 13 100 ——8——2.73 [1.32;5.65] 11.7%
Random effects model 158 557 211 1085 - 1.66 [1.26; 2.19] 100.0%
Prediction interval — [0.96; 2.88]
Heterogeneity: /2 = 19% [0%; 61%], ©° = 0.0342, p = 0.27 ' ! !
0.2 05 1 2 5

TT genotype more frequent among controls TT genotype more frequent among athletes

FIGURE 3 Results of the meta-analysis investigating ACTN3 (rs1815739) when comparing (inter)national runners and cyclists to

controls; Events = TT genotype

3.3.3 | PPARGCIA

ESM 17 summarizes the study characteristics of
PPARGCIA. Five studies with in total 359 (inter)national
competing Caucasian runners and cyclists and 1292 con-
trols were investigated in the meta-analysis for PPARGCIA
(Figure 4).2%7%87%80 One publication was rated as low’’
and four as unclear®®%”%% risk of bias (ESM 18). Three

articles examined runners and cyclists competing at inter-
national level®****® and two studies®””® analyzed national
and international competing runners and cyclists as one
group. One report explored only runners,” one only cy-
clists,® and the remaining three articles®®**”® analyzed
runners and cyclists together.

The results showed that (inter)national competing
runners and cyclists had 1.75 times the odds of carrying
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Athletes Controls
Study Events Total Events Total
Delgado [28] 2020 77 123 65 122
Muniesa [68] 2010 49 102 47 123
Eynon [79] 2010 37 74 79 240
Ruiz [67] 2009 26 46 47 123
Maciejewska [80] 2012 9 14 280 684
Random effects model 198 359 518 1292

Prediction interval
Heterogeneity: 12 = 0% [0%; 79%], ©* =0, p = 0.76

0.2

PPARGC1A (rs8192678)

OR  95%-Cl Weight

N 1.47 [0.88;2.44] 27.7%

+— 1.49 [0.88;2.55] 25.4%

—— 2.04 [1.20;3.46] 25.7%

B 2.10 [1.06;4.18] 15.3%

. @ 2.60 [0.86;7.83] 5.9%

- 1.75 [1.34; 2.29] 100.0%

— [1.13; 2.71]

[ [ I |
05 1 2 5

GG genotype more frequent among controls GG genotype more frequent among athletes

FIGURE 4 Results of the meta-analysis investigating PPARGC1A (rs8192678) when comparing (inter)national runners and cyclists to

controls; Events = GG genotype

Athletes Controls

Study Events Total Events Total
Delgado [28] 2020 98 123 81 122
Muniesa [68] 2010 93 102 101 123
Ruiz [67] 2009 44 46 101 123
Random effects model 235 271 283 368

Prediction interval
Heterogeneity: I>=0% [0%; 90%], =0, p =0.55

0.1

AMPD1 (rs17602729)

OR 95%-Cl Weight

- 1.98 [1.11; 3.54] 60.9%

. 2.25 [0.99; 5.14] 29.9%

——a—— 479 [1.08:21.27] 9.2%

- 2.23 [1.42; 3.51] 100.0%

[0.12; 41.61]

[ I I |
051 2 10

CC genotype more frequent among controls CC genotype more frequent among athletes

Athletes Controls
Study Events Total Events Total
Ruiz [67] 2009 22 46 41 123
Delgado [28] 2020 76 123 34 122
Random effects model 98 169 75 245

HFE (rs1799945)

OR 95%-Cl Weight

——— 1.83 [0.92; 3.65] 46.4%

——E— 4.19 [2.45;7.16] 53.6%

[
0.2

Heterogeneity: 12 = 71% [0%; 93%], ©° = 0.2412, p = 0.06

| ——I—I- 2.85 [1.27; 6.39] 100.0%

05 1 2 5

GG+CG genotypes more frequent among controls GG+CG genotypes more frequent among athletes

FIGURE 5 Results of the meta-analysis investigating AMPDI (rs17602729) at the top and HFE (rs1799945) at the bottom when
comparing (inter)national runners and cyclists to controls; Events = CC genotype for AMPDI and GG + CG genotype for HFE

the GG genotype (GG vs. AG+ AA) compared with con-
trols (pooled odds ratio [95%CI]: 1.75 [1.34-2.29]). GG
genotype frequency was 55.2% in the athlete and 40.1%
in the control group. The between-study heterogeneity
variance was estimated at T> =0.00, with an I* value of
0% [0.0%-79.2%]. Noteworthy, two publications might
have employed the same control group but different ath-
letes.®”®® Excluding one or both studies did not change the
result (p <0.01). Lastly, publication bias was not detected
(ESM 19) and certainty of evidence for PPARGCIA was
rated high (Table 1).

3.3.4 | AMPDI and HFE

Figure 5 presents the results for AMPD1?*”%% on the top
and HFE**% on the bottom. ESM 20 and 22 summarizes
the study characteristics of AMPD1 and HFE, respectively.
All publications were rated with unclear risk of bias (ESM
21 and 23) and examined male Caucasian runners and cy-
clists together.

For AMPDI, 271 (inter)national competing runners
and cyclists and 368 controls were analyzed. Two stud-

ies”® investigated international competing runners and
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cyclists. The remaining report employed national and in-
ternational runners and cyclists together.®’” (Inter)national
competing runners and cyclists had significantly higher
prevalence of carrying the CC genotype (CC vs. CT+TT)
compared with controls (pooled odds ratio [95%CI]: 2.23
[1.42-3.51]). The frequency of the CC genotype was
86.7% in the athlete and 76.9% in the control group. The
between-study heterogeneity variance was estimated with
T% =0.00 and an I” value of 0% [0.0%-89.6%]. Two articles
involved the same control group but different athletes.®”*®
Excluding one of the two studies did not change the result
(p<0.01). Furthermore, one control group deviated from
Hardy-Weinberg equilibrium,” but exclusion did not af-
fect the finding (p <0.01).

For HFE a dominant inheritance model was assumed
where in total 169 runners and cyclists and 245 controls
were investigated. One publication examined runners and
cyclists competing internationally® and one employed
both national and international runners and cyclists.®’”
(Inter)national competing runners and cyclists had 2.85
times the odds of carrying the effect allele (G) (GG +CG
vs. CC) when compared with controls (pooled odds ratio
[95%CTI]: 2.85 [1.27-6.39]). The frequency of the GG+ CG
genotype was 58.0% in athletes and 30.6% in controls. The
between-study heterogeneity variance was estimated with
T? =0.24 and an I* value of 70.8% [0.0%; 93.4%). Certainty
of evidence for AMPD1 as well as for HFE was moderate
(Table 1).

3.4 | Sensitivity analysis

Most of the sensitivity analyses did not change our main
findings (ESM 24). In sensitivity analysis 1, we applied a
fixed effect model which did not change the results. In
sensitivity analysis 2, in which a dominant inheritance
model was assumed, only HFE (rs1799945) was signifi-
cantly associated with (inter)national competing runners
and cyclists when compared with controls. In sensitivity
analysis 3, the Hartung-Knapp adjustment for random
effects model was applied and HFE was no longer signif-
icant (p = 0.24). However, in addition to ACE, ACTN3,
PPARGCI1A, and AMPDI, two other genetic variants
showed a significant association. For MSTN (1s1805086),
(inter)national competing runners and cyclists showed a
greater prevalence of carrying the G allele (GG + AG) than
controls (pooled odds ratio [95%CI]: 1.40 [1.11-1.78]). For
CKMM (1s8111989) runners and cyclists had 1.50 [1.03-
2.20] times the odds of carrying the TT genotype (TT vs.
TC+ CC) compared with controls. Further, in sensitivity
analysis 4, we excluded studies in which control groups
deviated from Hardy-Weinberg equilibrium, however,
sensitivity analysis 4 did not influence the results. Finally,

WILEY- =

sensitivity analysis 5 was not applied because no report in
the pooled analysis encompassed high risk of bias.

4 | DISCUSSION

The aim of this systematic review with meta-analysis was
to identify genetic variants contributing to (inter)national
competing long-distance runners and road cyclists. Based
on our pooled analysis, the following five genetic vari-
ants were significantly associated with runners and cy-
clists competing at (inter)national level when compared
with sedentary controls: ACE II, ACTN3 TT (rs1815739),
PPARGC1A GG (rs8192678), AMPDI CC (rs17602729),
and HFE GG+ CG (rs1799945).

41 | ACE

The ACE insertion/deletion variant, which plays a key
role in the renin-angiotensin system, has been a major
focus of sport genetics.'' The renin-angiotensin system is
responsible for blood pressure and electrolyte homeosta-
sis.”® Individuals carrying the I allele (i.e., ID and II geno-
types) demonstrate lower serum levels of the ACE enzyme
than DD individuals.”’ When performing endurance ex-
ercise, I allele individuals demonstrate increased capil-
lary perfusion whereas DD individuals show decreased
capillary perfusion.”® Accordingly, a recent meta-analysis
found a significant difference in the ACE I/D genotype
distribution (I vs. ID+DD) between 2979 “endurance”
athletes (biathlon, cycling, running, rowing, skiing, swim-
ming, and pentathlon) and 10 048 controls (pooled odds
ratio [95%CI]: 1.48 [0.30-2.67]).” Another meta-analysis
from 2013 also reported that the II genotype was higher
in “endurance” athletes (cycling, gymnastics, hockey,
rowing, skiing, swimming, and running) compared with
controls (IT vs. ID+DD) (pooled odds ratio [95%CI]: 1.35
[1.17-1.55])."* Based on the present meta-analysis, involv-
ing a homogeneous group of endurance athletes (i.e., run-
ners and cyclists), we can confirm that endurance athletes
possess a higher prevalence of the II genotype compared
with sedentary controls (pooled odds ratio [95%CI]: 1.42
[1.12-1.81]).

42 | ACTN3

The ACTN3 (rs1815739) TT genotype results in o-
actinin-3 deficiency which affects the muscle's ability to
generate rapid contractions.”*®* In 2019, a meta-analysis
investigated ACTN3 among power athletes and concluded
that the C allele was associated with elite power sports.”
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Further, a meta-analysis from 2013 including 15 studies
observed no significant association with endurance ath-
lete status (TT vs. CT+CC; pooled odds ratio [95%CI]:
0.92 [0.68-1.25])."* Finally, a meta-analysis from 2011
also concluded that the TT genotype (TT vs. CT + CC) was
not associated with endurance athlete status by employ-
ing nine European cohorts (pooled odds ratio [95%CI]:
1.11[0.69-1.79]).” The present result, that (inter)national
competing runners and cyclists have a significantly higher
prevalence of the TT genotype (TT vs. CT+ CC) (pooled
odds ratio [95%CI]: 1.66 [1.26-2.19]) contrasts with the
previous findings. One explanation for the different out-
come may be that we investigated a homogenous group
of endurance athletes (runners and cyclists) whereas the
previous meta-analysis comprised of various sport dis-
ciplines (biathlon, cycling, gymnastics, hockey, rowing,
running, and triathlon).'**” It is well known that runners
and cyclists usually possess a larger cross-section of slow
twitch fibers when compared with other sports involving
frequent sprinting and jumping.”® Based on our and the
previous findings within different athletic groups, it seems
reasonable to advise future studies to distinctively analyze
homogenous groups of sport disciplines as the specific
muscle fiber type involved may influence the outcome.”
Noteworthy, a study among 698 Caucasian elite runners
(1500 m-marathon) did not find an association between
the ACE 1/D nor the ACTN3 (rs1815739) genotypes and
personal-best running times.'” This result underlines the
need for other research employing physically active con-
trol groups.

43 | PPARGCIA

The PPARGCI1A polymorphism (rs8192678) has been as-
sociated with multiple functions such as mitochondrial bi-
ogenesis, energy metabolism, oxidative phosphorylation,
angiogenesis, and antioxidant defense.'”™* Research
demonstrated that the GG genotype is associated with
higher expression of PPARGCIA mRNA levels (GG vs.
AG+AA),"™ which in turn initiates the transition of fast-
twitch muscle fibers to slow-twitch muscle fibers.'”® The
GG genotype therefore may facilitate endurance perfor-
mance by the increased expression of PPARGC1A mRNA
levels. In the present analysis, we found a clear association
of the GG genotype (GG vs. AG + AA) with (inter)national
competing runners and cyclists compared with controls
(pooled odds ratio [95%CI]: 1.75 [1.34-2.29]). This is in
accordance with the results of two recent meta-analyses
involving various “endurance” disciplines (canoeing, ori-
enteering, running, rowing, speed skating, triathlon, and
water polo).'1% Interestingly, a study from 2020 dem-
onstrated that 107 Japanese non-active women possessing

the AA genotype were associated with increased propor-
tions of oxidative muscle fibers compared with women
carrying the AG+GG genotype.'”” A reason for the dis-
crepant results between the aforementioned study and
our finding might be due to the different ethnicities inves-
tigated (Asians vs. Caucasians).

44 | AMPDI1

Arecent review highlighted 16 polymorphisms potentially
associated with marathon running performance, however,
most of the results have not been replicated.'®® Of the 16
polymorphisms, based on our approach encompassing
strict inclusion criteria (i.e., runners, cyclists, and seden-
tary controls), we can confirm next to ACE only one poly-
morphism (AMPDI1 (rs17602729)) to be associated with
(inter)national performance level of runners and cyclists.
By pooling three cohorts, we found that (inter)national
competing runners and cyclists had a higher prevalence of
the CC genotype (CC vs. CT+TT) compared with controls
(pooled odds ratio [95%CI]: 2.23 [1.42-3.51]). The AMPD1
polymorphism plays an important role in energy metabo-
lism and is a key enzyme necessary to produce adenosine
triphosphate (ATP). ATP is the main molecule responsi-
ble to store and transfer energy in cells.'***1°

4.5 | HFE

The HFE gene regulates iron absorption and individuals
carrying one or two mutations (GG or CG) of the rs1799945
polymorphism show higher circulating iron concentra-
tions than individuals without mutation.""! Circulating
iron level is well known for its association with oxygen
transport and endurance performance.'**!"* The main role
of iron is to transport oxygen within the red blood cells and
a normal level of iron is critical to maintain the electron
transfer to produce mitochondrial energy.m’115 A recent
meta-analysis pooled three publications analyzing the
1$1799945 (HFE) polymorphism and “endurance” athletes
revealing a higher prevalence of the G allele (GG + CG vs.
CC) in athletes compared with controls (pooled odds ratio
[95%CI]: 1.96 [1.58-2.45]).*¢ This is in accordance with
our result for HFE (pooled odds ratio [95%CI]: 2.85 [1.27-
6.39]). Nonetheless, our finding warrants careful interpre-
tation since it was based on two reports only.

4.6 | Strengths and limitations

We would like to highlight several strengths of this sys-
tematic review and meta-analysis. (i) This is the first
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comprehensive systematic review with meta-analysis
identifying genetic variants associated with (inter)na-
tional competing long-distance runners and road cyclists.
(ii) We only included leg-dominated disciplines and ex-
cluded whole-body sports such as triathlon, rowing, or
cross-country skiing. This distinction is important since
differences in muscle mass, oxygen extraction,?! contrac-
tile properties of muscle fiber,""” and glucose and lipid
oxidative capacityzo’m’ng"120 between the upper and lower
body require different training stimuli for adaptation.
Grouping different sport disciplines together increases
the inter-cohort phenotypic variability.'* Performing a
meta-analysis is an effective method to increase statisti-
cal power and to analyze a homogenous group of athletes.
(iii) In the present analysis, we employed strict inclusion
and exclusion criteria thereby stimulating high internal
validity, however, differences between and within runners
and cyclists competing in various distances and perfor-
mance levels cannot be fully ruled out. Furthermore, the
results are likely to apply to other leg-dominated endur-
ance disciplines such as race walking. (iv) We performed
thorough sensitivity analyses which confirmed the robust-
ness of our main results. (v) Only two of the 13 pooled
results were graded with a low certainty of evidence. The
GRADE approach increases transparency and was graded
independently by two reviewers. (vi) Lastly, the review
process, data extraction, and risk of bias assessment were
conducted by two independent reviewers with an agree-
ment of 100%.

We also would like to acknowledge some limitations.
(i) Most publications in the field of sport genetics make
use of a candidate gene approach in which replication of
results is often lacking.'®'*! We also found 29 genetic vari-
ants that were not replicated, at least not within (inter)
national competing runners and cyclists. To date, only a
handful of genome wide association studies have been
conducted.'>'*'**'** Genome wide association studies
require large sample sizes which is challenging within
the small group of (inter)national competing athletes.
Unfortunately, we had to exclude all genome wide asso-
ciation studies due to the variety of included sport disci-
plines. In addition, one case-control study investigating
>30 polymorphisms within five genes (PPP3CA, PPP3CB,
PPP3CC, PPP3R1, and PPP3R2) between 123 elite runners
and 125 healthy controls has been excluded due to effi-
ciency reasons.” The authors found two polymorphisms
(rs3804358 in the PPP3CA gene and rs3763679 in the
PPP3CB gene) significantly associated with elite endur-
ance athlete status in Han Chinese, but not in Caucasians.
(ii) Most of the study subjects included in this review were
male, and due to this sample sex imbalance, we were not
able to analyze male and female athletes apart. In future,
both sexes with adequate sample sizes for both should be

WILEY- =

investigated.'?® (iii) In sport genetic studies, the physio-
logical, anthropometric, or biomechanical characteristics
of athletes are often not well described. Consequently,
the definition of performance level remains ambiguous.
Further, we excluded articles in which detailed informa-
tion (e.g., sport discipline, performance level, or genotype
frequency) could not be retrieved after contacting the au-
thors. Therefore, a small number of potentially relevant
articles could have been missed. (iv) We analyzed cohorts
with different ethnicities, which could result in biases be-
cause of population stratification. However, in the present
analysis, 38 of 43 studies (88%) employed Caucasians and
when excluding non-Caucasian cohorts, the odds ratios
remained constant. (v) When assessing the risk of bias,
only two reports’>'*® performed a power calculation. The
low statistical power due to the relatively small number
of athletes available is a common problem in exercise ge-
netics and the resulting unbalanced number of athletes
and controls in the current meta-analysis lowers the gen-
eralizability of the findings. In addition, we identified two
publications that most likely included identical athletes
and controls but reported different genotype frequen-
cies for AGT (rs699).°*'*” (vi) Furthermore, we merely
searched two databases and included articles published in
peer reviewed journals potentially leading to publication
bias. Although funnel plots did not indicate the presence
of publication bias. (vii) The control group consisted of
sedentary individuals (i.e., non-athletes), and it cannot be
ruled out that controls (when engaging in training) could
potentially reach (inter)national performance level. (viii)
Finally, a common pitfall within exercise genetics is the
inconsistent reporting of genes and/or alleles, which we
also encountered when analyzing the ACE and BDKRB2
gene. Future studies should adopt reporting genes consis-
tently using rs-numbers and correct allele forms.

4.7 | Perspective

It seems that (inter)national competing runners and cy-
clists constitute a unique genetic make-up, which likely
contribute to the high level of performance. We advise fu-
ture studies to analyze homogenous group of athletes as
well as different types of control groups (e.g., physically
active adults, power athletes) and to keep the necessity
of sex balance in mind. It is important to emphasize that
the observed associations between the genetic variants
and the endurance performance level do not necessarily
equate causation.
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