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ABSTRACT

This study develops a comprehensive genotype-phenotype
model for predicting the effects of resistance training on leg
press performance. A cohort of physically inactive adults
(N=193) underwent 12 weeks of resistance training, and meas-
urements of maximum isokinetic leg press peak force, muscle
mass, and thickness were taken before and after the interven-
tion. Whole-genome genotyping was performed, and genome-
wide association analysis identified 85 novel SNPs significantly
associated with changes in leg press strength after training. A
prediction model was constructed using stepwise linear regres-
sion, incorporating seven lead SNPs that explained 40.4 % of
the training effect variance. The polygenic score showed a sig-
nificant positive correlation with changesin leg press strength.
By integrating genomic markers and phenotypic indicators,
the comprehensive prediction model explained 75.4 % of the
variance in the training effect. Additionally, five SNPs were
found to potentially impact muscle contraction, metabolism,
growth, and development through their association with RE-
ACTOME pathways. Individual responses to resistance training
varied, with changes in leg press strength ranging from
-55.83% to 151.20 %. The study highlights the importance of
genetic factors in predicting training outcomes and provides
insights into the potential biological functions underlying re-
sistance training effects. The comprehensive model offers
valuable guidance for personalized fitness programs based on
individual genetic profiles and phenotypic characteristics.

Introduction

In sedentary adults, skeletal muscle mass typically decreases by
3%-8% every decade [1], accompanied by varying degrees of mus-
cle strength decline [2]. Low muscle mass and strength are known
risk factors for all-cause mortality, either independently or com-
bined [3,4]. Strength training is the preferred approach forimprov-
ing muscle mass and strength [5]. However, individual differences
in training effects exist, at least partially due to differences in sub-
ject backgrounds, which results in different responses of the body

to similar stimuli [6]. These individual differences in training effects
are the basis for the development of personalized fitness guidance
programs, which have gained increasing attention in sports science
in recent years. Isokinetic muscle strength testing is widely recog-
nized as the “gold standard” for evaluating muscle strength [7].
Isokinetic muscle strength can also be used to evaluate ankle joint
status in chronic ankle instability (CAI) [8] and anterior cruciate lig-
ament (ACL) reconstruction status [9] in sports injuries. The ratio
of isokinetic quadriceps to hamstring muscle strength can predict
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the occurrence of hamstring muscle injury [10, 11]. If the eccentric
strength of hamstring muscles is weaker, especially when the an-
gular velocity is lower than 60 °/s, hamstring muscle injury is likely
to occur [12]. This study focuses on changes in isokinetic leg press
muscle strength, which can be improved by long-term resistance
training, and is associated with relatively few reports on individual
differences in isokinetic muscle strength.

Individual differences in muscle strength training effects are de-
termined by a combination of innate genetic factors and environ-
mental factors. Previous studies have demonstrated that genetic
factors alone, orits interaction with training, significantly influence
individual differences in response to exercise training [13, 14]. Can-
didate gene studies have revealed that the ACTN3 gene can explain
2.1 % of strength training effects [15], while the single nucleotide
polymorphism (SNP) rs3136617 and rs2296135 of the IL15RA gene
accounts for 3.5% and 7.1 % of the variation in lean body weight
training effects from regression models, respectively [16]. Addi-
tionally, the response of different ACE genotypes in muscle strength
after training varies [17]. Meta-analysis reveals that the six candi-
date genes (ACE, ACTN3, AKT1, COX4I1, mTOR, and VEGF-A) col-
lectively account for 72 % of the variation in the muscular strength
phenotype as assessed based on TRM evaluation [18]. However,
training effects are complex traits determined by multiple genetic
markers [19], and the candidate gene approach is unlikely to be
sufficient for developing personalized exercise fitness programs.

Genome-wide association study (GWAS) is a method for iden-
tifying genetic markers and polymorphisms in the entire genome
of multiple individuals. By obtaining genotypes and conducting
statistical analysis at the population level, the most likely genetic
markers that determine a trait can be identified [20, 21]. The poly-
genic score (PGS) is a weighted sum of the effects of effective al-
leles associated with a specific trait, including behaviors, charac-
teristics, or diseases [22]. It can be used to estimate an individual’s
risk of developing a certain phenotype or trait [23]. Since training
effects are influenced by both genetic and environmental factors,
a training effect prediction model that combines genetic markers
and phenotypic indicators can provide the most comprehensive
explanation for individual differences.

In this study, we utilized GWAS methods to screen for genetic
markers, mainly SNPs, related to the strength training effects of
isokinetic leg press strength in a Chinese cohort. We constructed
a genomic prediction model, based on the identified genetic mark-
ers and then combined phenotype indicators, to establish a com-
prehensive genomic-phenotypic model for predicting resistance
training effects. Additionally, we conducted bioinformatics analy-
sis on the lead SNPs to gain insights into the possible mechanisms
by which they affect training effects. Our findings provide opera-
tional approaches for developing precision fitness guidance pro-
grams and they serve as a basis for further research.

Materials and Methods

Participants

The study was conducted on a Chinese strength training cohort.
The inclusion criteria for research subjects were as follows: (1) Par-
ticipants had no prior experience with resistance training and were

classified as non-reqgular exercisers [24, 25] using the Global Phys-
ical Activity Questionnaire (GPAQ) [26]; (2) Participants with no
risk of resistance training-related injuries as determined by the
Physical Activity Readiness Questionnaire (PAR-Q); (3) Participants
had no adverse dietary habits and maintained a regular diet dur-
ing the intervention period, as determined by the Chinese Resident
Nutrition and Health Survey Food Frequency Questionnaire. Exclu-
sion criteria for participants: (1) Participants who were unable to
complete the intervention due to injuries, illnesses, or other rea-
sons. (2) Participants with incomplete data collection. (3) Partici-
pants who were not of Chinese Han ethnicity. All subjects volun-
tarily participated and completed informed consent forms. A total
of 193 participants of Chinese Han ethnicity were included in the
study, comprising 95 males (with an average age of 20+ 1 years,
height of 177.8+5.8 cm, and weight of 71.3+12.4 kg) and 98 fe-
males (with an average age of 20 £ 3 years, height of 164.7+5.9
cm, and weight of 56.5+9.2 kg). The study was approved by the
Ethics Committee of Sports Science Experiments at Beijing Sport
University (Ethics Approval Number: 2019191H).

Procedures

Subjects who met the inclusion criteria were enrolled in a 12-week
resistance training program. Prior to the intervention, detailed in-
structions were provided to familiarize the subjects with the stand-
ardized movement patterns and ensure their comprehension of
the exercises. Throughout the intervention, close monitoring of
training loads was implemented to ensure adherence to the pre-
scribed training volume and adherence to the standardized move-
ments. Phenotypic measurements and DNA samples were collect-
ed both before and after the 12-week intervention to facilitate sub-
sequent analysis in the predictive models, with a 72-hour gap
between the testing and training sessions.

Resistance training program

The resistance training program involved the use of a Smith ma-
chine forintervention, in which back squats and bench presses were
performed with a load equivalent to 70 % of the one-repetition
maximum (1RM). Subjects completed 5 sets of 10 repetitions with
a 2-minute rest between sets, twice a week, for a period of 12
weeks. To accommodate changes in strength growth, a 1RM test
was conducted every 4 weeks to determine a new training load
[27]. During the intervention process, participants’ training loads
were monitored, and they were required to complete the entire
training volume. If a participant was unable to complete the train-
ing independently, minimal assistance was provided to ensure that
the training stimulus on the body remained consistent after com-
pleting the same training content.

One repetition maximum

Participants begin with a warm-up activity, which involves perform-
ing back squats/bench presses at 40 % of their subjective 1RM per-
ception. After warming up, the weight is increased by 15-20 kg on
top of the warm-up load, and they complete 3-5 back squats/
bench presses. A rest period of 2-4 minutes follows, after which
the weight is increased again by 15-20 kg (for back squats) or 5-10
kg (for bench presses), and they complete 2-3 back squats/bench
presses. A further rest period of 2-4 minutes is taken, and the pre-
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vious step is repeated. If the participant successfully completes the
lift, continue to increase the load; if they fail, reduce the load by
5-10kg (for back squats) or 2.5-5 kg (for bench presses) until they
can complete TRM with proper technique. The determination
should be made within five attempts for both back squats and
bench presses 1RM.

Muscle mass

The GE Lunar iDXA dual-energy X-ray bone densitometer (GE
Healthcare, USA) was utilized to measure muscle mass. Before test-
ing, it was ensured that the subject had not undergone a barium
meal examination, radioactive isotope injection, orinjection or oral
contrast agent for CT and MRI examination within the last 7 days.
The subject was required to fast for a minimum of two hours, re-
move any clothing that could affect the test results, and lie flat on
the instrument table. The subject’s basic information was entered
into enCORE (2011), and the scanning frame was set to scan layer
by layer from head to foot to obtain muscle mass measurements.

Muscle thickness

GE portable color ultrasound diagnostic system LOGIQ e (GE
Healthcare, USA) was used to measure the thickness of the rectus
femoris, rectus femoris-vastus intermedius, and pectoralis major
muscles according GE LOGIQ user manual [28]. To measure the
thickness of the rectus femoris muscle, the marker was placed at
the midpoint of the line connecting the anterior superior iliac spine
to the upper edge of the patella. The subject lay supine with both
legs naturally relaxed and at shoulder width. For the thickness of
pectoralis major muscle, the marker was placed at the midpoint of
the line connecting the anterior axillary line to the nipple in males
and at one-third the distance from the anterior axillary line in fe-
males. The instrument was calibrated before the test and subject
information was entered. Muscle thickness was measured on both
sides using a 12 MHz linear array ultrasound probe perpendicular
to the direction of the muscle fibers. Three measurements for each
side were recorded and averaged.

Isokinetic leg press maximum peak force

The isokinetic leg press maximum strength of the lower limbs was
measured using the ISOMED isokinetic dynamometer (ISOMED
2000, Germany) [29]. The testing procedure was as follows: (1)
Prior to commencing the test, the equipment was calibrated by the
testing personnel. (2) Participants engaged in a warm-up session
on-site, which included a 200-meter slow run, 2 sets of 10 repeti-
tions of bodyweight squats, and 2 sets of 10 repetitions of lunge
squats. (3) Participants were secured to the ISOMED, with the pel-
vis and back snug against the seatback, and a strap was used to fas-
ten the waist. The soles of the participants' feet were positioned
firmly on the footplate component. During leg press, the reference
range of motion for the knee and hip joints was set at 90 °to 130°,
and the speed of the leg press was set at 10 cm/s. (4) Once the par-
ticipants are securely fastened to the ISOMED, they execute 3-5
movements mirroring the speed and range of motion of the formal
test. This acclimatizes them to the movement velocity and range.
Afterward, they embark on a submaximal warm-up involving 3-5
incremental loads, spanning from 20 % to 80 % of their perceived

maximum intensity during exercise (e.g. 25%, 50 %, 75 %). Subse-
quent to this warm-up phase, participants are required to perform
at least one maximal intensity exercise. (5) Throughout the testing
procedure, participants were instructed to exert maximum force
with both legs. Each participant completed three leg press tests.
The peak force (PF) during the concentric phase of the leg press was
used for subsequent analysis.

Chip-based whole genome genotyping and quality
control

Venous blood (5 mL) was collected from each participant for DNA
extraction, using a magnetic bead-based genomic DNA extraction
kit (Tiangen, China). The DNA concentration and purity were de-
termined using a Nanodrop 2000 (Thermo Fisher Scientific, USA),
while DNA integrity was assessed through agarose gel electropho-
resis. For optimal quality, the DNA concentration should exceed
100 ng/pl, the 0D260/280 ratio of the sample should be higher
than 1.8, and agarose gel electrophoresis should show a clear main
band without signs of degradation. DNA samples that passed the
quality control stage were genotyped using an Infinium chip (CGA-
24v1-0) (lllumina, USA). The genotyping results were analyzed
using GenomeStudio 2.0 (Illumina, USA), and the data were for-
matted. Pre-imputation genotypes were quality-controlled, and
the quality control and imputation methods were consistent with
previous studies [30,31]. The genotype data were imputed using
Eagle/Minimac4 with default parameters (chunk size of 10 Mb and
step size of 3 Mb) against the 1000 Genomes Project Phase 3 v5
reference haplotypes. The imputed chip data were quality-con-
trolled using plink1.9 software based on quality control standards
[32], which included the following exclusion criteria: 1) minimum
allele frequency less than 5% (MAF<0.05); 2) not in Hardy-Wein-
berg equilibrium (p<1x10-°); 3) SNPs with more than 10 % miss-
ing genotypes (mind 0.01); and 4) individuals with more than 10%
missing genotypes (geno 0.01). After genotype imputation,
4,110,727 SNPs were retained. Subsequent GWAS analysis was con-
ducted using the quality-controlled SNPs.

Statistical analysis

Data entry, processing, and statistical analyses were performed
using Excel 2016 and SPSS 19.0. Descriptive statistics are present-
ed as mean £ standard deviation (Mean + SD). The normal distribu-
tion of the data was assessed using the K-S test. The training effect
was represented as the percentage (APF) change in isokinetic leg
press maximum strength before and after the intervention. The
quartile method was employed to classify subjects’ responses to
the training effect. Negative-responders were defined as those with
a APF<0%, low responders as those with 0 <APF <25 %, medium
responders as those with 25 % <APF<50 %, and high responders as
those with APF>50 %.The overall training effect was assessed using
a paired-sample t-test with a significance level of P<0.05. Principal
component analysis (PCA) was used for population stratification
quality control.

Plink 1.9 software was used for genome-wide association anal-
ysis, with the initial value of isokinetic leg press maximum strength,
sex, age, and the first 10 principal components of PCA analysis as
covariates. The significance level was defined as p<1x10-2. The
genome-wide significance was p<5x10-8.
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The genomic inflation factor (\) was calculated for GWAS asso-
ciation results to evaluate bias and the influence of population strat-
ification [33]. GWAS Manhattan plots were drawn using the R pack-
age CMplot. Lead SNPs were selected using FUMA [34].

The weighted PGSs were calculated using the PRSice average
method [35]:

SNPl X betai
PGS = 27

- n
i

(n represents the number of effective alleles, i represents the
number of selected lead SNPs, and beta represents the beta value
obtained from GWAS.)

Linear regression was used to establish the relationship between
the training effect on isokinetic leg press maximum strength and
PCS. The GWAS-selected lead SNPs were used as independent var-
iables (x) to establish the genomic prediction model. The training
effect prediction model was established using stepwise regression
with the GWAS-selected lead SNPs and phenotype indicators (sex,
age, initial isokinetic leg press maximum strength, muscle mass,
and muscle thickness) as independent variables (x).

The selected genetic markers were subjected to bioinformatics
analysis using SNPnexus [36] and REACTOME [37] databases.

Results

Individual variability in leg press response to
resistance training

Following the 12-week strength training intervention, isokinetic
leg press maximum strength of the subjects significantly increased
(APF=15.39%, p=1.55E-4) (> Fig. 1a). The range of individual dif-
ferences in strength improvement varied from -55.83 % to 151.20%
(» Fig. 1b). The histogram reveals a positively skewed distribution,
characterized by a longer tail on the right side. Among the subjects,
35.4% had APF values of<0%, 33.3 % had APF between 0% and
25%, 19.3% had APF between 25 % and 50%, and 12.0 % had APF
values>509% (> Fig. 1c).

Genome-wide association analysis

Eighty-five SNPs exhibited significant associations with the change
in isokinetic leg press maximum strength after 12 weeks of resist-
ance training (p<1x10-3) (> Fig. 2,> Table 1). The inflation coef-
ficient A was calculated to be 1.014 (> Fig. 3), indicating that the
p-value was not influenced by population stratification and there
was no false positive. Among these SNPs, 14 were identified as lead
SNPs (p<1x10-2), with nine SNPs reaching genome-wide signifi-
cance (p<5x10-8) (> Table 1).

Correlation analysis between PGS and isokinetic leg
press maximum strength

There was a significant positive correlation between APF and PGS
(r=0.68,p<0.01). The regression equationis Y=0.09*X+1.02, with
an X-axis intercept of ~11.89 and a Y-axis intercept of 1.02. The PGS
score for negative-responders is less than 1.02; for low-responders
itis 1.02<PGS<3.17; for middle-responders it is 3.17<PGS<5.31,
and for high-responders it is PGS>5.31 (> Fig. 4).

Models for predicting the effectiveness of isokinetic
leg press maximum strength training

Seven SNPs (rs1419957, rs2619732, rs8010482, rs73044028,
rs12480160, rs12326802, rs61973994) out of the 14 lead SNPs
were incorporated in the genomic prediction model (model
R2=0.404) (> Table 2). By incorporating PGS and phenotypic indi-
cators, the comprehensive model included the PGS, initial values
of isokinetic peak force, and sex, which accounted for 75.4 % of the
variation in training effect (i. e. the model R2, which is the sum of
the coefficients’ R2) (» Table 3). The PGS could explain 49.9 % of
the variance in leg press response (R2=0.499), and the second high-
est predictor was the initial values of isokinetic peak force, which
could explain 22.9 % of the variance in leg press response
(R2=0.229).

Biological functional analysis

The results of gene ontology analysis (GO) showed that SNPs asso-
ciated with maximal isokinetic leg press training response were
mainly enriched in 20 biological processes, including inorganic ion
transmembrane transport, epithelial structure maintenance, and
organ or tissue-specificimmune response. Additionally, they were
enriched in seven molecular functions, including sodium channel
regulator activity, inorganic molecular entity transmembrane
transporter activity, and carbohydrate binding, as well as seven cel-
lular components, including transmembrane transporter complex,
intercalated disc, and RNA polymerase Il transcription regulator
complex (> Fig. 5).

The lead SNPs were analyzed by SNPnexus for REACTOME path-
way analysis. Five SNPs (rs3774611, rs9812977, rs28697382,
rs8010482, rs61973994) may play a role in REACTOME pathways
related to muscle contraction, metabolism, and growth and devel-
opment (> Table 4).

Discussion

This is the first study at the whole-genome level to require genetic
markers with resistance training response of leg press. Fourteen
lead SNPs were identified, with a PGS greater than 5.31 were clas-
sified as high responders. Furtherly, combing genetic and pheno-
typic variables, a comprehensive predictive model was established,
which explain 75.4 % of the variance. Bioinformatics analysis re-
vealed that the lead SNPs might play a role in REACTOME pathways
related to muscle contraction, metabolism, and growth and devel-
opment.

Evaluating isokinetic muscle strength is important in assessing
the effectiveness of strength training and sports injury rehabilita-
tion for athletes, and improving isokinetic muscle strength is ben-
eficial for maintaining muscle strength and improving posture bal-
ance [38]. A 12-week progressive resistance training program was
found to improve the isokinetic peak contraction force of knee joint
muscles in postmenopausal women [39], and a 12-week dynamic
resistance training program had a significant effect on improving
the peak isokinetic hip/leg extension muscle force in elderly men
with osteoporosis [40]. In our study, 12 weeks of resistance train-
ing significantly improved the isokinetic leg press maximum
strength (with an average increase of 15.39%), while there exist in-
dividual differences in sensitivity to the training program, resulting
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in varying training effects among subjects. Although strength-re-
lated indicators such as biceps curls, leg extension, and shoulder
press 1RM increased significantly (P=0.001) after 12 weeks of pro-
gressive resistance training intervention from a previous study,
there were differences in response rates, with 11.7%, 5.9 %, and
29.4 % of subjects showing ineffective responses, respectively [41].
After 12 weeks of progressive resistance training targeting the

elbow flexor muscles, the subjects’ range of isometric strength in
their arms showed a significant difference, ranging from a decrease
of 32 % to an increase of 149% (-15.9 to 52.6 kg) [42]. The inter-
vention approach used in this study adhered to the commonly prac-
ticed load and frequency of strength training, which has been prov-
en highly effective in enhancing 1RM muscle strength [43]. How-
ever, concerning isokinetic strength changes, resistance training
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exhibits significant variability in improving isokinetic strength
(» Fig. 1b shows that around one-third of participants experienced
a decrease in isokinetic strength post-training). Similar findings
were observed in other studies, where roughly one-third of partic-
ipants either showed a decline or no change in isokinetic (60 °/sec)
and isometric leg extensor strength after a 12-week resistance
training program. Conversely, another third of participants dis-
played a slight increase in both isokinetic and isometric strength,
while the remaining third experienced a noteworthy improvement

A=1.014

Observed - logq4(p)

Expected - log¢(p)

> Fig. 3 Quantile-Quantile (QQ) plot and genomic inflation factor
AA=1, the curve lifts up at the back end, indicating that the p-values
are not due to population stratification, and there is no false positive.

in both types of strength [44]. These results imply that a reduction
inisokinetic strength after resistance training is not uncommon in
long-term studies and may be linked to individual differences, phys-
iological responses, or other factors. It is noteworthy that despite
meticulous control over the intervention and testing processes,
this study observed highly overlapping error bars (> Fig. 1a). Sim-
ilar observations were made in other studies, exemplified by a 16-
week resistance training intervention involving 113 participants,
showing a 14+ 12 % increase in 1RM after 8 weeks anda31+23%
increase after 16 weeks. This overlapping trend is considered a rea-
sonable outcome in studies with larger participant sizes, indicat-
ing genuine individual variations in the effects of training.
Individual differences in training effects are influenced by both
innate genetic factors and environmental factors. It is widely ac-
cepted that the individual factors affecting training effects under
the same program mainly come from innate genetic factors
(genomics) and postnatal physical characteristic factors (pheno-
types) [45]. Among the phenotype factors, multiple indicators such
as age, sex, BMI, and muscle mass can affect the training effects of
resistance training. Age and sex can influence the response of spe-
cific muscle fiber types to resistance training. Studies have shown
a significant increase in the percentage of type | fibers (40~51%;
p<0.05) after resistance training in young women, but not in young
men or elderly people [46]. Additionally, after 12 weeks of progres-
sive resistance training, the 1RM of the bench press increased sig-
nificantly in male and female subjects, but the degree of improve-
ment was different, with 14 % and 23 %, respectively, indicating sex
differences [47]. Muscle mass is the foundation of muscle strength
and therefore may also be a factor affecting training effects. As for

R=0.68, p<2.2e~16
Y=0.09*X+1.02
20
v
9 104
0_

Phenotype
high-responder
middle-responder

® low-responder

@ negative-responder

-50 0 50
APF (%)

100 150

> Fig. 4 Relationship between the training effect on isokinetic leg press maximum strength (APF) and PGS. The slope of the equation is 0.09, the

X-axis intercept is —11.89, and the Y-axis intercept is 1.02.
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> Table 2 Models for predicting the training effect on isokinetic leg press maximum strength based on SNPs.

coefficient Unstandardized Coefficients Standardized Coefficients Sig. R? Adjusted R?
B Std. Error BETA

(constant) -9.239 3.149 0.004

rs1419957 14.308 3.741 0.261 0 0.14 0.134
rs2619732 26.172 7.288 0.244 0 0.085 0.08
rs8010482 8.641 3.264 0.179 0.009 0.057 0.053
rs73044028 8.249 3.479 0.168 0.019 0.041 0.037
rs12480160 10.751 4.126 0.175 0.01 0.03 0.026
rs12326802 10.452 4.162 0.168 0.013 0.027 0.023
rs61973994 8.123 3.463 0.155 0.02 0.024 0.02

> Table 3 Comprehensive models for predicting the training effect on isokinetic leg press maximum strength based on PGS and phenotypic indicators.

coefficient Unstandardized Coefficients Standardized Coefficients Sig. R? Adjusted R2
B Std. Error BETA
(constant) 40.608 3.128 0
PGS 5.206 0.283 0.699 0 0.499 0.497
isokinetic maximum flexor strength -0.014 0.001 -0.58 0 0.229 0.228
SEX 11.996 2.674 0.192 0 0.026 0.025

genetic factors, the heritability of muscle strength and power is
about 52 % [48]. Candidate gene studies have identified four genes
with seven SNPs (ACE rs4646994/rs1799752/rs4340/rs13447447,
ACTN3 rs1815739, IL15RA 152296135, PPARA rs4253778) that are
related to resistance training effects [49]. There may be more ge-
netic markers determining training effects, but currently, there is
a lack of GWAS studies at the genomic level.

In this study, we utilized GWAS analysis to identify 85 SNPs that
exhibited a significant association (p<1x 10-°) with the percent-
age change in isokinetic leg press maximum strength after 12
weeks of resistance training. Among these SNPs, 9 (rs2619732,
rs283442, rs283443, rs283445, rs1419957, rs3101863,
rs9812977, rs176104, and rs442533) reached genome-wide sig-
nificance (p<5x10-8). Fourteen SNPs (rs2619732, rs1419957,
rs9812977, rs2869782, rs61973994, rs73044028, rs12326802,
rs8010482, rs691587, rs3774611, rs12442146, rs12480160,
rs79268297, and rs730741) were identified as lead SNPs, which are
the most strongly associated SNPs with the phenotype of interest
during genetic association analysis [34].

Of these SNPs, 10 (rs2619732,rs283442,rs283443, 15283445,
rs176104, rs442533,rs12326802, rs12480160, rs79268297, and
rs730741) were found to be located near pseudogenes, lincRNAs,
and miRNAs. Pseudogenes, lincRNAs, and miRNAs are three types
of non-coding RNA in the genome [50, 51]. Pseudogenes are
thought to be products of gene duplication and rearrangement,
possessing DNA sequences and structures similar to normal genes
but lacking the regulatory elements and coding regions required
by normal genes. They may play a role in requlating gene expres-
sion or become toxic genes that affect normal gene expression [52].
LincRNAs are non-coding RNAs longer than 200 nt and are usually
located between two genes in the genome. They do not participate
in protein synthesis but regulate gene expression, chromatin mod-
ification, histone modification, and RNA processing [53]. MiRNAs

are non-coding RNAs approximately 20-24 nucleotides long that
can bind to the 3’ untranslated region (3'UTR) of target genes, in-
ducing their degradation or inhibiting their translation. LincRNAs
and miRNAs have been shown to play important roles in regulat-
ing gene expression, cell proliferation, apoptosis, differentiation,
immune response, and many diseases such as tumors, cardiovas-
cular diseases, and neuromuscular diseases [54, 55]. However, their
mechanisms in skeletal muscle growth, development, and function
require further exploration.

In this study, the other SNPs discovered were primarily located
in non-coding regions of genes. These regions, which include pro-
moter regions, enhancer regions, and transcription factor binding
sites, can regulate gene transcription and translation [56]. SNPs lo-
cated in these regions may affect transcription factor binding, pro-
moter methylation status, or recruitment of RNA polymerase,
which can influence gene expression and function [57]. Moreover,
these SNPs play a critical role in disease susceptibility, drug re-
sponse, and training sensitivity, as evidenced in this study.

One of the identified SNPs, rs1419957, is located in the intron
of the Phosphotyrosine Interaction Domain Containing 1 (PID1)
gene, which is involved in energy metabolism in skeletal muscle
and adipose tissue. PID1, showing significant uprequlation in ab-
dominal adipose tissue of obese individuals, is associated with glu-
cose uptake pathways and insulin resistance in both adipose and
muscle tissues [58].

Another SNP discovered, rs3101863, is an intergenic variation
located between the Heart And Neural Crest Derivatives Expressed
1 (HAND1) and CTB-158E9.1 genes. The protein encoded by the
HAND1 gene comprises a basic helix-loop-helix (bHLH) domain, fa-
cilitating its interaction with target genes and requlation of cardi-
ac developmental processes [59]. CTB-158E9.1 is along intergen-
ic non-coding RNA (lincRNA), and at present, there is no research
linking either of these genes to muscle strength. Rs9812977 is lo-
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> Fig. 5 GO analysis enriched terms. This figure illustrates the results of the Gene Ontology (GO) analysis, including biological processes, cellular
components, and molecular functions. The size of the bubbles represents the number of genes enriched in the corresponding GO terms, while the
color of the bubbles indicates the magnitude of the enrichment p-values, transitioning from blue to red as the p-values decrease.

cated at the 5'UTR region of the NCK interacting protein with SH3
domain (NCKIPSD) gene on chromosome 3. The NCKIPSD gene is
involved in signal transduction and contributes to the assembly of
myofibrils into sarcomeres, as well as the formation of stress fibers.
Furthermore, this protein plays a crucial role in the development
and maintenance of dendritic spines, while also exerting regulato-
ry control over synaptic activity in neurons [60, 61]. REACTOME
pathway analysis shows that rs9812977 affects the RHO GTPases
Activate WASPs and WAVEs signaling pathway. Rs2869782 is situ-
ated within the intron of the LSAMP gene. Additionally, the protein
encoded by this gene has been identified as a potential tumor sup-
pressor. Nevertheless, there is currently no available research elu-
cidating its direct impact on skeletal muscle. LSAMP is one of the
target genes of miR-206, a skeletal muscle-specific miRNA that pro-
motes the transformation of type Il fast glycolytic fibers into type
I slow oxidative fibers [62]. REACTOME pathway analysis suggests

that rs2869782 affects the metabolism of the proteins pathway
(i. e. post-translational modification: synthesis of GPl-anchored pro-
teins). Rs61973994 is situated within the intron of the NALCN gene,
which encodes for the NALCN ion channel, also known as the sodi-
um leak channel. In recent years, many studies have reported that
NALCN plays an important role in many other basic physiological
processes, such as motor function, pain sensitivity, and circadian
rhythms [63]. Given the important role of NALCN in congenital
motor neuron development, it is speculated that rs61973994 may
be related to this gene’s effect on the isokinetic leg press maximum
strength during steady-state cycling. REACTOME pathway analysis
suggests that rs61973994 affects the Transport of small molecules
(Stimuli-sensing channels) pathway. Rs73044028 is located at the
3’ UTR region of the FXYD5 gene on chromosome 19.

The FXYD family is a recently discovered group of small-mole-
cule single-pass transmembrane proteins that have ion channel or
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> Table 4 Biological pathway analysis of SNPs related to the training effect of maximal isokinetic leg press strength.

Pathway ID Description Parent(s) p-Value Genes Variation IDs
Involved

R-HSA-5576893 Phase 2 - plateau phase Muscle contraction 0.0117 CACNA1D rs3774611

R-HSA-400042 Adrenaline,noradrenaline inhibits Metabolism 0.0131 CACNA1D rs3774611
insulin secretion

R-HSA-5663213 RHO GTPases Activate WASPs and Signal Transduction 0.0164 NCKIPSD rs9812977
WAVEs

R-HSA-419037 NCAM1 interactions Developmental Biology 0.0196 CACNA1D rs3774611

R-HSA-5576892 Phase 0 - rapid depolarisation Muscle contraction 0.0196 CACNA1D rs3774611

R-HSA-375165 NCAM signaling for neurite Developmental Biology 0.0293 CACNA1D rs3774611
out-growth

R-HSA-422356 Regulation of insulin secretion Metabolism 0.0358 CACNA1D rs3774611

R-HSA-163125 Post-translational modification: Metabolism of proteins 0.0417 LSAMP rs2869782
synthesis of GPl-anchored proteins

R-HSA-8856825 Cargo recognition for clathrin-medi- Vesicle-mediated transport 0.0485 STON2 rs8010482
ated endocytosis

R-HSA-163685 Integration of energy metabolism Metabolism 0.0490 CACNA1D rs3774611

R-HSA-2672351 Stimuli-sensing channels Transport of small molecules 0.0490 NALCN rs61973994

ion channel regulatory functions, and are closely associated with
the structure and function of Na,K-ATPase. The FXYD family com-
prises a group of small-molecule single-pass transmembrane pro-
teins, including FXYD1-7 in mammals. These proteins are known
for their involvement in ion channel regulation and their close as-
sociation with the structure and function of Na,K-ATPase. Among
them, FXYDT1, also referred to as phospholemman, and FXYD5,
known as dysadherin, are the predominant FXYD proteins foundin
skeletal muscle [64]. Studies have demonstrated that participation
in high-intensity interval training (HIIT) results in a reduction in
FXYDS5 levels and an elevation in the relative distribution of glyco-
sylated NKAB1 within type lla muscle fibers. Additionally, a nega-
tive correlation has been observed between the abundance of
FXYDS5 in type lla muscle fibers and maximal oxygen consumption
[65]. Rs8010482 is located at an intron of the STON2 gene on chro-
mosome 12. The STON2 gene encodes a membrane protein that
regulates endocytic complexes. This protein interacts with synap-
totagmin 1, which is required for neurotransmitter release, and is
involved in synaptic vesicle recycling. Multi-tissue eQTL analysis
shows that rs8010482 has the strongest normalized effect size
(NES=0.152,P=9.1x%10-7) on STON2 expression in skeletal mus-
cle (> Fig. 5). REACTOME pathway analysis suggests that rs8010482
affects the vesicle-mediated transport signaling pathway.
Rs691587 is located between the TFF2 and TFF1 genes, which be-
long to the trefoil factor (TFF) family. TFF1 was first identified in the
MCF-7 breast cancer cell line, and its full gene sequence was sub-
sequently cloned [66]. Since then, numerous studies have found
abnormal expression of TFF family proteins (mainly TFF1 and TFF3)
in various solid tumors [67-69]. Research has shown that TFF2 is
associated with energy metabolism and can requlate skeletal mus-
cle mass. TFF2 KO mice had reduced gastrocnemius muscle mass
but an increased percentage of gastrocnemius muscle mass (be-
cause of simultaneous weight loss). Tff2 KO mice exhibited in-
creased mitochondrial energy production and improved energy
utilization in skeletal muscle, resulting in higher energy expendi-

ture.[70]. Rs3774611 is located at the intron of the alpha1 D sub-
unit of the calcium voltage-gated channel (CACNA1D) gene. The
CACNATD gene mediates the entry of calcium ions into excitable
cells and is involved in various calcium-dependent processes, in-
cluding muscle contraction, hormone or neurotransmitter release,
and gene expression. REACTOME pathway analysis showed that
this SNP may affect muscle contraction (Phase 0 - rapid depolari-
zation, Phase 2 - plateau phase), metabolic pathways (adrenaline,
noradrenaline inhibits insulin secretion, regulation of insulin secre-
tion, integration of energy metabolism), and growth and develop-
ment (NCAM1 interactions, NCAM signaling for neurite out-
growth).Rs12442146 is located between the RNU6-745P and TLE3
genes. The upstream gene is a pseudogene, which is studied to a
lesser extent. The downstream gene encodes a protein that is in-
volved in the regulation of skeletal muscle growth and develop-
ment. ChIP assays have revealed that TLE3 disrupts the binding of
MyoD to the promoter region of myogenin, indicating that TLE3
functions in the maintenance of skeletal muscle homeostasis by
suppressing the differentiation of satellite cells through inhibiting
the transcriptional activity of MyoD [71].

In the model predicting training effects on muscle strength from
isokinetic leg press using the lead SNPs as independent variables,
seven SNPs (rs1419957, rs2619732, rs8010482, rs73044028,
rs12480160, rs12326802, rs61973994) were included, and the
model’s explanatory power for the training effect was 40.4 % (co-
efficient of determination R2=0.404). When phenotype indicators
including sex, age, the initial value of isokinetic leg press strength,
muscle mass, and muscle thickness, were added as independent
variables along with the PGS, the coefficient of determination for
the training effect prediction model increased to 75.4 %. PGS
emerged as a predictive factor with high explanatory power for
training effects. A genetic risk score known as PGS is calculated
based on the geneticinformation of multiple SNPs to predict anin-
dividual’s risk of developing a particular disease or exhibiting a spe-
cific trait. PGS can assess an individual’s genetic risk more accurate-

Mei T et al. A Genotype-Phenotype Model for... Int] Sports Med | © 2024. Thieme. All rights reserved.

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



ly and provide personalized exercise training recommendations
than single SNPs. Currently, PGS is mainly used in precision medi-
cine to predict complex diseases [72,73], and it is rarely used to
evaluate sports performance or training effects. In this current
study, the PGS constructed by lead SNPs was positively correlated
with isokinetic leg press strength (r=0.68, p<0.01), suggesting
that PGS can distinguish different responders to strength training.
Those who are identified as negative-responders need to analyze
possible reasons and adjust their training programs. In the predic-
tive model established in this study, the combined explanatory
power of multiple genetic markers (PGS) for the effectiveness of
maximum muscle strength training in isokinetic leg press is 49.9 %,
indicating that genetic factors and phenotype factors (initial value,
sex, combined 25.5 %) are equally important in determining max-
imum muscle strength in isokinetic leg press. In the comprehen-
sive model for predicting the resistance training effect, the initial
value of isokinetic leg press strength was included as phenotype
indicator, with coefficients of determination of 22.9%. These re-
sults suggest that the initial value has a greaterimpact on the train-
ing effect, and individuals with lower initial values are more likely
to achieve higherimprovements. Kassiano et al. compared chang-
esin lower limb muscle strength after 12 weeks of resistance train-
ing in subjects with different levels of muscle strength, and they
found that the maximal muscle strength of leg extension changed
more in subjects with lower baseline values than those with higher
baseline values [ESdiff=-0.45 (95 %Cl: -0.86, -0.04), P=0.030]
[74]. Subjects with different initial values achieved varying training
effects on leg muscles, single-leg press, and maximal isometric
torque in knee extension after strength training, with improve-
ments of 3.3+£3.3%,42+17%, and 8+10%, respectively, indicat-
ing individual differences [75]. After combined training (resistance
training + aerobic training), well-trained individuals (with high ini-
tial values) showed negative effects on the maximum weight of leg
press and squat (effect size of -0.35, p<0.01) when compared to
resistance training alone, but there was no negative effect in indi-
viduals with moderate training levels (-0.20, p=0.08) or those who
were untrained (with low initial values) (effect size of 0.03, p=0.87).
These findings suggest that the training effect of different proto-
colsis also related to the initial value [76]. Sex s considered one of
the predictive factors influencing the training effects of isokinetic
leg press muscle strength. Multiple studies have consistently dem-
onstrated that the capacity for strength adaptation is not influ-
enced by one’s sex. Research conducted revealed that following an
8-week resistance training program, both female and male partic-
ipants exhibited comparable improvements in isokinetic and iso-
metric peak torque [77]. Another study revealed that although
males demonstrated higher peak torque values for elbow flexors
compared to females before and after the intervention, no signifi-
cant gender difference was observed in terms of changes in
strength [78]. Indeed, in this study, despite including sex as a vari-
able in the predictive model, it was found that sex accounted for
only 2.6 % of the variation in the training effects of isokinetic leg
press muscle strength. This further supports the notion that the
benefits of resistance training in enhancing muscle strength are
not heavily reliant on an individual’s sex.
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