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Objective. To determine whether genetic variants suggested by the literature to be associated with physiology and fitness phenotypes
predicted differential physiological and subjective responses to a bout of aerobic exercise among inactive but otherwise healthy
adults. Method. Participants completed a 30-minute submaximal aerobic exercise session. Measures of physiological and subjective
responding were taken before, during, and after exercise. 14 single nucleotide polymorphisms (SNPs) that have been previously
associated with various exercise phenotypes were tested for associations with physiological and subjective response to exercise
phenotypes. Results. We found that two SNPs in the FTO gene (rs8044769 and rs3751812) were related to positive affect change
during exercise. Two SNPs in the CREB1 gene (rs2253206 and 2360969) were related to change in temperature during exercise
and with maximal oxygen capacity (VO2 max). The SLIT2 SNP rs1379659 and the FAM5C SNP rs1935881 were associated with
norepinephrine change during exercise. Finally, the OPRM1 SNP rs1799971 was related to changes in norepinephrine, lactate, and
rate of perceived exertion (RPE) during exercise. Conclusion. Genetic factors influence both physiological and subjective responses
to exercise. A better understanding of genetic factors underlying physiological and subjective responses to aerobic exercise has
implications for development and potential tailoring of exercise interventions.

1. Introduction

In the United States, insufficient participation in leisure
time physical activity constitutes a major threat to public
health. Recent estimates suggest that 25% of Americans do
not engage in any physical activity at all [1]. Even those
engaging in physical activity are usually not doing so at
recommended levels. In order to promote and maintain
health, the American College of Sports Medicine (ACSM)
recommends a minimum of 30 minutes of moderate inten-
sity aerobic physical activity five days a week or a minimum
of 20 minutes of vigorous intensity aerobic physical activity
three days a week [2]. Despite these widely disseminated
guidelines, the Centers for Disease Control (CDC) report
that Americans have made “no substantial progress towards

achieving recommended levels of physical activity” with the
proportion of 18–29 year olds meeting guidelines hovering
around 35% and the proportion of adults 65 and older
meeting guidelines at about 20% [1].

These numbers are troubling, as aerobic exercise has
been convincingly linked to the prevention of myriad
negative health outcomes, including several forms of cancer.
Numerous studies conducted over the past two decades have
explored the association between physical activity participa-
tion and cancer prevention, consistently implicating strong
or probable evidence for reduced risk of colon, breast, and
endometrial cancers when physical activity recommenda-
tions are followed [3–6]. Likely mechanisms through which
physical activity is believed to have an influence on cancer
prevention include reduction in adiposity and changes to
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levels of circulating metabolic hormones and growth factors
(e.g., estrogen, testosterone, and insulin-like growth factors)
[7–9] as well as influences on DNA methylation [10, 11]. In
respect to prostate cancer, because physical activity activates
gut motility, gastrointestinal transit time for food wastes
is lessened and thus, exposure to carcinogens is attenuated
[7]. There is also research to suggest that immune function
changes may mediate the relationship between physical
activity and cancer development [9].

The promising body of literature regarding the relation-
ship between physical activity and cancer has led the National
Cancer Institute (NCI) to regard behavioral primary preven-
tion of cancer (e.g., physical activity) as a top priority [12].
Unfortunately, interventions designed to change behavior are
typically met with only modest success, even when grounded
in empirically supported theory [13], and behavioral adher-
ence is reported to be a principal challenge faced by exercise
promotion programs [14]. Indeed, only 50% of individuals
who adopt an exercise program stay with it for more than six
months [14, 15]. Researchers devoted to the goal of improved
physical activity participation have suggested that one likely
determinant of physical activity behavior is the way in which
individuals subjectively experience exercise [16].

In previous work, we organized genetic, physiological,
subjective, and motivational factors that may contribute
to the initiation and maintenance of physical activity into
a conceptual transdisciplinary framework [16, 17]. This
framework has received support among both active [16]
and inactive [17] samples, and provides the basis for the
selection of phenotypes in the current study. Briefly, we
proposed that genetic factors influence how an individ-
ual physiologically (e.g., body-temperature regulation) and
subjectively (e.g., affective response, perceived exertion)
responds to the experience of exercise. Physiological response
influences how one subjectively responds to the experience
of exercise (e.g., increased lactate during exercise may
increase perceived exertion) and these subjective responses
influence motivation to exercise (e.g., exercise self-efficacy,
exercise intentions). Exercise motivation then influences
the likelihood of engaging in exercise. Moreover, exercise
behavior itself influences both how a person physiologically
responds to the experience of exercise and gene expression
[18], thereby recapitulating the framework. Importantly,
this framework is meant to be dynamic such that the fac-
tors selected to represent physiological response, subjective
response, and/or motivation can vary depending on the goals
of each individual research study.

The relationship between physiological changes induced
by aerobic exercise (e.g., regulation of body temperature,
heart rate, or blood pressure during exercise) and subjective
responses to aerobic exercise (e.g., changes in affect during
or immediately after exercise, ratings of perceived exertion
or pain during an exercise bout) is one that has a clear
influence on individual differences in exercise behavior.
Bryan and colleagues [16] found that physiological factors
such as heart rate were related to mood response to exercise,
and that mood response was a significant correlate of both
motivation to exercise in the future and of current exercise
behavior. Additionally, subjective experiences during exercise

may be influenced by interpretations of exercise-induced
physiological responses. For instance, increases in lactate
levels during aerobic exercise may be perceived as painful
to varying degrees across individuals, and this perceived
pain will in turn influence subjective exercise experiences
and potentially impact motivation to engage in exercise
behavior in the future. Understanding potential influences
on subjective response to exercise is especially important,
given that affective responses to acute exercise have been
found to predict long-term exercise behavior [19, 20].

Although the heritability of exercise participation in
adults has been shown in twin studies to be approximately
50% (with peak heritability of 85%, occurring at age 19-20)
[21, 22], there is a surprising lack of research regarding the
role played by genetic factors for determining physiological
and affective responses to exercise. These responses may serve
as promising intermediate phenotypes for the linkage of
genes to broader exercise participation phenotypes [23]. Also
important is the notion of a “gene by exercise interaction,”
explained by de Geus and de Moor [21] as the genetic
variance causing differential responses to exercise training,
given that the effects of exercise on health and fitness
gains appear not to be uniform across individuals [24, 25].
One type of gene-by-exercise interaction that is relevant
to the present study is the role of exercise in reducing
the phenotypic effects of some detrimental genetic variants.
For example, Phares et al., [26] showed that sedentary
individuals who possess two particular polymorphisms of
the ADR gene have unfavorable body composition. However,
these individuals experience greater loss in percent body fat
after 24 weeks of aerobic training in comparison with all
other genotypes. It follows that weight loss interventions
for individuals with this particular genotype would likely
be successful if they focused on aerobic training. Thus,
identifying particular genetic markers that are related to
exercise behavior and physiological and affective responses to
exercise may have clear implications for matching individuals
to tailored exercise intervention programs.

The goal of the current study is to determine whether
genotypes predicted subjective physiological and affective
responses to a 30-minute bout of aerobic exercise among
sedentary individuals. Based on the literature and on our
prior analysis of the relationships among a range of exercise
response phenotypes (see [17] for analysis and detailed
information on the rationale for selection of phenotypes),
the variables from the physiological responses to exercise
domain included in our analysis were temperature, heart
rate, systolic blood pressure, lactate, and norepinephrine,
all measured as change scores from immediately prior to a
bout of exercise to 30-minutes into the bout (just before the
end of the bout). Genetic associations with VO2 max were
also examined, as cardiovascular fitness is highly heritable
[27–30], and evidence exists for a strong genetic influence
on athletic performance [31]. Additionally, genetically influ-
enced cardiovascular fitness traits play a role in determining
individual experience of exercise intensity and perception of
exertion during exercise [32]. The variables selected from
the subjective experience of exercise domain were affect (i.e.,
positive affect and affective valence), perceived pain, and rate
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of perceived exertion (RPE) [17], which were also change
scores measured from prior to the bout to just before the end
of the bout.

We chose the specific genetic factors for our analyses a
priori based on evidence from the literature that they were
linked to processes related to physiological and subjective
responses during physical activity, general health and fitness
traits, or because of evidence that they moderate responses
to exercise interventions. A single nucleotide polymorphism
(SNP) in the fat mass and obesity-associated protein gene
(FTO; rs9930506) has been associated with obesity traits
such as increased BMI and weight [33] and susceptibility
to obesity [34]. Additionally, physical activity may slow
down weight gain associated with the FTO risk-allele [35].
In addition, the μ-opioid receptor gene (OPRM1) may
be associated with pain sensitivity such that individuals
possessing the rare G allele have an increased pressure pain
threshold [36]. Interestingly, this study also found gender
differences in pain threshold among individuals with the
G allele when heat pain was tested, such that women with
this allele have lowered pain thresholds, and men exhibit
higher pain thresholds. SNPs located within in the SLIT2
gene(rs1379659), FAM5C gene (rs1935881), KCNB2 gene
(rs10505543), and rs10498091 (an SNP associated with
left ventricle mass) have all been found to be associated
with echocardiography traits (e.g., left ventricle diastolic
dimension, diameter, and systolic dimension) in a genome-
wide association study [37]. Another genome-wide analysis
implicated CREB1 in the prediction of submaximal exercise
heart rate in response to exercise training [38, 39]. Thus, each
of these SNPs was investigated in the current study in order
to determine potential relationships with phenotypes related
to physiological and affective response to an acute bout of
aerobic exercise.

2. Methods

2.1. Participants. Participants included in the present analy-
sis were a subset of 238 individuals from a larger intervention
study (COSTRIDE) [17, 40] in which participants were
randomly assigned to the STRIDE exercise intervention
(COSTRIDE) or a health-and-wellness contact control con-
dition (HW). Participants were men and women (ages 18–
45) who reported less than 90 minutes on average of at
least moderate-intensity physical activity per week for the
past three months. Individuals were excluded if they smoked
cigarettes, were on a restricted diet, were taking psychotropic
medications, were receiving treatment for any psychiatric
disorder, were diabetic, had a history of cardiovascular or
respiratory disease, had the flu or illness within the last
month, or were pregnant (if female). All participants were
required to be willing to be randomized to an intervention
condition, to give informed consent, to be able to engage
in moderate-intensity physical activity, to have a body mass
index (BMI) between 18 and 37.5, and to have a regular
menstrual cycle (if female). All participants were recruited
from the Denver-metro area and the University of Colorado
Boulder community [25]. The data reported herein are

from assessments conducted prior to randomization, and
the analysis and questions addressed are unique to this
investigation.

As described in detail below, we used the Illumina
Human 1M DuoV3 DNA Analysis BeadChip to genotype
the DNA samples. The bead chips accommodate 4 samples
each, and we ran a total of 50 bead chips. Thus, this
experiment allowed for the genotyping of 200 individuals
total. Due to limitations in funding, we were unable to
genotype the remaining 38 individuals in the sample. Thus,
individuals with the most complete baseline data (baseline
DNA sample, self-report questionnaire assessments, VO2

max fitness assessment, and submaximal exercise session)
were selected to be genotyped out of the full sample.

Statistical tests revealed no significant differences on
demographic variables between participants who were
included in genotyping procedures and those who were
not included in genotyping procedures (details available
from the first author). This reduced sample (N = 200)
was comprised primarily of females (n = 160) and most
participants identified as white (n = 137), followed by
Hispanic/Latino (n = 22), Asian American (n = 22), African
American (n = 9), Native American (n = 5), and mixed
ethnicity (n = 5), The average age of participants at baseline
was 28.68 (SD= 7.86) years old and mean body mass index
(BMI; weight in kg/height in m2) was 25.18 (SD = 4.72). On
average participants reported an average of 28.14 minutes of
voluntary physical activity in the past week (SD= 50.95), and
reached an average VO2 max peak of 34.06 mL/kg/min (SD=
8.11). Additional demographic characteristics are reported in
Table 1.

2.2. Procedure. Prior to randomization to intervention con-
dition and after giving informed consent, participants com-
pleted three sessions: (1) an orientation (baseline) session in
which self-report questionnaire assessments were completed,
(2) a VO2 max cardiovascular fitness assessment, and (3)
a submaximal exercise session. Prior to exercise sessions,
each participant was instructed to eat a meal comprised of
both carbohydrates and protein and to consume at least 300
calories two hours before coming into the lab (e.g., If a
participant is scheduled to come into the lab at 12:00 p.m.
a researcher instructed him/her to eat the 300 calorie meal
at 10:00 a.m. and no later). Participants were also instructed
to drink at least 17 oz. of water two hours prior to coming
into the lab. Participants were instructed not to exercise on
their own prior to the laboratory session, and not to consume
alcohol during the 24 hours prior to testing. Further details
regarding recruitment, selection of measures, and study
procedures are available elsewhere [17]. This research was
approved by all relevant institutional review boards.

2.2.1. Cardiorespiratory Fitness Test (VO2 Max). Consistent
with established procedures [41], maximal oxygen capacity
(VO2 max) was assessed during a Balke protocol (a graded,
incremental exercise test) on a motorized treadmill [42]. VO2

max was assessed with online computer-assisted open-circuit
spirometry using the Medgraphics Cardi02/CP system. Prior
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Table 1: Sample demographics.

Characteristic Frequencies M

N 200

Gender

Female 160

Male 40

Age 28.68 (SD = 7.86)

18–25 78

26–35 74

36–45 48

BMI 25.18 (SD = 4.72)

Underweight (≤18.49) 3

Normal weight (18.50–24.99) 101

Overweight (25.00–29.99) 57

Obese (30.00–34.99) 29

Extreme obese (≥35.00) 7

Ethnicity

White 137

African American 9

Asian 22

Hispanic/Latino 22

Native American 5

Mixed ethnicity 5

Other 0

Number of years of education 15.81 (SD = 2.64)

≤12 22

13–16 117

17–20 53

21–24 5

25-26 3

Average annual household income

$0–9,999 14

$10–29,999 39

$30,000–49,999 37

$50,000–69,999 40

$70,000–89,999 31

$90,000–109,999 20

≥$110,000 14

Note: SD: standard deviation. BMI: body mass index. BMI is calculated as
weight in kg/height in m2.

to the fitness test, saliva samples (5 mL) were collected for
DNA extraction and measurements of height and weight
were taken for calculation of BMI.

2.2.2. Submaximal Exercise Session. Approximately one week
after the fitness test, participants completed a standardized,
short 30-minute bout of physical activity on the treadmill
at 65% of their previously established VO2 max, calculated
during the fitness test (VO2 max test session). Prior to
beginning activity, an intravenous catheter was inserted by a
nurse to collect blood samples during the bout. Intensity was
maintained by measuring oxygen uptake and expired CO2

for two to three minutes at the beginning of exercise and at
10 and 20 minutes during exercise.

2.2.3. Physiological Phenotypes. Lactate concentration and
catecholamine levels (epinephrine and norepinephrine) were
collected via blood samples immediately before activity
began (11.5 mL), and 10 (5.5 mL) and 30 (11.5 mL) minutes
into activity. Tympanic temperature was measured by taking
an average of 2-3 temperature readings at each measurement.
Readings of temperature, blood pressure, and heart rate were
taken before activity, at 10 minutes, 20 minutes, and 30
minutes (directly before completion) during activity.

2.2.4. Subjective Phenotypes. Subjective experiences during
exercise were assessed at six points during the submaximal
session: five minutes prior to activity, immediately before
activity began, and 10, 20, and 30 minutes into activity
(directly before completion of the session). The present
study focuses only on change scores created from subtracting
the values obtained immediately before the exercise bout
began from the values obtained 30 minutes into the bout.
For the time points that occurred 10, 20, and 30 minutes
into the exercise bout, participants were assessed while they
were exercising—the bout was not interrupted to make
these assessments. While participants continued their session
on the treadmill, a research assistant held up cards with
the questionnaire items displayed on them. Participants
indicated the number that they felt reflected their cur-
rent subjective states, and their responses were manually
recorded. Physiological measures were obtained at these time
points using the IV catheter that was inserted prior to the
bout. Positive affect was assessed using 3 items from the 12-
item physical activity affect scale (PAAS) [43]. The positive
affect subscale is computed by taking the average of the three
items. Participants rated their current state for each item
using a 5-point scale (0 = do not feel to 4 = feel very strongly).
The adjectives assessed by the 3-item positive affect subscale
were enthusiastic, energetic, and upbeat (α = .81). Affective
valence during exercise was assessed using the 11-point single-
item feeling scale (FS) [44], which ranges from−5 = very bad
to +5 = very good. Perceived exertion was assessed using the
15-point single-item rating of perceived exertion (RPE) [45]
that ranges from 6 to 20 (6 = no exertion at all, 20 = maximal
exertion). Perceived pain was assessed using a single-item 12-
point borg category ratio-10 scale (CR10) (0 = no pain at all,
10 = extremely intense pain) [45].

2.3. DNA Processing and SNP Selection. Genomic DNA
was extracted from saliva samples of 200 participants.
Samples were genotyped on the Illumina Infinitum Assay
Platform using the Human 1M DuoV3 DNA Analysis
BeadChip (Illumina, Inc., San Diego, CA, USA) following
the manufacturer’s protocol at the University of Colorado,
Boulder. In this assay, the DNA undergoes whole genome
amplification, followed by fragmentation and ethanol pre-
cipitation. The DNA is then resuspended in hybridization
buffer and applied to the bead chip array for an overnight
incubation. The amplified and fragmented DNA samples
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anneal to locus-specific 50-mers (covalently linked to one
of over 1,000,000 bead types) during the hybridization step.
Following hybridization, the arrays are washed to eliminate
unhybridized and nonspecifically hybridized DNA. One
bead type corresponds to each allele per SNP locus. The
samples then undergo single-base extension and staining,
followed by more washing. The arrays are allowed to
dry, and then scanned using the Illumina iScan system.
Genotype calls were made using Illumina’s GenomeStudio
software in conjunction with the Genome Studio genotyping
module. We removed SNPs with a genotype call rate
<98%. Additionally, we excluded SNPs with a minor allele
frequency (MAF) of <10% and SNPs that showed significant
deviation from Hardy-Weinberg equilibrium (P < 1× 10−6).
Following these quality control checks, a total of 842,777
SNPs remained available for analysis.

Although we used a genome-wide approach to genotyp-
ing, we only tested a total of 14 SNPs which were selected for
analysis in this study based upon their potential association
with aerobic exercise response phenotypes suggested by prior
studies (see Table 2 for Hardy-Weinberg P values and minor
allele frequencies for each SNP tested). Our search was
conducted primarily using PubMed, and was focused on
SNPs that were directly associated with specific phenotypes
of interest and to traits that may be associated with those
phenotypes. Analyses were run using the SNP and Variation
Suite for Genetic Analysis (SVS) (version 7.5.6, Golden Helix
Inc., Bozeman, MT). The 14 SNPs selected for inclusion
based on our search were tested for associations with the
phenotypes using a correlational trend test assuming additive
effects of allele dosages for each SNP (i.e., homozygous for
the minor allele = 0; heterozygous = 1; homozygous for the
major allele = 2).

3. Results

These analyses focused on correlations between particular
SNPs suggested by the relevant literature and exercise
response phenotypes drawn from our previous work and the
existant exercise literature. Due to the fact that both exercise
phenotypes and candidate SNPs were selected a priori based
on the literature as well as our transdisciplinary framework,
critical alpha for all tests was maintained at the .05 level for
all analyses. Additionally, given that the aim of this study was
to examine changes in physiological and subjective responses
to exercise over the course of the 30-minute exercise bout,
it was not necessary to compare subjects cross-sectionally at
the baseline or 30-minute time points. Rather, all phenotype
values were determined using a change score created by
subtracting each subject’s baseline values from the values
obtained by that subject 30 minutes after the exercise bout
began.

3.1. Genotype Differences by Race. In order to determine
whether allele frequencies for all SNPs examined in this
study were significantly different across racial/ethnic groups,
χ2 tests were performed on all SNPs based on racial
categories. χ2 test statistics and corresponding P values

are included in Table 3. Additionally, major and minor
alleles, as well as minor allele frequencies (MAFs) for
Caucasians, African Americans, Asians, and Hispanic/Latino
participants are reported in Table 3. Significant differ-
ences in genotype across racial/ethnic groups were found
for three SNPs, rs1935881 χ2 (10, 200) = 19.25, P =
.037, rs1799971 χ2 (10, 200) = 38.13, P < .001, and
rs8044769 χ2 (10, 200) = 21.54, P = .018. For rs1935881, the
MAF is lower among Asians. For rs1799971, an MAF of 0 was
found in African Americans. For rs8044769, the MAF is also
lowest in African Americans. Results of associations between
SNPs and exercise response phenotypes presented below are
uncorrected (no PCA correction applied).

3.2. Correlations between Phenotypes. A total of 10 different
phenotypes were examined for association with genetic
variants in this study. Given that many of these phenotypes
may have common underlying physiological bases, we tested
for associations between these phenotypes. In the following
results, all phenotypes tested and reported (except for
VO2 max) refer to a change score created by subtracting
preexercise values from the values obtained 30 minutes into
the exercise bout. Results of these analyses are reported in
Table 4. VO2 max was significantly correlated with change
in lactate (r = .177, < .05 ), heart-rate (r = .434, P <
.01), systolic blood pressure (r = .193, P <.01), and rate
of perceived exertion (r = .157, P < .05 ) from baseline
to 30 minutes into the exercise bout. Lactate change was
correlated with temperature change (r = .214, P < .01),
heart rate change (r = .429, P < .01), systolic blood pressure
change (r = .208, P < .01), change in affective valence (as
measured by the feeling scale) (r = −.173, P < .05), and
pain change (r = .215, P < .05). Norepinephrine change was
significantly correlated with positive affect change (r = .174,
P < .05) and pain change (r = −.165, P < .05). Temperature
change was significantly correlated with heart-rate change
(r = .172, P < .05) and affective valence change (r = .149,
P < .05). Heart rate change was significantly correlated with
systolic blood pressure change (r = .185, P < .05) and rate
of perceived exertion change (r = .231, P < .05). Rate of
perceived exertion change was significantly correlated with
affective valence change (r = −.163, P < .05) and pain
change (r = .316, P < .01). Finally, positive affect change
was significantly correlated with affective valence (r = .455,
P < .05).

3.3. SNP Associations with Exercise-Response Phenotypes.
Correlations between genotype and exercise-response phe-
notypes were calculated. Significant associations emerged for
SNPs in five different genes. The CREB1 SNPs rs2360969 and
rs2253206 were associated with temperature change during
exercise (rs2360969, r = .17, P = .02; rs2253206, r = .17, P
= .02) indicating that for rs2360969, individuals with the T
allele had greater changes in temperature over the course of
the exercise, and for rs2253206, individuals with the A allele
had greater changes in temperature during exercise. These
same SNPs were also significantly associated with VO2 max
(rs2253206, r = −.17, P = .01; rs2360969, r = −.14 P = .049),
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Table 2: Summary of all SNPs tested for associations with exercise-induced physiological or subjective response-change phenotypes in the
STRIDE sample.

SNP Chromosome Position Hardy-Weinberg equilibrium P Minor allele frequency Minor allele Nearest gene locus

rs1935881 1 188333009 0.346 0.250 G FAM5C

rs2360969 2 208081241 0.706 0.373 T CREB1

rs2253206 2 208100223 0.400 0.453 A CREB1

rs10498091 2 221607688 0.154 0.135 A intergenic

rs1379659 4 20229781 0.068 0.165 G SLIT2

rs1799971 6 154402490 0.529 0.178 G OPRM1

rs8050136 16 52373776 0.277 0.350 A FTO

rs3751812 16 52375961 0.119 0.333 T FTO

rs11075989 16 52377378 0.172 0.358 T FTO

rs7202116 16 52379116 0.172 0.358 G FTO

rs7201850 16 52379363 0.228 0.371 T FTO

rs9941349 16 52382989 0.104 0.345 T FTO

rs7190492 16 52386253 0.768 0.400 A FTO

rs8044769 16 52396636 0.159 0.490 T FTO

Table 3: Summary of minor allele frequency (MAF) of each SNP tested separately for each racial/ethnic group.

SNP Minor allele Major allele
Caucasian African American Hispanic/Latino Asian

χ2 (10,200) P value
MAF MAF MAF MAF

rs1935881 G A 0.288 0.222 0.159 0.068 19.25 .03∗

rs2360969 T C 0.401 0.111 0.432 0.227 18.22 .051

rs2253206 A G 0.438 0.444 0.477 0.386 10.56 .393

rs10498091 A G 0.157 0.111 0.068 0.045 10.6 .389

rs1379659 G A 0.197 0.000 0.114 0.136 10.05 .436

rs1799971 G A 0.153 0.000 0.136 0.432 38.13 <.001∗

rs8050136 A C 0.354 0.500 0.318 0.273 11.37 .329

rs3751812 T G 0.354 0.167 0.318 0.273 7.22 .704

rs11075989 T C 0.354 0.444 0.364 0.273 9.342 .5

rs7202116 G A 0.354 0.444 0.364 0.273 9.342 .5

rs7201850 T C 0.358 0.444 0.386 0.318 12.05 .676

rs9941349 T C 0.358 0.167 0.341 0.318 10.27 .418

rs7190492 A G 0.431 0.222 0.455 0.205 15.02 .131

rs8044769 T C 0.467 0.167 0.432 0.273 21.54 .018∗

The ∗ indicates P values that are less than .05

Table 4: Relationships between subjective response phenotypes (N = 200).

1 2 3 4 5 6 7 8 9 10

(1) VO2 max —

(2) Lactate .177∗ —

(3) Norepinephrine .004 −.040 —

(4) Temperature .033 .214∗∗ .047 —

(5) HR .434∗∗ .429∗∗ −.094 .172∗ —

(6) SBP .193∗∗ .208∗∗ .047 .078 .185∗ —

(7) RPE .157∗ .117 −.039 .014 .231∗ .048 —

(8) PA −.038 −.125 .174∗ .060 −.071 −.024 −.036 —

(9) FS± −.017 −.173∗ .086 .149∗ −.054 −.071 −.163∗ .455∗ —

(10) Pain −.023 .215∗ −.165∗ .000 .109 .108 .316∗∗ −.028 −.129 —

Note: ∗P < .05, ∗∗P < .01, ±Higher numbers indicate a more positive feeling state; All of the variables listed within this table are represented as change scores
(VO2 max excepted). Change scores were created by subtracting baseline values from values recorded at 30 minutes into the exercise bout. PA: positive affect;
FS: feeling scale (affective valence).
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such that for rs2253206, individuals with the G allele had
higher VO2 max, and for rs2360969, individuals with the C
allele had higher VO2 max. The OPRM1 SNP rs1799971 was
significantly associated with lactate change during exercise
(r = .17, P =.02), norepinephrine change during exercise (r
= .16, P = .03), and change in RPE during exercise (r =
.14, P = .048), indicating that individuals with the rare G
allele had greater changes in lactate, norepinephrine, and
rate of perceived exertion change over the course of exercise.
The FTO SNP rs8044769 was related to change in positive
affect during exercise (r = −.16, P = .03), and individuals
with the C allele had greater change in positive affect over
the course of the exercise. The FTO SNP rs3751812 was
associated with positive affect change during exercise (r = .14,
P = .04), such that individuals with the T allele experienced
greater changes in positive affect. The FTO SNP rs9941349
was significantly related to change in systolic blood pressure
during exercise (r = .15, P = .04), and individuals with the T
allele experienced greater increases in systolic blood pressure
during exercise. The FTO SNP rs7201850 was significantly
related to change in systolic blood pressure during exercise
(r = .17, P = .027), with individuals possessing the
T allele experiencing greater increases in systolic blood
pressure over the course of the exercise bout. The SLIT2
SNP rs1379659 was associated with norepinephrine change
during exercise (r = .18, P = .01), with individuals with
the G allele experiencing greater changes in norepinephrine
during exercise. Finally, the FAM5C SNP rs1935881 was
associated with change in norepinephrine during exercise (r
= −.16, P = .03). Individuals with the G allele had greater
changes in norepinephrine over the course of the exercise
bout (All associations initially reported in the manuscript
changed only slightly after applying the PCA correction.
PCA corrected p-values for genotype-phenotype associations
are as follows: rs1799971 and norepinephrine change (P =
.104), rs1799971 and RPE change, (P = .038), rs8044769
and positive affect change (P = .038), rs3751812 and positive
affect (P = .036), rs1935881 and norepinephrine change
(P = .059), rs1379659 and norepinephrine change (P =
.010), rs9941349 and systolic blood pressure change (P =
.053), rs7201850 and systolic blood pressure change (P =
.04998), rs2360969 and temperature change (P = .031),
rs2253206 and temperature change (P = .066), rs1799971
and lactate change (P = .015), rs2253206 and VO2 max
(P = .035), and rs2360969 and VO2 max (P = .032)) .

Due to the fact that several of the variants that were asso-
ciated with a particular phenotype were in the same gene, it
is likely that these SNPs are in high-linkage disequilibrium
with one another. These SNP sets within single genes are
rs3751812 and rs8044769 in FTO, both significantly associ-
ated with positive affect change, rs2253206 and rs2360969
in CREB1, both significantly associated with temperature
change as well as VO2 max, and rs7201850 and rs9941349,
both in FTO, both significantly associated with systolic blood
pressure change. To examine whether these SNPs were in
LD, we ran correlations on each set of 2 SNPs in the same
gene that were associated with the same phenotype. The
correlation between rs2360969 and rs2253206 was .805 (P <
.01), the correlation between rs3751812 and rs8044769 was

−.676 (P < .01), and the correlation between rs7201850 and
rs9941349 was .938 (P < .01).

In order to further explore the direction of the rela-
tionship of genotype on exercise response, we graphed the
adjusted means for each genotype of three SNPs which
demonstrated particularly robust relationships with exercise
response phenotypes. We graphed the relationship between
rs2360969 and temperature 30 minutes into the exercise
bout, between rs1799971 and RPE 30 minutes into the
exercise bout, and between rs8044769 and positive affect
score 30 minutes into the exercise bout. As can be seen in
Figure 1, individuals with the TT genotype of rs2360969
showed the highest temperature after 30 minutes of aerobic
exercise, controlling for baseline temperature. In Figure 2,
we show that individuals with the AG/GG genotypes on
rs1799971 show greater RPE after 30 minutes of aerobic
exercise than individuals with the AA genotype, controlling
for baseline RPE. In Figure 3, we show that individuals
with the CC genotype in rs8044769 show the highest
ratings of positive affect after 30 minutes of aerobic exercise,
controlling for baseline positive affect.

4. Discussion

The present study replicated prior findings suggesting that
SNPs in the CREB1, FTO, OPRM1, SLIT2, and FAM5C
genes are all related to phenotypes encompassing various
responses to exercise. Our study tested conceptually relevant
phenotypes that to date had not been explored in this way
inany other exercise research. Given that the physiological
response to aerobic exercise involves a complex interplay
of metabolic, cardiovascular, musculoskeletal, ventilator,
and hormonal functions [46], these genes and SNPs are
likely to explain only a small portion of the variability
in individual differences in response to aerobic exercise.
Subjective responses to exercise may be yet more complex,
involving sociocultural factors, effects of previous exercise
experiences, and anticipated consequences/rewards of exer-
cise [47]. Additionally, our findings suggest that individuals
performing equivalent bouts of aerobic exercise may have
vastly different subjective perceptions of this exercise (overall
experiences which can range from negative to positive), and
that these perceptions may be influenced by genotype. Giving
sedentary individuals information about their propensity
to respond to exercise in a particular way could provide
useful insight, allowing these individuals to temper their
expectations of what aerobic exercise “should” feel like for
them or allowing intervention designers to incorporate exter-
nal reinforcement contingencies (e.g., social interaction) for
individuals who are less likely to experience intrinsic rewards
from exercise.

Despite several inherent limitations, the present study’s
findings linking genetic variants to exercise responses among
sedentary individuals presents promising initial evidence
associating genes and exercise behavior. However, it is
unlikely that variation at a single genetic locus could fully
explain variation in physiological and subjective responses
to exercise—more possibly, there are many genetic variables
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Figure 1: Adjusted mean temperature 30 minutes into the exercise
bout, for individuals in each genotype of rs2360969 controlling for
baseline temperature.
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Figure 2: Adjusted mean rating of rate of perceived exertion 30
minutes into the exercise bout, for individuals in each genotype of
rs1799971, controlling for baseline RPE rating. Individuals in the
GG and AG group were combined, due to low n, for the GG group.

influencing this phenotype, each of which contributes only
by a small fraction of the observed variation [48]. When
combined into a genetic composite, these loci would likely
correlate more strongly with phenotypic response. So,
although the correlations between genotype and exercise
response found in this study are not large, they represent
a necessary first step in forming genetic composite scores
that are likely to be more highly correlated and significantly
predictive of exercise responses. In summary, linking SNPs
to specific physiological and psychological mechanisms that
contribute to exercise response will assist in informing
individually tailored exercise programs, as well as deepen
our understanding of the relationship between genetics,
physiology, and psychology underlying health behaviors
associated with cancer prevention.

4.1. FTO. Our study showed that for rs3751812, the presence
of a T allele increased change in positive affect during exer-
cise. This finding is somewhat at odds with previous work
suggesting that TT individuals have higher BMI on average.
Rs3751812 was found to have a strong association with
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Figure 3: Adjusted mean rating of positive affect 30 minutes into
the exercise bout, for individuals in each genotype of rs8044769,
controlling for baseline positive affect rating.

BMI in African-derived populations, with the TT genotype
predicting increased BMI [49]. However, the relationship
between BMI and positive affective response to exercise is
unclear because the Hassanein study [49] did not include
information about exercise behavior of participants. It is
possible that rs3751812 individuals are predisposed to have
higher BMI, but if they engage in aerobic exercise, they are
likely to have a more positive affective response. This is one
example of how knowledge about the effect of a particular
genotype could be used to prescribe tailored interventions—
for overweight individuals with the TT genotype, exercise
could be recommended as a more effective weight loss tool,
given that these individuals have a more positive affective
response to exercise.

We also found that for rs8044769, the TT individuals
had greater changes in positive affect during exercise. In
a Hispanic American sample, rs8044769 was found to be
weakly associated with waist-to-hip ratio [50], and the
C allele showed an association with variation in BMI
[51]. Additionally, an association was demonstrated between
rs8044769 and pediatric BMI [52]. Prior research suggests
that the C allele of rs8044769 is associated with greater
variation in BMI [51]. This SNP seems to be related to body
fat mass, predisposition to obesity, and response to aerobic
exercise—yet the nature of this relationship requires further
exploration. Associations between this SNP and additional
obesity-related phenotypes should be tested.

4.2. CREB1. CREB1 is a key component of long-term
cardiac memory formation (specific T-wave patterns on
an electrocardiogram) [53], as well as long-term memory
formation in the brain [54, 55]. Our results indicate that
for the CREB1 SNP rs2253206, individuals with the A allele
(AG genotypes, and to a greater extent AA genotypes) have
a greater change in temperature during exercise. If greater
temperature change while exercising translates into a more
unpleasant subjective exercise experience, then our findings
suggest that the AA individuals (and to a lesser extent AG
individuals) may have less pleasant subjective experiences of
exercise than GG individuals. rs2253206 was shown to be
strongly associated with heart rate (HR) change in response
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to a 20-week endurance training program, with GG and AG
genotypes and showing 57% and 20% better change in HR
than the AA participants [38].

Our results make sense in the context of the Rankinen
findings [38], as the AA individuals may have more unpleas-
ant exercise experiences due to increased temperature, which
could influence their ability to exercise effectively (and thus
decrease the heart rate improvements they can obtain from
an exercise intervention). We also found that this SNP was
related to VO2 max (an indicator of cardiovascular fitness),
such that the GG individuals had greater VO2 max than AG
individuals, who had greater VO2 max than AA individuals.
These results also coincide with our findings and the findings
from previous research, as GG individuals may be more fit to
begin with, and also more capable of gaining increased fitness
through training, due to the fact that they experience exercise
as less painful.

Additionally, we found that for rs2360969, TT individu-
als experienced greater change in temperature than did CT
and CC individuals. rs2360969 has also been shown to be
related to heart rate response endurance training [38, 39],
however, these studies did not state direction of effect for this
SNP.

4.3. OPRM1. In our analysis, rs1799971 (the A118G poly-
morphism) was related to RPE, as well as to lactate change
during exercise and norepinephrine change during exercise.
For all three of these phenotypes, individuals with the rare
G allele showed greater change during the exercise bout. Pre-
vious research on this SNP has found that individuals with
the G allele (genotypes of either AG or GG) demonstrated
higher pressure pain thresholds than individuals with the AA
genotype [36]. This study also found that when heat pain was
tested, a sex by genotype interaction emerged, such that the
G allele was associated with lower pain ratings among men
but higher pain ratings among women. The A118G variant
has greater binding affinity for β-endorphin (an exogenous
opioid that activates the mu opioid receptor) [56], which is
one possible mechanism by which this SNP could influence
pain sensitivity.

The relationship between rs1799971 and subjective
responses to pain may extend to the pain and exertion expe-
rienced during aerobic exercise. Given that our sample was
79.5% female, our findings of greater lactate, norepinephrine
and RPE change over the course of exercise for the GG/AG
group is in the same direction as the findings for females in
the Fillingim [36] study. These results lend further support to
the idea that individuals (and perhaps particularly women)
with the AG/GG genotype have lowered pain threshold,
and the present study suggests increases in lactate and
norepinephrine as possible physiological explanations, at
least in the context of aerobic exercise-induced pain.

4.4. FAM5C. Prior studies have shown that rs1379659 in
FAM5C is associated with echocardiographic traits, and
specifically left ventricular systolic dimension. The results of
our study suggest that it is also associated with change in
norepinephrine in response to exercise. To date, research has

not examined the relationship between FAM5C and aerobic
exercise response. Given the connection between this gene
and cardiac function, examining the potential relationship
between FAM5C and aerobic exercise would provide a logical
next step for research in this area.

4.5. SLIT2. Previous research has demonstrated an associ-
ation between the SLIT2 SNP rs1935881 and echocardio-
graphic traits, specifically left ventricular diastolic dimen-
sion. The results of this study suggest that it is also related
to norepinephrine change during exercise. Further research
is needed to elucidate more specific relationships between
SLIT2 and response to aerobic exercise.

The genes discussed above represent potential candidates
for further explanation in terms of their relationship to
exercise response phenotypes. More than a decade’s worth
of research on the psychophysiological responses associated
with exercise has demonstrated that the subjective experience
of exercise, how sensations are remembered, anticipated, and
interpreted, is closely tied to subsequent exercise behavior
[14, 19, 20, 47, 57]. A better understanding of the genetic
basis for subjective responses to aerobic exercise may have
the potential to lead to more effective and sophisticated
intervention designs. Eventually, these advances in the basic
science of exercise response could lead to the implementation
of interventions tailored on the level of individual genetic
variants.

Primary prevention of cancer through behavioral inter-
vention is now a top priority of the NCI. This approach is
intuitive given that approximately 30% of total cancer deaths
are related to energy imbalance (e.g., excessive adiposity)
[58, 59]. Physical inactivity is not the only contributing
factor to energy imbalance, but it is a major contributing
factor as trends clearly show that the least physically active
regions of the country are also the most obese [60]. The
hopeful perspective on behavioral intervention for physical
activity is that even small increases in the total amount
of participation accumulated per week stands to lead to
meaningful differences in cancer risk. For example, [61]
found evidence for a 3–8% reduction in risk for breast cancer
with every additional 60 minutes of physical activity engaged
in per week.

The link between physical activity participation and
reduced risk for cancer, especially of the colon, breast,
and endometrium is convincing, but also dependent upon
good adherence [3–6, 61]. For this reason, it is imper-
ative that researchers continue to search for ways to
improve the likelihood of adherence to behavioral inter-
ventions. One way to achieve this goal may be through
increasing the amount of focus that is placed on sub-
jective response phenotypes and their underlying genetic
variants. Developing a better understanding of the link
between genes, exercise-relevant physiological mechanisms,
and the resulting exercise-response phenotypes is a first
step towards tailoring individualized exercise programs that
would likely increase adherence and lead to improved
health outcomes and decreased rates of cancer and other
diseases.
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4.6. Limitations. As with all research that involves genetic
analyses, we cannot rule out the possibility that other
genetic factors, including rare or common SNPs, insertions,
deletions, or copy number variants, could play a role in
determining the physiological responses to exercise that were
measured in this study [48]. The phenotypes investigated in
this study are likely to be polygenic traits, such that numerous
genes and SNPs other than those examined in the present
study may all contribute to these exercise response pheno-
types. In contrast, the extent of the pleiotropic effects of
the genes and SNPs investigated in this study are unknown.
Thus, it is possible that the polymorphisms that influence
exercise response may also be more strongly associated with
other, possibly unrelated phenotypes that led to our findings
[21].

Another limitation of note is the present study’s lack of
power to detect moderation effects of demographic variables.
It is possible that variables such as age or ethnicity could
moderate the associations between genetic variation and
response to exercise. Further research should focus on testing
these associations among different racial and age groups.
Additionally, the results of this investigation are based on one
single, standardized, bout of moderate-intensity exercise. For
this reason, our results cannot be generalized to subjective
exercise experiences that occur under less regulated circum-
stances (i.e., when type of activity, intensity, and duration
are individually determined). Despite this limitation, there
are many examples from the literature in which subjective
responses to exercise are measured and analyzed based on
a single bout of standardized exercise (e.g., [19, 20, 62–
65]) and therefore, our procedures and analyses are in
concert with the approach previously established by the
field. Importantly, the purpose of the present investigation
was to understand how genetic variants are associated
with particular subjective responses to exercise when the
parameters of the exercise experience are standardized
across all individuals. In the present study, this level of
standardization was achieved by having all participants
perform the same activity (treadmill walking), for the same
duration (30 minutes), at the same intensity (65% of each
individual participant’s previously established VO2 max).
Further, efforts were made to standardize variables external
to the exercise bout as well (i.e., instructions detailing
recommended calorie and water consumption prior to the
bout described in Section 2 ). It remains to be seen whether
the SNPs and genes reported in this study to be related to
exercise response phenotypes would show an association to
these same phenotypes in other studies examining different
types, duration, and intensity of exercise sessions. Further,
there may be some effect of population substructure in
these associations. However, as noted, the size of the
associations changed negligibly after a PCA correction,
suggesting that the population substructure did not play a
major role. Overall, replication is needed in order to confirm
findings from the present study, and to better understand
the functional significance of these genes and SNPs in
relation to physiological and subjective responses to aerobic
exercise.

5. Conclusion

The purpose of this paper was to explore the genetic
underpinnings of individual physiological and subjective
responses to aerobic exercise. One strength of this study was
its focus on a sedentary population, a group that has been
rarely tested in terms of associations between genetics and
exercise phenotypes. The relationship between particular
genetic variants and responses to exercise has important
implications for the prevention of cancer via increasing
exercise behavior in sedentary populations. Future studies
designed to test genetic influences on a wide range of
exercise response phenotypes would help to advance this
goal, potentially leading to a panel of markers important for
characterizing the physiological and subjective response to
exercise. Moreover, giving feedback to sedentary individuals
regarding the genetic basis for their strengths and weaknesses
in fitness/exercise/sports activities could be a potentially
useful motivational tool for increasing exercise behavior [13,
66]. In sum, expanding our understanding of the association
between genetics and exercise response phenotypes has a
myriad of implications for helping to increase exercise
behavior in sedentary individuals, an outcome which is
crucially important for the reduction of morbidity and
mortality associated with cancer.
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