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Abstract

Background: Physical exercise and activity status may modify the effect of the fat mass- and obesity-associated
(FTO) genotype on body weight and obesity risk. To understand the interaction between FTO's effect and physical
activity, the present study investigated the effects of high and low intensity exercise on FTO mRNA and protein
expression, and potential modifiers of exercise-induced changes in FTO in healthy-weighted individuals.

Methods: Twenty-eight untrained males and females (254 + 1.1 years; 73.1 £ 2.0kg; 1788+ 14cm; 390+ 1.2
mlkg.min™' VOspear) Were genotyped for the FTO rs9939609 (T > A) polymorphism and performed isocaloric (400
kcal) cycle ergometer exercise on two separate occasions at different intensities: 80% (High Intensity (HI)) and 40%
(Low Intensity (LO)) VO5peak. Skeletal muscle biopsies (vastus lateralis) and blood samples were taken pre-exercise
and following 10 and 90 mins passive recovery.

Results: FTO mRNA expression was significantly decreased after HI intensity exercise (p =0.003). No differences in
basal and post-exercise FTO protein expression were evident between FTO genotypes. Phosphorylated adenosine
monophosphate-activated protein kinase (AMPK) and Akt substrate of 160 kDa (AS160) were significantly increased
following HI intensity exercise (p < 0.05). Multivariate models of metabolomic data (orthogonal two partial least
squares discriminant analysis (O2PLS-DA)) were unable to detect any significant metabolic differences between
genotypes with either exercise trial (p > 0.05). However, skeletal muscle glucose accumulation at 10 mins following
HI (p=0.021) and LO (p =0.033) intensity exercise was greater in AA genotypes compared to TT genotypes.

Conclusion: Our novel data provides preliminary evidence regarding the effects of exercise on FTO expression in
skeletal muscle. Specifically, high intensity exercise downregulates expression of FTO mRNA and suggests that in
addition to nutritional regulation, FTO could also be regulated by exercise.
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Background

The fat mass- and obesity-associated (FTO) gene was initially
considered an “obesity gene” when early human studies
demonstrated significant associations between its genetic
polymorphism and body mass index (BMI) [1, 2]. Subse-
quent studies using transgenic overexpression and gene
knockout models have sought to understand these associa-
tions by determining FTO’s biological role within various tis-
sues [3—5]. While it is evident that FTO targets neural tissue
and its energy homeostatic functions, whole body loss-of-
function mutations may mask other tissue-specific activities
attributed to FTO. Studies have shown that homozygous
knockout of FTO leads to loss of lean mass [4, 5], which
does not occur in targeted hypothalamic knockout models
[5], suggesting FTO can promote its biological effects
through pathways and tissues other than neural.

Skeletal muscle is the largest energy producing and
consuming organ within the body and is influential on
energy expenditure and whole body metabolism. Recent
evidence suggests that FTO may act as an ‘energy sen-
sor’ within skeletal muscle regulating important cellular
metabolic pathways for substrate utilisation, storage and
growth [6, 7]. This role could be via 5° adenosine
monophosphate-activated protein kinase (AMPK) regu-
lation, as AMPK is recognized as a key energy sensor
that can regulate energy status [8]. Activation of AMPK
increases glucose uptake in skeletal muscle [9], enhances
lipid oxidation [10] and reduces fatty acid incorporation
into triacylglycerol [11]. Conversely, ablation of AMPK
reduces fatty acid oxidation and enhances skeletal
muscle lipid accumulation, leading to elevated triglycer-
ide content [12]. Recent work by Wu and colleagues [7]
suggests a relationship between FTO and AMPK and
molecular regulation of lipid metabolism and metabolic
diseases. Specifically, AMPK’s regulation of lipid accu-
mulation in skeletal muscle could be via FTO-dependent
demethylation of mRNA, with inhibition of AMPK up-
regulating FTO expression and enhancing lipid accumu-
lation, while activation of AMPK downregulates FTO
expression and reduces lipid accumulation [7].

Exercise is perhaps the most powerful physiological acti-
vator of AMPK [13]. When activated, AMPK stimulates
energy generating processes such as glucose uptake and
fatty acid oxidation and decreases energy consuming pro-
cesses such as protein and lipid synthesis. In addition,
AMPK activation in peripheral tissues seems to counteract
many of the cellular abnormalities observed in animal
models of metabolic syndrome including insulin resist-
ance, inflammation and ectopic lipid deposition. These
observations could explain in part how higher physical ac-
tivity levels attenuate the influence of FTO variation on
obesity risk [14], and why lifestyle interventions demon-
strate greater efficacy in promoting weight loss in FTO
risk A-allele carriers compared to those carrying the TT
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genotype [15]. It is possible that exercise-induced activa-
tion of AMPK downregulates FTO expression and/or
leads to reduced FTO-dependent demethylation of mRNA
which subsequently enhances lipid oxidation and reduces
fat deposition. Over the long term this could result in
weight loss. However, no study to date has looked at the
effect of exercise on skeletal muscle FTO mRNA and pro-
tein levels and whether such effects are mediated via
changes in AMPK. Additionally, using a metabolomics ap-
proach to analyse relative concentrations of multiple me-
tabolites can help characterise core metabolic changes (i.e.
metabolite “signature”) that may otherwise be missed
when analysing single or multiple metabolite changes. Im-
portantly, this technology can assist in identifying poten-
tial variations in metabolic pathways between genotypes
which could assist in elucidating the mechanisms by
which exercise regulates FTO.

Thus, the present study investigated the effect of
exercise-induced metabolic perturbations on skeletal
muscle FTO mRNA and protein expression, and deter-
mined whether these changes are genotype variant spe-
cific. In addition, this study sought to identify potential
metabolic modifiers of FTO expression. It was hypothe-
sized that higher exercise intensity would cause larger
metabolic perturbations and AMPK activation, leading
to greater downregulation of skeletal muscle FTO
mRNA expression in variants encompassing the risk A-
allele (AA and AT genotypes) compared to individuals
homozygous for the non-risk allele (TT genotypes).

Methods

Participants

A total of 28, apparently healthy, sedentary males and fe-
males (254 + 1.1 years; 73.1+2.0kg; 1788+ 1.4 cm; 39.0 £
1.2 mlkg.min~ ! peak oxygen uptake (VOopea)) volunteered
to take part in this study. Participants were excluded from
participating if they had diagnosed diabetes (fasting blood
glucose greater than 7.0 mmol. L™"), were performing any
regular fitness training (>30 mins, 3 x per week) for 6
months prior, taking contraindicated prescription medication
which influence metabolism (including thyroid, hyperlipid-
meic, hypoglycemic, or antihypertensive), or were pregnant.
Participants believed to meet the eligibility criteria were
asked to provide written informed consent based on docu-
ments previously approved by the Victoria University Hu-
man Research Ethics Committee (HRETH 12/197) and all
procedures were performed in accordance with the ethical
standards set out in the 1964 Declaration of Helsinki.

Preliminary testing

Genotyping

Prior to the experimental exercise trials, cells from inside
each participant’s cheek were collected using a standard
buccal swab, with QuickExtract solution (Illumina) used
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to extract DNA from these swabs. Genotyping of the
rs9939609 (T > A) polymorphism of the FTO gene was
performed using a Tagman allelic discrimination assay
(Life Technologies, VIC, Australia) and a CFX96 Real-
Time thermal cycler (Bio-Rad Laboratories, VIC,
Australia) as per manufacturer’s instructions. For quality
control purposes, a positive and negative control was
used. The context sequence for the SNP tested was
[VIC/FAM] GGTTCCTTGCGACTGCTGTGAATTT
[A/TIGTGATGCACTTGGATAGTCTCTGTT. The
overall genotyping efficiency was 100%.

Body composition assessment

Dual Energy X-ray Absorptiometry (DEXA; Hologic Dis-
covery W, MA, USA) was used to assess body compos-
ition. Calibrations were performed the morning of
DEXA analysis, and participants were in a standardised
supine position throughout the duration of the scan. A
whole-body scan was used (~1.5mSv) to identify total
body mass, fat mass, lean muscle mass and bone mineral
content. Height, hip and waist circumference, and blood
pressure were measured using a stadiometer, tape meas-
ure and sphygmomanometer (Omron HEM7322; Omron
Healthcare, VIC, Australia), respectively.

Graded exercise test

To ascertain the fitness level of participants, VOypeai
was measured approximately one week prior to the first
experimental exercise trial. A standard graded exercise
protocol on an Excalibur Lode Cycle ergometer
(Netherlands) was performed: Males, 3 x 3 min sub-
maximal workloads at 50, 100 and 150 W followed by
successive 1-min workload increments of 25 W until vol-
itional exhaustion; Females, 3 x 3 min sub-maximal
workloads at 25, 50 and 75 W followed by successive 1-
min workload increments of 25 W until volitional ex-
haustion. Participants were encouraged to maintain a
pedal frequency between 80 and 100 revolutions per mi-
nute (rpm) and the test was terminated when this could
not be maintained for a period of 5s. Expired air was di-
rected by a Hans Rudolph valve via a ventilometer into a
mixing chamber and analysed for oxygen and carbon di-
oxide content (Moxus; AEI Technologies, PA, USA).
Prior to each VOypcax test the gas analyser was calibrated
using commercially prepared gas mixtures (BOC Gases,
Australia). Data obtained from the graded exercise test
were used to calculate the workload each participant re-
quired for the subsequent experimental exercise trials at
80 and 40% of their VOpcax.

Experimental exercise trial protocol

Participants were asked to complete two isocaloric acute
exercise trials in a non-randomised order, separated by
at least 1 week for males and 1 month for females: i)
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High Intensity (HI), 80% VOgpeac (AA, 127.6 +13.1 W
AT, 126.0 £ 15.0 W; TT, 113.9 + 15.1 W), and ii) Low In-
tensity (LO), 40% VOspeax (AA, 63.8 £6.6 W; AT, 62.9 +
75W; TT, 57.1£7.6 W). Similar to the VOjpeai test,
these protocols were performed on an Excalibur Lode
Cycle ergometer (Netherlands) and participants were en-
couraged to maintain a pedal frequency between 80 and
100 rpm. Exercise was stopped once each participant
had expended 400 kcal as estimated via indirect calorim-
etry (Moxus; AEI Technologies, PA, USA). Substrate
utilisation was calculated using standard stoichiometric
equations [16], with the assumption that protein oxida-
tion was minor and constant. Energy expenditure was
calculated based on the following formula, with respira-
tory values in Lmin~ ' units:
Energy Expenditure (k]. min ~ 1)
= 16.318%xVO, - 4.602xVCO,

Respiratory Exchange Ratio (RER) data were used to
examine the response to metabolic demand by measur-
ing the area under the curve (AUC) for RER transition
from the beginning to the end of exercise. Borg Scale
Ratings of Perceived Exertion (RPE 6-20 scale) were re-
corded every 10 mins throughout the exercise bouts,
and immediately upon cessation of exercise, to deter-
mine perceived physical demand between allelic variants
of FTO.

Participants were asked to refrain from consuming caf-
feine and alcohol, and from undertaking strenuous exer-
cise 24h prior to attending the experimental exercise
trials. Participants recorded their dietary intake for 24 h
before the first experimental exercise trial and were
asked to replicate meals the day prior to the subsequent
trial. Experimental exercise trials were conducted in the
morning, approximately 10-12h after the last meal to
produce basal state conditions. Exercise was preceded by
a rest period and followed by 90 mins of passive recov-
ery in a supine position.

Plasma analysis

Each participant had an intravenous cannula inserted
into a vein in the antecubital space to obtain blood sam-
ples throughout each experimental exercise protocol,
and this was kept patent with isotonic saline (0.9% NaCl,
Pfizer). Blood was sampled pre-exercise (0 mins), and at
10 and 90 mins throughout the post-exercise passive re-
covery period. Samples were immediately placed into
lithium heparin (BD Vacutainer) tubes and centrifuged
at 12,000 rpm for 2 min. Plasma samples were decanted
and analysed for glucose concentration (YSI 2300 STAT;
Yellow Springs Instruments, OH, USA). Plasma albumin
was measured using a commercially available Bromocre-
sol Green Albumin Assay Kit (Sigma Aldrich, Australia)
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and used as an indirect marker and estimation of plasma
volume changes during exercise [17].

Skeletal muscle analysis

Skeletal muscle biopsies

Skeletal muscle biopsies were collected from the vastus
lateralis tissue under local anaesthesia pre-exercise (0
mins), and at 10 and 90 mins throughout the post-
exercise passive recovery period. A fresh incision was
made for each biopsy, which was taken distal to prox-
imal (at least 1 cm apart) in the middle of the muscle
belly, approximately 5-8 cm above the left kneecap.
Muscle sampling was performed using a Bergstrom nee-
dle with suction [18]. Muscle samples were immediately
snap-frozen in liquid nitrogen and stored at — 80 °C until
analysis.

Metabolomics analysis — GC-MS

Muscle metabolite extraction and preparation Ap-
proximately 20 mg wet weight of each skeletal muscle
sample was diluted with 250 pl of methanol (MeOH)
[spiked with 4% 2Cs-Sorbitol as an extraction internal
standard (ISTD)]. Supernatant from completely homoge-
nized samples were separated and transferred into 6 mm
diameter conical bottom glass vial inserts (Phenomenex,
NSW, Australia). Pooled biological quality control
(PBQC) samples were created using 10 pl of supernatant
from each extracted sample. Samples were then dried in
vacuo (RVC 2-33, John Morris, Australia) at a
temperature of —55°C and pressure of 3 mbar for 3h,
prior to being placed into glass vials for Gas
Chromatography-Mass Spectroscopy (GC-MS) analysis.
Additional glass vials containing methyloxime (MeOX)
(10 pl per sample) and trimethylsilane (TMS) (20 ul per
sample) were prepared for derivatisation.

Instrumentation and data handling The GC-MS sys-
tem used comprised of a 7000B Agilent GC triple-
quadrupole and a 5975C Agilent triple-axis MS detector
(Agilent Technologies, CA, USA). A MPS2XL GC-MS
autosampler (Gerstal Technologies, Miilheim, Germany)
was set to select samples for analysis in a randomised
order. MeOX and TMS derivatised samples were
injected onto the GC column using a hot needle tech-
nique. The injection was operated in splitless (1 pl sam-
ple) and split (0.20pl sample) modes to avoid
overloaded chromatogram peaks. The instrumentation
conditions and data handling procedures (including
mass spectra and peak verification processes) were as
previously described [19]. Overloaded peaks (lactate, glu-
cose, mannose, sucrose, fructose, urea and cholesterol)
were analysed separately from the split mode. Muscle
metabolite concentrations (expressed as arbitrary units
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(AU)) for each metabolite detected in each sample were
normalised to the ISTD (*3C4-Sorbitol) and to muscle
sample wet weight.

Skeletal muscle mRNA expression

Total RNA was isolated from ~ 20 mg skeletal muscle
using TRIzol reagent. Total RNA concentration and pur-
ity of each sample was determined using a Nanodrop
Spectrophotometer (Thermo Scientific, VIC, Australia).
RNA (1 pg) was reverse transcribed to cDNA using an
iScript ¢cDNA Synthesis Kit (Bio-Rad Laboratories, VIC,
Australia), as per manufacturer’s instructions. Relative
mRNA expression was determined by QuantStudio 7
Flex (Applied Biosystems, CA, USA) using 20X Pri-
mePCR Assays and SsoAdvanced Universal SYBR Green
Supermix (Bio-Rad Laboratories, VIC, Australia). mRNA
sequences of the oligonucleotide primers used are listed
in Supplementary Table S-1. §-Actin (ACTB) was used
as an internal control standard for each reaction due to
its previous verification as a constitutively expressed
housekeeping gene in human skeletal muscle following
acute exercise [20]. The relative amount of the target
mRNA was calculated using the fold change 244"
method [21].

Skeletal muscle protein expression

Twenty-five cryosections of skeletal muscle (30 pm sec-
tions) were lysed in homogenisation buffer (0.125M Tris
HCl, 10% Glycerol, 4% SDS, 10 mM EGTA, 0.1 M DTT
[pH 8.0]). Total protein concentration of muscle lysate
was measured using Pierce BCA protein estimation
(Abcam, VIC, Australia) and RED 660 Protein Assay
with SDS neutralizer (G Bioscience, MO, USA), as per
manufacturer’s instructions. Protein was resolved on
7.5% or 12% Mini-PROTEAN TGX Stain-Free Gels
(Bio-Rad Laboratories, VIC, Australia) and transferred to
PVDF membrane. Membranes were blocked with skim
milk in Tris-Buffered Saline-Tween (TBST) and incu-
bated overnight with the following primary antibodies:
FTO (GeneTex #GTX63821), pan Actin (NeoMakers
#MS-1295-P0), Phospho Ser588 AS160 (Akt substrate of
160 kDa) (Cell Signalling Technology (CST) #8730), total
AS160 (CST #2447), Phospho AMPKa (CST #2535) and
total AMPKa (CST #2603). After incubation, mem-
branes were washed and incubated for 1h at 4°C with
horseradish peroxidase-linked secondary antibody (CST
#7074). Proteins were detected via chemiluminescence
using Clarity Western ECL Substrate within a VersaDoc
Imager (Bio-Rad Laboratories, VIC, Australia).
Densitometry was performed using Image Lab Software
(Bio-Rad Laboratories, VIC, Australia) with the total
proteins in each lane of the stain free PVDF membrane
normalised to internal controls run on each gel. FTO
content was expressed relative to Actin, phosphorylated
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AS160 content was expressed relative to total AS160,
and phosphorylated AMPK was reported relative to total
AMPK.

Data analysis and statistical methods

Sample size calculation

The estimated sample size for the main outcome mea-
sures of gene expression was based on an assumed cor-
relation of 0.7 between the pre and post exercise
outcome measures, and an effect size of Cohen’s d = 0.62
for fold change in skeletal muscle mRNA expression of
metabolic genes following acute high and/or low inten-
sity exercise [22, 23]. In order to have power of 80% and
a significance level of 5%, an estimated total sample size
of 28, taking into account a predicted ~20% dropout
rate.

Multivariate analysis

An orthogonal two partial least squares discriminant
analysis (O2PLS-DA) multivariate model was used as an
analogous extension of the common PLS-DA model.
This multivariate analysis model was selected due to its
previously shown suitability in combining ‘omics’ data
[24]. Model quality was reported for O2PLS-DA using
R*X(cum) and Q? which represents, the measure of fit
(i.e. the explained variation in metabolites) and the
goodness of prediction (i.e. the variation in genotype
that can be predicted by the model), respectively, as esti-
mated by cross-validation (SIMCA statistical modelling,
version 14, MKS, Sweden). The maximum possible Q*
value is 1.0 as it is a fraction of the total variability,
therefore Q*>0.7 can be considered a good predictor
and < 0.5 as insignificant. Likewise, the maximum pos-
sible R*X(cum) value is 1.0, with this representative of a
perfectly fitting model, whilst a R*X(cum) value of 0.0
would indicate no model fit at all. The area under the
curve (AUC) of the receiver operating characteristic
(ROC) curve was used to determine the overall accuracy
and separation performance of the genotypes in each
O2PLS-DA model. MetaboAnalyst 3.0 [25] was used to
generate an additional PLS-DA on the whole set of me-
tabolites (variables) at each time point, with normalisa-
tion via a generalised log transformation applied to the
data matrix to improve symmetry. This multivariate pat-
tern analysis model determined the metabolites with
variable importance for projection (VIP) values >1.0.
The VIP value was used to reflect variable importance,
and the metabolite subset with values >1.0 is herein re-
ferred to as “VIP metabolites’.

Univariate analysis

VIP metabolites were selected for further analysis (to re-
duce variability) and analysed using SPSS software (IBM
SPSS Statistics for Windows, Version 20, NY, USA).
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Unpaired two-way ANOVA’s with repeated-measures
were used to calculate individual significance for each
genotype with time as the within group factor and geno-
type as the between group factor. Where univariate ana-
lysis revealed any significant main effects for time,
subsequent pairwise comparisons were performed to de-
tect differences over time. Where a genotype by time
interaction was detected, multiple comparisons with
Tukey’s post hoc tests were completed to identify differ-
ences. One-way ANOVA’s were performed for partici-
pant characteristic and indirect calorimetry (substrate
utilisation, energy expenditure and RER) data, with un-
paired t-tests completed when interactions between fac-
tors were found. Linear regression and covariant analysis
(ANCOVA) were used to determine the effect of age
and sex (both known to influence associations between
FTO rs9939609 and obesity-related traits) on allelic rep-
resentation of dependent variables. Regression analysis
was used to observe relationships between skeletal
muscle mRNA expression of metabolic genes and
muscle metabolites showing genotype by time interac-
tions. Data are expressed as mean = SEM unless other-
wise stated. The level of significance was set at p < 0.05.

Results

Participant characteristics

Participant characteristics for each FTO rs9939609 geno-
type were similar with no significant differences in total
body mass, height, BMI, hip and waist circumference, fat
mass, lean muscle mass, bone mineral content, blood
pressure or VOypeac noted (p>0.05) (Table 1). A geno-
type effect was detected for age (p = 0.038), with AT ge-
notypes significantly older than TT genotypes (p=
0.019). A trend towards significance for a genotype effect
was detected for fasting plasma glucose concentrations
(p = 0.057).

Participant’s physiological responses to Hl and LO
exercise trials

Workloads (W) performed during the HI and LO inten-
sity exercise protocols were similar between genotypes
(p>0.05) (Table 2). Both HI and LO intensity exercise
trials elicited an increase in heart rate, with higher eleva-
tions during the HI trial compared to the LO trial (data
not shown). Heart rate was similar between genotypes
before, during and following HI and LO intensity exer-
cise within each trial (data not shown). Additionally,
RPE (considered on a numerical scale and presented as
median (interquartile range)) was similar between geno-
types at the completion of each exercise protocol (HIL:
AA, 16 (14-17), AT 16 (15-18), TT, 17 (15-19) (repre-
senting “Hard — Very Hard”) (p =0.254); LO: AA, 12
(11-13), AT 11 (11-12), TT, 13 (11-14) (representing
“Fairly Light — Somewhat Hard”) (p =0.456)). There



Danaher et al. Nutrition & Metabolism

(2020) 17:68

Table 1 Participant characteristics when separated by FTO genotype of the rs9939609 polymorphism
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Genotype

AA AT T P value
n 10 9 9 /
Sex 5F/5M 4F/5M 6F /3 M /
Age (yr) 244+1.7 293+22 227+12 0.038
Total Body Mass (kg) 745+39 720£26 726+42 0.875
Height (cm) 176.1+28 1699+ 24 172119 0.212
BMI (kg/m?) 240+10 250+ 1.1 244410 0.791
Hip Circumference (cm) 996+24 996+24 1014+18 0.813
Waist Circumference (cm) 818+38 796+28 778+30 0.674
Fat Mass (%) 249+16 226+33 272+20 0416
Fat Mass (kg) 181+10 161+£27 196+20 0486
Lean Muscle Mass (kg) 534+35 523+27 521+33 0.689
Bone Mineral Content (kg) 26+0.1 25+01 25+0.1 0.737
Systolic BP (mmHg) 129.0+5.1 1287 +42 1227+19 0480
Diastolic BP (mmHg) 764 £3.2 758+25 751 £30 0.952
Fasting Plasma Glucose (mmol. L™ ) 50+0.1 54+0.1 49+0.1 0.057
VO, pea (Mlkg.min™") 400+ 14 390+£26 379+23 0.771

Values are expressed as mean + SEM. F female, M male, VO,,cq« peak oxygen uptake

Table 2 Respiratory gas exchange measurements, and calculated fat and glucose utilisation, between FTO rs9939609 genotypes

after isocaloric HI (80% VO,pear) and LO (40% VO, peqi) intensity exercise

Genotype P value
AA AT T
HI
Workload (W) 1276+ 131 1260+75 1139476 0.767
T. (min:sec) 36:45 + 2:00 39:29 +3:07 4121+ 302 0511
Av. VO, (mlkgbw.min™") 200+ 14 287 +2.1 270+17 0674
Av. RER 0.96 +0.07 099 +0.02 0.96+ 001 0323
RER AUC 627 +44 589+58 719450 0.206
Fat utilisation (gkgLBM™'TI™") 0.12+004 0.10+ 004 0.14+003 0.709
Glucose utilisation (gkgLBM™'T.I7 ) 1.58+0.13 1.68 +0.04 169+0.12 0.740
Fat utilisation (%) 145+ 45 102 +3.8 158+32 0.593
Glucose utilisation (%) 85.5+45 898+38 842+32 0593
Lo
Workload (W) 638+66 629+75 571476 0.779
T. (min:sec) 54:28 + 2:58 57:59 + 4:06 61:04+ 419 0472
Av. VO, (mlkgbw.min™") 200407 213+12 190409 0.289
Av. RER 0.89+001 0.91+0.02 0.90+0.01 0.603
RER AUC 826+34 778465 864 +6.5 0410
Fat utilisation (g.kgLBM™'TI™ ") 031+004 0.24+0.05 0.32+0.05 0498
Glucose utilisation (gkgLBM™'TI™") 1.15+008 133+008 129+0.10 0310
Fat utilisation (%) 366+40 30156 345+43 0.607
Glucose utilisation (%) 564+55 699+56 572+62 0.206

Values expressed as mean + SEM. AUC area under the curve, LBM lean body mass, Av. RER average respiratory exchange ratio, T. | Time interval required to expend

400 kcal, Av. VO, average oxygen uptake
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were no significant differences between genotypes in
time to expend 400 kcal during the HI (p=0.511) and
LO intensity (p = 0.472) exercise protocol, or for average
RER (HIL p= 0.323; LO, p = 0.603), glucose utilisation
(gkgLBM™ . T.I" ") (HI, p = 0.740; LO, p = 0.310) and fat
utilisation (g.kgLBM™LT.I"") (HI, p= 0.709; LO, p=
0.498) measured during each exercise protocol (Table 2).
The transition in substrate utilisation during exercise
(RER AUC) was not significantly different between geno-
types for each exercise protocol (HI, p = 0.206; LO, p =
0.410) (Table 2). The absence of an effect of age or sex
on respiratory gas exchange measurements between
FTO genotypes was confirmed by ANCOVA (p > 0.05).

Metabolite analysis

Skeletal muscle metabolites: multivariate analysis

Analysis of the chromatogram resulted in the detection
of 48 identifiable metabolites (see Supplementary Table
S-2 for metabolite identification details). Unpaired multi-
variate data models, O2PLS-DA with Pareto data scaling,
were used to determine participant variation during the
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HI and LO intensity exercise trials, regardless of time
(Fig. 1a & ¢). The O2PLS-DA modelling method demon-
strated a similar metabolic signature between genotypes
in the HI intensity exercise trial (p =0.999), with very
good validation metrics for data goodness of fit,
R®X(cum) = 0.914, and very poor validation metrics for
goodness of prediction, Q* = 0.084 (Fig. 1a). Orthogonal
variation in metabolites (X) accounted for 44% of the
variation, and orthogonal variation between genotypes
(Y) accounted for 32% of the variation. The O2PLS-DA
modelling method also demonstrated a similar metabolic
signature between genotypes in the LO intensity exercise
trial (p =0.982), with moderate validation metrics for
data goodness of fit, R*X(cum) = 0.511, and very poor
validation metrics for goodness of prediction, Q* = 0.017
(Fig. 1c). Orthogonal variation in metabolites (X)
accounted for 27% of the variation, and orthogonal vari-
ation between genotypes (Y) accounted for 17% of the
variation.

The metabolites associated with each genotype can be
extracted from the loadings scatter plot (Fig. 1b & d).
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Distribution of metabolites in the direction of each
genotype signifies their contribution to model variation
due to the respective genotype, whilst metabolites with
the least importance are clustered in the centre. The me-
tabolites likely to contribute most to each genotype in
the HI intensity exercise trial model were, AA: alanine,
glutamate and glycine; AT: proline, adenosine monopho-
sphate (AMP), urea and myoinositol; TT: glycerol-3-
phosphate (glyercol-3-P), glycerate-3-phosphate (glyce-
rate-3-P) and pyrophosphate. Data from the LO intensity
exercise trial did not provide sufficient power to differ-
entiate metabolite variation in relation to genotype using
loading plot observations, or to generate a secondary
predictive component. AUC of the ROC curve showed a
poorer fit in the LO intensity exercise trial compared to
HI intensity exercise trial, with the AA genotype better
described by the model than the TT genotype (see Sup-
plementary Figure S-1).

Correlation coefficient scores based on the weighted
sum of the PLS regression were used to identify the top
10 metabolites with the greatest influence on the com-
ponents at each time point, regardless of exercise inten-
sity  (Supplementary Figure S-2). PLS-DA cross
validation determined 27 metabolites in total with VIP
scores >1. These VIP metabolites were used for subse-
quent univariate analysis to determine metabolic
changes over time and between genotypes for the HI
and LO intensity exercise trials.

Skeletal muscle metabolites: Univariate analysis

HI intensity exercise A significant main effect for time
was observed for skeletal muscle alanine, erythronate,
fumarate, gamma hydroxybutyric acid (GHB), glucose,
glutamate, glycine, glycolate, lactate, leucine, malate,
maltose, mannose, monopalmitoglycerol, nicotinamide,
phenylalanine, proline, tyrosine and uric acid following
HI intensity exercise (p < 0.05) (see Supplementary Table
S-3). Time as a main effect approached significance for
muscle f3-alanine (p =0.052) and glycerate-3-P (p =
0.056) following HI intensity exercise. At 10 mins post
HI intensity exercise, muscle alanine, erythronate, fu-
marate, GHB, glucose, glycolate, lactate, malate, maltose,
mannose, monopalmitoglycerol and tyrosine were sig-
nificantly elevated compared to pre-exercise (p < 0.05),
whereas muscle glutamate and proline were significantly
decreased (p < 0.05). A trend for lower muscle nicotina-
mide was detected at 10 mins post HI intensity exercise
compared to pre-exercise (p=0.065). At 90 mins post
HI intensity exercise, muscle erythronate and maltose
were significantly elevated compared to pre-exercise
(p <0.05), with a trend towards significance for higher
levels for glucose (p =0.066), glycolate (p =0.089) and
uric acid (p=0.060). Conversely, muscle fumarate,
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glutamate, glycine, leucine, phenylalanine and proline
were significantly lower at 90 mins post HI intensity ex-
ercise compared to pre-exercise (p <0.05). No main ef-
fect for genotype was identified for any of the VIP
muscle metabolites (p >0.05). A significant genotype by
time interaction was observed for muscle glucose (p =
0.036), with subsequent analysis revealing a significantly
higher level of muscle glucose in AA genotypes com-
pared to TT genotypes at 10 mins following HI intensity
exercise (p =0.021).

LO intensity exercise A significant main effect for time
was observed for skeletal muscle alanine, erythronate,
fumarate, glucose, glutamate, glycolate, glycerate-3-P,
lactate, malate, maltose, monopalmitoglycerol, pyrophos-
phate and tyrosine following LO intensity exercise (p <
0.05) (see Supplementary Table S-3). Time as a main ef-
fect approached significance for muscle mannose (p =
0.068), uric acid (p=0.074) and phenylalanine (p=
0.086). At 10 mins post LO intensity exercise, muscle
alanine, erythronate, fumarate, glucose, glycolate, lactate,
malate, monopalmitoglycerol and tyrosine were signifi-
cantly elevated compared to pre-exercise (p < 0.05), with
a trend for elevated muscle maltose (p =0.060). At 90
mins post LO intensity exercise, muscle erythronate, glu-
tamate, glycerate-3-P, glycolate, lactate, monopalmitogly-
cerol and pyrophosphate were significantly elevated
compared to pre-exercise (p <0.05), while only a trend
towards significance for elevated fumarate (p =0.064),
maltose (p=0.068) and glucose (p=0.074) were ob-
served compared to pre-exercise. No main effect for
genotype was identified for any of the VIP muscle me-
tabolites (p > 0.05). Similar to the HI intensity exercise
trial, a genotype by time interaction was observed for
muscle glucose (p =0.035), with subsequent analysis re-
vealing a significantly higher level of muscle glucose in
AA genotypes compared to AT (p=0.028) and TT (p =
0.033) genotypes at 10 mins post LO intensity exercise.

The absence of an effect of age or sex on muscle me-
tabolite responses between FTO genotypes for both the
HI and LO exercise trial was confirmed by ANCOVA
(p>0.05).

Plasma metabolites: Univariate analysis

Exercise-induced changes in plasma albumin concentra-
tions were similar between genotypes at all observed
time points during both exercise trials (data not shown)
(p>0.05). A significant main effect for time for plasma
glucose was observed in the HI intensity exercise trial
(p <0.001). Subsequent pairwise comparisons revealed
significantly higher plasma glucose at 10 mins (p =
0.001) and 90 mins (p = 0.042) post HI intensity exercise
compared to pre-exercise (Fig. 2a). No main effect for
time for plasma glucose was detected in the LO intensity



Danaher et al. Nutrition & Metabolism (2020) 17:68 Page 9 of 14
a) b)
HI LO
& 657
|
°
E
E
@
[
o
s I
r i ...........................................
s 503 TTtelinnssy glgenoonoooo
e ey RTTEotemescccccccmannaooo.
7]
8
o 45 . . i
¢ m . . 90 0 10 90
Timemins) Time (mins)
‘o AA -E-AT =+ TT

as mean + SEM

Fig. 2 Plasma glucose concentrations between genotypes of the FTO rs9939609 polymorphism. Plasma glucose concentrations sampled prior to
and following (during passive recovery) isocalorically matched HI (80% VO,pea) and LO (40% VO, peqi) intensity exercise. Values expressed

exercise trial (p = 0.533) (Fig. 2b). No genotype main ef-
fect (HI, p=0.656; LO, p =0.196), or genotype by time
interaction (HI, p = 0.681; LO, p =0.932) was identified
for either exercise trial.

Skeletal muscle mRNA expression analysis

HI intensity exercise

A significant main effect for time was observed for FTO
(p =0.002), AMPK (p=0.009) and mTOR (mammalian
target of rapamycin) (p =0.001) mRNA expression fol-
lowing HI intensity exercise at 80% VOjpeac (Fig. 3).
Time as a main effect approached significance for
GLUT4 (glucose transporter type 4) mRNA expression
(p =0.054). Subsequent pairwise comparisons revealed a
significant decrease in FTO (p <0.001) and mTOR (p =
0.001) mRNA expression from pre-exercise to 10 mins
post-exercise, and in mTOR (p=0.002) from pre-
exercise to 90 mins post-exercise. A significant increase
in AMPK mRNA expression was observed from pre-
exercise to 90 mins post-exercise (p = 0.009).

A weak trend for a genotype by time interaction was
observed for FTO (p =0.095). No genotype by time in-
teractions were identified for the mRNA expression of
AMPK (p=0.304), GLUT4 (p =0.366) or mTOR (p=
0.377). No genotype main effects were identified for
FTO (p =0.894), AMPK (p =0.606), GLUT4 (p = 0.310)
or mTOR (p =0.611) mRNA expression. The absence of
an effect of age or sex on FTO mRNA expression during
the HI intensity exercise trial was confirmed by
ANCOVA (p > 0.05).

LO intensity exercise

A significant main effect for time was observed for
AMPK mRNA expression following LO intensity exer-
cise at 40% VOypeax (p = 0.009), with subsequent pairwise

comparisons revealing a significance increase in AMPK
mRNA from pre-exercise to 10 mins post-exercise (p =
0.005) and from pre-exercise to 90 mins post-exercise
(p=0.004) (Fig. 3). Time as a main effect approached
significance for GLUT4 (p =0.093) mRNA expression
following LO intensity exercise, with no main effect for
time observed for FTO (p =0.505) or mTOR (p = 0.642)
mRNA expression.

No genotype main effects (FTO, p =0.931; AMPK, p =
0.804; GLUT4, p =0.164; mTOR, p = 0.280), or genotype
by time interactions (FTO, p =0.970; AMPK, p =0.803;
GLUT4, p=0.277; mTOR, p=0.528) were identified.
The absence of an effect of age or sex on FTO mRNA
expression during the LO intensity exercise trial was
confirmed by ANCOVA (p > 0.05).

Regression analysis of mRNA
Regression analysis was used to determine if a relation-
ship between skeletal muscle FTO mRNA and muscle
glucose existed, as glucose was the only metabolite to
demonstrate a genotype by time interaction. Further re-
gression analyses between FTO mRNA and mRNA of
other metabolic genes are in Supplementary Figure S-3.
A negative correlation was detected between skeletal
muscle glucose levels and mRNA expression of FTO
during the HI (r=-0.234, p=0.033) and LO intensity
exercise trial (r=-0.264 p=0.017), regardless of time
and genotype (see Supplementary Figure S-4). When ac-
counting for genotype, the negative correlation remained
between skeletal muscle glucose levels and mRNA ex-
pression of FTO in AA genotypes (HI, r=-0.370, p =
0.044; LO, r=-0.395, p=0.031), during both exercise
trials. No relationship between skeletal muscle glucose
levels and mRNA expression of FTO was observed in
AT genotypes (HI, r=-0.205, p =0.306; LO, r=-0.291,
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p=0.141) or TT genotypes (HI, r=-0.100, p=0.621;
LO, r=0.027, p = 0.899), during either the HI or LO in-
tensity exercise trials. Further regression analyses be-
tween mRNA of other metabolic genes (AMPK, mTOR
and GLUT4) and muscle glucose are in Supplementary
Figure S-4.

Skeletal muscle protein expression analysis

No main effect for time (p = 0.128), genotype main effect
(p=0.181), or genotype by time interaction (p =0.485)
was detected for skeletal muscle FTO protein expression
in response to HI intensity exercise (Fig. 4b). Similarly,
LO intensity exercise did not have a significant effect on
skeletal muscle FTO protein expression, with no main
effect for time (p=0.544), genotype main effect (p=
0.378) or genotype by time interaction (p =0.650) ob-
served (Fig. 4c).

A significant main effect for time was observed for
pAS160Ser588 (p =0.049; Fig. 4d) and pAMPK (p =
0.035; Fig. 4e) in skeletal muscle following HI inten-
sity exercise. Subsequent pairwise comparisons re-
vealed a significant increase in pAMPK relative to
total AMPK from pre-exercise to 10 mins (p =0.010)
post-exercise, and a  significant increase in
pAS160Ser588 relative to total AS160 from pre-
exercise to 10 mins (p=0.011) and 90 mins (p=

0.046) post-exercise. No genotype main effects
(pPAMPK, p=0.563; pAS160Ser588, p=0.252), or
genotype by time interactions (pAMPK, p =0.490;
pAS160Ser588, p = 0.386) were identified.

The absence of an effect of age or sex on FTO and
PAMPK protein expression between FTO genotypes for
both the HI and LO exercise trial was confirmed by
ANCOVA (p>0.05). However, there was a significant
sex effect for pAS160Ser588, with females demonstrating
a greater increase at 10 min recovery (p =0.042) com-
pared to males. No effect of age was evident. No rela-
tionships were detected between skeletal muscle levels
of pAS160Ser588, pAMPK or FTO expression and the
mRNA expression of FTO, AMPK, mTOR or GLUT4
during the exercise trials, regardless of time and geno-
type (see Supplementary Figure S-5).

Discussion

The present study provides a potential mechanism by
which exercise may attenuate the influence of the FTO
r$9939609 polymorphism on obesity risk. To the best of
our knowledge, this is the first preliminary report on the
effects of two isocaloric bouts of high and low intensity
exercise on skeletal muscle FTO gene expression. The
current findings demonstrate that an acute bout of high
intensity exercise significantly downregulates skeletal
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muscle FTO mRNA during the early stages of recov- finding of this investigation. A weak trend for genotype
ery. This was not observed for lower intensity exer- by time interaction was also identified suggesting greater
cise. Downregulation of FTO mRNA expression was downregulation of FTO mRNA in the AA genotype
associated with elevated muscle glucose levels, but compared to the other genotypes (AT and TT). Indeed,
only in those individuals carrying the at risk AA  AA genotypes demonstrated a 0.32-fold decrease in FTO
genotype. Despite higher intensity exercise inducing mRNA expression compared to a 0.21-fold and 0.11-fold
greater metabolic perturbations compared to the low decrease for AT and TT genotypes respectively, at 10
intensity trial, metabolomics analysis was unable to min post-exercise. Previous studies have shown that
identify any unique metabolic differences between the  FTO gene activity is nutritionally regulated with high fat
FTO genotypes. This study suggests that in addition diet, fasting and glucose ingestion all having effects on
to nutritional regulation, FTO is also regulated by ex- FTO mRNA levels [26—28]. Only one other study has in-
ercise and may be involved in exercise’s role in redu-  vestigated the effect of high intensity training on FTO
cing obesity risk. mRNA expression and showed lifestyle changes (diet

The acute and significant downregulation of FTO and exercise) did not impact FTO gene expression in
mRNA following high intensity exercise is a major novel  peripheral blood mononuclear cells [29]. However, when
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FTO genotype was considered, FTO expression was up-
regulated in AA genotype carriers and down-regulated
in AG/GG genotype carriers in the intervention group
[29]. Though the direction of FTO mRNA change was
opposite to the present study observations, different cell
type, age, sex and intervention period, may explain such
differences.

The downregulation of FTO mRNA following exercise
in the present study could be due to its role as an ‘en-
ergy sensor’. FTO gene activity is sensitive to the energy
status of the cell [30], and it is possible that FTO is
responding to the change in energy status and increased
energy demand of the muscle as a result of exercise.
While a change energy status is quite complex, the
current study used an untargeted metabolomics ap-
proach to see if the high and/or low intensity bout of ex-
ercise could unmask any differences in metabolic
responses between FTO genotypes that would otherwise
not be seen at rest. High intensity exercise induced a sig-
nificant increase in muscle alanine, erythronate, fumar-
ate, GHB, glucose, glycolate, lactate, malate, maltose,
mannose, monopalmitoglycerol and tyrosine during the
first 10 min of recovery. LO exercise caused similar but
not as many metabolite changes. Despite greater meta-
bolic perturbations following the high intensity com-
pared to the low intensity exercise, O2PLS-DA
multivariate regression analysis was unable to distinguish
between FTO allelic variants based on metabolic profiles
following the exercise bouts. A limitation of the O2PLS-
DA model is that baseline (resting) and post-exercise
measurements are grouped together. By incorporating a
time point in which energy demand is at a minimum
and under tight homeostatic regulation, the ability to
identify differences may be confounded. Indeed, previous
investigations have found similar metabolic profiles be-
tween allelic variants of FTO in at rest [31, 32]. While
the current study was unable to identify any specific me-
tabolite(s) and/or metabolic by-product(s), previous re-
search has suggested kreb cycle intermediate fumarate
as a potential modifier of FTO. Gerken and colleagues
[26] demonstrated inhibition of Fto-catalyzed 1-meA de-
methylation by fumarate within 20G decarboxylation as-
says. While the Gerken study [26] examined FTO
function and not gene regulation, it is possible that ele-
vated levels of fumarate (as seen during exercise) are
also inhibiting its expression. It is clear that further
functional studies are needed to explore other metabo-
lites, especially those significantly impacted by exercise,
as possible modifier candidates.

Recent studies have suggested that AMPK may also
regulate FTO expression and function in skeletal muscle
and could explain another mechanism by which exercise
downregulates FTO mRNA. Using C2C12 cells, Wu and
colleagues [7] showed that inhibition of AMPK
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upregulates FTO expression and activity and lipid accu-
mulation, while activation of AMPK downregulates FTO
expression and activity and reduces lipid accumulation.
The current study showed that phosphorylated AMPKa
was significantly increased during the early stages of re-
covery following high intensity exercise, however, no
genotype by time interaction was identified. Further, no
relationship was found between elevated AMPKa levels
and the downregulation of FTO. While phosphorylated
AMPKa may not be driving the downregulation of FTO
mRNA in AA genotypes, it could still be impacting the
FTO function. Observations from Wu et al. [7] and
others [4, 5] suggest that inhibition of FTO function
drives higher fat oxidation and lower fat accumulation
possibly via FTO-dependent demethylation of mRNA
m°A. In the current study, fat oxidation and/or markers
of lipid accumulation were not measured post-exercise,
however, individuals homozygous for the risk A-allele
demonstrated greater muscle glucose levels compared to
non-risk T-allele at 10 min recovery following both high
and low intensity exercise. Higher intramuscular glucose
levels post-exercise could reflect a metabolic shift
towards greater lipid oxidation and away from glucose
oxidation potentially via the AMPK activation and FTO-
dependent  demethylation of  N°-methyladenosine
mechanism as previously mentioned above. However,
acute higher post-exercise intramuscular glucose levels
observed in AA genotypes could be due to a number of
processes involved in glucose metabolism including glu-
cose delivery and uptake into the muscle, and the resyn-
thesis of glycogen levels post-exercise. Plasma glucose
concentrations were measured in the present study and
were found to be similar between FTO genotypes in re-
sponse to high intensity exercise and thus it is also un-
likely that differences in plasma glucose levels could be
responsible for the greater muscle glucose uptake. Glu-
cose uptake into the sarcoplasm depends on the skeletal
muscle expression of GLUT4 (an insulin and contrac-
tion regulated glucose transport isoform) [33], which
is normally increased following exercise and can fa-
cilitate post-exercise glucose uptake [34]. Although
the current study did not measure GLUT4 transloca-
tion directly, we did measure phosphorylation of
AS160, an insulin dependent and independent regula-
tor of GLUT4 vesicle movement to, and/or fusion
with, the plasma membrane [35]. Despite exercise in-
creasing AS160/Total AS160 in the early stages of re-
covery, there were no significant differences between
genotypes. Though not statistically significant, the AA
genotype group did complete their trial on average by
about 3-7 min faster and produce higher total work-
loads in both exercise trials compared to AT and TT
genotypes. Further research is needed to determine
whether higher intramuscular glucose levels are due
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to genetic factors inherent in AA genotypes or influ-
ences from the aforementioned factors.

Several limitations do exist in the current study. Firstly,
we acknowledge that our final sample size (n = 28) is rela-
tively low. The average partial eta-squared for observed
skeletal muscle variables (VIP metabolites, and protein
and mRNA expression levels) was found to be of a
medium effect size when performing high and low inten-
sity exercise data analysis (n*=0.068 and 1= 0.051 re-
spectively). Secondly, we studied both males and females
that were young and of “healthy” weight range (BMI range
24-26kg/m?). It is apparent that substrate metabolism is
subject to sex-specific regulation. Sex differences in
muscle fibre type distribution and substrate availability to,
and in, skeletal muscle [36], which also includes molecular
differences in glucose and lipid metabolism of skeletal
muscle. We used sex as well as age (another known factor)
as covariates within our ANCOVA analysis. When sex or
age were considered, the reported significant findings were
still present. The influence of age was not anticipated
given our relatively similar age distribution across al-
leles. Sex has shown to influence the effect of the
FTO polymorphism on obesity related traits. However,
it was clear from our study that despite sex differ-
ences within our cohort (nearly a 50/50 sex split),
downregulation of FTO mRNA still occurred in the
at-risk AA allele and within both sexes. Thirdly, while
the vastus lateralis muscle is the most common
muscle of choice for biopsies because of its accessibil-
ity, it is of mixed fibre type composition and thus we
cannot comment on fibre type specific differences.
Furthermore, it is possible that the sampling window
of up to 90 min was insufficient to detect any signifi-
cant changes in FTO protein content resulting from
exercise, with previous research demonstrating
changes in the expression levels of other muscle pro-
teins occurring greater than 3 h [37].

Conclusions

To our knowledge, this is the first study to suggest that dis-
turbed metabolic alterations with exercise, especially those
larger perturbations during high intensity exercise, are cre-
ating an environment that favours downregulation of FTO
mRNA. The risk FTO allelic variant maybe impacted more,
with higher intramuscular glucose levels observed in the
AA group compared to AT and TT. We hope that further
work extends our preliminary findings to determine if
chronic repetitive stimuli (i.e. exercise training), lowers the
obesity risk in individuals with the FTO risk variant by
modulating FTO protein and/or function.

Legends
Graphpad Prism software 7.02 and SIMCA Statistical
Modeling software 14 were used to create artwork.
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