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Objective: Recent studies identified the rs9939609 A-allele of the FTO (fat mass and obesity asso-
ciated) gene as being associated with obesity and type 2 diabetes. We studied the role of the
A-alleleinthe regulation of peripheral organ functionsinvolved in the pathogenesis of obesity and
type 2 diabetes.

Methods: Forty-six young men underwent a hyperinsulinemic euglycemic clamp with excision of
skeletal muscle biopsies, an iv glucose tolerance test, 3'phosphorous magnetic resonance spec-
troscopy, and 24-h whole body metabolism was measured in a respiratory chamber.

Results: The FTO rs9939609 A-allele was associated with elevated fasting blood glucose and plasma
insulin, hepatic insulin resistance, and shorter recovery half-times of phosphocreatine and inor-
ganic phosphate after exercise in a primarily type | muscle. These relationships—except for fasting
insulin—remained significant after correction for body fat percentage. The risk allele was not
associated with fat distribution, peripheral insulin sensitivity, insulin secretion, 24-h energy ex-
penditure, or glucose and fat oxidation. The FTO genotype did not influence the mRNA expression
of FTO or a set of key nuclear or mitochondrially encoded genes in skeletal muscle during rest.

Conclusion: Increased energy efficiency—and potentially increased mitochondrial coupling—as
suggested by faster recovery rates of phosphocreatine and inorganic phosphate in oxidative mus-
cle fibers may contribute to the increased risk of obesity and type 2 diabetesin homozygous carriers
of the FTO A-risk allele. Hepatic insulin resistance may represent the key metabolic defect respon-
sible for mild elevations of fasting blood glucose associated with the FTO phenotype. (J Clin
Endocrinol Metab 94: 596-602, 2009)

ecent studies identified common variants in the FTO gene
R (fat mass and obesity associated) as being associated with
obesity (1-4). Furthermore, the A-allele of rs9939609 was as-
sociated with type 2 diabetes, but this association disappeared
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after correction for body mass index (BMI) (3). FTO is expressed
in a number of tissues relevant to obesity and type 2 diabetes
including brain, skeletal muscle, pancreas, liver, and adipose
tissue (1). FTO localizes to the nucleus and may play a role in the

Abbreviations: AUC, Area under the curve; BMI, body mass index; BMR, basal metabolic
rate; D;, disposition index; FFA, free fatty acid; FFM, fat free mass; HGP, hepatic glucose
production; IVGTT, iv glucose tolerance test; LBW, low birth weight; MHC, myosin heavy
chain; NBW, normal birth weight; OXPHOS, oxidative phosphorylation; PCr, phosphocre-
atine; PGC-1a, peroxisome proliferator-activated receptor y coactivator-1q; P;, inorganic
phosphate; 3'P-MRS, 3 phosphorus magnetic resonance spectroscopy; R,, rate of appear-
ance; Ry, rate of disappearance; S, sensitivity index; UCP, uncoupling protein.
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process of nucleic acid demethylation (5), suggesting involve-
ment of epigenetic mechanisms in the development of obesity
and diabetes. The high expression of FTO in the hypothalamus
and a recent report of decreased cerebrocortical insulin effect in
humans (6) may suggest that FTO indirectly contributes to the
pathogenesis of obesity by altering cerebral appetite regulation
and/or the central coordination of whole body energy metabo-
lism and homeostasis. In addition, the FTO genotype has been
associated with reduced satiety responsiveness (7). However, it
is not known whether FTO plays a role in the pathogenesis of
peripheral organ functions involved in the development of obe-
sity and type 2 diabetes such as whole body energy expenditure,
degree of uncoupling of oxidative phosphorylation in skeletal
muscle mitochondria, hepatic glucose production, peripheral in-
sulin action, and pancreatic B-cell function.

Subjects and Methods

Subjects

A total of 46 young healthy men (age, 24.4 = 0.9 yr) were recruited
from the Danish National Birth Registry. We recruited subjects with low
birth weights (LBW) (below the 10th percentile of the generation; n = 20)
and with normal birth weights (NBW) (birth weights between the 50th
and 90th percentiles; n = 26), allowing elucidation of potential inter-
actions between the FTO genotype and the prenatal environment and a
determination whether the risk and/or protective FT'O alleles were over-
represented in either group as proposed in the “fetal insulin hypothesis™
(8). The subjects are all part of an ongoing study program to determine
the impact of the prenatal environment on physiological mechanisms
involved in the development of type 2 diabetes. To study the subjects
before the development of overt obesity, only subjects with a BMI no
greater than 30 kg/m” were included, and those with an abnormally high
physical activity level were excluded. Finally, to reduce potential inter-
ference of other diabetes susceptibility genes, we excluded subjects with
first-degree relatives known to have diabetes.

Experimental protocol

The study activities were carried out over 3 d. Subjects were asked to
refrain from strenuous physical activity and alcohol consumption 3 d
before examination. To ensure standardized conditions, all meals the day
before and throughout the study period were provided to the subjects.

The experimental protocol has recently been described in detail (9).
In brief, on d 1, body composition [that is fat free mass (FFM), fat mass,
and trunk fat] was measured using dual-energy x-ray absorptiometry,
and 24-h energy expenditure, respiratory quotient, and substrate oxi-
dation rates were assessed using respiratory chambers. On d 2, the sub-
jects underwent a *' phosphorous magnetic resonance spectroscopy (*'P-
MRS) test, and finally, on d 3, a hyperinsulinemic euglycemic clamp was
performed. The protocol was approved by the local ethical committee
(no. KA-03129-gm) and was in accordance with the Helsinki
Declaration.

31p-MRS

3TP-MRS was performed on two different muscle groups in separate
experiments. In one experiment, the surface coil was located over the
finger flexor muscles of the forearm; in the other experiment, it was
located over the middle part of the tibialis anterior muscle of the lower
leg. 3'P-MRS recording at time resolution of 10 sec was performed for
3 min of rest, 3 min of exercise, and 6 min of recovery. The protocol
involved 18 successive intermittent isometric contractions at 50% of
maximal voluntary contraction, each lasting 7 sec, interspersed by 3 sec

jcem.endojournals.org 597

of rest. The in-magnet exercise protocol was selected to obtain steady-
state aerobic exercise, where pH changes are minimal.

Hyperinsulinemic euglycemic clamp

The examination consisted of a basal period, followed by an iv
glucose tolerance test (IVGTT), and then a clamp period. A primed and
continuous infusion of [3-*H]tritiated glucose was initiated at 0 h and
continued throughout the examination, and after the IVGTT a primed
and continuous insulin infusion was initiated and fixed at 80
U/m? - min during the 180-min clamp. Steady state was defined as the
last 30 min of the basal and the insulin clamp period, when tracer
equilibrium was anticipated. After each steady-state period, a biopsy
from the vastus lateralis muscle was taken using the Bergstrom tech-
nique (10).

24-h respiratory chambers

Energy expenditure and substrate oxidation rates were assessed dur-
ing a 24-h period by indirect whole-body calorimetry using a 14.7m?
respiratory chamber, as previously described (11). Gas exchange in the
chamber was measured by the concentrations of oxygen and carbon
dioxide at the outlet of the chamber, and energy expenditure and sub-
strate oxidation rates for glucose, fat, and protein were calculated using
the equations of Elia and Livesey (12).

Genotyping

The FTO polymorphism rs9939609 was genotyped using Tagman
allelic discrimination (KBioscience, Hertz, UK). Discordance between
1464 random duplicate samples was 0.27%, and the success rate was
97.4%. The genotype obeyed Hardy-Weinberg equilibrium. The minor
allele frequency for FTO rs9939609 was 38.9% (28.8,49.0), which is in
agreement with previous reported allele frequency of 45% by the inter-
national HapMap project.

Quantitative real-time PCR

Extraction of total RNA from the muscle biopsies was performed
with TRI reagent (Sigma-Aldrich, St. Louis, MO). cDNA was synthe-
sized using the QuantiTect Reverse Transcription kit (QIAGEN, Inc.,
Valencia, CA). Real-time PCR was performed using the ABI 7900 Sequence
Detection System (Applied Biosystems, Foster City, CA). The following
assays from Applied Biosystems were used to quantify the expressions
levels: FTO (Hs01057145_m1), NDUFB6 (Hs00159583_m1),
UQCRB (Hs00559884_m1), COX7A1 (Hs00156989_m1), ATPSO
(Hs00426889_m1), and PGC-1a (Hs00173304_m1). All samples were
run in duplicate, and data were calculated using the standard curve
method and expressed as a ratio to mRNA level of Cyclophilin A
(4326316E; Applied Biosystems). The expression of UCP2, UCP3, mi-
tochondrial encoded genes, and myosin heavy chain were measured by
TagMan low-density array cards (ABI 7900 system; Applied Biosystems).
Assay-on-Demand for UCP2 (Hs01075227_m1), UCP3 (Hs00243297_m1),
Cox I (Hs02596864_g1), Cox I11 (Hs02596866_g1), ND I (Hs02596873_s1),
ND IV (Hs02596876_g1), myosin heavy chain (MHC) 7 (Hs00165276_
m1), MHCIIa (Hs00430042_m1), and MHCIIx/d (Hs00428600_m1) from
Applied Biosystems were used, and Cyclophilin A (Hs99999904_m1) was
used as a reference gene. The relative amount of target mRNA was calcu-
lated using the comparative Ct method (13).

Calculations

3TP-MRS

The phosphocreatine (PCr), inorganic phosphate (P;), and the three
ATP peaks were fitted by a least-squares routine, assuming a Lorenzian
or Gaussian peak shape (14). The peak areas were corrected for partial
saturation measured atrest,z.e. 1.22,1.14,and 1.11 for PCr, P;,and ATP,
respectively. Metabolite concentrations were calculated, assuming a rest-
ing ATP concentration of 5.8 mM (15). The aerobic capacity for ATP
production was estimated from the PCr recovery kinetics, assuming a
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monoexponential model, and the aerobic ATP turnover (Vmax) was
calculated from these values as described in Ref. 16, assuming Michaelis-
Menten kinetics and a K, for ADP for oxidative phosphorylation of 30
M (17). Similarly, the recovery kinetics of P; after exercise was modeled
by monoexponential kinetics and the recovery half-times presented.

Hyperinsulinemic euglycemic clamp and IVGTT

Rates of unlabeled glucose appearance (R,), unlabeled glucose dis-
appearance (R,), and hepatic glucose production (HGP) were calculated
using Steele’s non-steady-state equation (18). The glycolytic flux was
calculated from appearance rate of tritiated water, and the total plasma
water was assumed to be 93 % of the total plasma volume (19, 20). HGP
during the insulin stimulated steady-state period was calculated as the
difference between R, and the glucose infusion rate. The hepatic insulin
resistance index was calculated as the product of fasting plasma insulin
concentration and HGP [fasting plasma insulin * HGP,,] (21). All data
on glucose metabolism are expressed as milligrams of glucose per kilo-
gram FFM per minute.

The area under the curve (AUC) was calculated using a trapezoidal
method for glucose and insulin during the first phase insulin response
(0—10 min) of the IVGTT. PHI, was calculated as AUC
(pmol/liter)/AUCglmwe((H o miny (mmol/liter). The insulin sensitivity index
(S;) was calculated as Ry i suiin stim. — Rd basa/Insulin, — Insuling,,
and the disposition index (D;), an expression of insulin secretion in re-
lation to insulin sensitivity, was calculated as PHI, * S;.

insulin(0—10 min)

insulin stim.

Statistical analyses

ANOVA analyses were carried out to test for phenotypic differences
between genotype groups including adjustments for total fat percent-
ages, assuming an additive, dominant, and recessive model. Fischer exact
test was applied to examine differences in genotype distribution and
allele frequencies between LBW and NBW groups. Correlation anal-
yses were made using the Spearman’s correlation coefficient test. P
values <0.05 were considered significant. All analyses were carried
out in SAS version 9.1 (SAS Institute, Inc., Cary NC).

Results

Effect of FTO genotype on metabolic parameters

No differences in genotype distribution (P = 0.19) and allele
frequencies (P = 0.12) between LBW and NBW groups were
observed. Furthermore, the only interaction between rs9939609
and birth weight was for the plasma level of free fatty acids
(FFAs) during insulin-stimulation (P = 0.0002). Thus, LBW ho-
mozygous carriers of the A-risk allele had elevated FFA during
insulin-stimulation (data not shown). Consequently, we pooled
the LBW and NBW subjects in the following analyses.

In this pooled population of young healthy men, we demon-
strated a significant association between the FTO rs9939609
A-allele and the following parameters: 1) fasting blood glucose;
2) fasting insulin; 3) hepatic insulin resistance; and 4) a faster rate
of recovery for PCr and P;. Because the association of rs9939609
A-allele with weight is mostly attributable to changes in fat mass
(3) and due to the unexpected low fat mass in TA carriers, we
adjusted our analyses for total fat percentage. The impact of the
FTO rs9939609 on fasting blood glucose, hepatic insulin resis-
tance, and mitochondrial recovery rates remained statistically
significant, whereas the association with fasting insulin disap-
peared when adjusted for fat percentages (Table 1). The very
small age span of the study subjects did not influence the results,
which accordingly remained the same with or without correction
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for age. In addition, rs9939609 was associated with increased
basal metabolic rate (BMR) (P = 0.03), but after correction for
FFM, no association was observed (Table 1).

When comparing homozygous carriers of the risk allele AA
with AT and TT, assuming a recessive model, we demonstrated
that homozygous carriers of the A-risk allele had 10% elevated
fasting blood glucose (P = 0.006), 18% higher basal hepatic
glucose production (P = 0.03), and 28 % faster recovery rate for
PCr (P = 0.02), as well as a 32% faster recovery rate for P; (P =
0.0006) in the tibialis anterior muscle after adjustment for total
fat percentages compared with AT and TT carriers. The differ-
ence in recovery rates between genotypes was, however, not
present in the forearm flexor muscles (except recovery rate for
PCr when assuming an additive model).

In addition, no significant relationship was observed between
the r$9939609 and fat distribution, whole body peripheral in-
sulin sensitivity, insulin secretion, 24-h energy expenditure, or
choice of substrate for oxidation (Table 1). No significant asso-
ciation between FTO rs9939609 A-allele and whole body energy
expenditure during recovery from two exercise periods during
chamber measurements was observed (data not shown). Inter-
estingly, the impact of the FTO genotype on blood glucose and
plasma insulin levels—as well as on hepatic insulin resistance—
remained statistically significant in the subgroup of LBW sub-
jects when considered alone (P = 0.003, P = 0.02, P = 0.02,
respectively), whereas the faster recovery rates of PCr and P; were
significant in the NBW subjects alone (P = 0.02 and P = 0.03,
respectively). All findings remained statistically significant, as-
suming an additive but not a dominant mode of inheritance.

Effect of FTO mRNA in skeletal muscle

We investigated whether the associations between genotype
and phenotype presented above could also be observed at the
expression level of FTO mRNA in skeletal muscle but found no
such association. In addition, no association between the FTO
genotype and FTO expression in the vastus lateralis muscle was
found (Table 2).

Because we demonstrated that homozygous carriers of the
A-risk allele displayed a significantly faster recovery of PCr and
P,, thatis a perhaps more efficient (more coupled) mitochondrial
oxidative phosphorylation, we investigated the mRNA expres-
sion levels of the uncoupling proteins UCP2 and UCP3 as well
as genes involved in oxidative phosphorylation (OXPHOS) in
the vastus lateralis muscle. However, no significant associa-
tions between expression of OXPHOS or of UCP2 and UCP3
mRNA in skeletal muscle and the FTO genotype were ob-
served (Table 2).

With insulin stimulation, the expression level of FTO,
OXPHOS genes, and UCP2 was unchanged, whereas the expres-
sion of UCP3 was significantly reduced. Both basal and insulin-
stimulated FTO expression was significantly and positively cor-
related with the expression of OXPHOS genes and with the
expression of UCP3 (data not shown). The expression of markers
for fiber-type composition [type | (MHC7), type IIA (MHClla), or
type IIB (MHCIIx/d)] as expressed in the vastus lateralis muscle
were not associated with the FTO genotype (Table 2).
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TABLE 1. Anthropometric and metabolic characteristics of the study population, stratified according to the FTO rs9939609
genotype
L TA AA PAdd PRec PDom
n (NBW/LBW) 16 (6/10) 23 (16/7) 6 (4/2)
Age (yr) 242 = 0.2 245 *+ 0.2 247 04
BMI (kg/m?) 24.8 =0.73 23.2 = 0.61 249 = 1.20 0.19 0.40 0.20
Waist-hip ratio 0.88 = 0.01 0.88 = 0.01 0.90 = 0.02 0.70 0.40 0.71
Weight (kg) 81.2 =23 749 £ 19 83.1 £ 3.7 0.05 0.19 0.13
Fasting plasma triglycerides (mmol/liter)? 1.10 = 0.09 0.93 + 0.07 1.01 £0.14 0.45 0.96 0.16
Plasma FFA basal (umol/liter) 338 + 40 396 + 34 331 £ 65 0.70 0.63 0.61
Plasma FFA insulin-stimulated (umol/liter)? 9.06 = 1.12 9.71 £ 0.98 10.00 = 1.83 0.14 0.13 0.50
Total fat mass (%) 212 =18 17515 20.2 =3.00 0.28 0.71 0.17
Trunk fat mass (g)/total fat mass (g)? 0.52 = 0.06 0.58 = 0.05 0.54 = 0.10 0.77 0.89 0.38
Fasting blood glucose (mmol/liter)® 4.81 £0.11 4.60 = 0.09 5.25+0.18 0.01 0.006 0.96
Fasting plasma insulin (pmol/liter) 343 +£25 277 £ 2.1 37.8 4.1 0.12 0.10 0.53
HGP basal (mg glucose/kg FFM - min) 2.21 =£0.12 2.29 £ 0.10 2.73 £0.19 0.04 0.03 0.08
Hep. IR index? 83.2 = 10.2 71.4 = 68.7 119.1 £ 16.7 0.05 0.02 0.53
R4 (mg glucose/kg FFM « min) 13.0 £ 0.7 12106 126 1.2 0.58 0.90 0.35
Glycolytic flux (mg glucose/kg FFM + min) 4.15 +0.54 3.73 £ 0.46 4.57 +=0.88 0.38 0.41 0.43
PHI,? 214 +28 16.4 +2.4 17.8 £ 4.9 0.92 0.94 0.71
D; (PHI, # S)? 0.28 = 0.03 0.21 =0.03 0.25 = 0.06 0.79 0.90 0.55
RQ 24 h? 0.86 = 0.006 0.84 = 0.005 0.85 = 0.01 0.41 0.88 0.19
EE 24 h (KJ/FFM) 171.7 £ 21.6 197.4 = 18.0 175.1 = 35.2 0.48 0.72 0.33
EE BMR (KJ/min)/FFM) 0.10 = 0.01 0.11 = 0.01 0.11 = 0.02 0.58 0.72 0.35
Glucose oxidation 24 h (KJ/FFM)? 77.6 9.7 81.2 = 8.1 74.1 =159 0.90 0.69 0.94
Fat oxidation 24 h (KJ/FFM)? 67.6 £ 10.6 87.1 £89 729 = 17.3 0.22 0.84 0.12
Protein oxidation 24 h (KJ/FFM)? 26.5*+23 29.1 2.0 282 =38 0.33 0.84 0.14
Arm
PCr rest (mm) 221 =05 223 =05 204 =09 0.22 0.08 0.46
Vmax (mm ATP/sec) 0.35 +0.02 0.33 +=0.02 0.30 = 0.03 0.50 0.37 0.30
PCrt,, (sec) 60.7 + 5.6 78.0 5.4 61.2 = 9.4 0.04 0.43 0.07
Pit,, (sec)® 409 + 4.2 473 + 4.1 453 + 7.1 0.55 0.62 0.28
Leg
PCr rest (mm) 20.2 = 0.7 19.0 = 0.7 21.2 = 1.1 0.20 0.20 0.53
Vmax (mm ATP/sec) 0.48 = 0.04 0.39 = 0.04 0.48 = 0.06 0.22 0.51 0.23
PCrt,,, (sec)? 26.0 =26 354 +25 222 +39 0.004 0.02 0.33
Pity,2 (sec) 21.3+1.2 229+ 1.1 15.00 = 1.8 0.002 0.0006 0.49

Data are presented as means = se. All ANOVA analyses were made using additive (Add), dominant (Dom), and recessive (Rec) models. All analyses are adjusted for total
fat percentages. Numbers in boldface indicate significant results. Hep. IR index, Fasting plasma insulin = basal HGP; Ry, whole-body glucose uptake during euglycemic

hyperinsulinemic clamp; PHI;, AUC;,/AUCg,, (IVGTT 0-10 min); D;, PHI; # S; (Ry steady state — Rd basaly/Me€aN iNSUliNgaaqy state — Mean insuling,s.); tq,,, recovery rate after
exercise; Vmax, aerobic ATP turnover; EE, energy expenditure; RQ, respiratory quotient.

@ Pvalue from ANOVA with In transformed data.

Discussion

PCr acts as a buffer of ATP consumption in skeletal muscle and
is therefore lowered during physical exercise (17). Because the
resting ATP turnover rate in skeletal muscle is three orders of
magnitude lower than the capacity of the creatine kinase reac-
tion, the resynthesis of PCr in the early phase of recovery after
exercise may be taken as a measure of the aerobic capacity (22).

The observed faster recovery rates of PCr and P; in oxidative
muscles after exercise in homozygous carriers of the FTO risk
allele suggest therefore a higher capacity for aerobic ATP syn-
thesis in these subjects. Because the total 24-h energy expenditure
as well as whole body energy expenditure during recovery from
the two exercise periods during chamber measurements was not
influenced by the FTO genotype, this increased energy efficiency
in the carriers of the FTO risk alleles may not be due to increased
substrate flux through the respiratory chain per se. The associ-
ation with rs9939609 and BMR, which was abolished after cor-

rection for FFM, is supported by recent studies (23, 24). The rates
of recovery of PCr and P, after exercise may be taken as markers
of mitochondrial aerobic function, and it is therefore interesting
that the changes are only observed in the tibialis (oxidative type I
muscle) and not in the forearm flexors (glycolytic type II muscle).

Whole body energy expenditure as measured in respiratory
chambers reflects oxygen consumption and flux through the re-
spiratory chain, but it does not differentiate between mitochon-
drial ATP production and thermogenesis (heat production) due
to uncoupling of the oxidative phosphorylation. Thus, these
chambers are not sensitive enough to detect any change in heat
production, explaining why the relationship between ATP and
heat production can be different although the energy expenditure
is the same. Accordingly, the faster rates of recovery of PCr and
P, in oxidative muscles after exercise in the homozygous carriers
of the FTO A-alleles in the presence of normal 24-h whole body
substrate utilization could reflect increased coupling of oxidative
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TABLE 2. Relationship between the FTO rs9939609 genotype and mRNA expression levels in the vastus lateralis muscle

T TA AA P value
n 13 21 6
FTO
Basal 0.58 = 0.07 0.47 = 0.05 0.51 = 0.09 0.40
Insulin-stimulated? 0.40 = 0.06 0.39 = 0.05 0.35 = 0.08 0.91
uce
UCP2 basal 1.00 = 0.12 0.99 = 0.09 1.13 £ 0.17 0.78
UCP3 basal 1.10 = 0.15 0.99 = 0.1 0.99 = 0.23 0.83
OXPHOS genes and PGC-T«
ATP50 basal 1.00 = 0.08 0.98 = 0.06 1.00 = 0.11 0.97
COX7AT basal 0.79 = 0.09 0.69 = 0.07 0.83 =0.13 0.54
NDUFB6 basal 1.42 = 0.12 1.36 = 0.09 1.39 = 0.17 0.90
UQCRB basal 0.91 £ 0.08 0.94 = 0.06 1.02 = 0.1 0.69
PGC-Ta basal® 0.38 = 0.6 0.37 £ 0.04 0.41 = 0.09 0.88
COX 1 basal 0.94 = 0.16 1.00 £ 0.12 0.92 = 0.22 0.91
COX Il basal 0.90 = 0.08 0.93 = 0.06 0.79 = 0.1 0.55
ND | basal 0.95 = 0.12 1.04 = 0.09 0.88 = 0.16 0.62
ND 1V basal 1.06 = 0.11 1.01 =£0.09 1.04 = 0.19 0.94
MHC
MHC7 basal 1.35*=0.19 1.33+0.14 1.13 £ 0.27 0.77
MHClla basal 1.57 £0.18 1.27 =0.13 1.80 = 0.25 0.14
MHClIx/d basal® 0.48 = 0.20 0.23 = 0.07 0.30 = 0.17 0.34

Data are presented as means =* st. P value from ANOVA assuming an additive model, testing the differences between genotype groups. mRNA levels are normalized to
the level of endogenous Cyclophilin A. ATP50, ATP synthase; COX7A1, cytochrome c oxidase subunit 7a polypeptide 1; NDUFB6, NADH dehydrogenase 1 8
subcomplex 6; UQCRB, ubiquinol-cytochrome ¢ reductase; PGC-1e, peroxisome proliferator-activated receptor y coactivator-1a; COX |, cytochrome oxidase 1; COX Il
cytochrome oxidase Ill; ND 1, NADH dehydrogenase 1; ND IV, NADH dehydrogenase IV; MHC7, type 1 fibers, slow twitch oxidative; MYHClla, fast twitch oxidative;

MHCliIx/d, fast twitch glycolytic.
2 Pvalue from ANOVA with In transformed data.

phosphorylation in these subjects. Decreased coupling of oxida-
tive phosphorylation in transgenic animals overexpressing un-
coupling proteins in either liver (25) or skeletal muscle (26) re-
duces tissue fat accumulation, gluconeogenesis, and plasma
glucose and insulin levels, and it also reverts peripheral insulin
resistance. It is therefore tempting to speculate that increased
energy efficiency and increased mitochondrial coupling may rep-
resent a key defect linking the FTO gene to increased risk of
obesity and type 2 diabetes. We were, however, not able to dem-
onstrate a genotype-specific expression of UCP2 or UCP3 in the
vastus lateralis muscle. This may be due to low statistical power
in the present study or may be explained by other mechanisms of
uncoupling such as basal proton leak partly mediated by adenine
nucleotide translocase (27). Alternatively, it may be explained by
the fact that the gene expressions were measured in the vastus
lateralis muscle with known mixed fiber-type composition, and
not in the tibialis anterior muscle predominantly representing an
oxidative fiber-type muscle.

The lack of impact of the FTO polymorphism on the mRNA
expression of FTO in the vastus lateralis muscle may be due to
similar explanations. However, caution is warranted because
both FTO and mitochondrial gene expression measurements
were performed in the resting state only when energy (ATP)
demand and production is at its minimum. Thus, it is likely that
the risk allele may only exert its potential effect on FTO and
mitochondrial gene expression after exercise. In support of this
possibility, the skeletal muscle mRNA expression of the master
mitochondrial gene transcription factor peroxisome prolifera-
tor-activated receptor-y coactivator-1a (PGC-1a) was normal

in insulin-resistant subjects in the fasting and resting state but
was markedly reduced compared with insulin-sensitive controls
during recovery after exercise (28). Interestingly, we observed a
significant correlation between OXPHOS and FTO gene ex-
pressions, pointing to a linkage between FTO and mitochondrial
efficiency. Finally, we cannot exclude that the influence of the
A-risk allele on our metabolic findings is mediated by an as yet
unidentified FTO transcript.

Based on the overall in vivo measurements, we cannot exclude
that the higher capacity for aerobic ATP synthesis may be due to
alarger number of mitochondria per volume or to different fiber-
type composition in the homozygous carriers of the A-risk allele.
Nevertheless, we did not observe any impact of the FTO geno-
type on mRNA levels of type [ (MHC7), type IIA (MHClIIa), or
type IIB (MHCIIx/d) fibers in vastus lateralis muscle.

Due to a priori selection of young and nonobese subjects, and
possibly also due to low statistical power, we were unable to
show any impact of the FTO genotype on obesity per se. Nev-
ertheless, our extensive and detailed metabolic studies in nono-
bese and otherwise healthy carriers of the FTO risk alleles al-
lowed us to detect slightly increased fasting blood glucose levels
and hepatic insulin resistance, as well as increased energy effi-
ciency in oxidative muscles, to be present before development of
overt obesity and/or type 2 diabetes. The fact that these meta-
bolic alterations remained statistically significant even after cor-
rection for current body fat percentages suggests that they rep-
resent primary defects of metabolism involved in the
pathogenesis of obesity and type 2 diabetes. The initial large-
scale genetic epidemiological reports among Caucasian subjects
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indicated that the association between the FTO gene and type 2
diabetes may be mediated solely via obesity. However, subse-
quent studies among Japanese (29) and Oceanic (30) subjects
were unable to detect any association between variation of the
FTO gene and obesity.

Our finding of elevated hepatic insulin resistance in the pres-
ence of normal peripheral insulin action and pancreatic insulin
secretion support the view of a disproportionately elevated he-
patic glucose production as the earliest detectable defect respon-
sible for the mild elevations of fasting blood glucose levels in
A-risk allele rs9939609 carriers. This is consistent with the key
role of the liver in the development of elevated fasting plasma
glucose levels in patients with type 2 diabetes (31). Of course, we
cannot exclude the possibility that these subjects eventually will
develop defective insulin secretion and/or overt peripheral insu-
lin resistance, which in turn may occur as a result of increased
production of reactive oxygen species and oxidative stress due to
increased coupling of oxidative phosphorylation (32). It remains
to be determined whether the increased hepatic insulin resistance
may be related (or due) to increased coupling of oxidative phos-
phorylation in the liver. However, given that hepatic gluconeo-
genesis is an energy-requiring process, it is tempting to speculate
that a more generalized energy-efficient phenotype of FTO may
represent a common denominator of both obesity and type 2
diabetes, and that neither phenotype may necessarily be sec-
ondary to the other in homozygous carriers of the FTO risk
alleles. In other words, tissue fat accumulation may occur in
parallel with elevations of gluconeogenesis and blood glucose
levels in homozygous carriers of the FTO A-alleles due to
increased energy efficiency and increased coupling of oxida-
tive phosphorylation.

We were not able to detect any metabolic phenotype in the
heterozygous carriers of the A-allele. This is likely to be due to
inadequate statistical power and/or the young age of study par-
ticipants. Indeed, it is likely that the heterozygous phenotype
may appear with advancing age, or that it may be dependent on
epistatic interactions that we have not been able to detect due to
the inclusion of subjects without any genetic predisposition to
type 2 diabetes. A similar observation was seen in a study by
Andreasen et al. (33) where physical inactivity was associated
with an increase in BMI in homozygous FTO A-allele carriers,
whereas no major effect of sedentary lifestyle was observed in
heterozygous carriers and noncarriers.

The lack of any significant interaction between birth weight
and key metabolic features associated with the FTO genotype
indicates that the finding of a significant impact of the FTO
A-allele on blood glucose and hepatic insulin resistance in the
LBW subjects only, as well as on PCr and P; recovery rate in the
NBW only, may represent chance findings due to reduced statistical
power. Alternatively, it may suggest that the A-risk allele of FTO
predominantly predisposes to hyperglycemia in subjects who have
experienced an adverse intrauterine environment [as seen in some
Asian populations (34)], and conversely, predominantly predis-
poses to obesity in subjects who have not experienced an adverse
intrauterine environment (such as most Caucasians).

In conclusion, we propose that increased energy efficiency in
oxidative muscle fibers after exercise may contribute to the in-
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creased risk of obesity and type 2 diabetes in homozygous carriers
of the FTO rs9939609 A-risk allele. Hepatic insulin resistance may
represent the key metabolic abnormality responsible for mild ele-
vations of fasting blood glucose levels associated with the FTO
phenotype. The FTO genotype does not influence expression of
FTO or mitochondrial-related genes, including uncoupling genes in
the resting vastus lateralis muscle of mixed fiber-type composition.
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