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Independent and Combined Effects
of Exercise Training andMetformin
on Insulin Sensitivity in Individuals
With Prediabetes
STEVEN K. MALIN, PHD

ROBERT GERBER, MS

STUART R. CHIPKIN, MD

BARRY BRAUN, PHD

OBJECTIVEdPhysical activity or metformin enhances insulin sensitivity and opposes the
progression from prediabetes to type 2 diabetes. The combination may be more effective because
each treatment stimulates AMP-activated protein kinase activity in skeletal muscle. We evaluated
the effects of exercise training plus metformin on insulin sensitivity in men and women with
prediabetes, compared with each treatment alone.

RESEARCH DESIGN AND METHODSdFor 12 weeks, men and women with predia-
betes were assigned to the following groups: placebo (P), 2,000 mg/day metformin (M), exercise
training with placebo (EP), or exercise training with metformin (EM) (n = 8 per group). Before
and after the intervention, insulin sensitivity was measured by euglycemic hyperinsulinemic (80
mU/m2/min) clamp enriched with [6,6-2H]glucose. Changes due to intervention were compared
across groups by repeated-measures ANOVA.

RESULTSdAll three interventions increased insulin sensitivity (P , 0.05) relative to the
control group. The mean rise was 25–30% higher after EP than after either EM or M, but this
difference was not significant.

CONCLUSIONSdInsulin sensitivity was considerably higher after 12 weeks of exercise
training and/or metformin in men and women with prediabetes. Subtle differences among con-
dition means suggest that adding metformin blunted the full effect of exercise training.

Diabetes Care 35:131–136, 2012

B efore developing overt diabetes,
most individuals spend years in an
intermediate condition called predia-

betes. Prediabetes is defined by impaired
glucose tolerance (IGT), impaired fasting
glucose (IFG), or the combination of IGT
plus IFG (1). Approximately 79 million in-
dividuals in the U.S. have prediabetes and
are at risk to develop type 2 diabetes (2).
The progression is not inevitable, however.
The U.S. Diabetes Prevention Program
(DPP) demonstrated that either lifestyle
modification (i.e., low-fat diet and increased
physical activity) or the antihyperglycemic
medication metformin reduced the transi-
tion fromprediabetes to type 2 diabetes (3).

Habitual exercise andmetformin each
increase peripheral (mainly skeletalmuscle)
insulin sensitivity in part by stimulating
AMP-activated protein kinase (AMPK)
(4–8). Combining exercise plus metformin,
compared with either treatment alone,
may more effectively activate the key regu-
latory enzyme AMPK and oppose the tran-
sition from prediabetes to type 2 diabetes.

The American Diabetes Association
strongly recommends exercise as a cor-
nerstone therapy for diabetes prevention
and, recently, suggested that some indi-
viduals with prediabetes be considered
for metformin treatment (9,10). The effi-
cacy of combining lifestyle modification

with metformin has been tested only a
few times (11–15). Results suggest 2–5
kg more weight loss with the addition of
metformin compared with lifestyle mod-
ification alone (11,12), but little (11,14)
or no further (15,16) improvement to in-
sulin sensitivity. However, the use of self-
reports to estimate physical activity and
surrogates (via fasting glucose and insulin
concentrations or responses to oral carbo-
hydrate) (11,13–15) rather than direct
measurement of insulin sensitivity using
the glucose clamp limits our understand-
ing of the interaction between exercise
and metformin. There is considerable
need to better understand the potential
for additive effects when physical activity
and metformin are used concurrently be-
cause the scope of the public health prob-
lem is so pressing. Therefore, the purpose
of this study was to determine the effect of
combining exercise training with metfor-
min (EM) on insulin sensitivity in individ-
uals with prediabetes, compared with
either treatment alone.

RESEARCH DESIGN AND
METHODS

Overall summary
Subjects were recruited from the local
community via flyers and newspaper
advertisements. A total of 32 otherwise
healthy individuals with IGTwere assigned
to placebo (P), metformin (M), exercise
training with placebo (EP), or EM (n = 8
per group). Insulin sensitivity was mea-
sured by glucose clamp and stable iso-
tope tracer before and after 12 weeks of
each intervention.

Subjects
Individuals were nonsmoking, weight
stable (,5% weight change over last
3 months), free of cardiovascular disease
or diabetes (i.e., chronic illness) or any
contraindications to metformin (e.g., re-
spiratory disease, heart failure, or renal
or hepatic disease), and not taking dietary
supplements (e.g., chromium, niacin)
or medications (glucocorticoids, oral
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contraceptives, sulfonylureas, etc.) likely
to affect insulin sensitivity. Subject char-
acteristics are outlined in Table 1. Reflect-
ing the racial/ethnic composition of the
local community, 27 individuals were Cau-
casian, 3 were African American, and 2
were Hispanic. Pre- and postmenopausal
women were included in each condition.
The number of premenopausal (n = 8) and
postmenopausal (n = 12) was balanced
across conditions. Premenopausal women
were tested before and after the interven-
tion in the same phase of the menstrual
cycle (3 in the follicular and 5 in the luteal).
Prior to testing, subjects were verbally brie-
fed about the study and signed informed
consent documents approved by the insti-
tutional review board at the University of
Massachusetts Amherst.

Screening
An oral glucose tolerance test was used to
determine if potential participants met the
inclusion criterion of IGT. After a mini-
mum 5-h fast, blood samples were taken
from a forearm vein. Subjects consumed 75
g of glucose and blood was collected 2 h
later. Participants with 2-h glucose con-
centrations between 7.8 and 11.1 mmol/L
(140–199 mg/dL), the definition of IGT,
were included. Subjects with IFG, defined

as fasting glucose concentration between
5.5 and 6.9 mmol/L (100–125 mg/dL), as
well as IGT were also included (IFG plus
IGT).

Metformin or placebo protocol
In a double-blind design, pills were dis-
tributed and subjects were instructed to
take metformin or placebo with food to
minimize potential side effects. Subjects
started treatment with 500 mg/day of
metformin. The dose was increased 500
mg/day each week until a clinical dose
of 2,000 mg/day was reached by week 4.
Subjects remained at this dose for the last
8 weeks of the 12-week protocol. Subjects
were instructed to return any pills missed
to verify compliance, which was .90%
for all conditions.

Preliminary testing
Peak oxygen consumption (VO2peak) was
determined using a continuous progressive
exercise test on a cycle ergometer (Sensor-
Medics 800, Yorba Linda, CA). VO2peak was
defined as the highest value obtained dur-
ing the test using common criteria (i.e.,
respiratory exchange ratio .1.1, heart
rate within 15 bpm of age-predictedmax-
imum, and rise in VO2 ,150 mL/min de-
spite increased workload). In addition,

one-repetition maximum (1-RM) tests
were conducted for the chest press, latis-
simus pull-down, leg press, bicep curl,
triceps push-down, and upright row.
The 1-RM was defined as the highest
weight lifted with proper technique
through the full range of motion. Dual-
energy X-ray absorptiometry (Lunar
Prodigy, Madison, WI) was used for de-
termination of body fat, central fat (i.e.,
from the last floating rib to the top of the
iliac crest divided by total body fat mass),
and fat-free mass (FFM) (17).

Euglycemic hyperinsulinemic clamp
Subjects were provided food (55% car-
bohydrate, 30% fat, and 15% protein)
24 h prior to pre- and posttesting. After
an overnight fast, subjects reported to
the laboratory and indwelling catheters
were placed in a superficial vein of each
forearm. Baseline blood samples were col-
lected and a priming bolus of 200 mg
[6,6-2H]glucose was given followed by a
90-min infusion of [6,6-2H]glucose at
3.0 mg/min by peristaltic infusion pump
(HarvardApparatus Pump22;HarvardAp-
paratus, Holliston, MA). Blood samples
were collected at 75 and 90 min. Expired
breath samples were collected between 80
and 90 min, with the last 2 min used to

Table 1dDemographics and fitness

Pre/post
intervention P M EP EM

Demographics
Sex (n, male/female) 2/6 4/4 3/5 3/5
Age (years) 49.8 6 10.9 45.0 6 7.5 45.4 6 8.0 49.1 6 6.6
Height (cm) 168.1 6 8.5 165.9 6 7.1 173 6 4.3 168.1 6 8.5
BMI (kg/m2) 34.0 6 6.3 33.9 6 5.2 33.5 6 4.1 31.2 6 5.3
Fasting glucose (mmol/L) 5.8 6 0.6 5.6 6 0.6 5.4 6 0.4 5.5 6 0.8
2-h glucose (mmol/L) 9.4 6 1.3 9.3 6 1.5 10.2 6 1.0 9.5 6 1.7

Fitness outcomes
Body wt (kg) Pre 93.5 6 6.0 101.5 6 5.8 95.5 6 5.1 94.1 6 6.5

Post 93.5 6 5.7 97.4 6 5.7*^ 95.0 6 5.4 89.9 6 5.6*^
Body fat (%)† Pre 45.9 6 3.1 41.4 6 2.5 42.8 6 2.5 40.6 6 2.7

Post 45.2 6 2.8 41.4 6 2.7 40.6 6 2.3 38.7 6 2.6
Central fat (%) Pre 50.1 6 0.8 43.4 6 2.5 45.9 6 2.3 46.1 6 2.6

Post 49.6 6 0.8 43.3 6 2.3 44.4 6 1.9 44.7 6 2.5
FFM (kg) Pre 47.7 6 2.8 56.6 6 2.3 52.9 6 3.7 52.9 6 3.8

Post 48.8 6 3.1 54.9 6 2.5^ 54.9 6 2.5# 52.4 6 3.9
VO2peak (mL/kg/min) Pre 21.5 6 2.3 25.0 6 2.9 25.5 6 2.5 27.3 6 1.8

Post 21.2 6 2.2 25.7 6 2.6 29.9 6 2.5*^# 30.0 6 2.3*
Strength (kg)† Pre d d 253.7 6 17.3 223.9 6 13.9

Post d d 286.9 6 21.2 294.8 6 15.1

Demographics were not different between conditions and are mean 6 SD; fitness values are mean 6 SEM. Strength refers to the sum of chest press, leg press, and
latissimus pull-down. †Significant effect of test (P , 0.05). *P , 0.05 compared with baseline. ^P , 0.05 compared with placebo. #P , 0.05 compared with
metformin.
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estimate substrate oxidation. A primed
(250 mU/m2/min) constant infusion
(80 mU/m2/min) of insulin diluted in sa-
line containing 4% (v/v) of the subject’s
own serum was given for 20 min. Next,
a 20% glucose solution containing 2%
[6,6-2H]glucose was infused at a vari-
able rate to maintain plasma glucose at
5 mmol/L for the remaining 100 min.
Blood samples were collected every 5 min
for glucose analysis and every 15 min for
analysis of insulin, C-peptide, stable isotope
enrichment, and nonesterified fatty acids
(NEFAs). Expired breath samples were
collected between minutes 110 and 120
for determination of insulin-stimulated
glucose oxidation. Approximately 28 h be-
fore postintervention measurements,
subjects in the training groups (EP and
EM) exercised on a cycle ergometer at
75% of their pretraining peak heart rate
for 45 min. The exercise intensity was not
different between EP and EM (mean heart
rate for EP = 125.4 6 4.7 bpm, for EM =
122.26 4.6; P = 0.64).

Exercise training
Exercise was supervised 3 days a week for
60–75 min per session. Subjects per-
formed aerobic and resistance exercise
on the 1st and 3rd day of each week. To
minimize muscle soreness, only aerobic
training was performed on the 2nd day.
Participants warmed up on a cycle ergom-
eter for 5 min, followed by cycling at 70%
of their pretraining heart rate peak for 45
min. Resistance exercise was performed at
70% of the subject’s 1-RM. Weight was
increased ;5% when two sets of 12 rep-
etitions could be lifted with proper form.
Resistance training targeted all major
muscle groups noted earlier.

Blood sample collection
Blood was collected in 3-mL syringes,
transferred to vacutainers, spun at 3,000
rpm, and aliquoted to cryotubes for storage
at 2808C. Samples for analysis of glucose
isotopic enrichment, glucose, and lactate
contained sodium fluoride to inhibit gly-
colysis, and those for analysis of insulin,
C-peptide, and NEFAs contained the anti-
coagulant EDTA.

Analysis of metabolites and
hormones
Plasma glucose and lactate concentrations
were determined enzymatically using glu-
cose oxidase and lactate dehydrogenase
assays (GL5 Analyzer; Analox Instruments,
Lunenberg, MA). Plasma insulin and
C-peptide concentrationsweremeasured by

radioimmunoassay (Millipore, St. Charles,
MO). Plasma NEFA concentrations were
measured by enzymatic colorimetry
(Wako Chemicals, Richmond, VA). Glu-
cose isotopic enrichment was measured by
high-performance liquid chromatography
and mass spectrometry as previously de-
scribed (18).

Calculations
Standard equations were used to deter-
mine glucose Ra and Rd (19). Insulin sen-
sitivity was defined as the Rd per unit
plasma insulin during the final 30 min
of the clamp. Ra or basal hepatic glucose
production (HGP) was averaged during
minutes 75 and 90 of the resting isotope
infusion. Endogenous HGP during the
clamp was defined as the difference be-
tween HGPclamp and the exogenous glu-
cose infusion rate. The suppression of
HGP was defined as [1 2 (HGPclamp/
HGPfast) 3 100%] and used to provide
an estimate of hepatic insulin sensitivity.
Insulin-stimulated suppression ofNEFAswas
defined as [12 (NEFAclamp /NEFAfast)3
100%]. Carbohydrate oxidation was deter-
mined by indirect calorimetry using stan-
dard equations (20). Nonoxidative
glucose disposal (NOGD) was calculated
during the final 30 min of the clamp
[NOGD (mg/min) = Rd2 rate of carbohy-
drate oxidation].

Statistical analysis
Group means were compared using the
R statistical software package (version
2.4.0 [2006]; The R Foundation, Vienna,
Austria). Baseline characteristics were
compared across groups with a one-way
ANOVA. There was no statistical differ-
ence in any baseline outcome variable.
Outcomes were assessed using a two-
way (group by test) repeated-measures
ANOVA. Although baseline insulin sensi-
tivity was not statistically different between
conditions, there were subtle differences
across groups. To account for the influ-
ence of subtle (nonsignificant) differences
in baseline insulin sensitivity on the mag-
nitude of change, we included it as a
covariate. To assess the impact of weight
loss and changes in VO2peak on insulin sen-
sitivity, we also ran the analysis using
those factors as covariates. When there
was a significant interaction, Tukey post
hoc analysis was used to determine differ-
ences between groups and paired t tests
wereused to comparewithin-groupmeans.
Pearson correlation coefficient was used to
examine relationships. Significant differen-
ces were accepted as a # 0.05.

RESULTS

Anthropometrics and
cardiorespiratory fitness
M and EM groups reduced body weight
by;4 kg comparedwith P (P, 0.05) and
EP (P = 0.07) groups (Table 1). Although
both EM and EP reduced body fat (P ,
0.01), there was no effect on central fat
(P = 0.056) (Table 1). EP increased FFM
compared with P (P , 0.02) (Table 1).
Only EM and EP increased VO2peak (P ,
0.05) (Table 1).

Fasted state
Fasting insulin concentrations were 13–
25% lower after all three interventions
(P , 0.05) with no differences among
the three interventions. Both EM and
EP lowered fasting C-peptide (P , 0.05)
(Table 2), but M and P did not. Fasting
glucose concentrations and carbohydrate
oxidation did not change after any treat-
ment (Table 2).

Peripheral insulin sensitivity and
glucose disposal
Relative to baseline, M, EP, and EM
enhanced insulin sensitivity (P , 0.05)
(Fig. 1) and NOGD (P , 0.05) (Table 3).
Therewas no effect of treatment on insulin-
stimulated carbohydrate oxidation.

HGP and insulin sensitivity
HGP in the fasted state (HGPfast) did not
change after any treatment (Table 3). He-
patic insulin sensitivity, defined as sup-
pression of HGPfast during the clamp,
also was unaffected (Table 3).

Suppression of NEFAs
NEFA concentrations in the fasting state
decreased with EP but increased with EM
(P , 0.02) (Table 3). Insulin-stimulated
suppression of NEFAs, however, did not
change after any treatment (Table 3).

Correlations
Increased NOGD (r = 0.85, P , 0.01),
VO2peak (r = 0.57, P , 0.05), and weight
loss (r =20.42, P, 0.05) were correlated
with greater insulin sensitivity. Elevated
fasting FFA concentrations were corre-
lated with attenuated insulin sensitivity
(r = 20.42, P , 0.05).

CONCLUSIONSdContrary to our
original hypothesis, adding metformin
did not accentuate the effects of exercise
training on whole-body insulin sensitivity
in this group of men and women with
prediabetes. Consistent with our prior
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study of acute exercise (18), the addition
of metformin may have blunted the re-
sponse to exercise training alone. In prior
studies, combining lifestyle modification
with metformin has had inconsistent ef-
fects. Atabek and Pirgon (11) reported
that lifestyle modification plus metformin
reduced BMI, fasting hyperinsulinemia,
and 2-h plasma insulin concentrations

in obese adolescents compared with life-
style modification alone. Love-Osborne
et al. (12) demonstrated that lifestyle
modification plus metformin resulted in
more weight loss than lifestyle modifica-
tion alone, and the weight loss was corre-
lated with lower 2-h blood glucose
concentrations. In the Indian Diabetes
Prevention Program (IDPP), 500 mg/day

ofmetformin, lifestylemodification, and a
combination of the two had equivalent
effects to improve insulin sensitivity and
reduce the progression from prediabetes
to type 2 diabetes (16). The inconsistency
in the literature may be related to the out-
comes used. In the four studies (including
ours) that report no additive effects of
metformin and exercise, insulin sensitivity
is a key outcome. In the studies that do
suggest additive effects, weight loss and a
response to an oral glucose tolerance test
are the key outcomes. Differences in the
outcomes between the studies are also
likely related to the effects of metformin
and exercise on different tissues. Insulin
sensitivity is primarily a measure of skeletal
muscle glucose uptake, whereas glucose
tolerance also reflects contributions from
hepatic glucose output.

There are several potential explana-
tions for the lack of additive effects when
metformin and exercise were combined
in this study. Metformin is a mild in-
hibitor of Complex I in the mitochondrial
electron transport chain (21) and, thus, it
is possible that metformin constrains the
cellular adaptations to training. Although
we cannot address mitochondrial adapta-
tions to training in this study, there were
no statistical differences in VO2peak after
training with or without metformin.

We previously found that short-term
metformin treatment blunted the upre-
gulation of AMPK and insulin sensitivity
after one bout of moderate-intensity ex-
ercise (18). If habitual treatment with
metformin does not enhance stimulation
of AMPK by training, we would expect
few additive effects (22). Direct measure-
ments of AMPK activity will be required
to test this hypothesis. Gain of FFM may
raise insulin sensitivity, although this ob-
servation is not universal (5). Metformin
increased FFM in adolescent girls treated
during puberty (23), but in the current
study, FFM was unaffected by metformin
and slightly higher after training alone.
Scaling insulin-mediated glucose uptake
to FFM did not alter the results, implying
that differences between conditions were
not attributable to small variations in FFM.

On the basis of results from the DPP
and other studies (24), there is a strong
relationship between weight loss and
greater insulin sensitivity. In the current
study, EM and M resulted in 4 kg of
weight loss, whereas EP had no effect. De-
spite the differences in total weight loss,
however, both EM and EP lost similar
quantities of body fat and “central” fat
as estimated from dual-energy X-ray

Table 2dFasting hormones, metabolites, and substrate use

Fasting
Pre/post

intervention P M EP EM

Glucose
(mmol/L) Pre 5.3 6 0.2 5.2 6 0.3 5.3 6 0.2 5.8 6 0.2

Post 5.3 6 0.1 5.1 6 0.2 5.3 6 0.2 5.4 6 0.1
Lactate
(mmol/L) Pre 0.74 6 0.2 0.76 6 0.2 0.67 6 0.1 0.71 6 0.1

Post 0.88 6 0.4 1.46 6 0.3 0.70 6 0.1 0.73 6 0.1
Insulin
(pmol/L)† Pre 120.8 6 24.9 144.4 6 24.2 83.1 6 11.2 92.9 6 21.4

Post 129.5 6 29.4 100.8 6 18.9 73.1 6 9.0 75.8 6 14.3
C-peptide
(nmol/L) Pre 0.87 6 0.15 1.34 6 0.16 1.00 6 0.13 0.95 6 0.08

Post 0.97 6 0.14 1.15 6 0.15 0.86 6 0.13* 0.69 6 0.06*^
NEFA
(mmol/L) Pre 0.65 6 0.05 0.56 6 0.03 0.64 6 0.04 0.57 6 0.04

Post 0.63 6 0.03 0.53 6 0.05 0.54 6 0.05# 0.61 6 0.06
Carbohydrate
oxidation (mg/
kg FFM/min) Pre 2.16 6 0.28 1.36 6 0.20 1.97 6 0.25 1.92 6 0.74

Post 2.06 6 0.22 1.82 6 0.28 2.06 6 0.16 1.16 6 0.49

Values are mean6 SEM. ^P, 0.05 compared with placebo. *P, 0.05 compared with baseline. #P, 0.05
compared with exercise plus metformin. †Significant effect of test (P , 0.05).

Figure 1dInsulin (I) sensitivity across conditions. Values are mean 6 SEM. *P , 0.05 com-
pared with baseline. ^P , 0.05 compared with placebo.
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absorptiometry. There is a clear rela-
tionship between reduced body fat, es-
pecially central visceral fat, and greater
insulin sensitivity (25). Equivalent los-
ses of body fat may partly explain why
both EM and EP had impressive rises to
insulin sensitivity despite no weight
loss in the EP group. In our prior study,
the addition of metformin to a single
bout of exercise raised the plasma con-
centrations of NEFA, which could have
blunted insulin sensitivity (18). In the
current study, however, adding metfor-
min to training did not raise NEFA con-
centrations during the clamp (data not
shown), although they were higher in
the fasted state. It is possible that ele-
vated fasting NEFA concentrations may
be related to the blunted rise in insulin
sensitivity when metformin was com-
bined with training.

Although not statistically significant
(P# 0.50), the 25–30% blunting effect of
adding metformin to training versus M or
EP (Fig. 1) has potential clinical relevance
and is worth considering. Inclusion of
subjects with different subtypes of predia-
betes may have increased interindividual
variability and obscured a true difference
between conditions (1). Like the individuals

in the DPP, we included men and women
with prediabetes who had IGT, with or
without IFG concentrations. The response
to all three interventions was accentuated
in the individuals with fasting hyperglyce-
mia (i.e., those with IFG plus IGT com-
pared with those who had IGT only)
(Supplementary Fig. 1). On the basis of
these results and similar outcomes in
larger studies (J.M.Hagberg, personal com-
munication), it would be fruitful to study
the effects of exercise and/or metformin in
the different subgroups of prediabetes to
better understand the effects of fasting hy-
perglycemia.

In summary, exercise training in-
creased insulin sensitivity in individuals
with prediabetes. Adding metformin to
training did not accentuate improvements
in insulin sensitivity, and it may have
blunted the full effects of training. The
results we observed were independent of
weight loss and not explainable by any
difference in the effects of training on
cardiorespiratory fitness in the presence
of metformin. Although acute bouts of
exercise can increase insulin sensitivity
for up to 48 h, the time-course effects of
the combined treatment remain unclear.
Despite the lack of additive effects on

insulin sensitivity, combining metformin
with training, as described in the recent
American Diabetes Association clinical rec-
ommendations (9),may still be a potentially
useful strategy toprevent the transition from
prediabetes to diabetes. Further work is
required to understand the utility of com-
bining metformin with training in regard
to its impact on insulin sensitivity and
other aspects of cardiometabolic health.
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Table 3dGlucose metabolism, hormones, and metabolites

Clamp
Pre/post

intervention P M EP EM

Insulin (pmol/L)† Pre 1,462.8 6 26.7 1,570.0 6 32.2 1,444.4 6 38.3 1,319.3 6 33.8
Post 1,450.9 6 21.9 1,255.8 6 42.3 1,265.7 6 18.7 1,151.7 6 22.6

Glucose (mmol/L) Pre 5.0 6 0.0 5.0 6 0.0 5.1 6 0.0 5.0 6 0.1
Post 4.9 6 0.0 4.9 6 0.1 5.0 6 0.0 5.0 6 0.1

Lactate (mmol/L) Pre 0.78 6 0.1 0.52 6 0.1 0.53 6 0.1 0.77 6 0.1
Post 0.57 6 0.1 0.72 6 0.2 0.80 6 0.2 0.78 6 0.1

Fasting Ra (mg/kg FFM/min) Pre 5.92 6 0.32 6.13 6 1.14 5.30 6 0.21 5.58 6 0.58
Post 7.89 6 1.58 6.30 6 0.75 6.01 6 0.63 5.75 6 0.73

Rd (mg/kg FFM/min) Pre 13.0 6 2.4 7.9 6 1.5 9.2 6 1.1 11.1 6 2.3
Post 10.9 6 1.3 9.0 6 1.9 14.1 6 1.8 11.4 6 1.5

Carbohydrate oxidation (mg/kg FFM/min) Pre 3.75 6 0.63 3.07 6 0.60 3.73 6 1.09 3.78 6 0.83
Post 4.00 6 0.63 2.87 6 0.35 3.13 6 0.88 3.89 6 0.52

NOGD (mg/kg FFM/min)† Pre 8.69 6 2.26 4.62 6 1.36 5.20 6 1.21 5.08 6 1.92
Post 7.17 6 1.51 6.78 6 1.81 10.60 6 1.68^ 6.55 6 1.09

Ra (mg/kg FFM/min) Pre 12.97 6 2.44 7.94 6 1.52 9.20 6 1.05 11.08 6 2.29
Post 10.89 6 1.26 9.01 6 1.88 14.12 6 1.76 11.42 6 1.46

Endogenous Ra (mg/kg FFM/min) Pre 1.41 6 0.58 0.36 6 0.23 0.54 6 0.22 1.84 6 1.35
Post 1.62 6 0.94 0.59 6 0.38 1.61 6 0.61 0.85 6 0.56

HIS (%) Pre 77.8 6 9.6 91.6 6 4.9 90.7 6 3.6 74.1 6 12.6
Post 86.3 6 5.2 89.5 6 6.1 74.1 6 9.4 89.2 6 7.2

NEFA suppression (%) Pre 56.4 6 4.4 47.6 6 3.6 51.8 6 2.5 46.9 6 2.3
Post 59.1 6 3.7 40.7 6 6.8 42.5 6 2.5 51.2 6 4.9

Values are mean 6 SEM; clamp outcomes unless otherwise noted. HIS, hepatic insulin sensitivity. †Significant effect of test (P , 0.05). ^P , 0.05 compared with
placebo.
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