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Exercise promotes longevity and ameliorates type 2 diabetes
mellitus and insulin resistance. However, exercise also increases
mitochondrial formation of presumably harmful reactive oxygen
species (ROS). Antioxidants are widely used as supplements but
whether they affect the health-promoting effects of exercise is
unknown. We evaluated the effects of a combination of vitamin C
(1000 mg/day) and vitamin E (400 IU/day) on insulin sensitivity as
measured by glucose infusion rates (GIR) during a hyperinsuline-
mic, euglycemic clamp in previously untrained (n � 19) and pre-
trained (n � 20) healthy young men. Before and after a 4 week
intervention of physical exercise, GIR was determined, and muscle
biopsies for gene expression analyses as well as plasma samples
were obtained to compare changes over baseline and potential
influences of vitamins on exercise effects. Exercise increased pa-
rameters of insulin sensitivity (GIR and plasma adiponectin) only in
the absence of antioxidants in both previously untrained (P <
0.001) and pretrained (P < 0.001) individuals. This was paralleled
by increased expression of ROS-sensitive transcriptional regulators
of insulin sensitivity and ROS defense capacity, peroxisome-
proliferator-activated receptor gamma (PPAR�), and PPAR� coac-
tivators PGC1� and PGC1� only in the absence of antioxidants (P <
0.001 for all). Molecular mediators of endogenous ROS defense
(superoxide dismutases 1 and 2; glutathione peroxidase) were also
induced by exercise, and this effect too was blocked by antioxidant
supplementation. Consistent with the concept of mitohormesis,
exercise-induced oxidative stress ameliorates insulin resistance
and causes an adaptive response promoting endogenous antiox-
idant defense capacity. Supplementation with antioxidants may
preclude these health-promoting effects of exercise in humans.

aging � hormesis � insulin resistance � oxidative stress �
reactive oxygen species

Type 2 diabetes mellitus is increasing worldwide at epidemic
rates and is associated with both microvascular and macro-

vascular complications (1). Type 2 diabetes mellitus is caused by
a combination of insulin resistance involving a number of
peripheral tissues, including skeletal muscle (2, 3), and an
inadequate �-cell response despite normal or even increased
amounts of circulating insulin.

Physical exercise exerts numerous favorable effects on general
health (4) and specifically has been shown to improve glucose
metabolism in the insulin-resistant state (5). This effect may be
independent of exercise-related changes in body mass (6). More-
over, physical exercise has been shown to be effective in pre-
venting type 2 diabetes in high risk individuals (7, 8) and may be
even more effective than the most widely used anti-diabetic drug,
metformin (9).

These beneficial effects of physical exercise on insulin resis-
tance involve multiple mechanisms, including enhanced expres-
sion of glucose transporters and translocation of glucose trans-
porters to the plasma membrane independent of insulin (10).
Exercise, as well as weight loss, has been linked to activation of
mitochondrial metabolism, and reduced mitochondrial metab-

olism has been functionally connected with type 2 diabetes (11).
Mitochondria, however, are also the main source of reactive
oxygen species (ROS), which are inevitable by-products of
oxidative glucose metabolism. Muscle is also known to generate
free radicals, especially during contraction and physical exercise
(12). It has been suggested that ROS may mediate some health-
promoting effects, at least in nonprimate model systems (13–17).

We here evaluated the possibility that ROS are required for
the insulin-sensitizing capabilities of physical exercise in healthy
humans and that commonly used antioxidants, such as vitamin
C and vitamin E, may abrogate the health-promoting effects of
both physical exercise and oxidative stress in humans.

Results
Baseline Characteristics. Of the 40 individuals included in the
present study, 20 were known to be previously trained, and 20
were previously untrained. Study subject characteristics in the
preinterventional state are given in Table 1. No significant
differences in age, height, body mass index, fat free mass, or VO2
maximum were observed within the groups (Table 1) and no
significant differences in age, height and body mass index were
observed between untrained and pretrained groups. Not sur-
prisingly, pretrained individuals had a significantly higher fat
free mass (P � 0.03) and VO2 maximum (P � 0.001).

Half of the previously untrained and previously trained groups
were randomly assigned to either antioxidant supplementation
as described in Methods or to no supplementation (creating 4
groups of 10 each) (supporting information (SI) Fig. S1). All
subjects underwent a 4 week exercise training program irrespec-
tive of antioxidant supplementation and previous training status.
One untrained individual withdrew during the study for personal
reasons unrelated to the experimental protocol.

Induction of Oxidative Stress by Short-Term Exercise. It is well-
established that physical exercise increases ROS formation in
skeletal muscle (12); however, it is not known if the health-
promoting effects of exercise are partly due to this effect. To
replicate the ROS-inducing capacity of exercise in our specific
experimental set-up, we subjected previously untrained individ-
uals to 3 days of exercise with muscle biopsy before (Fig. S1,
‘‘pre’’) and after this short-term intervention (Fig. S1, ‘‘early’’).
We measured concentrations of thiobarbituric acid-reactive
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The authors declare no conflict of interest.

Freely available online through the PNAS open access option.

Data deposition: The study design described in this paper has been deposited at Clinical-
Trials.gov (registration no. NCT00638560).

1To whom correspondence should be addressed. E-mail: mristow@mristow.org.
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substances (TBARS), a well-established marker of overall oxi-
dative stress reflecting oxidized lipids and thus ROS formation
in mammals, within skeletal muscle of these previously untrained
individuals in the presence or absence of antioxidant treatment.
As expected (12), we observed a more than 2-fold increase in
oxidative stress, as reflected by TBARS levels, following physical
exercise in the absence of antioxidants (Fig. S2, Left pair of bars,
P � 0.008). By contrast, those individuals taking antioxidant
supplements showed no significant increase in muscle TBARS
levels after exercise (Fig. S2, Right pair of bars, P � 0.19) resulting
in significantly reduced TBARS formation after 3 days of
exercise in comparison to untreated individuals (Fig. S2, shaded
bars, P � 0.03). Thus, consistent with previous findings (12),
these observations suggest that short-term physical exercise
induces skeletal muscle ROS formation and that antioxidant
supplements reduce this formation, at least during the first 3 days.

Antioxidants Prevent Increase of Insulin Sensitivity Following Physical
Exercise. Glucose infusion rates. Physical training has been shown to
ameliorate insulin resistance and to improve glucose metabolism
(5). Thus, both previously untrained and previously trained
individuals were subjected to training with twenty 85 min
sessions of defined physical exercise on 5 days per week (with or
without addition of antioxidant supplementation) with measure-
ment of insulin sensitivity by glucose infusion rates (GIR) during
a hyperinsulinemic euglycemic clamp (18). As expected (5),
nonsupplemented individuals showed a significant increase in
GIR, i.e., increased insulin sensitivity after 4 weeks of exercise
irrespective of previous training status (previously untrained:
Fig. 1A, Left pair of bars, P � 0.001; and previously trained: Fig.
1B, Left pair of bars, P � 0.001), confirming previous findings
that physical exercise induces an increase in insulin sensitivity. By
contrast, neither previously untrained individuals and pretrained
individuals who received antioxidants exhibited significant
changes in GIR following exercise (Fig. 1 A, Right pair of bars,
P � 0.07, and B, Right pair of bars, P � 0.89). Thus physical
exercise induced an increase in insulin sensitivity only in the
absence of antioxidants. The same impaired effect of exercise on
GIRs seen in the antioxidant-treated group was also apparent in
the previously untrained individuals when the supplement-
treated individuals were compared to nonsupplemented indi-
viduals (Fig. 1 A, shaded bars, P � 0.003). Finally, analysis of all
39 individuals, irrespective of straining status, demonstrates a
highly significant (Fig. S3A, P � 0.001 for ANOVA) effect of
antioxidant supplementation on the blockage of exercise-
induced improvement of GIR. Interestingly, inclusion of the
baseline training status in the statistical analyses revealed that
the effect of exercise on GIR was independent of the pretraining
status of the study participants (P � 0.58 for interaction term of
pretraining status by ANOVA), indicating that antioxidants can
abolish the insulin sensitizing effects of exercise in both un-
trained and previously well-trained subjects. We additionally

measured serum concentrations of TBARS. When comparing
these to GIRs in the postinterventional state in all 39 individuals,
we observed a significant correlation with TBARS serum levels
(Pearson’s r � 0.353, P � 0.05); this suggests that TBARS serum
levels, at least to some extent, correlate with insulin sensitivity
irrespective of antioxidant supplementation and previous train-
ing status, whereas no significant effect of antioxidant supple-
mentation on postinterventional TBARS levels was observed
(P � 0.73 for ANOVA, and P � 0.43 for interaction of vitamins
by pretraining status by ANOVA).
Additional plasma markers of insulin sensitivity. Plasma concentrations
of the adipocyte-derived secretory protein adiponectin have
been shown to be positively correlated with insulin sensitivity in
humans and inversely correlated with type 2 diabetes risk (19).
We observe an increase in circulating adiponectin levels follow-
ing physical exercise in both previously untrained individuals
(Fig. 1C, Left pair of bars, P � 0.001) and pretrained individuals
(Fig. 1D, Left pair of bars, P � 0.001). In contrast, previously

Table 1. Baseline characteristics of study subjects

Previously untrained study group Pretrained study group

No supplements Vitamin C/Vitamin E

P-Value

No supplements Vitamin C/Vitamin E

P-ValueMean SD Mean SD Mean SD Mean SD

Number/sex 10/male n.a. 10/male n.a. n.a. 10/male n.a. 10/male n.a. n.a.
Age, years 26.70 4.34 27.44 3.02 0.69 25.40 2.15 26.00 1.95 0.54
Height, cm 179.20 4.98 182.32 8.83 0.38 182.96 3.87 177.91 7.16 0.08
Body Mass Index, kg/m2 24.37 2.53 24.19 1.84 0.87 24.33 1.31 23.33 1.36 0.13
Fat free mass, kg 60.64 5.88 66.20 7.28 0.10 69.71 3.85 65.84 5.31 0.09
VO2 max, ml/min�kg�1 45.85 5.46 45.21 7.03 0.84 54.42 4.90 54.31 5.10 0.96

n.a. � not applicable.

Fig. 1. Antioxidants prevent exercise-dependent induction of insulin sensi-
tivity. (A) Glucose infusion rates (GIR) during euglycemic hyperinsulinemic
clamps in previously untrained individuals before (white bars) and after
(shaded bars) physical exercise over 4 weeks. (Left pair of bars) Individuals not
taking any medication or placebo; (Right pair of bars) individuals taking both
vitamin C (1000 mg/day) as well as vitamin E (400 IU/day). Bars depict means,
error bars show standard error means (applies to all subsequent panels and
figures). Significances (applies to all subsequent panels and Fig. 3): * indicates
0.01 � P � 0.05 comparing data before and after 4 weeks of exercise, #
indicates 0.01 � P � 0.05 comparing ‘‘no suppl.’’ with ‘‘Vit.C/Vit.E’’ groups
after intervention, ** indicates 0.001 � P � 0.01 comparing data before and
after 4 weeks of exercise, ## indicates 0.001 � P � 0.01 comparing ‘‘no suppl.’’
with ‘‘Vit.C/Vit.E’’ groups after intervention, *** indicates P � 0.001 compar-
ing data before and after 4 weeks of exercise, ### indicates P � 0.001
comparing ‘‘no suppl.’’ with ‘‘Vit.C/Vit.E’’ groups after intervention. (B) The
same set of data derived from a physically pretrained group of individuals. (C)
Plasma adiponectin levels in the previously untrained and previously trained
(D) state.
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untrained individuals and pretrained individuals who received
antioxidants did not exhibit any significant change in adiponectin
levels following exercise when compared to the preintervention
state (Fig. 1 C, Right pair of bars, P � 0.14, and D, Right pair of
bars, P � 0.46), indicating that the exercise-induced increase in
adiponectin levels is blocked by antioxidant supplementation.
Moreover, comparing postintervention adiponectin levels there
was a significantly impaired effect of exercise in the antioxidant-
treated group compared to the placebo group (Fig. 1 C and D,
shaded bars, P � 0.001 and P � 0.021, respectively). Again, as
observed for GIR, there was a strong effect of antioxidant
supplementation on postintervention adiponectin levels for the
entire sample irrespective of training status (Fig. S3B, n � 39,
P � 0.001 for ANOVA). As observed for GIR, additional
analyses indicate that previous training status had no impact on
the effects of exercise intervention and antioxidant supplemen-
tation on serum adiponectin levels (P � 0.94 for interaction of
vitamins by pretraining-status by ANOVA).

Lastly, we compared fasting plasma insulin in individuals
receiving antioxidants to those receiving no supplementation.
We observed a significant decrease in fasting plasma insulin
levels following the exercise intervention in previously untrained
and pretrained individuals in the absence of antioxidants (P �
0.004 and P � 0.002), consistent with improved insulin sensitiv-
ity. Once again, antioxidant supplementation completely abro-
gated this effect of exercise (P � 0.74 and P � 0.94). As observed
for GIR and adiponectin, this effect of antioxidant supplemen-
tation on postintervention fasting insulin levels was present for
the entire sample (n � 39, P � 0.001 for ANOVA), and previous
training status had no impact on the effects of exercise inter-
vention and antioxidant supplementation on fasting insulin
levels (P � 0.32 for interaction of vitamins by pretraining-status
by ANOVA).

These results indicate that antioxidants severely impair the

insulin-sensitizing effects of physical exercise as quantified by
several measures, including GIR during hyperinsulinemic eugly-
cemic clamps and plasma adiponectin and fasting plasma insulin
concentrations, and that this effect occurs irrespective of pre-
vious training status.

Molecular Promotion of Insulin Sensitivity Following Physical Exercise
Is Abrogated by Antioxidants. Several molecular regulators of
insulin sensitivity have been proposed in the past, including
peroxisome-proliferator-activated receptor gamma (PPAR�)
and its 2 coactivators, PGC1� and PGC1�, all of which coordi-
nate insulin-sensitizing gene expression within the nucleus of the
cell. Using quantitative PCR (qPCR) to compare relative RNA
expression levels for these regulators, we observed a strong
induction of PGC1�, PGC1�, and PPAR� expression in skeletal
muscle following 4 weeks of exercise training in previously
untrained, antioxidant naïve individuals (Fig. 2 A, C, and E, Left
pair of bars, all P � 0.01 to P � 0.001). By contrast, individuals
treated with antioxidants showed a markedly reduced exercise-
related induction (Fig. 2 A, C, and E, Right pair of bars). Similarly,
we observed induction of PGC1�, PGC1�, and PPAR� expres-
sion by physical exercise in pretrained individuals in the absence
of antioxidants (Fig. 2 B, D, and F, Left pair of bars, P � 0.05 to
P � 0.001), and antioxidant treatment prevented this induction
(Fig. 2 B, D, and F, Right pair of bars). Likewise, when comparing
the relative expression of PGC1�, PGC1�, and PPAR� in the
postinterventional state in the presence and absence of antioxi-
dants, exercise increased expression to a much lesser extent in
antioxidant-supplemented individuals in all cases (Fig. 2 A–E,
shaded bars, P � 0.05 to P � 0.001). As with parameters of
insulin sensitivity, this effect of antioxidant supplementation on
postintervention gene expression was observed for the entire
sample (Figs. S4 A–C, n � 39, P � 0.001 for ANOVA), and
previous training status had no impact on the effects of exercise

Fig. 2. Antioxidants prevent induction of molecular mediators of insulin sensitivity and antioxidant defense in exercised skeletal muscle. (A) depicts expression
levels of PGC1� RNA transcripts in skeletal muscle biopsies derived from previously untrained individuals before (white bars) and after (shaded bars) physical
exercise over 4 weeks as described in the Methods section. (Left pair of bars) Individuals not taking any medication or placebo; (Right pair of bars) individuals
taking both vitamin C (1000 mg/day) as well as vitamin E (400 IU/day). Bars depict means, error bars show standard error means, ‘‘AU’’ abbreviates normalized
arbitrary units. (B) depicts expression levels of PGC1� RNA transcripts in skeletal muscle biopsies derived from pretrained individuals before (white bars) and after
(shaded bars) physical exercise over 4 weeks. (C and D) expression levels of PGC1� RNA transcripts in a similar fashion; (E and F) expression levels of PPAR� RNA;
(G and H) levels of superoxide dismutase 1 (SOD1) RNA expression; (I and J) RNA levels of superoxide dismutase 2 (SOD2); (K and L) glutathione peroxidase 1 (GPx1)
RNA expression levels.
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intervention and antioxidant supplementation on expression of
these genes (P � 0.21 to 0.89 for interaction of vitamins by
pretraining-status by ANOVA).

Taken together, these findings indicate that physical exercise
induces several molecular regulators of insulin sensitivity irre-
spective of previous training status and that this induction is
widely inhibited by antioxidant supplementation.

Molecular Promotion of Muscle Antioxidant Defense Following Phys-
ical Exercise Is Abrogated by Antioxidants. The transcriptional
coactivators PGC1� and PGC1� have not only been linked to
increased insulin sensitivity but have also been shown to induce
expression of several enzymes known to be involved into detox-
ification of reactive oxygen species (ROS), including superoxide
dismutase 2 (SOD2), glutathione peroxidase 1 (GPx1) and
possibly other enzymes of similar biochemical function (20).
Accordingly, in the present study, physical exercise resulted in a
strongly increased expression of SOD1 (Fig. 2 G and H, Left pair
of bars, P � 0.05 to P � 0.001), SOD2 (Fig. 2 I and J, Left pair
of bars, P � 0.05 to P � 0.001), and GPx1 (Fig. 2 K and L, Left
pair of bars, P � 0.001) in previously untrained and previously
trained, antioxidant naïve individuals, whereas pretreatment
with antioxidants prevented this induction (Fig. 2 G, I, and K,
Right pair of bars, P � 0.92, P � 0.06, and P � 0.10, respectively).
Similar while less pronounced effects were observed for catalase
(CAT) (P � 0.045 and P � 0.13, not depicted). When comparing
the relative expression of these enzyme-encoding mRNAs in the
postinterventional state in the presence and absence of antioxi-
dants, exercise increased expression to a much lesser, if any,
extent in antioxidant-supplemented individuals whether previ-
ously untrained or previously trained (Fig. 2 G-L, shaded bars,
P � 0.05 to P � 0.001). As observed for PPAR�, PGC1�, and
PGC1�, we found a strong effect of antioxidant supplementation
to block exercise training-induced expression of antioxidant
enzyme mRNAs for the entire sample of previously trained and
untrained individuals (n � 39) (Fig. S4 D–F) (SOD1: P � 0.001;
SOD2: P � 0.01; GPx1: P � 0.001; and CAT: P � 0.81, all for
ANOVA). In some of these cases, previous training status had
an impact on the effects of exercise intervention and antioxidant
supplementation on 2 of the expression levels (SOD1: P � 0.003;
SOD2: P � 0.32; GPx1: P � 0.046; and CAT: P � 0.83, all for
interaction of vitamins by pretraining-status by ANOVA). How-
ever, this effect was restricted to SOD1 and GPx1, while, notably,
the mitochondrially active SOD2 appeared to be unaffected by
previous training status.

Taken together, physical exercise induces numerous molecular
regulators of insulin sensitivity and antioxidant defense, most of
which are almost completely inhibited by antioxidant pretreat-
ment in healthy young men (Fig. 3).

Discussion
Based on the evidence derived from the current study, we here
propose an essential role for exercise-induced ROS formation in
promoting insulin sensitivity in humans. This induction appears
to involve the ROS-dependent transcriptional coactivators
PGC1� and PGC1�, and the transcription factor PPAR� and
their targets SOD1, SOD2, GPx1, and, to a reduced extent, CAT.
Most importantly, these changes in gene expression and the
increase in insulin sensitivity following physical exercise are
almost completely abrogated by daily ingestion of the commonly
used antioxidants vitamin C and vitamin E. Thus, antioxidant
supplementation blocks many of the beneficial effects of exercise
on metabolism.

This direct molecular link between exercise-dependent for-
mation of ROS, activation of PGC1�, PGC1� and PPAR� on the
one hand and increased insulin sensitivity on the other hand,
strongly suggest that oxidative stress can be instrumental in
preventing type 2-diabetes. The transcriptional coactivator

PGC1� has been previously linked to type 2 diabetes in humans
(21, 22). This protein has also been shown to be inducible by
various oxidative stressors (20), as well as physical exercise in
rodents, notably in a vitamin C sensitive manner (17). Given its
synergistic potency in coactivating the transcription factor
PPAR� to promote insulin sensitivity, the previously established
role of PGC1� as a ROS sensor in neurons that in turn induces
ROS defense (20), as well as in rodent muscle (17), suggests that
activation of PGC1� and possibly PGC1� may be important
factors in promoting insulin sensitivity by both exercise and ROS
in skeletal muscle. Moreover, in addition to the increase in
insulin sensitivity following exercise-induced ROS formation, we
also observe an induction of all relevant ROS defense enzyme
expression levels, namely SOD1 and SOD2, GPx1, and, to a
reduced extent, CAT. Notably, some of these enzymes have been
previously linked to transcriptional promotion by PGC1� (20),
and, at least for SOD2, exercise has been shown to induce its
expression in rodents (23).

Nevertheless, the published evidence is ambiguous with a
number of studies suggesting that exposure to ROS may promote
insulin resistance (24, 25) whereas others find the opposite (14).
In the present study, we find that increased ROS formation
efficiently counteracts insulin resistance. Previously published
findings in nonprimate models also support this interpretation
(13–17). One possible explanation for the apparent conflict
between the different studies may be that those studies suggest-
ing an inverse relation between ROS and insulin sensitivity were
obtained in models of continuous exposure to increased levels of
ROS (24, 25), whereas our current findings and those of other
studies (23, 26) may reflect transient increases in ROS during
limited periods of physical exercise only.

This notion is further supported by the fact that most negative
effects of antioxidant supplements observed in the current study
occur irrespective of previous training status. While most effects
appear quantitatively more pronounced within the previously
untrained study group (i.e., Left arms of Figs. 1, 2, and S1), the
data do not support the assumption that antioxidant supplement
intake is less detrimental in previously trained subjects.
ANOVA, which considered covariables as stated in Methods,
indicates that most effects of antioxidants are similar in both
pretrained and untrained individuals (Fig. S3 and Fig. S4) and

Fig. 3. Mitohormesis links physical exercise and subsequent formation of
reactive oxygen species to insulin sensitivity and antioxidant defense. Physical
exercise exerts ameliorating effects on insulin resistance by increasing mito-
chondrial formation of reactive oxygen species in skeletal muscle to induce
expression of PGC1�, PGC1�, and PPAR� as inducers of insulin sensitivity, as
well as superoxide dismutases 1 and 2 and glutathione peroxidase 1, key
enzymes of ROS defense. Notably, by blocking exercise-dependent formation
of reactive oxygen species due to ingestion of antioxidant supplements,
health promoting effects of physical exercise are abolished, and physical
exercise fails to promote insulin sensitivity and antioxidant defense in the
presence of vitamin C and vitamin E.
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that there was no significant interaction of vitamins by pretrain-
ing status with the exception of SOD1 and GPx1 expression,
where antioxidants had more pronounced effects in previously
untrained subjects than in trained subjected following the 4 week
exercise intervention. Hence, the negative effects of antioxidants
on exercise training with regard to insulin sensitivity are similar
in untrained and pretrained individuals.

If transient increases in oxidative stress are capable of coun-
teracting insulin resistance in humans, it is possible that pre-
venting the formation of ROS by, for example, antioxidants
might actually increase, rather than decrease, the risk of type 2
diabetes. While this remains to be determined, one metaanalysis
of previously published studies (27) suggests that high dietary
intake of fruits and vegetables, a source of antioxidants but also
of numerous other bio-active compounds, may actually decrease
the risk for type 2 diabetes. Nevertheless, and as stated by Hamer
and Chida (27), all larger intervention trials evaluating the
diabetes-preventive potential of defined antioxidant supple-
ments have been unable to find any positive effects of supple-
mentation (28–30). Moreover, antioxidant use in type 2 diabetics
has been linked to increased prevalence of hypertension (31) and
use of antioxidant supplements has recently been proposed to
increase overall mortality in the general population (32). Taken
together, these previously published findings tentatively suggest
that fruits and vegetables may exert health-promoting effects
despite their antioxidant content and possibly due to other
bio-active compounds. However, it should be noted that the
current study applied comparably high doses of oral antioxi-
dants, which have been tested in healthy young men only.

Free radicals causing oxidative stress are an inevitable by-
product of mitochondrial metabolism and have been proposed to
exert repetitive damage to individual cells of the body promoting
increased disease prevalence and aging (33). However, and in
specific regard to exercise, antioxidants were incapable of further
extending exercise-induced lifespan extension in rats (26). Re-
peated exposure to sublethal stress has been proposed to cumu-
late in enhanced stress resistance and ultimately increased
survival rates due to a process named hormesis. By analogy, for
sublethal ROS-dependent processes emanating from the mito-
chondria, the term ‘‘mitohormesis’’ was recently proposed on a
hypothetical basis (34). Evidence for this novel concept has been
provided in model organisms such as nematodes (15) and rats
(17), and the current study would extend the concept of mito-
hormesis to the amelioration of insulin resistance in humans,
suggesting that potential harmful ROS may exert health pro-
moting effects via defined molecular intermediates (Fig. 3). In
humans, this mitohormetic induction of GIR is paralleled by, and
may in part be due to, ROS-related induction of PPAR�,
PGC1�, and PGC1�, which then secondarily increase expression
of ROS-detoxifying enzymes, including SOD1, SOD2, and GPx1.
In this way exercise-induced ROS itself could increase endoge-
nous ROS defense capacity in skeletal muscle, producing a
mitohormetic state (Fig. 3) as observed in nematodes (15) and
rats (17).

Taken together, we find that antioxidant supplements prevent
the induction of molecular regulators of insulin sensitivity and
endogenous antioxidant defense by physical exercise. Consistent
with the concept of mitohormesis, we propose that transiently
increased levels of oxidative stress reflect a potentially health-
promoting process at least in regards to prevention of insulin
resistance and type 2 diabetes mellitus.

Methods
The present study was approved by the ethics committee of the University of
Leipzig, Leipzig, Germany. All study participants gave written informed con-
sent before initiation of the study. The study design was registered at Clini-
calTrials.gov registration number NCT00638560.

Forty healthy males participated in a prospective randomized 4 week
intensive training intervention study. The study design is depicted in Fig. S1.
Subjects were selected from a computer-based volunteer database based on
sex, age, body-mass index, physical training status, availability, and additional
criteria as listed at the end of this paragraph. Sex was prespecified to be male,
age was prespecified to be 25 to 35 years; BMI was prespecified to be below
27 kg/m2, and the training status used is defined below. All subjects included
in the study also needed to fulfill the following inclusion criteria: (i) absence
of any acute or chronic inflammatory disease, (ii) absence of any metabolic
disease including diabetes mellitus of any type, (iii) no medical history of
hypertension and systolic blood pressure �140 mmHg and diastolic blood
pressure �85 mmHg, (iv) no clinical evidence of cardiovascular or peripheral
artery disease, (v) no thyroid dysfunction, (vi) no concomitant medication
intake, (vii) no alcohol, nicotine, or drug abuse.

The study consisted of 2 parts (Fig. S1). The first part was performed as an
open-label study and included 16 individuals; all of these terminated the study
(no withdrawals). Based on the effects observed during this first part, the
second part was initiated and subsequently performed as a double blind
placebo-controlled study and included 24 individuals. Twenty-three partici-
pants completed the second part of study (one subject withdrew after base-
line clamp for personal reasons, Fig. S1). None of the subjects participating in
study part 2 had participated in study part 1.

Twenty of the 40 subjects enrolled were previously untrained, defined as
performing less than 2 hours of exercise (including daily life activities) per
week before the study was initiated. The remaining 20 subjects were consid-
ered pretrained, i.e., performed more than 6 hours of exercise per week. The
different pretraining status was further verified by a significantly higher
fitness level (measured as highest oxygen uptake per minute reached during
a standardized graded bicycle test) in the pretrained compared to the un-
trained group.

Subjects of these 2 differentially pretrained groups were assigned by the
randomization function of the statistical software package into an antioxi-
dant treatment (n � 10 per subgroup) and a control group (n � 10 per
subgroup). Participants in the antioxidant treatment groups (n � 20 each, out
of which n � 10 were untrained and n � 10 were pretrained) received 500 mg
vitamin C (ascorbic acid, Jenapharm) twice a day and 400 IU vitamin E (RRR-/
D-�-tocopherol, Jenapharm) once a day orally. Optically matched placebo pills
were provided by the Clinical Pharmacy Department of the University of
Leipzig hospital.

All 40 subjects were subjected to supervised physical training, which con-
sisted of training sessions on 5 consecutive days of the week for 4 weeks, i.e.,
20 sessions in total. Each session included 20 min of biking or running, 45 min
of circuit training, and 20 min periods for warming up and cooling down. All
subjects completed a graded bicycle test to volitional exhaustion and had
maximal oxygen uptake measured with an automated open circuit gas anal-
ysis system at baseline. The highest oxygen uptake per minute reached was
defined as the maximal oxygen uptake (VO2 maximum), and subjects subse-
quently trained at their individual submaximal heart rate using heart rate
monitors. Basal percentage fat-free mass was measured by dual x-ray
absorptiometry.

At baseline and after 4 weeks of training, but 7 days after the last training
session, blood samples were obtained in the fasting state. All baseline and
postintervention blood samples and skeletal muscle samples were collected
between 8–10 a.m. after an overnight fast. Plasma glucose concentrations
were determined by the hexokinase method using an Immulite automated
analyzer (Diagnostic Products Corporation). Plasma insulin concentrations
were determined by an enzyme immunometric assay on the same instrument.
Plasma adiponectin concentrations were determined by RIA (Linco Research)
as previously described (35). Serum and skeletal muscle TBARS concentrations
were determined fluorometrically according to standard procedures. Hyper-
insulinemic euglycemic clamps were performed as previously described (18).

Skeletal muscle biopsies were obtained under local anesthesia from the
right vastus lateralis muscle and immediately snap-frozen in liquid nitrogen.
Biopsies before (‘‘pre’’, Fig. S1) and after intervention (‘‘post’’, Fig. S1) were
obtained from all 39 study subjects; biopsies for the ‘‘early’’ time-point (Fig. S1)
were obtained from 4 placebo-taking and 5 vitamin-treated individuals, while
the remaining 3 individuals refused to undergo this additional biopsy. Human
PGC-1�, PGC-1�, PPAR�, SOD1, SOD2, GPx1, and CAT gene expression was
measured by quantitative real-time (RT)-PCR in a fluorescent temperature
cycler using the TaqMan assay, and fluorescence was detected on an ABI PRISM
7000 sequence detector (Applied Biosystems). Total RNA was isolated from
skeletal muscle samples using TRIzol (Life Technologies), and 1 �g RNA was
reversely transcribed with standard reagents (Life Technologies) employing
standard procedures. From each RT-PCR, 2 �l were amplified in a 26 �l PCR
using the Brilliant SYBR Green QPCR Core Reagent Kit from Stratagene
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according to the manufacturer’s instructions. Samples were incubated in the
ABI PRISM 7000 sequence detector for an initial denaturation at 95 °C for 10
min, followed by 40 PCR cycles, each cycle consisting of 95 °C for 15 s, 60 °C for
1 min, and 72 °C for 1 min. The following primers were used: human PGC-1�:
5�TGCCCTGGATTGTTGACATGA (sense) and 5�TTTGTCAGGCTGGGGGTAGG
(antisense); human PGC 1�: 5�TTGAGGAGTGCGAGGTGCTG (sense) and
5�ATCTGGGCCAGCAGAAGTGC (antisense), human PPAR�: 5�AGGCGAGGGC-
GATCTTGACAG (sense) and 5�GATGCGGATGGCCACCTCTTT (antisense); hu-
man superoxide dismutase 1 (SOD1): 5�GGTGTGGCCGATGTGTCTATT (sense)
and 5�CTGCTTTTTCATCGACCACCA (antisense); human SOD2: 5�TGCTGCTT-
GTCCAAATCAGG (sense) and 5�CACACATCAATCCCCAGCAGT (antisense); hu-
man GPx1: 5�GCGGCGGCCCAGTCGGTGTA (sense) and 5�GAGCTTGGGGTCG-
GTCATAA (antisense); human catalase: 5�TCCGGGATCTTTTTAACGCCATTG
(sense) and 5�TCGAGCACGGTAGGGACAGTTCAC (antisense); human 18S
rRNA: 5�TGCCATGTCTAAGTACGCACG (sense); 5�TTGATAGGGCAGACGTTCGA
(antisense). SYBR Green I fluorescence emissions were monitored after each
cycle. Expression of PGC-1�, PGC-1�, PPAR�, SOD1, SOD2, GPx1, CAT, and 18S
rRNA were quantified by using the second derivative maximum method of the
TaqMan Software (Applied Biosystems) determining the crossing points of
individual samples by an algorithm which identifies the first turning point of
the fluorescence curve. Amplification of specific transcripts was confirmed by
melting curve profiles (cooling the sample to 68 °C and reheating slowly up to
95 °C with parallel measurements of fluorescence) at the end of each PCR. The
specificity of the PCR was further verified by subjecting the amplification
products to agarose gel electrophoresis.

Statistical Analysis. All data collection processes and subsequent statistical
analyses were performed with SPSS, Version 15.0. Variables were tested for
normal distribution using the Kolmogorov-Smirnov test. Nonnormally distrib-
uted variables were log transformed to approximate a normal distribution

before applying t test or general linear modeling statistics. P-values of less
than 0.05 were considered significantly different.

Group comparisons (Table 1) were made using a 2-sided unpaired Student’s
t tests. Within previously untrained (n � 20) or pretrained (n � 20) subgroups,
interindividual effects of antioxidant treatment between treatment groups at
baseline, as well as after intervention, were compared with two-sided un-
paired Student’s t tests. For comparing intra-individual effects of exercise
within treatment groups (pre- vs. postexercise), 2-sided paired Student’s t tests
were used (Table 1 and Figs. 1 and 2).

To determine putatively differential effects of initial training status (pre-
viously untrained vs. pretrained), multivariate analyses were performed using
a general linear model approach on the delta values (postvalues minus pre-
values) of all 39 individuals. The ANOVA statistics for effects of vitamin
supplements as dependent variable are given after adjustment for the covari-
ates ‘‘open’’ versus ‘‘blinded’’, and ‘‘initial training status’’ (previously un-
trained vs. pretrained). A significant P value would indicate that vitamin
supplementation has an effect on outcome measurements irrespective of
initial training status. This specific test has been denominated ‘‘ANOVA’’
throughout the Results and Discussion sections.

We also performed an additional ANOVA including an interaction term
(training status by supplement) again using delta values (postvalues minus
prevalues) and adjusting for the above covariates. A significant P value would
indicate that the effect of vitamin supplementation is dependent on initial
training status. This test has been denominated ‘‘interaction of vitamins
by pretraining-status by ANOVA’’ throughout the Results and Discussion
sections.
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