
Reactive oxygen species enhance insulin sensitivity

Kim Loh1, Haiyang Deng1, Atsushi Fukushima1, Xiaochu Cai1, Benoit Boivin2, Sandra
Galic1, Clinton Bruce3, Benjamin J. Shields1, Beata Skiba3, Lisa M. Ooms1, Nigel Stepto4,
Ben Wu1, Christina A. Mitchell1, Nicholas K. Tonks2, Matthew J. Watt4, Mark A. Febbraio3,
Peter J. Crack5, Sofianos Andrikopoulos6, and Tony Tiganis1,7
1 Department of Biochemistry and Molecular Biology, Monash University, Victoria 3800, Australia
2 Cold Spring Harbor Laboratory, Cold Spring Harbor, NY 11724, USA
3 Baker IDI Heart and Diabetes Institute, Victoria 8008, Australia
4 Department of Physiology, Monash University, Victoria 3800, Australia
5 Department of Pharmacology, The University of Melbourne, Victoria 3010, Australia
6 Department of Medicine Heidelberg Repatriation Hospital, The University of Melbourne, Victoria
3081, Australia

SUMMARY
Chronic reactive oxygen species (ROS) production by mitochondria may contribute to the
development of insulin resistance, a primary feature of type 2 diabetes. In recent years it has become
apparent that ROS generation in response to physiological stimuli such as insulin may also facilitate
signaling by reversibly oxidizing and inhibiting protein tyrosine phosphatases (PTPs). Here we report
that mice lacking one of the key enzymes involved in the elimination of physiological ROS,
glutathione peroxidase 1 (Gpx1), were protected from high fat diet-induced insulin resistance. The
increased insulin sensitivity in Gpx1−/− mice was attributed to insulin-induced
phosphatidylinositol-3-kinase/Akt signaling and glucose uptake in muscle and could be reversed by
the anti-oxidant N-acetylcysteine. Increased insulin signaling correlated with enhanced oxidation of
the PTP family member PTEN, which terminates signals generated by phosphatidylinositol-3-kinase.
These studies provide causal evidence for the enhancement of insulin signaling by ROS in vivo.

Oxidative stress, or the chronic generation of ROS, is thought to contribute to the progression
of various human diseases including type 2 diabetes. Oxidative stress in such diseased states
is primarily a bi-product of normal oxidative phosphorylation chemistry in mitochondria.
Superoxide (O2•−), a natural bi-product of the single electron transport chain is generated at
complex I and at complex III (Kim et al., 2008; Veal et al., 2007). O2•− is converted to the
ROS H2O2 by superoxide dismutase and then to oxygen and water by anti-oxidant enzymes
such catalase, thioredoxin and glutathione peroxidases (Gpxs). In type 2 diabetes and
conditions of morbid obesity, the increased supply of energy substrates and the inflammatory
environment is thought to result in excessive mitochondrial ROS generation to activate protein
kinase signaling pathways that suppress the insulin signal downstream of the insulin receptor
(IR) at the level of IR substrate-1 (IRS-1) and phosphatidylinositol-3-kinase (PI3K) to promote
‘insulin resistance’ (Kim et al., 2008; Newsholme et al., 2007; Veal et al., 2007).
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Although the excessive production of ROS is associated with the pathology of many human
diseases, in recent years it has become apparent that low levels of H2O2 may in fact be required
for normal cellular functioning and intracellular signaling. Such physiological ROS is
generated primarily at the plasma membrane and endomembranes by NADP(H) oxidases (Veal
et al., 2007). A wide variety of stimuli including growth factors and hormones can promote
the transient generation of H2O2 and this has been shown to be essential for optimal tyrosine
phosphorylation-dependent signaling in vitro (Rhee, 2006; Tonks, 2006). Principal targets of
ROS for promoting tyrosine phosphorylation-dependent signaling are the protein tyrosine
phosphatases (PTPs) (Rhee, 2006; Tonks, 2006). The PTP superfamily includes phosphatases
such as the prototypic PTP1B that dephosphorylate tyrosyl phosphorylated substrates and
enzymes such as PTEN, which dephosphorylates phosphatidylinositol-3,4,5-triphosphate
(PIP3) to terminate PI3K signaling. The architecture of the active site and the low thiol pKa
of the invariant catalytic Cys renders PTPs highly susceptible to reversible oxidation by
H2O2 (Tonks, 2006). The oxidation of the active site Cys abrogates its nucleophilic properties,
thus rendering PTPs inactive. PTPs such as PTP1B and PTEN that regulate insulin sensitivity
and glucose homeostasis in vivo (Elchebly et al., 1999; Wijesekara et al., 2005), are transiently
oxidized by H2O2 in response to insulin in cell culture systems in vitro to promote IR activation
and PI3K signaling respectively (Kwon et al., 2004; Lee et al., 2002; Mahadev et al., 2004;
Meng et al., 2004; Seo et al., 2005). Whether ROS can contribute to the maintenance of insulin
sensitivity in vivo via the inhibition of PTPs is unknown.

Gpx1 is a ubiquitous cytosolic and mitochondrial antioxidant enzyme that converts intracellular
H2O2 to water using reduced glutathione as an electron donor (de Haan et al., 1998). In this
study, we have taken advantage of mice that lack Gpx1 to examine the role of ROS in PTP
regulation and insulin sensitivity and to establish the potential for ROS to act in a physiological
context to suppress, rather than promote insulin resistance.

RESULTS
Enhanced ROS, PTEN oxidation and PI3K/Akt signaling in Gpx1−/− cells

We used mouse embryo fibroblasts (MEFs) isolated from Gpx1−/− versus +/+ mice (Fig. 1)
and determined whether insulin-induced ROS levels and consequent signaling were altered.
We found that insulin (10–100 nM)-induced H2O2 was elevated in Gpx1−/− MEFs but
suppressed by the H2O2 scavenger and Gpx1 mimetic ebselen (Fig. 1a; data not shown).
Although Gpx1 also has the capacity to detoxify lipid hydroperoxides (Ho et al., 1997), we
saw no overt differences in lipid peroxidation in Gpx1−/− versus +/+ MEFs (data not shown).
Insulin promotes IR β-subunit (IRβ) Y1162/Y1163 autophosphorylation and activation
allowing for the phosphorylation of IRS-1 to recruit and activate the PI3K/Akt and Ras/
mitogen-activated protein kinase (MAPK) pathways, which mediate the metabolic and
mitogenic actions of insulin respectively. We found that the increased H2O2 levels in Gpx1−/
− MEFs in response to insulin coincided with elevated PI3K/Akt signaling as measured by Akt
Ser-473 phosphorylation (Fig. 1b) and this was suppressed by pre-treating cells with ebselen
(Fig. 1c), the NADP(H) oxidase inhibitor diphenylene iodonium chloride (DPI) (Fig. 1c) or
the anti-oxidant N-acetylcysteine (NAC; data not shown). Consistent with ROS serving in the
fundamental control of insulin signaling, ebselen also suppressed insulin-induced ROS
generation (Fig. 1a) and Akt Ser-473 phosphorylation in wild type MEFS (data not shown).
We did not see any difference in the activation of the MAPK ERK1/2 in Gpx1−/− versus +/+
MEFs (Fig. 1b), indicating that signaling in general was not elevated. In addition, we did not
see any global change in insulin-induced tyrosine phosphorylation in Gpx1−/− versus +/+
MEFs (data not shown) or differences in phosphorylation of IRβon Y1162/Y1163 (Fig. 1d).
Consistent with this we did not see any significant difference in insulin-induced IRS-1 Y612
phosphorylation (Fig. 1e) or in the binding of the p85 subunit of PI3K to IRS-1 (data not
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shown). Thus, the enhanced insulin-induced PI3K/Akt signaling cannot be ascribed to the
insulin-induced oxidation of phosphotyrosine-specific PTPs such as PTP1B and TCPTP that
dephosphorylate IRβ on Y1162/Y1163 (Galic et al., 2005) to terminate the insulin signal.
Instead, these results point towards the elevated ROS acting downstream of IRβ and IRS-1 to
selectively regulate PI3K/Akt signaling.

Previous studies have established that the PTP family member PTEN, which dephosphorylates
the PI3K lipid product PIP3 to suppress downstream signaling and Akt activation can be
oxidized and inhibited by H2O2 in response to insulin and platelet derived growth factor to
promote PI3K/Akt signaling. The insulin-induced oxidation of PTEN results in enhanced
PTEN electrophoretic mobility when resolved by SDS-PAGE (Kwon et al., 2004; Lee et al.,
2002; Seo et al., 2005). Accordingly, we assessed the electrophoretic mobility of endogenous
PTEN in Gpx1−/− versus +/+ MEFs in response to insulin or after the addition of exogenous
H2O2 as a measure of PTEN oxidation. Exogenous H2O2 resulted in significant PTEN
oxidation and concomitant Akt activation (Fig. 1f). In Gpx1+/+ MEFs, insulin induced the
oxidation of PTEN to levels seen after the addition of 20–50 μM exogenous H2O2, an
extracellular concentration of H2O2 thought to result in intracellular levels comparable to those
achieved by physiological stimuli (Schroder and Eaton, 2008). Importantly, Gpx1-deficiency
resulted in elevated and prolonged PTEN oxidation as monitored by the enhanced
electrophoretic mobility in response to insulin (Fig. 1g). Furthermore, the enhanced PTEN
oxidation in Gpx1−/− cells could be suppressed to basal levels by pre-treating cells with the
NADP(H) oxidase inhibitor DPI (Fig. 1h), thus casually linking enhanced PTEN elecrophoretic
mobility to the insulin-induced generation of ROS. Finally, we assessed PTEN oxidation
directly using a modified cysteinyl-labelling technique that monitors the reversible oxidation
of the active site Cys in PTPs (Boivin et al., 2008). Gpx1-deficiency resulted in the enhanced
basal and insulin-induced oxidation of PTPs in general and consistent with our electrophoretic
mobility experiments, in the enhanced oxidation of PTEN (Fig. 1i). Taken together, these
results are consistent with Gpx1-deficiency resulting in elevated ROS levels to transiently
oxidise and inhibit PTEN and thus promote PI3K/Akt signaling.

Enhanced insulin sensitivity in Gpx1−/− mice
Having established that Gpx1 deficiency can enhance insulin-induced PI3K/Akt signaling in
vitro by inhibiting PTEN, we next examined the impact of Gpx1 deficiency on insulin
sensitivity and glucose homeostasis in vivo (Fig. 2). Gpx1−/− mice are healthy and fertile and
in the absence of oxidative challenge, such as that occurring under conditions of cerebral
ischemia/reperfusion, do not show any overt histopathologies (Crack et al., 2001;de Haan et
al., 1998;Ho et al., 1997). Male 8–10 week old Gpx1−/− versus +/+ mice were fed a standard
chow diet for 12 weeks and insulin and glucose tolerances as well as fasted blood glucose and
insulin levels determined. Although no overt differences were seen in insulin tolerance tests
(ITTs) and glucose tolerance tests (GTTs), chow fed Gpx1−/− mice had modest, albeit
significantly reduced fasted blood glucose levels and a tendency towards reduced insulin levels
(Supplementary Fig. 1a, online), consistent with insulin sensitivity being enhanced. To
examine this further we asked whether Gpx1 deficiency might enhance insulin sensitivity and
afford protection from high fat diet-induced insulin resistance. Male and female 8–10 week
old Gpx1−/− versus +/+ mice were fed a high fat diet (HFD) for a period of 12 weeks. Fasting
plasma insulin levels increased (Fig. 2a) and the clearance of glucose in response to insulin
was diminished in high fat fed +/+ mice consistent with the development of insulin resistance
(data not shown). Insulin sensitivity, as measured in ITTs, was significantly enhanced in Gpx1
−/− mice independent of gender after high fat feeding (Fig. 2a–b). Glucose tolerance was
improved in female mice (Supplementary Fig. 2a, online) and insulin levels during the GTTs
were reduced in male mice (Supplementary Fig. 2b, online; data not shown) consistent with
improved glucose handling. The improved insulin and glucose tolerances coincided with
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significant reductions in fasted blood glucose and reduced fasted plasma insulin (Fig. 2a–b).
Importantly, fasted plasma insulin in Gpx1-deficient mice was maintained at levels seen prior
to high fat feeding (data not shown) or after 12 weeks of standard chow feeding (Fig. 2a). No
significant difference was seen in plasma insulin levels from fed Gpx1−/− versus +/+ mice
(Supplementary Fig. 2c, online) and no difference was evident in the initial increase in plasma
insulin after bolus glucose administration (Supplementary Fig. 2b, online) indicating that
pancreatic β cell insulin secretion was not altered as a result of Gpx1-deficiency. Instead, these
results suggest that insulin sensitivity may be enhanced in Gpx1-deficient mice and that the
mice are protected from high fat diet-induced insulin resistance. To explore this further, insulin
sensitivity and glucose turnover were measured in high fat fed weight-matched Gpx1−/− versus
+/+ male mice (Fig. 2c) by performing hyperinsulinaemic euglycaemic clamps (Fig. 2d–g).
Insulin sensitivity, as measured by the glucose infusion rate during hyperinsulinemic-
euglycemic clamps was increased by approximately three fold in Gpx1-deficient mice (Fig.
2d; Supplementary Fig. 3, online). In addition, insulin-stimulated glucose disappearance,
which primarily reflects skeletal muscle glucose disposal, was increased in Gpx1−/− mice (Fig.
2d), whereas hepatic glucose production was not altered (Fig. 2e). Consistent with this, we
found no overt difference between Gpx1−/− and +/+ mice in hepatic gluconeogenic gene
expression as assessed by quantitative real-time PCR (Fig. 2f), whereas the uptake of 2-deoxy-
[1-14C]glucose was elevated by approximately 3–4 fold in Gpx1−/− white gastrocnemius and
diaphragm skeletal muscles (Fig. 2g). Taken together, these results indicate that insulin
sensitivity is elevated as a result of Gpx1-deficiency and that this may be attributed to the
enhancement of insulin-induced glucose uptake in muscle.

PI3K/Akt signaling is enhanced in Gpx1−/− muscle
Our studies indicate that the enhanced insulin sensitivity in high fat fed Gpx1-deficient mice
may be ascribed primarily to the increased responsiveness of muscle. To test this further, we
assessed the activation of the IR and downstream signaling pathways in muscle, liver and fat.
Gpx1−/− versus +/+ mice fed a HFD for 12 weeks were starved for 4 h and administered saline
or insulin and tissues extracted for immunoblot analysis. We found that insulin-induced IRβ
Y1162/Y1163 and IRS-1 Y612 phosphorylation were not altered in either muscle (Fig. 3a),
liver, or fat from Gpx1−/− versus +/+ mice (data not shown). In contrast, an insulin-induced
increase in PI3K/Akt signaling, as monitored by Akt Ser-473 phosphorylation (Fig. 3b;
Supplementary Fig. 4a, online), was evident in muscle from Gpx1−/− but not +/+ mice,
consistent with Gpx1 deficiency preventing the development of insulin resistance associated
with high fat feeding. No difference was seen in the activation of the MAPKs ERK1/2, JNK
and p38 in muscle (Supplementary Fig. 4b, online), consistent with the selective activation of
the PI3K/Akt pathway. In line with the elevated PI3K/Akt signaling in Gpx1−/− muscle, we
found that the phosphorylation of the Akt substrate of 160 kDa (AS160), a Rab GTPase that
regulates GLUT4 docking at the plasma membrane for glucose uptake (Larance et al.,
2005;Sano et al., 2003) was increased (Fig. 3c), whereas glycogen synthase Ser-640/641
phosphorylation was reduced (a consequence of Akt phosphorylating and inhibiting glycogen
synthase kinase 3) (Fig. 3d). No significant difference in insulin-induced PI3K/Akt signaling
was evident in liver or fat from Gpx1-deficient mice (Supplementary Fig. 4a, online).
Consistent with this, we noted no significant difference in insulin signaling in hepatocytes
isolated from Gpx1−/− versus +/+ mice (Supplementary Fig. 5a, online) or in −/− versus +/+
MEFs that had been differentiated into adipocytes in vitro (Supplementary Fig. 5b, online). In
contrast, H2O2 levels as measured by DCF fluorescence ± ebselen and PI3K/Akt signaling in
response to insulin (0.1–10 nM) were enhanced in Gpx1−/− versus +/+ myoblasts differentiated
into multinucleated myotubes (Fig. 4a–b; data not shown); no overt difference was evident in
the differentiation status of myotubes (data not shown). Consistent with the elevated PI3K/Akt
signaling in Gpx1−/− myotubes, knockdown of Gpx1 (~50%) by RNA interference in C2C12
muscle cells also resulted in increased insulin-induced Akt Ser-473 phosphorylation and this
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was suppressed by ebselen (Fig. 4c). In addition, consistent with our findings in muscle in
vivo, insulin (1–100 nM) induced 2-deoxy-[1-14C]glucose uptake was significantly elevated
in Gpx1−/− myotubes (Fig. 4d; data not shown). Furthermore, as in MEFs, IRS-1 Y612
phosphorylation (Fig. 4b) and insulin-induced IRS-1 p85 PI3K recruitment (Fig. 4e) and PI3K
activation (Fig. 4f) were not altered, but PTEN electrophoretic mobility was enhanced in Gpx1
−/− myotubes (Fig. 4g). Taken together, these results indicate that the enhanced insulin
sensitivity in Gpx1−/− mice may be caused by increased ROS for the inactivation of PTEN
and the enhancement of insulin-induced PI3K/Akt signaling and glucose uptake in muscle.

ROS promote insulin sensitivity in Gpx1−/− mice
Next, we asked whether the increased insulin-induced PI3K/Akt signaling in muscle and the
enhanced insulin sensitivity in Gpx1−/− mice could be ascribed to increased ROS. We used
Amplex Red to measure H2O2 levels in liver, muscle and fat extracts. We also measured
H2O2 levels in blood plasma as an indicator of generalised oxidative stress. We found that
H2O2 levels were elevated by approximately 3–4 fold in muscle, but not in liver or plasma
(Fig. 5a); H2O2 could not be detected in fat using this approach (data not shown). We found
no difference in SOD1 or catalase expression in muscle, liver or fat (Supplementary Fig. 6a,
online) and no overt difference in muscle or liver catalase activity (Supplementary Fig. 6b,
online). Consistent with the elevated H2O2, we found that the GSH/GSSG ratio (a reduced
GSH/GSSG being an indicator of elevated ROS) was significantly reduced in Gpx1−/− muscle
extracts (Fig. 5b), but lipid hydroperoxide levels remained unaltered in Gpx1−/− muscle, liver
and fat (data not shown). Taken together, these results indicate that H2O2 levels may be elevated
selectively in muscle as a result of Gpx1-deficiency.

Next we determined whether the elevated ROS was responsible for the enhanced PI3K/Akt
signaling and insulin sensitivity. High fat fed male versus female Gpx1−/− versus +/+ mice
were administered the anti-oxidant NAC (a H2O2 scavenger and stimulator of GSH production)
for 7 days and either PI3K/Akt signaling assessed in muscle extracts after bolus insulin
administration (Fig. 5d), or insulin sensitivity assessed in ITTs (Fig. 5e; Supplementary Fig.
7; online). NAC lowered muscle H2O2 and PI3K/Akt signaling in −/− mice to levels seen in
+/+ mice (Fig. 5c–d). In addition, NAC administration increased fasted blood glucose in −/−
mice and rendered −/− mice more insulin resistant so that they resembled +/+ mice, without
having any overt effect on body weight (Fig. 5e; Supplementary Fig. 7; online); NAC did not
alter insulin sensitivity in +/+ mice (Fig. 5e). These results provide causal evidence for the
involvement of ROS in the enhancement of insulin signaling/sensitivity in high fat fed Gpx1
−/− mice in vivo.

Increased energy expenditure and obesity resistance in Gpx1−/− mice
In addition to increased insulin sensitivity, we found that Gpx1−/− mice were protected from
high fat diet-induced obesity (Fig. 6). Gpx1-deficiency reduced epididymal and/or infrarenal
fat accumulation in male and female high fat fed mice and this was associated with a decrease
in body weight, but unaltered food intake (Fig. 6a–b). Epididymal adipocytes in Gpx1−/− mice
were smaller in diameter (Fig. 6c) but their differentiation status as assessed by the expression
of PPARγ, AP2 and C/EBP was similar to that of +/+ adipocytes (Supplementary Fig. 8a,
online). In addition circulating adipokine levels were not affected (Supplementary Fig. 8b,
online), the differentiation of MEFs into adipocytes in vitro remained unaltered (Fig. 6d) and
insulin-induced lipogenesis in isolated fat pads ex vivo (Supplementary Fig. 8c, online) was
not defective. Thus, these results are consistent with the decreased adiposity in Gpx1−/− mice
being attributable to extrinsic factors. One possibility is that the decreased adiposity may be
due to the enhanced insulin sensitivity and concomitant decreased plasma insulin, which
otherwise promotes lipogenesis. In line with this Gpx1−/− remained more insulin sensitive
than their wild type counterparts when the genotypes were weight-matched (Fig. 2;
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Supplementary Fig. 9, online). Thus, these results are consistent with the increased insulin
sensitivity in Gpx1−/− mice being independent of body weight and for the increased muscle
insulin responsiveness being a possible driving factor for the lean phenotype.

Since food intake was identical but adiposity decreased in Gpx1−/− mice, we questioned how
Gpx1−/− mice dealt with the apparent negative energy balance. First, we determined whether
lipids were accumulated in liver and/or muscle and second assessed whether energy
expenditure was altered in Gpx1-deficient mice. Plasma FFA and triglycerides and liver and
muscle ceramides, diglycerides and triglycerides were not elevated in Gpx1−/− mice
(Supplementary Fig. 10a–b, online; data not shown). Instead, high fat fed Gpx1−/− mice
displayed increased energy expenditure (Fig. 6e) and whole body carbohydrate utilization (Fig.
6f). The enhanced energy expenditure could not be accounted for by changes in ambulatory
movement (Fig. 6e) or any difference in brown adipose tissue mass (Fig. 6a–b) or the
corresponding levels of UCP-1 (Supplementary Fig. 11a, online) that serves to uncouple the
electron transport chain and dissipate energy as heat. Furthermore, the increase in energy
expenditure was not associated with any change in muscle development (Supplementary Fig.
11b–c, online), muscle mass (data not shown), or muscle mitochondrial content and/or
efficiency as assessed by measuring the activity of citrate synthase (citric acid cycle enzyme),
UCP-3 levels (mitochondrial inner membrane protein), or directly by transmission electron
microscopy (Supplementary Fig. 11d–f, online). No significant difference was observed in fat
oxidation rates or in fatty acid oxidation ex vivo in liver, muscle or fat explants from fasted
Gpx1−/− versus +/+ male or female mice (Supplementary Fig. 10c, online; data not shown).

Insulin-induced PI3K/Akt signaling decreases the expression of muscle pyruvate
dehydrogenase kinase 4 (PDK4) that antagonizes pyruvate dehydrogenase, the rate limiting
enzyme in glucose oxidation (Kim et al., 2006; Lee et al., 2004). Accordingly, we reasoned
that the insulin-induced suppression of PDK4 may be enhanced and thus contribute to the
increased carbohydrate utilization and energy expenditure in Gpx1−/− mice. Consistent with
this, we found that pdk4 mRNA (Fig. 6g) and protein (data not shown) levels were suppressed
in diaphragm muscle from fasted Gpx1−/− but not +/+ mice after a single bolus administration
of insulin (0.75 mU/g, 2 h). Although PDK4 expression in Gpx1−/− gastrocnemius muscle
was not significantly altered under these conditions, a trend for reduced pdk4 in response to
insulin was evident (Fig. 6g). Taken together, these results indicate that Gpx1 deficiency
affords resistance to diet-induced obesity and this is linked to increased energy expenditure
which may result from the enhanced insulin-induced and PI3K/Akt-mediated suppression of
PDK4 in muscle to promote carbohydrate utilization.

Sustained exercise-induced insulin sensitivity in Gpx1−/− mice
Our results indicate that a deficiency in Gpx1 mitigates the development of diet-induced insulin
resistance by maintaining insulin sensitivity in muscle. Our studies using weight-matched mice
and the anti-oxidant NAC indicate that the increased insulin sensitivity is separable from the
concomitant obesity resistance. Nevertheless, we sought to establish an independent model by
which to examine the impact of Gpx1 deficiency and elevated ROS on insulin sensitivity.
Contracting muscle is a major source of physiological ROS in vivo. Although generated at
mitochondria, exercise-induced ROS is transient and has been linked to the promotion of
glucose uptake (Sandstrom et al., 2006). Furthermore, exercise can promote insulin sensitivity
and this may occur downstream of the IR and IRS-1 at the level of the PI3K/Akt pathway
(Wojtaszewski et al., 1999; Wojtaszewski et al., 2003; Zhou and Dohm, 1997). Therefore, we
asked whether insulin sensitivity was enhanced in Gpx1−/− versus +/+ mice after a single bout
of exercise. For these experiments we used chow fed mice where differences in body weight
were not evident (Fig. 7). Chow fed Gpx1−/− and +/+ mice were starved for 12 h, exercised
(30 min running at 16 m/min at a 5° incline) and then ITTs performed immediately after and
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compared to those undertaken prior to exercise (Fig. 7a–b). Exercise increased insulin
sensitivity, but there was no difference noted between the Gpx1−/− and +/+ mice (Fig. 7a–b).
Since Gpx1 serves to eliminate low levels of ROS we reasoned that the impact of heightened
ROS levels on insulin sensitivity in Gpx1−/− mice may be seen best after a period of rest, when
ROS may be expected to decline in wild type mice. To test this hypothesis, exercised mice
were rested for 1 h and ITTs performed. We found that insulin sensitivity in Gpx1−/− mice
was significantly enhanced (Fig. 7c) and this coincided with elevated PI3K/Akt signaling as
assessed by Akt Ser-473 phosphorylation (Fig. 7d). Next we asked whether the enhanced
insulin sensitivity after rest could be attributed to sustained ROS. Gpx1−/− versus +/+ mice
were administered the anti-oxidant NAC for 7 days and then exercised, rested and ITTs
performed once more. We found that the enhanced insulin sensitivity in Gpx1−/− mice was
reverted to that of +/+ mice but that insulin sensitivity in +/+ mice remained unaltered (Fig.
7e–f). These results are consistent with Gpx1-deficiency and sustained ROS levels prolonging/
enhancing the beneficial effect of exercise on insulin responses.

DISCUSSION
Our studies demonstrate that increasing ROS, as a result of Gpx1-deficiency, can enhance
insulin signaling in vitro and in vivo to attenuate the development of insulin resistance. Our
results indicate that the enhanced ROS-dependent insulin signaling in Gxp1−/− MEFs and
myotubes may be attributable to the oxidation and inhibition of the PTP superfamily member
PTEN. Previous studies have shown that the catalytic active site Cys-124 in PTEN is readily
oxidized by H2O2 to form a disulphide with Cys-71. Furthermore, PTEN oxidation can occur
in cells in response to growth factors and insulin to promote Akt signaling (Kwon et al.,
2004; Lee et al., 2002; Seo et al., 2005). Our studies suggest that PTEN is the primary, if not
the sole ROS target that contributes to the enhanced insulin signaling in Gpx1−/− cells, since
1) PI3K/Akt signaling was increased downstream of PI3K, 2) PTEN was oxidised in response
to insulin, and 3) PTEN is the only Cys-based lipid phosphatase that dephosphorylates the PIP3
product of PI3K to suppress insulin stimulated glucose uptake (Lazar and Saltiel, 2006;
Wijesekara et al., 2005). The only other PIP3 phosphatases are the inositol polyphosphate 5-
phosphatases that include SHIP1 and SHIP-2, but these do not belong to the PTP superfamily
and do not contain a catalytic cysteine subject to oxidation (Hughes et al., 2000; Ooms et al.,
2009). Although insulin-stimulated PTEN oxidation was modest, this is in keeping with 1)
PTP regulation by ROS being discreet and compartmentalised (Chen et al., 2008; Ushio-Fukai,
2006), and 2) PTEN’s role in diverse signalling pathways instigated by growth factors,
hormones, cytokines and cell-cell/cell-matrix interactions. Furthermore, even though several
tyrosine-specific PTPs have been implicated in the negative regulation of the IR and IRS-1
(Cho et al., 2006; Dubois et al., 2006; Elchebly et al., 1999; Galic et al., 2005), our results
suggest that the oxidation of tyrosine-specific PTPs does not contribute to the enhanced insulin
signaling in Gxp1−/− MEFs or mytotubes, since we saw no overt change in IR β-subunit
Y1162/Y1163 and downstream IRS-1 phosphorylation and no difference in Ras/MAPK
signaling, which occurs in parallel to the PI3K/Akt pathway. As in cells in vitro we found that
the protection from diet-induced insulin resistance in vivo was associated with enhanced insulin
sensitivity that was attributable to elevated ROS/PI3K/Akt signaling and consequent AS160
phosphorylation and glucose uptake in muscle, but unaltered IR and IRS-1 tyrosine
phosphorylation and unaltered Ras/MAPK signaling. Although formally ascribing the
enhanced insulin signaling to PTEN oxidation in vivo remains a challenge, our studies are in
line with this possibility. Interestingly, we saw no difference in ITTs in chow fed Gpx1−/−
mice. This is consistent with the phenotype of muscle-specific PTEN knockout mice, where
increases in insulin sensitivity are only evident after aging or high fat feeding (Wijesekara et
al., 2005). The apparent redundancy of PTEN in insulin responsiveness in the chow fed state
would negate any impact of insulin-instigated PTEN oxidation and inhibition associated with
Gpx1-deficiency.
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Despite Gpx1 also being expressed in other tissues, widespread elevated H2O2 or oxidative
stress was not apparent in Gpx1−/− mice and no difference was noted in PI3K/Akt signaling
and consequent gluconeogenesis and lipogenesis in liver and fat respectively, pointing towards
a functional redundancy. Although it is possible is that compensatory changes may have
occurred in other anti-oxidant pathways, we saw no difference in SOD1 or catalase expression
in liver or fat. Moreover, others have reported that other anti-oxidant enzymes are also not
altered in Gpx1-deficient mice (de Haan et al., 2006; Ho et al., 1997). Interestingly, we found
that hepatic catalase activity in wild type or knockout mice was several fold higher than that
seen in muscle extracts. Therefore, one possibility is that the relative abundance/activities of
other anti-oxidant enzymes in tissues such as the liver may readily counter any increase in
H2O2 that would otherwise be associated with Gpx1 deficiency.

Previous studies have shown that Gpx1 overexpression in mice can result in insulin resistance
and obesity (McClung et al., 2004). Although these results would appear to be consistent with
our findings, subsequent studies from the same group have demonstrated that lean or obese
Gpx1 overexpressing mice hyperproduce insulin and that isolated Gpx1 overexpressing islets
hyper-secrete insulin in response to glucose (Wang et al., 2008). Since heightened insulin
exposure has been linked with diminished insulin sensitivity (Rui et al., 2001; Weyer et al.,
2000), it is likely that the peripheral insulin resistance and obesity reported for Gpx1 transgenic
mice may be ascribed to the ROS induced overproduction of insulin in pancreatic β-cells. In
our studies, Gpx1 deficiency did not overtly alter insulin production. In particular, we found
that the initial increase in plasma insulin after bolus glucose administration was similar between
the genotypes. Although insulin levels were lower in high fat fed mice after fasting, this can
only be indicative of enhanced insulin sensitivity as reflected by the coincident reduction in
blood glucose. We provided several lines of evidence to corroborate the enhanced insulin
sensitivity. Although the hyperinsulinemic-euglycemic clamps were undertaken under
anaesthesia, substantiating evidence was attained in ITTs and GTTs and in the assessment of
insulin-induced signaling in vivo and in vitro. As such, our studies provide compelling evidence
for ROS acting in peripheral insulin responsive tissues to enhance, rather than diminish insulin
sensitivity in vivo.

In addition to enhanced insulin sensitivity we found that Gpx1−/− mice were protected from
high fat diet-induced obesity. The obesity resistance was associated with increased whole body
carbohydrate utilization, with no apparent decrease in fat oxidation. The increase in
carbohydrate utilization correlated with the enhanced suppression of PDK4 in muscle. Previous
studies have shown that insulin-induced PI3K/Akt signaling can suppress the expression of
PDK4 to promote pyruvate dehydrogenase activity (Kim et al., 2006; Lee et al., 2004). Since
Gpx1−/− mice were protected from high fat diet-induced insulin resistance and insulin-induced
PI3K/Akt signaling and downstream PDK4 suppression were enhanced in muscle, we suggest
that Gpx1−/− mice may remain lean, at least in part, due to the increased insulin-induced
glucose uptake and carbohydrate oxidation in muscle; this would consequently decrease
carbohydrate flux and lipogenesis in adipose tissue. Our studies indicate that the decreased
adiposity in Gpx1−/− mice is not responsible for the enhanced insulin sensitivity since 1) the
elevated insulin signaling was restricted to muscle, 2) the enhanced insulin sensitivity was
evident in weight-matched mice, 3) NAC treatment diminished insulin sensitivity in Gpx1−/
− mice to that of control mice without altering body weight, 4) the enhanced insulin
responsiveness and glucose uptake in muscle could be recapitulated in myotubes in vitro and
5) Gpx1-deficiency prolonged the beneficial effects of exercise on insulin sensitivity in chow
fed mice (where body weight did not differ) and this could be reversed by the anti-oxidant
NAC. Therefore, these results support the assertion that Gpx1 deficiency and elevated ROS
levels may promote insulin sensitivity independent of any change in body weight.
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Although oxidative stress is generally linked with the development of disease, epidemiological
studies in humans suggest that anti-oxidants may decrease life span (Bjelakovic et al., 2007),
whereas other studies indicate that anti-oxidants may negate the longer term beneficial effects
of exercise training in humans by preventing the expression of ROS defence genes (Ristow et
al., 2009). This is consistent with our findings and the notion that ROS can serve as second
messengers that are integral to fundamental cellular and biological responses (Rhee, 2006;
Veal et al., 2007). However, this does not negate the involvement of chronic ROS in the
progression of diseases such as diabetes. There are extensive markers associating ROS with
obesity/diabetes in humans and many in vitro studies demonstrating that ROS can contribute
to insulin resistance by activating protein kinase cascades that directly impinge on the
propagation of signaling past IRS-1 (Newsholme et al., 2007). Furthermore, direct evidence
for the involvement of hyperglycemia or obesity-induced ROS in promoting insulin resistance
has been provided using mouse and rat animal models (Anderson et al., 2009; Haber et al.,
2003; Houstis et al., 2006). In particular, the anti-oxidant MnTBAP improves insulin sensitivity
in ob/ob mice that are excessively obese, hyperglycemic and insulin resistant (Houstis et al.,
2006), whereas inhibiting muscle mitochondrial ROS generation in high fat fed rodents
prevents hyperglycemia and insulin resistance (Anderson et al., 2009). So why then does Gpx1-
deficiency and consequent elevated ROS enhance insulin sensitivity? We surmise that it is the
degree of ROS generation and the context that determines whether ROS enhance or suppress
insulin sensitivity. Whereas transient ROS produced by physiological stimuli such as insulin
may be beneficial, sustained mitochondrial ROS generation associated with hyperglycemia
and/or hyperlipidemia in obesity/diabetes may promote insulin resistance. Anderson et al.
(2009) have reported that a high fat diet can increase glucose-induced mitochondrial ROS
production in muscle. The high fat diet utilized in our studies promoted insulin resistance, but
not hyperglycemia or severe obesity. Thus, we surmise the pathological levels of mitochondrial
ROS associated with high fat feeding and increased energy substrate availability might not be
achieved. We propose that our studies might reflect the contribution of ROS to insulin
sensitivity early in the development of insulin resistance, prior to the onset of hyperglycemia/
hyperlipidemia and frank diabetes. In summary, our studies provide casual evidence for the
enhancement of insulin signaling by ROS in vivo and suggest that subtle increases in
physiological ROS production in muscle might be of therapeutic benefit for the treatment of
insulin resistance.

METHODS
Animal Maintenance and Experimental Protocols

We maintained mice on a 12 h light-dark cycle in a temperature-controlled facility with free
access to food and water. Gpx1−/− (de Haan et al., 1998) and +/+ mice (C57BL/6) were fed
standard chow (19% protein, 4.6% fat and 4.8% crude fibre) or high fat (19.5% protein, 36%
fat and 4.7% crude fibre; Specialty Feeds) diets as indicated. See SI Methods for details for
ITT, GTT and exercise experiments. Metabolic monitoring was performed in a Comprehensive
Lab Animal Monitoring System (Columbus Instruments) as described in SI Methods.
Hyperinsulinaemic-euglycaemic clamps were performed on anesthetized mice after overnight
fasting and glucose uptake determined at the end of the clamp after bolus 2-[1-14C]-
deoxyglucose administration as described in SI Methods.

Cell culture
MEFs were isolated and cultured as described previously (Shields et al., 2008). Hepatocytes
were isolated by a two step collagenase A (0.05% w/v) perfusion as described in SI Methods
and cultured in M199 medium containing 10 % (v/v) heat inactivated FBS plus antibiotics (100
U/ml penicillin, 100 μg/ml streptomycin) and 1 nM insulin. Where indicated, cells were starved
in medium alone for 6 h. Myoblasts were isolated from the muscle of 2–4 week old mice and
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cultured in Ham’s F10 medium containing 20% (v/v) heat inactivated FBS, antibiotics and 2.5
ng/ml human basic FGF as described in SI Methods. Cells were differentiated into
multinucleated myotubes in DME medium containing 5% (v/v) horse serum (Sigma-Aldrich)
plus antibiotics for 5 days. Where indicated, cells were starved in DME medium for 12 h.
[3H]2-deoxyglucose uptake in response to insulin (0–100 nM, 30 min) was determined as
described previously (Watt et al., 2006). C2C12 immortalised myoblasts (ATCC) were
cultured in DME medium containing 20% (v/v) FBS. For stable knockdown of Gpx1, control
or Gpx1 specific shRNA lentiviral particles (Sigma-Aldrich) were used to transduce C2C12
cells according to the manufacturer’s instructions and cells selected in 2 μg/ml puromycin.

ROS Determinations
Intracellular H2O2 was measured in serum starved MEFs or myotubes loaded with 10 μM CM-
H2DCF-DA and stimulated with 0.1–10 nM insulin as described in SI Methods. H2O2 levels
in tissue extracts or plasma were determined using the Amplex Red hydrogen peroxide assay
kit (Invitrogen) whereas GSH/GSSG ratios were determined using a BIOXYTECH GSH/
GSSG-412 assay kit (Oxis International Inc).

Reversible PTP oxidation
PTP oxidation was monitored using a modified cysteinyl-labelling technique (Boivin et al.,
2008). Oxidised α-bromobenzylphosphonate (BBP)-biotin-labelled PTPs were enriched on
streptavidin-sepharose and precipitates resolved and immunoblotted using with streptavidin-
horseradish peroxidase or PTEN-specific antibodies as described in SI Methods.

Biochemical analyses
Tissues were mechanically homogenized in 10–20 volumes of ice cold RIPA lysis buffer (50
mM Hepes pH 7.4, 1% (v/v) Triton X-100, 1% (v/v) sodium deoxycholate, 0.1% (v/v) SDS,
150 mM NaCl, 10% (v/v) glycerol, 1.5 mM MgCl_2, 1 mM EGTA, 50 mM NaF, leupeptin (5
μg/ml), pepstatin A (1 μg/ml), 1 mM benzamadine, 2 mM phenylmethysulfonyl fluoride, 1
mM sodium vanadate) and clarified by centrifugation (100, 000 × g, 20 min, 4°C). Cells were
lysed in RIPA buffer plus/minus 50 mM NEM and clarified by centrifugation (16,000 × g, 5
min, 4°C). For IRS-1 immunoprecipitations, cells were lysed in NP-40 lysis buffer (50 mM
Tris pH 7.4, 1% (v/v) NP-40, 200 mM NaCl, 50 mM NaF, leupeptin (5 μg/ml), pepstatin A (1
μg/ml), 1 mM benzamadine, 2 mM phenylmethysulfonyl fluoride, 1 mM sodium vanadate)
and processed as described previously (Tiganis et al., 1998). PI3K assays were performed as
described previously (Kong et al., 2000).

Real time PCR
Tissues were dissected and immediately frozen in liquid N2 and RNA extracted using Trizol
reagent (Invitrogen). mRNA was reversed transcribed using High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems) and quantitative real-time PCR using the TaqMan™

Universal PCR Master Mix and TaqMan™ Gene Expression Assays (Applied Biosystems).
Relative quantification was achieved using the ΔΔCt method.

Statistical Analysis
A two-tailed Student’s t test was used to test for differences between genotypes ortreatments.
*p < 0.05, **p < 0.01, ***p < 0.001.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Enhanced insulin-induced ROS generation in Gpx1−/− cells results in PTEN oxidation
and elevated PI3K/Akt signaling
(a) MEFs were serum starved for 4 h, pretreated with vehicle control or ebselen (10 μM, 40
min), left unstimulated or stimulated with insulin (10 min, 5 min), CM-H2DCF-DA (10 μM,
10 min) added and DCF fluorescence assessed; arbitrary units (AU) are shown. (b–e) MEFs
were serum starved, stimulated with insulin and processed for immunoblot analysis with
antibodies to the Y1162/Y1163 phosphorylated IR β-subunit (p-IRβ), Y612 phosphorylated
IRS-1 (p-IRS-1), Ser-473 phosphorylated Akt (p-Akt), or the phosphorylated MAPK ERK1/2
(p-ERK1/2) and then reprobed as indicated. Where indicated cells were pretreated with ebselen
(10 μM, 40 min) or DPI (100 μM, 30 min). In b and d p-Akt or p-IRβ were quantified and
normalised for Akt and IRβ respectively. (f) Gpx1 +/+ MEFs were serum starved and then
stimulated with H2O2 for 5 min, lysed in the presence of 50 mM N-ethylmaleimide (NEM) to
irreversibly alkylate free Cys and prevent the oxidation of Cys post lysis and processed for
immunoblot analysis. Indicated are the reduced and oxidized (inactive) forms of PTEN. (g–
h) Gpx1−/− and +/+ MEFs were serum starved, pre-incubated with vehicle control or DPI,
stimulated, lysed in the presence of NEM and processed for immunoblot analysis. Results
shown are representative of three independents experiments. (i) Gpx1−/− and +/+ MEFs were
serum starved and then stimulated with insulin. Cells were lysed and oxidised PTPs labelled
with the sulfhydryl reactive probe BPP-biotin and subjected to streptavidin-sepharose pull
downs and processed for immunoblot analysis. Results shown in a, b & d are means ± SE
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Figure 2. Insulin sensitivity is enhanced in Gpx1−/− mice
8–10 week old Gpx1−/− and +/+ (a) male and (b) female mice were fed a HFD or standard
chow diet for 12 weeks. Mice were fasted either for 6 h and blood glucose and plasma insulin
levels measured, or 4 h and ITTs performed (0.65 mU insulin/g body weight). Areas under ITT
curves were determined. (c–g) 8–10 week old Gpx1−/− and +/+ male mice were fed a HFD
for 12 weeks and hyperinsulinemic-euglycemic clamps performed on weight-matched mice.
(d) Glucose infusion and disappearance rates were determined and (e) whole body glucose
production determined by subtracting the glucose infusion rate from the glucose appearance
rate. (f) Livers were harvested at the end of the clamp and processed for quantitative (ΔΔCt)
real time PCR to measure the expression of the gluconeogenic genes G6pc (+/+ n=8, −/− n=7),
Pck1 (+/+ n=6, −/− n=5) and Fbp1 (+/+ n=9, −/− n=8). (g) The uptake of glucose into white
and red gastrocnemius (Gastroc) and diaphragm skeletal muscles, heart and white adipose
tissue (epididymal; WAT) was assessed by administrating 2-deoxy-[1-14C]glucose at the end
of the clamp. Results shown in a–g are means ± SE.
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Figure 3. Enhanced insulin-induced PI3K/Akt signaling in Gpx1−/− muscle
8–10 week old Gpx1−/− and +/+ male mice were fed a HFD for 12 weeks, fasted for 4 h,
injected with saline or insulin (0.5 mU/g, intraperitoneal) and gastrocnemius muscle extracted,
homogenised and insulin signaling in individual mice assessed by immunoblot analysis and
quantified by densitometry. Results shown are means ± SE.
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Figure 4. Enhanced insulin-induced ROS, PI3K/Akt signaling, PTEN oxidation and glucose uptake
in Gpx1-deficient muscle cells
(a) Gpx1−/− and +/+ myoblasts were differentiated into myotubes, serum starved, pretreated
with vehicle control or ebselen (10 μM, 40 min) and then either left unstimulated or stimulated
with 1 nM insulin for 5 min before the addition of CM-H2DCF-DA (10 μM, 10 min) and the
quantification of DCF fluorescence. (b) Serum starved Gpx1 −/− and +/+ myotubes were
stimulated with 1 nM insulin for the indicated times and processed for immunoblot analysis.
Results shown are representative of three independent experiments. p-Akt was quantified by
densitometric analysis and normalised for total Akt. (c) C2C12 cells transduced with control
or Gpx1 shRNA lentiviral particles were serum starved for 6 h, pre-treated with vehicle control
or ebselen and stimulated with 1 nM insulin for 10 min. Medium was then replenished and
cells collected at the indicated times for immunoblot analysis. (d) Gpx1−/− and +/+ myotubes
were serum starved in medium with no glucose for 4 h, stimulated with insulin for 30 min,
medium removed and incubated with 2-Deoxy-D-[2,6-3H]glucose (1 μCi/mL) and
incorporated radioactivity measured after 10 min. Results are means ± SD from sixtuplicate
stimulations and are representative of two independent experiments. (e) Serum starved Gpx1
−/− and +/+ myotubes were stimulated with 1 nM insulin for the indicated times, IRS-1
immunoprecipitated and the association of the p85 subunit of PI3K monitored by immunoblot
analysis. Results shown are representative of three independents experiments. (f) Serum
starved myotubes were stimulated with 50 nM insulin for 10 min, IRS-1 immunoprecipitated
and associated PI3K activity monitored and quantified as described in the methods; results are
means ± SD from triplicate immunoprecipitations and are representative of two independent
experiments. Insert: representative 32P-phosphatidylinositol 3-phosphate (PI3P) generation by
the immunoprecipitated PI3K. (g) Serum starved Gpx1−/− and +/+ myotubes were stimulated
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with 1 nM insulin for the indicated times, lysed in the presence of NEM and processed for
immunoblot analysis with antibodies to PTEN. Indicated are the reduced and oxidized
(inactive) forms of PTEN. Results shown are representative of three independents experiments.
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Figure 5. The enhanced PI3K/Akt signaling and insulin sensitivity in Gpx1−/− mice can be
attenuated by the anti-oxidant N-acetylcysteine
8–10 week old Gpx1−/− and +/+ male mice were fed a HFD for 12 weeks and either left
untreated or administered NAC for seven days (10 mg/L in drinking water). (a, c) H2O2 levels
in liver, gastrocnemius muscle or blood plasma from fasted and insulin stimulated mice were
determined using Amplex Red and normalised to the sample protein content or volume. (b)
GSH/GSSG ratios were determined in muscle extracts. (d) Mice were fasted, injected with
saline or insulin and gastrocnemius muscle extracted, homogenised and p-Akt signaling in
individual mice assessed by immunoblot analysis and quantified by densitometry. (e) Insulin
sensitivity in untreated −/− versus +/+ mice, or mice administered NAC was determined by
performing ITTs (0.65 mU/g). Areas under ITT curves were determined; for clarity ITT curves
for NAC treated +/+ mice are not shown. The corresponding fasted blood glucose levels and
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body weights determined before and after NAC treatment are also shown. Results in a–e are
means ± SE.
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Figure 6. Obesity resistance and increased energy expenditure in Gpx1−/− mice
8–10 week old (a & c) male and (b) female mice were fed a HFD, or where indicated a standard
chow diet, for 12 weeks. Mice were weighed and epididymal, infrarenal and brown adipose
(BAT) tissues extracted and weighed. In c epididymal fat tissues were processed for
immunohistochemistry (hematoxylin and eosin staining). The cross-sectional diameters of
adipocytes (100 cells per mouse) were determined using Image J software (NIH).
Represenative micrographs and the quantified results are shown. (d) Gpx1−/− and +/+ MEFs
were differentiated into adipocytes and stained with oil red-O to monitor lipid content.
Representative micrographs and quantified results are shown. (e) 8–10 week old Gpx1−/− (n
= 6) and +/+ (n = 6) male littermates were fed a HFD for 12 weeks and energy expenditure
during the light and dark cycles, ambulatory movement (x and y axes) and daily food intake
monitored over 48 h. (f) 8–10 week old Gpx1−/− (n = 6) and +/+ (n = 6) male littermates were
fed a HFD for 12 weeks and gas exchange data used to calculate the respiratory exchange ratio
(RER = VO2/VCO2). Carbohydrate versus fat oxidation rates were calculated and expressed
as Joules/min. (g) 8–10 week old Gpx1−/− and +/+ male littermates were fed a HFD for 12
weeks, starved for 4 h, injected with saline or insulin (2h, 0.75 mU/g, intraperitoneal) and
diaphragm or gastrocnemius muscle extracted and processed for real time PCR (ΔΔCt) to
measure pdk4 expression. Results are a-g means ± SE.
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Figure 7. Sustained exercise-induced and ROS-mediated insulin sensitivity in Gpx1−/− mice
Chow fed 10–12 week old mice were starved overnight (12 h) and (a) ITTs (0.25 mU/g)
performed, or otherwise (b–c) treadmill exercised (30 min running at 16 m/min at a 5° incline)
and ITTs performed (b) immediately after or (c) after 1 h of rest. (d) Gastrocnemius muscle
from exercised and 1 h rested mice injected with saline or insulin for 30 min was rapidly excised
and processed for immunoblot analysis; results were quantified by densitometric analysis. (e)
Mice from c were subsequently administered NAC for seven days (10 mg/L in drinking water),
exercised, rested for 1 h and ITTs repeated. (f) Areas under ITT curves from c and e were
determined. Results in a–f are means ± SE.
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