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Reactive oxygen species have a causal role in
multiple forms of insulin resistance

Nicholas Houstis"*?, Evan D. Rosen'* & Eric S. Lander'*>**

Insulin resistance is a cardinal feature of type 2 diabetes and is
characteristic of a wide range of other clinical and experimental
settings. Little is known about why insulin resistance occurs in
so many contexts. Do the various insults that trigger insulin
resistance act through a common mechanism? Or, as has been
suggested', do they use distinct cellular pathways? Here we report
a genomic analysis of two cellular models of insulin resistance, one
induced by treatment with the cytokine tumour-necrosis factor-a
and the other with the glucocorticoid dexamethasone. Gene
expression analysis suggests that reactive oxygen species (ROS)
levels are increased in both models, and we confirmed this through
measures of cellular redox state. ROS have previously been
proposed to be involved in insulin resistance, although evidence
for a causal role has been scant. We tested this hypothesis in cell
culture using six treatments designed to alter ROS levels, includ-
ing two small molecules and four transgenes; all ameliorated
insulin resistance to varying degrees. One of these treatments
was tested in obese, insulin-resistant mice and was shown to
improve insulin sensitivity and glucose homeostasis. Together,
our findings suggest that increased ROS levels are an important
trigger for insulin resistance in numerous settings.

Insulin resistance is a key feature of type 2 diabetes. It also occurs in
such clinical settings as pregnancy, sepsis, cancer cachexia, obesity,
starvation, acromegaly, burn trauma and metabolic syndrome, and
in response to many experimental treatments in vitro and in vivo.
We chose to study insulin resistance resulting from the treatment of
3T3-L1 adipocytes with either the inflammatory cytokine tumour-
necrosis factor-oc (mouse TNF) or the glucocorticoid dexametha-
sone. Both dexamethasone and TNF are well-validated experimental
models of insulin resistance, and both have physiological relevance
in vivo. Mice show impaired insulin sensitivity in response to TNF or
dexamethasone treatment, and are protected from obesity-related
insulin resistance by related physiological blockades (genetic ablation
of TNF or the TNF receptor’, or treatment with glucocorticoid
antagonists’, respectively). Glucocorticoid treatment is also a frequent
cause of insulin resistance in humans. Furthermore, elevated levels of
TNF-a or glucocorticoids (or both) have been shown to be asso-
ciated with insulin-resistant states such as obesity*?, cancer cachexia®,
sepsis’, burn trauma®, pregnancy”'®, metabolic syndrome'' and
starvation'’.

Despite these similarities between TNF and dexamethasone, their
cellular response pathways are quite distinct: TNF signals through
a cell-surface cytokine receptor, whereas dexamethasone
signals through a nuclear hormone receptor. Moreover, TNF has
pro-inflammatory properties, whereas dexamethasone is a proto-
typical anti-inflammatory agent. We reasoned that a powerful
approach to understanding the cellular basis of insulin resistance
would be to compare the effects of these two very different but
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Figure 1| Characterization of the insulin-resistant state. a, Rates of glucose
transport in TNF-treated cells. Basal glucose transport (grey) and insulin-
stimulated glucose transport (white) are shown. Cells were untreated,
treated with TNF alone, TNF plus pioglitazone (Pio), or TNF followed by
medium (TNF washout). Basal rate refers to the rate of glucose transport in
the absence of insulin. Insulin-stimulated rate was calculated as the rate of
transport in the presence of insulin minus the basal rate. All values are
normalized to the insulin-stimulated rate from untreated cells. Asterisk
indicates a significant difference (P < 0.05, #-test) compared to TNF
treatment alone. b, Rates of glucose transport in dexamethasone
(Dex)-treated cells. Data are analogous to a. ¢, Measurement of cellular
redox status, showing rates of dichlorofluorescein (DCF) oxidation.
Asterisk, P < 0.05 versus untreated; plus sign, P < 0.05 versus TNF or
dexamethasone alone (t-tests). Results in a—¢ are mean * s.e.m.

d, Measurement of chronic oxidative stress. Immunoblots show total
protein carbonylation. In the left panel, lanes 1-3 were loaded with an equal
amount of protein from cells that were untreated, treated with TNF alone or
treated with TNF plus pioglitazone. The right panel is analogous, with
dexamethasone replacing TNE.
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physiologically relevant treatments, as any pathways fundamental to
insulin resistance might be expected to show responses in both
settings.

Cultured 3T3-L1 adipocytes exposed to TNF or dexamethasone
become insulin resistant within several days, as assessed by the ability
of insulin to stimulate glucose uptake'>'*. To maximize the physio-
logical relevance of this model, we calibrated the treatment regimen
so that (1) insulin-dependent glucose uptake was decreased by
~50%, a degree similar to that seen in the clinical setting, (2) the
defect in insulin action was reversible by washing out the agent, and
(3) the defect could be rescued by pioglitazone (Fig. 1a, b), a member
of the thiazolidinedione (TZD) class of insulin-sensitizing drugs.

We analysed genome-wide gene expression in TNF-treated, dexa-
methasone-treated and untreated adipocytes. Messenger RNA was
prepared and hybridized to Affymetrix arrays containing probe sets
from 22,690 mouse genes, with experiments performed in triplicate.
Of the 350 upregulated genes showing the most robust expression
change in response to TNF and dexamethasone treatments, only 34
of these were common to both treatments (Supplementary Table 1).

We analysed these results in two ways. First, we inspected the
overlapping genes by eye, and noted that a substantial fraction (18%)
was clearly related to the biology of reactive oxygen species (ROS).
ROS are the radical forms of oxygen that arise as by-products of
mitochondrial respiration and enzymatic oxidases. ROS are capable
of acting as signalling molecules, but also cause damage to cellular
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proteins, lipids and nucleic acids. The ROS-related genes with
expression changes in response to both dexamethasone and TNF
are shown in Supplementary Table 1.

Second, we applied the objective approach of gene set enrichment
analysis (GSEA)"™'°. Given a collection of gene sets and the ranked
list of gene expression changes resulting from a physiological treat-
ment, GSEA tests whether the members of each set are randomly
distributed along the list or clustered near the extremes, with the
latter indicating that the gene set is regulated by the physiological
treatment. From a curated collection of 475 gene sets', GSEA
identified ROS-related genes as the highest-scoring set for both
dexamethasone treatment and TNF treatment (Supplementary
Table 1b). Moreover, this was the only high-scoring set in common
between the two treatments.

These gene expression results raise the possibility that ROS may be
a key feature in both models of insulin resistance. We thus sought to
test directly whether ROS levels are altered by TNF and dexametha-
sone treatment, by measuring oxidation of the redox-sensitive dye
dichlorofluorescein (DCF). The resulting signal was higher by 50%
or 65%, respectively, in insulin-resistant cells produced by TNF or
dexamethasone treatment (Fig. 1c). Moreover, we found that
increases in ROS levels precede the onset of detectable insulin
resistance, becoming evident midway through treatment. In
addition, we found that protein carbonyl levels, a marker of cumu-
lative oxidative stress, were elevated by 50% and 110%, respectively,
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Figure 2 | Effect of antioxidants on insulin resistance. a, Partial restoration
of TNF- or dexamethasone-induced insulin resistance by MnTBAP. Bars
show insulin-dependent glucose transport. Results are mean * s.e.m.
Asterisks indicate P < 0.05 versus TNF or dexamethasone (Dex) treatment
alone (t-test). b, Partial restoration of TNF- or dexamethasone-induced
insulin resistance by NAC. Data are analogous to a. c—e, Effect of 250 pM
MnTBAP on measures of insulin signal transduction in cells with
dexamethasone-induced (top) or TNF-induced (bottom) insulin resistance.
¢, Immunoblots show phospho-Akt (P-Akt) levels on acute stimulation of
cells with insulin (left) or in the absence of insulin (right). Total Akt protein
levels are shown in the panel immediately below the phosphorylated
counterpart. Signals were quantified by densitometry and normalized to
total protein levels. The level of insulin-stimulated phospho-Akt decreases
by 40% and 60%, respectively, in TNF- and dexamethasone-treated cells.

MnTBAP treatment recovers phospho-Akt levels to within 5% (TNF) and
30% (dexamethasone) of that found in untreated cells. d, Stimulation of
p70S6K phosphorylation (P-S6K) by insulin was assayed, with data arranged
and analysed as in c. The level of insulin-stimulated phospho-S6K decreases
by 35% and 65%, respectively, in TNF- and dexamethasone-treated cells.
MnTBAP treatment recovers phospho-S6K levels to within 25% (both TNF
and dexamethasone) of that found in untreated cells. €, Immunoblot
showing JNK phosphorylation (P-JNK) levels on treatment with
dexamethasone, dexamethasone and MnTBAP, TNF, or TNF and MnTBAP.
Total JNK levels are shown in the panel immediately below phospho-JNK.
The level of phospho-JNK increases by 25% and 80%, respectively, in
TNF- and dexamethasone-treated cells. MnTBAP treatment restores
phospho-JNK to untreated levels.
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in TNF- and dexamethasone-treated cells. When the TZD pioglita-
zone was co-administered with either TNF or dexamethasone, the
level of DCF oxidation and the extent of protein carbonylation were
both near that observed in untreated cells (Fig. 1c, d).

We next sought to test whether ROS have a causal role in insulin
resistance by assessing whether a variety of treatments chosen
specifically as suppressors of ROS levels could also act as insulin
sensitizers. We began by evaluating two small antioxidant molecules,
N-acetylcysteine (NAC) and manganese (111) tetrakis (4-benzoic
acid) porphyrin (MnTBAP). NAC stimulates the formation of the
endogenous reducing agent glutathione, which cells use to scavenge
H,0,. MnTBAP has catalytic activities similar to the ROS-scavenging
enzymes superoxide dismutase (SOD) and catalase; it protects
mammalian cells from damage by H,O, (ref. 17) and partially
complements loss-of-function SOD mutations in bacteria and
mice'®. NAC and MnTBAP were applied to adipocytes concomitantly
with TNF or dexamethasone. Both antioxidants showed dose-
dependent suppression of insulin resistance induced by either treat-
ment, preventing 25-65% of the defect in insulin-mediated glucose
uptake (Fig. 2a, b); importantly, neither compound increased insulin
action on its own (data not shown). Furthermore, MnTBAP largely
prevented the increase in protein carbonylation (Supplementary
Fig. 3).

We also examined the effect of MnTBAP on various parameters of
insulin signalling. Treatment with TNF or dexamethasone decreases
levels of insulin-stimulated serine phosphorylation on Akt and p70S6
kinases, whereas co-treatment with MnTBAP largely prevented this
decrease (Fig. 2¢, d). Increased ROS levels are known to stimulate
threonine phosphorylation of JNK, a kinase previously linked to
insulin resistance'**. TNF and dexamethasone treatment increased
phosphorylation of JNK, whereas MnTBAP decreased it to nearly
baseline levels (Fig. 2e).

We then explored the causal relationship between ROS and insulin
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Figure 3 | Effect of transgenes on insulin resistance. a-d, Effect of
cytocatalase (a), mitocatalase (b), CuZnSOD (c) or MnSOD (d) transgene
expression on TNF- and dexamethasone-induced insulin resistance. Bars
show insulin-dependent rates of glucose transport in untreated cells with or
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resistance by constructing four 3T3-L1 cell lines carrying transgenes
encoding ROS-scavenging enzymes, including CuZnSOD, MnSOD,
a form of catalase with its peroxisomal localization signal removed
(‘cytocatalase’), and catalase targeted specifically to the mitochondrion
(‘mitocatalase’) (see Methods). These transgenes were delivered by
retroviral transduction, and expression was directed by an inducible
promoter (Tet-on system) so as to minimize any effects of transgene
expression on adipocyte differentiation. Transgene expression was
induced before treatment with TNF or dexamethasone, resulting in
a 3-5-fold increase in enzyme activity above endogenous levels
(Supplementary Fig. 2). Mitocatalase and cytocatalase were most
potent, preventing up to 65% of the reduction in insulin-stimulated
glucose uptake; CuZnSOD and MnSOD prevented 50% and 25%,
respectively. Neither the transgene inducer (doxycycline) nor the
inducible expression system itself had any effect on glucose transport
(data not shown).

Together, our results using two small molecules and four trans-
genes indicate that diverse treatments chosen as suppressors of ROS
can significantly reduce dexamethasone- and TNF-induced insulin
resistance.

We next sought to extend these observations from cellular models
to an in vivo model of insulin resistance, the leptin-deficient ob/ob
mouse. These mice become extremely obese, developing significant
insulin resistance and glucose intolerance by eight weeks of age. The
mice are also known to exhibit markers of oxidative stress®. We
tested whether chronic delivery of MnTBAP could improve glucose
homeostasis. Male ob/ob mice received MnTBAP (at 2.5, 5 or
10mgkg ™" body weight), the TZD rosiglitazone (3 mgkg™"' body
weight) or vehicle alone. Treatments were administered daily, begin-
ning at 8 weeks of age and continuing for a period of 12 weeks. The
doses of MnTBAP are similar to or lower than doses shown to
improve longevity in Sod2 knockout mice'®.

MnTBAP had no effect on the body weight of 0b/ob mice over the
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duration of the treatment period (Fig. 4a), but resulted in dose-
dependent improvement in several measures of glucose homeostasis.
For example, mice receiving the highest dose of MnTBAP showed
nearly normal glucose levels in the fed state (~15% above levels from
control lean C57BL/6 mice in MnTBAP-treated versus ~50% in
vehicle-treated mice) (Fig. 4b). MnTBAP improved glucose tolerance
and insulin sensitivity (at 5 and 10 mgkg™ "), with a maximum effect
comparable to that of animals treated with rosiglitazone (Fig. 4c, d).
There was no significant effect on serum insulin levels in the fed or
fasted state in MnTBAP-treated mice (data not shown).

In summary, these studies identify increased levels of ROS as a
common feature of two models of insulin resistance, based on a
genomic analysis that required no presupposition of which pathways
might be involved. A causal role for ROS is shown by the observation
that several pharmacological and genetic interventions designed to
decrease ROS levels substantially prevent the development of insulin
resistance. The treatment regimens tested in this study do not fully
prevent the development of insulin resistance: this could either reflect
that they do not restore ROS to normal levels, or could indicate that
ROS levels act in parallel with other pathways. More detailed studies
will be required.

ROS is one of many factors that have previously been suggested to
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Figure 4 | Effects of chronic treatment with MnTBAP or rosiglitazone on
obese mice. a, Effect on body weight. Bars show weights of animals after 12
weeks of treatment with daily subcutaneous injection of MnTBAP or
rosiglitazone (Rosiglit.). Animals were treated with 2.5mgkg™ ' (n = 7),
5mgkg ' (n=8) or 10mgkg ' (n = 8) MnTBAP, 3mgkg ' rosiglitazone
(n = 8) or vehicle (phosphate-buffered saline) (n = 8). b, Effect on fed
glucose levels. Bars indicate mean fed glucose levels averaged over 18 days
during the last eight weeks of treatment. Glucose levels were determined at
random times during the day and on random days during this period.

¢, Effect on insulin sensitivity. Insulin tolerance tests were performed on
mice from each treatment group (vehicle, 5 mgkg ' MnTBAP or
rosiglitazone). Lines indicate the time course of glucose levels after
subcutaneous injection of human insulin (2 Ukg ). d, Effect on glucose
tolerance. Glucose tolerance tests were performed, with lines indicating the
time course of glucose excursion following subcutaneous injection of
glucose (1 gkg ') in vehicle-treated, 10 mg kg ' MnTBAP and rosiglitazone
treatment groups. Results are mean * s.e.m. Astersisks indicate P < 0.05
versus vehicle-treated animals (¢-test). Glucose and insulin tolerance test
data using different dose levels of MnTBAP are provided in Supplementary
Information.
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have a possible role in insulin resistance, on the basis of two types of
indirect evidence: (1) extensive association of markers of oxidative
stress with obesity and diabetes*, and (2) experiments showing
that direct treatment of 3T3-L1 adipocytes with high doses of
hydrogen peroxide® or with agents that induce ROS accumulation®
can induce insulin resistance. However, such findings do not imply
that ROS have a causal role in any physiological models of insulin
resistance. This would require evidence that insulin resistance can be
prevented to some degree by blocking the increase in ROS levels. To
our knowledge, the only previous results that bear on this point are
experiments showing that treatment of rodents and humans with the
compound «-lipoic acid can partially improve insulin sensitivity.
However, this evidence has been difficult to interpret because the
action of a-lipoic acid is unclear: it can act either as an antioxidant
or a pro-oxidant, and can directly stimulate insulin-independent
glucose uptake®®. We also note a recent study that has suggested that a
chemical inhibitor of NADPH oxidase can improve glucose homeo-
stasis in obese KKAy mice®, although its effects on insulin resistance
per se were not studied.

Our findings lead to a number of predictions. For example, one
might predict that clinical conditions associated with insulin resist-
ance will also show evidence of increased ROS levels. In fact, markers
of oxidative stress are elevated in sepsis, burn injury, starvation,
obesity, acromegaly and type 2 diabetes. In addition, conditions that
increase ROS levels would be predicted to cause insulin resistance. In
a literature review, we identified four human diseases with primary
defects that affect ROS balance: familial amyotrophic lateral sclerosis,
Friedrich’s ataxia, ataxia telangiectasia and acatalasia. In the first
three disorders, metabolic studies have demonstrated significant
insulin resistance, although no explicit connection with ROS has
previously been drawn. In the fourth case, insulin resistance per se has
not been characterized, but patients have high rates of diabetes.
(Detailed references concerning the above clinical conditions are
provided in Supplementary Information.)

These findings raise issues that require further investigation. First,
what downstream pathways translate elevated ROS levels into insulin
resistance? ROS have been shown to induce various signalling path-
ways involving FoxO, MAPK, JAK/STAT, p53, phospholipase C,
PI(3)K and other proteins. The particular pathway activated will
depend on the magnitude of oxidative stress, the specific type of ROS,
the cell type, the duration of exposure, and other factors. One
attractive possibility is that ROS-induced insulin resistance is
mediated by JNK. JNK is known to be activated by oxidative stress”,
and inhibition of JNK activity (through genetic knockout" or an
inhibitory peptide*’) improves insulin sensitivity in mice. Our data
show that JNK is activated in response to both TNF and dexametha-
sone, and that this effect is reversed by MnTBAP. Second, what is the
source of the ROS in insulin resistance? It is unclear whether
increased ROS levels in various settings arise through a common
mechanism or through different pathways. One candidate for a
common mechanism for both TNF and dexamethasone might be
the sphingolipid ceramide®®, which is increased in TNF- and dexa-
methasone-treated cells as well as diabetic muscle, and is capable of
inducing mitochondrial ROS formation® and insulin resistance in
3T3-L1 cells™. Third, what adaptive role might be served by a cellular
mechanism that decreases insulin sensitivity in response to elevated
ROS levels? Because an imbalance between substrate availability and
oxidative capacity can lead to increased levels of ROS, cells may
interpret elevated ROS levels as a signal to limit the input to the
electron transport chain by decreasing glucose uptake. Fourth, are
there inducers of insulin resistance that act on pathways downstream
of ROS and thus are not associated with increased levels of ROS?
Finally, through which tissue(s) do ROS mediate their effects on
whole-body insulin resistance? Although our in vitro data show that
adipocytes are one possible site of oxidant action, we note that the use
of MnTBAP in vivo might affect other organs as well, such as muscle
or liver.
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Finally, our results suggest that antioxidant therapy might be a
useful strategy in type 2 diabetes and other insulin-resistant states.
Although some agents, such as vitamin E, have been clinically tested
with ambiguous results, these have tended to be weak antioxidants
with limited ROS-reducing effects. Newer, more effective antioxidant
agents now under development for use in atherosclerosis and
neurodegenerative disorders may prove worthy of investigation in
this regard.

METHODS

A more complete description of the methods used is provided in Supplementary
Information.

Cell culture. Early passage 3T3-L1 pre-adipocytes were cultured in Dulbecco’s
Modified Eagle Medium supplemented with Glutamax, 10% bovine calf serum,
100 Uml ™" penicillin and 0.1 mgml~" streptomycin. Differentiation, glucose
uptake assays and western blots were performed under standard conditions (see
Supplementary Information).

Induction of insulin resistance. Treatment with dexamethasone (20 nM) or
recombinant mouse TNF (4ngml™') was initiated with mature adipocytes
anywhere from day 8 to day 14 of differentiation. Media was changed daily for
TNF treatment, for a total incubation time of 4 days. Dexamethasone media was
changed every other day for a total of 8 days. For experiments in which transgene
expression was induced, doxycycline was added to the cells on day 4 of
differentiation and TNF or dexamethasone treatment was always initiated on
day 8.

ROS measurement. For DCF assays, cells were washed twice in KRP bulffer,
incubated in pre-warmed KRP buffer containing 25mM glucose and 5puM
CM-DCE, and placed at 37 °C. After 30 min, cells were washed once with KRP
and fluorescence was immediately measured in a plate reader with an excitation/
emission wavelength of 485/515 nm. DCF values were calculated after subtract-
ing background fluorescence levels (measured under identical conditions but
without DCF). For protein carbonylation assays, carbonyl levels were deter-
mined in 10pg adipocyte protein lysate using a commercial kit (OxyBlot,
Serologicals), according to the manufacturer’s instructions.

Animals. Male ob/ob mice were purchased from Jackson Laboratories and
randomly assigned to treatment group, so as to ensure that each group had an
equal average weight. Drugs were resuspended in PBS and each mouse received
daily 300-pl subcutaneous injections. Mice were weighed weekly.

Glucose and insulin tolerance tests. For the glucose tolerance test, mice were
fasted for 12h and then injected subcutaneously with glucose (1gkg™' body
weight). Blood samples were taken at regular time points (0—140 min), and
blood glucose levels were determined with a portable glucose meter. For insulin
tolerance tests, mice were fasted for 4 h and handled 30 min before performing
the test. We then injected human regular insulin (2Ukg™' body weight)
subcutaneously. Blood samples were taken at regular intervals (0-120 min)
and blood glucose was measured as described above.
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