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Abstract Insulin resistance is a major risk factor for numer-
ous diseases, including type 2 diabetes and cardiovascular
disease. These disorders have dramatically increased in inci-
dence with modern life, suggesting that excess nutrients and
obesity are major causes of “common” insulin resistance.
Despite considerable effort, the mechanisms that contribute
to common insulin resistance are not resolved. There is uni-
versal agreement that extracellular perturbations, such as
nutrient excess, hyperinsulinemia, glucocorticoids, or in-
flammation, trigger intracellular stress in key metabolic tar-
get tissues, such as muscle and adipose tissue, and this
impairs the ability of insulin to initiate its normal metabolic
actions in these cells. Here, we present evidence that the im-
pairment in insulin action is independent of proximal ele-
ments of the insulin signaling pathway and is likely specific
to the glucoregulatory branch of insulin signaling. We pro-
pose that many intracellular stress pathways act in concert to
increase mitochondrial reactive oxygen species to trigger in-
sulin resistance. We speculate that this may be a physiologi-
cal pathway to conserve glucose during specific states, such
as fasting, and that, in the presence of chronic nutrient ex-
cess, this pathway ultimately leads to disease.Bll This review
highlights key points in this pathway that require further re-
search effort.—Fazakerley, D. J., ]J. R. Krycer, A. L. Kearney,
S. L. Hocking, and D. E. James. Muscle and adipose tissue
insulin resistance: malady without mechanism? J. Lipid Res.
2019. 60: 1720-1732.
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Insulin resistance is a pathophysiological state where cells
display reduced responsiveness to the glucose-lowering activ-
ity of insulin. While there are rare cases where mutations in
genes associated with insulin signaling or lipodystrophy
cause insulin resistance, for the most part, insulin resistance
is associated with obesity and, thus, a state of positive en-
ergy balance. This form of insulin resistance is frequently
associated with hyperinsulinemia, increased waist circum-
ference or visceral adiposity, metabolic dyslipidemia with
high triglycerides and low HDL, and hepatic steatosis, fea-
tures collectively referred to as the metabolic syndrome.
We refer to this as “common insulin resistance”. Here, both
insulin-dependent glucose disposal and suppression of glu-
cose output are impaired, albeit the relative degree of impair-
ment in each process can vary between individuals (1-3).

In this review, we focus on the literature surrounding
insulin resistance in muscle and adipose tissue, and specifi-
cally on insulin-stimulated glucose transport into myocytes
and adipocytes within these tissues. Impaired insulin action
in other tissues, most notably the liver (4, 5), brain (6, 7)
and vasculature (8), also play a key role in whole-body insu-
lin resistance, and we direct readers to reviews that explore
insulin resistance at these sites in detail. We will examine
the evidence that common insulin resistance, in the con-
text of muscle and adipose tissue, results from a defect in
“proximal” insulin signaling, which we define for the pur-
poses of this review as the signaling intermediates that
lead to the activation of Akt. We argue that common insu-
lin resistance arises as a consequence of intracellular stress,
specifically oxidative stress, which selectively targets the
glucose transport arm of the insulin signaling network, and
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we discuss the role that impaired glucose transport into
muscle and adipose tissue may play in the progression of
whole-body insulin resistance. Finally, we explore the con-
cept that insulin resistance, or impaired glucose disposal
into muscle and adipose tissue, may be a normal physiolog-
ical state that, under certain conditions, acts to prioritize
glucose use to specific tissues, such as the brain. This path-
way may be co-opted in obesity leading to a pathological
state of chronic insulin resistance. We recommend several
other reviews that have focused on other aspects of insulin
resistance that will not be discussed in this review. Most
notably, Czech (9) provided an elegant distillation of the
complex relationship between hyperinsulinemia and insu-
lin resistance, while others have presented evidence in
support of a range of other factors as causes of insulin
resistance, including diacylglycerols (DAGs) (10), cerami-
des (11), and inflammation (12).

ACUTE INSULIN ACTION IN MUSCLE AND ADIPOSE
TISSUE

In considering mechanisms that contribute to insulin
resistance, it is necessary to summarize the signaling
events that are triggered upon engagement of the insulin
receptor (IR), as well as the downstream metabolic conse-
quences of this for muscle, adipose tissue, and the whole

body.

Whole-body effects

Under fasting conditions, hepatic glucose output and re-
lease of fatty acids from triacylglycerol (TAG) stores in adi-
pose tissue (lipolysis) provide substrates for oxidation and
ATP production. In the fed state, increases in circulating
amino acids, fatty acids, and glucose stimulate insulin se-
cretion. Insulin suppresses hepatic glucose output and adi-
pose tissue lipolysis, lowering blood glucose and fatty acid
levels. It also increases hepatic lipid synthesis for subse-
quent storage in adipose tissue and stimulates glucose up-
take into fat and muscle. The majority of glucose from a
meal is deposited in muscle and liver with as little as 5%
taken up by adipose tissue (13-15). However, as we de-
scribe in more detail below, while adipose tissue does not
quantitatively account for much of the acute disposal of
glucose at the whole-body level, glucose uptake into adi-
pose tissue may indirectly influence both carbohydrate and
lipid metabolism in other tissues, such as liver and muscle.

Proximal insulin signaling

Insulin elicits these metabolic changes by activating an
intracellular signaling cascade largely comprising protein
phosphorylation (16). This begins with activation of the IR,
a tyrosine kinase that phosphorylates IR substrates (IRSs),
such as IRS1/IRS2, on multiple tyrosine residues (Fig. 1A).
These recruit proteins containing SH2 domains, including
phosphoinositide 3-kinase (PI3K) and Grb2. This in turn
activates the two major protein kinase signaling pathways
found in most eukaryotic cells, those mediated by the Ser/
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Fig. 1. Insulin resistance is not due to a generalized impairment

in insulin signaling. A: Insulin stimulates a signaling cascade via Akt
kinase to regulate biological processes, such as lipolysis, protein syn-
thesis, and glucose transport, the latter via GLUT4 translocation to
the plasma membrane. See the main text for additional details.
Only a small percentage of the total phosphorylatable pool of Akt is
required to maximally regulate downstream biological processes.
Insulin-regulated glucose transport is selectively impaired in common
insulin resistance, while other insulin-regulated processes in the same
cell are less affected. We refer to this as cis selective insulin resis-
tance. B: Analysis of studies examining insulin signaling in the muscles
of insulin-resistant subjects that underwent a hyperinsulinemic-
euglycemic clamp. The phosphorylation or activity of signaling
elements upstream of Akt (IR, IRS1, PI3K), at Akt (Akt), and down-
stream of Akt (Akt substrates, glycogen synthase) are expressed as a
percentage of values from healthy control subjects. Circles of the
same color represent data within a single study; reference numbers
are included within the circles. References (54) and (60) (green
circles) highlight that defects earlier in the pathway are often not
translated downstream.

Thr kinases, Akt and MAPK/ERK. In particular, Akt has
been intensely studied in the context of metabolism, with
its activation being both necessary and sufficient for insu-
lin-stimulated glucose transport (17). Akt is recruited to
the plasma membrane via binding of its PH domain to
PI3K-produced phosphatidylinositol-3,4,5-phosphate (PIP3).
It is activated by phosphorylation on Thr308 and Ser473
by PDKI and mTORC2, respectively [reviewed in (18)].
Consequently, these sites are routinely used as markers
of Akt activation and subsequently as a measure of the
cell’s response to insulin. Beyond glucose transport, Akt
has more than 100 substrates with a wide array of biological
endpoints. These include regulating metabolism, protein
synthesis (via mTORCI), transcription (e.g., via FOXO,
SREBP1), and cellular proliferation. Here, we focus on the
role of Akt in lipid and glucose metabolism.
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Glucose utilization in muscle and fat

Insulin rapidly increases glucose transport through the
regulated trafficking of the glucose transporter, GLUT4,
from intracellular stores to the cell surface in muscle and
adipose cells (19, 20) (Fig. 1A). This is mediated by the
phosphorylation of proteins that regulate GLUT4 traffick-
ing, such as TBC1D4/AS160 (21). GLUT4 translocation is
thought to be the rate-limiting step for insulin-dependent
glucose utilization in these tissues (22). Once glucose en-
ters muscle and adipose cells, it is rapidly phosphorylated,
generating glucose 6-phosphate (G6P). The subsequent
metabolism of GOP is coordinated by a series of allosteric
and covalent regulatory steps. For example, activation of
glycogen synthase (23) and ATP citrate lyase (24, 25) pro-
motes glucose storage into glycogen and lipid, respectively.
A recent analysis of the insulin-regulated phosphorylation
network in adipocytes identified dozens of metabolic en-
zymes that undergo insulin-regulated phosphorylation
(16, 26), and these likely play a key role in choreographing
the ultimate metabolism of glucose in a manner that is
more complex than originally anticipated. We recently pre-
sented evidence to show that the phosphorylation of these
metabolic enzymes precedes the increased delivery of glu-
cose into the cell, thus creating a demand-driven system
that primes adipocytes to metabolize glucose in specific
ways once glucose transport is fully activated (26).

Lipid metabolism in adipocytes

In addition to increasing glucose transport, insulin sup-
presses adipose tissue lipolysis (Fig. 1A). While this is one
of the most important actions of insulin, our understanding
of this process is relatively scant. The -adrenergic receptor
agonists activate lipolysis by increasing cAMP, leading to
activation of protein kinase A (PKA) and phosphorylation
of lipid droplet proteins to promote TAG hydrolysis (27).
Insulin is thought to inhibit this via Akt-dependent phos-
phorylation and activation of the phosphodiesterase, PDE3B,
lowering cAMP levels and inhibiting PKA (28, 29). How-
ever, recent studies have questioned the role of PDE3B
activity and cAMP hydrolysis in this process (30). Insulin
action in the brain is also reported to contribute to reduced
adipose tissue lipolysis by dampening sympathetic inner-
vation of adipose tissue (31). Insulin also stimulates adi-
pocyte lipid storage through two concerted processes:
1) lipogenesis via activation of lipogenic enzymes, such as
acetyl-CoA carboxylase (32) and ATP-citrate lyase (24, 25);
and 2) formation of the TAG-glyceride backbone from glu-
cose diverted from glycolysis (33). As described below, this
latter step represents a key convergence point in metabolic
regulation whereby fat cell glucose metabolism may have a
profound influence on adipocyte lipid storage indepen-
dently of de novo lipogenesis.

IS INSULIN RESISTANCE DUE TO A LESION IN
PROXIMAL INSULIN SIGNALING?

One of the arguments in favor of the view that insulin

resistance is due to a proximal signaling defect is that
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monogenic mutations in proximal components of the insu-
lin signaling pathway in humans, including IR, IRS1, PI3K,
and Akt2, are associated with profound insulin resistance
(34). Moreover, insulin resistance and diabetes are major
complications of cancer therapeutics targeting either PISK
or Akt (35). However, these monogenic lesions are ex-
tremely rare and the metabolic phenotype associated with
these does not resemble that observed in common insulin
resistance, most notably the absence of dyslipidemia and
hepatic steatosis (34). Thus, major lesions of the insulin
signaling pathway compromise insulin action, but are not
synonymous with common insulin resistance.

Here, we argue that generalized impairments in insulin
signaling as a result of a lesion in one of the proximal in-
sulin signaling pathway components, for example, the IR,
IRS1, or Akt, cannot explain common insulin resistance in
muscle and adipose tissue. This is based on four arguments:
1) insulin resistance is observed in rodents and humans in
the absence of decreased signal transduction; 2) most of
the proximal insulin signaling components, like IR, IRSI,
or Akt, operate at a threshold well below their maximum
capacity such that modest changes in expression or impair-
ments in function of these will have no significant impact
on overall signaling (we define this concept as “spare-
ness”); 3) circumventing the IR or IRS1 using alternate
growth factors is not sufficient to block the defect observed
in insulin resistance; and 4) insulin resistance in muscle
and adipose tissue is quite selective for glucose transport.

Insulin resistance in the absence of decreased proximal
signal transduction

Decreased IR expression, tyrosine phosphorylation,
and kinase activity have been observed in a variety of tis-
sues from insulin-resistant animals (36, 37) and humans
(38-45). Similarly, alterations in IRS1 in insulin-resistant
humans and animals have been reported, including altered
phosphorylation (43, 46-50), expression (51), degradation
(52), and protein-protein interactions (53). Studies in
humans undergoing hyperinsulinemic-euglycemic clamps
have also reported decreases in Akt phosphorylation by up
to 50% in insulin-resistant subjects relative to controls (40,
41, 54-56). However, there are a number of cases in insu-
lin-resistant humans and animals where no change in phos-
phorylation of the IR, IRS1, or Akt has been detected (48,
57-60) (Fig. 1B). Importantly, studies that have examined
signaling downstream of Akt in insulin-resistant humans
undergoing hyperinsulinemic-euglycemic clamps found
no changes in TBCID4/AS160 Thr642 phosphorylation
(55), FoxO1 Ser256 phosphorylation (54), or glycogen syn-
thase activity (59) (Fig. 1B). Therefore, although impaired
signaling has been reported at proximal sites in insulin sig-
naling in insulin resistance, there is ample evidence that
insulin resistance occurs in the absence of such changes in
signaling.

The spare insulin signaling hypothesis

Why is impaired signaling at proximal components of
the insulin signaling pathway, like IR/IRS/Akt, not trans-
mitted to distal elements, like FOXO or TBC1D4,/AS160?



To rationalize this, it is important to consider how the insu-
lin dose response curve varies between these components.
Decades ago, studies described a “Spare Receptor” hypoth-
esis, where it was shown that maximal insulin responses
require engagement of a relatively small subset of the avail-
able total IR pool at the cell surface (61, 62). More recent
studies have shown that considerable spareness exists in
many proximal components of the insulin signaling path-
way, including IR, IRS, PI3K, and Akt. For example, in mus-
cle cells and adipocytes, the IR and IRSI are expressed at
much higher levels than required for a maximal down-
stream response to insulin (63-65). This is exemplified by
the fact that heterozygous deletion and resultant lower ex-
pression of each of these components has no effect on
insulin-regulated metabolism and, in the case of PI3K, it
was necessary to delete all major isoforms of PI3K simulta-
neously before reduced downstream signaling events or
effects on metabolism were evident (66). Therefore, it is
likely that only drastic changes in expression of proximal
signaling elements could impair insulin signaling and drive
insulin resistance.

In addition to spareness in protein expression, only a
small proportion of Akt needs to be active in order for its
substrates to be maximally phosphorylated. For instance, in
L6 myotubes, insulin had a maximal effect on GLUT4
translocation at concentrations where only 5% of the total
available Akt pool was phosphorylated (57) (Fig. 1A). In
3T3-L1 adipocytes, reducing insulin-simulated Akt phos-
phorylation by 85-90% using small molecule inhibitors
only had modest effects on Akt substrate phosphorylation
(67). Together, this implies a system whereby an excess of
each signaling component enables a small change in the
proximal signal to be amplified to the distal components,
providing a rapid response to insulin and buffering minor
decreases in activity in proximal components of the path-
way. This has several implications for insulin resistance:
1) a severe defect in proximal signaling (e.g., a genetic
mutation or saturating doses of signaling pharmaceuticals
that are currently in use for cancer) may be required to
translate to distal signaling components, where a more
modest impairment, as observed in common insulin resis-
tance, would not; 2) the inconsistent relationship between
Akt and substrate phosphorylation in human studies
(Fig. 1B) may be due to high doses of insulin obscuring
subtle changes in substrate phosphorylation; and 3) the
dose response characteristics of insulin action should
be considered when interrogating insulin signaling in the
context of insulin resistance.

Diminished signal transduction via IR/IRS is unlikely to
drive common insulin resistance

One of the most prominent hypotheses for how insulin
signaling may be impaired and so contribute to insulin re-
sistance is via serine/threonine phosphorylation of IR or
IRS1. Here, feedback signaling from distal kinases of the
insulin signaling pathway (e.g., mTORC1/S6K) or lipid- or
stress-activated kinases (e.g., PKC isoforms, JNK, p38
MAPK) leads to phosphorylation of the IR to reduce its ki-
nase activity, or of IRSI to elicit 14-3-3 protein binding and

degradation. In support of this, ablation of a proposed
PKCe-mediated feedback phosphorylation site on the IR
protected mice from high-fat dietinduced insulin resis-
tance in liver (68), implicating a role for feedback in-
volving the IR in altering insulin responses in this tissue.
However, recent studies have shown that liver-specific dele-
tion of PKCe has no detectable effect on insulin resistance,
questioning the relevance of this pathway (Schmitz-Peiffer,
personal communication). The necessity for impaired sig-
naling via IR/IRS1 in insulin resistance in adipose and
muscle tissue was directly tested using mice ectopically ex-
pressing the PDGF receptor, which can facilitate GLUT4
translocation to the plasma membrane independently of
the IR and IRS1. Although we cannot rule out the presence
of feedback to ectopically expressed PDGF receptors in
these experiments, a high-fat diet diminished the ability of
both insulin and PDGF to activate glucose transport in skel-
etal muscle, suggesting that insulin resistance can occur
independently of the IR or IRS1 (57). Similarly, disarm-
ing of the major negative feedback phosphorylation site,
Ser307, in IRS1 by mutating it to Ala failed to protect mice
against developing insulin resistance (69). As to whether
other sites in IRS1 replace this negative feedback function
remains to be investigated. Collectively, these data suggest
that it is unlikely that common insulin resistance in differ-
ent metabolic tissues is fully accounted for by feedback to
IR or IRSI.

Selective insulin resistance

This term was originally used to describe the observation
that under insulin-resistant conditions, MAPK signaling
remains intact (70), implying that insulin resistance was
not due to global inhibition of insulin-dependent signaling.
The term has subsequently been repurposed to describe
hepatic insulin resistance, where insulin-regulated sup-
pression of hepatic glucose output, but not triglyceride
synthesis, is impaired (71). In light of the emerging picture
concerning non-cell autonomous effects of insulin in liver
(72, 73), it is tempting to postulate that hepatic selective
insulin resistance is due to selective impairments in the
adipose tissue-lipolysis-hepatic glucose production axis, while
cell-autonomous effects on hepatic lipogenesis remain
intact (74).

Recently, an alternate form of selective insulin resis-
tance has been reported. Although insulin/Akt signaling
regulates several cellular processes (e.g., glucose transport,
protein synthesis, antilipolysis), insulin resistance is char-
acterized by selective downregulation of insulin/Akt-
dependent processes within the same cell (Fig. 1A). We
refer to this as “cis” selective insulin resistance. This con-
trasts with “frans” selective insulin resistance that may occur
between cells or tissues, such as the adipose-lipolysis-liver-
glucose output pathway described above. The cis selective
insulin resistance challenges the notion that insulin resis-
tance arises from a generalized impairment in insulin sig-
naling, which would be expected to affect all insulin/
Aktregulated processes to a similar extent. Hence, we will
summarize recent examples of c¢isselective resistance within
adipose and muscle tissue.
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Adipose tissue. Impaired insulin-mediated inhibition of
adipose tissue lipolysis, as measured by decreases in circu-
lating nonesterified fatty acids during hyperinsulinemic-
euglycemic clamps, is notalways observed in insulin-resistant
humans or rodents where insulin-stimulated glucose dis-
posal is robustly downregulated by 30-50% (3, 75-78).
Those studies that report decreased anti-lipolysis invariably
find that the degree of impairment is much less than that
observed in glucose disposal in the same subjects (3, 75,
79-81). Because insulin signaling in the brain can affect
adipose tissue lipolysis in vivo (31), data from isolated cells
or cell models provide a more direct assessment of adipocyte
anti-lipolysis responses to insulin. Data from cell models
and adipose tissue from mouse models show that insulin-
mediated suppression of lipolysis is largely unaffected in
insulin resistance despite impaired insulin-stimulated glu-
cose transport, especially at higher doses of insulin (82).
Indeed, the most striking change in lipolysis in some in vi-
tro models of insulin resistance is in the basal rate of lipoly-
sis, rather than in insulin responses (83-85).

Together, these data suggest that insulin-stimulated glu-
cose transport is more severely blunted in insulin resistance
than in anti-lipolysis responses. In addition, data from in
vitro studies indicate that insulin-stimulated protein synthesis
and nuclear exclusion of FOXO1, two other Akt-regulated
processes, are unaffected in insulin-resistant adipocytes

(82, 86).

Skeletal muscle. There are reports of decreased insulin-
regulated protein synthesis in skeletal muscle in insulin-
resistant humans. However, again, the degree of impairment
is markedly less than that observed in insulin-stimulated
glucose disposal in the same subjects (75, 87), suggesting that
these different insulin-regulated processes are differentially
sensitive to insulin resistance. Similarly, insulin-dependent
phosphorylation of FOXO in muscle was unaffected in
common insulin resistance (54). Accordingly, FOXO tar-
get genes were suppressed in the muscle of these subjects,
likely due to compensatory hyperinsulinemia.

At least in adipose and muscle tissue, the cell autono-
mous actions of insulin are differentially affected in insulin
resistance (Fig. 1A). Therefore, a unifying model where
common insulin resistance can be explained by attenuated
insulin signaling to Akt seems unlikely. It has been sug-
gested that Akt substrate specificity can be regulated by
phosphorylation within the hydrophobic motif at Ser473
(88), as blockade of mTORC2, the major Akt Ser473 ki-
nase, inhibited Akt-dependent phosphorylation of FOXO
while phosphorylation of other substrates was unaffected
(89). Furthermore, posttranslational modifications other
than at Thr308 and Ser473 have been found to regulate
Akt activity (90, 91). Thus, it is important to consider the
possibility that insulin resistance may represent a subtler
regulation of Akt that could somehow selectively influence
the transmission of a signal to certain substrates, but not
others.

HYPOTHESIS: IMPAIRED SIGNALING IN INSULIN RESISTANCE IS A
CONSEQUENCE OF INSULIN RESISTANCE.  Although we argue here
that reduced signaling via IR, IRS1, or Akt is unlikely to
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cause insulin resistance, impaired phosphorylation of
these signaling intermediates is clearly observed, at least
in certain models of insulin resistance, including obese
insulin-resistant humans. One of the caveats of many such
studies, particularly in humans, is that there is limited data
on the timeline of insulin resistance. Dynamic studies in
mice have shown that insulin resistance develops very rap-
idly in adipose tissue and liver (3-7 days), and more slowly
in skeletal muscle (10-14 days) after exposure to high-fat
diet (92, 93). Yet, there is no change in insulin-mediated
Akt phosphorylation at these early times. Lower Akt phos-
phorylation was only observed after 42 days of exposure
to the diet; but even here, this did not translate to lower
TBC1D4 phosphorylation (57). It may be that insulin resis-
tance drives systemic hyperinsulinemia, which in turn
causes many of the changes in insulin signaling associated
with insulin resistance, including downregulation of the
IR, feedback inhibition of IRS1, reduced Akt activation,
and loss of GLUT4 (described below). Alternatively, im-
paired glucose metabolism resulting from insulin resis-
tance may impair insulin-stimulated Akt activation, as we
have previously reported a link between glycolytic activity
and Akt activation in a range of cell types (94). In support
of this, adipose-specific GLUT4 knockout mice that are
hyperinsulinemic have impaired insulin-responsive PISK
activation in liver and muscle (95), while overexpression of
GLUTH4 in muscle of db/db mice not only improved insu-
lin action but also increased tyrosine phosphorylation of
the IR and IRS1 (96). Together, these data raise the possi-
bility that changes in insulin signaling in insulin resistance
are a consequence rather than a cause of insulin resistance.

Accordingly, the molecular drivers of insulin resistance
are likely either in a part of the signaling network not cap-
tured by current techniques (i.e., in phosphorylation-based
signaling events that are not currently measurable by
Western blotting techniques) or in the mechanics of the
cellular processes that are regulated by insulin, but inde-
pendent of insulin signaling (i.e., in GLUT4 trafficking).
These ideas offer future directions for pursuing underlying
causes of insulin resistance and suggest that current meth-
ods for monitoring the role of insulin signaling in insulin
resistance may be, at best, insufficient, or at worst, mis-
leading. For example, changes in Akt phosphorylation at
Thr308 or Ser473, which are often used as markers for Akt
activity, often do not correlate with Akt substrate phosphor-
ylation (57, 67). Thus, in assessing Akt activity in cells or
tissues, it is advised to examine the phosphorylation of a
cadre of relevant Akt substrates. In addition, a temporal
analysis can help to disentangle integrated systemic re-
sponses and suggest that more studies should include tem-
poral data to shed further light on the association between
changes in insulin action and insulin signaling.

GLUT4: A KEY NODE IN INSULIN RESISTANCE

Up to this point, we have argued that insulin resistance is
probably not due to inhibition of proximal components of
the insulin signaling cascade. Major support for this comes



from the observation that there is considerable spareness
in these components, including IR, IRS, PI3K, and Akt. In
obese insulin-resistant humans, the dose response of insulin-
regulated whole-body glucose utilization is shifted both
to the right (less sensitive) and down (lower maximal re-
sponse) (44, 45,97) (Fig. 2A). This is inconsistent with par-
tial loss of function of a component with inbuilt spareness,
as this would only likely affect the sensitivity of the response
(Fig. 2A, blue line), not its maximum response (44, 45)
(Fig. 2A, red line). Thus, the cause of the downward shift
must be independent of proximal insulin signaling compo-
nents where spareness has been demonstrated.

Reduced insulin-responsive glucose uptake more or
less defines insulin resistance, at least in muscle and fat;
whereas, other actions of insulin are either preserved or
only modestly affected (see the section, Selective insulin
resistance). Here, we consider the evidence that impaired
insulin-regulated GLUT4 trafficking in these tissues could
contribute to the panoply of metabolic changes attrib-
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Fig. 2. Impaired glucose transport at the center of common insu-
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uted to the insulin-resistance syndrome. Either homozy-
gous or heterozygous deletion of GLUT4 or specific
ablation in adipose or muscle tissue or both, leads to whole-
body insulin resistance and hyperinsulinemia (95, 98-102).
Furthermore, a variant in TBC1D4, an Akt substrate that
specifically controls GLUT4 translocation to the cell sur-
face in muscle and fat cells, causes insulin resistance and
predisposes humans to type 2 diabetes (103), and trun-
cated TBCID4 is associated with insulin resistance and
postprandial hyperinsulinemia in humans (104). Con-
versely, a number of studies using GLUT4-overexpressing
mice have reported improved insulin sensitivity, glycemia,
and glucose tolerance, as well as insulin secretory function,
in db/db mice (96, 105-110). It is of interest that studies
comparing the effects of GLUT4 and GLUT]1 overexpres-
sion, although limited by differences in the degree of
GLUT overexpression, suggest that only GLUT4 confers
metabolic benefits because GLUT1 overexpression had the
opposite effect (105). Together, these data establish a
causal relationship between GLUT4 responses and whole-
body insulin sensitivity.

Considering adipose and muscle tissue individually, mus-
cle is the major glucose consumer after a meal, supporting
the argument that a block in muscle glucose uptake could
lead to increased blood glucose and hyperinsulinemia
(98). However, studies capturing the timeline of the pro-
gression of insulin resistance in mice fed a high-fat diet
demonstrate that insulin resistance in adipose tissue pre-
cedes that in muscle (92, 93). Glucose uptake into adipo-
cytes is essential for insulin-stimulated fatty acid synthesis
and suppression of fatty acid oxidation [e.g., (111)], and
evidence suggests that glucose metabolism suppresses
NEFA-release from adipose lipolysis (112). Thus, although
adipose tissue contributes relatively little to whole-body glu-
cose disposal following a meal, reduced adipose glucose
uptake could have a profound impact on lipid metabolism
in the fat cell, leading to impaired suppression of adipose
lipolysis by insulin, exacerbating release of NEFA into the
circulation (Fig. 2B). This could prevent insulin-dependent
suppression of hepatic glucose production (72, 73) and
contribute to ectopic fat deposition in muscle and liver,
thus contributing to latent insulin resistance in these tis-
sues (Fig. 2B). This concept is supported by the observa-
tion that specific knockout of GLUT4 in adipose tissue
leads to muscle and hepatic insulin resistance (95). Indeed,
genetic lipodystrophies, characterized by prominent cen-
tral adiposity, dyslipidemia, and hepatic steatosis, closely
mimic common insulin resistance (34), while drugs, such
as thiazolidinediones, that increase adipose tissue lipid
storage capacity improve whole-body insulin sensitivity.
This supports the notion, as suggested by others, that insu-
lin resistance ensues from an inability to safely quarantine
lipid in adipose tissue stores (113).

Thus, one can envisage a scenario whereby impaired
GLUTH4 function selectively in adipose tissue could disrupt
the entire metabolic network (Fig. 2B). Intriguingly,
although insulin resistance coincides with reduced adipose
glucose uptake, this precedes a reduction in GLUT4 pro-
tein expression, suggesting that the cause of reduced
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glucose transport lies within the GLUT4 trafficking path-
way and is not simply a consequence of less GLUT4. There-
fore, we propose that lesions in the regulatory components
of GLUT4 trafficking may play a role in the overall etiology
of whole-body insulin resistance and associated metabolic
derangements, yet how GLUTH4 trafficking is perturbed in
insulin resistance remains unknown.

WHAT CAUSES COMMON INSULIN RESISTANCE?

We have presented a case that a generalized impairment
in insulin signaling is unlikely to explain common insulin
resistance, and that reduced glucose transport alone may
be sufficient to explain most of the metabolic disturbances
associated with insulin resistance. But what is responsible
for impaired glucose transport in common insulin resis-
tance? Looking beyond insulin signaling, a number of in-
tracellular perturbations have been reported to mediate
insulin resistance: changes in the cellular lipid profile, in-
cluding increased ceramides (114) or DAG (46); endoplas-
mic reticulum stress (115); altered mitochondrial function
(116, 117); and increased reactive oxygen species (ROS)
burden (76, 78, 83, 118-121). These intracellular stresses
may be driven directly by diet, or indirectly via changes in
the tissue microenvironment [e.g., hypoxia, see (122)] or
inflammation [see (119, 123)]. There is evidence that
interventions to alleviate any one of these intracellular
stresses can alleviate obesity-linked insulin resistance, sug-
gesting that insulin resistance may be a highly heteroge-
neous disorder, with many parallel pathways leading to the
same outcome.

Mitochondrial ROS as a possible unifying factor

Alternatively, different stresses may conspire to disrupt
insulin action by convergence upon a common stress or
mechanism. Several laboratories, including our own, have
reported an important role for increased production or
lower scavenging of ROS in mitochondria in insulin resis-
tance. This is based on three major lines of evidence. First,
mitochondrial ROS are a characteristic feature of cells and
tissues exposed to excess nutrients and a number of other
models of insulin resistance (78, 83, 118-120), and oxida-
tive stress is associated with the onset of insulin resistance
in humans (76, 121). Second, interventions, either phar-
macologic or genetic, that prevent increases in ROS specifi-
cally in mitochondria improve insulin sensitivity (78, 83,
118-120, 124). Third, acute induction of mitochondrial
ROS causes insulin resistance in muscle and adipose tissue
(118, 125). Further, the insulin-sensitizing drugs, thiazoli-
dinediones, metformin, and berberine, may mediate part
of their beneficial effects by modulating mitochondrial
function (126, 127) and lowering ROS (119, 128, 129).

There is also evidence that many different intracellular
stresses, including ceramides (130) and endoplasmic re-
ticulum stress (131), converge upon mitochondria to cause
increased ROS production. Hence, mitochondrial ROS
production is intimately linked to many forms of cellular
stress and thus poised to act as a sentinel of general stress.
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Based on the role of the mitochondrion in balancing cel-
lular energy supply with demand, which is unbalanced in
obesity where supply outweighs demand, and in mediating
redox signaling, it represents an ideal candidate to coordi-
nate insulin resistance in response to nutrient oversupply
as occurs in diet/obesity-induced insulin resistance (132).
Whether different stresses are linked linearly or cyclically is
a point for debate and future research, but certainly if the
latter, this could explain how disorders like insulin resis-
tance could occur almost via an autocatalytic mechanism
and why breaking the cycle at just one point (e.g., ROS,
ceramides) may correct the entire cycle. There are cur-
rently no studies that have systematically assessed the tem-
poral relationship between ROS, DAGs, ceramides, and ER
stress, and such analyses have been invaluable in placing
adipose tissue inflammation as a relatively late contributor
to insulin resistance (93, 133). Understanding the interre-
lationship between stresses that cause insulin resistance is
an important step in implementing rational therapies to
overcome insulin resistance.

Why are mitochondrial ROS elevated in insulin resistance?

Increased availability of nutrients, such as fatty acids,
which have a propensity to generate more ROS than other
substrates, leads to increased mitochondrial ROS produc-
tion (132, 134-136). Thus, at one level it seems logical that
increased ROS will be a consequence of the increased fatty
acid supply in obesity. However, mitochondria isolated
from insulin-resistant adipose or muscle tissue generate
higher rates of ROS production per unit of substrate (78),
suggesting that there may be changes within mitochondria
that promote ROS production or lower ROS scavenging.
Defects in oxidative phosphorylation can increase ROS
production, yet a number of studies have reported no
change in or improved mitochondrial oxidative capacity in
insulin resistance (78, 83, 140) [reviewed in (137-139)], sug-
gesting that changes in the oxidative phosphorylation path-
way are unlikely to be a primary driver of ROS under these
conditions. We recently identified a deficiency in coen-
zyme Q, a cofactor that transfers electrons from complexes
I 'and II to complex III of the electron transport chain, in
insulin-resistant adipose and muscle tissue (83). This
loss of coenzyme Q, specifically in mitochondria, drove
increased mitochondrial ROS production and insulin resis-
tance (83). The mechanism behind loss of coenzyme Q
from mitochondria remains unclear, but these data high-
light that there are chronic changes in mitochondria under
insulin-resistant conditions, beyond substrate selection, that
contribute to ROS production. Insulin resistance may also
be accompanied by changes in substrate preference for oxi-
dation, which remains a subject to future investigation.

In mitochondria, ROS, in the form of superoxide, are
generated at several defined sites within the respiratory
chain (141), and the overall ROS burden is dependent on
the rates of production and scavenging. The proximal ROS
from the electron transport chain is superoxide, but this is
rapidly dismutated by SOD2 to hydrogen peroxide, and
both superoxide and hydrogen peroxide are implicated in
causing insulin resistance (132, 138). Itis not clear whether



a specific form of ROS or a specific site of ROS production
in mitochondria is responsible for conferring insulin resis-
tance. Because multiple interventions that scavenge either
superoxide or hydrogen peroxide are insulin sensitizing
and multiple sites of ROS production have been implicated
in causing insulin resistance (78, 83, 125, 142), it may be that
the overall redox state of mitochondria may be more impor-
tant than the exact species of ROS or site of ROS produc-
tion, as hypothesized by Fisher-Wellman and Neufer (132).

How do ROS cause insulin resistance?

In addressing this question, it is crucial to emphasize the
importance of the site of ROS production, namely mito-
chondria, in the progression to insulin resistance. Indeed,
cytosolic ROS production plays a central role in propagat-
ing critical signaling pathways like the insulin signaling
pathway and, as such, these pathways positively influence
insulin action [reviewed in (132)]. Moreover, the temporal
nature of elevated ROS may also be a crucial determinant
of the long-term outcome. It probably does not require
long-term adaptive changes such as altered transcription
(143) but rather either allosteric modifications possibly
due to concomitant metabolic changes or posttranslational
changes. In the case of the latter, ROS can react with a
range of macromolecules, for instance, oxidizing exposed
cysteine residues within proteins (132, 144). While the pre-
cise mechanism is unclear, ROS have been shown to acti-
vate a range of signaling molecules, particularly members
of the MAPK family [reviewed in (145, 146)], such as JNK
(147) and p38 MAPK (148). However, recent evidence sug-
gests that increased JNK/p38 activity is associated with in-
creased, rather than decreased, insulin sensitivity (149); so
it seems unlikely that these molecules are major purveyors
of insulin resistance. Similarly, ROS have been shown to
activate other kinases, such as LYN and SYK, in mitochon-
dria, but their role in insulin resistance has not been estab-
lished (150). Hence, currently, the mechanism by which
mitochondrial ROS trigger insulin resistance is not known.

In going forward, we propose that the following three
questions might provide a useful framework to establish the
link between mitochondrial ROS and insulin resistance:

Are mitochondrial ROS the most proximal driver of insulin
resistance? There are other aspects of mitochondrial biol-
ogy that are linked to insulin resistance, such as mitochon-
drial quality control (151, 152), fission/fusion (153), and
proteostasis (154) [reviewed in (155)], that are also regu-
lated by ROS production [reviewed in (156)].

If ROS are the proximal driver, what is the form of the signal
from mitochondria to cause insulin resistance? The most di-
rect way for increased oxidants to alter protein function is
via cysteine oxidation. Although we have reported that
global cytosolic ROS are unchanged in insulin resistance,
perhaps localized release of ROS from mitochondria could
oxidize and impair proteins that control GLUT4 traffick-
ing responses. Alternatively, oxidants are well-known to im-
pactsignaling viainitiation of kinase cascades or inactivation
of phosphatases. Here, protein phosphorylation may convey

the oxidant signal to perturb GLUT4 responses. Addition-
ally, opening of the mitochondrial transition pore is
required for ROS-induced insulin resistance in skeletal
muscle (157), raising the possibility that mitochondrial me-
tabolites (e.g., acetyl-coA) and/or ions (e.g., calcium) may
act as intermediates between ROS and insulin resistance.

How does this “signal” affect how GLUT4 responds to insu-
lin? The most intuitive mechanism is that this signal
intersects directly with regulators of GLUT4 or of insulin
signaling that mediate GLUT4 responses; however, we can-
not rule out an effect on Akt that somehow specifically im-
pairs the GLUT4 arm of insulin signaling. For example, it
has been reported that GLUTH4 itself is carbonylated in re-
sponse to short-term high calorie intake in humans (76)
and, although the functional significance of these modifi-
cations was not investigated, it is tempting to speculate that
such modifications on GLUT4 and other regulators of
GLUTH4 trafficking could initiate insulin resistance inde-
pendently of insulin signaling. Given the strong link be-
tween mitochondrial ROS and insulin resistance, piecing
together the pathway from mitochondria to insulin action
is a key question for the field.

THE PHYSIOLOGICAL BENEFITS OF INSULIN
RESISTANCE

We now realize that insulin resistance is largely restricted
to carbohydrate usage by adipose, muscle, and liver. Could
this serve a normal physiological function? Insulin resistance
is characteristic of starvation, pregnancy, and adolescent
development, which may spare glucose for higher priority
tissues, such as the brain during fasting or the fetus during
pregnancy. The concept of fuel selection has been dis-
cussed since the early 1960s. Randle et al. (158) reported a
mechanism whereby exposure of muscle to fatty acids rap-
idly shuts down carbohydrate metabolism. It was proposed
that this was mediated by allosteric regulation of phospho-
fructokinase and pyruvate dehydrogenase by citrate and
acetyl-CoA, respectively (158) (Fig. 3). However, fatty acids
also inhibit insulin-stimulated GLUT4 translocation to the
cell surface (118) and subsequent glucose transport (159),
which cannot be explained by allosteric control. Fatty acids
increase mitochondrial ROS via B-oxidation (118, 134—
136), so ROS may provide an additional means by which
fatty acids lower glucose metabolism by impairing GLUT4
translocation in fat and muscle tissue (160) (Fig. 3). Here,
ROS can be seen as a form of “eustress,” facilitating meta-
bolic switching. This complements the beneficial role of
ROS in thermogenesis in brown adipose tissue through the
activation of UCP1 via protein oxidation (161).

In obesity there is a combination of increased fatty acid
availability and diminished capacity for lipid storage lead-
ing to increased fat oxidation, as has been described in a
model of lipodystrophy (162). This, in concert with struc-
tural changes in mitochondria to promote ROS production
(e.g., loss of CoQ)), may subvert this previously physiologi-
cal ROS signal to continuously impair glucose transport,
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Fig. 3. ROS mediate the interplay between fatty acid oxidation
and GLUT4 translocation. ROS arising from fatty acid oxidation
impair insulin-stimulated GLUT4 translocation to inhibit glucose
uptake (insulin resistance) by an unknown mechanism. This com-
plements the well-established mechanism by which fatty acid oxida-
tion inhibits glucose metabolism, via targeting phosphofructokinase
(PFK) and pyruvate dehydrogenase (PDH) by allosteric regulation.

resulting in metabolic inflexibility. This is supported by
data showing that acute inhibition of fatty acid oxidation
enhanced whole-body glucose disposal during hyperinsu-
linemic-euglycemic clamps (77). Thus, the role of ROS
shifts from eustress to stress.

GLUCOSE TRANSPORT AS A TARGET FOR INSULIN
RESISTANCE?

We have argued that insulin resistance is not due to a
widespread decrease in insulin signaling responses, but
rather reflects a specific reduction in insulin-stimulated
glucose uptake. In particular, GLUT4 translocation is im-
paired by ROS, a mechanism that appears to be a unifying
driver of insulin resistance. Furthermore, genetic studies
targeting GLUT4 have shown that disruption of glucose
uptake in muscle or fat is sufficient to recapitulate the met-
abolic derangements observed in common insulin resis-
tance, including unregulated hepatic glucose output.

Together, this places GLUT4 as a potential therapeutic
target for common insulin resistance. Commonly used
drugs like sulfonylureas work to restore glucose homeosta-
sis by increasing insulin secretion, while metformin curbs
hepatic gluconeogenesis. However, there are currently no
treatments that directly increase glucose transport in mus-
cle and adipose tissue, which might confer wider metabolic
benefits beyond glucose metabolism. As proof of principle,
GLUT4 overexpression in mice is insulin sensitizing (110,
163, 164), and even relatively limited GLUT4 overex-
pression appears to protect against diet-induced insulin
resistance (163), although specific measures of insulin re-
sponses in muscle, adipose, and liver were not reported in
this study. We envisage that targeting GLUT4 would impart
several key benefits for overcoming insulin resistance,
namely the restoration of: ) metabolic flexibility between
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glucose and fat catabolism within adipose and muscle tis-
sue, shifting the balance away from fatty acid oxidation and
associated ROS production; 2) lipid handling in adipose
tissue and subsequent cross-talk with hepatic glucose out-
put; and 3) insulin sensitivity, minimizing hyperinsulinemia
and its consequences (Fig. 2B). However, in order to target
GLUT4 and find ways to restore glucose transport, we need
to focus on understanding how the insulin-GLUT4 path-
way is specifically impaired in insulin resistance. We pres-
ent a case here that this does not involve a defect in
proximal signaling; hopefully, this will provide an impetus
to look beyond these components and to refocus efforts
more specifically on the GLUT4 trafficking pathway, which
remains mechanistically ill-defined H
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