
REVIEW

Specificity of insulin signalling in human skeletal muscle
as revealed by small interfering RNA
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Abstract Insulin action on metabolically active tissues is a
complex process involving positive and negative feedback
regulation to control whole body glucose homeostasis. At
the cellular level, glucose and lipid metabolism, as well as
protein synthesis, are controlled through canonical insulin
signalling cascades. The discovery of small interfering
RNA (siRNA) allows for the molecular dissection of
critical components of the regulation of metabolic and gene
regulatory events in insulin-sensitive tissues. The applica-
tion of siRNA to tissues of human origin allows for the
molecular dissection of the mechanism(s) regulating glu-
cose and lipid metabolism. Penetration of the pathways
controlling insulin action in human tissue may aid in dis-
covery efforts to develop diabetes prevention and treatment
strategies. This review will focus on the use of siRNA to
validate critical regulators controlling insulin action in
human skeletal muscle, a key organ important for the
control of whole body insulin-mediated glucose uptake and
metabolism.
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Abbreviations
AS160 AKT substrate of 160 kDa
JNK c-Jun NH2-terminal kinase
ERK1/2 Extracellular signal-regulated kinase 1/2
IKK Inhibitor of nuclear factor-κB kinase
KRLB Kinase regulatory loop binding
MAPK Mitogen-activated protein kinase
MAP4K4 Mitogen-activated protein kinase kinase kinase

kinase 4
NF-κB Nuclear factor κB
p70S6K p70 Ribosomal S6 kinase,
PI3K Phosphatidylinositol 3-kinase
PTEN Phosphatase and tensin homologue
siRNA Small interfering RNA
mTOR Mammalian target of rapamycin
TNFR1 TNF-α receptor 1

Insulin signalling and type 2 diabetes

The complexity of the insulin signalling cascades has
become clearer following the identification of critical
components, or nodes, within the network that are essential
mediators of insulin action [1] (Fig. 1). Insulin signalling
via the cell-surface receptor is linked to the phosphorylation
of IRSs [2]. At this critical juncture, insulin signalling can
be transduced along metabolic pathways involving phos-
phatidylinositol 3-kinase (PI3K) and AKT or gene regulato-
ry/mitogenic pathways involving mitogen-activated protein
kinases (MAPKs), where each of these steps constitutes a
critical node in the regulation of metabolic and gene reg-
ulatory events controlling insulin sensitivity [1]. Further
complexity is built into the system by the expression of
multiple isoforms of substrates and protein kinases at each
of these nodes. Negative regulation of insulin signalling can
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be conferred through activation of cell-surface receptor
signalling pathways that are responsive to cytokines such as
TNF-α or IL-6, which are produced by macrophages that
infiltrate adipose tissue in obesity, as well as to elevated
levels of glucose or lipids [3, 4]. Negative regulation of the
insulin cascade occurs through serine phosphorylation
events at the level of the insulin receptor [4] and IRS
isoforms [5]. Several serine/threonine protein kinases have
been implicated in the negative regulation of insulin
signalling, including protein kinase C isoforms, MAPK
isoforms, mammalian target of rapamycin (mTOR) and p70
ribosomal S6 kinase (p70S6K) [1].

Small interfering RNA (siRNA) has become widely
considered as an essential molecular tool for the validation
of genes that could potentially constitute the pivotal nodes
in the regulation of cellular metabolism. siRNA can be used
to identify critical components of the insulin signalling
cascade and to suppress targets that relieve inhibitory inputs
to enhance insulin signalling to metabolic endpoints and
normalise glucose homeostasis. Here we will review current
efforts from our laboratory related to the application of
siRNA to elucidate the molecular mechanisms that exert the
effects of insulin action on metabolism. We will also
consider the use of siRNA to identify and validate targets
that prevent insulin resistance. Employing siRNA to
unravel the molecular mechanism(s) regulating glucose
and lipid metabolism in tissues of human origin will aid
attempts to develop diabetes prevention and treatment
strategies.

siRNA: molecular scissors to dissect mechanisms
in metabolic disease

Cellular metabolism can be controlled by the production
and activity of numerous proteins that relay critical

information to regulate glucose and lipid metabolism and
protein production. The message to synthesise new proteins
is conveyed by mRNA. In 1998, Fire et al. [6] discovered a
novel mechanism of gene silencing by double-stranded
RNA, which they termed RNA interference. The RNA is
cleaved by the enzyme Dicer into duplexes 21 and 23
nucleotides in length called siRNA, and the siRNA is
incorporated into a protein complex that recognises and
cleaves target mRNA. The fundamental principles behind
siRNA and the strategy involved (Fig. 2) have been
extensively reviewed [7].

siRNA has great potential to resolve the complex insulin
signalling cascades that control glucose and lipid metabo-
lism in peripheral tissues in type 2 diabetes. Since siRNA
can be readily applied to cell-based culture systems,
researchers can rapidly validate target genes in liver,
skeletal muscle and adipose tissue—organs controlling
whole body insulin sensitivity. The advantages of siRNA
include that it (1) transiently eliminates specific proteins in
fully differentiated cells; (2) rapidly silences gene expres-
sion such that any induction of compensatory alternative
pathways is minimised; (3) circumvents confounding
effects of metabolic derangements and organ-to-organ
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Fig. 1 siRNA-mediated gene silencing reveals specificity in insulin
signalling. Insulin signalling pathways involving IRS1 and AKT2 are
required for myotube formation, phosphorylation of AKT and AS160
and glucose uptake. Conversely, insulin signalling pathways involving
IRS2 are necessary for lipid uptake and metabolism

dsRNA

Dicer

siRNA

RISC

AAAAA

Degradation of target mRNA sequence

RdRp

Newly synthesised siRNA

Fig. 2 Mechanism of siRNA gene silencing. Double-stranded (ds)
RNA is recognised within the cell by the enzyme Dicer, leading to the
generation of siRNA species. In experimental analysis, specific siRNA
sequences are usually directly added, leading to the recruitment and
assembly of the RNA-induced silencing complex (RISC), which
facilitates the targeting and pairing of siRNA to complementary
sequences in mRNA. This leads to the degradation of the mRNA, thus
reducing the translation of the protein encoded by the mRNA. siRNA
may also be replicated and amplified in the cell via the RNA-
dependent RNA polymerase (RdRp), thus producing a sustained
cellular presence of the siRNA
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cross-talks observed in whole body model systems; and (4)
can be applied to cultured human tissues.

Targeting insulin signalling cascades using siRNA

Several reviews have highlighted the critical components of
the canonical insulin signalling cascade in health and
metabolic disease [1, 2, 4, 8, 9]. Major nodes, or points of
convergence, for insulin signalling include the insulin
receptor/IRS1–4, PI3K and its regulatory and catalytic
subunits, and AKT/protein kinase B isoforms 1–3 [1]. The
PI3K/AKT module is mainly responsible for insulin-
stimulated metabolic responses, such as increased glucose
uptake and protein synthesis, while the MAPK pathway
regulates gene expression to control growth and differen-
tiation. Given the important role of skeletal muscle in
maintaining whole body insulin sensitivity [10, 11], cou-
pled with the fact that skeletal muscle insulin resistance is
an early defect in the pathogenesis of type 2 diabetes [12],
we have focused on the role of insulin signalling in primary
human skeletal muscle. Specifically, our goal is to identify
impairments that contribute to the development of skeletal
muscle insulin resistance in humans.

Earlier work from our laboratory provides evidence that
insulin signalling at the level of IRS1 and IRS2 is impaired
in skeletal muscle from type 2 diabetic patients [13, 14],
and that this occurs concomitantly with impaired glucose
and lipid metabolism [9]. AKT has been implicated in the
regulation of glucose transporter translocation and glucose
transport [15-17], and some [14, 18–20], but not all [21,
22], studies provide evidence that insulin signalling at the
level of AKT is impaired in skeletal muscle from type 2
diabetic patients. Clearly, a detailed molecular analysis of
the different effects of the specific IRS or AKT isoforms on
metabolic and gene regulatory responses in humans poses a
challenge. The greatest insight to date in this regard has
been provided by transgenic and knockout mouse models
of diabetes. siRNA permits the systematic dissection of
isoform-specific and the determination of the impact of
these genes on the development of insulin resistance.

Several investigators have used cell-based models and
knockout mouse models to dissect the role of IRS and AKT
isoforms on skeletal muscle glucose and lipid metabolism
[23–29]. Subtle differences in domain structure could confer
different roles for IRS1 and IRS2. Although structurally very
similar, only IRS2 possesses a kinase regulatory loop
binding (KRLB) domain [30, 31]. Mutations resulting in a
loss of KRLB binding to the insulin receptor leads to
increased insulin-stimulated tyrosine phosphorylation of
IRS2 [32], indicating that this domain serves to dampen
insulin-mediated activation of IRS2 and, hence, IRS1 is the
primary substrate of the activated insulin receptor [32].

To deconvolute insulin signalling cascades controlling
positive signals that regulate glucose and lipid metabolism,
we used siRNA directed against the major IRS proteins
expressed in human skeletal muscle, namely, IRS1 and
IRS2 [23]. IRS3 was excluded from our analysis because in
silico screening of the human IRS3 genome region, and
other biological and molecular findings, provide evidence
that humans do not possess a functional IRS3 protein [33].
We also silenced AKT1 and AKT2 in primary human
muscle cells. The absence of IRS3 [33] and the report of
low or undetectable levels of AKT3 [34] in human muscle
provide a rationale for the requirement to validate the
critical components of the insulin signalling cascade in
human tissue since in rodents, IRS3 or AKT3 may
compensate for the deletion or impairment in either IRS1/
IRS2 or AKT1/AKT2, respectively.

siRNA reveals differential signalling along the AKT and
MAPK pathways Targeted depletion of IRS1 in primary
human myotubes abolished insulin-mediated phosphoryla-
tion of AKT Ser473, the AKT substrate of 160 kDa
(AS160) and FOXO1/FOXO4, and partly decreased AKT
Thr308 phosphorylation, whereas targeted depletion of
IRS2 in primary human myotubes abolished insulin action
on extracellular signal-regulated kinase 1/2 (ERK1/2)
MAPK phosphorylation [34]. This finding of differential
signalling responses would suggest that IRS1 relays signals
to the metabolic arm of the insulin signalling cascade,
whereas IRS2 relays signals along gene regulatory path-
ways. Our results in human myotubes are consistent with
earlier studies in L6 muscle cells [27, 35], in which siRNA
directed against either Irs1 or Irs2 reduced insulin action
on AKT phosphorylation and siRNA targeting Irs2 re-
duced insulin action on ERK1/2 MAPK. However, in L6
myotubes, the link between AKT activation and IRS
isoforms is less clear. In one study [27], depletion of
IRS1 reduced AKT1 and AKT2 phosphorylation, whereas
depletion of IRS2 reduced only AKT2 phosphorylation.
Conversely, in another study [35], IRS2, not IRS1, was
shown to be the primary mediator of insulin-stimulated
AKT phosphorylation. The reason for the differences be-
tween these studies is unclear; however, the introduction of
siRNA into a cell may also have an unknown ‘off-target’
effect that influences cellular signalling and metabolism
above and beyond any effect associated with the gene of
interest.

In cultured human myotubes, IRS1 signals to both
AKT1 and AKT2, whereas IRS2 signals to ERK1/2
MAPK, thereby indicating isoform specificity in transmit-
ting input between the different nodes of the canonical
insulin signalling cascade [23]. This is in agreement with
results reported for L6 myotubes using a similar approach
[27]. Conversely, in L6 myotubes expressing a mutant
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(Arg1152Gln) insulin receptor originally identified in a
patient with severe insulin resistance, insulin-dependent
glucose storage and ERK signalling were correlated with
IRS2 and IRS1, respectively [36]. Whether overexpression
of the mutant Arg1152Gln insulin receptor in these cells
alters the relative role of the IRS isoforms is unknown.
Overexpression of KRLB peptides in L6 myotubes specif-
ically blocks insulin-mediated IRS2 phosphorylation and
increases IRS1 phosphorylation and ERK signalling, while
preventing insulin-stimulated glycogen synthesis [37].
Collectively, these findings in L6 myotubes expressing
mutant insulin receptors or peptides against the receptor
provide evidence suggesting that insulin signalling requires
IRS1 for mitogenic effects and IRS2 for glucose metabo-
lism and are therefore not consistent with the results from
siRNA-based approaches [23, 27]. The reason for these
differences is unclear.

In intact human skeletal muscle, insulin action on both
IRS1 and IRS2 is impaired in type 2 diabetic patients, and
this occurs concomitantly with reduced PI3K activity but
normal ERK1/2 MAPK phosphorylation [14, 38]. One
possible explanation is that a maximal effect of insulin
on IRS2 phosphorylation is not required for the full ef-
fect on ERK1/2 MAPK phosphorylation. Alternatively,
signalling events may be organised spatially such that IRS2
phosphorylation in a specialised compartment of the cell
may be intact, despite a reduction in total cellular IRS2
signalling.

siRNA reveals specificity in glucose and lipid metabolism The
molecular dissection of the critical components of the
insulin signalling cascades that regulate distinct metabolic
pathways such as glucose or lipid metabolism has been
challenging. While knockout mouse models can be used to
attempt to identify key proteins, the effect of the absence of
a particular gene on early developmental changes may
influence the phenotype and, consequently, the whole body
metabolic response of the animal, confounding the results.
Indeed, an important role of insulin signalling in early
development and growth has long been appreciated [33,
34]. Moreover, a recent study in zebrafish provides
evidence that insulin receptor signalling is essential for
the proper development of brain, heart and eye, and
embryonic growth [39]. Human cell culture models offer
a complementary approach for investigating the specificity
of insulin receptor signalling on metabolic responses that
excludes the possibility of any effect of early developmen-
tal changes or organ-to-organ communication. To this end,
we determined the effect of siRNA silencing of IRS1/IRS2
or AKT1/AKT2 on glucose and lipid metabolism in
differentiated human myotubes, reporting evidence that
basal glucose uptake and metabolism is mediated by IRS2,
whereas the insulin-stimulated response requires IRS1 [23],

consistent with findings in L6 muscle cells [27]. Further-
more, we found that the action of insulin on glucose uptake
was prevented in primary human myotubes depleted of
AKT2 but was preserved in myotubes depleted of AKT1
[23]. Reduced levels of AKT2 in 3T3-L1 adipocytes or L6
myotubes [27, 40] attenuates insulin-stimulated glucose
transport. Collectively, these results indicate that a signal-
ling module comprising IRS1 and AKT2 controls glucose
uptake and metabolism, whereas a module consisting of
IRS2 and AKT1 controls lipid oxidation. As indicated
earlier, insulin resistance at the level of IRS1 and IRS2 is
evident in severe insulin resistance and long-standing type
2 diabetes [13, 14], together with impaired glucose and
lipid metabolism [9]. Moreover, in type 2 diabetic patients
and obese insulin-resistant humans, impaired AKT2 activity
is associated with defects in glucose transport [14, 18–20].
Whether alterations in insulin signalling are a cause or a
consequence of impaired whole body glucose homeostasis
is unknown, but this modular regulation of distinctive
metabolic responses by the insulin signalling cascade offers
potential targets for the treatment of defects in glucose or
lipid metabolism for the clinical management of type 2
diabetes.

Enhancing insulin action by targeting signalling
cascades

An innovative approach used to attempt to unravel critical
components of the insulin signalling cascade involved in
the regulation of glucose transport involves the use of
siRNA. Presumably, this approach could be used for the
whole genome or for selective families of genes, or ‘target
classes’, such as nuclear receptors, G protein-coupled
receptors, phosphatases, proteases, ion channels and trans-
porters. For example, an RNA interference-based screen of
protein kinases expressed in 3T3-L1 adipocytes has been
used to measure the effects of siRNA gene silencing on
basal and insulin-stimulated glucose transport [41]. This
approach is of clinical relevance given that glucose
transport defects, either as a result of reductions in levels
of GLUT4 protein, as observed in adipocytes, or impair-
ments in insulin-stimulated GLUT4 translocation, as ob-
served in skeletal muscle and adipocytes, contribute to the
whole body impairment in glucose homeostasis in type 2
diabetic patients [9]. However, one of the problems
associated with siRNA-based approaches is the possibility
that the expression of non-targeted genes may also be
altered. siRNA sequences are processed within cells in a
manner analogous to endogenous micro RNAs, which, in
human tissues, have been shown to affect sequences that
only partially match [42, 43]. Thus, results obtained using
siRNA should be validated using several different siRNA
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sequences targeting the same gene and biochemically
confirmed in different model systems.

Czech and co-workers [41] performed an siRNA screen
to test the hypothesis that suppression of individual protein
kinases would identify regulators of cellular GLUT4
protein content and/or membrane trafficking. Initially, gene
expression profiling was used to identify all protein kinases
present in 3T3-L1 adipocytes, and a high-throughput
screening approach was then used to systematically silence
the targets using siRNA. As positive controls for the assay,
two known positive and negative regulators of glucose
transport, Akt2 and Pten, respectively, were silenced [23,
27, 40, 44]. Screening the 58 protein kinases identified in
3T3-L1 adipocytes revealed that silencing the genes
encoding the following protein kinases enhanced glucose
transport, suggesting that they are endogenous suppressors
of glucose transport: the cyclin-dependent kinase-related
protein kinases, PCTAIRE-motif protein kinase 1 and
PFTAIRE protein kinase 1, the inhibitor of nuclear factor-
κB kinase isoforms α and β (IKKα and IKKβ), a member
of the Sterile 20 family of protein kinases, mitogen-
activated protein kinase kinase kinase kinase 4 (MAP4K4,
also referred to as NCK-interacting kinase). In contrast, the
silencing of the gene encoding integrin-linked protein
kinase impaired glucose transport, suggesting that this
protein kinase is an endogenous enhancer of glucose
transport. Clearly this is a powerful approach for the
identification of novel signal transducers that regulate
glucose transport. Conceivably, this approach could be
adapted to identify new points of regulation of cellular lipid
and protein metabolism. The technique could also be
applied to models of insulin resistance to identify protein
kinases that enhance insulin sensitivity or responsiveness.

Application of siRNA to combat insulin resistance

Diabetes affects the whole body, and defects in insulin-
sensitive organs, including skeletal muscle, adipose tissue
and liver, can contribute to impairments in whole body
glucose homeostasis. Early studies provided clinical evi-
dence that defects in peripheral tissues and in the beta cell
are required for the development of type 2 diabetes [12].
The link between peripheral organs and central mechanisms
in the control of both glucose and energy homeostasis has
also been appreciated for several decades [45–47]. Efforts
are under way to apply siRNA to central and peripheral
tissues that control glucose and energy homeostasis to
improve insulin sensitivity (for reviews see [48, 49]).

For the purposes of this review, two examples will be
highlighted to show how specific genes in skeletal muscle
can be targeted to prevent the development of insulin
resistance. Experimentally, skeletal muscle insulin resis-

tance can be induced by exposure to elevated levels of
glucose, insulin, NEFA or cytokines such as TNF-α.
Although these factors induce insulin resistance via
different mechanisms and signalling pathways (reviewed
in [4]), several of these factors co-exist in vivo and may
collectively contribute to the overall clinical phenotype in
diabetic patients. For example, an acute infusion of TNF-α
into healthy volunteers impairs insulin-mediated skeletal
muscle glucose uptake without altering endogenous glucose
production [50]. Elevations in TNF-α are correlated with
increased phosphorylation of ERK1/2, c-Jun NH2-terminal
kinase (JNK) and p70S6K, and increased serine phosphor-
ylation of IRS1 (Fig. 3) [1]. These activated inhibitory
molecules exert a negative effect on insulin signalling.
TNF-α infusion was also associated with impaired phos-
phorylation of AS160, the most proximal step identified in
the canonical insulin signalling cascade regulating GLUT4
translocation and glucose uptake [50]. Although TNF-α
levels are not markedly elevated in lean or moderately
obese type 2 diabetic patients [13], in morbidly obese
individuals, macrophages infiltrate the adipose tissue and
secrete TNF-α, creating a low-grade inflammatory state
that can contribute to the development of insulin resistance
[51]. Based on these lines of evidence, we adopted a cell
culture model to induce insulin resistance by exposing
primary skeletal muscle myotubes derived from healthy
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Fig. 3 Effects of TNF-α exposure on insulin signalling. TNF-α
exposure increases phosphorylation of p70S6K, ERK1/2, and JNK,
concomitant with increased serine phosphorylation of IRS1. These
signal transducers act as inhibitory molecules, which provide negative
feedback on canonical insulin signalling and impair glucose uptake
and metabolism
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volunteers to TNF-α. We next used siRNA directed against
IKKβ (also known as IKBKB) [52] or MAP4K4 [53]—the
protein products of which were identified by Czech and co-
workers [41] as regulators of cellular GLUT4 protein
content and/or membrane trafficking in cultured 3T3-L1
adipocytes—to investigate whether targeted depletion of
these proteins would prevent the development of insulin
resistance. Recent results from our laboratory related to the
role of IKKβ [52] and MAP4K4 [53] will be reviewed
below. Since defects in skeletal muscle glucose transport
and cell surface GLUT4 content in type 2 diabetic patients
correlate with impaired whole body insulin-mediated
glucose uptake [54–56], targeting these novel signalling
cascades that regulate GLUT4 or translocation may be effi-
cacious in the treatment of whole body insulin resistance.

IKKβ The IκB kinase complex is composed of two
catalytic subunits (IKKα and IKKβ) and one regulatory
subunit (IKKγ). IKKβ, but not IKKα, plays a major role in
nuclear factor κB (NF-κB) activation and activity in
response to proinflammatory cytokines such as TNF-α
[57]. In type 2 diabetic patients [58] or lipid-infused healthy
volunteers [59], increased IκB/NF-κB pathway activity is
associated with skeletal muscle insulin resistance. Genetic
or pharmacological inhibition of the IκB/NF-κB pathway,
e.g. by deletion of Ikkβ in mice or by administration of
salicylates to a rodent model of diabetes, improves periph-
eral insulin sensitivity [60]. Salicylates, including aspirin,
improve insulin action by inhibiting IKKβ in animals with
obesity- and dietary-induced insulin resistance [61] and
prevent the inhibitory effects of TNF-α [62] on insulin
signalling.

Using primary human skeletal muscle myotubes we
determined the effect of IKKβ gene silencing by siRNA on
insulin action [52]. Myotubes were then incubated in the
absence or presence of TNF-α for 2 h. Exposure to TNF-α
impaired the action of insulin on glucose uptake and
metabolism and reduced the phosphorylation of AKT and
the AKT substrate AS160 [52]. Gene silencing reduced
IKKβ protein levels by 75%, without affecting cell
differentiation or the expression of GLUT1 or GLUT4 (also
known as SLC2A1 and SLC2A4, respectively) mRNAs.
Importantly, IKKβ gene silencing fully protected against
TNF-α-induced inhibition of glucose uptake and metabo-
lism and signal transduction at the level of AKT and
AS160. Since AS160 plays a critical role in the insulin
signalling pathway leading to glucose transport [63], this
may in part explain the enhanced glucose metabolism
observed in IKKβ-depleted myotubes. These findings
provide biological validation of IKKβ as a potential target
for pharmacological interventions aimed at improving
insulin sensitivity, highlighting the opportunity for the
development readily available over-the-counter pharma-

ceuticals, such as aspirin and similar derivatives, for the
effective treatment of insulin resistance. Remarkably, blood
glucose, total cholesterol, C-reactive protein, triacylglycerol
and insulin clearance are improved in type 2 diabetic
patients following 2 weeks of treatment with relatively high
doses of aspirin (approximately 7 g/day) [64]. Although the
high doses of salicylates required indicate that more
research is required to refine putative compounds, this
clinical investigation also revealed that the short-term
aspirin treatment improved glucose and NEFA levels during
a mixed meal tolerance test, as well as reducing basal
hepatic glucose production and enhancing peripheral
insulin sensitivity during a clamp study. Nevertheless, these
currently available over-the-counter drugs have undesired
side effects and may therefore prove to be an unreasonable
treatment option for insulin resistance. Collectively, the
evidence from cultured cells, animal models and clinical
investigation underscores IKKβ as a potential therapeutic
target for the prevention of peripheral insulin resistance in
the setting of obesity with low-grade inflammation.

MAP4K4 JNK is a widely recognised TNF-α-responsive
target that negatively regulates insulin signalling to meta-
bolic endpoints [65]. Knockout mice that lack expression of
Jnk1 (also known as Mapk8) are protected against the
development of dietary-induced obesity and insulin resis-
tance [66]. Thus, suppressors of JNK signalling may
enhance insulin action and prevent defects in glucose
metabolism. JNK is activated via MAP4K4 signalling in
3T3-L1 adipocytes following treatment with TNF-α [41].
TNF-α receptor 1 (TNFR1), but not TNFR2, mediates an
increase in cellular MAP4K4 protein content, and this is in
addition to the potent effect of TNF-α on the phosphory-
lation of JNK and p38 MAPK [67]. In light of the
discovery that deletion of MAP4K4 in 3T3-L1 adipocytes
restores cellular GLUT4 protein content and trafficking
after TNF-α stimulation [41], we examined the role of this
protein kinase in human skeletal muscle. Consistent with
findings in 3T3-L1 adipocytes, MAP4K4 silencing prevents
TNF-α-induced JNK and ERK phosphorylation, as well as
IRS1 serine phosphorylation [53], and relieves inhibitory
signals on AKT and AS160 to promote glucose uptake.
Silencing MAP2K1 and MAP2K4, intermediary kinases
involved in ERK and JNK signalling, respectively, also
prevented TNF-α-induced insulin resistance, which validates
these protein kinases as downstream targets of MAP4K4.

Defects in insulin-stimulated glucose transport observed
in skeletal muscle from people with type 2 diabetes persist
in cultured myotubes [68], indicating that intrinsic defects
influence insulin action. Thus, cultured myotubes derived
from skeletal muscle biopsies from type 2 diabetic patients
represent a suitable cellular model to validate whether
gene silencing of candidate negative regulators of insulin
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signalling boosts metabolism. We transfected myotubes
from type 2 diabetic patients and volunteers with normal
glucose tolerance to determine whether MAP4K4 silencing
improves insulin action in diabetes [53]. Silencing of
MAP4K4, MAP2K1 or MAP2K4 completely restored in-
sulin action on glucose uptake. Thus, strategies to inhibit
MAP4K4 signalling are efficacious in the prevention of
inhibitory signals that cause insulin resistance in skeletal
muscle.

Conclusion

siRNA is a powerful tool for the validation of specific
targets controlling metabolism and gene regulatory events
in health and disease. Future efforts using an unbiased
approach to systematically silence all expressed genes in a
specific tissue may reveal novel modes of metabolic
regulation. With high-throughput assay systems, the com-
plexity of signalling pathways can be rapidly deconvoluted.
Several negative regulators of glucose uptake and metab-
olism have already been revealed by high-throughput
analysis of glucose transport and GLUT4 translocation in
cultured cells [69]. This same approach can be taken to
identify targets that protect against the development of
insulin resistance. For example, suppression of PTEN,
PTP1B, JNK1, p70S6K or PKCθ (also known as PRKCQ)
using siRNA protects against palmitate-induced insulin
resistance [69] and, consequently, may hold promise as
therapeutic targets to pharmacologically enhance insulin
action in type 2 diabetes.

Future efforts will require a combined approach with
high-throughput assay systems, physiologically relevant
secondary cell culture systems, animal models with tissue-
specific gene knockout and clinically orientated investiga-
tions to reveal a three-dimensional view of the integrated
biology controlling tissue-specific and whole body glucose
homeostasis. Biased and unbiased approaches will be
required whereby siRNA against known genes, or specially
designed target libraries, will be useful to validate the
pathways that govern the actions of insulin on glucose and
lipid metabolism. The specificity inherent in siRNA has
spurred efforts to translate the basic science in this area
into clinical applications [70]. While the development of
siRNA-based therapy remains promising, there are still
many obstacles to overcome. Indeed, siRNA has sequence-
and target-independent effects on gene expression that may
have a negative impact in terms of compromising safety in
the clinic. Furthermore, the potential therapeutic application
of siRNA will require effective delivery systems to target
cells and tissues, which may present an additional challenge
for the treatment of metabolic disease. While the transla-
tional application of siRNA to treat insulin resistance in

humans is still outside our reach, strategies to both mitigate
off-target effects and advance siRNA delivery are currently
being developed.
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