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Abstract

Insulin resistance is a hallmark of type 2 diabetes. In
an effort to understand and treat this condition, re-
searchers have used genetic manipulation of mice to
uncover insulin signaling pathways and determine the
effects of their perturbation. After decades of research,
much has been learned, but the pathophysiology of
insulin resistance in human diabetes remains contro-
versial, and treating insulin resistance remains a chal-
lenge. This review will discuss limitations of mouse
models lacking select insulin signaling molecule genes.
In the most influential mouse models, glucose metabo-
lism differs from that of humans at the cellular, organ,
and whole-organism levels, and these differences limit
the relevance and benefit of the mouse models both
in terms of mechanistic investigations and therapeutic
development. These differences are due partly to im-
mutable differences in mouse and human biology, and
partly to the failure of genetic modifications to produce
an accurate model of human diabetes. Several fac-
tors often limit the mechanistic insights gained from
experimental mice to the particular species and strain,
including: developmental effects, unexpected meta-
bolic adjustments, genetic background effects, and
technical issues. We conclude that the limitations and
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weaknesses of genetically modified mouse models of
insulin resistance underscore the need for redirection of
research efforts toward methods that are more directly
relevant to human physiology.

© 2014 Baishideng Publishing Group Co., Limited. All rights
reserved.
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Core tip: Insulin resistance is central to the pathophysi-
ology of type 2 diabetes. The molecular origins of insu-
lin resistance have been investigated using genetically
modified mice. Much has been learned from this work,
but new treatments for insulin resistance have not been
forthcoming. Knockout mouse models of diabetes are
limited by several factors including species differences
in glucose metabolism. These are due partly to spe-
cies differences in physiology, and partly to the failure
of genetic modifications to produce an accurate model.
Advancement may require a redirection of research ef-
forts toward methods that are more directly relevant to
human physiology.
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INTRODUCTION

Type 2 diabetes is a growing public health problem af-
fecting approximately 26 million adults in the United
States, with pre-diabetes affecting an additional 79 mil-
lion"!. The natural history of type 2 diabetes starts with
insulin resistance, which develops over time and often
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Figure 1 Insulin actions in main insulin-sensitive tissues. Insulin has different actions in each of the main insulin-sensitive tissues. In muscle, insulin promotes
glucose uptake and glycogen synthesis. In liver, insulin promotes glycogen synthesis and lipogenesis and reduces gluconeogenesis and the release of stored glu-
cose. In adipose tissue, insulin increases glucose uptake and lipogenesis and decreases lipolysis. In the brain, insulin Inhibits hepatic glycogenolysis and lipolysis and

decreases appetite.

precedes a diagnosis by many years. The pancreas com-
pensates for insulin resistance by increasing insulin secre-
tion, often leading to hyperinsulinemia. For many insulin-
resistant patients, the pancreas is unable to sustain a high
level of insulin secretion. As the pancreas fails to meet
the demand for insulin, plasma glucose rises. Patients are
then at risk of morbidity and mortality associated with
complications such as neuropathy, retinopathy, nephropa-
thy, and increased risk of cardiovascular disease. Overall,
type 2 diabetes decreases life expectancy at age 50 or
older by about 8 years”. Aside from diabetes and the
metabolic syndrome, insulin resistance is also associated
with polycystic ovarian syndrome and other problems.
Understanding the cellular and molecular causes of insu-
lin resistance is an area of active research because of the
need to discover new therapies to help patients.

Animal models are often used to investigate mecha-
nisms of insulin resistance and develop therapeutic
agents. In the field of type 1 diabetes, serious limitations
of animal models have become apparentm; we therefore
sought to assess the utility of select mouse models used
in type 2 diabetes research, specifically insulin signaling
and resistance. We begin with a brief summary of insulin
signaling, followed by a closer look at general limitations
of mouse models and specific limitations of knockouts
lacking select insulin signaling molecule genes.

Insulin resistance is defined as the failure of cells to
respond normally to insulin, and most importantly, to
insulin’s glucose-lowering effects. It can be measured by a
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number of approaches, including the Homeostatic Model
Assessment of Insulin Resistance, which is based on fast-
ing glucose and insulin levels, and the gold standard ap-
proach, a hyperinsulinemic-euglycemic clamp test'”. On
a cellular level, insulin resistance manifests differently in
different tissues (Figure 1). Insulin-resistant muscle cells
fail to uptake glucose and other nutrients in response to
insulin, whereas in adipose tissue, insulin resistance leads
to greater hydrolysis of stored triglycerides in addition to
decreased nutrient uptake. In the liver, insulin promotes
glycogen synthesis and prevents the release of stored glu-
cose, thereby raising blood glucose levels. In the brain, in-
sulin decreases appetite and hepatic glucose productionlsj.

The molecular mechanisms of insulin resistance in
type 2 diabetes have not been fully characterized, al-
though many important biochemical, metabolic, and ge-
netic features have been identified. Accumulated findings
have highlighted several pathways to insulin resistance,
including lipid accumulation, oxidative stress, and inflam-
mation”. An important common feature of these mecha-
nisms is the activation of stress-sensitive kinases includ-
ing protein kinase C  (PKC() that cause a dampening of
insulin signalingm.

Insulin is involved in a number of cellular processes
apart from nutrient metabolism, including protein syn-
thesis, mitochondrial biogenesis, growth, autophagy, pro-
liferation, differentiation, and migrarjonl&w. As illustrated
in Figure 2, the binding of insulin to its receptor triggers
a cascade of cellular events that leads to nutrient uptake
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Figure 2 Insulin signaling in health and disease. Insulin signaling in health and disease. A: The binding of insulin to its receptor triggers a cascade of cellular
events that lead to nutrient uptake and activation of various cellular programs. Insulin receptor substrate (IRS) activates phosphoinositide 3-kinase (PI13K) which pro-
duces a metabolite that activates protein kinase B (AKT) and protein kinase C /1 (PKCA/1). PKCA/1, which also depends on lipids for activation, can inhibit insulin
signaling by a feedback mechanism. The nuclear receptor peroxisome proliferator-activated receptor gamma (PPARYy), is important in lipid metabolism, and is the tar-
get of insulin sensitizing thiazolidinedione drugs. PPARy becomes activated upon binding of lipids and promotes expression of genes involved in fat storage; B: Under
insulin-resistant conditions, accumulation of lipids, oxidative stress, and pro-inflammatory cytokines cause activation of stress-sensitive kinases such as protein kinase
C 6 ( PKCO), inhibitor of nuclear factor kappa-B kinase subunit 8 (IKKB) and c-Jun N-terminal kinase 1 (JNK1), which inhibit insulin signaling.

| Un-
der insulin-sensitive conditions, as shown in Figure 2A,
insulin receptor substrate (IRS) activates phosphoinosit-
ide 3-kinase (PI3K), which produces a metabolite that
activates protein kinase B (AKT) and PKCA/1. PKC A /1,
which also depends on lipids for activation, can inhibit
insulin signaling by a feedback mechanism. The nuclear
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receptor peroxisome proliferator-activated receptor
gamma, or peroxisome proliferator-activated receptor y
(PPARY), is important in lipid metabolism, and is the tar-
get of insulin sensitizing thiazolidinedione drugs (TZDs).
PPARy becomes activated upon binding of lipids and
promotes expression of genes involved in fat storage. As
shown in Figure 2B, under insulin-resistant conditions,
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accumulation of lipids, oxidative stress, and pro-inflam-
matory cytokines cause activation of stress-sensitive ki-
nases such as PKCB, inhibitor of nuclear factor kappa-B
kinase subunit § (IKK-B) and c-Jun N-terminal kinase 1
(NK1), which inhibit insulin signaling®”.

Evidence for insulin signaling pathways and mecha-
nisms of insulin resistance comes from human and ani-
mal cell and tissue studies, clinical studies, and whole ani-
mal experiments. While data from various models have
been useful in formulating and testing hypotheses, some
approaches are more promising than others. Rodent
models have been used in the study of type 2 diabetes
and insulin resistance for decades. Conditions relevant to
the study of insulin resistance and diabetes are induced
in rodents using several approaches, including genetic,
pharmacological, surgical, and dietary inductions. A num-
ber of these approaches and models have been reviewed
elsewhere!"™. Many researchers favor targeted genetic
manipulation because it allows specific and complete
or near-complete removal of target gene function in a
whole organism or specific tissues'”. In combination
with pharmacological, cell-based and molecular studies,
these knockout mouse studies have mapped the insulin
signaling pathway in mice to a high level of detail. Other
authors have described how pathway connections tested
in humans have been shown to be conserved (i.c.,"™).
Many would argue that knockout mouse studies have
been especially important in defining the function of
genes for which no pharmacological or other molecular-
based functional ablation is available!"”. In this respect,
the genetic approach has become a central component of
preclinical research in diabetes and other fields.

Despite this progress in our understanding of insulin
action, the causative molecular basis for acquired hu-
man insulin resistance remains unclear and controver-
sial. Furthermore, improved understanding of rodent
cell signaling has not translated into improved human
therapeutics. To wit, it has been almost 20 years since
the first insulin signaling knockout mouse studies were
published"*"”
signaling phosphorylation cascade have emerged to treat
insulin resistance in type 2 diabetes”. While much of this
research is conducted for the purpose of hypothesis test-

ing rather than drug development per se, the identification
120

, but no new drugs targeting the insulin

of drug targets is often a primary or secondary goa
In light of this, we discuss the limitations of research on
insulin resistance using knockout mice of select proteins
important in the insulin signaling cascade (Figure 2). The
following sections will focus mainly on peripheral insulin
resistance and extrapancreatic insulin-sensitive tissues,
since many therapeutic and research efforts are in this
area. We first address physiological, cellular, and molecu-
lar differences in glucose metabolism between mice and
humans that limit translatability. We then review select
knockout mouse models of insulin signaling dysfunction,
identifying cases with contradictory or untranslatable re-
sults. Finally, we briefly discuss the limitations of genetic
manipulations of these targets in mice in regard to the
search for safe and effective drugs for type 2 diabetes.
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GLUCOSE DISPOSAL IN MICE AND
HUMANS

A central aspect of glucose homeostasis is glucose dis-
posal, meaning the facilitated transport of glucose from
blood into storage tissues and organs. Insulin resistance
in humans with type 2 diabetes involves defects in glu-
cose sensing and disposal in a number of tissues, but the
most significant effects on glucose homeostasis result
from insulin resistance in the major glucose-disposing tis-
sues: skeletal muscle, liver and adipose tissue.

Glucose disposal and glycogen storage patterns differ
in mice and humans. In healthy humans, about one-third
of glucose is taken up by the liver™. Estimates of skel-
etal muscle glucose uptake vary widely, in part because
they are often based on indirect measurements and as-
sumptions regarding muscle mass and blood flow. One
report that measured muscle glucose more directly using
nuclear magnetic resonance demonstrated muscle absorb-
ing 64%-91% of infused glucose in a single male volun-
teer™. A follow-up study of 11 subjects reported muscle
glucose uptake of 90% in normal subjects and 67% in
diabetic subjectsm. In a separate study of 10 healthy vol-
unteers, muscle accounted for 38.3% of systemic glucose
disposal, based on data from blood sampled from a fore-
arm vein””, Overall, the data show greater glucose uptake
in skeletal muscle than liver in humans. Genetic evidence
underscores the importance of skeletal muscle to whole-
body glucose tolerance in humans. Polymorphisms in the
gene for the primary glucose transporter in muscle, glu-
cose transporter isoform 4 (GLUT4), have been linked to
type 2 diabetes and insulin resistance™. Overall, defects
in skeletal muscle glucose disposal are a major compo-
nent of insulin resistance in humans®’

By contrast, the liver is much more important for
glucose disposal in mice. Interfering with glucose uptake
in mouse liver causes whole-body insulin resistance and
glucose intolerance, but similar manipulations in muscle
usually do not. The muscle-specific insulin receptor
knockout mouse has normal glucose tolerance, insulin
sensitivity, and glucose and insulin levels, with only mild
dyslipidemiam. Muscle-specific deletion of IRS1 and
IRS2 also does not produce a diabetic phenotype, nor
does a whole-body knockout of the major muscle glucose
transporter, GLUT4**), One exception to this pattern
may be a muscle-specific GLUT4 knockout strain that
developed a diabetic phenotype in one study™, a result
that has not been replicated by others”*?. In contrast to
the above strains deficient in muscle insulin signaling, a
liver-specific insulin receptor knockout mouse strain was
insulin resistant and severely hyperinsulinemic, and devel-
oped hyperglycemia and glucose intolerance at an eatly
age (2 mo)™”. Liver-specific deletion of TRS1 and IRS2
also cause insulin resistance under certain conditions”™.
Mice with a deletion of the primary glucose transporter
in the liver, GLUT2, are hypetrglycemic and die at 2-3 wk
of age™.

Glycogen storage is a major destination for glucose
in mammals. In mice, approximately 8 times more glyco-
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gen is stored in the liver than skeletal muscle™; but the
reverse is true in humans, where 3-8 times more glycogen
is found in skeletal muscle””. These physiological differ-
ences in glucose disposal and storage have implications
for modeling insulin resistance, since muscle and liver
have different roles and different metabolic and signaling
pathways.

There are two important differences in glucose trans-
port between liver, the primary glucose disposal organ in
mice, and skeletal muscle, the primary glucose disposal
organ in humans. First, skeletal muscle cells have multiple
pathways for glucose transport. Contraction-stimulated
glucose transport in skeletal muscle is insulin-indepen-
dent, mediated through 5’ adenosine monophosphate
activated protein kinase-mediated signaling mecha-
nisms”™™. In contrast, liver has no such activity-stimulated
transport method. Second, the transporters involved in
glucose uptake are different in the two tissues. In liver,
the low-affinity GLUT?2 is present at high levels on cell
membranes independent of insulin or other signalingm,
and glucose transport rates vary with the extracellu-
lar concentration of glucosem]. In contrast, in skeletal
muscle cells, the high-affinity glucose transporter GLUT4
is translocated from internal vesicles to the plasma mem-
brane in response to glucose uptake signalsm. In human
skeletal muscle cells, this transport is facilitated by clath-
rin isoform CHC22, which is not present in the mouse!™
The rate-limiting step in glucose metabolism in liver is
phosphorylation, while in skeletal muscle it is transport
through GLUT4"™. The divergent features of cells in
these organs, combined with the divergent physiology of
rodents and humans, means that glucose disposal is af-
fected very differently in the different species.

Because mice rely principally on the liver for glucose
homeostasis, while humans rely on skeletal muscle where
transport mechanisms and biochemical pathways dif-
fer, mice may not be expected to be analogous to type
2 diabetes patients in regards to mechanisms of glucose
metabolism or its dysfunction.

Mice and humans have a number of other metabolic
differences. The small size and fast metabolism of mice
enables heart rates in the range of 350-550 beats per
minute, while in humans, normal heart rate is about 70
beats per minute™™. Mice are capable of the physiological
state of torpor, a state of reduced metabolic rate, while
humans are not'*’. Prolonged fasting in humans impairs
insulin-stimulated glucose utilization, but causes enhance-
ment in mice™. In regards to eating patterns, mice con-
sume most of their food at nightw, and an overnight fast
of 14-18 h, typical for laboratory experiments, induces a
state akin to starvation"”. In addition, circulating lipids
have an inverted composition in mice, with high-density
lipoprotein (HDL) being typically higher than low-density
lipoprotein (LDL), while HDL is lower in humans™. The
thermoneutrality point, that is, the temperature at which
an organism expends minimal energy for temperature
regulation, is higher in mice™. This last difference could
be compensated for if mice were housed above room
temperature, but that is not standard practice.
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Finally, experiments investigating mouse metabolism
present technical challenges. Insulin sensitivity is often
measured using a hyperinsulinemic-euglycemic clamp
test, which involves either implanted arterial catheters or
repeated blood sampling. The results of this test are de-
pendent on a number of experimental factors which are
not standardized between laboratories, including fasting
¥ Past-
ing glucose, insulin, and lipid levels are often measured
after 14-18 h overnight fasts, but this induces a catabolic
state in mice, who normally eat mostly at night. Data

time, anesthesia use, and blood sampling site

shows that a 6 h fast is best to assess glucose tolerance in
;A B0]
mice”".

KNOCKOUT MODELS OF INSULIN
SIGNALING

Mouse models of diabetes are often used to explore sig-

naling pathwaysm. The following sections highlight cases
relevant to insulin signaling dysfunction where similar or
identical genetic manipulations produced disparate re-
sults. These cases are consistent with other results show-
ing differences in insulin action, secretion, and responses
to hypoglycemia in different inbred mouse strains’'.
Previous reviewers have also noted the strong effect of
genetic background in knockout mouse experiments[szl.
Other factors influencing disparate findings include com-
pensatory metabolic adjustments and technical challenges
associated with evaluating mouse metabolism. Later, we
will focus on the challenges of translating mouse knock-

out results to humans.

INSULIN RECEPTOR AND INSULIN
RECEPTOR SUBSTRATE

Binding of insulin to the insulin receptor is the first step

in the insulin signaling pathway. Mice with complete dele-
tion of the insulin receptor are about 10% underweight
and suffer from chronic hyperglycemia[ss’w. They die
within several days of birth due to diabetic ketoacido-
sis. In humans, donohue syndrome is a rare monogenic
disease resulting from mutation of the insulin receptor.
Individuals with this disease suffer from severe pre-natal
and post-natal growth retardation, fasting hypoglycemia,
and post-prandial hyperglycemia®. They generally die
before adulthood. The difference between the glucose
homeostasis in mice and humans with this mutation may
be attributable to the fact that the human pancreas devel-
ops earlier in gestation, hence better enables the compen-
satory hyperinsulinemiaﬁs]

The pancreatic beta-cell specific insulin receptor
knockout mouse strain (called BIRKO) has impaired in-
sulin response to glucose challenge and develops impaired
glucose tolerance and high insulin levels™. In the initial
description of this mutant strain, glucose levels and body
weight were normal, however, a follow-up report from
the same laboratory described consistent hyperglycemia
and sporadic obesitym. In the same report, a muscle
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Table 1 Knockout mouse reproducibility

Model Ref. Genetic background Observed discrepancy

IRS1 knockout Tamemoto et al™” C57BL/6 x CBA Growth defect twice as severe in Araki 1994
Araki et al™ C57BL/6

IRS2 knockout Withers et al™! C57BL6 x 129Sv Growth defect observed only in Withers et al'®”. Much more
Kubota et al®" C57BL/6 x CBA mixed severe glucose dysregulation in Withers et al'®”

IR and IRS1 double Kulkarni et al'® C57BL/6 Diabetes not observed in 129/Sv mice, observed in 85% of

heterozygous knockout 129/Sv C57BL/6 mice and 64% of DBA/2 mice. Glucose intolerance

DBA/2 only in C57BL/6 strain

AKT2 knockout Cho et al*! C57BL/6 More severe hyperglycemia and hyperinsulinemia in
Garofalo et al'® DBA/1lac] Garofalo et al™. Growth defect only in Garofalo et al'*”

AKT1 knockout Chen et al'*” C57BL/6 x 129R1 High neonatal mortality only in Cho et al'*). Improved glucose
Cho et al® C57BL/6 tolerance and insulin sensitivity only in Buzzi et al™
Buzzi et al'®®! 129/0la, C57BL/6 mixed

Pik3r1 heterozygote Mauvais-Jarvis et al” 129Sv, C57BL/6 mixed Improved glucose tolerance and insulin sensitivity and low
McCurdy et al”™ C57BL/65V] gluc-ose a[r;;l insulin levels on normal diet only in Mauvais-

Jarvis et al

Liver-specific Pik3ca Sopasakis et al”! 129Sv, C57BL/6, FVB mixed Insulin resistance and glucose intolerance on normal diet in
Chattopadhyay et al™ 129, C57BL/ 6] mixed Sopasakis et al™ only

GLUTA4 heterozygous knockout Stenbit et al”® CD1, C57BL/6 mixed Unexpected more severe phenotype in heterozygous knockout

PKC). heterozygous knockout ~ Farese et al”

PKC3 knockout Leitges et al®™ 129/SV x Ola

Bezy et al'®” C57BL6/]
PPARy He et al® C57BL/ 6]

Jones et al®! C57BL/ 6], FVB mixed
Muscle-specific PPARy Norris et al®™ 129/sv, C57BL/6, FVB mixed

11881

Hevener et a C57BL6/]

C57BL/6, 129P2/Sv, FVB mixed

than homozygous

Unexpected more severe hepatic steatosis in heterozygous
knockout than homozygous

High neonatal mortality observed only in Bezy et al*”

Resistance to diet-induced insulin resistance only in

Jones et al®™ study

Insulin resistance and glucose intolerance on normal diet in
Hevener et al'™

et al® only

only. Improvement with rosiglitazone in Norris

Reproducibility problems in knockout mouse studies. Some variant results can be explained by differences in genetic background. IRS: Insulin receptor
substrate 1; IR: Insulin receptor; AKT2: Protein kinase B isoform 2; GLUT4: Glucose transporter isoform 4; PKC\: Protein kinase C A; PPARy: Peroxisome

proliferator-activated receptor y.

and beta-cell double insulin receptor knockout (BIRKO-
MIRKO) mouse strain had an unexpectedly mild condi-
tion. This strain had impaired glucose tolerance, mild
hyperglycemia, high triglycerides and free fatty acids, and
extra fat pad mass. These findings would seem to indicate
that muscle-mediated glucose disposal is dispensable for
normal glucose homeostasis in mice, but 2-deoxyglucose
uptake studies showed that both muscle-specific insulin
receptor knockout (MIRKO) and BIRKO had normal
muscle glucose uptake, suggesting most muscle glucose
uptake under these conditions is insulin-independent”.
Studies of liver glycogen synthesis and liver glycogen
content confirm that mice with insulin insensitive muscle
shifted glucose utilization away from muscle and towards
liver””

Mouse strains lacking insulin receptor in other tissues
have been developed. A knockout of insulin receptor in
neuronal tissue (NIRKO) demonstrated elevated body
weight, white adipose tissue, serum triglycerides, and cir-
culating leptin, with most of these changes being more
pronounced in the females™. In addition, both sexes of
NIRKO mice had reduced fertility, demonstrating the
importance of insulin in reproduction. A knockout of
insulin receptor in adipose tissue (FIRKO) had low fat
mass, and the normal relationship between leptin levels
and fat mass was disrupted[s()]. These mice were protected
against age-related glucose intolerance.
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The IRS proteins transmit signals from the insulin
and IGF1 (insulin-like growth factor 1) receptors. Two
groups independently showed a significant pre-natal and
post-natal growth defect in IRS1 knockout mice!"™®"”!
(Table 1). Despite having similar genetic backgrounds,
only one of the strains exhibited glucose intolerance as
measured by a glucose tolerance test™. In addition, the
two strains had significantly different growth defect se-
verities, with a 40%-60% decrease in weight at various life
stages observed in one study"”, and a 20%-30% decrease
in the other"”. These differences could have been due to
the genetic manipulation approaches or the genetic back-
grounds.

Two independent groups described IRS2 knockout
mouse models, and the phenotypes were different despite
similar genetic backgrounds. Withers ez al®™ observed a
10% decrease in body weight throughout all life stages
for the IRS2 knockout mice in a C57BL6 X 129Sv back-
ground, while Kubota ez al®" observed the IRS knockouts
to be of normal size in a C57BL./6 X CBA mixed back-
ground. Fasting hyperglycemia was observed at age 6 wk
in Withers ez /" but average glucose levels did not reach
hyperglycemic levels in Kubota ez al™", Hyperinsulinemia
and glucose tolerance showed a similar pattern: more se-
vere, eatlier phenotypes observed in Withers ef al™ than
in Kubota ez a/*". Reduced B-cell mass was observed by
both groups.

April 15,2014 | Volume 5 | Issue?2 |
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Kubota ez al”" suggested that the difference in glucose
and insulin levels between the two reports was likely due
to low B-cell mass in their strain, caused either by B-cell
death or by the failure of insulin-resistance induced hy-
perplasia, and acknowledge that genetic differences other
than the intended manipulation may influence the results.
The authors concluded based on their data and data from
a related study that both B-cell dysfunction and reduced
B-cell mass can contribute to the murine diabetic state,
but only studies of human patients can validate whether
one or both mechanisms are more important in the
pathogenesis of type 2 diabetes in humans.

Double heterozygous knockout of IR and IRS1
were generated in three different genetic backgrounds:
C57BL/6, 129/Sv and DBA /2%, While all three strains
had mild growth retardation, the results in regards to glu-
cose homeostasis were drastically different. In C57BL/6
mice, the double heterozygous knockout caused severe
hyperglycemia and hyperinsulinemia in the vast majority
of cases, whereas the glucose levels of 129Sv mice were
not significantly different from control littermates. In
DBA mice, more than half of the mice were hypergly-
cemic but maintained normal glucose tolerance. Triglyc-
erides were significantly reduced in the double heterozy-
gous knockouts of the B6 and DBA strains, and the wild
type DBA strain had significantly elevated triglycerides as
compared to the other wild type strains™

AKT/PROTEIN KINASE B

The metabolite phosphatidylinositol 3,4,5-trisphosphate
(PIP3) activates AKT/protein kinase B and atypical
protein kinase C. AKT has three isoforms in mammals,
of which AKT1 and AKT?2 are most important for me-
tabolism. Two independently developed AKT2 knockout

mouse strains in different backgrounds developed hyper-
[63,64]

glycemia, glucose intolerance, and insulin resistance
Garofalo et a/*" observed hypoinsulinemia due to pan-
creatic -cell death in a subset of male mice, and hyper-
insulinemia with no pancreatic changes in the remainder,
while Cho e# al*” observed hyperinsulinemia and associ-
ated pancreatic hyperplasia. In Garofalo e al®, both hy-
perglycemia and hyperinsulinemia were more severe than
in Cho et a/*" with average fed insulin measurements
five times higher. Also, Cho ¢ al™ observed normal growth
in the AKT2 knockout, but Garofalo e 4/ observed
a mild growth deficiency evident at all life stages. Only
Garofalo et al”” observed lipoatrophy and high levels of
serum triglycerides. The control mice in Garofalo e a/*”
had near-diabetic random fed glucose levels that were al-
most as high as the knockout mice in Cho e# al* Neither of
these knockout strains were obese.

The characteristics of AKT1 knockout mouse strains
are also sensitive to genetic background and environ-
mental factors. Two labs independently reported that
AKT1 knockout mice with different genetic backgrounds
had a growth defect causing 15%-20% reduced body
Weight[ﬁs’“}. One of the studies observed high neonatal
mortality among the knockout mice® while the other
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observed high mortality with y—radiation[()s]. Glucose tol-
erance in Chen et a/* appeared normal, but the glucose
tolerance test was performed using a longer fasting time
and lower glucose dose than is optimal[SO]. One study
demonstrated a non-significant improvement in glucose
tolerance and insulin sensitivity in males. A similar strain
was later shown to be resistant to diet-induced obesity"”.
Later data on a third, independently developed AKT1
knockout strain showed dramatic improvement in glu-
cose tolerance and insulin sensitivity®”.

Studies of spontaneous human genetic variants in
AKT1 and AKT2 have confirmed the importance of
these proteins in growth and glucose homeostasis, mostly
respectively, although the manifestations of the mutations
differ between humans and mice'”. For example, the
human patients with a specific AKT2 mutation display
asymmetric hypertrophy[(’g], while the above-described
AKT2 knockout mouse models have normal growthm or
a growth deficiency'”.

PHOSPHOINOSITIDE 3-KINASE

PI3K, an enzyme complex composed of a regulatory
subunit and a catalytic subunit that produces the metabo-
lite PIP3. PI3K is activated by IRS proteins in the insu-
lin signaling cascade (Figure 2). In humans, PI3K gene
polymorphisms are associated with cancer risk!™ but not
diabetes, to our knowledge.

Complete loss of the Pi&3r1 gene, which encodes
isoforms of the regulatory subunit of PI3K, results in
perinatal lethality in mice, perhaps due to impaired B
cell development[m. Mice heterozygous for Pik3r1 dele-
tion, having attenuated expression of all isoforms of the

regulatory subunit, had improved glucose tolerance and
insulin sensitivity and low glucose and insulin levels™.
Lipid metabolism was unchanged except for a modest
increase in serum free fatty acids, indicating that the ob-
served insulin sensitivity was not due to indirect effects
via changes in lipid metabolism. A minor increase in basal
muscle glucose uptake was observed, but the authors
note that changes in liver were likely most responsible for
the increased insulin sensitivity[m. A later, independent
study observed that the heterozygous knockout mice
were essentially indistinguishable from control mice on
a normal diet””. On a high-fat diet, these mice showed
lower fasting insulin levels, improved overall insulin sen-
sitivity, and improved glucose uptake in fat and muscle™.
Macrophage accumulation was reduced in the adipose
tissue of these heterozygous knockout mice, but results
from bone marrow transplant experiments suggested the
improved insulin sensitivity did not occur solely »iz PI3K’s
role in inflammation.

The catalytic subunits of PI3K have also been stud-
ied using knockout mouse strains. Liver-specific deletion
of Pik3ca caused mild obesity, insulin resistance, glucose
intolerance, and high glucose and insulin levels™. The
same genetic manipulation in a second laboratory pro-
duced a strain with normal glucose and insulin levels and
body Weightm‘. The Pik3ca knockout mice in the second
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study were resistant to high-fat diet induced hepatic ste-
atosis and somewhat resistant to diet-induced glucose
intolerance as well™. For this gene, liver-specific deletion
produced diabetes-like symptoms in one laboratory, but
in another laboratory, glucose homeostasis was identical

in control and knockout mice*™,

GLUT4

As described above, GLUT4 is the major glucose trans-
porter in muscle, the most important tissue type for
glucose disposal in humans. Unexpectedly, in GLUT4
knockout mice, glucose levels are normal except for mild
fed hyperglycemia and fasted hypoglycemia observed
only in males™. Consistent with results regarding insulin

signaling and growth“g], these animals display signifi-
cant growth retardation, shortened life spans, cardiac
hypertrophy, and reduced adipose tissue™. Somewhat
surprisingly, mice heterozygous for the GLUT4 knockout
have a more severe phenotype. A diabetes-like condition
developed at varying ages, with a majority of males both
hyperinsulinemic and hyperglycemic by age 5-7 mo”.
The authors pointed out that the unexpectedly mild
condition of the homozygous GLUT4 knockout and
morte severe condition in the GLUT4 knockout het-
erozygote were likely due to compensatory metabolic
adjustments that occur during development. These
could include the transfer of glucose disposal from tis-
sues that primarily use GLUT4 to tissues that primarily
use GLUT?2, as observed in the muscle-specific GLUT4
knockout™
transporters

, or the upregulation of alternative glucose
[52]

PROTEIN KINASE C

Protein kinase C enzymes (PKCs) are involved in regulat-
ing a variety of cellular functions in mammals, including
insulin signaling””. Atypical PKCs include the isoforms
PKC)A/1 and £ (PKCA refers to the mouse isoform of
PKC)"™. Activated PKCs can inhibit insulin signaling by
a feedback mechanism that prevents signal transduction
between insulin receptor and TRS"™,

Atypical protein kinase C family member PKCA was
knocked out specifically in mouse muscle, resulting in
diabetic symptoms including glucose intolerance, insu-
lin resistance, hyperglycemia, and high insulin levels”™.
Altered fat metabolism was also observed: high triglycer-
ides, and mildly elevated free fatty acids and liver triglyc-
erides. While some symptoms wete observed in both the
heterozygous and homozygous muscle-specific knockout
of PKCA, the heterozygotes were as insulin resistant and
glucose intolerant as the homozygous knockouts, and
had more abdominal obesity and hepatic steatosis’ . This
is unexpected, since the heterozygous knockout had re-
duced, but not ablated, expression of PKCA.

Differential expression of PKCS has been identified
as one factor in the different vulnerability of common
laboratory mouse strains to diabetes™. One study of a
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PKC$§ knockout mouse strain in a 129/Sv X Ola genetic
background had normal growth and development™'.
Surprisingly, the same deletion in the C57BL6/] strain
caused a high mortality rate, with survivors being 14%
underweightlszj. The C57BL6/] PKC§ knockout mouse
had better glucose tolerance than control mice™ but
glucose tolerance was not tested in the original knockout.
The authors noted that improved glucose tolerance may
have been due to decreased inflammation in adipose tis-
sue®™. In humans, PKC8 deficiency can cause B-cell defi-
ciency with severe autoimmunity™.

PEROXISOME PROLIFERATOR-
ACTIVATED RECEPTOR vy

The nuclear receptor PPARy, becomes activated upon
binding of lipids and is important for lipid metabolism
and storage, adipogenesis, and insulin sensitivity. This nu-
clear receptor is the target of insulin-sensitizing TZDs".,

Two independently generated adipose tissue-specific
PPARy knockout strains showed important differences
in glucose homeostasis under high-fat diet conditions.
On normal chow, both these strains had reduced adipose
tissue mass, high blood lipid levels, and hepatic steatosis,
but glucose tolerance was normal®*. On high-fat diet
with 40% of caloties from fat, He e a/*” observed hy-
perinsulinemia and insulin resistance in both the knockout
and control mice, although these traits were more sevete in
the knockout. The knockout strain studied by Jones ¢ a/*
was resistant to diet-induced hyperinsulinemia and insulin
resistance despite being subjected to a more extreme
high-fat diet, with 60% of calories from fat. The knock-
out strains in both studies were more prone to high-fat
diet induced hepatic steatosis.

Two studies on independently developed muscle-spe-
cific PPARy knockout models have provided contradicto-
ry findings regarding the mechanism of action of TZDs.
The first strain was more susceptible to diet-induced
obesity, glucose intolerance, and insulin resistance but
was indistinguishable from controls on a normal diet™.
Rosiglitazone reduced the hyperinsulinemia and impaired
glucose homeostasis observed in this strain on high-fat
diet, therefore the authors suggested that muscle PPARy
is not required for the positive effects of this TZD™. In
contrast, the second strain developed insulin resistance
and glucose intolerance on a normal diet™. Glucose dis-
posal in a hyperinsulinemic-euglycemic clamp experiment
was not improved with rosiglitazone treatment, suggest-
ing that the insulin sensitizing effect of TZDs is depen-
dent on muscle PPARy. In this case, two mouse models
have provided conflicting data not just on the role of a
gene, but also on a drug mechanism of action.

In conclusion, we above described several cases where
genetic modification of insulin signaling genes produced
significantly, sometimes dramatically, different results in
separate studies or varied genetic backgrounds (Table 1).
We also described two cases where heterozygous knock-
outs had unexpectedly severe phenotypes: GLUT4 and
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PKCA\. Although the mechanisms behind the unexpected
observations are unknown, it is known that organisms
respond unpredictably to the absence of gene products
during development. Compensatory metabolic adjust-
ments that may occur during development constitute
a general limitation of knockout mouse models. These
concerns are mitigated by the use of conditional knock-
outs, however, those strains require injection or gavage of
an inducing drug, which can produce artifacts’ . These
examples illustrate the challenges associated with produc-
ing reliable, reproducible, and translatable results in mice.

CLINICAL TRANSLATION

In the following section, we will address factors which
limit the applicability of mouse models to human thera-
peutic treatment development. As described above,

insulin signaling gene knockout mice often have pheno-
types unrelated to type 2 diabetes including growth de-
fects" neonatal rnortality[“], and others, including
resistance to tumor formation”". These phenotypes are a
result of the loss of diverse non-metabolic insulin func-
tions, and these studies have yielded information about
those biological processes in mice. At this juncture, it is
worth examining whether these mouse models of insulin
resistance are contributing positively to the development
of new, unique, safe, and effective type 2 diabetes treat-
ments. Here we focus on select pharmaceuticals targeting
the signaling proteins discussed above.

As might be predicted based on the importance of
insulin to growth, several drugs targeting insulin signal-
ing molecules PI3K and AKT are under investigation as
therapeutics for cancer”", Unsurprisingly, some PI3K
inhibitors have been shown to induce insulin resistance’”.

The nuclear receptor PPARy is an important drug
target, and is genetically linked to insulin sensitivity and
type 2 diabetes risk”*””. However, PPARy-activating
TZD drugs are associated with a number of side effects
and risks, including congestive heart failure. Although
some studies have been inconclusive in regards to cer-
tain risks associated with the TZD rosiglitazonem, one
meta-analysis of 42 studies found that the risk of cardio-
vascular death increased 64%"”". Rodent studies did not
predict these deaths, and in fact have provided conflict-
ing evidence regarding cardioprotective and cardiotoxic
effects of TZDs. The TZD pioglitazone was shown to
limit myocardial infarct size after coronary occlusion in
mice™. Similar results have been seen for rosiglitazone
after ischemia/reperfusion injury“om. TZDs have been
shown to have both positive and negative effects on car-
diac hypertrophy in rodents"""'"?.

An inhibitor of PKCp, LY333531, or ruboxistaurin,
has been investigated as a potential treatment for diabetic
microvascular complications[m]. Although initially prom-
ising results were observed in a trial for diabetic neuropa-
thy, the drug was not shown to be effective in a larger,
placebo-controlled studyﬂw. Promising results were also
seen in a small trial for diabetic kidney disease"”, but
these have not been replicated at a larger scale. Eli Lilly
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withdrew the marketing authorization application for
ruboxistaurin as a treatment for diabetic retinopathy.
Rather than diabetes or its complications, PKC inhibitors
are now being investigated as potential treatments for

106 .. . . .
[t08) and conditions requiring immunosuppressive

CONCLUSION

The limitations of these mouse models of insulin sig-

naling dysfunction arise from a number of sources.
Described above are physiological and molecular-level
differences between mice and humans, reproducibility
problems in mouse experiments, and complicating fac-
tors in drug discovery efforts that interfere with translat-
ing mouse results to human patients.

Reseatchers in a vatiety of fields have commented on
the limitations of mouse models of human disease! ™",
No single mouse model can accurately represent the
spectrum of symptoms and complications associated
with type 2 diabetes'"". The translation of results from
mice is further complicated by a plethora of immutable
species differences at every level of glucose regulation
from the molecular to the population level"" " In addi-
tion, mice are not prone to hypertension, high LDL cho-
lesterol, atherosclerosis, sedentary behavior, obesity, insu-
lin resistance, or many other features common to human
type 2 diabetes patients. Although all laboratory mice are
more insulin resistant and have more fat tissue than their
free-living counterparts', the risk for mice developing
these symptoms vaties widely depending on the specific
inbred strain!®**"
tions, and diet can dramatically affect results. Examples
highlighted here have shown that different studies even
from the same laboratory often obtain different results

. Genetic background, housing condi-

with identical genetic modifications.

The idea that the limitations of genetically modified
mouse models of human disease, and rodent models in
general, are severe enough to warrant a shift in research
approaches is controversial, and will likely continue to
be for the next decade. Nonetheless, science in many
medical fields has been progressing away from crude,
animal-based experiments and towards more high-tech
and human-based research methods, and that trend will
continue. For example, one area of active research is ad-
ditional uncharacterized insulin signaling cofactors, which
could be identified using phosphoproteomicsms], protein
array techniques, or protein interaction-based tech-
niques'” including yeast two-hybrid and computational
approaches. Similar approaches could be used to identify
gene products involved in acquired insulin resistance. In
addition, insulin resistance can be investigated in human

7 118] .
! % "and microar-

cells by gene silencing[11 , metabolomics
ray technology. Remaining questions about the role of
inflammation and accumulated intracellular lipids can be
studied using tissue biopsy samples from various patient
120 i silico™", non-

[123] approaches are

populations[ml. Many more 7 vitro

[122)

invasive 7, and minimally invasive

available and in development.
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In the last 20 years, the use of genetically modified
mice to investigate diabetes has become routine. While
some findings have borne out in humans, investigations
of insulin resistance using knockout mouse models are
inherently limited by physiological, genetic, and metabolic
differences between mice and humans. Researchers and
patients would benefit from a transition towards human-
based research methods.

ACKNOWLEDGMENTS

The authors gratefully acknowledge Drs. Mark Atkinson,
Morris Birnbaum and John J. Pippin for critical reading
of the manuscript. The authors thank Doug Hall for
graphic design.

REFERENCES

1 Dagogo-Jack S. Predicting diabetes: our relentless quest
for genomic nuggets. Diabetes Care 2012; 35: 193-195 [PMID:
22275439 DOI: 10.2337/ dc11-2106]

2 Franco OH, Steyerberg EW, Hu FB, Mackenbach ], Nus-
selder W. Associations of diabetes mellitus with total life
expectancy and life expectancy with and without cardiovas-
cular disease. Arch Intern Med 2007; 167: 1145-1151 [PMID:
17563022 DOI: 10.1001/ archinte.167.11.1145]

3 Atkinson MA. Evaluating preclinical efficacy. Sci Transl Med
2011; 3: 96cm22 [PMID: 21849661 DOI: 10.1126/scitrans-
Imed.3002757]

4 Ikeda Y, Suehiro T, Nakamura T, Kumon Y, Hashimoto K.
Clinical significance of the insulin resistance index as as-
sessed by homeostasis model assessment. Endocr | 2001; 48:
81-86 [PMID: 11403106 DOI: 10.1507/ endocr;j.48.81]

5  Filippi BM, Abraham MA, Yue JT, Lam TK. Insulin and
glucagon signaling in the central nervous system. Rev En-
docr Metab Disord 2013; 14: 365-375 [PMID: 23959343 DOI:
10.1007/511154-013-9258-4]

6 de Luca C, Olefsky JM. Inflammation and insulin resistance.
FEBS Lett 2008; 582: 97-105 [PMID: 18053812 DOI: 10.1016/
j.febslet.2007.11.057]

7 Boura-Halfon S, Zick Y. Phosphorylation of IRS proteins,
insulin action, and insulin resistance. Am | Physiol Endocrinol
Metab 2009; 296: E581-E591 [PMID: 18728222 DOI: 10.1152/
ajpendo.90437.2008]

8  White MF. Insulin signaling in health and disease. Science
2003; 302: 1710-1711 [PMID: 14657487 DOI: 10.1126/sci-
ence.1092952]

9 Schultze SM, Hemmings BA, Niessen M, Tschopp O. PI3K/
AKT, MAPK and AMPK signalling: protein kinases in glu-
cose homeostasis. Expert Rev Mol Med 2012; 14: el [PMID:
22233681 DOI: 10.1017/51462399411002109]

10 Okkenhaug K, Vanhaesebroeck B. PI3K in lymphocyte de-
velopment, differentiation and activation. Nat Rev Immunol
2003; 3: 317-330 [PMID: 12669022 DOI: 10.1038 /nri1056]

11 Islam MS, Wilson RD. Experimentally induced rodent mod-
els of type 2 diabetes. Methods Mol Biol 2012; 933: 161-174
[PMID: 22893406 DOI: 10.1007 /978-1-62703-068-7_10]

12 Cefalu WT. Animal models of type 2 diabetes: clinical pre-
sentation and pathophysiological relevance to the human
condition. ILAR ] 2006; 47: 186-198 [PMID: 16804194]

13 Neubauer N, Kulkarni RN. Molecular approaches to study
control of glucose homeostasis. ILAR | 2006; 47: 199-211
[PMID: 16804195 DOI: 10.1093 /ilar.47.3.199]

14 Kennedy AJ, Ellacott KL, King VL, Hasty AH. Mouse
models of the metabolic syndrome. Dis Model Mech 2010; 3:
156-166 [PMID: 20212084 DOI: 10.1242/ dmm.003467]

(49

3uiz;:eng® WJD | www.wjgnet.com

Bunner AE et a/. Insulin signaling knockout mouse models

155

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

Sauer B. Inducible gene targeting in mice using the Cre/lox
system. Methods 1998; 14: 381-392 [PMID: 9608509 DOI:
10.1006/ meth.1998.0593]

Wan M, Birnbaum M]. Of mice and men: not ExAKTly the
same? Cell Metab 2011; 14: 722-723 [PMID: 22152300 DOI:
10.1016/j.cmet.2011.11.009]

Saltiel AR, Kahn CR. Insulin signalling and the regulation
of glucose and lipid metabolism. Nature 2001; 414: 799-806
[PMID: 11742412 DOI: 10.1038/414799a]

Araki E, Lipes MA, Patti ME, Briining JC, Haag B, Johnson
RS, Kahn CR. Alternative pathway of insulin signalling in
mice with targeted disruption of the IRS-1 gene. Nature 1994;
372:186-190 [PMID: 7526222 DOI: 10.1038/372186a0]
Tamemoto H, Kadowaki T, Tobe K, Yagi T, Sakura H, Hay-
akawa T, Terauchi Y, Ueki K, Kaburagi Y, Satoh S. Insulin
resistance and growth retardation in mice lacking insulin re-
ceptor substrate-1. Nature 1994; 372: 182-186 [PMID: 7969452
DOI: 10.1038/372182a0]

McGarry JD. Banting lecture 2001: dysregulation of fatty
acid metabolism in the etiology of type 2 diabetes. Diabetes
2002; 51: 7-18 [PMID: 11756317 DOI: 10.2337/ diabetes.51.1.7]
Abdul-Ghani MA, DeFronzo RA. Pathogenesis of insulin
resistance in skeletal muscle. | Biomed Biotechnol 2010; 2010:
476279 [PMID: 20445742 DOI: 10.1155/2010/476279]

Jue T, Rothman DL, Shulman GI, Tavitian BA, DeFronzo
RA, Shulman RG. Direct observation of glycogen synthesis
in human muscle with 13C NMR. Proc Natl Acad Sci USA
1989; 86: 4489-4491 [PMID: 2734301]

Shulman GI, Rothman DL, Jue T, Stein P, DeFronzo RA,
Shulman RG. Quantitation of muscle glycogen synthesis in
normal subjects and subjects with non-insulin-dependent
diabetes by 13C nuclear magnetic resonance spectroscopy. N
Engl ] Med 1990; 322: 223-228 [PMID: 2403659 DOI: 10.1056/
NEJM199001253220403]

Meyer C, Dostou JM, Welle SL, Gerich JE. Role of human liv-
er, kidney, and skeletal muscle in postprandial glucose ho-
meostasis. Am | Physiol Endocrinol Metab 2002; 282: E419-E427
[PMID: 11788375 DOI: 10.1152/ ajpendo.00032.2001]
Bodhini D, Radha V, Ghosh S, Majumder PP, Rao MR,
Mohan V. GLUT4 gene polymorphisms and their associa-
tion with type 2 diabetes in south Indians. Diabetes Technol
Ther 2011; 13: 913-920 [PMID: 21668369 DOI: 10.1089/
dia.2010.0219]

Jensen J, Rustad PI, Kolnes AJ, Lai YC. The role of skeletal
muscle glycogen breakdown for regulation of insulin sensi-
tivity by exercise. Front Physiol 2011; 2: 112 [PMID: 22232606
DOI: 10.3389/ fphys.2011.00112]

Briining JC, Michael MD, Winnay JN, Hayashi T, Hérsch D,
Accili D, Goodyear L], Kahn CR. A muscle-specific insulin
receptor knockout exhibits features of the metabolic syn-
drome of NIDDM without altering glucose tolerance. Mol
Cell 1998; 2: 559-569 [PMID: 9844629]

Long YC, Cheng Z, Copps KD, White MF. Insulin receptor
substrates Irs1 and Irs2 coordinate skeletal muscle growth
and metabolism via the Akt and AMPK pathways. Mol
Cell Biol 2011; 31: 430-441 [PMID: 21135130 DOI: 10.1128/
MCB.00983-10]

Katz EB, Stenbit AE, Hatton K, DePinho R, Charron M]J.
Cardiac and adipose tissue abnormalities but not diabetes in
mice deficient in GLUT4. Nature 1995; 377: 151-155 [PMID:
7675081 DOI: 10.1038/377151a0]

Zisman A, Peroni OD, Abel ED, Michael MD, Mauvais-Jar-
vis F, Lowell BB, Wojtaszewski JF, Hirshman MF, Virkamaki
A, Goodyear L], Kahn CR, Kahn BB. Targeted disruption of
the glucose transporter 4 selectively in muscle causes insulin
resistance and glucose intolerance. Nat Med 2000; 6: 924-928
[PMID: 10932232 DOI: 10.1038/78693]

Kaczmarczyk SJ, Andrikopoulos S, Favaloro ], Domenighetti
AA, Dunn A, Ernst M, Grail D, Fodero-Tavoletti M, Huggins
CE, Delbridge LM, Zajac ]JD, Proietto J. Threshold effects of

April 15,2014 | Volume 5 | Issue2 |



32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

Bunner AE et a/. Insulin signaling knockout mouse models

glucose transporter-4 (GLUT4) deficiency on cardiac glucose
uptake and development of hypertrophy. ] Mol Endocrinol
2003; 31: 449-459 [PMID: 14664706]

Fam BC, Rose L], Sgambellone R, Ruan Z, Proietto J, An-
drikopoulos S. Normal muscle glucose uptake in mice defi-
cient in muscle GLUT4. | Endocrinol 2012; 214: 313-327 [PMID:
22736482 DOI: 10.1530/JOE-12-0032]

Michael MD, Kulkarni RN, Postic C, Previs SF, Shulman GI,
Magnuson MA, Kahn CR. Loss of insulin signaling in he-
patocytes leads to severe insulin resistance and progressive
hepatic dysfunction. Mol Cell 2000; 6: 87-97 [PMID: 10949030]
Kubota N, Kubota T, Itoh S, Kumagai H, Kozono H, Taka-
moto I, Mineyama T, Ogata H, Tokuyama K, Ohsugi M,
Sasako T, Moroi M, Sugi K, Kakuta S, Iwakura Y, Noda T,
Ohnishi S, Nagai R, Tobe K, Terauchi Y, Ueki K, Kadowaki T.
Dynamic functional relay between insulin receptor substrate
1 and 2 in hepatic insulin signaling during fasting and feed-
ing. Cell Metab 2008; 8: 49-64 [PMID: 18590692 DOI: 10.1016/
j.cmet.2008.05.007]

Guillam MT, Hiimmler E, Schaerer E, Yeh ]I, Birnbaum M]J,
Beermann F, Schmidt A, Dériaz N, Thorens B. Early diabetes
and abnormal postnatal pancreatic islet development in mice
lacking Glut-2. Nat Genet 1997; 17: 327-330 [PMID: 9354799
DOI: 10.1038/ng1197-327]

Pederson BA, Schroeder JM, Parker GE, Smith MW, De-
Paoli-Roach AA, Roach PJ. Glucose metabolism in mice lack-
ing muscle glycogen synthase. Diabetes 2005; 54: 3466-3473
[PMID: 16306363]

Ivy JL. Role of carbohydrate in physical activity. Clin Sports
Med 1999; 18: 469-484, v [PMID: 10410835]

Sakamoto K, Goodyear L]. Invited review: intracellular
signaling in contracting skeletal muscle. | Appl Physiol 2002;
93: 369-383 [PMID: 12070227 DOI: 10.1152/japplphysi-
01.00167.2002]

Thorens B, Mueckler M. Glucose transporters in the 21st
Century. Am | Physiol Endocrinol Metab 2010; 298: E141-E145
[PMID: 20009031 DOI: 10.1152/ ajpendo0.00712.2009]

Bouché C, Serdy S, Kahn CR, Goldfine AB. The cellular
fate of glucose and its relevance in type 2 diabetes. Endocr
Rev 2004; 25: 807-830 [PMID: 15466941 DOI: 10.1210/
er.2003-0026]

Minokoshi Y, Kahn CR, Kahn BB. Tissue-specific ablation of
the GLUT4 glucose transporter or the insulin receptor chal-
lenges assumptions about insulin action and glucose homeo-
stasis. | Biol Chem 2003; 278: 33609-33612 [PMID: 12788932
DOI: 10.1074/jbc.R300019200]

Vassilopoulos S, Esk C, Hoshino S, Funke BH, Chen CY,
Plocik AM, Wright WE, Kucherlapati R, Brodsky FM. A
role for the CHC22 clathrin heavy-chain isoform in human
glucose metabolism. Science 2009; 324: 1192-1196 [PMID:
19478182 DOI: 10.1126/ science.1171529]

Ploug T, Vinten J. Counterpoint: Glucose phosphorylation
is not a significant barrier to glucose uptake by the working
muscle. | Appl Physiol (1985) 2006; 101: 1805-1806; discussion
1805-1806; [PMID: 17106069 DOI: 10.1152/japplphysiol.0081
7b.2006]

Hamlin RL, Altschuld RA. Extrapolation from mouse to
man. Circ Cardiovasc Imaging 2011; 4: 2-4 [PMID: 21245362
DOI: 10.1161/ CIRCIMAGING.110.961979]

Jensen TL, Kiersgaard MK, Sgrensen DB, Mikkelsen LF.
Fasting of mice: a review. Lab Anim 2013; 47: 225-240 [PMID:
24025567 DOI: 10.1177/0023677213501659]

Ayala JE, Samuel VT, Morton GJ, Obici S, Croniger CM,
Shulman GI, Wasserman DH, McGuinness OP. Standard op-
erating procedures for describing and performing metabolic
tests of glucose homeostasis in mice. Dis Model Mech 2010; 3:
525-534 [PMID: 20713647 DOI: 10.1242/dmm.006239]
Agouni A, Owen C, Czopek A, Mody N, Delibegovic M. In
vivo differential effects of fasting, re-feeding, insulin and
insulin stimulation time course on insulin signaling path-

(49

TR
JBaishideng®

WJD | www.wjgnet.com

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

way components in peripheral tissues. Biochem Biophys Res
Commun 2010; 401: 104-111 [PMID: 20833131 DOI: 10.1016/
j-bbrc.2010.09.018]

Jiao S, Cole TG, Kitchens RT, Pfleger B, Schonfeld G. Genetic
heterogeneity of lipoproteins in inbred strains of mice: anal-
ysis by gel-permeation chromatography. Metabolism 1990; 39:
155-160 [PMID: 2299988]

Lodhi IJ, Semenkovich CF. Why we should put clothes
on mice. Cell Metab 2009; 9: 111-112 [PMID: 19187768 DOI:
10.1016/j.cmet.2009.01.004]

Andrikopoulos S, Blair AR, Deluca N, Fam BC, Proietto J.
Evaluating the glucose tolerance test in mice. Am | Physiol
Endocrinol Metab 2008; 295: E1323-E1332 [PMID: 18812462
DOI: 10.1152/ ajpend0.90617.2008]

Berglund ED, Li CY, Poffenberger G, Ayala JE, Fueger PT,
Willis SE, Jewell MM, Powers AC, Wasserman DH. Glucose
metabolism in vivo in four commonly used inbred mouse
strains. Diabetes 2008; 57: 1790-1799 [PMID: 18398139 DOI:
10.2337/db07-1615]

Nandi A, Kitamura Y, Kahn CR, Accili D. Mouse models
of insulin resistance. Physiol Rev 2004; 84: 623-647 [PMID:
15044684 DOI: 10.1152/ physrev.00032.2003]

Accili D, Drago ], Lee EJ, Johnson MD, Cool MH, Salvatore
P, Asico LD, José PA, Taylor SI, Westphal H. Early neonatal
death in mice homozygous for a null allele of the insulin
receptor gene. Nat Genet 1996; 12: 106-109 [PMID: 8528241
DOI: 10.1038/ng0196-106]

Joshi RL, Lamothe B, Cordonnier N, Mesbah K, Monthioux
E, Jami ], Bucchini D. Targeted disruption of the insulin re-
ceptor gene in the mouse results in neonatal lethality. EMBO
]1996; 15: 1542-1547 [PMID: 8612577]

Kitamura T, Kahn CR, Accili D. Insulin receptor knockout
mice. Annu Rev Physiol 2003; 65: 313-332 [PMID: 12471165
DOI: 10.1146/annurev.physiol.65.092101.142540]

Kulkarni RN, Briining JC, Winnay JN, Postic C, Magnuson
MA, Kahn CR. Tissue-specific knockout of the insulin recep-
tor in pancreatic beta cells creates an insulin secretory defect
similar to that in type 2 diabetes. Cell 1999; 96: 329-339 [PMID:
10025399]

Mauvais-Jarvis F, Virkamaki A, Michael MD, Winnay N,
Zisman A, Kulkarni RN, Kahn CR. A model to explore the
interaction between muscle insulin resistance and beta-cell
dysfunction in the development of type 2 diabetes. Diabetes
2000; 49: 2126-2134 [PMID: 11118016]

Briining JC, Gautam D, Burks D]J, Gillette ], Schubert M,
Orban PC, Klein R, Krone W, Miiller-Wieland D, Kahn CR.
Role of brain insulin receptor in control of body weight and
reproduction. Science 2000; 289: 2122-2125 [PMID: 11000114]
Bliiher M, Michael MD, Peroni OD, Ueki K, Carter N, Kahn
BB, Kahn CR. Adipose tissue selective insulin receptor
knockout protects against obesity and obesity-related glu-
cose intolerance. Dev Cell 2002; 3: 25-38 [PMID: 12110165]
Withers DJ, Gutierrez JS, Towery H, Burks DJ, Ren JM,
Previs S, Zhang Y, Bernal D, Pons S, Shulman GI, Bonner-
Weir S, White MF. Disruption of IRS-2 causes type 2 diabe-
tes in mice. Nature 1998; 391: 900-904 [PMID: 9495343 DOI:
10.1038/36116]

Kubota N, Tobe K, Terauchi Y, Eto K, Yamauchi T, Suzuki
R, Tsubamoto Y, Komeda K, Nakano R, Miki H, Satoh S,
Sekihara H, Sciacchitano S, Lesniak M, Aizawa S, Nagai R,
Kimura S, Akanuma Y, Taylor SI, Kadowaki T. Disruption
of insulin receptor substrate 2 causes type 2 diabetes because
of liver insulin resistance and lack of compensatory beta-cell
hyperplasia. Diabetes 2000; 49: 1880-1889 [PMID: 11078455]
Kulkarni RN, Almind K, Goren HJ, Winnay JN, Ueki K,
Okada T, Kahn CR. Impact of genetic background on devel-
opment of hyperinsulinemia and diabetes in insulin recep-
tor/insulin receptor substrate-1 double heterozygous mice.
Diabetes 2003; 52: 1528-1534 [PMID: 12765966]

Garofalo RS, Orena SJ, Rafidi K, Torchia AJ, Stock JL, Hil-

April 15,2014 | Volume 5 | Issue2 |



64

65

66

67

68

69

70

71

72

73

74

75

debrandt AL, Coskran T, Black SC, Brees DJ, Wicks JR, Mc-
Neish JD, Coleman KG. Severe diabetes, age-dependent loss
of adipose tissue, and mild growth deficiency in mice lack-
ing Akt2/PKB beta. | Clin Invest 2003; 112: 197-208 [PMID:
12843127 DOI: 10.1172/JCI16885]

Cho H, Mu J, Kim JK, Thorvaldsen JL, Chu Q, Crenshaw
EB, Kaestner KH, Bartolomei MS, Shulman GI, Birnbaum
M]J. Insulin resistance and a diabetes mellitus-like syndrome
in mice lacking the protein kinase Akt2 (PKB beta). Science
2001; 292: 1728-1731 [PMID: 11387480 DOI: 10.1126/sci-
ence.292.5522.1728]

Chen WS, Xu PZ, Gottlob K, Chen ML, Sokol K, Shiyanova
T, Roninson I, Weng W, Suzuki R, Tobe K, Kadowaki T, Hay
N. Growth retardation and increased apoptosis in mice with
homozygous disruption of the Aktl gene. Genes Dev 2001;
15: 2203-2208 [PMID: 11544177 DOI: 10.1101/ gad.913901]
Cho H, Thorvaldsen JL, Chu Q, Feng F, Birnbaum MJ. Akt1/
PKBalpha is required for normal growth but dispensable
for maintenance of glucose homeostasis in mice. | Biol Chem
2001; 276: 38349-38352 [PMID: 11533044 DOI: 10.1074/jbc.
C100462200]

Wan M, Easton RM, Gleason CE, Monks BR, Ueki K, Kahn
CR, Birnbaum M]J. Loss of Aktl in mice increases energy
expenditure and protects against diet-induced obesity. Mol
Cell Biol 2012; 32: 96-106 [PMID: 22037765 DOI: 10.1128/
MCB.05806-11]

Buzzi F, Xu L, Zuellig RA, Boller SB, Spinas GA, Hynx D,
Chang Z, Yang Z, Hemmings BA, Tschopp O, Niessen M.
Differential effects of protein kinase B/ Akt isoforms on
glucose homeostasis and islet mass. Mol Cell Biol 2010; 30:
601-612 [PMID: 19933838 DOI: 10.1128 /MCB.00719-09]
Hussain K, Challis B, Rocha N, Payne F, Minic M, Thomp-
son A, Daly A, Scott C, Harris ], Smillie B], Savage DB, Ra-
maswami U, De Lonlay P, O’Rahilly S, Barroso I, Semple RK.
An activating mutation of AKT2 and human hypoglycemia.
Science 2011; 334: 474 [PMID: 21979934 DOI: 10.1126/sci-
ence.1210878]

Janku F, Tsimberidou AM, Garrido-Laguna I, Wang X, Lu-
thra R, Hong DS, Naing A, Falchook GS, Moroney JW, Piha-
Paul SA, Wheler JJ, Moulder SL, Fu S, Kurzrock R. PIK3CA
mutations in patients with advanced cancers treated with
PI3K/AKT/mTOR axis inhibitors. Mol Cancer Ther 2011;
10: 558-565 [PMID: 21216929 DOI: 10.1158 /1535-7163.
MCT-10-0994]

Fruman DA, Mauvais-Jarvis F, Pollard DA, Yballe CM,
Brazil D, Bronson RT, Kahn CR, Cantley LC. Hypoglycae-
mia, liver necrosis and perinatal death in mice lacking all
isoforms of phosphoinositide 3-kinase p85 alpha. Nat Genet
2000; 26: 379-382 [PMID: 11062485 DOI: 10.1038/81715]
Mauvais-Jarvis F, Ueki K, Fruman DA, Hirshman MF, Saka-
moto K, Goodyear L], lannacone M, Accili D, Cantley LC,
Kahn CR. Reduced expression of the murine p85alpha sub-
unit of phosphoinositide 3-kinase improves insulin signal-
ing and ameliorates diabetes. | Clin Invest 2002; 109: 141-149
[PMID: 11781359 DOI: 10.1172/]CI13305]

McCurdy CE, Schenk S, Holliday M]J, Philp A, Houck JA,
Patsouris D, MacLean PS, Majka SM, Klemm D], Friedman
JE. Attenuated Pik3rl expression prevents insulin resis-
tance and adipose tissue macrophage accumulation in diet-
induced obese mice. Diabetes 2012; 61: 2495-2505 [PMID:
22698915 DOI: 10.2337/db11-1433]

Sopasakis VR, Liu P, Suzuki R, Kondo T, Winnay J, Tran
TT, Asano T, Smyth G, Sajan MP, Farese RV, Kahn CR, Zhao
JJ. Specific roles of the p110alpha isoform of phosphatidy-
linsositol 3-kinase in hepatic insulin signaling and metabolic
regulation. Cell Metab 2010; 11: 220-230 [PMID: 20197055
DOI: 10.1016/j.cmet.2010.02.002]

Chattopadhyay M, Selinger ES, Ballou LM, Lin RZ. Ablation
of PI3K p110-a prevents high-fat diet-induced liver steatosis.
Diabetes 2011; 60: 1483-1492 [PMID: 21464441 DOI: 10.2337/

(49

TR
JBaishideng®

WJD | www.wjgnet.com

Bunner AE et a/. Insulin signaling knockout mouse models

76

77

78

79

80

81

82

83

84

85

86

87

88

89

157

db10-0869]

Stenbit AE, Tsao TS, Li J, Burcelin R, Geenen DL, Factor SM,
Houseknecht K, Katz EB, Charron MJ. GLUT4 heterozygous
knockout mice develop muscle insulin resistance and diabe-
tes. Nat Med 1997; 3: 1096-1101 [PMID: 9334720]

Sampson SR, Cooper DR. Specific protein kinase C isoforms
as transducers and modulators of insulin signaling. Mol
Genet Metab 2006; 89: 32-47 [PMID: 16798038 DOI: 10.1016/
j- ymgme.2006.04.017]

Turban S, Hajduch E. Protein kinase C isoforms: mediators
of reactive lipid metabolites in the development of insulin
resistance. FEBS Lett 2011; 585: 269-274 [PMID: 21176778
DOI: 10.1016/j.febslet.2010.12.022]

Farese RV, Sajan MP, Yang H, Li P, Mastorides S, Gower
WR, Nimal S, Choi CS, Kim S, Shulman GI, Kahn CR, Braun
U, Leitges M. Muscle-specific knockout of PKC-lambda
impairs glucose transport and induces metabolic and dia-
betic syndromes. | Clin Invest 2007; 117: 2289-2301 [PMID:
17641777 DOI: 10.1172/jci31408c1]

Almind K, Kahn CR. Genetic determinants of energy expen-
diture and insulin resistance in diet-induced obesity in mice.
Diabetes 2004; 53: 3274-3285 [PMID: 15561960 DOI: 10.2337/
diabetes.53.12.3274]

Leitges M, Mayr M, Braun U, Mayr U, Li C, Pfister G, Ghaf-
fari-Tabrizi N, Baier G, Hu Y, Xu Q. Exacerbated vein graft
arteriosclerosis in protein kinase Cdelta-null mice. ] Clin Invest
2001; 108: 1505-1512 [PMID: 11714742 DOI: 10.1172/]JCI12902]
Bezy O, Tran TT, Pihlajaméki J, Suzuki R, Emanuelli B, Win-
nay J, Mori MA, Haas J, Biddinger SB, Leitges M, Goldfine
AB, Patti ME, King GL, Kahn CR. PKC6 regulates hepatic
insulin sensitivity and hepatosteatosis in mice and humans.
J Clin Invest 2011; 121: 2504-2517 [PMID: 21576825 DOI:
10.1172/JCI46045]

Kuehn HS, Niemela JE, Rangel-Santos A, Zhang M, Pit-
taluga S, Stoddard JL, Hussey AA, Evbuomwan MO, Priel
DA, Kuhns DB, Park CL, Fleisher TA, Uzel G, Oliveira JB.
Loss-of-function of the protein kinase C 8 (PKCJ) causes
a B-cell lymphoproliferative syndrome in humans. Blood
2013; 121: 3117-3125 [PMID: 23430113 DOI: 10.1182/
blood-2012-12-469544]

Picard F, Auwerx ]J. PPAR(gamma) and glucose homeosta-
sis. Annu Rev Nutr 2002; 22: 167-197 [PMID: 12055342 DOI:
10.1146/ annurev.nutr.22.010402.102808]

Jones JR, Barrick C, Kim KA, Lindner J, Blondeau B, Fuji-
moto Y, Shiota M, Kesterson RA, Kahn BB, Magnuson MA.
Deletion of PPARgamma in adipose tissues of mice protects
against high fat diet-induced obesity and insulin resistance.
Proc Natl Acad Sci USA 2005; 102: 6207-6212 [PMID: 15833818
DOI: 10.1073/ pnas.0306743102]

He W, Barak Y, Hevener A, Olson P, Liao D, Le ], Nelson M,
Ong E, Olefsky JM, Evans RM. Adipose-specific peroxisome
proliferator-activated receptor gamma knockout causes in-
sulin resistance in fat and liver but not in muscle. Proc Natl
Acad Sci USA 2003; 100: 15712-15717 [PMID: 14660788 DOI:
10.1073/ pnas.2536828100]

Norris AW, Chen L, Fisher SJ, Szanto I, Ristow M, Jozsi AC,
Hirshman MF, Rosen ED, Goodyear L], Gonzalez FJ, Spiegel-
man BM, Kahn CR. Muscle-specific PPARgamma-deficient
mice develop increased adiposity and insulin resistance but
respond to thiazolidinediones. | Clin Invest 2003; 112: 608-618
[PMID: 12925701 DOI: 10.1172/]JCI17305]

Hevener AL, He W, Barak Y, Le ], Bandyopadhyay G, Olson
P, Wilkes ], Evans RM, Olefsky ]. Muscle-specific Pparg de-
letion causes insulin resistance. Nat Med 2003; 9: 1491-1497
[PMID: 14625542 DOI: 10.1038/nm956]

Lee KY, Russell SJ, Ussar S, Boucher ], Vernochet C, Mori
MA, Smyth G, Rourk M, Cederquist C, Rosen ED, Kahn BB,
Kahn CR. Lessons on conditional gene targeting in mouse
adipose tissue. Diabetes 2013; 62: 864-874 [PMID: 23321074
DOI: 10.2337/db12-1089]

April 15,2014 | Volume 5 | Issue2 |



90

91

92

93

94

95

96

97

98

99

100

101

102

103

Bunner AE et a/. Insulin signaling knockout mouse models

Jia S, Liu Z, Zhang S, Liu P, Zhang L, Lee SH, Zhang ],
Signoretti S, Loda M, Roberts TM, Zhao JJ. Essential roles
of PI(3)K-p110beta in cell growth, metabolism and tumori-
genesis. Nature 2008; 454: 776-779 [PMID: 18594509 DOI:
10.1038 / nature07091]

Brana I, Siu LL. Clinical development of phosphatidylinosi-
tol 3-kinase inhibitors for cancer treatment. BMC Med 2012;
10: 161 [PMID: 23232172 DOI: 10.1186/1741-7015-10-161]
Yap TA, Yan L, Patnaik A, Fearen I, Olmos D, Papadopoulos
K, Baird RD, Delgado L, Taylor A, Lupinacci L, Riisnaes R,
Pope LL, Heaton SP, Thomas G, Garrett MD, Sullivan DM,
de Bono JS, Tolcher AW. First-in-man clinical trial of the oral
pan-AKT inhibitor MK-2206 in patients with advanced solid
tumors. | Clin Oncol 2011; 29: 4688-4695 [PMID: 22025163
DOI: 10.1200/]JC0O.2011.35.5263]

Courtney KD, Corcoran RB, Engelman JA. The PI3K path-
way as drug target in human cancer. | Clin Oncol 2010; 28:
1075-1083 [PMID: 20085938 DOI: 10.1200/]JC0O.2009.25.3641]
Deeb SS, Fajas L, Nemoto M, Pihlajaméki J, Mykkénen L,
Kuusisto J, Laakso M, Fujimoto W, Auwerx ]. A Prol2Ala
substitution in PPARgamma2 associated with decreased re-
ceptor activity, lower body mass index and improved insulin
sensitivity. Nat Genet 1998; 20: 284-287 [PMID: 9806549 DOI:
10.1038/3099]

Altshuler D, Hirschhorn JN, Klannemark M, Lindgren CM,
Vohl MC, Nemesh ], Lane CR, Schaffner SF, Bolk S, Brewer
C, Tuomi T, Gaudet D, Hudson TJ, Daly M, Groop L, Lander
ES. The common PPARgamma Prol2Ala polymorphism is
associated with decreased risk of type 2 diabetes. Nat Genet
2000; 26: 76-80 [PMID: 10973253 DOI: 10.1038/79216]

Cariou B, Charbonnel B, Staels B. Thiazolidinediones and
PPARYy agonists: time for a reassessment. Trends Endocrinol
Metab 2012; 23: 205-215 [PMID: 22513163 DOI: 10.1016/
j-tem.2012.03.001]

Home PD, Pocock SJ, Beck-Nielsen H, Curtis PS, Go-
mis R, Hanefeld M, Jones NP, Komajda M, McMurray
JJ. Rosiglitazone evaluated for cardiovascular outcomes
in oral agent combination therapy for type 2 diabetes
(RECORD): a multicentre, randomised, open-label trial.
Lancet 2009; 373: 2125-2135 [PMID: 19501900 DOI: 10.1016/
50140-6736(09)60953-3]

Nissen SE, Wolski K. Effect of rosiglitazone on the risk of
myocardial infarction and death from cardiovascular causes.
N Engl | Med 2007; 356: 2457-2471 [PMID: 17517853 DOI:
10.1056/ NEJMoa072761]

Birnbaum Y, Long B, Qian J, Perez-Polo JR, Ye Y. Piogli-
tazone limits myocardial infarct size, activates Akt, and
upregulates cPLA2 and COX-2 in a PPAR-y-independent
manner. Basic Res Cardiol 2011; 106: 431-446 [PMID: 21360043
DOI: 10.1007/s00395-011-0162-3]

Yue Tl TL, Chen ], Bao W, Narayanan PK, Bril A, Jiang W,
Lysko PG, Gu JL, Boyce R, Zimmerman DM, Hart TK, Buck-
ingham RE, Ohlstein EH. In vivo myocardial protection from
ischemia/reperfusion injury by the peroxisome proliferator-
activated receptor-gamma agonist rosiglitazone. Circulation
2001; 104: 2588-2594 [PMID: 11714655]

Ren Y, Sun C, Sun Y, Tan H, Wu Y, Cui B, Wu Z. PPAR
gamma protects cardiomyocytes against oxidative stress and
apoptosis via Bcl-2 upregulation. Vascul Pharmacol 2009; 51:
169-174 [PMID: 19540934 DOI: 10.1016/j.vph.2009.06.004]
Duan SZ, Ivashchenko CY, Russell MW, Milstone DS,
Mortensen RM. Cardiomyocyte-specific knockout and
agonist of peroxisome proliferator-activated receptor-
gamma both induce cardiac hypertrophy in mice. Circ
Res 2005; 97: 372-379 [PMID: 16051889 DOI: 10.1161/01.
RES.0000179226.34112.6d]

Joy SV, Scates AC, Bearelly S, Dar M, Taulien CA, Goebel
JA, Cooney M]. Ruboxistaurin, a protein kinase C beta in-
hibitor, as an emerging treatment for diabetes microvascular
complications. Ann Pharmacother 2005; 39: 1693-1699 [PMID:

(49

TR
JBaishideng®

WJD | www.wjgnet.com

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

16160002 DOI: 10.1345/aph.1E572]

Vinik AI, Bril V, Kempler P, Litchy W], Tesfaye S, Price
KL, Bastyr EJ. Treatment of symptomatic diabetic periph-
eral neuropathy with the protein kinase C beta-inhibitor
ruboxistaurin mesylate during a 1-year, randomized,
placebo-controlled, double-blind clinical trial. Clin Ther
2005; 27: 1164-1180 [PMID: 16199243 DOI: 10.1016/
j.clinthera.2005.08.001]

Tuttle KR, Bakris GL, Toto RD, McGill JB, Hu K, Anderson
PW. The effect of ruboxistaurin on nephropathy in type 2
diabetes. Diabetes Care 2005; 28: 2686-2690 [PMID: 16249540]
Fields AP, Murray NR. Protein kinase C isozymes as thera-
peutic targets for treatment of human cancers. Adv Enzyme
Regul 2008; 48: 166-178 [PMID: 18167314 DOI: 10.1016/
jadvenzreg.2007.11.014]

Kwon MJ, Wang R, Ma J, Sun Z. PKC-0 is a drug target for
prevention of T cell-mediated autoimmunity and allograft
rejection. Endocr Metab Immune Disord Drug Targets 2010; 10:
367-372 [PMID: 20923402]

Seok J, Warren HS, Cuenca AG, Mindrinos MN, Baker
HV, Xu W, Richards DR, McDonald-Smith GP, Gao H,
Hennessy L, Finnerty CC, Lépez CM, Honari S, Moore
EE, Minei JP, Cuschieri J, Bankey PE, Johnson JL, Sperry ],
Nathens AB, Billiar TR, West MA, Jeschke MG, Klein MB,
Gamelli RL, Gibran NS, Brownstein BH, Miller-Graziano
C, Calvano SE, Mason PH, Cobb JP, Rahme LG, Lowry SF,
Maier RV, Moldawer LL, Herndon DN, Davis RW, Xiao W,
Tompkins RG. Genomic responses in mouse models poorly
mimic human inflammatory diseases. Proc Natl Acad Sci
USA 2013; 110: 3507-3512 [PMID: 23401516 DOI: 10.1073/
Ppnas.1222878110]

Booth SL, Centi A, Smith SR, Gundberg C. The role of os-
teocalcin in human glucose metabolism: marker or media-
tor? Nat Rev Endocrinol 2013; 9: 43-55 [PMID: 23147574 DOI:
10.1038 /nrendo.2012.201]

Hay CW, Docherty K. Comparative analysis of insulin gene
promoters: implications for diabetes research. Diabetes 2006;
55: 3201-3213 [PMID: 17130462 DOI: 10.2337 / db06-0788]
Cabrera O, Berman DM, Kenyon NS, Ricordi C, Berggren
PO, Caicedo A. The unique cytoarchitecture of human pan-
creatic islets has implications for islet cell function. Proc Nat!
Acad Sci USA 2006; 103: 2334-2339 [PMID: 16461897 DOI:
10.1073/pnas.0510790103]

Caicedo A. Paracrine and autocrine interactions in the human
islet: more than meets the eye. Semin Cell Dev Biol 2013; 24:
11-21 [PMID: 23022232 DOI: 10.1016/j.semcdb.2012.09.007]
Chandrasekera PC, Pippin J]J. Of rodents and men: Species-
Specific Glucose Regulation and Type 2 Diabetes Research.
ALTEX 2013 Nov 21; Epub ahead of print [PMID: 24270692]
Martin B, Ji S, Maudsley S, Mattson MP. “Control” labora-
tory rodents are metabolically morbid: why it matters. Proc
Natl Acad Sci USA 2010; 107: 6127-6133 [PMID: 20194732
DOI: 10.1073/pnas.0912955107]

Kim JY, Welsh EA, Oguz U, Fang B, Bai Y, Kinose F, Bronk
C, Remsing Rix LL, Beg AA, Rix U, Eschrich SA, Koomen
JM, Haura EB. Dissection of TBK1 signaling via phospho-
proteomics in lung cancer cells. Proc Natl Acad Sci USA
2013; 110: 12414-12419 [PMID: 23836654 DOI: 10.1073/
pnas.1220674110]

Durmus Tekir S, Umit P, Eren Toku A, Ulgen KO. Recon-
struction of protein-protein interaction network of insulin
signaling in Homo sapiens. | Biomed Biotechnol 2010; 2010:
690925 [PMID: 21197403 DOI: 10.1155/2010/690925]

Austin RL, Rune A, Bouzakri K, Zierath JR, Krook A.
siRNA-mediated reduction of inhibitor of nuclear factor-
kappaB kinase prevents tumor necrosis factor-alpha-induced
insulin resistance in human skeletal muscle. Diabetes 2008;
57: 2066-2073 [PMID: 18443205 DOI: 10.2337/db07-0763]
Milburn MV, Lawton KA. Application of metabolomics to
diagnosis of insulin resistance. Annu Rev Med 2013; 64: 291-305

April 15,2014 | Volume5 | Issue?2 |



119

120

121

[PMID: 23327524 DOI: 10.1146/ annurev-med-061511-134747]
Tchoukalova Y, Koutsari C, Jensen M. Committed sub-
cutaneous preadipocytes are reduced in human obesity.
Diabetologia 2007; 50: 151-157 [PMID: 17096115 DOI: 10.1007/
s00125-006-0496-9]

Walpita D, Hasaka T, Spoonamore ], Vetere A, Takane KK,
Fomina-Yadlin D, Fiaschi-Taesch N, Shamji A, Clemons PA,
Stewart AF, Schreiber SL, Wagner BK. A human islet cell cul-
ture system for high-throughput screening. ] Biomol Screen 2012;
17: 509-518 [PMID: 22156222 DOI: 10.1177/1087057111430253]
Dalla Man C, Rizza RA, Cobelli C. Meal simulation
model of the glucose-insulin system. IEEE Trans Biomed

(49

TR
JBaishideng®

WJD | www.wjgnet.com

Bunner AE et a/. Insulin signaling knockout mouse models

159

122

123

Eng 2007; 54: 1740-1749 [PMID: 17926672 DOI: 10.1109/
TBME.2007.893506]

Stettler R, Ith M, Acheson KJ, Décombaz ], Boesch C, Tappy
L, Binnert C. Interaction between dietary lipids and physical
inactivity on insulin sensitivity and on intramyocellular lip-
ids in healthy men. Diabetes Care 2005; 28: 1404-1409 [PMID:
15920059]

Bertoldo A, Pencek RR, Azuma K, Price JC, Kelley C, Cobelli
C, Kelley DE. Interactions between delivery, transport, and
phosphorylation of glucose in governing uptake into human
skeletal muscle. Diabetes 2006; 55: 3028-3037 [PMID: 17065339
DOI: 10.2337 / db06-0762]

P- Reviewers: Nakhoul FM, Sasaoka T S- Editor: Song XX
L- Editor: A E- Editor: Wu HL

April 15,2014 | Volume5 | Issue?2 |



7B
JRnishideng®

Published by Baishideng Publishing Group Co., Limited
Flat C, 23/F., Lucky Plaza,
315-321 Lockhart Road, Wan Chai, Hong Kong, China
Fax: +852-65557188
Telephone: +852-31779906
E-mail: bpgoffice@wjgnet.com
http://www.wjgnet.com

© 2014 Baishideng Publishing Group Co., Limited. All rights reserved.




	146
	封底

