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Abstract

Adipose tissue regulates systemic energy metabolism through adipokine production as well as energy storage and energy
supply to other organs in response to changes in energy status. Adipose tissue dysfunction is therefore thought to be a key
contributor to the pathogenesis of a variety of metabolic disorders including nonalcoholic fatty liver disease (NAFLD) and
nonalcoholic steatohepatitis (NASH). Given that insulin plays a central role in the regulation of many aspects of adipocyte
function, insulin resistance in adipose tissue is implicated in the pathogenesis of metabolic disorders as a cause of adipose
tissue dysfunction. The concept of metabolic dysfunction-associated fatty liver disease (MAFLD) has recently been pro-
posed for liver disease associated with metabolic disorders in both obese and nonobese individuals, with insulin resistance
in adipose tissue likely being an important factor in its pathogenesis. This review outlines the relation between insulin
resistance in adipose tissue and metabolic disorders, with a focus on the physiological relevance and mechanism of action
of 3’-phosphoinositide-dependent kinase 1 (PDK1), a key kinase in insulin signaling, and its downstream transcription fac-
tor FoxO1 in adipocytes.
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Introduction

Adipocytes store excess energy as triglyceride in individu-
als in the fed state, whereas they break down the stored tri-
glyceride and supply the released fatty acids to other organs
such as skeletal muscle and the liver in the fasted state. In
addition, adipocytes secrete various adipokines such as adi-
ponectin and leptin that regulate the interactions between
adipose tissue and other organs and play a key role in the
regulation of energy metabolism. Insulin is a major regulator
of many aspects of adipocyte function [1, 2]. Adipose tis-
sue dysfunction related to either quantitative or qualitative
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changes in this tissue can give rise to metabolic disorders,
such as systemic insulin resistance, diabetes mellitus, and
dyslipidemia. Furthermore, such adipose tissue dysfunction
has recently been implicated in the pathogenesis of nonal-
coholic fatty liver disease (NAFLD) and nonalcoholic stea-
tohepatitis (NASH). NAFLD and the more severe NASH
are usually associated with obesity and related comorbidi-
ties, but they can also develop in the absence of obesity,
in which case they are referred to as lean NAFLD/NASH.
Although lean NAFLD/NASH has often been described in
Asian populations, it has been diagnosed in 10% to 20% of
nonobese white individuals [3]. Pathological factors under-
lying the development of NAFLD/NASH in lean individuals
remain unclear, but adipose tissue dysfunction, hormonal
changes, reduced muscle mass, and gut dysbiosis in addi-
tion to genetic factors might play a role [3—7]. The con-
cept of metabolic dysfunction—associated fatty liver disease
(MAFLD) has recently been proposed for both obese and
nonobese (normal weight or underweight) individuals [8].
Insulin resistance in adipose tissue that leads to adipose tis-
sue dysfunction might contribute to the pathogenesis of this
condition. This review outlines the relation between adipose
tissue insulin resistance and metabolic disorders, focusing
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on insight into the physiological relevance and mechanism
of action of the PDK1-FoxO1 signaling axis obtained from
studies of adipocyte-specific knockout mice.

Insulin signaling and its physiological role
in adipose tissue

The binding of insulin to the insulin receptor increases the
tyrosine kinase activity of the receptor and the consequent
phosphorylation of tyrosine residues of insulin receptor
substrate (IRS). Tyrosine-phosphorylated IRS then binds
to and activates phosphatidylinositol 3-kinase, which
results in the production of phosphatidylinositol 3,4,5-tri-
sphosphate (PIP;) at the plasma membrane. 3'-Phospho-
inositide—dependent kinase 1 (PDK1) is a protein kinase
with an NH,-terminal kinase domain and a COOH-terminal
pleckstrin homology (PH) domain, and becomes localized to
and activated at the plasma membrane by binding of its PH
domain to PIP; [9]. PDKI1 activates the protein kinase Akt
by phosphorylating a threonine residue in its activation loop,
and Akt then targets various effector molecules including
forkhead box O1 (FoxO1), mechanistic target of rapamycin
(mTOR), and glucose transporter 4 (GLUT4) [9]. PDK1 is
thought to be the only physiological kinase responsible for
threonine phosphorylation of Akt [10].

Adipocyte-specific insulin receptor knockout (A-IRKO)
mice generated with the use of a Cre recombinase transgene
under the control of the adipocyte protein 2 (aP2) gene pro-
moter manifest a reduced fat mass, increased insulin sensi-
tivity and glucose tolerance, and longer life span compared
with control mice [11, 12] (Table 1). In contrast, A-IRKO
mice generated with a Cre transgene under the control of the
adiponectin (Adipoq) gene promoter develop severe lipoat-
rophy and other metabolic disorders including insulin resist-
ance, hyperglycemia, dyslipidemia, and NAFLD/NASH
[13, 14] (Table 1). Potential problems with the aP2-Cre
mouse model have been noted, including a possible allele-
dependent reduction in recombination efficiency as well as
Cre expression in cell types other than adipocytes [15]. The

contrasting phenotypes of the two types of A-IRKO mice are
therefore thought to be due to differences in the characteris-
tics of the Cre transgenic mice. These knockout mice never-
theless revealed that insulin signaling in adipocytes plays a
central role in the regulation of systemic insulin sensitivity,
glucose and lipid metabolism, fat mass, and liver histology.

Physiological role of PDK1 in adipose tissue

To investigate signaling downstream of the insulin receptor
related to insulin action in adipocytes, we generated adi-
pocyte-specific PDK1 knockout (A-PDK1KO) mice with
the use of the Adipog-Cre transgene [16]. The regulation of
lipid synthesis and lipolysis as well as of glucose uptake by
insulin was markedly impaired in isolated adipocytes from
A-PDK1KO mice. The plasma concentrations of adiponectin
and leptin were also markedly decreased in these mice. In
addition, A-PDK1KO mice manifested a reduced fat mass
and reduced adipocyte diameter, reflecting dysregulation of
lipid synthesis and lipolysis. Ablation of PDK1 in adipocytes
thus resulted in extensive adipose tissue dysfunction. On the
other hand, no obvious inflammation was apparent in adi-
pose tissue of A-PDK1KO mice, as indicated by the absence
of both increased macrophage infiltration and increased
circulating concentrations of inflammatory cytokines and
chemokines. A-PDK1KO mice showed hyperglycemia and
dyslipidemia as well as systemic insulin resistance on a nor-
mal diet. Furthermore, they showed marked lipid accumula-
tion in the liver by 10 weeks of age as well as, on further
aging, histological changes to the liver—such as hepatocyte
ballooning, inflammatory cell infiltration, and fibrosis—
similar to those associated with human NASH. Consistent
with these histological changes, gene expression related to
lipogenesis, inflammation, and fibrosis was upregulated in
the liver of A-PDK1KO mice. These phenotypes are thus
highly similar to those of the A-IRKO mice generated with
the Adipog-Cre transgene described above (Table 1). Our
observations therefore indicated that PDK1 signaling plays a
central role in the metabolic effects of insulin in adipocytes,

Table 1 Comparison of the
phenotypes of A-IRKO (aP2-
Cre), A-IRKO (Adipog-Cre),

A-IRKO (aP2-Cre) mice
[11,12]

A-IRKO (Adipog-Cre) mice A-PDK1KO
[13, 14] (Adipog-Cre)

. mice [16]
and A-PDK1KO (Adipoq-Cre)
mice Body weight l 1 1
Fat mass | (mild) |(severe) l
Insulin sensitivity 1 l !
Glucose tolerance 1 l !
Lipid metabolism 1 l !
Liver histology Unknown NAFLD/NASH NAFLD/NASH

A-IRKO, adipocyte-specific insulin receptor knockout; A-PDK1KO, adipocyte-specific PDK1 knockout
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and that impaired insulin action as a result of PDK1 defi-
ciency in adipocytes gives rise to NAFLD/NASH in addition
to systemic insulin resistance and other metabolic disorders.

Physiological role of FoxO1 in adipose tissue

PDKI1 signals via various effector molecules downstream of
Akt by activating Akt. FoxO1 is a transcription factor that is
highly expressed in insulin target tissues including adipose
tissue and regulates the expression of various genes [17].
Activation of insulin signaling results in the phosphorylation
of FoxO1 by Akt and its consequent inactivation through
sequestration in the cytoplasm [17]. Insulin-dependent
phosphorylation of FoxO1 was abolished in adipose tissue
of A-PDK1KO mice, indicative of constitutive activation
of FoxOl in adipocytes. To clarify the relevance of FoxO1
to the metabolic disorders of A-PDK1KO mice, we gen-
erated adipocyte-specific PDK1/FoxO1 double-knockout
(A-PDK1/FoxO1DKO) mice, which lack FoxO1 in addi-
tion to PDK1 specifically in adipocytes [16]. Compared
with A-PDK1KO mice, A-PDK1/FoxO1DKO mice showed
improved insulin sensitivity in the liver and skeletal mus-
cle, resulting in amelioration of hyperglycemia. In addition,
the NASH-like histology apparent in A-PDK1KO mice was
markedly attenuated in A-PDK1/FoxO1DKO mice. On the
other hand, the dyslipidemia, reduced plasma concentrations
of adiponectin and leptin, and reduced fat mass observed in
A-PDK1KO mice were not altered in A-PDK1/FoxO1DKO
mice. These observations thus suggested that, of the vari-
ous metabolic disorders caused by the loss of PDK1 in adi-
pocytes, FoxO1 contributes to the pathogenesis of insulin
resistance, hyperglycemia, and NAFLD/NASH, whereas
other molecules or pathways may be responsible for the
regulation of lipid metabolism, fat mass, and the production
or secretion of adiponectin and leptin.

Mechanism of systemic insulin resistance
determined by the PDK1-FoxO1 axis
in adipose tissue

With the use of liquid chromatography and tandem mass
spectrometry, we found that the concentration of leukot-
riene B, (LTB,) in plasma as well as in adipose tissue was
increased in A-PDK1KO mice and that this increase was
reversed in A-PDK1/FoxO1DKO mice [16]. LTB, is a lipid
mediator generated from arachidonic acid derived from
membrane phospholipids, and the first step in its biosynthe-
sis is catalyzed by 5-lipoxygenase (5-LO) [18, 19]. Consist-
ent with this increase in LTB, levels, the expression of 5-LO
in adipose tissue was found to be increased in A-PDK1KO
mice, and again, this increase was normalized in A-PDK1/

FoxO1DKO mice. In vitro experiments with isolated and
cultured adipocytes revealed that insulin inhibits the produc-
tion of LTB, by down-regulating the expression of 5-LO,
and that this action of insulin is mediated by the PDK1-
FoxOl pathway. LTB, has been implicated in the patho-
genesis of inflammatory diseases, such as bronchial asthma,
rheumatoid arthritis, and atherosclerosis [20], and its plasma
concentration has been found to be increased in individuals
with metabolic syndrome [21]. Studies with mice have also
shown that LTB, is upregulated in adipose tissue of obese
animals and that it contributes to the pathogenesis of sys-
temic insulin resistance [22—-24]. Consistent with these vari-
ous observations, we found that pharmacological or genetic
inhibition of the 5-LO-LTB, pathway ameliorated insulin
resistance in A-PDK1KO mice [16]. Insulin signaling via the
PDK1-FoxO1 axis in adipose tissue of mice thus controls
systemic insulin sensitivity through regulation of LTB, pro-
duction (Fig. 1). We also showed that the plasma LTB, con-
centration in human subjects was positively correlated with
homeostasis model assessment-insulin resistance (HOMA-
IR) and blood insulin concentration, suggesting that LTB,
might also play a role in the pathogenesis of insulin resist-
ance in humans [16].

Mechanism of NAFLD/NASH determined
by the PDK1-FoxO1 axis in adipose tissue

About 60% of triglyceride that accumulates in the liver of
individuals with NAFLD is derived from fatty acids pro-
duced by lipolysis in adipose tissue [25]. Insulin resistance
in adipose tissue is therefore likely to promote hepatic fat
accumulation associated with NAFLD/NASH by increasing
the transfer of free fatty acids from adipose tissue to the liver
as a result of impaired lipid synthesis and increased lipoly-
sis. The plasma concentration of free fatty acids after feed-
ing is higher in A-PDK1KO mice than in control animals,
suggesting that an increased flux of free fatty acids from
adipose tissue to the liver contributes to the pathogenesis of
NAFLD/NASH in these mice. Whereas the NAFLD/NASH
phenotype is attenuated in A-PDK1/FoxO1DKO mice, how-
ever, these mice show a similar increase in the plasma con-
centration of free fatty acids after feeding as do A-PDK1KO
mice, suggesting that FoxO1 in adipocytes contributes to
the pathogenesis of NAFLD/NASH through a mechanism
independent of the regulation of free fatty acid flux to the
liver. Given that genetic or pharmacological inhibition of
the 5-LO-LTB, pathway ameliorated systemic insulin
resistance but not NAFLD/NASH in A-PDK1KO mice, the
PDK1-FoxOl1 axis in adipocytes may regulate the interac-
tion between adipose tissue and the liver via an unidentified
mechanism independent of LTB, (Fig. 1).
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Fig. 1 Model for metabolic
regulation by the PDK1-FoxO1
axis and other downstream path-
ways and factors in adipocytes.
Red arrows and boxes indicate
changes induced by loss of
PDK1

LTB,
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Adipose tissue insulin resistance
and NAFLD/NASH in humans

The adipose tissue insulin resistance index (Adipo-IR),
calculated as the product of the fasting plasma concentra-
tions of insulin and free fatty acids, is used as an indica-
tor of insulin resistance in adipose tissue in humans [26],
whereas the euglycemic—hyperinsulinemic clamp test
allows for a more accurate assessment of insulin sensitiv-
ity in adipose tissue. Given that lipolysis in adipose tissue
is suppressed by insulin, the presence of insulin resistance
in adipose tissue reduces the rate of suppression of the
circulating free fatty acid concentration during clamping.
The extent of insulin resistance in adipose tissue as deter-
mined by the euglycemic—hyperinsulinemic clamp test was
found to be higher in NAFLD patients without diabetes,
dyslipidemia, or hypertension than in healthy individuals
matched for body mass index (BMI) and body fat mass
[27]. Studies of diabetic and nondiabetic men also found
that insulin resistance in adipose tissue correlated with
hepatic fat accumulation in a manner independent of BMI
and visceral fat mass [28, 29]. Moreover, adipose tissue
insulin resistance was shown to correlate with hepatic
fat content as well as with metabolic abnormalities in a
manner independent of body fat mass even in nonobese
healthy Japanese men with a BMI of < 25 kg/m? [30, 31].
Given that insulin resistance in adipose tissue is thought
to contribute to the pathogenesis of hepatic fat accumula-
tion independently of body weight and body fat mass, it
is likely also an important contributor to the pathogenesis
of MAFLD.
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Adipose tissue insulin resistance was found to be higher
in individuals with NAFLD than in those with a normal
liver, and NAFLD patients with a higher adipose tissue
insulin resistance also had higher circulating levels of liver
transaminases and more pronounced liver fibrosis [32]. Insu-
lin resistance in adipose tissue was also found to worsen with
progression of NAFLD/NASH [33]. Adipose tissue insulin
resistance has thus been implicated in the pathogenesis of
NASH as well as NAFLD in humans. Although adipose tis-
sue insulin resistance is thought to give rise to hepatic fat
accumulation as a result of an increased flux of free fatty
acids from adipose tissue to the liver, it remains unknown
whether and how such resistance directly affects the patho-
genesis of hepatic inflammation and fibrosis.

Concluding remarks

This review has described the relevance of adipose tissue
insulin resistance to systemic insulin resistance and NAFLD/
NASH, with a focus on our previous study of A-PDK1KO
and A-PDK1/FoxO1DKO mice. PDK1 plays a central role
in the metabolic effects of insulin, and impairment of PDK1
signaling in adipose tissue gives rise to NAFLD/NASH in
addition to metabolic disorders including systemic insulin
resistance, hyperglycemia, and dyslipidemia. Elucidation of
the importance and mechanisms of signaling downstream
of PDK1 in adipocytes should provide further insight into
the pathogenesis of metabolic diseases including NAFLD/
NASH as well as inform the development of new therapeutic
strategies.
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