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Insulin resistance is the pivotal pathogenic component of many metabolic diseases, including type 2 diabetes mellitus, and is de-
fined as a state of reduced responsiveness of insulin-targeting tissues to physiological levels of insulin. Although the underlying 
mechanism of insulin resistance is not fully understood, several credible theories have been proposed. In this review, we summa-
rize the functions of insulin in glucose metabolism in typical metabolic tissues and describe the mechanisms proposed to underlie 
insulin resistance, that is, ectopic lipid accumulation in liver and skeletal muscle, endoplasmic reticulum stress, and inflamma-
tion. In addition, we suggest potential therapeutic strategies for addressing insulin resistance.
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INTRODUCTION

Evolution has equipped animals with highly efficient means of 
overcoming nutrient scarcity, which involves the synthesis of 
complex molecules and storage of redeemable energy sources 
when nutrients are plentiful. Insulin is a pivotal regulator of 
the transition from nutrient production to storage under such 
conditions. After nutrient intake, plasma glucose levels reach a 
threshold level that stimulates insulin secretion by pancreatic 
β-cells. Under normal circumstances, this insulin promotes 
carbohydrate uptake at key storage and consumption sites, 
such as in adipose tissue and skeletal muscle, in which carbo-
hydrates and proteins are stored as lipids. However, over-nour-
ished, sedentary modern lifestyles disrupt this system and can 
cause serious medical problems, which include metabolic syn-
drome, obesity, type 2 diabetes mellitus (T2DM), and cardio-
vascular disease. 

Insulin resistance is defined physiologically as a state of re-
duced responsiveness in insulin-targeting tissues to high phys-

iological insulin levels and is considered the pathogenic driver 
of many modern diseases, including metabolic syndrome, 
nonalcoholic fatty liver disease (NAFLD), atherosclerosis, and 
T2DM [1]. Insulin resistance precedes non-physiologic elevat-
ed plasma glucose levels, which is the primary clinical symp-
tom of T2DM. In the prediabetic condition, insulin levels in-
crease to meet normal insulin requirements leading to chronic 
hyperinsulinemia, hyperglycemia-induced β-cell failure, and 
eventually to T2DM [2].

Although the mechanism of insulin resistance has not been 
fully established, several theories are generally considered rea-
sonable. This review summarizes the function of insulin in 
glucose metabolism in metabolic tissues, such as liver, skeletal 
muscle, and adipose tissue, and describes several putative 
mechanisms of insulin resistance, including the ectopic accu-
mulation of lipids in liver and skeletal muscle. In addition, we 
suggest potential therapeutic strategies for fat-induced insulin 
resistance that target ectopic fat accumulation in liver and pro-
mote energy consumption by skeletal muscle.
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INSULIN SIGNALING AND INSULIN 
RESISTANCE

Insulin signaling 
In the fasted state, the liver secretes glucose into blood to 
maintain euglycemia and provide fuel for glucose-consuming 
tissues. This process is called hepatic glucose production 
(HGP), and involves the breakdown of hepatic glycogen (gly-
cogenolysis) and de novo synthesis of glucose (gluconeogene-
sis) using fatty acids and glycerol derived from adipose tissues 
[3]. After food intake, insulin secreted by pancreatic β-cells 
promotes anabolism and suppresses catabolic programs. Dur-
ing glucose metabolism, insulin stimulates several glucose-
consuming tissues, such as skeletal muscle and adipose tissues, 
to uptake glucose and then promotes the syntheses of glycogen 
and lipid in liver, skeletal muscle, and adipose tissue [4]. In ad-
dition, insulin suppresses HGP by inhibiting the expressions of 
gluconeogenic genes and lipolysis in adipose tissue [5]. Insulin 
also suppresses glucagon secretion from pancreatic α-cells 
[6,7] and reduces appetite via the central nervous system. In 
this review, we focus on the role of insulin in glucose metabo-
lism in skeletal muscle, liver, and adipose tissue.

The intracellular functions of insulin are mediated through 
insulin receptor tyrosine kinase (IRTK) (Fig. 1). When insulin 
binds to the extracellular domain of IRTK, it induces a confor-
mational change that results in the autophosphorylation of 
IRTK tyrosine residues and the subsequent activation of phos-
photyrosine-binding proteins such as insulin receptor sub-
strate (IRS), growth factor receptor-bound protein-2 (GRB-2), 
GRB-10, SHC-transforming protein (SHC), and SH2B adapter 
protein-2 (SH2B-2) [8]. The effects of insulin on glucose and 
lipid metabolism are mainly mediated by the IRTK-induced 
phosphorylation of IRS, which then recruits phosphatidylino-
sitol-3-OH kinase (PI3K) and catalyzes the production of 
phosphatidylinositol-3,4,5-trisphosphate (PIP3) from phos-
phatidylinositol-4,5-bisphosphate (PIP2). After being recruit-
ed to the plasma membrane by PIP3, Akt is activated (phos-
phorylated) by 3-phosphoinositide-dependent kinase-1 
(PDK1) and mechanistic target of rapamycin complex 2 
(mTORC2) [9] and then phosphorylates various downstream 
substrates in metabolic tissues, including skeletal muscle, liver, 
and adipose tissue, which elicit insulin-induced nutrient reser-
vation in these tissues. 

In skeletal muscle, insulin signaling promotes glucose up-
take and net glycogen synthesis (Fig. 1A). Insulin increases 

glucose transport activity via the highly coordinated transloca-
tion and fusion of glucose transporter type 4 (GLUT4) storage 
vesicles (GSVs) to the plasma membrane in skeletal muscle 
[10]. After being activated by insulin signaling, Akt inactivates 
AS160 (GTPase-activating protein [GAP] AKT substrate of 
160 kDa, also known as TBC1D4), which activates small Rab 
GTPase protein switches that control vesicle trafficking [10]. 
Insulin-induced Akt also promotes the guanosine triphosphate 
(GTP)-bound form of Ras-related C3 botulinum toxin sub-
strate 1 (RAC1), which promotes GLUT4 translocation by in-
ducing cortical actin reorganization [11]. On the other hand, 
insulin also regulates net glycogen synthesis in skeletal muscle 
by suppressing glycogenolysis and promoting glycogen synthe-
sis. Insulin signaling promotes the activity of glycogen syn-
thase (GYS) via the phosphorylation of glycogen synthase ki-
nase 3 (GSK3) by Akt [12] and the activation of protein phos-
phatase 1 (PP1) to promote the dephosphorylation of GYS 
[13]. In addition, insulin regulates glycogen phosphorylase ac-
tivity via the dephosphorylation of phosphorylase kinase [14]. 

Insulin in liver activates IRTK, which phosphorylates IRS1 
and IRS2, and ultimately activates Akt2 [15], which decreases 
HGP, promotes glycogen synthesis, and transcriptionally acti-
vates lipogenesis (Fig. 1B). The primary function of hepatic in-
sulin signaling is to decrease HGP by repressing gluconeogen-
esis mediated by the Akt-induced phosphorylation of forkhead 
box O1 (FOXO1) [15], which excludes FOXO1 from the nu-
cleus, and thus, prevents the transcriptional activations of glu-
coneogenic gene expressions, such as glucose-6-phosphatase 
(G6PC) and phosphoenolpyruvate carboxylase (PEPCK) 
[15,16]. In addition to inhibiting gluconeogenic gene expres-
sions, insulin suppresses hepatic gluconeogenesis by inhibiting 
adipocyte lipolysis, which reduces levels of gluconeogenesis 
substrates in liver [17]. Furthermore, besides suppressing HGP, 
insulin increases hepatic glycogen synthesis by regulating GYS 
(especially GYS2 in liver) and glycogen phosphorylase through 
GSK3 and PP1, as occurs in skeletal muscle [18]. Also, insulin 
activates lipid anabolism by upregulating sterol regulatory ele-
ment-binding protein 1c (SREBP-1c; a master transcriptional 
regulator of hepatic de novo lipogenesis) and subsequently, en-
hancing the transcriptions of several lipogenic genes, including 
acetyl-CoA carboxylase 1 (ACC1), fatty acid synthase (FAS), 
and glycerol-3-phosphate acyltransferase  1 (GPAT1) [19,20]. 

The most important physiological function of insulin in 
white adipocyte tissue is to suppress lipolysis, which in turn 
suppresses HGP by reducing gluconeogenic substrates (Fig. 
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Fig. 1. Role of insulin signaling in liver, skeletal muscle, and adipose tissue. (A) Insulin binds to insulin receptor tyrosine kinase 
(IRTK), and activate insulin receptor substrate-1 (IRS-1), which recruits phosphatidylinositol-3-OH kinase (PI3K) and activate 
Akt. In skeletal muscle, Akt promotes glucose uptake via the translocation of glucose transporter type 4 (GLUT4) storage vesicles 
(GSVs) to the plasma membrane, which is mediated by inactivation of GTPase-activating protein (GAP) AKT substrate of 160 kDa 
(AS160) and promotion of GTP-bound form of Ras-related C3 botulinum toxin substrate 1 (RAC1). Insulin stimulate glycogen 
synthesis via glycogen synthase kinase 3 (GSK3)-inhibition mediated glycogen synthease (GYS) activation and glycogen phosphor-
ylase inactivation via the dephosphorylation of phosphorylase kinase. (B) In liver, Akt decreases gluconeogenesis by suppressing of 
forkhead box O1 (FOXO1)-mediated gluconeogenic gene expressions. In addition, insulin increases hepatic glycogen synthesis by 
regulating GYS2 and glycogen phosphorylase through GSK3 and protein phosphatase 1 (PP1). Also, insulin increases hepatic de 
novo lipogenesis by upregulating sterol regulatory element-binding protein 1c (SREBP-1c). (C) In white adipocyte, insulin suppress 
lipolysis, which in turn suppresses hepatic glucose production by reducing gluconeogenic substrates, which is believed to be medi-
ated by phosphodiesterase 3B (PDE3B), PP1, and protein phosphatase-2A (PP2A). Insulin also promotes glucose transport, lipo-
genesis, and adipogenesis. PIP2, phosphatidylinositol-4,5-bisphosphate; PIP3, phosphatidylinositol-3,4,5-trisphosphate; PKB, pro-
tein kinase B; mTORC1, mechanistic target of rapamycin complex 1; G6PC, glucose-6-phosphatase; PCK1, phosphoenolpyruvate 
carboxykinase 1 (PEPCK); GCK, glucokinase; GPAT1, glycerol-3-phosphate acyltransferase 1; ACC, acetyl-CoA carboxylase; FAS, 
fatty acid synthase.
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1C) [21]. The mechanism responsible for insulin-induced li-
polysis suppression is not fully understood, though it is be-
lieved to be mediated by phosphodiesterase 3B (PDE3B) 
through reduced cyclic adenosine monophosphate (cAMP)-
dependent protein kinase A (PKA) activity [22]. In addition, 
PP1 and protein phosphatase-2A (PP2A) appear to mediate 
PI3K-dependent insulin-induced lipolysis suppression through 
the dephosphorylations of lipolytic regulatory proteins [23,24]. 
Although insulin promotes glucose transport by signaling the 
phosphorylation of targets involved in vesicle tethering, dock-
ing, and fusion, its contribution to whole-body glucose dispos-
al is comparatively minor [25]. Insulin also promotes lipogen-
esis in white adipose tissue by activating SREBP-1c, signaling 
the translocations of glucose or fatty acid transport proteins 
(FATPs), promoting fatty acid esterification [26], and stimulat-
ing adipogenesis through the transcription factor peroxisome 
proliferator-activated receptor-γ (PPARγ) [27].

Insulin resistance
As mentioned above, insulin resistance is physiologically de-
fined as an inability of some type of tissues to respond to nor-
mal insulin levels, and thus, higher than normal levels of insu-
lin are required to maintain the normal functions of insulin. 
Notably, the glucose-regulating effects of insulin such as the 
suppressions of HGP and lipolysis, cellular uptake of plasma 
glucose, and net glycogen synthesis are not observed in insulin 
resistant tissues at normal plasma levels [5]. Since skeletal 
muscle is a quantitatively central tissue for insulin-stimulated 
glucose disposal, and liver and adipose tissue are qualitatively 
the critical sites for glucose-induced insulin signaling, these 
tissues are considered central to the understanding of the 
mechanisms responsible for insulin resistance. 

Insulin resistance in skeletal muscle
Insulin-stimulated glucose consumption is largely conducted 
in skeletal muscle, and thus, muscular insulin resistance could 
affect whole-body metabolism [28]. Muscle-specific insulin re-
sistance by the muscle-specific deletion of IRTK or GLUT4 in-
creased the susceptibility to hepatic steatosis, and increase adi-
posity in animal models [29,30]. Many molecular studies have 
demonstrated that insulin-stimulated muscle glucose uptake is 
highly susceptible to insulin resistance attributed to impaired 
GLUT4 translocation. However, the translocation of GLUT4 to 
the plasma membrane and glucose transport in T2DM are 
stimulated by hypoxia or exercise via the AMP-activated pro-

tein kinase (AMPK)-mediated regulation of GSV translocation 
[31,32], which suggests that defects of glucose transport in in-
sulin resistance are abnormalities in the insulin signaling path-
way rather than defects in the transport system itself. Further-
more, insulin resistance in skeletal muscle may be caused by 
defects at the proximal level of insulin signaling, for example, 
in the activities of IRTK, IRS1, PI3K, and AKT (Fig. 1A). In ad-
dition, in obese mice and obese/diabetic humans, the tyrosine 
kinase activity of IRTK is diminished in skeletal muscle, which 
supports this suggestion [33]. In addition, IRS1 tyrosine phos-
phorylation and IRS1-associated PI3K activity were found to 
be diminished in insulin resistant skeletal muscle [34].

Insulin resistance in liver and adipose tissue
The liver critically controls postprandial carbohydrate levels by 
suppressing HGP and stimulating the deposition of glucose as 
glycogen and is the primary source of glucose production dur-
ing fasting [35]. In T2DM patients, insulin cannot regulate he-
patic glycogen synthesis or glucose production, and increased 
hepatic gluconeogenesis is the primary cause of fasting hyper-
glycemia in T2DM [36,37]. Defective suppression of hepatic 
gluconeogenesis in insulin resistance is largely associated with 
lipolysis defects in adipose tissue and the de-suppression of 
FOXO1 transcription factor in liver [35]. Meanwhile, insulin 
resistance is also associated with defects in the insulin-induced 
stimulation of glycogen synthesis, for example, T2DM patients 
have lower fasting and postprandial hepatic glycogen content 
[38]. Furthermore, hepatic insulin resistance reduces the am-
plitude of hepatic glycogen metabolism induced by fasting and 
feeding [36]. 

Selective insulin resistance
Intriguingly, not all insulin functions are less responsive in the 
presence of insulin resistance. Some insulin pathways in hy-
perinsulinemia are highly responsive to insulin, a phenome-
non referred to as selective insulin resistance or pathway-selec-
tive insulin responsiveness [39]. In the case of hepatic insulin 
resistance, insulin fails to suppress HGP but stimulates lipo-
genesis, which results in hyperglycemia, hyperlipidemia, and 
hepatic steatosis [39]. The underlying mechanism of selective 
insulin resistance has not been established but several hypoth-
eses have been suggested. One involves glucose disposal poten-
tial differences in the substrate specificities of AKT phosphory-
lation between gluconeogenesis and lipogenesis [40]. Akt 
Ser473 phosphorylation may activate some AKT substrates re-
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lated to gluconeogenesis, such as FOXO, and these activations 
might be suppressed in a background of insulin resistance, 
while other Akt substrates, such as GSK3β and tuberous scle-
rosis complex 2 (TSC2), which requires AKT phosphorylation 
at Thr308, might not be disrupted [41,42]. Another possible 
mechanism of selective insulin resistance in liver involves the 
different intrinsic sensitivities of insulin-induced SERBP-1c 
activation and gluconeogenesis suppression, which suggests 
that these functions require specific insulin levels. Recent stud-
ies have shown that insulin-regulated hepatic lipogenesis, but 
not gluconeogenesis, is mediated by stabilizing pleckstrin ho-
mology domain leucine-rich repeat protein phosphatase-2 
(PHLPP-2), which terminates insulin-stimulated Akt activity 
[43,44]. These reports show that a high-fat diet (HFD) de-
creases PHLPP-2 stability, which delayed Akt dephosphoryla-
tion and then induces prolonged Akt activation in late stage af-
ter insulin pulse [43,44]. Since elevated Akt activity in the early 
postprandial stage is required to reduce HGP and Akt activity 
in the late stage is sufficient to increase de novo lipogenesis but 
not HGP [40,43,44], unterminated prolonged Akt activity 
might enhance de novo lipogenesis but not suppress HGP. The 
other hypothesis posits that selective insulin resistance in liver 
is caused by insulin-independent lipogenesis. Lipogenesis in-
duction by nutrients is also mediated by the carbohydrate re-
sponse element-binding protein (ChREBP), PPARγ coactiva-
tor 1-β, and liver X receptor-mediated SREBP-1c [45-47], and 
these alternative pathways of lipogenesis have been shown to 
be activated by fructose and monosaccharides [48,49]. 

MECHANISMS OF INSULIN RESISTANCE

Many epidemiological studies have concluded that obesity is a 
leading risk factor of T2DM, and reportedly, obese people are 
up to 80 times more likely to develop T2DM [50]. Further-
more, it has been shown an inverse correlation exists between 
plasma fatty acid concentration and insulin sensitivity in age 
and body mass index matched controls [51]. These results and 
others show that excess lipid content caused by obesity is a pri-
mary cause of insulin resistance and T2DM. Many theories 
have been proposed for the mechanism responsible for the de-
velopment of insulin resistance due to excess lipid availability. 

The glucose-fatty acid cycle (the Randle cycle)
In 1963, Randle et al. [52] hypothesized that lipid-induced in-
sulin resistance in skeletal muscle characterized by a defect in 

glucose uptake is attributed to limited insulin-stimulated glu-
cose utilization caused by increased fatty acid oxidation, which 
is referred to as the glucose-fatty acid or Randle cycle. It was 
asserted that increased fatty acid oxidation in the obese im-
paired in the use of glucose as a source of fuel by inhibiting the 
activities of key glycolytic enzymes. According to Randle et al. 
[52], fatty acid oxidation might increase mitochondrial acetyl-
CoA levels through β-oxidation and subsequently inactivate 
pyruvate dehydrogenase, which in turn, would increase intra-
cellular citrate levels and inhibit phosphofructokinase (a key 
glycolytic enzyme), and lead to the accumulation of intramyo-
cellular glucose-6-phosphate, which inhibits hexokinase activ-
ity and causes the accumulation of intramyocellular glucose 

Fig. 2. The glucose-fatty acid cycle hypothesis in insulin resis-
tance. Randle et al. [52] proposed that lipid-induced insulin re-
sistance in skeletal muscle is attributed to limited insulin-stim-
ulated glucose utilization caused by increased fatty acid oxida-
tion. Fatty acid oxidation might increase mitochondrial acetyl-
CoA levels and subsequently inactivate pyruvate dehydroge-
nase (PDH), which in turn, would increase intracellular citrate 
levels and inhibit phosphofructokinase 1 (PFK-1), and lead to 
the accumulation of intramyocellular glucose-6-phosphate (G-
6-P), which inhibits hexokinase activity and causes the accu-
mulation of intramyocellular glucose and reduced glucose up-
take. FFA, free fatty acid; GLUT4, glucose transporter type 4; 
GSV, GLUT4 storage vesicle; ATP, adenosine triphosphate; 
CPT1, carnitine palmitoyltransferase 1; NADH, reduced nico-
tinamide adenine dinucleotide; TCA, trichloroacetic acid.
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and reduced glucose uptake (Fig. 2). Furthermore, some ex-
perimental results have consistently shown that infusions of 
fatty acids decrease myocellular glucose utilization and in-
crease intramyocellular glucose-6-phosphate concentrations in 
rat heart and diaphragm muscles [53-55]. 

The glucose-fatty acid cycle shows that glucose-6-phosphate 
and glycogen synthesis levels should be increased by fatty acid 
and that glycolysis should be inhibited. However, exposure to 
high plasma fatty acid concentrations caused insulin resistance 
and reduced glucose-6-phosphate concentrations in the mus-
cle of healthy individuals [56]. In addition, insulin-stimulated 
muscle glycogen synthesis and glucose oxidation were found 
to be suppressed in T2DM patients with chronic insulin resis-
tance [57,58]. These studies demonstrate that the glucose-fatty 
acid cycle cannot fully explain all impairments of insulin resis-
tance.

Hexosamine biosynthesis pathway 
Although the glucose-fatty acid cycle does not satisfactorily 
explain lipid-induced insulin resistance, evidence indicates 
that muscular acetyl-CoA and citrate levels are elevated in line 
with increased fat oxidation, which suggests another pathway 
regulates glucose transport independently of glucose-6-phos-
phate levels in muscle (Fig. 3). The hexosamine biosynthesis 
pathway (HBP) offers another explanation for the develop-
ment of insulin resistance. Fructose-6-phosphate is mainly 
produced from glucose-6-phosphate and is preferentially me-
tabolized to fructose-1,6-bisphosphate during glycolysis, but 
approximately 5% of fructose-6-phosphate is converted to glu-
cosamine-6-phosphate by glutamine:fructose-6-phosphate 
amidotransferase (GFAT), the rate-limiting enzyme of HBP 
[59]. Glucosamine-6-phosphate is converted to uridine 5’-di-
phosphate N-acetylglucosamine (UDP-GlcNAc), which serves 

Fig. 3. Hexosamine biosynthesis pathway (HBP) in insulin resistance. In HBP, fructose-6-phosphate (F-6-P) is converted to glucos-
amine-6-phosphate (Glucosamine-6-P) by glutamine:fructose-6-phosphate amidotransferase (GFAT), and glucosamine-6-P is con-
verted to uridine 5’-diphosphate N-acetylglucosamine (UDP-GlcNAc), which serves as the donor sugar nucleotide for the O-
GlcNAcylation of lipids and proteins. O-GlcNAcylation could affect target proteins by regulating gene expressions or enzyme activi-
ties. Insulin signaling pathway components, mammalian uncoordinated-18c (Munc18-c), and forkhead box O1 (FOXO1) are modi-
fied with O-GlcNAc. PIP2, phosphatidylinositol-4,5-bisphosphate; PIP3, phosphatidylinositol-3,4,5-trisphosphate; IRS-1, insulin re-
ceptor substrate-1; PKB, protein kinase B; GSK3, glycogen synthase kinase 3; GSV, GLUT4 storage vesicle; GLUT4, glucose transport-
er type 4; GYS, glycogen synthease; OGT, O-GlcNAc transferase; OGA, O-GlcNAcase; ATP, adenosine triphosphate; PFK-1, phos-
phofructokinase 1; PDH, pyruvate dehydrogenase; NADH, reduced nicotinamide adenine dinucleotide; TCA, trichloroacetic acid.
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as the donor sugar nucleotide for the glycosylation and O-
GlcNAcylation of lipids and proteins [59], and these modifica-
tions, especially O-GlcNAcylation, could affect targeted pro-
teins by regulating gene expressions or enzyme activities [60].

Thirty years ago, Marshall et al. [61] first suggested O-
GlcNAcylation modulated insulin sensitivity and showed that 
the effects of glucose-induced insulin resistance could be 
blocked by inhibiting GFAT using amidotransferase inhibitors 
such as O-diazoacetyl-L-serine (azaserine) or 6-diazo-5-ox-
onorleucine (DON). Subsequently, it was established that glu-
cosamine induces insulin resistance [62,63]. Furthermore, hy-
perglycemia and hyperinsulinemia reportedly increase UDP-
GlcNAc levels in skeletal muscle [64,65], and O-GlcNAc levels 
have been reported to be elevated in the corneas, pancreases, 
and skeletal muscles of diabetic or insulin resistant rats [66,67]. 
Also, GFAT overexpression in adipose tissue or skeletal muscle 
developed whole-body insulin resistance characterized by a re-
duction in glucose disposal in mice [68]. Recently, skeletal 
muscle-specific O-GlcNAc transferase (OGT) knockout mice 
on a HFD were reported to have low plasma glucose levels and 
glucose tolerances [69]. Moreover, the overexpression of O-
GlcNAcase (OGA), which removes O-GlcNAc from proteins, 
significantly improved whole-body glucose tolerance and in-
sulin sensitivity in db/db mice, and O-(2-acetamido-2-deoxy-
D-glucopyranosylidene) amino-N-phenylcarbamate (PUG-
NAc) (an OGA inhibitor) suppressed insulin-mediated glu-
cose uptake in adipocytes [70,71]. Also, single-nucleotide poly-
morphisms in meningioma-expressed antigen 5 (MGEA5), a 
human OGA homolog, were associated with T2DM onset in 
Pima Indians and Mexican Americans [72,73]. 

The molecular mechanisms of HBP in insulin resistance 
have not been fully established, while O-GlcNAcylation pro-
vides the most acceptable mechanism of HBP in insulin resis-
tance. O-GlcNAcylation of proteins has been suggested to 
compete with phosphorylation for sites, which could regulate 
the protein activity and signaling transduction [74]. In particu-
lar, insulin signaling pathway components, such as IRS-1/2, 
PI3K, PDK1, and Akt, are modified with O-GlcNAc [75,76]. In 
addition to these proximal components of insulin signaling, 
mammalian uncoordinated-18c (Munc18-c), a protein essen-
tial for insulin-stimulated GLUT4 translocation, was reported 
to be O-GlcNAc modified in a background of glucosamine-in-
duced insulin resistance, and FOXO1, a master transcriptional 
factor for gluconeogenic genes in liver, was also O-GlcNacylat-
ed in diabetes [77,78]. 

Debate continues despite cumulating evidence regarding the 
role of HBP in insulin resistance. Robinson et al. [79] showed 
that adenovirus-induced OGA overexpression and OGT knock-
down failed to restore impaired Akt activation by insulin stim-
ulation and prevent glucose-induced insulin resistance in 
3T3L1 adipocytes, and in another study, treatment with the 
OGA inhibitor 1,2-dideoxy-2’-propyl-α-ᴅ-glucopyranoso-[2,1, 
D]-Δ2’-thiazoline (NButGT) did not induce insulin resistance 
characterized by defective glucose uptake and Akt phosphory-
lation in 3T3-L1 adipocytes [80]. Taken together, discrepancies 
between the roles of HBP in vivo and in vitro suggest that 
more thorough systematic approaches using in vivo systems 
are needed to determine the role of HBP and the mechanism 
involved in insulin resistance. 

Ectopic lipid accumulation
Obesity is an obvious and significant risk factor of T2DM, but 
numerous studies have shown that ectopic lipid accumulation 
in peripheral tissues, especially in liver and skeletal muscle, can 
lead to more severe insulin resistance, even in the absence of 
visceral adiposity [81]. Consistently, over 70% of obese indi-
viduals with T2DM are known to have NAFLD, and NAFLD 
patients almost universally have T2DM and hepatic insulin re-
sistance [82]. In addition, interventions that reduce intrahe-
patic triglyceride content through modest weight loss or leptin 
treatment dramatically reverse hepatic insulin resistance in 
T2DM, NAFLD, and lipodystrophic patients [83]. Further-
more, intrahepatic and intramyocellular lipid contents are con-
sidered to be much better predictors of insulin resistance than 
visceral adipose tissue volume, which strongly indicates that 
increased lipid accumulation in liver and skeletal muscle could 
impair insulin signaling and induce insulin resistance [84,85]. 

Numerous animal experiments support the notion that in-
sulin resistance is caused by ectopic lipid accumulation in liver 
or skeletal muscle. Several studies have shown that lipid accu-
mulation in liver and skeletal muscle caused by short-term 
HFD feeding or lipid/heparin infusions induce insulin resis-
tance in rats [86]. In addition, overexpression of lipoprotein li-
pase (LPL) in liver or muscle induced peripheral insulin resis-
tance and the accumulation of lipid in respective tissues 
[87,88], and skeletal muscle-specific LPL deletion enhanced 
insulin signaling in HFD challenged muscle [89]. Further-
more, deleting fat transport proteins such as CD36 or FATP-1 
increased insulin-mediated glucose uptake in skeletal muscle 
[90,91], and liver-specific knockdown of FATP2 or FATP5 sig-
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nificantly reduced HFD-induced hepatosteatosis and in-
creased glucose tolerance [92,93]. 

 Lipodystrophy provides the most well-established clinical 
evidence that sheds light on the role of ectopic lipid accumula-
tion in the absence of any contribution from visceral adipose 
to insulin resistance, as this condition is characterized by a 
substantial reduction in fat cells in adipose tissue leading to 
hypertriglyceridemia, peripheral ectopic fat deposition, and 
severe insulin resistance. In lipodystrophy, postprandial fatty 
acid influx cannot be buffered by adipose tissue, and as a result 
fatty acids are delivered to other metabolic tissues, including 
liver and skeletal muscle, which impairs insulin signaling and 
causes severe insulin resistance [94]. Genetic lipodystrophic 
mice also exhibit insulin resistance induced by ectopic lipid ac-
cumulation in liver and skeletal muscle. Adipocyte-specific ba-
sic region-leucine zipper (B-ZIP) transcription factor knock-
out mice, which are called A-ZIP/F-1 fatless mice due to a lack 
of white fat tissue, are hyperinsulinemic and hyperglycemic, 
due to severe defects in IRS-1 and -2 associated PI3K activity 
in muscle and liver [95,96]. In addition, insulin functions in A-
ZIP/F-1 fatless mice were dramatically restored by the trans-
plantation of parametrial fat from littermates, suggesting that 
the distribution of triglyceride to skeletal muscle and liver 
might be a critical factor of insulin resistance [95]. The overex-
pression of preadipocyte factor-1 (Pref-1), a secreted protein 
that inhibits adipocyte differentiation, also induced the charac-
teristics of lipodystrophic models, that is, reduced adipose tis-
sue mass, dyslipidemia, and insulin resistance [97,98]. In addi-
tion, the inhibition of de novo sphingolipid biosynthesis by ad-
ipocyte-specific knockout of serine palmitoyltransferase 2 
(Sptlc2), which catalyzes the first step of de novo sphingolipid 
synthesis, exhibited impaired adipose tissue development and 
a lipodystrophic phenotype, which progressed to systemic in-
sulin resistance [99]. The ability to form unilocular lipid drop-
lets in white adipocytes is required to maintain the ability of 
white adipocytes to store lipids. Knock out mice of fat-specific 
protein 27 (Fsp27) showed multilocular lipid droplets in adi-
pocytes and increased lipolysis, resulting in hepatic steatosis 
and insulin resistance [100]. These studies demonstrate that 
excess lipid accumulation in liver and muscle can induce insu-
lin resistance.

DAG
How excess lipid accumulation interferes with insulin signal-
ing in liver and muscle has long been investigated, especially 

with respect to surface insulin receptor downregulation and 
impaired insulin signal transduction in typical obesity-associ-
ated insulin resistance [101]. The most plausible hypothesis of 
the mechanism whereby ectopic lipid accumulation induces 
insulin resistance is that several lipid metabolites, including di-
acylglycerol (DAG), lysophosphatidic acid (LPA), ceramides, 
and acylcarnitines, are involved in the pathogenesis of insulin 
resistance in liver and skeletal muscle. 

Fatty acids are rapidly esterified in cells to fatty acyl-CoA, 
which is transferred to a glycerol backbone to form LPA, DAGs, 
and triacylglycerols (TAGs) through lipogenesis (Fig. 4). These 
lipid intermediates, especially DAG, might function as second 
messengers in key signaling pathways implicated in the patho-
genesis of insulin resistance [102]. High-fat-induced and ge-
netically obese rodents exhibited hepatic insulin resistance and 
elevated hepatic DAG contents [103,104], and hepatocytes 
treated with phorbol myristate acetate (PMA, a DAG analog) 
exhibited impaired IRTK tyrosine kinase activity and insulin-
stimulated GYS activity [105].

The DAG hypothesis of lipid-induced insulin resistance is 
that interference of insulin signaling by activated protein ki-
nase C (PKC) results from the accumulation of DAG within 
insulin-sensitive tissues (Fig. 4). There are three groups of the 
PKC family (conventional, novel, and atypical), and novel PKC 
(nPKC), which has much greater affinity for DAG, is known to 
mediate the role of DAG in insulin resistance [106,107]. In liv-
er, increased hepatic DAG levels induced the translocation of 
PKCε (the primary nPKC isoform in liver) to the plasma 
membrane and inhibited IRTK tyrosine kinase activity by 
phosphorylating it at Thr1160, which reduced insulin-stimu-
lated phosphorylations (activations) of IRS2, PI3K, and Akt2 
[108,109]. In the same vein, hepatic DAG contents and PKCε 
translocation to the plasma membrane were shown to be more 
potent predictors of hepatic insulin resistance than other fac-
tors such as ceramide, endoplasmic reticulum (ER) stress 
marker, and inflammatory cytokine levels in humans [106,110, 
111]. In a manner similar to that observed in liver, the accu-
mulation of intramyocellular DAG impairs insulin signaling 
and muscle glucose uptake by activating PKCθ (muscle-type 
nPKC) [112,113], which elicits the phosphorylation of IRS-1 at 
Ser1101 and blocks the insulin-stimulated phosphorylation of 
IRS-1 [114,115]. Large-scale studies have also corroborated the 
DAG-PKC induced hypothesis of insulin resistance. High PKC 
levels have been reported in the membrane fractions of soleus 
muscles of diabetic rats and in the livers of obese rats [106, 
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116]. Importantly, PKCε translocation to the plasma membrane 
was observed in rats with isolated hepatic steatosis and hepatic 
insulin resistance induced by HFD feeding [86,117]. Moreover, 
knockdown of PKCε using an antisense oligonucleotide (ASO) 
protected rats from fat-induced hepatic insulin resistance 
[109], and PKCε knockout mice (Prkce−/−) mice showed im-
proved glucose tolerance than wild type controls after 7 days of 
high-fat feeding [118]. Apolipoprotein CIII (ApoC3) overex-
pression promoted diet-induced hepatic steatosis and hepatic 
insulin resistance, and resulted in higher DAG and membrane-
localized PKCε [119]. Like PKCε, PKCθ modulated insulin 
signaling in myoblasts, and PKC-θ knockout prevented fat-in-
duced defects in insulin signaling and glucose transport in 
mouse skeletal muscle [120]. Furthermore, PKCθ overexpres-

sion led to insulin resistance characterized by reduced insulin 
responsiveness in C2C12 myoblasts [121].

Notably, not all DAGs can stimulate PKC translocation to 
the plasma membrane and induce T2DM by inhibiting insulin 
signaling. The subcellular localizations of DAGs and DAG ste-
reoisomer types were considered critical for activating PKC 
and inducing insulin resistance. Of the three DAG stereoiso-
mers, sn-1,2-DAG, the product of the action of phospholipase 
C on PIP2, was reported to be the only stereoisomer that acti-
vate PKC [122]. Furthermore, the accumulation of DAG in lip-
id droplets, but not in plasma membrane, did not inhibit insu-
lin signaling or induce hepatic insulin resistance, as shown in 
mice treated with adipose triglyceride lipase cofactor (compar-
ative gene identification-58 [CGI-58]) ASO. CGI-58 ASO treat-

Fig. 4. Diacylglycerol (DAG)-protein kinase C (PKC) hypothesis in insulin resistance. Fatty acids are rapidly esterified in cells to 
fatty acyl-CoA, which form lysophosphatidic acid (LPA), DAG, and triacylglycerol (TAG) through lipogenesis. Increased hepatic 
DAG levels induced the translocation of nPKC (PKCε and PKCθ in liver and skeletal muscle, respectively) to the plasma membrane 
and inhibited insulin receptor tyrosine kinase (IRTK) tyrosine kinase activity by phosphorylating it at Thr1160, which inactivate 
insulin receptor substrate 2 (IRS-2), phosphatidylinositol-3-OH kinase (PI3K), and Akt2. PIP2, phosphatidylinositol-4,5-bisphos-
phate; PIP3, phosphatidylinositol-3,4,5-trisphosphate; PKB, protein kinase B; PLC, phospholipase C; FFA, free fatty acid; MGL, 
monoacylglycerol lipase; MAG, monoacylglycerol; HSL, hormone-sensitive lipase; ATGL, adipose triglyceride lipase; CGI-58, 
comparative gene identification-58; GPAT, glycerol-3-phosphate acyltransferase; AGPAT, acylglycerolphosphate acyltransferase; 
PA, phosphatidic acid; PAP, phosphatidic acid phosphatases; DGAT, diacylglycerol acyltransferase; ACS, acyl-CoA synthetases; 
FAS, fatty acid synthase; ACC, acetyl-CoA carboxylase; CPT1, carnitine palmitoyltransferase 1; TCA, trichloroacetic acid.
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ed mice had increased hepatic DAG contents, but preserved 
hepatic insulin sensitivity [123]. Consequently, sn-1,2-DAG 
distribution in the plasma membrane disrupted insulin signal-
ing and contributed to insulin resistance through PKC activa-
tion [123,124].

Ceramide
Ceramide is a sphingolipid and an essential bioactive lipid pro-
duced from an intracellular fatty acid and sphingosine and is 
believed to mediate lipid-induced insulin resistance [125]. Ce-
ramide plays a crucial role in cell membrane stabilization and 
also regulates the distributions of signaling molecules. In obese 
humans, hepatic ceramides are known to be associated with 
homeostatic model assessment for insulin resistance (HOMA-
IR) scores [126], and obese rats with insulin resistance have 
consistently been reported to exhibit elevated hepatic and 
muscle ceramide contents [103]. Inhibition of ceramide syn-
thesis using myriocin, an inhibitor of serine palmitoyltransfer-
ase, prevented insulin resistance and attenuated ceramide con-
tents in fat-fed mice [127,128]. In addition, mice heterozygous 
for dihydroceramide desaturase 1 (Des1), a gatekeeper of ce-
ramide synthesis, had low fasting HOMA-IR scores and total 
ceramide levels in liver [127]. Also, liver-specific knock out of 
ceramide synthase 6 (CerS6) decreased hepatic ceramide levels 
(especially C16:0 species), protected against HFD-induced 
obesity, and improved glucose tolerance [129]. In addition, liv-
er-specific overexpression of ceramidase protected HFD-fed 
mice against hepatic steatosis, enhanced hepatic insulin signal-
ing, and reduced the levels of some ceramide species, including 
16:0, 18:0, and 20:0 ceramides [130]. Furthermore, adipose- or 
liver-specific adiponectin receptor (AdipoR) overexpression 
reduced total ceramide contents and prevented HFD-induced 
insulin resistance [131]. The results of these studies suggest 
that ceramide levels influence lipid-induced insulin resistance. 

The underlying molecular mechanism whereby ceramide 
induces insulin resistance has not been clearly demonstrated. 
However, some candidate mechanisms have been proposed, 
namely, the impairment of AKT translocation through the ac-
tivation of atypical PKCζ, and the activation of PP2A [132, 
133]. Overexpression of ceramidase in liver and adipose tissue 
reduced PKCζ activity and prevented ceramide-induced insu-
lin resistance and hepatic steatosis [130]. However, the ce-
ramide analog, C2-ceramide, activated PP2A but not PKCζ 
and inactivated Akt activity in brown adipocytes [134], which 
suggested PP2A might mediate the role of ceramide in insulin 

resistance. However, LB1 (a PP2A inhibitor) increased hepatic 
insulin resistance as evidenced by elevated fasting plasma glu-
cose and decreased the glucose infusion rate during hyperin-
sulinemic-euglycemic clamp testing in rats, despite strength-
ening hepatic insulin signaling, which indicated PP2A activa-
tion is not a major ceramide pathway to insulin resistance 
[135]. Furthermore, fibroblast growth factor 21 (FGF21), adi-
ponectin, and NOD-like receptor pyrin domain-containing 
protein-3 (NLRP-3) inflammasome have been proposed to 
mediate or be associated with the function of ceramide [136-
138]. Taken together, although growing evidence suggests ce-
ramide can induce insulin resistance, further studies are need-
ed to elucidate the molecular mechanism whereby ceramides 
impair insulin signaling or glucose transport translocation.

Other mechanisms: ER stress and inflammation
ER stress
Although ectopic lipid accumulation in muscle and liver plau-
sibly explains the development of insulin resistance in obese or 
dyslipidemic subjects, several other hypotheses also have been 
proposed to explain the mechanism responsible for obesity-in-
duced insulin resistance (Fig. 5). In particular, ER stress has 
been proposed to underlie insulin resistance in liver and pan-
creatic β-cells. ER stress is known to be enhanced by obesity 
[139]. When exposed to an over-nourished condition, the liver 
should produce an excess of enzymes to process nutrients and 
enhance unfolded protein response (UPR) by accumulating 
unfolded proteins in ER. During this process, the recruitment 
of glucose-regulated protein 78 (GPR78, also known as BiP) 
results in the activations of inositol requiring enzyme-1 
(IRE1α), PKR-like ER kinase (PERK), and activating tran-
scription factor 6 (ATF6), which inhibit protein translation, 
promote ER chaperones, and thus, reduce unfolded protein 
levels [140]. Experimentally, ER stress induced by tunicamycin 
suppresses insulin signaling via the serine phosphorylation of 
IRS-1 by c-Jun N-terminal kinase (JNK). In addition, the oral 
administration of chemical chaperones, such as 4-phenyl bu-
tyric acid or taurine-conjugated ursodeoxycholic acid, that al-
leviate ER stress, improved insulin signaling and restored insu-
lin sensitivity in ob/ob mice [141]. As occurs in liver, increased 
demand for insulin secretion induces ER stress in pancreatic 
β-cells in chronic hyperglycemic diabetic humans and mice, 
and this contributes to the development of T2DM [142,143]. 
Pancreatic β-cell-specific knockout of X-box-binding pro-
tein-1 (XBP-1), a key transcription factor in ER stress, resulted 
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in hyperglycemia and diet-induced insulin resistance resulting 
from β-cell dysfunction in mice [139,144]. Thus, it appears 
that, it is premature to conclude that ER stress directly induces 
insulin resistance, although some aspects of ER stress seem to 
regulate glucose and lipid metabolism, such as lipogenesis, lip-
id droplet formation, and lipid storage. 

Inflammation
Systemic chronic inflammatory response characterized by al-
tered cytokine production and the activations of inflammatory 
signaling pathways is being actively investigated to determine 
its role in obesity-related insulin resistance [145]. Inflamma-
tion-related cytokines, such as tumor necrosis factor-α 
(TNFα), have been reported to be excreted by macrophages 
recruited by adipocytes in obese and diabetic humans and ani-
mals [146,147]. When macrophages are recruited by adipose 
tissue due to the overexpression of monocyte chemoattractant 
protein 1 (MCP1, a chemokine ligand also known as CCL2), 
hepatic insulin resistance is observed with increased TNFα ex-
pression in adipose tissue, but without any change in body 

weight or adiposity [148]. In addition, knockout of MCP1 pro-
tected against HFD-induced insulin resistance [148]. Consis-
tently, knockout of CCR2 (the receptor of MCP-1) and treat-
ment with INCB3344 (a CCR2 antagonist), increased insulin 
sensitivity and reduced macrophage recruitment by adipose 
tissue [149]. The role of TNFα in insulin resistance is consid-
ered to be mediated by the JNK1, which phosphorylates serine 
307 of IRS1 [150]. TNFα also activates inhibitor of nuclear fac-
tor κ-B kinase (IKK), and liver- or myeloid cell-specific dele-
tion of IKK protected against hepatic insulin resistance, im-
proved hepatic insulin signaling, and reduced inflammatory 
cytokine expression [151], which suggested IKK might medi-
ate the role of TNFα in insulin resistance. These studies sup-
port the role of inflammation, at least the involvements of 
TNFα and MCP1, in insulin resistance.

However, liver-specific knockout of NF-κB essential modu-
lator (NEMO) led to IKK activation, lowered fasting plasma 
glucose and fasting insulin, improved glucose tolerance, and 
increased inflammation in liver [152]. In addition, the overex-
pression of the NF-κB p65 subunit somewhat protected against 

Fig. 5. Other potential mechanisms for insulin resistance. Other hypotheses, such as endoplasmic reticulum (ER) stress, reactive 
oxygen species (ROS), and inflammation, have been proposed to explain the mechanism responsible for obesity-induced insulin 
resistance. PIP2, phosphatidylinositol-4,5-bisphosphate; PIP3, phosphatidylinositol-3,4,5-trisphosphate; PKB, protein kinase B; 
IKK, inhibitor of nuclear factor κ-B kinase; JNK, c-Jun N-terminal kinase; PKC, protein kinase C; LIPIN2, phosphatidic acid phos-
phatases; DAG, diacylglycerol; HFD, high-fat diet .
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diet-induced insulin resistance and improved hepatic and pe-
ripheral insulin sensitivities [153]. Furthermore, plasma levels 
of inflammatory cytokines, such as TNFα and interleukin-6, 
were unchanged in insulin resistant offspring of T2DM and 
were similar in insulin resistant elderly subjects compared with 
insulin-sensitive controls [154,155]. These studies demonstrate 
that chronic inflammation is not a primary causative factor of 
insulin resistance and that it is insufficient to disrupt systemic 
glucose metabolism. Thus, it seems that chronic inflammation 
indirectly exacerbates insulin resistance, and should not be 
considered a primary strategic target for insulin resistance and 
T2DM. Rigorously controlled additional studies are required 

to better determine the role of chronic inflammation in insulin 
resistance and glucose metabolism. 

THERAPEUTIC STRATEGIES FOR INSULIN 
RESISTANCE

Pharmaceutical drugs for T2DM treatment
One hundred years ago, diabetes was considered a dreadful 
disease accompanied by continued weight loss, emaciation, 
ketoacidosis, and ultimately coma and death. After the use of 
insulin as an antidiabetic, diabetes-related mortality has dra-
matically reduced. However, sedentary lifestyles and the in-

Fig. 6. Schematic mechanism of type 2 diabetes mellitus (T2DM) and therapeutic strategies for insulin resistance. The main strate-
gies of present (blue) treatment for T2DM and possible future (red) treatments for insulin resistance are summarized. Many T2DM 
drugs, such as sulfonylureas, glucagon-like peptide 1 (GLP-1) agonists, and dipeptidyl peptide-4 (DPP-4) inhibitors, target the abil-
ity of β-cells to secrete insulin. In addition, thiazolidinediones (TZDs) and metformin are insulin-sensitizing antidiabetic drugs, 
targeting fat storage capacity of adipose tissue and glucose production in liver, respectively. Key strategies of potential future treat-
ment for insulin resistance suggested in this study are targeting enhancement of β oxidation in liver and skeletal muscle and stimu-
lation of muscle quality. FFA, free fatty acid; ACC, acetyl-CoA carboxylase; GPAT, glycerol-3-phosphate acyltransferase; DGAT2, 
diacylglycerol acyltransferase 2; UCP3, uncoupling protein 3; MSTN, myostatin; PPARγ, peroxisome proliferator-activated 
receptor-γ; SGLT2, sodium-glucose cotransporter 2.
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creased prevalence of obesity have increased the incidence of 
T2DM [156]. Although lifestyle modifications and weight loss 
are recommended to ameliorate T2DM, their effects are limit-
ed with low feasibility. Drugs currently prescribed for T2DM 
either stimulate insulin secretion or increase insulin sensitivity 
(Fig. 6). Since the currently available pharmaceutical drugs for 
T2DM treatment has been well described in many reviews, we 
briefly summarized the representative T2DM drugs in this re-
view.
β-Cell dysfunction is a critical feature of the shift from pre-

diabetes to T2DM [157], and many T2DM drugs target the 
ability of β-cells to secret insulin. Sulfonylureas stimulate 
β-cells to release insulin independently of glucose by blocking 
sulphonylurea receptor-1 (SUR-1), which is a regulatory sub-
unit of ATP-sensitive K+ channel in β-cells [158]. In addition, 
glucagon-like peptide-1 (GLP-1), a hormone produced by L-
cells in small intestine in response to food intake, stimulates 
the production and secretion of insulin by pancreatic β-cells 
and inhibits glucagon secretion by pancreatic α-cells. Since 
GLP-1 has poor stability, GLP-1 agonists with longer half-lives 
and dipeptidyl peptide-4 (DPP-4) inhibitors are used to treat 
T2DM. Although these drugs stimulate insulin secretion by 
β-cells to improve hyperglycemia and reduce the risks posed 
by glucotoxicity, they do not prevent disease progression.

Thiazolidinediones (TZDs) (such as pioglitazone and rosigl-
itazone) enhance insulin sensitivity in skeletal muscle, liver, 
and adipose tissue and promote fat redistribution from liver 
and skeletal muscle to adipocytes [159]. The effect of TZDs on 
insulin sensitivity is mediated by the activation of PPARγ, a 
nuclear receptor that regulates the transcriptions of several 
genes involved in glucose and lipid metabolism and energy 
balance and increases fat oxidation, adipocyte proliferation, li-
pogenesis, fat redistribution, and reduces plasma free fatty acid 
and pro-inflammatory cytokine levels [159]. Metformin, the 
most commonly prescribed drug for diabetes, may also in-
crease insulin sensitivity in peripheral tissues during fasting by 
reducing HGP, which is considered to be mediated by the pro-
motion of mitochondrial activity or the inhibition of glucagon 
signaling through AMPK activation [160,161]. 

In addition to drugs that increase insulin secretion and sen-
sitivity, some T2DM drugs use other strategies. Alpha-glucosi-
dase inhibitors (AGIs) inhibit gastrointestinal hydrolyzing en-
zymes, which delay the absorption of carbohydrates in small 
intestine and decrease postprandial blood glucose and insulin 
levels [162]. On the other hand, sodium-glucose cotransporter 

2 (SGLT2) inhibitors lower blood glucose levels by blocking 
renal glucose reabsorption, which reduces glucotoxicity, im-
proves β-cell function, and increases insulin sensitivity [163]. 

As indicated above, many drugs are prescribed to treat dia-
betes, and the enormous medical expenses associated with the 
development of diabetes treatments continue to burden phar-
maceutical companies. Nevertheless, over recent years the 
prevalence and mortality of diabetes have increased rapidly. 
Considering the main causes of the development of T2DM, 
impaired insulin secretion and insulin resistance, the apparent 
inefficiency of current pharmaceutical strategies may be due to 
the undue focus place on alleviating symptoms, such as hyper-
glycemia by stimulating insulin secretion. Moreover, only two 
drugs targeting insulin resistance are available, while there are 
many drugs targeting insulin secretion [164]. Evidence shows 
insulin resistance is preceding and central to the development 
of T2DM and is mainly driven by ectopic fat accumulation in 
tissues. Moreover, insulin resistance is a common pathogenic 
component of the development of metabolic syndrome, which 
is strongly associated with obesity. Accordingly, we suggest dif-
ferent therapeutic strategies be adopted that target insulin re-
sistance, and we believe this approach provides a more effec-
tive means of preventing and treating diabetes and metabolic 
syndrome. 

Therapeutic strategy for insulin resistance
Inhibiting fat synthesis in liver
As mentioned above, the accumulation of lipid in hepatocytes 
induces hepatic insulin resistance via the activation of PKCε by 
hepatic DAG. Since liver function is central to glucose and lip-
id metabolism control, hepatic insulin resistance leads to sys-
temic insulin resistance. Hence, the suppression of lipid syn-
thesis through de novo lipogenesis and re-esterification are 
thought to constitute an effective means of reducing lipid ac-
cumulation in liver. This opinion is well supported by the re-
sults of animal studies. ACC1 and ACC2 are critical regulators 
of de novo lipogenesis and lipid oxidation, respectively. Inhibi-
tions of ACC1 and ACC2 using ASO reduced liver DAG con-
tents and PKCε translocation to the plasma membrane and 
protected mice from lipid-induced hepatic insulin resistance 
[165]. In addition, the adenovirus-induced overexpression of 
mitochondrial glycerol-3-phosphate acyltransferase (mGPAT, 
a lipogenesis rate-limiting enzyme) led to insulin resistance 
and increased DAG levels in hepatocytes [166]. In the same 
vein, mGPAT knockout mice had reduced hepatic DAG levels 
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and were protected from HFD-induced hepatic insulin resis-
tance [167], and shRNA knockdown of phosphatidic acid 
phosphatases (PAPs, also called Lipins) similarly reduced he-
patic DAG levels and improved insulin sensitivity, while the 
overexpression of Lipin-2 using adenovirus perturbed glucose 
tolerance and insulin sensitivity [168,169]. Also, suppression 
of diacylglycerol acyltransferase 2 (DGAT2, an enzyme that 
catalyzes the final step of triglyceride synthesis from diacylg-
lycerol) decreased hepatic DAG contents, reversed diet-in-
duced hepatic steatosis and insulin resistance, and reduced 
PKCε levels in plasma membranes [170]. These studies strong-
ly support the suggestion that therapies which reduce hepatic 
DAG and acetyl-CoA contents by suppressing hepatic de novo 
lipogenesis might effectively treat hepatic insulin resistance in 
T2DM. In this strategy, agents targeting ACC1, ACC2, and 

DGAT2 are in phase II clinical trials for the treatment of 
T2DM and nonalcoholic steatohepatitis (Table 1) [171].

Stimulation of fat oxidation and muscle mass 
While the liver is qualitatively critical for glucose metabolism, 
skeletal muscle is quantitatively essential since skeletal muscle 
accounts for 35%–45% of body weight and up to 70%–80% of 
total glucose disposal after insulin stimulation. Therefore, in-
creasing fat oxidation and/or skeletal muscle mass are consid-
ered potential strategies for reducing intramyocellular lipid ac-
cumulation, and eventually, improving insulin sensitivity. Skel-
etal muscle-specific overexpression of uncoupling protein 3 
(UCP-3, an inner mitochondrial membrane transporter that 
dissipates mitochondrial proton gradients) protected against 
HFD-induced insulin resistance in skeletal muscle, enhanced 

Table 1. Currently developing drugs targeting insulin resistance based on the strategy of inhibiting fat synthesis in the liver and 
stimulation of fat oxidation and muscle mass in the skeletal muscle

Target Drug development status Indication Sponsor

ACC1 Phase II Non-alcoholic steatohepatitis (NASH) Gilead
Pfizer

Phase I Type 2 diabetes Pfizer
ACC2 Phase II Non-alcoholic steatohepatitis (NASH) Gilead

Pfizer
Shionogi

Phase I Type 2 diabetes Pfizer
DGAT2 Phase II Non-alcoholic steatohepatitis (NASH) Ionis Pharmaceuticals

Pfizer
Type 2 diabetes Pfizer

Phase I Obesity Shionogi
PPARδ Registered (2021) Type 2 diabetes Chipscreen Biosciences

Phase III Anti-diabetic drugs Genfit
Phase I Fatty acid oxidation disorders Reneo Pharmaceuticals
Phase II Type 2 diabetes Pfizer

CombinatoRx
GlaxoSmithKline

Phase I Dyslipidemia ABIONYX Pharma
Sanofi

Type 2 diabetes Kalypsys
Sanofi

Obesity Kalypsis
MSTN Phase I Muscle loss (metabolic disorders) Amgen

Cardiovascular disease Pfizer

Data from database Cortellis Drug Discovery Intelligence (Clarivate Analytics) [171].
ACC, acetyl-CoA carboxylase; DGAT2, diacylglycerol acyltransferase 2; PPAR, peroxisome proliferator-activated receptor; MSTN, myostatin.
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energy expenditure, and reduced PKCθ activity and mem-
brane-associated DAG levels [172]. The beneficial effect of fat 
oxidation in muscle on insulin resistance was also observed in 
ACC-2 (a key regulator of mitochondrial fat oxidation) 
knocked down mice [173]. In addition, skeletal muscle-specif-
ic deletion of autophagy-related gene-7 (ATG-7) protected 
mice from diet-induced obesity and insulin resistance and was 
accompanied by increased fat oxidation and adipocyte brown-
ing [174]. Also, skeletal muscle-specific overexpression of 
PPARδ improved glucose tolerance and increased number of 
slow-twitch muscle fibers (a mitochondria rich fiber type) in 
which mitochondrial oxidative metabolism contributes to en-
ergy production [175]. Furthermore, increased number of fast-
twitch muscle fibers induced by myostatin (MSTN, also 
known as Gdf-8) ablation or the skeletal muscle-specific ex-
pression of a constitutively active form of Akt1 prevented diet-
induced obesity, enhanced peripheral insulin sensitivity, and 
dramatically improved diet-induced insulin resistance [176], 
which were probably caused by increased glucose utilization 
and fat oxidation due to increased muscle mass. Despite the 
beneficial effects of increased muscle mass and quality improve 
glucose metabolism, few diabetic drugs under development 
target muscle. Monoclonal antibodies for MSTN are in phase I 
clinical trials for the treatment of metabolic disorders and car-
diovascular disease (Table 1). As regards the developmental ef-
forts to increase muscle quality, bezafibrate, which has been 
used to treat liver cirrhosis and targets PPARs, is the subject of 
a phase II clinical trial on T2DM, and chiglitazar sodium, a 
PPAR pan-agonist, recently approved in China for the treat-
ment of T2DM (Table 1) [171]. 

CONCLUSIONS

According to the World Health Organization, the number of 
people with diabetes rose almost four-fold between 1980 and 
2019 from 108 to 463 million, and this increase was accompa-
nied by a steady increase in the prevalence of obesity. In addi-
tion, premature mortality attributed to diabetes increased by 
5% between 2000 and 2016. In the general populations of most 
countries, the prevalence of hyperglycemia lies between 7% 
and 14% [156]. Furthermore, the global prevalence of diabetes 
has been forecast to increase to 700 million by 2045, and the 
rapidly increasing prevalence of metabolic disease is now 
viewed as a global health emergency [164]. 

As a primary and common cause of metabolic disease, insu-

lin resistance should be considered a therapeutic target for met-
abolic diseases, including diabetes. However, no generally ac-
cepted theory explains the mechanism responsible for insulin 
resistance. Nevertheless, growing evidence demonstrates that 
ectopic lipid accumulation is more strongly related to diabetic 
physiology than other variables, such as ER stress and the plas-
ma concentrations of inflammatory cytokine [110,111,126]. 
Numerous animal and epidemiological studies have shown that 
DAG accumulation in plasm membrane fractions caused by 
ectopic fat accumulation or reduced fat oxidation is a critical 
factor of insulin resistance development via the activation of 
nPKC in liver tissues and skeletal muscle. Based on this patho-
physiological mechanism of insulin resistance, the suppression 
of lipid synthesis in liver and the stimulation of fat oxidation in 
skeletal muscle provide means of reducing ectopic lipid accu-
mulation and potentially, improving insulin sensitivity, and 
eventually, preventing or delaying the onset of T2DM. 

Like other metabolic diseases, diabetes is a multifaceted dis-
ease. Although ectopic lipid accumulation in peripheral tissue 
appears to be the primary cause of insulin resistance, increased 
ER stress, inflammation, and reactive oxygen species levels, 
dysregulations of adipokines contribute to the pathogenesis of 
insulin resistance in liver and skeletal muscle. Therefore, we 
suggest that treatments for insulin resistance should be based 
on multidisciplinary strategies that target physiological and 
metabolic impairments.
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