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Abstract Obesity-induced low-grade inflammation

(metaflammation) impairs insulin receptor signaling. This

has been implicated in the development of insulin resistance.

Insulin signaling in the target tissues is mediated by stress

kinases such as p38 mitogen-activated protein kinase, c-Jun

NH2-terminal kinase, inhibitor of NF-kB kinase complex b
(IKKb), AMP-activated protein kinase, protein kinase C,

Rho-associated coiled-coil containing protein kinase, and

RNA-activated protein kinase. Most of these kinases phos-

phorylate several key regulators in glucose homeostasis. The

phosphorylation of serine residues in the insulin receptor and

IRS-1 molecule results in diminished enzymatic activity in

the phosphatidylinositol 3-kinase (PI3K)/Akt pathway. This

has been one of the key mechanisms observed in the tissues

that are implicated in insulin resistance especially in type 2

diabetes mellitus (T2-DM). Identifying the specific protein

kinases involved in obesity-induced chronic inflammation

may help in developing the targeted drug therapies to min-

imize the insulin resistance. This review is focused on the

protein kinases involved in the inflammatory cascade and

molecular mechanisms and their downstream targets with

special reference to obesity-induced T2-DM.
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Introduction

Obesity has been implicated as a major risk factor for the

development of metabolic syndrome. The incidence of

obesity and metabolic syndrome are increasing rapidly in

the developed as well as in developing countries [1]. It has

been estimated that more than one-third of adults and 17%

of young population in the United States are obese. Obesity

has been recognized as a major health problem in US [2].

Obesity-induced chronic inflammation is critical in the

pathogenesis of insulin resistance, diabetes, and metabolic

syndrome.

Inflammatory cell infiltration and activation of the pro-

inflammatory cytokine network in hypertrophied and

hyperplasic adipocytes in obesity along with hypoxia,

oxidant stress, and endoplasmic reticulum (ER) stress lead

to chronic inflammation [3]. Diseases such as rheumatoid

arthritis, multiple sclerosis and type 2 diabetes (T2-DM)

are known to be induced by low-grade chronic inflamma-

tion [4]. Low-grade chronic inflammation leads to impaired

insulin receptor signaling and metabolic instability termed

as ‘‘metaflammation’’ [5]. The intracellular signal trans-

duction pathways are usually activated in response to the

inflammation resulting in increased secretion of pro-in-

flammatory cytokines. Pro-inflammatory cytokines further

mediate the cascade of events leading to insulin resistance

[6].

Insulin signaling is essential for maintaining glucose

homeostasis and the regulation of its metabolism in the

liver, muscle, and adipose tissues. Inflammation and pro-

inflammatory cytokines affect the insulin signaling, thereby

modulating glucose absorption [7]. Additionally, the

inflammatory signal transduction cascade is known to

function at both cellular and molecular levels. Hence,

understanding the regulation of the inflammatory response
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and its effects on insulin signaling is essential toward

developing novel therapeutic approaches to treat the

inflammatory mediated metabolic conditions such as T2-

DM. This review highlights the major signaling pathways

associated with insulin resistance.

Immune cells and cytokines in obesity

The key immune cell population that regulates chronic

inflammation and insulin resistance includes macrophages,

T cells, dendritic cells (DCs), natural killer T cells (NKTs),

B cells, neutrophils, and eosinophils. Apart from their role

in mediating the immune response, cytokines secreted by

these cells play a major role in obesity-induced T2-DM [8].

Studies have shown that the number of tissue macrophages

directly correlated with the adipose size in obesity [9]. The

hypertrophied adipocyte-induced inflammation increases

circulating cytokines (TNF-a, IL-6 and IL-1b) and

chemokines (MCP-1) [10] levels, ultimately leading to

macrophage recruitment. Further, macrophage recruitment

can also be mediated by neutrophil elastase; a protease

secreted by neutrophils plays a potential role in insulin

resistance [11]. This contributes to the increased number of

tissue macrophages and pro-inflammatory environment,

thereby playing a key and important role in insulin resis-

tance [12].

The T cell profile in adipose tissue also plays an

important role in obesity and insulin resistance. Pathogenic

CD4? and CD8? T cells have been implicated in obesity-

associated inflammation. CD4? T cells in adipose tissue

secrete IFN-c and induce the polarization of macrophages

toward the M1 classically activated phenotype [13]. Fab-

brini et al. [14] demonstrated that there was an increase in

Th17 and Th22 cells in adipose tissue of metabolically

abnormal insulin-resistant obese subjects. Additionally, the

obese state is also characterized by an increased accumu-

lation of Th1 cells and a reduction of regulatory T cells.

These changes may influence the cytokine level and their

effect on inflammation and insulin resistance [15].

Increased IL-6 and STAT3 levels from T cells subsets have

been identified as key mediators in insulin resistance

associated with obesity [16]. The pro-inflammatory

cytokines from T cells can be synergistically augmented by

B cells. DeFuria et al. [17] reported that B cells increase

the pro-inflammatory T-cell function in obesity/T2-DM

through contact-dependent mechanisms, thereby mediating

the obesity-induced insulin resistance. NKT cells in adi-

pose tissue were recently identified to be involved in the

development of inflammation mediated by obesity, but the

molecular mechanism behind the principle remains

uncertain [18]. Adipose tissue DCs play a prominent role in

obesity-mediated chronic inflammation by increasing the

production of pro-inflammatory Th17 cells [19].

Thus, T cells contribute to obesity-induced insulin

resistance by increasing the pro-inflammatory M1 macro-

phages through pro-inflammatory cytokines. These

increased pro-inflammatory cytokines and M1 macro-

phages further enhance the inflammation. Thus, inflam-

matory cells amplify the axes of inflammation and also

contribute in the development of obesity induced insulin

resistance.

Protein kinases and inflammatory signaling

The inflammatory signals perceived at cellular level are

mediated by the corresponding cytokine and chemokine

receptors and intracellular specific kinases. The pro-in-

flammatory cytokine-induced activation of receptors such

as IL-1, toll-like receptor-4, TNF-a, and IL-6 leads to

stimulation of downstream protein kinases. These protein

kinases further increase the release of additional mediators

which increases inflammation [8] and potentially results in

insulin resistance. Thus, the status of insulin resistance is

determined by the type of activated kinases and their

downstream regulation [20, 21].

Apart from inflammatory cells, the abnormalities in the

lipid metabolism and lipid metabolites do play a role in the

pathophysiology of insulin resistance [22]. Inflammatory

cells and higher levels of saturated fatty acids (SFA) and

lipids, and ceramide (composed of sphingosine and a fatty

acid) interlink the inflammatory and protein kinase path-

ways involved in obesity-induced insulin resistance.

Stimulation with SFA, ceramides, and liposaccharide

(LPS) in pro-inflammatory M1 macrophages induces pro-

inflammatory cytokines (TNF-a, IL-6, IL-1b) through

inflammatory protein kinase cascades [23]. Therefore, SFA

and its derivative ceramide converge with inflammatory

pathway IKKb/NFjB, JNK1/AP1, and PKC signaling

pathways to stimulate inflammation and thus can poten-

tially induce insulin resistance [24].

Insulin sensitivity and resistance depend on the specific

kinases such as AMP-activated protein kinase (AMPK),

IjB kinase (IKK), protein kinase C (PKC), and mitogen-

activated protein kinases (MAPKs) which act on the insulin

receptor substrate [8]. Similarly, the role of Rho-associated

coiled-coil containing protein kinase (ROCK), [25, 26] and

RNA-activated protein kinase (PKR) [27] in pathogenesis

of insulin resistance has been documented. Insulin-medi-

ated activation of intrinsic tyrosine kinase in the insulin

receptor (IR) leads to tyrosine phosphorylation of IRS1.

This further activates its substrates phosphatidylinositol

3-kinase (PI3K) and Akt, leading to increased glycogen

synthesis, glucose uptake, and protein synthesis [28].

AMPK is considered a positive regulator of insulin sensi-

tivity. It is reported to be associated with increased GLUT4

translocation and subsequent glucose uptake [29]. Studies
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reported that dysregulation of AMPK as the central

mechanism behind the insulin resistance mediated diabetes

[30].

The mitogen-activated protein kinases (MAPKs) are

well known for their role in inflammatory responses

through phosphorylation of serine/threonine residues of

target proteins [31]. The deficiency of MAPKs has been

associated with reduced insulin sensitivity [32]. In insulin-

resistant conditions, serine kinases such as IB kinase (IKK)

and JNK become activated by pro-inflammatory stimuli

[33] and impair insulin sensitivity. Thus, understanding the

interplay between inflammation, obesity and protein kina-

ses, and identifying the specific protein kinases involved in

phosphorylation may help in developing the targeted drug

therapies to minimize the insulin resistance. This might

play a key role in the prevention of diabetes.

AMP-activated protein kinase (AMPK) and its

upstream kinases

AMPK is a serine/threonine kinase composed of a, b, and c
subunits [34]. The AMPKs are activated in the cytoplasm

by upstream kinase-mediated phosphorylation of Thr172 on

the serine/threonine protein kinase domain at its N-termi-

nus [35]. The upstream kinases of AMPKs include liver

kinase B1 (LKB1), the calcium/calmodulin-dependent

protein kinase kinase b (CaMKKb), and the transforming

growth factor-b-activated kinase 1 (TAK1) [36–38]. The

role of AMPK and its upstream kinases using in vitro and

In vivo models are highlighted in Table 1.

Many studies have demonstrated the role of activated

AMPK in regulating the glucose metabolism. Activated

AMPK controls the glucose uptake by increasing expres-

sion and translocating GLUT4 or by phosphorylation of the

160 kDa Akt substrate [44] (Fig. 1). AMPK also con-

tributes to glucose control by reducing gluconeogenesis

through suppression of the expression of glycolytic genes

encoding phosphoenol pyruvate carboxykinase (PEPCK)

and glucose-6-phosphatase (G6Pase) [45]. AMPK enhan-

ces insulin sensitivity either by directly regulating PI3K or

by suppressing the negative feedback loop of IRS1 regu-

lation via inhibition of mTOR/S6K [46]. Along with reg-

ulating insulin signaling, AMPK is an upstream kinase for

metabolic enzymes such as acetyl-CoA carboxylase (ACC)

[47] and HMG-CoA reductase [48]. It also regulates the

fatty acid synthesis and plays a potential role in hepatic

steatosis [49]. Glucagon-mediated inhibitory protein kinase

(PKA) increases the inhibitory phosphorylation of AMPK

Ser173 and reduces the activating phosphorylation of

AMPK Thr172 in the regulation of insulin signaling [50].

Expression of AMPK is essential for decreasing the pro-

inflammatory stimuli (TNFa, IL-6, and IL-1) and increas-

ing the production of the anti-inflammatory cytokine, IL-10

[51, 52]. Stimulation of inflammatory signals downregu-

lates the AMPK activity [51]. The reduction in expression/

activity of AMPK in inflammatory cells in obesity can

potentially lead to development of inflammation-induced

diabetes [53]. The pro-inflammatory cytokine, TNFa,
reduces the phosphorylation of AMPK Thr172 that was

reported to suppress the activation of AMPK via protein

phosphatase 2C (PP2C) [54]. Increased TNFa leads to

PP2C-mediated inactivation of AMPK, which increases

fatty acid levels and potentially insulin resistance. How-

ever, such reduction in AMPK activity was not noticed in

TNF receptor knockdown mice which indicate that AMPK

reduction is multifactorial and several other pro- and anti-

inflammatory mediators may play important role. A recent

study shows that AMPK in macrophage promotes FA

oxidation to reduce macrophage inflammation and insulin

resistance [55].

AMPK regulates insulin homeostasis by reducing the

phosphorylation of mTOR in the cytoplasm. Increased

Table 1 Functional validation of kinases in obesity-associated complications

S.

No

Research model Observation References

1. Overexpression of AMPKa2 cDNA in mice Decrease in blood glucose level with increase in hepatic lipid

metabolism

[39]

2. Overexpression of AMPKa1 hyperlipidemic type 2

diabetic rats

Decrease in blood glucose concentration, plasma and hepatic

triglyceride content

[40]

3. AMPK a1/2 siRNA transfected myotubes Decreased chlorogenic acid-mediated glucose transport [41]

4. CaMKKb overexpressed in CCL13 cells Increased phosphoryation of AMPK [37]

5. Overexpression of AMPK in pancreatic islets of

mice

Decreased b-cell function [42]

6. Genetic inhibition of PKC-f Inhibited metformin-mediated phosphorylation of AMPK-Thr172 and

its upstream kinase

[43]
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mTOR signaling has been implicated in the pathogenesis of

obesity and the development of insulin resistance in

metabolic syndrome [56], and modulation of mTOR sig-

naling may suppress insulin resistance and T2-DM [57]

The disruption of mTORC1 signaling in macrophages

reduces inflammation and insulin resistance by inhibiting

JNK/NFjB pathway activation in obesity [58]. The inter-

play between NF-jB signaling pathway and liver AMPK/

mTOR/autophagy axis in relation to hepatic steatosis and

insulin resistance has also been discussed [59]. The role of

suppressing mTOR/SREBP-1-mediated lipogenesis in the

liver and restoring insulin signaling in skeletal muscle has

also been shown [60]. These studies suggest the role of

mTOR in insulin resistance pathogenesis. Understanding

the mTOR signaling may provide future therapeutics and

interventions against obesity, insulin resistance, and

diabetes.

Most of the anti-diabetic drugs reported to date target

and activate AMPK indirectly by inhibiting mitochondrial

complex I. Side effects of the existing drugs could be

eliminated by identifying anti-diabetic agents which could

activate AMPK directly without affecting mitochondrial

respiration [61]. Although activation of muscle and liver

AMPK is advantageous [62] in terms of glucose uptake, its

activation in pancreas inhibits glucose-stimulated insulin

secretion and b-cell function In vivo [42]. Treatment with

Astragalus polysaccharide induces phosphorylation of

AMPK Thr172 along with the upstream kinases CaMKKb
and LKB1 and results in increased glucose uptake [63].

Since inhibition of satellite cell-specific AMPKa1 is

involved in the obesity-induced muscle degeneration, pre-

venting its inhibition and enhancing the activation of

AMPK may be useful [64].

In summary, AMPK is a positive regulator of glucose

uptake and its activity depends on its phosphorylation state,

and inflammatory molecules are the major contributors of

AMPK-inhibitory phosphorylation. Other than the inflam-

matory molecules, kinases mediating the synthesis of

Fig. 1 AMPK-mediated regulation of glucose uptake. Under increase

cAMP or Ca2? content, AMPK gets activated by Thr172 phosphory-

lation via the upstream kinases LKB, CaMKKb, and TAK. The

positive phosphorylation improves glucose uptake by either increas-

ing the expression of GLUT-4 or by phosphorylation of Akt substrate

of 160 kDa (AS160). AMPK promotes PI3K-mediated GLUT-4

translocation indirectly by inhibiting the mTOR-mediated inhibitory

Ser phosphorylation of IRS-1. AMPK is the upstream kinase of

factors important for gluconeogenesis, fatty acid, and cholesterol

synthesis and down regulates their actions. The glucagon-mediated

PKA phosphorylation induces the inhibitory phosphorylation of

AMPK Ser173 and reverses the whole positive effect of AMPK.

Obesity-induced low-grade inflammatory signals such as TNFa are

involved in PP2C-mediated inhibition of AMPK Thr172 phosphory-

lation. The metformin has been recognized as PKA inhibitor and a-
lipoic acid was noticed to inhibit SREBP activation, whereas bitter

melon-derived triterpenoids activates the CaMKKb

30 Mol Cell Biochem (2017) 426:27–45
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inflammatory cytokines are also considered as a source of

AMPK-inhibitory phosphorylation. Thus, decrease in

AMPK activation leads to activation of pro-inflammatory

downstream signaling pathways like IKK, PKCs, MAPK

(ERK, JNK, p38) and results in obesity-induced insulin

resistance.

IjB kinase (IKK)

The transcription factor NF-jB is an important mediator of

the inflammatory response. Under normal conditions, NF-

jB remains inactive in the cytoplasm by interacting with

IjB proteins. The subtypes of IjB include IjBa, IjBb, and
IjBe and their phosphorylation is essential for activating

NF-jB. Phosphorylated IjB undergoes ubiquitination-me-

diated proteasomal degradation which allows for NF-jB
translocation into the nucleus [65, 66]. IjB kinase (IKK)

has been identified as the upstream kinase of IjB. To date,

four different IKKs namely IKKa-, IKKb-, IKKe-, and

TANK-binding kinase 1(TBK1) have been reported [67].

In addition to NF-jB activation, IKKs are also involved

in the phosphorylation of other substrates [68], one such

target being IRS1 [69]. IKKb-mediated serine phosphory-

lation of IRS1 inhibits tyrosine phosphorylation of IRS1

and subsequent insulin signaling (Fig. 2). The emerging

studies from the past decade have revealed the role of IKK-

mediated activation of NF-kB in obesity-induced metabolic

disorders especially diabetes. Chiang et al. [70] reported

the role of IKKb in high-fat diet-induced NF-kB activation

subsequently increased IKKb in liver, adipocytes, and

adipose tissue macrophages suggesting it as an attractive

therapeutic target for obesity-induced diabetes.

Studies with IKKb knockdown mice revealed an increase

in the level of adiponectin and hepatic insulin sensitivity

[71]. Absence of IKKb in hepatocytes provides local insulin

responsiveness, whereas absence of IKKb in myeloid cells

provides protection toward the global insulin resistance in a

mouse model [72]. Knocking out the interferon regulatory

factors 3 (IRF3) results in diet-induced hepatic insulin

resistance and steatosis. Conversely, over-expressed IRF3

interacts with IKKb in the cytoplasm and preserves glucose

and lipid homeostasis in liver [73]. The cytoplasmic inter-

action of IRF3 and the kinase domain of IKKb repress the

inhibitor of nuclear factor jB kinase b subunit/nuclear factor

Fig. 2 IKK-mediated insulin resistance under the influence of

inflammatory signal. The inflammatory signal perceived at the

receptor activates IKK and leads to subsequent activation and nuclear

translocation of NFjB. The NFjB-mediated transcription of

inflammatory cytokines mediates insulin resistance via inhibitory

phosphorylation of AMPK. The compounds IMD-0354, sodium

salicylate, and quercetin inhibit the IKK
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jB (IKKb/NF-jB) signaling and play a regulatory role in

insulin resistance. Kamon et al. [74] documented that inhi-

bition of IKKb ameliorates TNFa-mediated down-regula-

tion of adiponectin secretion and stimulates insulin-

stimulated Akt activity in adipocytes. This suggests that

inhibitors of IKKb reduce insulin resistance by targeting the

TNFa signaling pathway. In normal conditions, the IKKb/
NF-kB complex remains inactive in the hypothalamus,

whereas in obese condition, IKKb/NF-kB gets activated and

disrupts insulin/leptin signaling [75]. Recent report have

shown that using SC-514 [76] and peptide-based inhibition

[77] of IKK attenuated NF-jB activation with suppressed

inflammation and reduced development of long-term dia-

betes inflammatory complications.

Although there are reports on IKKb as a potent target of

obesity-induced insulin resistance, Rohl et al. [78] noticed

that expression ofmuscular IKKb is not essential for obesity-
induced insulin resistance. In addition to the existing, firmly

established IKKa and IKKb, Reilly et al. [67] explained the
role of the additional kinase IKKe. Regulation of IKKe in the
hypothalamus of obese mice has been recently analyzed and

reported as the main inflammatory mediator in the

hypothalamus. In both liver and fat of IKKe knockdown

mice, the modulated gene was noticed as the target gene for

IRFs regulation, but its mechanism remained unclear [79].

Studies by Chiang et al. [70] revealed higher levels of IKKe
in liver and adipose tissue of high-fat diet-induced obese

animal models. IKKe knockout (KO) mice are protected

from the diet-induced obesity and insulin resistance. Inhi-

bition of IKKe with either chemical means on small inter-

fering RNA suggested a reduction in the inhibitory

phosphorylation of IRS1Ser307 and insulin resistance via IR/

IRS-1/Akt and JAK2/STAT3 pathways [80].

These results and literature clearly suggest that IKK

plays a tissue-specific role and identification of the correct

IKK isoform, and its specific inhibitor with global effect

can prevent obesity-induced insulin resistance and subse-

quent development of metabolic syndrome. Furthermore,

TNFa produced via IKK signaling inhibits AMPK Thr172

phosphorylation and increases the level of saturated fatty

acid (SFA) [23]. Thus, suppression of IKK in target tissues

associated with obesity can be a potential therapeutic target

for the treatment of insulin resistance in obesity.

Role of protein kinase C in obesity and insulin

resistance

Fatty acid metabolites are known to impair insulin signaling

by tissue-specific activation of specific isoforms of protein

kinase C (PKC) in the cytoplasm. Lipid-dependent PKC

activation has been associated with insulin resistance in type

2 diabetics [81]. To date, 12 isoforms of three major groups:

conventional/Ca2? and phospholipid dependent (a, bI, bII,

and c), novel/Ca2? independent and phospholipid dependent

(d, e, g, h and l), and atypical/Ca2? and phospholipid

independent (f and i/k) have been reported [82].

In skeletal muscle, PKCa is the most abundant among

the various isoforms of PKC and its activation is associated

with high FFA content. Activation of PKCa mediates the

phosphorylation of IRS1 (IRS1 Ser307, IRS1Ser1101) [28].

Similar to PKCa, PKC-h was noticed to be activated by

cytosolic diacylglycerol and induced by direct phosphory-

lation of IRS1Ser1101 [83]. The isoform PKCb is the

upstream kinase for Jun amino-terminal kinase, IKK

mitogen/extracellular-regulated kinase. These isoforms

promote the respective Ser307 and Ser612 phosphorylation

of IRS1 [84]. Increased expression of PKCb is associated

with the increase in white adipose tissue mass and its

knockout results in reduction in triglyceride level and

WAT mass [85].

Among the various isoforms of PKC, the skeletal muscle

isoform was found to be enriched with the novel/Ca2?-inde-

pendent and phospholipid-dependent PKC-h [86], while the

PKCewas shown to be expressed in liver, adipocytes, and 3T3
fibroblasts [87]. Kumashiro et al. [88] reported that activation

of PKCe increased proportionally with hepatic diacylglycerol
(DAG) content, which is a predictor of insulin resistance.

Using antisense oligonucleotides against liver PKCe, it has
been demonstrated that targeting PKCe with a specific inhi-

bitor could be a novel therapeutic target for fat-induced hep-

atic insulin resistance and type 2 diabetes [87].Although other

PKCs are reported to induce insulin resistance by mediating

inhibitory phosphorylation of IRS Ser307/612/1101, PKCe
mediates insulin resistance by directly targeting the expres-

sion of insulin receptor (IR) [28] (Fig. 3). However, some

studies also reported the inverse correlation between IR

expression, andPKCe level indiabetic obese rats has alsobeen
reported [89].

The high-mobility group AT-hook 1 (HMGA1) protein

has been recognized as a transcriptional regulator of IR

gene expression, and its defect decreases IR expression

with an increase in type 2 diabetes mellitus susceptibility

[90]. Under the phosphorylated state, the DNA binding

ability of HMGA1 declines, and thus, the mechanism

behind the phosphorylation/dephosphorylation of HMGA1

will determine the expression of IR [91]. Upon FA-induced

phosphorylation, PKCe translocates to the nuclear region

and mediates phosphorylation of HMGA1. The absence of

a nuclear localization signal (NLS) makes it unclear as to

how PKCe is mobilized to the nuclear region for HMGA1

phosphorylation. This could be explained by recent studies

conducted by Dasgupta et al. [92] which reported that

F-actin recognizes the phosphorylated form of PKCe and

mobilizes it to the nuclear compartment.

Increased proliferation of pancreatic endocrine cells is

an essential event to fulfill insulin demand. In stress-free

32 Mol Cell Biochem (2017) 426:27–45
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conditions, PKCd displays a specific dual role; it mediates

the inhibitory phosphorylation of p21Cip1/WAF1 (cell cycle

inhibitor) at Ser146 and promotes b-cell proliferation by

nuclear extrusion and induced cytosolic accumulation of

p21Cip1/WAF1 [93]. Under FFA-induced stress, however,

PKCd promotes nuclear accumulation of pro-apoptotic

factors [94]. Mingo-Sion et al. [95] reported PKCd-medi-

ated inhibition of insulin receptor signaling in diabetic

models via IRS-1 Ser312 phosphorylation. Genetic inhi-

bition of PKCd with RNA interference and pharmacolog-

ical inhibition with rottlerin revealed a decline in p21Cip1/

WAF1 Ser146 phosphorylation increasing nuclear accumu-

lation and subsequent apoptosis [96]. On the other hand,

PKCd WT transgenic mice overexpressing PKCd increased
cytosolic accumulation of the cell cycle inhibitory p21Cip1/

WAF1. Different splice variants of PKCd involving in

apoptosis (PKCdI) and pro-survival pathway (PKCdII and
PKCdVIII) have also been reported [97, 98]. Patel et al.

[99] demonstrated that TRA2B-regulated splice variants

PKCdI is essential for clonal expansion of pre-adipocytes

and its expression decreases with terminal differentiation.

The molecular switch which operates the dual role of

PKCd is unclear and has to be elucidated in order to

facilitate favorable tuning of PKCd activation. Further

studies to identify the molecular mechanisms behind the

alternative splicing will be helpful in the development of a

novel therapeutic target for management of obesity-in-

duced insulin resistance.

To summarize, PKCs activation by ongoing inflamma-

tion results in IRS-1 Ser phosphorylation. This leads to

decrease in binding of insulin with its receptor. Activated

PKCs also enhance the production of pro-inflammatory

mediators, thus increasing the inflammation contributing to

obesity-induced insulin resistance.

Mitogen-activated protein kinase (MAPK)

and insulin signaling

MAPKs have now been identified in a wide range of

inflammatory disease states ranging from cancer to obesity-

induced diabetes. Broadly, MAPKs consist of seven fam-

ilies and are classified into two groups [100]. The first

group, referred to as classical MAPKs, includes extracel-

lular-regulated kinase 1/2 (ERK1/2), p38 kinase, c-Jun

Fig. 3 Role of PKC in insulin resistance. Upon activation by the fatty

acids, PKC a, b, d either directly involves in inhibitory phosphory-

lation of IRS or activates JNK or IKK for their subsequent Ser

phosphorylation of IRS, whereas the FA-activated PKCe translocates

to nucleus with the help of F-actin and suppresses the transcription of

insulin receptor by phosphorylating the HMGA1. The activation of

PKCs was inhibited by ruboxistaurin, glucagon-like peptide-1, and

hypocrellin A

Mol Cell Biochem (2017) 426:27–45 33
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N-terminal kinase (JNK), and ERK5. The second group,

referred as atypical MAPKs, consists of ERK3, ERK4,

ERK7, and Nemo-like kinase (NLK). Activation of

inflammatory responsive MAPKs is mediated by protein

kinase cascades containing a series of three or more

upstream protein kinase; MAP3Ks activate MAPK

MAP2Ks by dual phosphorylation on serine/threonine

residues; MAP2Ks then activate MAPKs by dual phos-

phorylation on tyrosine and threonine residues. The phos-

phorylation in target amino acid varies with specific

MAPKs. Although most of the MAPKs require dual

phosphorylation of threonine and a tyrosine at T-X-Y

motif, ERK3 and 4 as well as NLK require a single tyrosine

as the phosphorylation site [101]. Activated MAPKs can

either phosphorylate the subsequent protein kinase or non-

protein kinases such as transcriptional factors. Downstream

of the activating stimuli, the kinase cascades may them-

selves be stimulated by combinations of small G proteins,

MAP4Ks, scaffolds, or oligomerization of the MAP3K in a

pathway [102]. Activation of upstream kinases of the

MAPK cascade, MAPKs, and the target proteins has been

reviewed by Broom et al. [101]. The role of protein kinase

Map4k4 has been further discussed in obesity-induced

hyperinsulinemia and insulin resistance by promoting

insulin secretion from b cells [103]. Involvement of the

MAPK signaling pathways has been recently reported in

mediating the beneficial effects of tartary buckwheat fla-

vonoids on redox balance and insulin resistance in insulin-

resistant HepG2 cells [104].

Role of ERKs in glucose metabolism and insulin

resistance

The extracellular signal-regulated kinase (ERK) signaling

pathway in the cytoplasm is activated by inflammatory

signals. It activates downstream kinases and transcriptional

factors, and mediates insulin resistance in target tissues

(Fig. 4). Activation of ERK1/2 (p44/42 mitogen-activated

protein kinases) has been characterized as a key event in

insulin signaling and diabetes. ERK1/2 activation requires

phosphorylation at Thr202 and Tyr204. The activation cas-

cade comprises two upstream kinases, MEK1/2 and an

upstream Raf kinase (ERK1/2 kinases kinases) [105, 106].

The Raf kinase is the only MAP3K recruited by receptor

tyrosine kinases for activation of the ERK pathway. It plays

a major role in glucose uptake and metabolism in liver and

skeletal muscles, regulating insulin secretion as well as

insulin production at the transcriptional and translational

levels. The hormone-mediated insulin secretion also

increases ERK1/2 activity [107], thus playing an important

role in insulin signaling and metabolism.

Elevated blood glucose levels lead to calcium entry and

calcineurin-induced ERK activation. The other nutrients

which influence blood glucose concentration and hormones

like glucagon-like peptide I (Glp1) are also involved in

ERK activation [108]. The activation of ERK1/2 decreased

the responsiveness of insulin gene promoter by elevated

glucose levels and induced insulin resistance [109]. This

inhibition of insulin gene promoter is induced by expres-

sion of CCAAT/enhancer-binding protein b (C/EBP-b).
This protein binds to the insulin gene promoter in an

ERK1/2-dependent manner and regulates insulin tran-

scription in b cells. In type 2 diabetes, ERK1/2 also inhibits

insulin gene transcription by phosphorylating the factors

that inhibit the insulin gene promoter. Insulin-activated

ERK1/2 phosphorylates SREBP2 [110] and SREBP1a,

thereby enhancing their transactivation potential and link-

ing ERK1/2 signaling with key regulators of lipid meta-

bolism. Phosphorylation of ERK1/2 is mediated by Raf;

however, it can be Raf independent [111]. Raf-independent

phosphorlylation is mediated by Bromodomain-containing

protein 2 (Brd2). Brd2 is a nuclear serine/threonine kinase

which also regulates the activation of ERK1/2 with special

reference to adipogenesis. Although the role of ERK and its

activation in mediating the insulin resistance has been

studied in detail, there is a need to further investigate the

physiological significance of these modifications In vivo,

as well as the effect of inhibition of ERK on insulin

resistance. Recently Liu et al. [112] reported that serum-

and glucocorticoid-regulated protein kinase 1 (SGK1)

negatively regulates the activation of ERK1/2 and plays a

significant role in insulin signaling.

ERK-5 is also termed as big MAP kinase 1 (BMK1).

The basic function of ERK5 relates to endothelial function

and vascular integrity [113]. It has been documented that

the expression of ERK5 in endothelial cells in heart, pla-

centa, lung, kidney, and skeletal muscle tissue remains

dominant [114]. ERK5 could regulate the signaling either

by phosphorylating further downstream kinases or by

transcriptional activation of the target genes. Activation of

ERK5 is similar to other MAPKs and is mediated by dual

phosphorylation at Thr218/Tyr220 via a specific upstream

kinase MEK5 [115]. ERK5 has an opposing action to

calcineurin on NFATc4-mediated gene transcription which

changes the levels of adipokines expression. The deletion

of ERK5 increased adiposity with dysregulation in

adipokines secretion, leptin resistance, and impaired glu-

cose handling [116]. It has been identified that above effect

of ERK5 in diabetic nephropathy is mediated by TGFb1-
induced phosphorylation of MEK5 without involvement of

the MAP3K Ras [117]. There are no extensive studies on

ERK3, ERK4, and ERK7, and hence, there is a need to

study their role in insulin resistance.

Taken together, ERK has a bimodal activity. ERK1/2

activation by obesity-induced inflammation induces the

production of free fatty acids and pro-inflammatory
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cytokines. This leads to increased inflammation and insulin

resistance, whereas ERK5 activation alternates the nuclear

translocation of AP-1 and decreases the production of pro-

inflammatory cytokines.

Obesity, insulin resistance, and JNK

Studies have suggested the role of cJun NH2-terminal

kinase (JNK) in the mechanism of obesity-induced insulin

resistance [118]. A high-fat diet causes activation of the

JNK1 signaling pathway leading to insulin resistance and

obesity, and manifests a chronic low-grade inflammatory

response. This results in activation of stress protein kinase

pathways (including the cJun NH2-terminal kinase JNK1)

in the cytoplasm and plays a critical role in the patho-

genesis of obesity-induced insulin resistance [119] (Fig. 5).

Three isoforms of JNKs include JNK1, JNK2, and JNK3.

JNK1 and JNK2 are expressed ubiquitously, whereas JNK3

is expressed in a limited number of tissues, including brain

and heart [20].

There are several potential mechanisms involved in JNK

activation in obesity. High-fat diet induces ER stress [120]

and the unfolded protein response (UPR) pathway that

leads to JNK1 activation [121]. Saturated fatty acids might

act as ligands for toll-like receptors that activate the JNK

pathway [122]. These fatty acids can also activate the JNK

pathway by protein kinase C-mediated activation of the

mixed-lineage protein kinase (MLK) group of MAP3Ks

[123], and subsequent JNK activation is mediated by the

JIP1 scaffold protein [124]. HFD-induced insulin resistance

is associated with chronic low-grade inflammation and the

expression of inflammatory cytokines such as tumor

necrosis factor [125], and adipokines can cause JNK acti-

vation [20]. The relative contribution and mechanistic

relationships between these above-mentioned pathways

remains to be determined.

Fig. 4 Role of ERK in obesity-mediated diabetes. The inflammatory

signals received as the result of obesity phosphorylates the Raf

(MAP3K) via activation of G-protein coupled receptor. Activated

MAP3K activates ERKs via activation of ERKs-specific MAP2Ks

(MEKs). The Brd involves in Raf-independent activation of ERKs.

Activation of ERK1/2 phosphorylates its target transcriptional factors

and mediates production of fatty acid, inflammatory cytokines, and

mediates development of insulin resistance. ERK5 prevents the above

insulin resistance by preventing the nuclear translocation of AP1

synergic partner NFATc4 via ser phosphorylation. The Astragalus

polysaccharide was reported to inhibit the activity of ERK, and the

compound PD184352 inhibits the activity of MEK
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In the experimental approach to confirm the role of JNK,

it has been demonstrated that Jnk1-/- mice are protected

against HFD-induced insulin resistance [126]. Specifically,

feeding a HFD to mice with tissue-specific Jnk1 deficiency

in insulin target tissues (e.g., fat and muscle) causes casual

obesity, yet these mice exhibit elevated insulin sensitivity

compared with non-ablated mice [127]. In Jnk2-/- mice,

JNK2 is involved in metabolic regulation, but its function

could be masked by complete expression of JNK1 [128].

Similarly, a recent study revealed that though JNK defi-

ciency in macrophages does not alter the obesity in HFD

mice, but improves insulin sensitivity [129]. In spite of its

role in the development of type 2 diabetes development,

disruption of the Mapk9 gene encoding JNK2 resulted in

protection against autoimmune destruction of b-cells by

maintaining the Th1/Th2 balance [130]. In contrast to the

well-documented negative roles of JNKs (JNK1 and JNK2)

in an obesity-associated signaling pathway, JNK3 has been

reported to be a mediator of anti-apoptotic activity in

insulin-secreting cells [131], and a potential role of JNK3

as a candidate marker to assess islet quality prior to

transplantation has been reported [132]. These results

suggest that JNK2 is an important contributor for both T1-

DM and T2-DM. Knockout and inhibition of JNK1 reduce

HFD adiposity and improve glucose tolerance and insulin

sensitivity, suggesting the crucial role of JNK1 in devel-

opment of insulin resistance.

P38 kinases and insulin resistance

The p38 is among the stress-activated serine/threonine

protein kinase MAPKs. Its family is composed of four

members: a, b, c, and d. Expression of the isoforms of p38

varies between tissues; the a and b isoforms are expressed

ubiquitously, the c isoform is specific to skeletal muscle,

and the expression of d isoform was found in the testes,

pancreas, and small intestines [133]. The p38 MAPKs are

activated by the MAP3K and MAP2K cascades (Fig. 6).

They are subject to activation by one of the several

upstream MAP3Ks such as TAK1, ASK1, LK3, MEKK1-

4, and TAO1-3 [134]. The activation of p38 MAPKs results

in lipotoxicity in adipocytes and stellate cells. Significantly

Fig. 5 Activation of JNK in response obesity-induced inflammatory

signals and its role in insulin resistance. JNK gets activated by four

routes: in first route, the TNFa-mediated activation of MAP3Ks

(MEKK1/4, ASK1, and TAK-1) activates JNK via MAP2K (MKK4/

7); in second route, JNK activation occurs by endoplasmic reticulum

(ER) stress-mediated activation of MAP3K (ASK1); in third route,

MAP3K (MEKK1/4) activated by TLR4 with perception of fatty acid

signals activated the JNK; in fourth route TLR4 perceives the fatty

acid signal and activates JNK independent of MAP3K via PKC. The

activated JNK promotes nuclear translocation of AP1 transcription

factor and mediates synthesis of inflammatory cytokines responsible

for development of insulin resistance. In addition to induction of

inflammatory cytokines-mediated impairment in insulin signaling,

JNK induces insulin resistance by direct inhibitory ser phosphoryla-

tion of IRS-1. The ruboxistaurin, glucagon-like peptide-1, and

hypocrellin A inhibit the activity of PKC, thereby further activation

of JNK will be attenuated
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increased phosphorylation of p38 MAPK has been found in

adipose and bowel tissue [135]. The p38 MAPK plays

important roles in regulating glucose metabolism in

skeletal muscle and adipose tissue. Studies with cultured

skeletal muscle cells revealed that p38 MAPK enhances

insulin and exercise or AMPK-induced glucose uptake by

activating GLUT4 [136, 137].

Insulin has been identified as a regulatory molecule for

ERKs and p38 in adipogenesis, but the molecular mecha-

nism has not been fully characterized. Recently, Liu et al.

[138] reported the role of steroid receptor RNA activator

(SRA) in adipogenesis. Overexpression of SRA inhibits the

phosphorylation of p38 MAPK and JNK and SRA knock-

down results in reduced insulin receptor levels with

decreased phosphorylation of IRS-1 and Akt resulting in

the activation of p38 MAPK and JNK. Inhibition of

p38MAPK has been discussed as a novel strategy to alle-

viate FFA-induced hepatic insulin resistance in obesity-

associated disorders [139]. Makeeva et al. [140] reported

that nitric oxide-induced p38 activation promotes TAB 1-

independent activation of ERK in b-cell death resulting in

decreased insulin secretion. MAPKs are important in the

development of insulin resistance in skeletal muscle tissue,

via a p38 MAPK-dependent mechanism.

These studies suggest the important roles of p38 MAPKs

in obesity and insulin resistance. However, it has been

reported that activation of p38 MAPK in the livers of obese

mice reduces ER stress in obese and diabetic mice [141].

This positive effect of p38 MAPK is mediated by Thr48 and

Ser61 phosphorylation of X-box binding protein 1 (XBP1s)

transcriptional factor and is associated with improvement

in its nuclear migration. XBP1s is an important regulator of

adiponectin multimerization and its overexpression

improves glucose tolerance and insulin sensitivity in both

lean and obese (ob/ob) mice [142]. Since there are mixed

results in relation to the role of MAPKs in obesity and

Fig. 6 MAPK p38 activation in response to obesity induced inflam-

mation. As a result of inflammatory stress mediated by TNFa and

MAP3Ks (MKK6, TAK1, and MKK4) gets activated. Further, the

MAP3Ks activates the respective MAP2Ks. The phosphorylation of

MAP2Ks activates the specific p38 MAPKs, which consequently

activates the transcription factors of genes involved in synthesis of

cytokines and fatty acid. In spite of the inflammation mediated

activations, p38 MAPKs are even activated by oxidative stress

released by NADP oxidase. The compound GS-444217 inhibits the

activity of ASK1 and the 5Z-7-oxozeaenol inhibits the activity of

TAK1
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insulin resistance, there is a need to further investigate their

effects on cellular metabolism in obesity-mediated type 2

diabetes and insulin resistance.

Rho-kinase (ROCK)

Rho-kinase (ROCK) is a serine/threonine protein kinase

with two isoforms, ROCK1 (ROCKb) and ROCK2

(ROCKa) [143]. ROCK1 has been suggested as a novel

regulator of glucose homeostasis and insulin sensitivity

[25]. The depletion of ROCK1 in mice results in decreased

insulin-stimulated PI3K-associated IRS-1 signaling and

decreased phosphorylation of Akt, AS160, S6K, and S6 in

the skeletal muscle, thereby causing systemic insulin

resistance by impairing insulin signaling [25]. In muscle of

obese diabetic human subjects, insulin-stimulated ROCK1

was noticed to be decreased with up-regulation of its kinase

inhibitor RhoE [144]. These studies suggest that decreased

ROCK1 in the skeletal muscle is associated with insulin

resistance. However, the role of ROCK1 in adipose tissue

is suggested to be inducing insulin resistance. These have

been reported in diet-induced or genetically obese mice

where increased ROCK1 mediated negative regulation of

insulin signaling [26]. The role of ROCK2 also seems to

induce obesity mediated insulin resistance and cardiac

dysfunction [145]. The role of ROCK in insulin home-

ostasis appears to be dependent on tissue specificity and

isoform function [145]. Further studies are needed to

determine the role of ROCK and to develop further

potential target strategies to improve insulin resistance.

RNA-activated protein kinase (PKR)

Inflammatory pathways involved in obesity-induced insulin

resistance are also regulated by the activation of double-

stranded RNA-dependent protein kinase (PKR), a pattern

recognition receptor (PRR) [146]. PKR is a key constituent

of the metaflammasome, activated by nutrients such as

fatty acids and by ER stress [147]. The interaction between

the PKR, and inflammatory kinases, such as IKK and JNK,

IRS1 has also been reported [148]. The absence of PKR

leads to decreased activation of JNK and IKKb which are

key kinases in the development of insulin resistance. This

suggests that PKR is an important modulator of insulin

signaling in obesity [27]. Activation of PKR has been

associated with the inhibition of pancreatic b-cell prolif-
eration through sumoylation-dependent stabilization of P53

in the development of T2-DM [146]. PKR also directly

interacts with insulin receptor signaling components and

inhibits insulin action [5]. These studies suggest the role of

PKR activation in the pathogenesis of the insulin resis-

tance, and inhibition of the PKR activation may be a

potential therapeutic approach to improve insulin

resistance. This has been reported in mice model with

small molecules inhibitors of PKR [147].

Recent therapies targeting protein kinases to wrestle

against obesity-induced type2 diabetes

A wide range of therapeutic molecules targeting the

phosphorylation of obesity-associated kinases has been

reported to act against insulin resistance and type 2 dia-

betes mellitus (Table 2).

Atorvastatin, a powerful drug to decrease cholesterol

level, has been identified to have anti-inflammatory

potency, decreased macrophage infiltration, and expression

levels of TNF-alpha, IL-6, and GLUT4 in adipose tissue

[164]. It is unclear whether these anti-inflammatory prop-

erties will have any long-term effect on insulin resistance.

Similarly, glucagon-like peptide-1 has been developed

against type 2 diabetes and is known to induce active

phosphorylation of AMPK Thr172. This reduces body

weight, serum FFA, and triglyceride levels [151, 165].

Unlike other compounds, Thienopyridone (Compound

A-769662) is a direct activator of AMPK [166]. The main

demerit of A-769662 is that it exhibits AMPK-independent

effects and has poor oral absorption [167]. Recently C24

has been reported as a small molecule which was struc-

turally optimized from PT1 to improve oral bioavailability

[153]. Both PT1 and C24 caused an increase in AMPK

activity and ACC phosphorylation [153, 168, 169].

Triterpenoids derived from bitter melon showed an anti-

diabetic effect via CaMKKb, a key upstream kinase

responsible for the activation of AMPK [61]. In addition to

IKK-mediated NFjB activation, IKK is also reported to be

involved in inhibitory phosphorylation of IRS1 [69], Fur-

thermore, Kamon et al. [74] documented an increase in

glucose tolerance by inhibiting IKKb using IMD-0354.

Salicylate was reported to impair FFA-induced insulin

resistance by targeting IKK and preventing IKK-induced

serine phosphorylation of IRS-1 (Ser 307) and IRS-2 (Ser

233) [156]. Hypocrellin A, a fungal perylene quinonoid

pigment from Hypocrella bambuase, targets a specific PKC

isoform other than PKC-h and ameliorates insulin resistant-

induced abnormalities in glucose and lipid metabolism

[86]. Two small molecules, which are inhibitors against

PKC-k/i, have been developed by Sajan et al. [158] and

have been shown to prevent abdominal obesity, hep-

atosteatosis, hyper triglyceridemia, and hypercholes-

terolemia in obese rodent models. Komers et al. [170]

reported that p38 activity was noticed to be increased in

renal cortices of diabetic rats. Similarly, a p38 MAPK

inhibitor compound (PHA666859) was documented as a

novel therapeutic molecule against diabetic retinopathy

[171]. A recent report by Ozaki et al. [160] revealed

improvement in insulin sensitivity and glucose tolerance in
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the diabetic mice treated with MEK inhibitor PD184352.

Specific inhibition of TAK1 with administration of 5Z-7-

oxozeaenol delayed the onset of autoimmune diabetes in

spontaneous and cyclophosphamide-induced experimental

diabetic mice [162]. Thus, targeting the p38 MAPK with its

specific inhibitor could be a novel strategy to protect

against diabetic-associated tissue damage. Bargut et al.

[163] have reported that fish-oil diet prevents adiposity and

modulates white adipose tissue inflammation through

activation of AMPK and inhibition of MAPK and RAS

pathways. Metformin, a biguanide agent, activates AMPK

via inhibition of PKA-dependent inhibitory phosphoryla-

tion of AMPK [50] and increases in LKB1-mediated

AMPK activation [172]. These drugs and therapies render a

hope to develop better therapies to counter the kinases

involved in insulin resistance.

Conclusion

In conclusion, protein kinases play an important role in

downstream signals perceived from the cell surface. The

roles of IKK, PKC, and MAPK (ERK, JNK, p38) in

inducing insulin resistance have been well established in

several animal models. However, developing targeted

therapies, either drugs or inhibitors, has not been very

Table 2 Molecules reported with overcome obesity induces diabetes and their respective target protein kinases

S.

No

Therapeutic molecule Therapeutic effect Target

kinase

Model References

1. Astragalus polysaccharide Stimulates glucose uptake AMPK In vitro [63]

2. 5-aminoimidazole-4-

carboxamide-1-b-4-
ribofuranoside (AICAR)

LKB1-independent AMPK phosphorylation AMPK In vitro [149]

3. Conjugated linoleic acid Stimulates glucose uptake AMPK In vitro [150]

4. Metformin Inhibits PKA-dependent inhibitory phosphorylation of AMPK AMPK In vitro [50]

5. Glucagon-like peptide-1 Decreases body weight, serum FFA, and triglyceride AMPK In vivo [151]

6. Thienopyridone (compound

A-769662)

Improves glucose homeostasis AMPK In vivo [152]

7. C24 Reduce blood glucose and lipid levels and improved glucose

tolerance

AMPK In vivo [153]

8. Resveratrol Stimulates glucose uptake AMPK In vivo [154]

9. a-lipoic acid Reduces hepatic lipogenesis AMPK In vivo [155]

10. Chlorogenic acid Stimulates glucose transport in skeletal muscle AMPK In vivo [41]

11. Bitter melon-derived

triterpenoids

Improve glucose disposal CaMKKb In vivo [61]

12. IMD-0354 Stimulates adiponectin levels and overcomes glucose intolerance IKKb In vivo [74]

13. Sodium salicylate Prevents FFA-induced hepatic insulin resistance IKKb In vivo [156]

14. Amlexanox Increases thermogenesis and improves weight loss and insulin

sensitivity

IKKe In vivo [67]

15. CAYMAN10576 Decreased adiposity, hypophagia and increased in energy and

glucose metabolism

IKKe In vivo [80]

16. Ursolic acid Restoration of insulin signaling IKKb In vivo [157]

17. Hypocrellin A Improves glucose and lipid metabolism under insulin resistant and

diabetic condition

PKC ex vivo [86]

18. Ruboxistaurin Ameliorates insulin resistance PKC In vivo [157]

19. Aurothiomalate Prevents complications such as hyperglycemia, hyperinsulinemia,

abdominal obesity, hepatosteatosis, hypertriglyceridemia, and

hypercholesterolemia

PKC-k/i In vivo [158]

20. Quercetin Prevents early diabetes tissue injury IKK In vivo [159]

21 PD184352 Improves insulin sensitivity and glucose tolerance MEK In vivo [160]

22 GS-444217 Reduce renal inflammation under diabetic nephropathy condition ASK1 In vivo [161]

23 5Z-7-oxozeaenol Delays onset of autoimmune diabetes TAK1 In vivo [162]

24 Fish oil Activates AMPK, inhibits MAPK and RAS pathways AMPK In vivo [163]
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successful to date. Changes in the cell surface molecules

that can further influence the cytoplasmic protein kinases

can be reasonable as good therapy to prevent the devel-

opment of resistance. Among the kinases reported, AMPK

alone was noticed as positive regulator of insulin signaling.

Hence, there is a need to study and research the role of

other kinases in relation to insulin resistance, so that a

potential novel therapy can be designed. It is now well

established that kinase signaling is required for the meta-

bolic events, and kinase-specific activation is associated

with detrimental effects in obesity that contribute to type 2

diabetes. Strategies to prevent and/or ameliorate obesity

remain important in the overall treatment of insulin resis-

tance and type 2 diabetes.
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118. Belgardt BF, Mauer J, Brüning JC (2010) Novel roles for JNK1

in metabolism. Aging (Albany NY) 2:621–626

119. Sabio G, Davis RJ (2010) cJun NH2-terminal kinase 1 (JNK1):

roles in metabolic regulation of insulin resistance. Trends Bio-

chem Sci 35:490–496. doi:10.1016/j.tibs.2010.04.004

120. Hotamisligil GS (2010) Endoplasmic reticulum stress and the

inflammatory basis of metabolic disease. Cell 140:900–917.

doi:10.1016/j.cell.2010.02.034

121. Hotamisligil GS (2008) Inflammation and endoplasmic reticu-

lum stress in obesity and diabetes. Int J Obes (Lond) 32(Suppl

7):S52–S54. doi:10.1038/ijo.2008.238

122. Tsukumo DML, Carvalho-Filho MA, Carvalheira JBC et al

(2007) Loss-of-function mutation in toll-like receptor 4 prevents

diet-induced obesity and insulin resistance. Diabetes

56:1986–1998. doi:10.2337/db06-1595

123. Jaeschke A, Davis RJ (2007) Metabolic stress signaling medi-

ated by mixed-lineage kinases. Mol Cell 27:498–508. doi:10.

1016/j.molcel.2007.07.008

124. Jaeschke A, Czech MP, Davis RJ (2004) An essential role of the

JIP1 scaffold protein for JNK activation in adipose tissue. Genes

Dev 18:1976–1980. doi:10.1101/gad.1216504

125. Kim WH, Lee JW, Gao B, Jung MH (2005) Synergistic acti-

vation of JNK/SAPK induced by TNF-a and IFN-c: apoptosis of
pancreatic b-cells via the p53 and ROS pathway. Cell Signal

17:1516–1532. doi:10.1016/j.cellsig.2005.03.020

126. Pal M, Wunderlich CM, Spohn G et al (2013) Alteration of

JNK-1 signaling in skeletal muscle fails to affect glucose

homeostasis and obesity-associated insulin resistance in mice.

PLoS ONE 8:e54247. doi:10.1371/journal.pone.0054247

127. Sabio G, Das M, Mora A et al (2008) A stress signaling pathway

in adipose tissue regulates hepatic insulin resistance. Science

322:1539–1543. doi:10.1126/science.1160794

128. Tuncman G, Hirosumi J, Solinas G et al (2006) Functional

In vivo interactions between JNK1 and JNK2 isoforms in obe-

sity and insulin resistance. Proc Natl Acad Sci USA

103:10741–10746. doi:10.1073/pnas.0603509103

129. Han MS, Jung DY, Morel C et al (2013) JNK expression by

macrophages promotes obesity-induced insulin resistance and

inflammation. Science 339:218–222. doi:10.1126/science.

1227568

130. Jaeschke A, Rincón M, Doran B et al (2005) Disruption of the

Jnk2 (Mapk9) gene reduces destructive insulitis and diabetes in

a mouse model of type I diabetes. Proc Natl Acad Sci USA

102:6931–6935. doi:10.1073/pnas.0502143102

131. Abdelli S, Bonny C (2012) JNK3 maintains expression of the

insulin receptor substrate 2 (IRS2) in insulin-secreting cells:

functional consequences for insulin signaling. PLoS ONE

7:e35997. doi:10.1371/journal.pone.0035997

Mol Cell Biochem (2017) 426:27–45 43

123

http://dx.doi.org/10.1371/journal.pone.0028828
http://dx.doi.org/10.1074/jbc.M110.100735
http://dx.doi.org/10.1074/jbc.M110.100735
http://dx.doi.org/10.1074/jbc.M114.592337
http://dx.doi.org/10.1074/jbc.M114.592337
http://dx.doi.org/10.1016/j.bbamcr.2006.11.001
http://dx.doi.org/10.1016/j.bbamcr.2006.11.001
http://dx.doi.org/10.1111/j.1365-2249.2009.04033.x
http://dx.doi.org/10.1038/sj.onc.1210392
http://dx.doi.org/10.1038/sj.onc.1210392
http://dx.doi.org/10.1074/jbc.M116.718932
http://dx.doi.org/10.1039/c5fo01467k
http://dx.doi.org/10.1126/science.1072682
http://dx.doi.org/10.1080/02699050500284218
http://dx.doi.org/10.1074/jbc.M301174200
http://dx.doi.org/10.1074/jbc.M301174200
http://dx.doi.org/10.1074/jbc.M503158200
http://dx.doi.org/10.1074/jbc.M401198200
http://dx.doi.org/10.1074/jbc.M401198200
http://dx.doi.org/10.1371/journal.pone.0078536
http://dx.doi.org/10.1042/BJ20141005
http://dx.doi.org/10.1074/jbc.C000838200
http://dx.doi.org/10.1073/pnas.142293999
http://dx.doi.org/10.1016/j.bbcan.2011.10.002
http://dx.doi.org/10.1074/jbc.M113.506584
http://dx.doi.org/10.3389/fphar.2014.00071
http://dx.doi.org/10.3389/fphar.2014.00071
http://dx.doi.org/10.1016/j.tibs.2010.04.004
http://dx.doi.org/10.1016/j.cell.2010.02.034
http://dx.doi.org/10.1038/ijo.2008.238
http://dx.doi.org/10.2337/db06-1595
http://dx.doi.org/10.1016/j.molcel.2007.07.008
http://dx.doi.org/10.1016/j.molcel.2007.07.008
http://dx.doi.org/10.1101/gad.1216504
http://dx.doi.org/10.1016/j.cellsig.2005.03.020
http://dx.doi.org/10.1371/journal.pone.0054247
http://dx.doi.org/10.1126/science.1160794
http://dx.doi.org/10.1073/pnas.0603509103
http://dx.doi.org/10.1126/science.1227568
http://dx.doi.org/10.1126/science.1227568
http://dx.doi.org/10.1073/pnas.0502143102
http://dx.doi.org/10.1371/journal.pone.0035997


132. Abdelli S, Papas KK, Mueller KR et al (2014) Regulation of the

JNK3 signaling pathway during islet isolation: JNK3 and c-fos

as new markers of islet quality for transplantation. PLoS ONE

9:e99796. doi:10.1371/journal.pone.0099796

133. Schindler JF, Monahan JB, Smith WG (2007) p38 pathway

kinases as anti-inflammatory drug targets. J Dent Res

86:800–811

134. Thalhamer T, McGrath MA, Harnett MM (2008) MAPKs and

their relevance to arthritis and inflammation. Rheumatology

(Oxford) 47:409–414. doi:10.1093/rheumatology/kem297

135. Dahan S, Roda G, Pinn D et al (2008) Epithelial: lamina propria

lymphocyte interactions promote epithelial cell differentiation.

Gastroenterology 134:192–203. doi:10.1053/j.gastro.2007.10.

022

136. McGee SL, Hargreaves M (2006) Exercise and skeletal muscle

glucose transporter 4 expression: molecular mechanisms. Clin

Exp Pharmacol Physiol 33:395–399. doi:10.1111/j.1440-1681.

2006.04362.x

137. Geiger PC, Wright DC, Han D-H, Holloszy JO (2005) Activa-

tion of p38 MAP kinase enhances sensitivity of muscle glucose

transport to insulin. Am J Physiol Endocrinol Metab 288:E782–

E788. doi:10.1152/ajpendo.00477.2004

138. Liu S, Xu R, Gerin I et al (2014) SRA regulates adipogenesis by

modulating p38/JNK phosphorylation and stimulating insulin

receptor gene expression and downstream signaling. PLoS ONE

9:e95416. doi:10.1371/journal.pone.0095416

139. Pereira S, Yu WQ, Moore J et al (2016) Effect of a p38 MAPK

inhibitor on FFA-induced hepatic insulin resistance In vivo.

Nutr Diabetes 6:e210. doi:10.1038/nutd.2016.11

140. Makeeva N, Roomans GM, Welsh N (2007) Role of TAB 1 in

nitric oxide-induced p38 activation in insulin-producing cells.

Int J Biol Sci 3:71–76

141. Lee J, Sun C, Zhou Y et al (2011) p38 MAPK-mediated regu-

lation of Xbp1s is crucial for glucose homeostasis. Nat Med

17:1251–1260. doi:10.1038/nm.2449

142. Sha H, Yang L, Liu M et al (2014) Adipocyte spliced form of

X-box-binding protein 1 promotes adiponectin multimerization

and systemic glucose homeostasis. Diabetes 63:867–879. doi:10.

2337/db13-1067

143. Chun K-H, Choi K-D, Lee D-H et al (2011) In vivo activation of

ROCK1 by insulin is impaired in skeletal muscle of humans

with type 2 diabetes. Am J Physiol Endocrinol Metab

300:E536–E542. doi:10.1152/ajpendo.00538.2010

144. Copps KD, White MF (2012) Regulation of insulin sensitivity

by serine/threonine phosphorylation of insulin receptor substrate

proteins IRS1 and IRS2. Diabetologia 55:2565–2582. doi:10.

1007/s00125-012-2644-8

145. Soliman H, Nyamandi V, Garcia-Patino M et al (2015) Partial

deletion of ROCK2 protects mice from high-fat diet-induced

cardiac insulin resistance and contractile dysfunction. Am J

Physiol Heart Circ Physiol 309:H70–H81. doi:10.1152/ajpheart.

00664.2014

146. Song Y, Wan X, Gao L et al (2015) Activated PKR inhibits

pancreatic b-cell proliferation through sumoylation-dependent

stabilization of P53. Mol Immunol 68:341–349. doi:10.1016/j.

molimm.2015.09.007

147. Nakamura T, Arduini A, Baccaro B et al (2014) Small-molecule

inhibitors of PKR improve glucose homeostasis in obese dia-

betic mice. Diabetes 63:526–534. doi:10.2337/db13-1019

148. Sud N, Rutledge AC, Pan K, Su Q (2016) Activation of the

dsRNA-activated protein kinase PKR in mitochondrial dys-

function and inflammatory stress in metabolic syndrome. Curr

Pharm Des 22:2697–2703

149. Sun Y, Connors KE, Yang D-Q (2007) AICAR induces phos-

phorylation of AMPK in an ATM-dependent, LKB1-

independent manner. Mol Cell Biochem 306:239–245. doi:10.

1007/s11010-007-9575-6

150. Mohankumar SK, Taylor CG, Siemens L, Zahradka P (2013)

Activation of phosphatidylinositol-3 kinase, AMP-activated

kinase and Akt substrate-160 kDa by trans-10, cis-12 conjugated

linoleic acid mediates skeletal muscle glucose uptake. J Nutr

Biochem 24:445–456. doi:10.1016/j.jnutbio.2012.01.006

151. Svegliati-Baroni G, Saccomanno S, Rychlicki C et al (2011)

Glucagon-like peptide-1 receptor activation stimulates hepatic

lipid oxidation and restores hepatic signalling alteration induced

by a high-fat diet in nonalcoholic steatohepatitis. Liver Int

31:1285–1297. doi:10.1111/j.1478-3231.2011.02462.x

152. Cool B, Zinker B, Chiou W et al (2006) Identification and

characterization of a small molecule AMPK activator that treats

key components of type 2 diabetes and the metabolic syndrome.

Cell Metab 3:403–416. doi:10.1016/j.cmet.2006.05.005

153. Li Y-Y, Yu L-F, Zhang L-N et al (2013) Novel small-molecule

AMPK activator orally exerts beneficial effects on diabetic db/

db mice. Toxicol Appl Pharmacol 273:325–334. doi:10.1016/j.

taap.2013.09.006

154. Price NL, Gomes AP, Ling AJY et al (2012) SIRT1 is required

for AMPK activation and the beneficial effects of resveratrol on

mitochondrial function. Cell Metab 15:675–690. doi:10.1016/j.

cmet.2012.04.003

155. Park K-G, Min A-K, Koh EH et al (2008) Alpha-lipoic acid

decreases hepatic lipogenesis through adenosine monophos-

phate-activated protein kinase (AMPK)-dependent and AMPK-

independent pathways. Hepatology 48:1477–1486. doi:10.1002/

hep.22496

156. Park E, Wong V, Guan X et al (2007) Salicylate prevents hep-

atic insulin resistance caused by short-term elevation of free

fatty acids In vivo. J Endocrinol 195:323–331. doi:10.1677/JOE-

07-0005

157. Lu J, Wu D, Zheng Y et al (2011) Ursolic acid improves high fat

diet-induced cognitive impairments by blocking endoplasmic

reticulum stress and IjB kinase b/nuclear factor-jB-mediated

inflammatory pathways in mice. Brain Behav Immun

25:1658–1667. doi:10.1016/j.bbi.2011.06.009

158. Sajan MP, Nimal S, Mastorides S et al (2012) Correction of

metabolic abnormalities in a rodent model of obesity, metabolic

syndrome, and type 2 diabetes mellitus by inhibitors of hepatic

protein kinase C-i. Metabolism 61:459–469. doi:10.1016/j.

metabol.2011.12.008

159. Dias AS, Porawski M, Alonso M et al (2005) Quercetin

decreases oxidative stress, NF-jB activation, and iNOS over-

expression in liver of streptozotocin-induced diabetic rats. J Nutr

135:2299–2304

160. Ozaki K-I, Awazu M, Tamiya M et al (2016) Targeting the ERK

signaling pathway as a potential treatment for insulin resistance

and type 2 diabetes. Am J Physiol Endocrinol Metab. doi:10.

1152/ajpendo.00445.2015

161. Tesch GH, Ma FY, Han Y et al (2015) ASK1 inhibitor halts

progression of diabetic nephropathy in Nos3-deficient mice.

Diabetes 64:3903–3913. doi:10.2337/db15-0384

162. Cao H, Lu J, Du J et al (2015) TAK1 inhibition prevents the

development of autoimmune diabetes in NOD mice. Sci Rep

5:14593. doi:10.1038/srep14593

163. Bargut TCL, Mandarim-de-Lacerda CA, Aguila MB (2015) A

high-fish-oil diet prevents adiposity and modulates white adi-

pose tissue inflammation pathways in mice. J Nutr Biochem

26:960–969. doi:10.1016/j.jnutbio.2015.04.002

164. Furuya DT, Poletto AC, Favaro RR et al (2010) Anti-inflam-

matory effect of atorvastatin ameliorates insulin resistance in

monosodium glutamate-treated obese mice. Metabolism

59:395–399. doi:10.1016/j.metabol.2009.08.011

44 Mol Cell Biochem (2017) 426:27–45

123

http://dx.doi.org/10.1371/journal.pone.0099796
http://dx.doi.org/10.1093/rheumatology/kem297
http://dx.doi.org/10.1053/j.gastro.2007.10.022
http://dx.doi.org/10.1053/j.gastro.2007.10.022
http://dx.doi.org/10.1111/j.1440-1681.2006.04362.x
http://dx.doi.org/10.1111/j.1440-1681.2006.04362.x
http://dx.doi.org/10.1152/ajpendo.00477.2004
http://dx.doi.org/10.1371/journal.pone.0095416
http://dx.doi.org/10.1038/nutd.2016.11
http://dx.doi.org/10.1038/nm.2449
http://dx.doi.org/10.2337/db13-1067
http://dx.doi.org/10.2337/db13-1067
http://dx.doi.org/10.1152/ajpendo.00538.2010
http://dx.doi.org/10.1007/s00125-012-2644-8
http://dx.doi.org/10.1007/s00125-012-2644-8
http://dx.doi.org/10.1152/ajpheart.00664.2014
http://dx.doi.org/10.1152/ajpheart.00664.2014
http://dx.doi.org/10.1016/j.molimm.2015.09.007
http://dx.doi.org/10.1016/j.molimm.2015.09.007
http://dx.doi.org/10.2337/db13-1019
http://dx.doi.org/10.1007/s11010-007-9575-6
http://dx.doi.org/10.1007/s11010-007-9575-6
http://dx.doi.org/10.1016/j.jnutbio.2012.01.006
http://dx.doi.org/10.1111/j.1478-3231.2011.02462.x
http://dx.doi.org/10.1016/j.cmet.2006.05.005
http://dx.doi.org/10.1016/j.taap.2013.09.006
http://dx.doi.org/10.1016/j.taap.2013.09.006
http://dx.doi.org/10.1016/j.cmet.2012.04.003
http://dx.doi.org/10.1016/j.cmet.2012.04.003
http://dx.doi.org/10.1002/hep.22496
http://dx.doi.org/10.1002/hep.22496
http://dx.doi.org/10.1677/JOE-07-0005
http://dx.doi.org/10.1677/JOE-07-0005
http://dx.doi.org/10.1016/j.bbi.2011.06.009
http://dx.doi.org/10.1016/j.metabol.2011.12.008
http://dx.doi.org/10.1016/j.metabol.2011.12.008
http://dx.doi.org/10.1152/ajpendo.00445.2015
http://dx.doi.org/10.1152/ajpendo.00445.2015
http://dx.doi.org/10.2337/db15-0384
http://dx.doi.org/10.1038/srep14593
http://dx.doi.org/10.1016/j.jnutbio.2015.04.002
http://dx.doi.org/10.1016/j.metabol.2009.08.011


165. Lee J, Hong S-W, Chae SW et al (2012) Exendin-4 improves

steatohepatitis by increasing Sirt1 expression in high-fat diet-

induced obese C57BL/6J mice. PLoS ONE 7:e31394. doi:10.

1371/journal.pone.0031394

166. Steinberg GR, Kemp BE (2009) AMPK in health and disease.

Physiol Rev 89:1025–1078. doi:10.1152/physrev.00011.2008

167. Moreno D, Knecht E, Viollet B, Sanz P (2008) A769662, a

novel activator of AMP-activated protein kinase, inhibits non-

proteolytic components of the 26S proteasome by an AMPK-

independent mechanism. FEBS Lett 582:2650–2654. doi:10.

1016/j.febslet.2008.06.044

168. Pang T, Zhang Z-S, Gu M et al (2008) Small molecule antag-

onizes autoinhibition and activates AMP-activated protein

kinase in cells. J Biol Chem 283:16051–16060. doi:10.1074/jbc.

M710114200

169. Yu L-F, Li Y-Y, Su M-B et al (2013) Development of novel

alkene oxindole derivatives as orally efficacious AMP-activated

protein kinase activators. ACS Med Chem Lett 4:475–480.

doi:10.1021/ml400028q

170. Komers R, Lindsley JN, Oyama TT et al (2007) Renal p38 MAP

kinase activity in experimental diabetes. Lab Invest 87:548–558.

doi:10.1038/labinvest.3700549

171. Du Y, Tang J, Li G et al (2010) Effects of p38 MAPK inhibition

on early stages of diabetic retinopathy and sensory nerve func-

tion. Invest Ophthalmol Vis Sci 51:2158–2164. doi:10.1167/

iovs.09-3674

172. Lim CT, Kola B, Korbonits M (2010) AMPK as a mediator of

hormonal signalling. J Mol Endocrinol 44:87–97. doi:10.1677/

JME-09-0063

Mol Cell Biochem (2017) 426:27–45 45

123

http://dx.doi.org/10.1371/journal.pone.0031394
http://dx.doi.org/10.1371/journal.pone.0031394
http://dx.doi.org/10.1152/physrev.00011.2008
http://dx.doi.org/10.1016/j.febslet.2008.06.044
http://dx.doi.org/10.1016/j.febslet.2008.06.044
http://dx.doi.org/10.1074/jbc.M710114200
http://dx.doi.org/10.1074/jbc.M710114200
http://dx.doi.org/10.1021/ml400028q
http://dx.doi.org/10.1038/labinvest.3700549
http://dx.doi.org/10.1167/iovs.09-3674
http://dx.doi.org/10.1167/iovs.09-3674
http://dx.doi.org/10.1677/JME-09-0063
http://dx.doi.org/10.1677/JME-09-0063

	Protein kinases: mechanisms and downstream targets in inflammation-mediated obesity and insulin resistance
	Abstract
	Introduction
	Immune cells and cytokines in obesity
	Protein kinases and inflammatory signaling
	AMP-activated protein kinase (AMPK) and its upstream kinases
	I kappa B kinase (IKK)
	Role of protein kinase C in obesity and insulin resistance
	Mitogen-activated protein kinase (MAPK) and insulin signaling
	Role of ERKs in glucose metabolism and insulin resistance
	Obesity, insulin resistance, and JNK
	P38 kinases and insulin resistance
	Rho-kinase (ROCK)
	RNA-activated protein kinase (PKR)
	Recent therapies targeting protein kinases to wrestle against obesity-induced type2 diabetes

	Conclusion
	Acknowledgements
	References




