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TOPICAL REVIEW

The roles of c-Jun NH5>-terminal kinases (JNKs) in obesity
and insulin resistance
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Abstract Obesity is currently at epidemic levels worldwide and is associated with a wide range
of diseases such as type 2 diabetes, cardiovascular disease, fatty liver disease and certain forms of
cancer. Obesity-induced chronic inflammation is central to the disrupted metabolic homeostasis
which underlies many of these conditions. While research over the past decade has identified
many of the cells and signalling molecules that contribute to obesity-induced inflammation,
perhaps the best characterised are the stress-activated c-Jun NH,-terminal kinases (JNKs).
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Institute (Melbourne). Dr Lancaster’s work now focuses on understanding the molecular basis by which obesity initiates inflammation.
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JNKs are activated in obesity in numerous metabolically important cells and tissues such as
adipose tissue, macrophages, liver, skeletal muscle and regions of the brain and pituitary. Elegant
in vivo mouse studies using Cre-LoxP-mediated recombination of the JNK1 and JNK2 genes
have revealed the remarkably diverse roles that JNKs play in the development of obesity-induced
inflammation, impaired glucose homeostasis and hepatic steatosis. While JNK activation in
classical metabolically active tissues such as skeletal muscle and adipose tissue only appears to
play a minor role on the induction of the above-mentioned pathologies, recent studies have clearly
established the important roles JNK signalling fulfils in macrophages, the liver and cells of the
anterior pituitary. Collectively, these studies place JNKs as important mediators of obesity and
obesity-associated disruptions to metabolic homeostasis.
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Abstract figure legend A HFD leads to the activation of JNKs in numerous cell and tissue types and contributes to
metabolic dysfunction.
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substrate; JNK, c-Jun NH,-terminal kinase; KO, knock out; MAPK, mitogen-activated protein kinase; NCORCI, nuclear
receptor corepressor; PPAR, peroxisome proliferator-activated receptor; ROS, reactive oxygen species; T2D, type-2

diabetes; TSH, thyroid-stimulating hormone; WT, wild type.
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Introduction

Opver thelast three decades changes to human lifestyle such
as diet, physical activity and microbial exposure have led
to epidemic levels of overweight and obesity worldwide.
Current trends predict that the levels of overweight (BMI
of 25-30 kg m~?) and obesity (BMI > 30 kg m~?) will
increase from 33% of the global population in 2005 to
57.8% in 2030 (Chen et al. 2012). The health consequences
of this are significant as obesity is associated with a wide
range of health problems including type 2 diabetes (T2D),
cardiovascular disease, neurodegenerative disorders, fatty
liver disease and certain forms of cancer (Hotamisligil,
2006). In the case of T2D, it was estimated that greater
than 250 million people had T2D in 2010, a figure that
is predicted to rise to more than 400 million by 2030
(Chen et al. 2012). Obesity poses a major challenge to
the maintenance of organismal metabolic homeostasis
and many of the health problems and diseases listed
above involve disruptions to metabolic homeostasis (Kotas
& Medzhitov, 2015). For example, the development of
impaired glucose tolerance and insulin resistance are key
risk factors for the development of T2D.

A wealth of experimental evidence shows that chronic
inflammation is inextricably linked to altered metabolic
homeostasis in obesity (reviewed in Hotamisligil, 2006;
Osborn & Olefsky, 2012; McNelis & Olefsky, 2014), While
numerous cell types and signalling pathways have been
identified that are activated in obesity and contribute
to altered metabolic homeostasis, perhaps the most

well-characterised are the c-Jun NH,-terminal kinases
(JNKs). JNKs are members of the mitogen-activated
protein kinase (MAPK) family, are activated by a wide
variety of stress-inducing stimuli, and, from Drosophila
to mammals, play a number of important roles in
metabolism and the development of obesity-induced
glucose intolerance and insulin resistance (Hirosumi et al.
2002; Hotamisligil, 2006; Woodcock et al. 2015). It has
been shown that JNKs are activated in obese humans,
highlighting the importance of unravelling the significance
of JNK signalling on the metabolic consequences of
obesity. In this review we will provide a brief overview
of the molecular regulation of the JNK signalling cascade
and a historical perspective on the role of JNK in obesity
and metabolism. Then, in what will comprise the majority
of this review, we will discuss the recent research that has
revealed the many roles that JNKs play in mediating the
metabolic disruptions caused by obesity.

JNK activation in obesity

The JNK family consists of three members, JNK1 (Mapk8),
JNK2 (Mapk9) and JNK3 (Mapkl0) and while JNK1
and JNK2 are ubiquitously expressed, JNK3 expression
is principally restricted to regions of the brain, heart
and testis (Davis, 2000; Seki et al. 2012). While a
comprehensive discussion on the JNK signalling cascade
is beyond the scope of the current review, a brief summary
is included; for a more comprehensive discussion of
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the JNK signalling cascade see references (Davis, 2000;
Seki et al. 2012; Sabio & Davis, 2014). JNKs are key
effector serine/threonine protein kinases that belong to
the stress-activated MAPK family. JNKs are activated
by two upstream MAP2Ks, MKK4 and MKK?7, which
are in turn activated by a range of upstream MAP3Ks,
which are themselves regulated by a number of different
upstream factors (Sabio & Davis, 2014). What this
apparent complexity achieves is an elegant system in which
a wide variety of stimuli, e.g. growth factors, cytokines,
heat shock, osmotic stress, UV radiation, reactive oxygen
species and fatty acids, can be sensed by unique cellular
mechanisms but all resulting in the activation of JNKs. In
the context of obesity, it is well known that high circulating
levels of pro-inflammatory cytokines such as tumour
necrosis factor o (TNFa) and interleukin-18 (IL-18), and
increases in free saturated fatty acids such as palmitate,
activate JNK signalling in insulin target cells. Additionally,
the induction of endoplasmic reticulum stress leads to
activation of the JNK pathway (Urano et al. 2000) and
this is proposed to be a key driver of JNK activation in
obesity (Ozcan et al. 2004). Another potentially important
factor for the activation of JNK during obesity are
reactive oxygen species (ROS) (Houstis et al. 2006).
Increased accumulation of ROS results in oxidative stress,
which activates stress-kinase signalling such as JNK
(Nakano et al. 2006). Once activated, JNKs can regulate
several nuclear and extra-nuclear substrates. Perhaps best
characterised is the transcription factor activator protein
1 (AP1) which controls the expression of numerous genes
including the pro-inflammatory cytokines. Furthermore,
early studies provided evidence that that JNKs
might directly interfere with the insulin signalling
pathway.

The central role of JNK in metabolism and insulin
resistance - a brief history of JNKs

In the mid-1990s, Hotamisligil and colleagues made
the seminal observations that the expression of
the pro-inflammatory cytokine TNFa was elevated in the
adipose tissue of obese mice and humans (Hotamisligil
et al. 1993, 1995) and that ablation of TNF«’s actions
improved insulin sensitivity in rodent models of obesity
(Hotamisligil et al. 1993; Uysal et al. 1997). At around
the same time, JNK1 was identified as the major protein
kinase that bound to and phosphorylated the AP1 family
member c-Jun (Hibi et al. 1993; Derijard et al. 1994),
and, as discussed above, it was subsequently shown that
JNKI1 was activated by a wide range of stress-inducing
stimuli. Since obesity is associated with a number of
stressful stimuli on cells and tissues, such as increased
TNFwo and free fatty acid concentrations, many of which
had been shown to activate JNK, it was hypothesised
that JNKs may be a central mediator of many of the
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deleterious consequences of obesity, such as impaired
glucose metabolism and insulin resistance (Hirosumi et al.
2002). Indeed, it was shown that global JNK1 knockout
(KO) mice fed a high fat diet (HFD) were protected from
the development of impaired glucose tolerance and insulin
resistance (Hirosumi et al. 2002). However, perhaps most
strikingly, when fed a HFD or crossed to the genetically
obese ob/obbackground, the deletion of JNK1 profoundly
protected against the development of obesity (Hirosumi
et al. 2002). These findings raised the question of what
signalling events might be responsible for the protective
phenotype in JNK1 KO mice. In earlier in vitro studies it
was shown that JNK is able to phosphorylate IRS1 at its
S307 site (Aguirre et al. 2000). Phosphorylation at S307
promotes impaired insulin action and thereby presents
a mechanism by which the activation of JNK can directly
antagonise insulin action. Indeed, when investigating IRS1
S307 phosphorylation, it was shown that upon high fat
feeding JNK1 KO mice display reduced levels of IRS1
S307 phosphorylation when compared to wild-type (WT)
control animals. The notion that phosphorylation of IRS1
by activated JNK in obesity is a major mechanism of
insulin resistance and impaired glucose metabolism is
now widespread. Hence, this is one of many possible
mechanisms by which JNK activation links insulin
resistance during the course of obesity. It is worth noting
that the same studies have been performed in JNK2
deficient mice, but probably due to compensatory action
by JNK1, JNK2 KO mice show a similar increase in obesity
and insulin resistance as WT control mice. However,
later studies have also implicated a more prominent role
for the JNK2 isoform to partially be responsible for the
development of obesity-associated insulin resistance. The
latter finding requires the absence of JNKI signalling,
which normally would compensate for the loss of JNK2
(Tuncman et al. 2006). While it was proposed that
the deletion of JNKI1 improves glucose tolerance and
insulin sensitivity via reduced serine phosphorylation
of the key insulin signalling pathway intermediate IRS1
(Hirosumi et al. 2002), subsequent research using mouse
models that harbour tissue specific deletion of JNKI1
and/or JNK2 have identified numerous mechanisms by
which JNKs are likely to impact on metabolism in
obesity. A crucial tool in the elucidation of the cell and
tissue specific effects of JNKs has been the generation
of conditional JNK1 and JNK2 alleles harbouring LoxP
sites. When these so-called ‘floxed mice are crossed with
mice expressing the enzyme Cre recombinase under the
control of cell/tissue specific promoters it allows for
targeted excision of the gene of interest, i.e. JnukI and
Jnk2. These mice have been invaluable in elucidating
the different roles that JNKs play and much of the
succeeding discussion pertains to studies that have used
these mice to assess the roles of JNKs in specific cells and
tissues.
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The role of JNKs in adipose tissue

Chronic inflammation within adipose tissue is a hallmark
of obesity and plays an important role in the impaired
glucose metabolism and insulin resistance that occurs
in obesity (Osborn & Olefsky, 2012; McNelis &
Olefsky, 2014). Adipose tissue inflammation is highly
multifactorial, consisting of the recruitment of many
immune cell types, the production of a wide array of
secreted products including pro-inflammatory cytokines,
e.g. TNFaq, IL-18, interferon y (IFNy) and IL-6, proteases,
nitric oxide and an increase in the local concentration
of free fatty acids (Osborn & Olefsky, 2012; McNelis
& Olefsky, 2014). This pro-inflammatory environment
impairs adipocyte insulin action, which has effects at
peripheral tissues such as the liver (Perry et al 2015).
Given that JNK activation is downstream of many of
these pro-inflammatory factors, the activation of JNK
within the adipocyte may be an important mechanism
of inflammation-induced adipocyte insulin resistance.
Indeed, the deletion of JNK1 specifically within adipocytes
using a mouse model in which Cre-recombinase is
expressed under the control of the AP2 promoter improved
adipocyte insulin action in HF fed mice (Sabio et al. 2008).
Furthermore, adipocyte-specific JNK1 deletion improved
hepatic insulin action in a mechanism that was dependent
on the production of IL-6 (Sabio et al. 2008). Specifically,
adipocyte deletion of JNK1 in HF fed mice reduced the
expression of IL-6 within the adipose tissue and decreased
plasma concentrations of IL-6. This was associated with a
reduction in the expression of the classical IL-6 target gene
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suppressor of cytokine signalling 3 (SOCS3) in the liver
(Sabio et al. 2008), an effect that was reversed upon the
administration of recombinant IL-6 to adipocyte JNK1
KO mice (Sabio et al. 2008). Importantly, SOCS3 has pre-
viously been linked to the development of hepatic insulin
resistance (Galic et al. 2014). Of note, deletion of JNK1
from adipocytes did not affect the development of obesity,
demonstrating that adipocyte JNK1 is not responsible for
the protection against obesity observed in global JNK1
KO mice (Sabio et al. 2008). (A summary of these findings
is shown in Fig. 1.) However, the detrimental effects of
the above described hepatic IL-6 signalling on insulin
resistance have been challenged using mice that lack
the IL-6 receptor o specifically in the liver (Wunderlich
et al. 2010). It should be noted that the use of the AP2
promoter to drive Cre-mediated gene recombination is
not specific to white adipose tissue and results in efficient
deletion of JNK1 from brown adipose tissue (Sabio et al.
2008). Furthermore, AP2-Cre has shown to be active in
macrophages and regions of the peripheral and central
nervous systems (CNS) (Furuhashi & Hotamisligil, 2008;
Martens ef al. 2010). Given the important roles of both
brown adipose tissue and regions of the CNS in whole
body metabolism, a degree of caution should be exercised
in attributing the effects observed by Sabio et al. (2008)
to the deletion of JNKI1 solely within adipocytes of the
white adipose tissue. Findings for the role of JNKI in
adipose tissue will need to be confirmed by the use of
the AdipoQ-Cre mouse, which results in ablation of JNK1
signalling specifically in adipose tissue.

Glycerol

FFA \

JNK

IL_G H OH

Hyperglycaemia

Figure 1. The roles of macrophage and adipocyte JNK in the development of obesity-associated

metabolic disruption

Macrophage JNK plays a critical role in the polarisation of macrophages to the M1, pro-inflammatory state,
leading to enhanced production of pro-inflammatory factors such as IL-18, TNFa and IL-6. These factors are likely
to induce impaired glucose metabolism and insulin resistance in a number of ways. For example, macrophage
JNK-dependent IL-6 production induces adipocyte lipolysis, resulting in enhanced liver glucose production (see
text for details). JNK activation within adipocytes similarly increases IL-6 production, potentially impacting on
systemic metabolism in a similar manner to that of macrophage JNK activation. The up-regulation of SOCS3 by
INK-dependent, adipocyte-derived IL-6 may also lead to hepatic insulin resistance.

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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The role of JNKs in macrophages

Macrophages were the first immune cell type to be
implicated in the development of obesity-associated
adipose tissue inflammation (Weisberg et al. 2003),
and, given the importance of JNKs as regulators of
inflammatory cytokine production, it was hypothesised
that JNKs in macrophages may play an important role
in the development of obesity-induced inflammation,
impaired glucose metabolism and insulin resistance.
Initial studies on the role of JNKs in macrophages used
the bone marrow transplantation (BMT) model in which
bone marrow from donor mice, i.e. JNK1 KO, is trans-
planted into lethally irradiated recipient WT mice (Solinas
et al. 2007). An important consideration with the BMT
approach is that it results in the replacement of many
types of immune cells, and, given that nearly all cells of the
immune system are now implicated in the development
of obesity-associated inflammation and impaired glucose
metabolism (Osborn & Olefsky, 2012), BMT is not a
specific means of targeting macrophages. Nonetheless,
BMT studies revealed that the loss of JNK1 within the
immune system improves glucose and insulin tolerance
and reduces adipose tissue inflammation following a HFD
(Solinas et al. 2007). Of note, these improvements were
independent of obesity, as the loss of JNKI1 within the
immune system did not affect the HFD-induced accrual
of fat mass (Solinas et al. 2007). However, the results of
subsequent studies, using both the BMT approach (Sabio
et al. 2008; Vallerie et al. 2008) and myeloid cell-specific
deletion of JNK1 using Cre-LoxP technology (Sabio et al.
2008) have failed to fully support these initial results
(Solinas et al. 2007), questioning the importance of JNK1
in macrophages to the development of obesity-associated
inflammation and insulin resistance. As discussed above,
in most tissues, two JNK isoforms are present, JNK1
and JNK2, and, importantly, a large degree of functional
redundancy exists between JNK1 and JNK2. Thus, it has
been shown thatboth JNK1 and JNK2 play arole in adipose
tissue inflammation. Accordingly, to definitively address
the contribution of macrophage JNKs to the development
of obesity, inflammation and insulin resistance, mice with
a myeloid cell-specific combined deletion of both JNK1
and JNK2 (macrophage JNK KO) have been generated
(Han et al. 2013). Importantly, the combined loss of both
JNK1 and JNK2 from macrophages results in a profound
protection from obesity-induced impairments to glucose
metabolism and the development of insulin resistance, but
has no effect on HFD-induced obesity (Han et al. 2013).
Insulin action in adipose tissue, liver and skeletal muscle
is improved in macrophage JNK KO mice, highlighting
the important role of macrophage JNK activation in
mediating the deleterious effects of a HFD in multiple
insulin target tissues (Han et al. 2013). Mechanistically,
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both in vitro and in vivo, macrophage JNK KO skews the
polarisation of macrophages from the classically activated,
M1 state, towards the anti-inflammatory, M2 state. As
a consequence, the levels of pro-inflammatory cyto-
kines such as TNFw, IL-18 and IL-6 within the adipose
tissue, liver and circulation are decreased in macrophage
JNK KO mice. Collectively, these results, which have
recently been confirmed (Perry ef al. 2015), demonstrate
a critical role for macrophage JNK in the development
of many of the deleterious consequences of a HFD, such
as impaired glucose metabolism, insulin resistance and
inflammation.

With regard to how pro-inflammatory macrophages
mediate the development of insulin resistance, it has
conventionally been considered that the secreted products
of M1 macrophages, such as TNFwa, IL-18 and IL-6,
induce insulin resistance in target tissues by antagonising
key components of the insulin signalling cascade such
as IRS1 (Glass & Olefsky, 2012; Osborn & Olefsky,
2012; McNelis & Olefsky, 2014). However, the relevance
of IRS1 serine phosphorylation to the development of
impaired glucose metabolism and insulin resistance in
vivo has been questioned (Hoehn et al. 2008; Copps et al.
2010). Excitingly, a very recent study sheds new light on
the role of inflammatory macrophages and macrophage
JNK activation in the development of hepatic insulin
resistance. Fasting hyperglycaemia and an inability of
insulin to suppress hepatic glucose production are a
hallmark of impaired glucose metabolism and T2D. In
very elegant work, Perry and colleagues (2015) show
that the inability of insulin to suppress hepatic glucose
production, resulting in hyperglycaemia, is not due to
impaired insulin action in the liver, but is the result of
an inability of insulin to suppress lipolysis in the adipose
tissue. Thus, in the context of a HFD, pro-inflammatory
cytokines within the adipose tissue are likely to contribute
to elevated lipolysis in two principle ways: firstly, by
directly initiating lipolysis, and, secondly, by impairing
insulin’s ability to suppress lipolysis. The consequence of
this inflammation-dependent increase in adipose tissue
lipolysis is increased glycerol release which serves as a
substrate in gluconeogenesis, and an increase in hepatic
acetyl CoA content which allosterically activates pyruvate
carboxylase leading to the generation of oxaloacetate and
subsequent conversion to glucose. Remarkably, in mice
fed a HFD, the deletion of JNK from macrophages reduces
hepatic acetyl CoA content, pyruvate carboxylase activity
and dramatically improves the ability of insulin to suppress
hepatic glucose production. Collectively, the data support
the hypothesis that the activation of JNK in macrophages
has a crucial role in mediating obesity-associated
inflammation, leading to impaired glucose metabolism,
insulin resistance and hyperglycaemia. (A summary of the
effects of JNK in macrophages is provided in Fig. 1.)



272 M. Pal and others

The role of JNKs in the liver

The liver is a crucial glucoregulatory organ, producing
glucose during times of fasting to maintain blood
glucose concentrations. Obesity results in elevated lipid
storage and inflammation within the liver as well as
impairing the ability of insulin to suppress hepatic
glucose production leading to fasting hyperglycaemia.
Because global JNK1 deficiency in HF fed and hyper-
phagic mice lowers fasting blood glucose levels and
improves glucose tolerance (Hirosumi et al. 2002), the
liver may be an important site of JNK action. Indeed,
HFD-induced obesity causes marked JNK activation in the
liver (Hirosumi et al. 2002; Sabio et al. 2009; Vernia et al.
2014). Early studies using adenoviral delivery of shRNA
against JNK1 (Yang et al. 2007) or dominant-negative
JNK (Nakatani ef al. 2004) showed that disrupting
JNK signalling in the liver improved hepatic insulin
action and lowered fasting blood glucose levels. However,
it is important to note that these approaches (e.g.
injected adenovirus are rapidly taken up by Kupffer
cells) potentially affect JNK expression/activation in
non-parenchymal cells, and, therefore, it is difficult to
dissect the action of JNK1 signalling in hepatocytes from
potential effects in other cell types. Accordingly, to assess
JNK function in hepatocytes per se, a mouse model in
which Cre-recombinase is expressed under the control
of the albumin promoter was used to selectively delete
JNKI1 from hepatocytes (Sabio et al. 2009). Surprisingly
when mice were placed on a HFD, hepatocyte-specific
deletion of JNK1 did not prevent glucose intolerance,
fasting hyperglycaemia or hepatic insulin resistance,
compared with WT mice. However, in mice fed a
standard chow diet, hepatocyte-specific deletion of JNK1
impaired glucose tolerance, an effect that was due to
enhanced insulin clearance as a result of increased hepatic
insulin receptor expression. Furthermore, standard chow
fed mice lacking hepatic JNKI1 displayed liver insulin
resistance and steatosis. Collectively, these data suggest
that obesity-induced JNK1 activation in hepatocytes is not
required for the development of hepatic insulin resistance.
Since the deletion of JNK1 and JNK2 in adipocytes (Sabio
et al. 2008) and macrophages (Han et al. 2013) prevents
HFD-induced hepatic insulin resistance, it is possible that
obesity-induced activation of JNK in non-hepatic cells
mediates HFD-induced hepatic insulin resistance.
Nonetheless, as discussed above, considerable funct-
ional redundancy exists between JNK isoforms and,
therefore, it is possible that in the absence of hepatic JNK1
(Sabio et al. 2009), JNK2 may compensate. Alternately,
JNK2, and not JNKI, may play a predominant role in
modulating liver metabolism. To definitively address the
role of hepatic JNK in metabolism, mice with compound
deletion of both JNK1 and JNK2 in the liver were generated
(Vernia et al. 2014). Firstly, hepatocyte-specific deletion of
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JNKI1 and JNK2 led to a small but significant decrease in
fat mass following 16 weeks of HF feeding (Vernia et al.
2014). Importantly, and in contrast to hepatocyte-specific
JNK1 deletion (Sabio et al. 2009), hepatocyte-specific
deletion of both JNK1 and JNK2 significantly improved
glucose and insulin tolerance, increased hepatic insulin
action and lowered fasting blood glucose levels in HF
fed mice (Vernia et al. 2014). Moreover, while the sole
inactivation of JNK1 in hepatocytes led to hepatic steatosis
this was not observed in the double KO model. While
hepatocyte-specific deletion of JNK1 alone was without
effect on HFD-induced impaired glucose metabolism
(Sabio et al. 2009), deletion of JNK2 alone led to a
modest improvement in glucose and pyruvate tolerance,
although these effects were markedly less than that
observed in hepatocyte-specific double JNK1 and JNK2
KO mice (Vernia et al. 2014). These data demonstrate that
while JNK2, to some extent, has a non-redundant role
in mediating the deleterious metabolic consequences of
obesity, both JNK1 and JNK2 have crucial roles in this
response. To gain insight into how hepatic deletion of
JNK improves liver insulin action Vernia and colleagues
(2014) performed RNA-sequencing and gene ontology
analysis in livers from WT and hepatocyte-specific JNK1
and JNK2 KO mice and identified an association between
JNK1 and JNK2 deficiency and an up-regulation in the
expression of genes involved in oxidative metabolism and
the peroxisome proliferator-activated receptor (PPAR)
pathway. The consequence of these changes in gene
expression is enhanced mitochondrial and peroxisomal
B-oxidation, an increased capacity to oxidise fatty acids
and, in vivo, reduced HFD-induced hepatic steatosis
(Vernia et al. 2014). Given that excess lipid accumulation
within the liver can impair liver insulin action, this
increased capacity of the liver to oxidise fatty acids
and the attendant decrease in lipid storage is likely
to contribute to the improved hepatic insulin action
observed in mice lacking JNK1 and JNK2 in the
liver. While transcription factors such as PPARs control
the expression of many genes involved in fatty acid
metabolism and are critical to enhancing oxidative
metabolism, transcriptional co-repressors such as nuclear
receptor corepressor 1 (NCoR1) have an equally important
role in controlling transcriptional responses (Yamamoto
et al. 2011). Accordingly, deletion of NCoR1 in skeletal
muscle (Yamamoto et al. 2011) derepresses PPARy target
genes leading to the reprogramming of muscles fibres
from a glycolytic to an oxidative profile and increasing
oxidative mitochondrial metabolism (Yamamoto et al.
2011). In mice with hepatic deletion of JNKI and
JNK2, NCoR1 expression is decreased and this decrease
is largely responsible for the increased hepatic PPAR«x
target gene expression and improved glucose tolerance
of mice lacking JNK1 and JNK2 in the liver (Vernia
et al. 2014). Collectively, these data suggest that the

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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aberrant activation of liver JNK in obesity may, directly
or indirectly, modulate NCoR1 expression/function and
thereby restrain the expression of PPAR«a-target genes
involved in oxidative metabolism, limiting the ability of
the liver to oxidise dietary fatty acids and resulting in
hepatic steatosis and impaired hepatic insulin action.
Conversely, deletion of liver JNK in the context of obesity
allows for an up-regulation of PPAR« target genes, such as
those involved in oxidative metabolism, fibroblast growth
factor (FGF)21 and ketogenesis via a decrease in NCoR1
expression, resulting in enhanced liver oxidative capacity,
decreased liver lipid storage and improved hepatic insulin
action. (A summary of the effects of JNK deletion in the
liver is provided in Fig. 2.)

The role of JNKs in the skeletal muscle

Skeletal muscle is one of the largest tissues of the human
body, is a major site of post-absorptive glucose disposal,
and, accordingly, plays a key role in the control of whole
body glucose metabolism. It is worth noting that skeletal
muscle, unlike adipose tissue, liver and macrophages,
appears somewhat resistant to the pro-inflammatory
effects of obesity. For example, activation of nuclear
factor kB (NF«B), a transcription factor that controls
pro-inflammatory gene expression, in skeletal muscle
has no effect on glucose tolerance or insulin sensitivity,
but rather induces a skeletal muscle wasting phenotype
(Cai et al. 2004). Similarly, while endoplasmic reticulum
(ER) stress, an important cellular process that promotes
obesity-induced inflammation, is prevalent in adipose
tissue and liver of obese mice, skeletal muscle appears to
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liver in the context of obesity

T Ketogenesis
Mitochondria

'@
4 NCor1 FA.

Lipid T Insulin
S “storage action
—

T Peroxisomes/
microsomes

TPPARa e.g. Acadm,

Acad|

e.g. Acox1c, Ehhadh

Cyp4a10, Cy4ail4

The Journal of

Physiology

Figure 2. The effect of liver-specific JNK deletion on
obesity-associated metabolic disruption

Combined JNK1 and JNK2 deletion in hepatocytes leads to a
derepression of PPAR«x target gene expression as a result of
decreased NCor1 expression. The consequence of this increase in
PPAR« target genes is enhanced fatty acid oxidation, ketogenesis
and improved insulin sensitivity.
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be resistant to the induction of ER stress in obesity (Ozcan
et al. 2004). Nonetheless, JNKs are activated by obesity in
skeletal muscle and, therefore, may potentially impact on
skeletal muscle glucose metabolism (Hirosumi et al. 2002;
Sabio et al. 2010b; Pal et al. 2013). In an initial study, the
over-expression of a constitutively active (CA) JNK, but
not WT JNK, construct specifically in the tibialis anterior
muscle of mice led to a reduction in insulin-stimulated
glucose clearance (Henstridge et al. 2012). However, using
a transgenic mouse model in which CA JNK is specifically
expressed only in skeletal muscle tissues, resulting in
comparable levels of JNK activity to that observed in
the skeletal muscle of HF fed mice, no effect of skeletal
muscle-specific CA JNK on the development of obesity,
glucose tolerance or insulin sensitivity could be observed
(Pal et al. 2013). However, both of these studies pre-
sent a somewhat non-physiological experimental model,
the results from which may not reflect the function of
endogenous JNKs in obesity. Accordingly, to define the
role of skeletal muscle JNKs in obesity, two studies from
independent laboratories have used mouse models in
which Cre recombinase is expressed under the control of
the muscle creatine kinase (Mck) promoter to delete JNK1
specifically from skeletal muscles (Sabio et al. 2010b; Pal
etal.2013). Firstly, in both studies, skeletal muscle-specific
deletion of JNK1 did not affect the development of
HFD-induced obesity (Sabio et al. 2010b; Pal et al. 2013).
However, while Pal et al. observed no effect of skeletal
muscle-specific JNK1 deletion on any indices of glucose
metabolism or insulin sensitivity, Sabio et al. observed a
more complex phenotype. Consistent with the idea that
the activation of JNK in skeletal muscle may negatively
impact on skeletal muscle insulin action, mice lacking
JNK1 in their skeletal muscles were more insulin tolerant
and had improved muscle insulin sensitivity (Sabio et al.
2010b). However, skeletal muscle-specific JNK1 KO mice
had increased hepatic steatosis following either a standard
chow diet or HFD as well as an increase in macrophage
recruitment into adipose tissue (Sabio et al. 2010b), both
of which would be expected to impair insulin action at
these tissue sites. Overall, these findings from separate
laboratories and using models of JNK1 deletion and
over-expression present an ambiguous picture of the
role of skeletal muscle JNKs in obesity and metabolic
regulation. These discrepancies may reflect differences in
the gene targeting strategies used to generate the ‘floxed
JNK1 allele or differences in laboratory/experimental
conditions. Of note, skeletal muscle specific disruption
of IKKp signalling had no effect on the development of
obesity and glucose intolerance, indicating a minor role
for stress-signalling pathways in skeletal muscle tissue
under obese conditions (Rohl et al. 2004). As has been
observed in many other tissues in which JNKs have been
deleted, compensation by remaining JNK isoforms may
mask the effects of deletion of a single JNK isoform.



274 M. Pal and others

Accordingly, deletion of both JNK1 and JNK2 in skeletal
muscle may be required to elucidate whether JNKs in
skeletal muscle play an important role in obesity-induced
metabolic disruption.

Finally, consistent with the idea that JNK1 in skeletal
muscle may not play an important role in obesity-induced
muscle insulin resistance, intramyocellular JNK signalling
appears to play an important role during exercise
(Whitham et al. 2012). During contraction, IL-6 is
produced in skeletal muscle and released into the
circulation as a myokine to alter the metabolism of
many organs including the adipose tissue and liver and
is responsible for the observed insulin-sensitizing effects
following exercise (for review, see Pedersen & Febbraio,
2008). Importantly, the increase in skeletal muscle IL-6
gene expression following exercise is dependent on intact
signalling via JNK1 (Whitham et al. 2012).

The role of JNKs in the hypothalamus and pituitary

While it is well established that obesity leads to JNK
activation in a number of peripheral tissues, such as the
adipose tissue (Hirosumi et al. 2002; Han et al. 2013),
skeletal muscle (Hirosumi et al. 2002; Sabio et al. 2010b;
Pal et al. 2013) and liver (Hirosumi et al. 2002; Sabio
et al. 2009; Vernia et al. 2014), more recent studies
clearly show that JNKs are also activated in the hypo-
thalamus (Belgardt et al. 2010; Tsaousidou et al. 2014)
and pituitary (Belgardt et al. 2010) in obese mice. From
a metabolic perspective, perhaps the most pronounced
phenotypic aspects of global JNK1 KO mice are the
profound protection from HFD-induced obesity and
impaired glucose metabolism. While the development
of obesity and impaired glucose metabolism are often
inextricably linked, studies of the selective deletion of
JNK1 and JNK2 in adipose tissue, macrophages, liver and
skeletal muscle have revealed that while the tissue-specific
deletion of JNKs can completely prevent the deleterious
effects of obesity on impaired glucose metabolism, they do
not affect the development of obesity per se, and raise the
question in which tissue/cell type does the deletion of JNKs
prevent obesity? Given the important roles of both the
hypothalamus and pituitary in the control of whole body
metabolism, two early studies addressed the contribution
of JNK1 in the central nervous system and pituitary to the
development of obesity and impaired glucose metabolism
(Belgardt et al. 2010; Sabio et al. 2010a). Importantly,
deletion of JNK1 within central nervous system and
pituitary did not prevent HFD-induced obesity, rather, the
most prominent feature of CNS/pituitary-specific JNK1
KO mice was decreased somatic growth, as indicated by
both decreased fat and lean mass, irrespective of diet,
as well as decreased body length (Belgardt et al. 2010;
Sabio et al. 20104). It is likely that CNS/pituitary-specific
JNK1 deletion mediates these effects via decreased growth
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hormone (GH) and, consequently, reduced insulin-like
growth factor (IGF)1 production from the liver (Belgardt
et al. 2010; Sabio et al. 2010a), critical factors in somatic
growth. Consistent with altered pituitary function,
CNS/pituitary-specific JNK1 KO mice displayed activation
of the hypothalamus—pituitary—thyroid axis, as indicated
by increased circulating thyroid stimulating hormone
(TSH), T3 and T4 levels, as well as increased expression
of TSHB and the thyroid releasing hormone receptor
(TRHR) within the pituitary. Collectively these data
point to a major role of JNK1 in the control of the
pituitary—thyroid axis. With regard to the effects of
CNS/pituitary-specific JNK1 deletion on whole body
metabolism, CNS/pituitary-specific JNK1 KO mice have
improved glucose and insulin tolerance, increased energy
expenditure, enhanced liver insulin action, reduced
fasting blood glucose concentrations and reduced lipid
accumulation in both brown adipose tissue and liver
(Belgardt et al. 2010; Sabio et al. 2010a). However, given
the wide ranging effects of CNS/pituitary-specific JNK1
deletion, including effects on somatic growth, thyroid
function and hypothalamic insulin sensitivity, it is difficult
to establish which of these effects has a primary role in
mediating the observed protection against the deleterious
metabolic consequences of a HFD.

Given the increased activation of the pituitary—thyroid
axis that was observed in CNS/pituitary-specific JNK1 KO
mice (Belgardt et al. 2010; Sabio et al. 2010a), and the
known wide-ranging effects of thyroid hormone (TH) on
metabolism (Mullur et al. 2014), Vernia and colleagues
examined the function of JNK specifically within the
anterior pituitary gland. Importantly, compound deletion
of both JNKI1 and JNK2 in the pituitary using the
glycoprotein hormone «-subunit promoter to drive
Cre-recombinase expression did not affect JNK1 or JNK2
expression in the hypothalamus or other regions of
the brain (Vernia et al. 2013). Remarkably, anterior
pituitary-specific deletion of JNK1 and JNK2 largely
prevented HFD-induced obesity (Vernia et al. 2013),
phenocopying the protection from obesity observed
in global JNK1 KO mice (Hirosumi et al 2002).
Importantly, lean mass and animal length was not
altered in pituitary-specific JNK KO mice, demonstrating
that somatic growth was unaffected. In addition to
effects on obesity, pituitary-specific deletion of JNK
improved glucose tolerance and reduced fasting glucose
and insulin levels. It may be questioned why deletion
of JNK1 and JNK2 within the anterior pituitary pre-
vented HFD-induced obesity but JNK1 within both the
pituitary and CNS did not. Again, as described above,
this is likely to be a case of redundancy, with loss of
one JNK isoform being compensated for by the other.
Indeed, loss of either JNKI or JNK2 specifically within
the anterior pituitary did not prevent HFD-induced
obesity (Vernia et al. 2013). Consistent with previous

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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studies (Belgardt et al. 2010; Sabio et al. 20104), the
deletion of JNK specifically within the anterior pituitary
increased circulating TSH, T3 and T4 levels (Vernia
et al. 2013). Importantly, in support of a causal role of
increased TH levels in preventing HFD-induced obesity
and impaired glucose metabolism, treatment of anterior
pituitary-specific JNK KO mice with propylthiouracil,
an inhibitor of thyroperoxidase and thereby reducing
TH production, completely prevented protection from
HFD-induced obesity and impaired glucose metabolism
(Vernia et al. 2013). TH has many effects on metabolism,
including effects on basal metabolic rate and adaptive
thermogenesis, with TH stimulating both (Mullur et al.
2014). Given the important contributions of basal
metabolic rate and adaptive thermogenesis to energy
expenditure it is significant that energy expenditure is
increased in anterior pituitary-specific JNK KO mice,
independently of physical activity and food intake,
and that this increase is prevented by propylthiouracil
(Vernia et al. 2013). Collectively, these data argue that
the deletion of JNK within the anterior pituitary pre-
vents HFD-induced obesity and its associated metabolic
disruptions as a result of TH-dependent increases in
energy expenditure. (A summary of the effects of JNK
in the anterior pituitary is provided in Fig. 3.)

While the Nestin-Cre transgenic mice used to mediate
deletion of JNK1 within the CNS and pituitary results in
JNK1 deletion in multiple regions of the brain such as the
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Figure 3. The role of JNK activation in the anterior pituitary
Obesity activates JNKs in the anterior pituitary, leading to activation
of the AP1 family of transcription factors and increased expression of
the AP1 target gene, type 2 iodothyronine deiodinase (DIO2).
Increased DIO2 leads to increased negative feedback regulation of
thyroid-stimulating hormone (TSH) production, resulting in
decreased thyroid hormone (TH) production, increased energy
expenditure and the development of obesity.
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cortex, cerebellum, hippocampus, medulla oblongata and
hypothalamus, insulin action on hypothalamic neurons in
particular is known to be a critical regulator of food intake
and plays a key role in body weight regulation and glucose
homeostasis. Of note, CNS/pituitary-specific JNK1 KO
mice have increased hypothalamic insulin sensitivity as
shown by an increased sensitivity to the anorectic effects
of intracerebroventricular insulin administration as well
as enhanced hypothalamic phosphorylation of protein
kinase B (AKT) (Belgardt et al. 2010), indicating that
JNK1 within hypothalamic neurons may play a role in
the regulation of feeding behaviour and potentially whole
body metabolism.

By responding to hormonal cues, agouti-related peptide
(AgRP)-expressing neurons within the hypothalamus play
a key role in the regulation of body weight and glucose
homeostasis and, interestingly, Tsaousidou and colleagues
recently demonstrated that a HFD triggers the activation
of JNK within AgRP neurons (Tsaousidou et al. 2014).
To examine the consequences of JNK activation within
AgRP neurons, mice expressing constitutively active (CA)
JNK specifically within AgRP neutrons were generated
(Tsaousidou et al. 2014). Importantly, mice expressing
AgRP neuron-specific CA JNK showed reduced activation
of signal transducer and activator of transcription 3
(STAT3) and a failure to suppress food intake and reduce
body weight following leptin administration, indicative of
leptin resistance (Tsaousidou et al. 2014). Furthermore,
AgRP neuron-specific CA JNK expressing mice had an
increase in body weight and fat mass when fed a standard
chow diet, although this did not result in impaired insulin
or glucose tolerance (Tsaousidou et al. 2014). Collectively,
these data demonstrate that HFD activates JNK signalling
in the hypothalamus within neurons that play a critical
role in feeding behaviour and the control of body weight.

JNK activation in obesity in humans

While activated JNKs undoubtedly play a number of
important roles in mediating the deleterious metabolic
consequences associated with obesity in mice, whether
JNKs play similar roles in humans is unknown. However,
evidence from human studies demonstrates that JNKs
are activated in several metabolically important sites
in human obesity. Specifically, increased JNK activation
has been reported in skeletal muscle biopsies obtained
from obese, insulin-resistant individuals compared with
lean, insulin-sensitive controls (Chung et al. 2008;
Carvalho et al. 2013). Additionally, biopsies of sub-
cutaneous adipose tissue have shown increased levels of the
active, phosphorylated form of JNK in obese individuals
compared to lean controls (Boden et al. 2008; Carvalho
et al. 2013). Furthermore, weight loss and concomitantly
improved insulin sensitivity, induced via gastric bypass
surgery, resulted in a decrease in active, phosphorylated
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Table 1. Metabolic phenotype of tissue-specific INK KO mice when fed a HFD

Global JNK Adipose-JNK Macrophage-JNK Liver-JNK Muscle-JNK Pituitary-JNK
Phenotype Ko! KO? KO3 Ko4 KO>6 Ko7’
Adiposity Wl = <~ J < Wl
Glucose tolerance M1 < R0 " PES 41
Fasting hyperglycaemia Wl < A W PAN Wl
Hepatic steatosis — W W W 4 NN

THirosumi et al. (2002); 2Sabio et al. (2008); 3Han et al. (2013); #Vernia et al. (2014); >Sabio et al. (2010); ¢Pal et al. (2013); ’Vernia
et al. (2013). The number of arrows (1) indicates the magnitude of the effect on the indicated parameters. — indicates parameter

was not investigated. <> indicates no difference.

JNK levels in subcutaneous abdominal adipose tissue
biopsies (Gregor et al. 2009; Carvalho et al. 2013). Finally,
active, phosphorylated JNKlevels in subcutaneous adipose
tissue display a significant inverse relationship with insulin
sensitivity as assessed by hyperinsulinaemic—euglycaemic
clamp (Sourris et al. 2009). These data are all supportive
of a role for JNKs in human obesity and its associated
metabolic consequences.

Summary and future directions

The initial description of protection from obesity,
impaired glucose metabolism and insulin resistance in
mice lacking JNK1 in all cells and tissues was a harbinger
for a great many studies that have subsequently identified
mechanisms by which JNKs are activated in obesity as
well as those that have attempted to identify precise roles
for JNKs in numerous different tissues. A summary of
the described JNK KO animals is provided in Table 1.
Human studies have furthermore revealed that the JNK
pathway is also activated in obese and insulin-resistant
humans. However, animal work has clearly established the
mechanisms by which increased JNK activity contributes
to metabolic disorders. JNK activation primarily in the
anterior pituitary but also the liver contributes to the
development of obesity. JNK activation within the liver
also represses activation of the nuclear hormone receptor
PPARw, thereby decreasing the expression of genes
that mediate fatty acid oxidation and ketogenesis. JNK
activation in macrophages leads to polarisation towards
the pro-inflammatory M1 state resulting in increased
pro-inflammatory cytokine production and metabolic
disruption to several tissues. While the studies to date
have provided a remarkably detailed analysis of the role
of JNKs in obesity and disrupted metabolic homeostasis,
one key site that has not been examined are the pancreatic
B-cells. For T2D to develop the pancreatic -cells must fail
to fully compensate for the decline in insulin sensitivity
and the continuing progression of T2D is largely the
result of a continual fall in pancreatic B-cell function
(Kahn et al. 2006). JNKs are activated in pancreatic islets
by numerous stimuli and several studies using cultured
islets have demonstrated that inhibition of JNK prevents

pancreatic B-cell apoptosis (Ammendrup et al. 2000;
Major & Wolf, 2001; Maedler et al. 2008; Subramanian
et al. 2012); however, formal in vivo genetic proof of the
pathogenic role of JNKs in the loss of pancreatic 8-cells in
models of T2D is lacking. Traditional wild type strains of
mice, e.g. HF fed C57Bl/6 mice or genetically obese ob/ob
mice, even though they become very obese and severely
insulin-resistant, do not develop pancreatic S-cell failure.
A hallmark of T2D in humans is the accumulation of islet
amyloid which is associated with loss of pancreatic 8-cell
mass and function. Mice expressing the amyloidogenic
human form of islet amyloid polypeptide (IAPP) have
a loss of pancreatic B-cell mass and deletion of JNKI1
and/or JNK2 in this rodent model of T2D would be of
considerable interest.

Finally, as discussed above, JNKs have a major role
in macrophage polarisation and skewing towards the
pro-inflammatory M1 phenotype plays an important
role in obesity-induced inflammation. Given that a wide
range of immune cells are now known to be involved
in obesity-associated inflammation and the development
of impaired glucose metabolism, such as CD8T
T lymphocytes (Nishimura et al. 2009), B lymphocytes
(Winer et al. 2011), neutrophils (Talukdar ef al. 2012) and
NK cells (Wensveen et al. 2015), and that analogous states
of polarisation exist in many of these cell types, e.g. Thl
and Th2 lymphocytes, it will be of interest to determine
whether the activation of JNK in these cells is critical to
their deleterious functions in the context of obesity and
disrupted metabolic homeostasis.
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