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Abstract

Metabolic adaptation to environmental changes is crucial for the long-term survival of an
organism. Signaling mechanisms that govern this adaptation thus influence lifespan. One such
mechanism is the insulin/insulin-like growth factor signaling (11S) pathway, a central regulator of
metabolism in metazoans. Recent studies have identified the stress-responsive Jun-N-terminal
kinase (JNK) pathway as a regulator of 1S signaling, providing a link between environmental
challenges and metabolic regulation. JNK inhibits IS activity and, thus, promotes lifespan
extension and stress tolerance. Interestingly, this interaction is also at the center of age-related
metabolic diseases. Here, we review recent advances illuminating the mechanisms of the INK--11S
interaction and its implications for metabolic diseases and lifespan in metazoans.

Insulin/IGF signaling and the control of lifespan

Invertebrates exhibit dramatic metabolic adaptation to environmental challenges, responding
to oxidative stress, starvation, low or high temperatures and other stressors by curtailing
reproduction, anabolism and growth. This so-called diapause is commonly believed to
enable the transfer of energy resources from growth and reproduction to somatic
maintenance under deleterious environmental conditions [1,2]. Although metabolic
responses to environmental changes are less pronounced in vertebrates, extensive work over
the past decade has established considerable similarities in the regulation of metabolic
adaptation in invertebrates and the control of metabolic homeostasis in vertebrates. In
particular, the impact of these regulatory mechanisms on lifespan was found to be
conserved.

Insulin/IGF signaling and lifespan in flies and worms

Genetic studies in the nematode Caenorhabditis elegans and the fruitfly Drosophila
melanogaster have established that genes involved in the endocrine regulation of diapause
influence lifespan and stress tolerance of the adult organism under optimal conditions. A
major regulator of both diapause and longevity identified in these studies is the insulin/IGF
signaling (11S) pathway. Worms carrying strong loss-of-function alleles for the insulin-
receptor homolog dauer formation-2 (daf-2), for example, enter larval diapause (‘dauer’
state) even under favorable environmental conditions, whereas animals carrying weaker
loss-of-function alleles for daf-2 are temperature-sensitive for dauer formation and have
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dramatically longer adult lifespans than wild-type counterparts at all temperatures [3-7].
Similarly, inactivation of daf-2 in adulthood using RNA.i results in lifespan extension [3—6].

The two physiological consequences of daf-2 repression, dauer induction and extended
lifespan, are mediated by the transcription factor DAF-16, the homolog of mammalian and
Drosophila Forkhead Box O (FoxO) proteins [5,8,9]. DAF-16 is retained in the cytoplasm
and inactivated in response to IIS. Signal transduction through the canonical 11S pathway
results in Akt-mediated phosphorylation of DAF-16 and subsequent interaction with 14-3-3
proteins, which mediate its cytoplasmic retention [10-16] (Figure 1). In 1S mutants,
elevated DAF-16 activity induces the expression of DAF-16 target genes that encode cell-
cycle inhibitors, growth regulators, anti-oxidant proteins and DNA-repair molecules [4,17-
20].

The regulation of metabolic adaptation by 1IS is evolutionarily conserved, highlighting its
importance for the fitness of the organism [2,21-23]. Flies and mosquitoes, for example,
undergo reproductive diapause under unfavorable conditions (such as short day length and
low temperature), and this transition correlates with reduced IS activity [1,24-26]. Insulin
signal transduction in Drosophila proceeds through the canonical pathway of conserved
molecules (the insulin receptor, InR; insulin-receptor substrate, IRS (Chico in Drosphila);
phosphatidylinositol-dependent kinase, PI3Kinase; protein kinase B (also called Akt); 14—
3-3; and the Drosophila Forkhead Box O transcription factor, dFoxO) and regulates
lifespan, stress tolerance, metabolic homeostasis and growth [27-29] (Figure 1). Lifespan
and oxidative stress tolerance are increased significantly in fly mutants for InR [30] and
chico [31] and in flies overexpressing dFoxO [32,33]. These beneficial effects of reduced
I1S activity come at a cost, however, because reduced 1S signaling results in impaired
growth and metabolic homeostasis [27,30-35].

IIS and lifespan in vertebrates

Considerable similarities also exist between the regulation of diapause in lower organisms
and mechanisms that curtail anabolic functions in response to environmental and intrinsic
stress signals in vertebrates [22]. The IIS pathway in vertebrates diverged into the insulin-
like growth factor (IGF)- and insulin-signaling pathways, indicating potentially specific
functions for each of these pathways in regulating metabolic adaptation, longevity and stress
tolerance. Although this divergence is well documented for IGF or insulin effects on growth
and metabolic control [36,37], current findings indicate that both pathways can also
influence longevity in mice [38,39].

Mammalian FoxO homologs can induce metabolically dormant states in mammalian cells
while increasing cytoprotective gene expression [40,41]. They are also known to promote
DNA repair and prevent oxidative damage accumulation in quiescent cells [42,43]. Recent
work in mouse hematopoietic stem cells further indicates that FoxO proteins are crucial for
maintaining regenerative potential of stem cell populations in aging vertebrates [44-46]. The
impact of reduced I1S activity and, thus, increased FoxO-mediated cytoprotection on
lifespan has been tested in mice; inactivation of the insulin receptor in adipose tissue, as well
as systemic reduction of IGF-1 signaling, results in increased lifespan [38,39,47].
Furthermore, reducing insulin-receptor substrate-2 (IRS-2) throughout the body or reducing
IRS-2 specifically in the brain extends lifespan of mice [48]. Along the same lines, lower
IGF activity has been found in human centenarians, indicating a similar role for 1S activity
in regulating lifespan in humans [49].
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Regulation of lifespan by JNK--IIS interactions

Although reduced 1S activity is well established as beneficial for overall stress tolerance
and longevity in vertebrates and invertebrates, the mechanism(s) by which 1IS activity is
regulated in response to stress is only beginning to be understood. In mammalian cell
culture, oxidative stress causes nuclear translocation of FoxO [50,51]. Similarly, C. elegans
and Drosophila FoxO homologs are translocated to the nucleus in response to a variety of
environmental insults [11,35,52]. In the nucleus, FoxO not only induces expression of
cytoprotective genes but also induces expression of cell-cycle inhibitors and translational
repressors [18,35,42,51,52]. FoxO thus emerges as a central, evolutionarily conserved hub in
the cellular stress response that is necessary to balance anabolic processes with repair and/or
maintenance mechanisms. One signal that promotes FoxO activation in response to
environmental stress has been identified as the Jun-N-terminal kinase (JNK)-signaling
pathway [53-55]. In the following section, we discuss the genetic and molecular interactions
between 11S- and JNK-signaling pathways identified to date, in addition to the significance
of these interactions in regulating longevity and metabolic homeostasis.

Regulation of stress tolerance and lifespan by JNK signaling

JNK is an evolutionarily conserved stress-activated protein kinase (SAPK) that is induced
by a range of intrinsic and environmental insults (e.g. UV irradiation, reactive oxygen
species, DNA damage, heat and inflammatory cytokines) (Figure 1). It is activated by a
mitogen-activated protein (MAP) kinase cascade and ultimately regulates transcription
factors that lead to changes in gene expression. JNK activation has highly context-dependent
consequences for the cell, ranging from apoptosis over morphogenetic changes to increased
survival [56-59].

Interestingly, moderate activation of JNK signaling results in increased stress tolerance and
extended lifespan in flies and worms. Flies heterozygous for the JINK phosphatase Puckered
(puc), or in which the JNK kinase Hemipterous (JNKK/Hep) is overexpressed in neuronal
tissue, are resistant to the oxidative-stress-inducing compound Paraquat [60]. Similarly,
JNKK/Hep mutant flies exhibit increased stress sensitivity and are deficient in their ability
to induce a transcriptional stress response [60]. Supporting the protective role for INK
signaling in flies, puc heterozygotes or Hep-overexpressing animals are long-lived under
normal conditions [60,61].

Similar consequences of JNK activation have been described in C. elegans. Worms with
increased JNK activity caused by inhibition of the INK phosphatase VH1 dual-specificity
phosphatase are protected against heavy metal toxicity, and overexpression of JNK increases
lifespan under normal conditions [54,62].

Crosstalk between 1IS and JNK signaling

The protective effects of INK signaling described above are mediated by DAF-16/FoxO,
indicating an antagonism between 11S and JNK signaling in worms and flies [54,55] (Figure
1). Findings that support a role for DAF-16/FoxO downstream of JNK signaling include that
expression of INK-responsive genes is reduced in dfoxO mutant flies and that reducing the
dfoxO gene dose is sufficient to repress INK-induced growth inhibition and apoptosis
[55,63]. Activation of JNK can, furthermore, dominantly suppress 11S-induced cell growth
and induce nuclear translocation of FoxO. In addition, the long lifespan of puc heterozygotes
is reverted to wild-type levels when dfoxO loss-of-function alleles are introduced [55,63]. In
C. elegans, JNK activation also results in nuclear translocation of DAF-16, and functional
DAF-16 is required for INK-mediated lifespan extension [54,64,65]. Activation of FoxO
proteins by JNK has further been described in mammalian cells, indicating that the

Trends Endocrinol Metab. Author manuscript; available in PMC 2011 November 30.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Karpac and Jasper

Page 4

interaction between I1S and JNK signaling is conserved [53,66]. Similar to IS loss-of-
function conditions, FoxO thus has a crucial role in promoting lifespan extension and stress
tolerance when JNK is activated.

Interestingly, the antagonism between 11S and JNK signaling seems to be mediated by
molecular interactions at multiple levels within the two pathways, as well as by endocrine
mechanisms (Figures 1 and 2 and Table 1). In vertebrates, INK phosphorylates the insulin-
receptor substrate (IRS), inhibiting insulin signal transduction [67,68]; JNK can also activate
FoxO4 directly by phosphorylation [53]. Recent studies further indicate that phosphorylation
of 14-3-3 proteins by JNK results in release of their binding partners, including FoxO,
which then translocates to the nucleus [69-71] (Figure 1). The exact mechanisms of
interaction between JNK and I1S in invertebrates have not been extensively addressed.
Although C. elegans JNK was shown to phosphorylate DAF-16 [54], no homolog for IRS
proteins has been identified in worms. Furthermore, sequence alignment shows that the JNK
phosphorylation site in mammalian IRS proteins (Ser307 of human IRS-1 [63]) is not
conserved in Drosophila Chico. The same divergence occurs in FoxO; JNK phosphorylation
sites identified in mammalian FoxO4 (Thr447 and Thr451 of human FoxO4 [53]) are not
conserved in either DAF-16 or Drosophila FoxO. The JNK phosphorylation sites on
mammalian 14-3-3 proteins (Ser184 in 14-3-3( and Ser186 in 14-3-3c [69-71]), however,
are conserved in Drosophila 14-3-3¢ and 14-3-3¢, as well as in the C. elegans 14-3-3
homolog PAR-5 (but not in the other 14-3-3 homolog, Ftt-2), indicating that similar
interactions might exist in flies and worms.

Although the overall antagonism between JNK and IIS seems to be evolutionarily ancient,
the exact mechanism by which this antagonism is achieved seems to have diverged in
vertebrates. Detailed analysis of signal crosstalk between JNK signaling and I1S in both
vertebrates and invertebrates thus seems crucial to establish the relative importance of the
various mechanisms for the INK-IIS interaction in humans and, ultimately, to identify
promising targets for rational therapies of metabolic diseases.

Endocrine control of IIS activity by JNK signaling

An additional mechanism by which JNK signaling antagonizes I1S in vertebrates and flies is
through its ability to repress insulin and insulin-like peptide transcription in insulin-
producing cells (B cells in mammals and neurosecretory cells in flies) [55,72]. INK signaling
thus systemically represses I1S activity, enabling coordinated metabolic adaptation of
insulin-target tissues to environmental changes and extending lifespan of flies [55]. This
mechanism is part of a complex system of endocrine interactions between insulin-producing
tissues, fat-storing tissues and peripheral insulin-target tissues that regulate lifespan [22].

Endocrine control of metabolic adaptation and lifespan was initially characterized in worms:
ablation of ASI neurons (two chemosensory neurons located in the head of C. elegans)
promotes dauer formation [73]. These neurons express the insulin-like peptide DAF-28,
which is repressed in response to starvation and dauer pheromone [74]. Of note, a role for
JNK signaling in this repression has not yet been tested. These effects of DAF-28 repression
on dauer formation are mediated in part through the 11S pathway and DAF-16 [74]. Systemic
control of 11S-pathway activity by varying levels of DAF-28 expression thus influences
DAF-16 function in peripheral tissues, regulating metabolic homeostasis and lifespan.
Confirming a role for peripheral DAF-16 activity in regulating lifespan, it was found that
DAF-16 expression in the intestine is sufficient to extend lifespan [75]. The intestine is also
the major fat-storing tissue in the worm, indicating that DAF-16 function in adipose tissue is
crucial for lifespan regulation [75].
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Similar effects have been described in Drosophila, in which ablation of neurosecretory
insulin-producing cells (IPCs) is sufficient to extend lifespan [76,77]. As in worms,
overexpression of FoxO in the peripheral fat body also leads to lifespan extension
accompanied by apparent feedback repression of insulin-like peptide gene expression in
IPCs [32,33].

Highlighting the similarity between endocrine mechanisms ensuring systemic metabolic
adaptation in invertebrates and in vertebrates, it was found that deletion of the insulin
receptor (and thus activation of FoxO) specifically in adipose tissue of mice extends lifespan
[38]. The consequences of INK-mediated repression of insulin production in pancreatic
cells for lifespan of mammals have not yet been addressed.

Taken together, these findings support the notion that complex, evolutionarily conserved,
endocrine interactions between insulin-producing and insulin-target tissues influence
metabolic homeostasis and lifespan. Stress signaling through JNK seems to be an integral
part of this regulatory network. The exact nature of the endocrine factors mediating these
interactions (in particular the feedback regulation of insulin-like peptide transcription by
adipose tissue) remains to be resolved, but studies focusing on the etiology of diabetes and
the metabolic syndrome point to a variety of potential cytokines and lipokines as potential
mediators (see below) (Figure 2).

The other side of the coin: JNK--1IS interactions in pathology

The studies reviewed here illustrate an emerging model for the importance of metabolic
adaptation to environmental challenges in the control of lifespan of evolutionarily diverse
organisms. The antagonism between I1S and JNK signaling has an important role in this
metabolic adaptation, positively influencing lifespan. Interestingly, however, inhibition of
I1S activity by JNK has also been identified as a major factor in the etiology of type Il
diabetes, implying that a tight balance between JNK-mediated adaptive responses and
deleterious effects has to be maintained to achieve optimal metabolic homeostasis and
lifespan (Figure 3). JNK activity was found to be abnormally elevated in peripheral tissues
(liver, muscle and adipose tissue) in genetic and dietary-induced models of obesity and
insulin resistance [78]. Accordingly, the absence of JNK1 results in improved insulin
sensitivity and enhanced insulin-receptor-signaling capacity in mouse models of obesity
[78]. Further genetic evidence indicates that increased JNK activity, caused by loss-of-
function mutations in the JINK scaffold protein JIP1, causes type 2 diabetes in humans [79].
Liver-specific knockdown of JNK1 indeed lowers circulating glucose and insulin levels
[80], and deletion of INK1 from the hematopoietic lineage protects mice from diet-induced
inflammation and insulin resistance [81]. Similarly, MAP kinase phosphatase 4 protects
against the development of insulin resistance by dephosphorylating and inactivating JNK
[82], further implicating JNK overactivation in the development of diabetes.

Excessive activation of JNK in obese conditions seems to be due primarily to increases in
adipose-derived inflammatory signals such as free fatty acids (FFAs) and TNF-a and the
concurrent activation of Toll-like receptors [83]. Activation of INK by these receptors then
leads to inhibitory phosphorylation of IRS-1, resulting in attenuated insulin signaling in cells
exposed to TNF-a or elevated FFAs and in the development of systemic insulin resistance in
obese animals and humans [67,78,84-87].

Another trigger that causes excessive JNK activation and insulin resistance is endoplasmic
reticulum (ER) stress [85,88,89]. The presence of dysfunctional proteins in the ER (‘ER
stress’) initiates the unfolded-protein response, a mechanism designed to restore homeostasis
in the ER [90]. ER stress is induced by changes in nutrient and energy availability, as well as
by exposure to pathogens [90,91]. In obese individuals, ER stress causes cellular insulin
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resistance by activating JNK, which suppresses insulin signaling through the
phosphorylation of IRS-1 [92].

In pancreatic B cells, oxidative stress that is increased under diabetic conditions also results
in excessive JNK activation [72,93]. Such excessive JNK activation leads to suppression of
insulin-gene expression, promoting systemic insulin deficiency and p-cell dysfunction
[72,93]. The JNK pathway, therefore, emerges as a crucial mediator of insulin resistance and
the metabolic syndrome in obese individuals (Figure 3).

It seems clear that optimizing the interaction between insulin signaling and JNK is a
potential therapeutic strategy for age-related metabolic diseases. Before successfully
designing JNK-targeted rational therapies for such diseases, however, numerous questions
will have to be answered.

Why have various points of interaction between JNK signaling and IIS evolved, and what is
the significance of local versus systemic regulation?

As described above, JNK represses 11S activity by interacting with various I1S signal
transducers (Figure 1). It remains to be established, however, what the significance of these
various points of interaction are and how this signaling network is regulated in different
contexts and tissues. Answering this question is important because it will enable a better
understanding of pleiotropic consequences of the interaction between stress-signaling
pathways and growth-factor-signaling pathways (such as 11S). Considerable progress
towards addressing this question has been achieved using systems biology approaches in
mammalian tissue culture [94,95], but in vivo studies are needed to further address the
complexities of these interactions [63].

How is the interaction between JNK signaling and IIS integrated into other signaling
mechanisms that control cellular responses to stress?

JNK signaling is only one of several stress response pathways in metazoans. It remains to be
established how other stress-response mechanisms — such as signaling through the related
kinase p38, through DNA damage-response pathways or through the NF-E2-related
transcription factor (Nrf-2) — impact metabolism and whether and/or how they affect I11S
activity. Interestingly, recent studies have found that the p38 SAPK activates the C. elegans
homolog of the Nrf-2 transcription factor, SKN-1, which affects cellular responses to 11S
repression by co-regulating subsets of target genes with DAF16/FoxO [96-98]. In this
system, SKN-1 is also phosphorylated and turned off by Akt, enabling the inactivation of
this response mechanism under high levels of 1IS activity [98]. At the same time, SKN-1 has
been shown to systemically influence metabolism, lifespan and dauer formation by acting in
ASI neurons [99]. The mechanisms mediating this endocrine interaction, however, are not
well understood.

How do intrinsic processes of degeneration, cellular senescence and genotoxic stress
influence IIS activity and lifespan?

Work on premature aging (progeria) models in mice has established that defects in DNA
repair mechanisms result in depression of the growth-hormone—IGF axis, indicating an
adaptive response that promotes cell survival [100-103]. The signaling mechanisms
involved in this interaction, however, are not understood. It is intriguing to speculate that
DNA-damage-induced JNK activity might play a part in this interaction.

Trends Endocrinol Metab. Author manuscript; available in PMC 2011 November 30.
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How can beneficial versus detrimental effects of IIS repression by JNK be balanced for
optimal lifespan?

Update

Reduced 1S activity has beneficial effects on lifespan and stress tolerance in invertebrates
(although they are accompanied by metabolic imbalance) but can adversely affect overall
health in mammals. These differences indicate a fundamental divergence in the metabolic
regulation of invertebrates and vertebrates, which is further supported by the paradoxic
increase in whole-body lipids in 11S mutant worms and flies [27]. Current understanding
indicates, however, that these differences are probably because of the context in which and
the degree to which IIS activity is impaired. Importantly, complete inhibition of IS in flies
(e.g. in flies carrying null alleles for InR) is lethal, and strong ablation of IIS activity (e.g. in
flies carrying non-lethal but strong loss-of-function alleles of InR or in which IPCs were
ablated) results in developmental delay, growth defects and sterility, as well as in metabolic
phenotypes that are similar to vertebrate diabetes, such as hyperglycemia [27,104,105].

Furthermore, it has been established that the tissue-specific effects of 11S repression play a
major part in determining the ultimate overall metabolic phenotypes of 11S mutations, and
the increased complexity of vertebrates warrants analyzing in more detail the effects of 11S
repression in various tissues on lifespan. Interestingly, reduction of IRS-2 in the brain of
mice increases lifespan, while resulting in obesity, hyperinsulinemia and glucose intolerance
[48]. Deletion of the insulin receptor in adipose tissue, on the other hand, results in increased
lifespan associated with resistance to obesity [38]. At the same time, repression of 1IS signal
transduction by JNK in adipose tissue and liver of mice contributes to diabetes and increased
mortality [89,106]. The effects of 1IS repression on lifespan are, thus, tissue specific and can
be uncoupled from consequences on metabolic diseases. Addressing the cause of these
divergent functions will be important to fully understand the control of metabolic
homeostasis and lifespan by JNK-IIS interactions. The development of rational therapies for
age-related metabolic diseases will depend on this understanding.

Recently, Sabio et al. generated mice with INK1 deficiency in adipose tissue and found
reduced insulin resistance in the liver of mice reared on a high-fat diet. Furthermore, this
work shows that JNK1 in adipose tissue of obese animals can regulate the circulating levels
of the cytokine IL-6, which is known to be involved in the development of insulin
resistance, specifically in the liver. This study provides crucial evidence that stress signaling,
through JNK, in peripheral tissues such as fat can have profound effects on I1S and
metabolic homeostasis through a network of endocrine interactions. Sabio, G. et al. (2008)
A stress signaling pathway in adipose tissue regulates hepatic insulin resistance. Science
322, 1539-1543.
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Figure 1.

Signaling interactions between 11S- and JNK-signaling pathways. Depicted are the generic,
evolutionarily conserved JNK and IIS pathways. (i) Insulin activates the insulin receptor
(InR), initiating a signaling cascade that results in activation of the protein kinase Akt. Akt
phosphorylates the forkhead transcription factor FoxO, causing its cytoplasmic retention. 11S
activation thus results in repression of FoxO-target genes. (ii) Upon activation by various
stressors, specific INKKKSs (Jun-N-terminal kinase kinase kinases) phosphorylate INK
kinase (JNKK), which, in turn, phosphorylates JNK. Induction of gene transcription by JNK
occurs primarily through the transcription-factor activator protein-1 (AP-1), a heterodimeric
protein composed of the proteins Jun and Fos. Note that IRS-1 proteins are not conserved in
C. elegans. JNK has been described as phosphorylating IRS-1, 14-3-3 proteins and FoxO
proteins in various systems.
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Figure 2.

Endocrine interactions regulating metabolic homeostasis and lifespan. Free fatty acids
(FFAs) and inflammatory cytokines are secreted by adipose tissue. These factors activate
JNK signaling in insulin-target tissues and promote insulin resistance. Activation of INK in
insulin-producing cells (IPCs) results in transcriptional repression of insulin or insulin-like
peptides, systemically depressing 1IS activity.

Trends Endocrinol Metab. Author manuscript; available in PMC 2011 November 30.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Karpac and Jasper

lIS activity

Page 15

Growth

Stress :
Insulin
Stress protection -
sensitivity , resistance
Lifespan Diabetes
Decreased extension
lifespan

JNK activity

Figure 3.

Relationship between JNK and 1IS activity, lifespan and metabolic homeostasis. Moderately
increased JNK signaling increases lifespan by reducing 1IS activity. In conditions of chronic
or excessive JNK activation, however, strong repression of 11S activity results in systemic
insulin resistance, promoting diabetes and metabolic syndrome.
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Table 1

Summary of interactions between JNK and IS characterized in flies, worms and vertebrates
Regulation of lifespan by JNK and interactions between JNK and 11S Refs
C. elegans
JNK phosphorylates DAF-16, promoting its nuclear localization [54]
Mutants for the INK phosphatase VHP-1 are protected against heavy metal toxicity [62]
D. melanogaster
JNK extends lifespan and increases stress tolerance [60]
JNK signaling promotes Foxo nuclear localization in adipose tissue and represses insulin-like peptide transcription in insulin- [55]
producing cells
Vertebrates
JNK phosphorylates the insulin-receptor substrate [67,68,78]
JNK phosphorylates and activates FoxO4 [53]
JNK phosphorylates 14-3-3 proteins, releasing Foxo [69-71]
JNK represses insulin transcription in B cells [72,93]
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