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Abstract

Obesity has increased at an alarming rate in recent years and is now a worldwide public health
problem. Elucidating the mechanisms behind the metabolic dysfunctions associated with obesity is
of high priority. The metabolic function of Rho-kinase (ROCK) has been the subject of a great
deal of investigation in metabolic-related diseases. It appears that inhibition of ROCK activity is
beneficial for the treatment of a wide range of cardiovascular-related diseases. However, recent
studies with genetic models of ROCK demonstrate that ROCK plays a positive role in insulin and
leptin signaling. Here we discuss the newly identified functions of ROCK in regulating glucose
and energy metabolism, with particularly emphasis on metabolic actions of insulin and leptin.
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ROCK: key player in energy homeostasis

Obesity has reached epidemic levels in the United States and worldwide, and poses an
increasingly severe economic burden [1,2]. Obesity is a major risk factor for developing
insulin resistance, impaired glucose tolerance, type 2 diabetes, dyslipidemia and
hypertension, all of which are predispose patients to cardiovascular comorbidities [3,4]. This
cluster of medical disorders is called the metabolic syndrome [5,6]. Data emerging from
several laboratories over the past decade indicate that the Rho-associated coiled-coil-
containing kinase (Rho-kinase; ROCK) signaling pathway plays a pivotal role in various
metabolic syndrome-related disorders, including cardiovascular diseases CVD) [7,8]. Recent
studies demonstrate that ROCK is an important regulator of insulin and leptin action in the
context of glucose and energy homeostasis [9-12]. In this article, we will review recent work
identifying the physiological roles of ROCK isoforms in controlling glucose homeostasis
and insulin sensitivity, underlining the complex and context-dependent nature of this
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regulation. We will also outline recently-described ROCK-specific functions in
hypothalamic neurons in regulating feeding behavior and energy balance, and highlight
emerging evidence that ROCK is a molecular mediator underlying the etiopathogenesis of
obesity.

ROCK isoforms are increasingly important members of the AGC protein
kinase family

ROCK belongs to the protein kinase A/G/C (AGC) subfamily of Ser/Thr protein kinases and
is a major downstream effector of small GTPase RhoA [13]. Two isoforms of this enzyme,
ROCK1 (also known as ROKp) and ROCK2 (also known as ROKa), have been identified
[14-16]. Each isoform has a kinase domain at its N-terminus, a central coiled-coil domain,
and at its C-terminus, a pleckstrin-homology (PH) domain split by a Cys-rich region. The
two ROCK isoforms share 65% overall amino acid homology, with their kinase domains
exhibiting 92% identity [17]. The Rho binding domain of ROCK lies within the C-terminus
of the coiled-coil domain [17]. ROCK isoforms have been implicated in variety of cellular
functions, including smooth muscle contraction, actin cytoskeleton organization, cell
adhesion and motility, cytokinesis, and gene expression [18].

Due to their important function in regulating numerous cellular activities, several ROCK
inhibitors have been developed [19]. The ROCK inhibitor Y-27632 inhibits the kinase
activity of both ROCK1 and ROCK2 with equal potency, by competing with ATP for
binding to the catalytic site [20]. Fasudil (HA1077), originally developed as a Ca2*
antagonist and vasodilator, also inhibits both ROCK isoforms [21], but it is less selective for
ROCK isoforms than Y-27632. Both Y-27632 and fasudil also have limited capacity to
inhibit other AGC kinase subfamily members, including protein kinases A, G, and C [22].
Importantly, fasudil has a proven efficacy and safety profile in humans [19,23]. Animal and
human studies with ROCK inhibitors have been of fundamental importance to elucidating
ROCK physiologic functions [7,8,19]. However interpretation of studies with ROCK
inhibitors is limited due to lack of isoform selectivity and incomplete understanding of their
respective specificities.

The Rho family of small GTPases are critical regulates of ROCK activity. Interaction of
ROCK with RhoA, -B, and —C through ROCK’s the Rho-binding domain increases ROCK
catalytic activity [13]. The 22 known Rho family members are classified into four main
subfamilies: Rho, Rac, Cdc42 and others that lack GTPase activity [24]. In the Rho
subfamilies, RhoA, RhoB and RhoC share 85% amino acid sequence identity [25]. Until
now, 11 Rho binding proteins or Rho effectors have been identified, including ROCK1 and
ROCK?2 [25]. Although RhoA has been thought to be the main upstream mediator of ROCK
[18,26], protein interaction studies have revealed that ROCK has a higher affinity for RhoC
compared to RhoA and RhoB [15,25,27-29]. In fact, RhoC appears to have a stronger ability
to activate ROCK in epithelial cells [30].

Aberrant ROCK activity is associated with diverse aspects of the metabolic

syndrome

Abnormalities in RhoA/ROCK expression and/or activity are associated with a number of
metabolic syndrome-related disorders, including CVD, obesity, insulin-resistance, and
diabetes and its complications [31-34]. In rodents, elevated RhoA/ROCK signaling is
observed in heart [35], aorta [31], and kidney [32,33] of insulin-resistant, obese, or diabetic
animal models. Moreover, in patients with the metabolic syndrome, ROCK activity is
increased in circulating leukocytes [36]. Furthermore, treatment of hypertensive or diabetic
nephropathic animal models with ROCK inhibitor fasudil effectively lowers blood pressure
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and reduces albuminuria, respectively [37,38]. Consistent with this, in patients with angina
pectoris, vasospastic angina, pulmonary hypertension, heart failure, or stroke, treatment with
ROCK inhibitor fasudil ameliorates CVD risk factors [7,8,19]. By contrast, insulin-
stimulated ROCK1 activity is impaired in skeletal muscle of insulin-resistant humans with
obesity and type 2 diabetes [39]. Of note, insulin-induced ROCK1 activity is positively
correlated with glucose disposal rate in lean subjects but not in obese type 2 diabetic
subjects [39]. Collectively, these data suggest that abnormalities in ROCK activation
contribute to the development and progression of diverse aspects of the metabolic syndrome.

ROCK regulation of glucose metabolism and insulin sensitivity is
conditional and complex

A fundamental mechanism for maintenance of glucose homeostasis is the rapid action of
insulin to stimulate glucose uptake in muscle and adipocytes. Insulin action is initiated by
binding of insulin to its receptor, which result in tyrosine phosphorylation of insulin receptor
substrates (IRSs) including IRS1, IRS2, IRS3, IRS4, and Gabl [40,41]. Binding of IRSs to
the regulatory subunit of phosphoinositide 3-kinase (PI3K) via Src homology 2 (SH2)
domains results in activation of PI3K. This then activates Akt/protein kinase B (PKB),
which phosphorylates its substrate of 160 kDa (AS160), leading to the translocation of
insulin-mediated glucose transporter 4 (Glut4) from intracellular stores to the cell surface
(Fig. 1). Defects in insulin-mediated glucose uptake result in insulin resistance, which is a
major pathogenic factor in the development of type 2 diabetes [42].

Unlike the effects of ROCK inhibitors on other aspects of the metabolic syndrome, the
reported effects of ROCK inhibitors on glucose homeostasis have been conflicting. Studies
with obese Zucker animals have revealed that 4-weeks of treatment with the ROCK inhibitor
fasudil (20mg/kg/day for 4wks) decreases blood pressure and improves glucose tolerance
[43]. In contrast, acute treatment with ROCK inhibitor Y-27632 (0.25mg/kg/hr for 4hrs)
results in insulin resistance /77 vivo by reducing insulin-mediated glucose uptake in skeletal
muscle of normal mice [9]. Moreover, treatment of db/db mice with ROCK fasudil inhibitor
(10 mg/kg/day for 16 weeks) has no effects on circulating glucose concentration [33].
Although the mechanisms underlying these conflicting findings remain unclear, the use of
different inhibitors, doses, treatment times, and animal models in these /n vivoanimal
studies complicates understanding of the specific roles of ROCK in regulating glucose
homeostasis and insulin sensitivity /n vivo.

Evidence demonstrates that genetic deletion of ROCK1 globally leads to whole-body insulin
resistance and impaired skeletal muscle insulin signaling [10]. These effects are independent
of changes in adiposity. In skeletal muscle, insulin action is impaired as evidence by a
reduction in insulin-stimulated PI3K activity associated with insulin receptor substrate 1
(IRS-1) though tyrosine phosphorylation of insulin receptor is unaltered [10]. Concurrently,
Akt and AS160 phosphorylation, both of which are required for insulin-dependent GLUT4
translocation [44,45], are markedly impaired in skeletal muscle of ROCK1-deficient mice,
suggesting impaired glucose transport into muscle. Supporting these studies in animals, in
humans, /n vivo administration of insulin stimulates ROCK1 activity in skeletal muscle [39].
Moreover, the ability of insulin to activate ROCK1 /n vivo in skeletal muscle of type 2
diabetic subjects is significantly impaired compared to lean subjects [39]. Concurrently,
defects in insulin-induced IRS-1 associated PI3K activity is also found in skeletal muscle of
type 2 diabetic humans [46]. Together, these data identify ROCK1 as a novel regulator of
glucose homeostasis and insulin sensitivity in vivo, and the emergence of ROCK1 as a
potentially important step in the pathogenesis of insulin resistance could lead to new
treatment approaches for obesity and type 2 diabetes. Future studies will need to determine
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the specific role of ROCK isoforms in the development of insulin resistance and type 2
diabetes.

ROCK targets IRS-1 to regulate insulin signal transduction

Tyrosyl phosphorylation of IRS-1 is a critical step because it permits this docking protein to
interact with signaling proteins that promote insulin action [40]. Multiple studies have
shown that ROCK isoforms regulate insulin signaling, both positively and negatively, either
directly, via IRS-1 seryl phosphorylation or indirectly, by affecting IRS-1 tyrosyl
phosphorylation [9,47,48]. Mass spectrometry analysis identified Ser832/635 Ser936 and
Ser972 of IRS-1 as substrates of ROCK 7 vitro [9]. Recent evidence by Chun et al. reveals
that sSiRNA-mediated suppression of each ROCK isoform decreases insulin-dependent IRS-1
Serb32/635 phosphorylation in 3T3-L1 adipocytes [11], indicating these serine sites are
regulated via a ROCK-dependent mechanism. Overexpression of the IRS-1 Ser632/635 active
mutant significantly increased insulin-stimulated glucose transport in 3T3-L1 adipocytes,
whereas overexpression of the IRS-1 Ser832/635 jnactive mutant decreased this [11].
Moreover, the ability of insulin to increase IRS-1 tyrosine phosphorylation and PI13K
activity was impaired in the IRS-1 Ser632/635 jnactive mutant expressing adipocytes
compared with WT-IRS-1 expressing adipocytes [11]. Thus, ROCK-mediated IRS-1 serine
phosphorylation is necessary for insulin-induced glucose transport and insulin signaling
(Fig. 1). Combined with observations from type 2 diabetic humans and ROCK1-deficient
mice showing impairments of IRS-1 tyrosine phosphorylation [10,39], these data support a
new paradigm for the regulation of glucose metabolism in which ROCK is a key
determinant of insulin signaling cascade during insulin stimulation.

In contrast to ROCK’s positive regulation of insulin signaling in adipocytes and skeletal
muscle cells /in vitro and skeletal muscle /n vivo [9-11], ROCK isoforms have been reported
to negatively regulate insulin action in cultured vascular smooth muscle cells, endothelial
cells, mammary epithelial cells, and fibroblasts (Table 1)[47-50]. Although the mechanisms
mediating the negative regulation of insulin action by ROCK isoforms have not been
determined, it has been consistently reported that suppression of ROCK activity with ROCK
inhibitors fasudil or Y-27632 stimulates insulin signaling at the level of IRS-1 tyrosine
phosphorylation in these cell types /n vitro. Whether the opposing effects of ROCK isoforms
in different cell types or tissues relates to differential relative expression of ROCK isoforms
or lack of ROCK inhibitor selectively remains to be clarified. Indeed, experimental evidence
suggests that the action of each ROCK isoform on insulin signal transduction differs in
Chinese hamster ovary cells expressing insulin receptor and IRS-1, 3T3-L1 adipocyte, and
L6 muscle cell lines [11]. An outstanding question for the field is to establish the specific
functions of ROCK isoforms in regulating insulin action in different insulin-target tissues in
health and disease. Genetic approaches with selective tissue or cell-specific genetic deletion
or overexpression of each ROCK isoforms will clarify this important issue.

Roles of hypothalamic ROCK in energy homeostasis

In addition to ROCKs roles in regulating insulin action, emerging data demonstrate that
ROCKT1 also plays a fundamental role in controlling energy balance via regulation of leptin
action [12]. Leptin, an adipocyte-derived metabolic hormone, regulates body weight
homeostasis by controlling hypothalamic neuronal circuits stimulating energy expenditure
and inhibiting food intake [51]. Lack of leptin or the leptin receptor (LepR) causes morbid
obesity and hyperphagia in rodents and humans [52,53]. However, serum leptin levels are
elevated in most cases of human obesity, indicating that impaired leptin action rather than
leptin deficiency is associated with the development of obesity [54]. Current evidence
indicates that impairments in both leptin transport into the CNS as well as neuronal leptin
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signal transduction contribute to the pathogenesis of obesity [55,56]. Though several
molecular mediators of leptin signal transduction have been identified, the molecular
mechanisms underlying leptin signal transduction and its dysregulation in obesity are not
fully understood.

ROCK isoforms are expressed throughout the brain [12,57]. In the hypothalamus, ROCK1 is
expressed in LepRb expressing neurons, as well as other neuronal subtypes [12]. Leptin
increases hypothalamic ROCK1 activation in mice and this effect is dependent on the
presence of LepRb [12], raising the question of whether defective ROCK1 activation is
involved in the pathogenesis of central leptin resistance in obesity. Our recent data indicate
that leptin-stimulated hypothalamic ROCK1 activity is reduced in mice made obese by high-
fat diet, compared with lean control mice [58]. Taken together, these data suggest that
impaired ROCK1 activity in hypothalamus may contribute to the etiopathogenesis of obesity
and leptin resistance.

Beyond a potential role of ROCK1 in the pathogenesis of obesity, recent data suggest that
ROCKT1 activity in the hypothalamus contributes to normal energy homeostasis [12].
Adenoviral-mediated overexpression of ROCK1 in the mediobasal hypothalamus decreases
food intake and body weight of mice. Conversely, mediobasal hypothalamic ROCK1
deletion via adenoviral delivery of Cre recombinase in ROCK1/0XF/IoxP mice causes
hyperphagia and a large increase in body weight and adiposity [12]. Moreover, prenatal or
postnatal exposure of rats to ROCK inhibitor fasudil increases postnatal weight gain [59].
Consistent with observations in mice with hypothalamic ROCK knockdown, postnatal
exposure of rodents to ROCK inhibitor fasudil increases daily food intake, supporting a role
of ROCK in the regulation of feeding. Hyperphagia in fasudil treated animals is mediated in
part by increased hypothalamus expression of the orexigenic neuropeptide NPY [59].
Collectively, these data demonstrate that ROCK action in hypothalamus is critical for
normal body weight homeostasis.

functions of ROCK1 in POMC and AgRP neurons on energy

In the hypothalamic arcuate, two distinct neuron populations, pro-opiomelanocortin
(POMC)-or neuropeptide Y/agouti-related peptide (NPY/AgRP)-containing neurons, are key
mediators of the metabolic actions of leptin on feeding regulation and energy balance (Fig.
2)[60,61]. Leptin suppresses food intake and promotes energy expenditure by activating
anorexigenic POMC neurons and inhibiting orexigenic AgRP neurons directly [62-64]. Mice
lacking the long-form of leptin receptor (LepRb) in POMC or AgRP neurons are obese on
normal chow diet [4,60,61], suggesting that leptin signaling in these neurons is needed for
homeostatic regulation of body weight. POMC and AgRP neurons have opposing
physiological functions in the context of leptin action; in mice, disruption of POMC neurons
leads to massive weight gain [65], whereas lesioning of AgRP neurons results in starvation
[66].

ROCKT1 is expressed in POMC and NPY/AgRP expressing neurons of the hypothalamus
(Fig. 2) [12,58]. In mice, ROCK1 loss specifically in either POMC or AgRP neurons
increases body weight and adiposity, indicating that ROCK1 action in these critical leptin
responsive neuron populations is essential for normal body weight regulation [12,58]. Mice
lacking ROCKZ1 in POMC neurons exhibit hyperphagia and hypoactivity, though energy
expenditure as assessed by oxygen consumption is normal [12]. ROCK1 loss in POMC
neurons also blocks the effect of leptin to stimulate POMC neuronal activity, but not that of
insulin, suggesting that ROCK1 action on POMC neuronal activity is leptin-specific [12].
Deletion of ROCK1 in POMC neurons induces central leptin resistance, as evidenced by
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impaired anorexigenic action and attenuated Signal transducer and activator of transcription
3 (Stat3) activation in response to leptin in POMC-neuron ROCK1-deficient mice [12]. In
contrast to the effects of ROCK1 loss in POMC neurons, weight gain in mice with ROCK1
deficiency in AgRP neurons occurs independently of any changes in food intake. Rather, the
AgRP neuron-specific ROCK1-deficient mice show imbalanced energy homeostasis, as
indicated by lower oxygen consumption and locomotor activity [58]. Collectively, these
observations suggest that ROCK1 plays distinct roles in regulating energy balance in
different neuron populations of the arcuate nucleus and further imply that leptin signaling in
POMC and AgRP neurons plays major roles in regulating energy balance.

The metabolic phenotypes resulting from ROCKZ1 deficiency in either POMC or AgRP
neurons are consistent with those in mice with deletion of LepRb or STAT3 in these
respective neuron populations [60,61,67,68]. Thus, ROCKZ1 appears to be a key trigger of
neuronal leptin signal transduction, like LepRb and STAT3. Indeed, similar magnitudes of
effect on energy balance are observed in these models. Of note, the fact that weight gain due
to knockdown of ROCK1 in mediobasal hypothalamus is significantly greater than in mice
with loss of ROCK1 in either POMC or AGRP neurons suggests that ROCK1 functions in
other hypothalamic neuron populations is also critical to normal energy balance [12,58].
Therefore, determining the role of ROCKZ1 in yet additional neuronal populations that could
affect the metabolic effects of leptin will be important. Additionally, as ROCK?2 is also
expressed in hypothalamus, and ROCK1 and ROCK2 share some common substrates, future
studies are needed to address whether ROCK2 plays an important role in energy balance as
well.

a positive regulator of Janus kinase 2 (JAK2) in neuronal leptin

Recent work has revealed that the molecular mechanisms of body weight regulation induced
by ROCK1 in hypothalamic arcuate neurons involve the stimulatory effects of ROCK1 on
JAK?2 activation during leptin stimulation (Fig. 3) [12]. Upon binding to LepRb, leptin
activates JAK?2 that subsequently phosphorylates and activates STAT3. Leptin also
stimulates the direct physical interaction between ROCK1 and JAK2 in hypothalamic cell
lines /in vitro and murine hypothalamus /in vivo. Additionally, leptin-dependent JAK2
tyrosine phosphorylation is impaired when ROCK1 expression/activity is biologically
suppressed in hypothalamic cell lines, suggesting that leptin-induced JAK?2 activation is
ROCK?1 dependent. These data identify JAK2 as a new substrate of ROCK1 [12].

These data raise the possibility that all LepRb signaling pathways downstream of JAK2 are
controlled by ROCKZ1, including STAT3 and PI3K signaling. Indeed, leptin-induced STAT3
and PI3K signaling are both impaired in hypothalamic cells lacking ROCKZ1 [12]. Further
supporting this, recent data indicate that the ROCK1/JAK2 - STAT3 signaling in cultured
hypothalamic cell lines controls expression of genes involved in energy homeostasis, such as
POMC and suppression of cytokine signaling 3 (SOCS3), a STAT3 target gene.
Additionally, inhibition of ROCK1 in hypothalamic cell lines abolishes the leptin-induced
JAK?2/PI3K-mediated nuclear export of the transcription factor Forkhead box protein O1
(FOXO01) [12]. Moreover, deletion of ROCK1 in POMC neurons of mice abolishes leptin-
dependent POMC neuronal activity, demonstrating that the ROCK1/JAK2 - PI3K
signaling cascade contributes to the hypothalamic regulation of energy balance [12]. Along
with this, experimental evidence reveals that ROCK1 regulates PI3K signaling by
phosphorylating phosphatase and tensin homolog (PTEN) to enhance protein synthesis and
cell growth [69]. Collectively, these data support the notion that ROCK1 is a key regulator
of proximal leptin signaling events /n vivo.
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In addition to the effect of ROCK1 on JAK2 in LepRb signaling, the ROCK1 signaling
cascade could be involved in various types of cytokine receptors signaling that are triggered
by JAK2 activation, including the growth hormone receptor, erythropoietin receptor, and
interleukin-6 (1L-6) or gp130 family of receptors [70-72]. For example, growth hormone has
been shown to activate RhoA and ROCK in NIH-3T3 cells via a JAK2 dependent
mechanism [73]. Activation of RhoA and ROCK signaling is also required for JAK/STAT5-
mediated transcription [73]. Impairments in these cytokine signaling pathways contributes to
the etiopathogenesis of autoimmune diseases, inflammation, thrombosis, stroke, growth
retardation, and cancers such as prostate cancer and multiple myeloma [70-72]. Future
studies are needed to determine whether ROCK is a common component of JAK2-mediated
signaling pathways and whether it contributes to pathogenesis these diseases.

ROCK and Alzheimer’s disease

Alzheimer Disease (AD) is a progressive neurodegenerative disorder and the most common
cause of memory impairment and cognitive dysfunction [74]. Accumulation of amyloid 8
peptide (AB) in the brain is a key feature of AD and could derive from overproduction or
impaired clearance [74,75]. It has been reported that dysfunction of insulin receptor
signaling in the brain impairs clearance of A [76], suggesting involvement of insulin
signaling for AD. Indeed, insulin resistance and hyperinsulinemia reportedly increase the
risk for developing AD and memory impairment [77-81]. Epidemiological studies also
demonstrate that circulating leptin level inversely correlates with AD development risk, and
lower levels of circulating leptin are seen in patients with AD [82]. Consistent with ROCK’s
role as a key regulator of insulin and leptin action, a role for ROCK signaling in the
pathogenesis of AD has been hypothesized. Supporting this, evidence demonstrates that Rho
and ROCK are involved in the regulation of the 42 residue amyloid-$ peptide (AB42), which
is a hallmark peptide of AD [74]. ROCK induces the processing of amyloid precursor
protein to the toxic APy, whereas inhibition of ROCK by statins or certain nonsteroidal
anti-inflammatory drugs block this effect [83]. Furthermore, intracerebroventricular
injection of the ROCK inhibitor Y-27632 into a transgenic AD mouse model leads to a
significant reduction in brain AB, [84]. The molecular mechanisms by which ROCK
controls AB42 accumulation, aggregation, and deposition in the brain remain to be
elucidated. Combined with the reported up-regulation of ROCK signaling in various
neurological disorders [85,86], these data raise the possibility that drugs that inhibit ROCK
may have utility in the treatment of neurodegenerative and neurological disorders.

Concluding remarks and future perspectives

The identification of ROCK1 as a key regulator of insulin and leptin action provides new
insight into the pathogenesis of type 2 diabetes and obesity. During the past several years, a
number of studies have shed light on the roles of ROCK in diverse physiologic functions,
facilitated by the introduction of ROCK chemical inhibitors and 7 vivo gene targeting
approaches [10,19]. Animal and patient studies with the ROCK inhibitor fasudil consistently
demonstrate that inhibitor pharmacotherapy is beneficial for a wide range of cardiovascular-
related diseases [8,38,87,88]. On the other hand, accumulating evidence demonstrates that
insulin resistance and obesity are observed when ROCKZ1 expression or activity is
suppressed in skeletal muscle [39], adipocytes [9], or hypothalamus [12], suggesting the
development of a tissue-targeted ROCK1 activator as a novel treatment for metabolic-
related disorders such as type 2 diabetes and obesity. Based on what we now know, it is
clear that ROCK is emerging as a pivotal regulator of diverse aspects of metabolic-related
diseases. Genetic engineering approaches to achieve selective tissue- or cell-specific
deletion, activation, or overexpression of each ROCK isoform are still needed to clarify the
important roles of these proteins in metabolic physiology. Finally, establishing the
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dogenous physiologic activators and inhibitors of ROCK1 and ROCK2 will clarify the

potential of these kinases as metabolic drug targets.
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Fig. 1. Divergent roles of ROCK in peripheral tissue insulin signaling and glucose metabolism
Insulin signaling: Insulin action is initiated by the binding of insulin to its cell surface
receptor, which activates the insulin receptor (IR) kinase. Once activated, the IR kinase
phosphorylates insulin receptor substrate-1 (IRS-1) on multiple tyrosine residues.
Phosphotyrosine residues on IRS-1 act as docking sites for many src homology-2 (SH2)
domain-containing proteins, including the p85 regulatory subunit of phosphoinositide 3’
kinase (PI3K). On binding to IRS-1, PI3K is activated and subsequently stimulates Akt/ Akt
substrate of 160 kDa (AS160), leading to insulin’s metabolic effects on glucose transport.
Akt is fully activated by 3-phosphoinositide-dependent protein kinases (PDK-1) and
mammalian target of rapamycin (mTOR)/rictor/Gbl complex. Protein tyrosine phosphatases
(PTP1B and LAR) and phosphoinositide phosphatases (PTEN and SHIP2) inhibit insulin
action by dephosphorylating IR/IRS-1 or phosphoinositide 3’ phosphate (PIP3),
respectively.

Mechanisms of ROCK’s regulation of insulin signaling.

Positive regulation. In adipocytes and muscle cells, insulin stimulates ROCK to bind to and
phosphorylate IRS-1 on specific serine residues. ROCK-mediated IRS-1 serine
phosphorylation potentially induces conformational change in the adjacent Y XXM
phosphotyrosine-binding domains, thereby enhancing IRS-1 binding to the p85 regulatory
subunit of PI3K. As a result, downstream insulin signaling is activated, leading to enhanced
glucose transport activity. In addition, ROCK1’s effect to promote insulin-stimulated
glucose transport in these cell types is mediated by changing actin cytoskeleton
polymerization. Negative regulation: Currently, the direct molecular mechanisms mediating
ROCK’s effects to negative regulate insulin signaling in endothelial and epithelial cells by
have yet to be identified.
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Fig. 2. Rolesof ROCK1in POMC and AgRP neuronsin energy balance

Genetic disruption of ROCK1 in either POMC or AgRP neurons increases body weight and
adiposity. Mice lacking ROCK1 in POMC neurons show hyperphagia and hypoactivity.
However, AgRP neuron-specific ROCK1-deficient mice display lower oxygen consumption

and locomotor activity.
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Fig. 3. Central role of ROCK 1 in leptin signaling and ener gy metabolism

L eptin signaling: Leptin action is triggered by leptin binding to its long-form receptor
(LepRDb), which activates the receptor-associated janus associated kinase 2 (JAK2). Upon
activation, JAK2 phosphorylates Tyr1138 on LepRb, which recruits signal transducer and
activator of transcription 3 (STATS3) to the LepRb/JAK2 complex. JAK2 tyrosyl
phosphorylation of STAT3 promotes STAT3 nuclear translocation and transactivation of
target genes such as suppressor of cytokine signaling 3 (SOCS3) and pro-opiomelanocortin
(POMC). JAK2 phosphorylation also activates PI3K signaling involved in the regulation of
electrical activity of hypothalamic arcuate neurons. Forkhead box protein O1 (FOXO1), a
downstream mediator of PI3K/Akt signaling, inhibits leptin regulation of POMC promoter
activity but stimulates transcription of agouti-related protein (AgRP) and neuropeptide
Y(NPY).

ROCK -mediated leptin signaling: Upon leptin stimulation, hypothalamic ROCK1 is
activated and rapidly phosphorylates JAK2 on serine residues, which in turn promotes
downstream signaling pathways of leptin, including STAT3 and PI3K signaling.
Specifically, the JAK2/ROCK1 - PI3K signaling pathway controls neuronal activity of
arcuate neurons and the JAK2/ROCK1 -, Stat3 signaling pathway is involved in
transcriptional regulation of target genes involved in energy metabolism, ultimately leading
to control of energy balance.
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Table 1
ROCK and the regulation of insulin signal transduction
Models Findings Action of Rho-kinase Ref
Insulin inhibits ROCK2 Activate NO/cGMP pathway — MBP activation [89]
[47]
RhoA/ROCK?2 inhibit insulin ROCK?2 associates with IRS-1 and phosphorylates IRS-1 at serine [47]
Vascular smooth signaling residue (serine site was not described in
muscle cells details)
(VSMCs) :
Increased ROCK2/IRS-1 Insulin fails to inhibit ROCK2/IRS-1 association in spontaneously [47]
association in hypertensive rats (SHR).
hypertension
Rho/ROCK inhibits insulin ROCK functions as an upstream kinase for LKB1, which [49]
signaling phosphorylates PTEN
TX A2 receptor pathways inhibit insulin signaling via Rho/ ROCK/
Endothelial cells LKB1-mediated PTEN up-regulation.
ROCK?2 inhibits insulin signaling The non-catalytic carboxyl terminus of ROKa associates with the [90]
phosphotyrosine-binding IRS-1 domain,
and this association is further increased by active RhoA (MAPK
activation).
Xenopus oocytes ROCK?2 enhances insulin-signaling | Microinjection of full-length ROKa or its kinase domain stimulates [91]
ROCK inhibition reduced insulin MAPK activation by insulin and
signaling promotes oocyte maturation (No information about IRS-1 tyrosine or
serine phosphorylation.)
ROCK inhibitor Y-27632 reduces insulin-induced MAPK activation.
RhoA activity is detrimental for Active RhoA inhibits IRS-1 tyrosine phosphorylation. [50]
Mammary epithelial insulin signaling Hyperactivation of RhoA/ROCK signaling induces IRS-1 serine
cells(MECs) phosphorylation, leading to impaired insulin
signaling.
Rho-A mediates mitogenic insulin Insulin signaling to GGTase | appears to be mediated via Shc and [92]
Breast cancer signaling MAP Kinase and is completely independent
of IRS-1.
RhoA/ROCK is positive regulator Dominant-negative ROCK suppresses insulin signaling in 3T3-L1 [9]
of adipocytes. [93]
insulin signaling Treatment with C3 exoenzyme of C. botulinum (inactivator of RhoA)
or Y27632 inhibits insulin-induced
tyrosine phosphorylation of IRS-1.
Adipocytes Treatment of 3T3L1 cells with Y27632 inhibits the insulin-induced
translocation of GLUTA4.
ROCK is a negative regulator of ROCK inhibitors including Y27632 and H89 stimulate adipogenesis [94]
insulin signaling and enhance insulin signaling (both
P13K/Akt pathway and the MAPK pathway)
ROCKT1 is a positive regulator of Dominant-negative ROCK suppresses insulin signaling in L6 [9]
insulin signaling myotubes. [9]
ROCK inhibitor suppresses whole body insulin sensitivity and [39]
skeletal muscle glucose uptake in mice. [10]
Insulin-stimulated ROCK1 activity is decreased in patients with type
Myocytes and 2 diabetes.
Skeletal muscle (.‘?Ioba! RC_)CKl—deficient mice are insulin resistant; impaired insulin
signaling in skeletal muscle.
ROCK is a negative regulator of Treatment with fasudil for 4 weeks improves glucose intolerance in [43]
insulin signaling obese Zucker rats. [95]
RhoA/ROCK blocks muscle differentiation via serine
phosphorylation of IRS-1 and -2.
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