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Diabetes mellitus (DM) is a wide-
spread syndrome that is rapidly rising in 
frequency throughout the world. Hyper-
glycemia and alterations of metabolism 
are the most severe components of DM 
[1]. Near 5–10 % of patients with DM 
have autoimmune type 1 insulin-depen-
dent diabetes, whereas 90–95 % have 
type 2 DM (insulin-independent), which 
is a consequence of lifestyle patterns con-
tributing to obesity [1]. Type 2 DM typi-
cally occurs in the context of a cluster of 
cardiovascular risk factors [1]. DM is 
known to cause multiple dysfunctions 
including cardiovascular diseases, which 
are major causes of mortality, end-stage 
renal disease, and blindness [2]. The 
macrovascular manifestations of DM, 
such as angiopathy, atherosclerosis, 
medial calcification, and arterial hyper-
tension, have been shown to mostly 
locate in coronary and carotid arteries, 
cerebral vessels, and large peripheral 
arteries of the lower extremities [2]. The 
microvascular complications of DM 
include retinopathy, nephropathy, and 
peripheral neuropathy [2]. Increased 
blood flow and elevated vascular tone 
have also been documented for DM [2]. A 
growing body of evidence indicates that 
endothelial and smooth muscle dysfunc-
tions are present in various regions of 
the vasculature in both diabetic patients 
and animal models of DM [3, 4]. Hyper-
glycemia is considered to be a key factor 
responsible for the development of vas-
cular complications in DM [2]. Several 
hyperglycemia-associated mechanisms, 
including oxidative stress have been 
identified to contribute to the develop-

ment of DM-associated vascular dysfunc-
tions [5]. Dysfunctions in the regulation 
of vascular cells permeability, growth, 
angiogenesis, and vascular smooth mus-
cle contractility in DM have been shown 
to involve Rho-associated coiled-coil 
kinase (Rho-kinase or ROCK) up-regula-
tion [4, 5].

Rho-kinase
The Rho-kinases or ROCKs is a small 
group of serine/threonine kinases, regu-
latory enzymes that also play an impor-
tant role in vascular function regulation 
[6].ROCKs are represented with two iso-
forms encoded by two different genes, 
ROCK-1 (ROCK I or ROKb) and ROCK-2 
(ROCK II or ROKa) [7]. Both isoforms 
are highly homologous and are expressed 
in vascular tissues [8]. ROCK is mainly 
dispersed in the cytoplasm, but is par-
tially translocated to the peripheral 
membrane upon activation [7].

ROCK is activated by monomeric G 
proteins (small GTPases) of the Rho (Ras 
homolog) protein family [6, 7, 9–11]. 
The Rho protein family consists of at 
least 20 members classified into 5 groups: 
the Rho-like, Rac-like, Cdc42-like, Rnd, 
and RhoBTB subfamilies, whereas RhoD, 
Rif, and RhoH/TTF do not fall into any 
obvious grouping [11]. Proteins of the 
Rho family regulate a wide range of fun-
damental cell functions such as contrac-
tion, motility, proliferation, and apopto-
sis [11]. RhoA, belonging to the Rho-like 
subfamily, is the main upstream activa-
tor of ROCK [11]. Binding of the active 
GTP-bound form of RhoA to the Rho-
binding domain stimulates the phos-
photransferase activity of ROCK by dis-
rupting the interaction between the cata-
lytic and the inhibitory C-terminal 
regions of the enzyme [10]. However, the 
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stimulatory effect of RhoA on ROCK 
activity is limited. RhoA functions as a 
molecular switch which cycles between 
an inactive GDP-bound and active GTP-
bound conformations. Activated RhoA 
interacts with downstream targets lead-
ing to cellular responses. Upon activa-
tion RhoA is translocated from the cyto-
sol to the cell membrane [10]. Activation 
of Rho GTPases is regulated by several 
mechanisms including the activation of 
heterotrimeric G protein-coupled recep-
tors [10]. Three types of regulators of 
Rho proteins have been identified. Rho 
guanine-nucleotide exchange factors 
(RhoGEF) promote the formation of the 
GTP-bound form of Rho proteins [11], 
whereas Rho GTPase activating protein 
(RhoGAP) accelerates the intrinsic 
GTPase activity resulting in the GDP-
bound form [11]. Rho guanine nucleotide 
dissociation inhibitor (RhoGDI) binds to 
a subset of Rho proteins, inhibits nucleo-
tide exchange and sequesters these pro-
teins away from the membrane, where 
normally they would be active [11]. On 
the other hand, it has been shown that 
ROCK-1 activity can be inhibited by the 
Rho protein Rnd3/RhoE which binds to 
the N-terminal region of ROCK-1 and 
prevents RhoA binding to the Rho-bind-
ing domain [12]. Two other small G pro-
teins of the Ras superfamily, Gem and 
Rad, have been shown to inhibit the 
ROCK function [12].

The Rho/ROCK signaling pathway has 
been implicated in the pathogenesis of 
diabetes. It has been demonstrated that 
ROCK activity is enhanced in vascular 
tissues in diabetes [8, 9, 13, 14]. Recent 
publications demonstrated that diabetes 
type 1-induced vascular dysfunction in 
the rat aorta arises due to an upregula-
tion of ROCK-2 isoform [15]. An 
increased level of ROCK-2 protein expres-
sion in corpus cavernosum of diabetic 
mice and retinal vessels of type 1 model 
diabetic rats [16] has also been reported. 
ROCK-1 gene and protein upregulation 
has also been reported from different 
vessels in various diabetic animal models 
[14]. The mRNA and protein levels of 
RhoA are also increased in arteries of 
diabetic rats and mice [9, 14, 16, 17]. 
The mechanism of RhoA and ROCK acti-

vation by high glucose levels remains to 
be defined. However ROS, thought to 
play a central role in the pathogenesis of 
vascular diabetic complications, have 
been shown to activate RhoA [18]. In 
another study, the authors reported that 
glucose-induced calcium-independent 
phospholipase A2b (iPLA2b) upregulation 
may activate the RhoA/ROCK via 
12/15-lipoxygenases in vascular smoth 
muscle cells (SMCs) [19]. On the other 
hand, it has been suggested that activa-
tion of ROCK in DM and high glucose 
level can be mediated by ErbB2 and Ras/
Raf/extracellular signal-regulated kinase 
1/2 (ERK1/2) [20]. ErbB2 is a trans-
membrane tyrosine kinase receptor of 
the epidermal growth factor receptor 
(ErbB/EGFR) family which downstream 
effector in vascular SMCs is ERK1/2 
[20] (see Figure).

Mechanisms of Ca2+ sensitization in vas-
cular SMCs in DM
While numerous studies have demon-
strated that DM impairs vascular func-
tion by inhibiting endothelium-depen-
dent vasodilatation [3, 4], others have 
shown that DM enhances vascular con-
tractility in an endothelium-indepen-
dent manner [13, 21–23]. A large num-
ber of studies suggest that vascular 
smooth muscle contractile responses are 
dramatically enhanced in diabetes [9, 
13, 22–24].

It is well known that vascular smooth 
muscle contractile responses are primar-
ily triggered by increased intracellular 
concentration of Ca2+ ([Ca2+]i). Both 
increased Ca2+ influx and release of 
Ca2+from intracellular stores have been 
proposed to be involved in DM, contrib-
uting to the enhanced vascular reactivity 
[25]. There is evidence that stimulation 
of arteries with a1-adrenomimetics is 
associated with increased Ca2+ influx in 
diabetic vessels over normal ones [24]. 
Other authors have also reported 
increased intracellular Ca2+ to be involved 
in the diabetic vascular hyperreactivity 
[24, 25]. However, there is a controversy 
here with reports of inhibition of volt-
age- and store-operated Ca2+ entry chan-
nels in vascular SMC in DM [26]. Alter-
natively, Ca2+ sensitization of the con-
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tractile proteins has been proposed as a 
more general mechanism of the elevated 
DM-associated vascular contractility [9, 
17, 22, 23]. One striking observation 
supporting this view is the enhanced con-
tractile response to a1-adrenomimetics by 
arteries from diabetic rats and mice 
which is not associated with [Ca2+]i 
changes [13]. Similarly, under high glu-
cose conditions, thromboxane A2-induced 
aortic smooth muscle contraction has 
also been shown to increase independent-
ly from intracellular calcium concentra-
tion [27].

Phosphorylation and dephosphoryla-
tion of the 20-kDa myosin light chain 
(MLC) are the major regulatory mecha-
nisms of smooth muscle contractility. 
Increased [Ca2+]i activates calmodulin-
dependent MLC kinase (MLCK) which 
catalyzes the phosphorylation of MLC at 
Thr18 and Ser19 leading to actin-myo-
sin interaction and vascular smooth 
muscles contraction [28]. On top of this 
primary regulatory pathway, several 
modulatory pathways exist in smooth 
muscles that can alter the magnitude of 
the force that is developed at any given 
[Ca2+]i [28]. ROCK-mediated [6, 10] 
mechanisms have been shown to be 
involved in elevated myofilament sensi-
tivity to Ca2+.

These pathways converge to phospho-
rylate an inhibitory protein CPI-17 at 
Thr38 [28-30] (see Figure). The CPI-17, 
or Protein kinase C (PKC) – dependent 
protein phosphatase-1 (PP1) inhibitor of 
17 kDa, effects on smooth muscle myosin 
light chain phosphatase (MLCP) [28–30]. 
The MLCP holoenzyme of smooth mus-
cles is a heterotrimer consisting of three 
subunits: the 130-kDa, 38-kDa, and 
21-kDa subunit [31]. The 38-kDa subunit 
is identified as catalytic subunit PP1cd. 
The 130-kDa subunit is a regulatory and 
myosin-bound MLCP targeting subunit 1 
(MYPT1) [31]. Phosphorylated CPI-17 
directly binds to MLCP and inhibits its 
activity [32]. Inhibition of MLCP results 
in a higher level of MLC phosphorylation 
for any given level of [Ca2+]i and activity 
of MLCK [32]. This phenomenon, known 
as Ca2+ sensitization of smooth muscles, 
could thereby maintain vascular contrac-
tion [10].

ROCK-mediated SMCs Ca2+ sensitization  
in DM

Numerous studies have demonstrated 
that enhanced contractile responses to 
a-adrenomimetics, angiotensin II (ANG 
II), and 5-hydroxytryptamine (5-TH) in 
vessels from animal models of both types 
of DM [4, 9, 13, 20, 24, 33] are mediated 
by ROCK.

For increase in myofilament Ca2+ sen-
sitivity in the DM ROCK-mediated mech-
anism have been shown [6, 9, 10, 23, 30, 
31]. In this mechanism, ROCK phosphor-
ylates CPI-17 at Thr38 [28–30] which 
then directly binds to PP1cd and inhibits 
the activity of MLCP [32] (see Figure). 
In addition, ROCK directly phosphory-
lates the MYPT1 subunit of MLCP at 
Thr855 and/or Thr850, Thr695, Thr696, 
and Thr697 [6, 10, 30, 31, 34] that also 
consequently inhibits the phosphatase 
activity.

In smooth muscle cells from STZ-
induced model of type 1 diabetes rats, 
phosphorylation levels of MYPT1 in 
aorta has been shown to be significantly 
elevated [15]. Similar results have been 
obtained from the saphenous vein of 
patients with DM by Matsuo and coau-
thors, which have shown that the hyper-
reactivity to 5-HT in smooth muscles of 
these vessels is due to higher phosphory-
lation of MLCP, evident from elevation 
of the P (Thr696)-MYPT1 to total MYPT1 
ratio [34].

Our research group has shown that 
elevated vascular SMC contractility in 
rats with STZ-induced DM is associated 
with enhanced Ca2+ sensitivity of con-
tractile myofilaments and ROCK is clear-
ly contribute to this process in diabetic 
vasculature [23]. ROCK-mediated calci-
um sensitization has been shown to be 
responsible for hypertension develop-
ment in type 2 diabetes as well [13, 17]. 
It has also been suggested recently that 
ROCK mediate Ca2+ sensitization in 
smooth muscles of the intrarenal interlo-
bar artery of type 2 diabetic (ob/ob) mice 
[13]. It has been shown that a1-adreno-
ceptor-mediated vasoconstriction in 
penile [24] and gracilis arteries [33] from 
rat models of prediabetes/metabolic syn-
drome (obese Zucker rats) also involves 
ROCK-dependent Ca2+ sensitization. 
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Other authors have demonstrated that 
ROCK-mediated CPI-17 phosphorylation 
increase in vascular SMCs of the type 2 
diabetic db/db mice model and SMCs cul-
tured in presence of high glucose concen-
tration [9]. Both activation of the ROCK 
pathways that phosphorylates CPI-17 and 
increase in total CPI-17 protein level 
seem to be involved [9], and CPI-17 up-
regulation/activation in type 2 diabetic 
db/db mice vasculature is associated with 
a significant blood pressure increase [35].

Interaction between ROCK and PKC in 
mechanisms of SMCs Ca2+ sensitization 
in DM
A number of papers have reported a link 
between the ROCK- and PKC-mediated 
pathways in diabetes orunder high glu-
cose conditions. PKC is presented with a 
family of serine/threonine kinases, with 
10 isoforms and has been reported to be 
also involved in mechanisms of SMCs 
Ca2+ sensitization in DM [36].

Hyperglycemia in DM results in an 
overproduction of reactive oxygen spe-
cies (ROS) and the ensuing oxidative 
stress which contributes to the activa-
tion of PKC [36]. Furthermore, there is 
strong evidence that PKC activation is 
mediated, at least in part, by induction 
of oxidative stress and increased produc-
tion of ROS [37]. In vascular tissues, 
PKC activation can also be mediated by 
diacylglycerol (DAG) [36] which has been 
shown to be elevated in DM [21, 27]. 
Hyperglycemia can enhance the amount 
of DAG primarily by increasing de novo 
DAG synthesis from the glycolytic inter-
mediate dihydroxyacetone phosphate 
(DHAP), as well as by inducing phos-
phorylation of the phospholipase Cg 
(PLCg) [21, 36] (Figure).

Some investigations suggest that 
ROCK is upstream of PKC in diabetic 
bladder [38] and diabetic cardiomyocytes 
[39], whereas in diabetic vascular SMC 
ROCK has been reported to be down-

Figure. A scheme illustrating the ROCK-mediated mechanisms of contractile proteins Ca2+  
sensitization in vascular smooth muscle cells in DM

DHAP – dihydroxyacetone phosphate; GAP – glyceraldehyde-3-phosphate; GPCR – 
G-protein coupled receptor; Grb-2 – growth factor receptor-bound protein 2; MEK1/2 – 
mitogen-activated protein kinase kinases 1 and 2; PA – phosphatidic acid; Raf1 – 
rapidly accelerated fibrosarcoma proto-oncogene protein kinase 1; Ras – rat sarcoma 
protein; Sch–Src homology 2 domain containing transforming protein; SOS –«sonof 
sevenless» homolog protein; TXA2 – Thromboxane A2. Definitions of other 
abbreviations see in the main text.



7Фармакологія та лікарська токсикологія, № 6 (41)/2014

stream of PKC [9, 20]. Xie and coauthors 
have shown that PKC in vascular SMC is 
required for high glucose-induced ROCK 
activation and consequently CPI-17 phos-
phorylation [9]. These authors also sug-
gest that, although PKC can directly 
phosphorylate CPI-17 upon some agonist 
stimulation in the vascular smooth mus-
cle tissue under physiological conditions, 
PKC is not the kinase that directly phos-
phorylates CPI-17 in the presence of high 
glucose [9]. It has been shown that ROCK 
mRNA and protein levels can be upregu-
lated through PKC and it is luckily that 
under diabetic conditions RhoA/ROCK 
and CPI-17 are downstream effectors of 
PKC [9]. More recently, the same group 
of researchers has shown that high glu-
cose-induced activation of PKC leading 
to activation of iPLA2b and up-regula-
tion of RhoA/ROCK via 12/15-lipoxy-
genases, thereby contributes to diabetes-
associated vascular smooth muscle Ca2+ 
sensitization and hypercontractility [19]. 
Products of the phospholipase A2 enzymes 
group include arachidonic acid which can 
be rapidly metabolized to a variety of 
mediators by lipoxygenases and other 

oxygenases to a number of bioactive eico-
sanoids [40]. However, it remains unclear 
how the catalytic activity of the 
12/15-lipoxygenase may activate RhoA/
ROCK/CPI-17. It is possible to assume, 
that PKC may mediate high glucose-
induced activation of RhoA via phos-
phorylation of RhoGDI or RhoGEF [41] 
(Figure).

Conclusion
The presented data suggest that ROCK 
in vascular SMC highly contribute to 
enhanced vascular tone and arterial 
hypercontractility in diabetes by media-
ting SMC Ca2+-sensitization. Our review 
shows that ROCK are potential therapeu-
tic targets for treating vascular diabetic 
complications. Developing innovative 
pharmacological approaches that could 
modulate ROCK activity is highly impor-
tant for new strategies that might prove 
clinical relevancy in preventing the 
development and/or retarding the pro-
gression of diabetes-associated vascular 
complications.
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I. В. Kізуб
Rho-кіназа: одна з головних ланок у Ca2+-сенситизації за індукованої діабетом 
гіперскоротливості судинних гладеньких м’язів
Цукровий	 діабет	 є	 комплексним	 синдромом,	 що	 призводить	 до	 чисельних	 порушень,	 у	 тому	

числі	судинних	дисфункцій.	Rho-залежна	кіназа	(RhoK)	є	важливим	регуляторним	ферментом,	що	
опосередковує	 передачу	 сигналів	 у	 реалізації	 багатьох	 судинних	 функцій,	 у	 тому	 числі	
скоротливості	 судинних	 гладеньких	 м’язів.	 Чисельні	 дослідження	 показали,	 що	 скоротливі	
відповіді	судинних	гладеньких	м’язів	значною	мірою	підвищені	за	умов	цукрового	діабету.	RhoK	
робить	суттєвий	внесок	у	цей	процес,	опосередковуючи	зростання	чутливості	скоротливих	білків	
до	іонів	Ca2+	(або	Ca2+-сенситизацію)	у	судинних	гладеньком’язових	клітинах.	За	умов	цукрового	
діабету	опосередковані	RhoK	внутрішньоклітинні	сигнальні	шляхи	спрямовані	на	фосфорилюван-
ня	 інгібіторного	білка	CPI-17,	який	зв’язуючись	 із	фосфатазою	легких	ланцюгів	міозину	(ФЛЛМ)	
призводить	до	пригнічення	її	активності.	Окрім	того,	RhoK	викликає	пригнічення	активності	ФЛЛМ	
за	рахунок	фосфорилювання	 її	таргетної	субодиниці	1	 (MYPT1).	Наслідком	пригнічення	ФЛЛМ	є	
зростання	 фосфорилювання	 легких	 ланцюгів	 міозину	 незалежно	 від	 внутрішньоклітинної	
концентрації	Ca2+та	рівня	активності	кінази	легких	ланцюгів	міозину.	Ca2+-сенситизація	гладень-
ких	м’язів,	таким	чином,	може	суттєво	підвищувати	скоротливість	судинної	стінки	за	умов	цукро-
вого	 діабету.	 Багато	 досліджень	 також	 показали	 зв’язок	 між	 RhoK-	 та	 протеїн	 кіназа	 С	 (ПКС)-
опосередкованими	 сигнальними	 шляхами	 за	 умов	 діабету.	 При	 цьому	 встановлено,	 що	 в	 стінці	
діабетичних	судин	RhoK	може	бути	активована	ПКС.	Таким	чином,	проаналізовані	дані	показують,	
що	RhoK	є	важливою	фармакологічною	мішенню	для	лікування	судинних	ускладнень,	що	пов’язані	
з	цукровим	діабетом.

Ключові слова: діабет, Rho-кіназа, Ca2+-чутливість, судинні гладенькі м’язи, судинний тонус

И. В. Кизуб
Rho-киназа: одно из главных звеньев в Ca2+-сенситизации при 
индуцированной диабетом гиперсократимости сосудистых гладких мышц
Сахарный	 диабет	 является	 комплексным	 синдромом,	 приводящим	 к	 многочисленным	 нару-

шениям,	включая	сосудистые	дисфункции.	Rho-зависимая	киназа	(RhoK)	–	важный	регуляторный	
фермент,	опосредующий	передачу	сигналов	в	реализации	многих	сосудистых	функций,	включая	
сократимость	гладких	мышц	сосудов.	Многочисленные	исследования	показали,	что	сократитель-
ные	ответы	гладких	мышц	сосудов	в	значительной	степени	увеличены	в	условиях	сахарного	диа-
бета.	RhoK	вносит	значительный	вклад	в	этот	процесс,	опосредуя	повышение	чувствительности	
сократительных	белков	к	ионам	Ca2+	 (или	Ca2+-сенситизацию)	в	гладкомышечных	клетках	сосу-
дов.	При	сахарном	диабете	опосредованные	RhoK	внутриклеточные	сигнальные	пути	направлены	
на	фосфорилирование	ингибиторного	белка	CPI-17,	который,	связываясь	с	фосфатазой	легких	
цепей	миозина	(ФЛЦМ),	приводит	к	угнетению	ее	активности.	Кроме	того,	RhoK	вызывает	угне-
тение	активности	ФЛЦМ	за	счет	фосфорилирования	ее	таргетной	субъединицы	1	(MYPT1).	След-
ствием	 угнетения	 ФЛЦМ	 является	 повышение	 фосфорилирования	 легких	 цепей	 миозина	 неза-
висимо	от	внутриклеточной	концентрации	Ca2+	и	уровня	активности	киназы	легких	цепей	миози-
на.	 Ca2+-сенситизация	 гладких	 мышц,	 таким	 образом,	 может	 существенно	 повышать	 сократи-
мость	 сосудистой	 стенки	 при	 сахарном	 диабете.	 Многие	 исследования	 также	 показали	 связь	
между	 RhoK-	 и	 протеин	 киназа	 С	 (ПКС)	 –	 опосредованными	 сигнальными	 путями	 при	 диабете.	
При	этом	установлено,	что	в	стенке	диабетических	сосудов	RhoK	может	быть	активирована	под	
действием	 ПКС.	 Таким	 образом,	 проанализированные	 данные	 показывают,	 что	 RhoK	 является	
важной	фармакологической	мишенью	для	лечения	сосудистых	осложнений,	связанных	с	сахар-
ным	диабетом.

Ключевые слова: диабет, Rho-киназа, Ca2+-чувствительность, сосудистые гладкие мышцы, 
сосудистый тонус



10 Фармакологія та лікарська токсикологія, № 6 (41)/2014

I. V. Kizub
Rho-kinase: one of the main links in Ca2+ sensitization in diabetes-induced  
vascular smooth muscle hypercontractility
Diabetes	 is	 a	 complex	 syndrome	 which	 leads	 to	 multiple	 dysfunctions	 including	 vascular	 disorders.	

Rho-associated	coiled-coil	kinase	(ROCK)	is	important	regulatory	enzyme	mediating	signal	transduction	
in	 a	 number	 of	 vascular	 functions,	 including	 vascular	 smooth	 muscle	 contractility.	 Many	 studies	 have	
shown	that	vascular	smooth	muscle	contractile	responses	are	dramatically	enhanced	in	diabetes.	ROCK	
significantly	 contributes	 to	 this	 process	 by	 mediating	 elevation	 in	 sensitivity	 of	 contractile	 proteins	 to	
Ca2+ions	 (or	 Ca2+	 sensitization)in	 vascular	 smooth	 muscle	 cells.	 In	 diabetes	 mellitus	 ROCK-mediated	
pathways	 converge	 to	 phosphorylate	 the	 inhibitory	 protein	 CPI-17	 which	 binds	 to	 myosin	 light	 chain	
phosphatase	 (MLCP)	 and	 inhibits	 its	 activity.	 Besides,	 ROCK	 phosphorylates	 myosin	 light	 chain	
phosphatase	targeting	subunit	1	(MYPT1)	which	also	inhibits	the	phosphatase	activity.	Inhibition	of	MLCP	
results	in	a	higher	level	of	myosin	light	chain	phosphorylation	for	any	given	intracellular	level	of	Ca2+	and	
activity	 of	 the	 myosin	 light	 chain	 kinase.	 Ca2+	 sensitization	 of	 smooth	 muscle,	 thus,	 could	 potentially	
maintain	vascular	contraction	in	diabetes.	A	link	between	the	ROCK-	and	protein	kinase	C	(PKC)-mediated	
pathways	 in	 diabetic	 vascular	 smooth	 muscle	 cells	 has	 been	 shown,	 assuming	 that	 the	 ROCK	 is	
downstream	effectors	of	PKC.	The	data	analyzed	suggest	that	ROCK	isan	important	therapeutic	targetfor	
treating	diabetes-related	vascular	complications.

Key words: diabetes, Rho-kinase, Ca2+ sensitization, vascular smooth muscle, vascular tone
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