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1. ABSTRACT 
 

Alteration of G protein-coupled receptor (GPCR) 
signaling is a salient feature of hypertension and the 
associated heart diseases. Recent studies have revealed a 
large family of Regulators of G-protein Signaling (RGS) 
proteins as important endogenous regulators of GPCR 
signaling. RGS2 selective regulates Galphaq/11 signaling, an 
essential cause of hypertension and cardiac hypertrophy. 
Both clinical and animal studies have shown that 
deregulation of RGS2 leads to exacerbated Galphaq/11 
signaling. There is an inverse correlation between RGS2 
expression and blood pressure, as well as a selective down-
regulation of RGS2 in various models of cardiac 
hypertrophy. The causal relationship has been established 
in animal studies. RGS2 knockout mice exhibit not only 
hypertension phenotype but also accelerated cardiac 
hypertrophy and heart failure in response to pressure-
overload. Further in vitro studies have shown that RGS2 
knockdown with RNA interference exacerbates, whilst 
RGS2 over-expression completely abolishes the Galphaq/11-
induced hypertrophy. These findings indicate that 
deregulation of RGS2 plays a crucial role in the 
pathogenesis of cardiovascular diseases, marking RGS2 as 
a potential therapeutic target or biomarker of hypertension 
or hypertensive heart diseases.  

 
 
 
2. INTRODUCTION 
 

Hypertensive heart disease, characterized by 
hypertrophy of the left ventricles, is a major aetiological 
condition predisposing to heart failure (HF) (1, 2), a 
leading cause of cardiac morbidity and mortality in 
developed countries. Catecholamines and vasoactive 
peptides such as angiotensin II and endothelin are 
chronically elevated in patients with hypertensive a heart 
disease, the increase of which perturbs the G-protein 
coupled receptor (GPCR) signal transduction and hastens 
the progression from cardiac hypertrophy to HF (3-6). 
Hypertension (7) and cardiac hypertrophy (8-11) are indeed 
characterized by exacerbated Galphaq/11 signaling, whereas 
HF is associated with up-regulated Galphai/o and depressed 
beta-adrenergic receptor (beta-AR) signaling (12-15).  

 
Upon GPCR activation, guanosine diphosphate 

(GDP) is exchanged for guanosine triphosphate (GTP) on 
the Galpha subunit, resulting in the dissociation of the Gbeta-

gamma subunit from the Galpha subunit. Both subunits activate 
downstream effectors. The intrinsic GTPase activity of the 
Galpha-subunit catalyzes the hydrolysis of GTP to GDP, thus 
reconstituting the heterotrimeric G-protein complex and 
terminating G-protein signaling (16). RGS proteins act as 
GTPase-activating proteins (GAPs) to accelerate this 
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process, turning down GPCR signaling via returning G 
proteins to the GDP-bond heterotrimeric form. In addition 
to their GAP activity, RGS proteins also bind to certain 
effecter proteins such as adenylyl cyclase (AC) and the 
alpha-subunit of GalphaS proteins, resulting in inhibition of 
their functions (17).  

  
GPCRs have been marked as targets for therapies. 

Among the most effective clinical treatments are 
angiotensin converting enzyme (ACE) inhibitors, beta-AR 
blockers, diuretics, and Ca2+ channel blockers (18-21), the 
administration of which reduces hypertension(22), 
concomitantly favors the regression of cardiac hypertrophy 
and fibrosis (23-26); improves the symptoms of  heart 
failure and reduces the 5-year mortality rates (27, 28). 

 
Despite the advances in medication targeting 

against altered GPCR signaling, cardiovascular diseases 
remain the leading cause of mortality (29, 30). Thus, 
identification of novel therapeutic targets for cardiovascular 
diseases, particularly hypertensive heart diseases, is the 
current focus of cardiovascular research and medicine. In 
this regard, recent studies have revealed a large family of 
endogenous Regulators of G-protein Signaling (RGS) 
proteins which may be developed as potential therapeutic 
targets.  

 
The small RGS B/R4 subfamily members, RGS2-

5, are the predominant RGS proteins expressed in the 
cardiovascular system (31-33). RGS3-5 equally regulates 
both Galphai/o and Galphaq/11(34) whereas cardiac myocyte 
RGS2 displays selectivity for Galphaq/11 (34, 35) at least in 
part via the three unique residues within the G-protein 
binding domain (36). Given the critical role of Galphaq/11 in 
maladaptive cardiac hypertrophy and remodelling in 
hypertensive heart disease, RGS2 is gaining increasing 
attention as an intrinsic suppressor. Both clinical and basic 
studies have demonstrated that deregulation of RGS2 
contributes to the pathogenesis of cardiovascular diseases 
(36, 37). Clinical studies have exhibited an inverse 
relationship between blood pressure and RGS2 expression 
levels: hypertensive patients display a reduction in RGS2 
mRNA and protein levels compared with normal subjects 
(38, 39), whereas patients with Bartter’s/Gitelman’s 
syndrome who are characterized by hypotension show 
increased RGS2 expression (40), highlighting a correlation 
between deregulation of RGS2 and the pathogenesis of 
hypertension as well as hypotension. The potential causal 
relationship between RGS2 deficiency and the development 
of hypertension and associated heart disease has been 
substantiated by recent animal studies. First, mice lacking 
RGS2 have obvious hypertensive phenotype (41, 42). 
Second, RGS2 deficient mice not only develop 
hypertension but also exhibit much more severe 
hypertensive heart disease as manifested by cardiac 
hypertrophy and heart failure in response to moderate 
pressure-overload as compared to wild-type controls (43). 
Additionally, the expression of RGS2, but not RGS3-5, is 
selectively down-regulated in multiple hypertrophic animal 
models (44), implying a crucial role of RGS2 deregulation 
in the development of cardiac hypertrophy. Finally, in vitro 
studies have further established the causal relationship 

between the reduction of RGS2 and cardiomyocyte 
hypertrophy (44, 45). These findings indicate that 
deregulation or malfunction of RGS2 is critically involved 
in the pathogenesis of cardiovascular diseases, and that 
RGS proteins in general and RGS2 in particular may serve 
as novel therapeutic targets or biomarkers of hypertension 
or hypertensive heart diseases. In this review, we first give 
an overview of recent advances on the role of Galphaq/11-
selective RGS2 in cardiovascular diseases. We focus on 
hypertension and cardiac hypertrophy, which are 
accompanied with exacerbated Galphaq/11 signaling. Finally, 
we discuss the regulation of RGS2 and its potential 
pathogenic and therapeutic implications. 
 
3. THE ROLE OF RGS2 AND CARDIOVASCULAR 
DISEASE 
 
3.1 Deregulation of RGS2 in the vascular system and 
hypertension 

Hypertension is a major risk factor for ischemic 
heart diseases and a strong predictor of hospitalization for 
congestive heart failure (CHF) (46). Accumulating 
evidence shows that RGS2 plays a prominent role in 
regulating GPCR signaling pathways that directly involved 
in blood pressure homeostasis. First, RGS2 expression has 
been detected in vascular smooth muscle, the dysfunction of 
which contributes to pathogenesis of hypertension (47). 
Second, RGS2 selectively regulates Galphaq/11 signaling, which 
is activated by many vasoconstrictors including vasopressin, 
endothelin-1 (ET-1), thromboxane A2 thrombin, and 
angiotensin II. These observations suggest that the 
deregulation of RGS2 may promote chronic constriction of the 
peripheral vasculature, leading to hypertension (41). More 
importantly, hypertensive patients indeed display a decrease in 
RGS2 mRNA and protein levels (38, 39). Conversely, patients 
with Bartter's/Gitelman's syndrome, whom are accompanied 
with hypotension, have an enhanced expression of RGS2 (40) 
(Table 1). Further studies of genetic variations in RGS2 in 
human hypertension populations have been reported (39, 48). 
Polymorphisms in RGS2 significantly reduce its expression as 
well as its action in inhibiting angiotensin II receptor type I 
(AT1)-mediated accumulation of inositol phosphates, thereby 
hastening the pathogenesis of hypertension (39). That RGS2 is 
associated with blood pressure regulation is further supported 
by a recent study showing the association of  G/G 1114 RGS2 
genotype with the number of neutrally mediated syncope 
(NMS) episodes, which is also a type of blood pressure 
dysregulation (49).  

 
The essential role of RGS2 in the regulation of 

vascular tone has been well demonstrated in mice lacking 
RGS2. Tang et al have shown that mice lacking RGS2 at 
the age of 3-5 months globally develop modest systemic 
hypertension and a striking elevation in mean arterial 
pressure without major cardiac phenotype at resting 
conditions (42).  Furthermore, it has been shown that RGS2 
knockout mice are hypertensive and exhibit persistent 
constriction of the resistance vasculature (41, 42).  
Consistent with these findings, RGS2-/- mice have more 
severe hypertension and prolonged vasoconstriction in 
response to angiotensin II as compared to wild type control 
animals (41, 42, 50, 51). 
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Table 1. The expression of RGS2 in hypertension, hypertrophy and heart failure 
Diagnosis Samples Species Treatment Duration of 

treatment 
RGS2 expression 
compared with control 

Reference Parameters 
evaluated 

Galphaq/11* 
Hypertrophy 

Myocardium FVB mice  TAC1 8 wk after 
TAC1 

Decrease (44) Protein and 
mRNA 

Accelerated 
hypertension 

Aortic media Fischer 
344 rats 

Chronic inhibition of NO 
synthesis with L-NAME 

30 days Decrease (82) mRNA 

Essential 
hypertension 

Blood 
mononuclear 
cells 

Human NA NA Decrease (38)  mRNA 

 BS/GS2 Blood 
mononuclear 
cells 

Human NA NA Increase (40)  mRNA 

End stage heart 
failure 

Core of AV apex Human NA2 NA Increase (74) Protein 

1Transverse aortic constriction, Bartter’s and Gitelman’s syndromes  
 

Interestingly, Heximer and co-workers have 
demonstrated that both anesthetized rgs2+/– and rgs2–/– 
mice display substantial blood pressure elevation, 
indicating that that both copies of the rgs2 gene are 
essential for normal regulation of blood pressure. 
Furthermore, they have also reported that the elevated 
blood pressure in RGS2-/- mice, unlike in many other 
hypertensive mouse models, is not accompanied by a 
compensatory fall in heart rate, suggesting that the absence 
of normal RGS2 function may also cause generalized 
disruption of cardiovascular reflexes. Taken together, both 
clinical and basic studies have demonstrated that RGS2 
constitutes a requisite for the regulation of normal vascular 
tone and blood pressure, and that a reduction or 
malfunction of RGS2 contributes to the pathogenesis of 
hypertension. 
 
3.1.1. Potential role of Galpha12/13 

A previous study by Wirth et al have shown that 
both Galphaq/11 and Galpha12/13 are required for salt-induced 
hypertension despite only Galphaq/11 is necessary to maintain 
normal blood pressure (52).  Given that vasoconstrictors 
such as angiotensinII, endothelin-1 or throboxaneA2 
receptors couple to Galphaq/11 and Galpha12/13, RGS2 might as 
well regulates Galpha12/13. Further studies are needed to 
elucidate the effect of RGS2 on Galpha12/13.  
 
3.2 Deregulation of RGS2 and cardiac hypertrophy 

Hypertension is one of the conditions which 
increases afterload and is a precipitating cause of cardiac 
hypertrophy. The myocardium responds to acute overload 
by undergoing hypertrophy, which was originally described 
as a compensatory mechanism to reduce wall stress during 
acute overload (53). However, sustained stress initiates a 
myopathic transition from a compensatory state to 
progressive chamber enlargement associated with impaired 
myocardial vascularization, unfavourable changes in the 
extracellular matrix composition and fibrosis (54). It is well 
accepted that pathological hypertrophy is associated with 
adverse prognosis. Clinical consequences include the 
development of cardiac arrhythmias, cardiac dysfunction 
and eventually CHF (1, 55, 56).  
 
3.2.1. Galphaq/11 signaling and cardiac hypertrophy 

The contribution of G proteins to cardiac 
hypertrophy and heart failure has been extensively 
examined in transgenic mouse model systems (9, 11, 57). 
Despite the finding showing that cardiac hypertrophy can 

be mediated through vascular actions (58), substantial 
evidence shows that Galphaq/11 in the myocardium is the 
central player for pressure overload-induced cardiac 
hypertrophy (9, 59, 60) (Figure 1). Cardiac specific over-
expression of Galphaq/11 results in the development of cardiac 
hypertrophy and dilatation, subsequently leads to 
cardiomyopathy with depressed contractile function (9, 11, 
57), the effect of which is blocked by cardiac specific 
expression of an inhibitor of Galphaq/11 signaling (9). 
 
3.2.2. Role of RGS2 in cardiac hypertrophy 

Among multiple RGS proteins, RGS2 is 
selectively down-regulated in hypertrophy animal models 
(44). The selective down-regulation of RGS2 occurs even 
before the onset of cardiac hypertrophy (44).  Furthermore, 
Zhang et al have demonstrated that over-expression of 
RGS2 inhibits Galphaq/11-mediated cardiac myocyte 
hypertrophy, whereas gene silencing of RGS2 with RNAi 
exacerbates cardiac myocyte hypertrophy in response to 
increased Galphaq/11 signaling by the stimulation of ET-1 
receptor with endothelin or alpha1-adrenoceptor (alpha1-
AR) with phenylephrine (PE) (44, 45). In support of this, it 
has been shown that RGS2 directly interacts with the third 
intracellular loop of alpha1A-adrenergic receptor (61). 
Importantly, studies on RGS2 deficient mice have further 
established a causal relationship between reduced RGS2 
expression and cardiac hypertrophy. Specifically, RGS2-/- 
mice exhibit a very marked hypertrophic response, cardiac 
dysfunction and premature death in response to pressure 
overload (43). Although RGS2-/- and its littermates have 
similar resting cardiac anatomy and functions at the age of 
4-5 months in the absence of pressure overload (41), RGS2 
deficient mice display a marked dilation following pressure 
overload, which is accompanied with a significant increase 
in end-diastolic and systolic dimensions and decline in 
fractional shortening as well as impaired relaxation 
compared with littermate controls (43). These results 
suggest that dysfunction of RGS2 may play a prominent 
role in the initial events that trigger hypertrophy in 
response to pressure overload. 
 
3.2.3. Potential mechanisms underlying RGS2-mediated 
suppression of hypertrophy 

Apart from the converging point on Galphaq/11, the 
exact molecular mechanism underlying RGS2-mediated 
suppression of hypertrophy remains highly controversial. 
Zhang et al have shown that RGS2 restrains Galphaq/11 
mediated hypertrophy via suppressing phospholipase C-
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Figure 1. Regulation of RGS2 in the cardiac myocyte and its implication in cardiac hypertrophy.1. Cardiac hypertrophic agonists 
stimulate Galphaq/11-coupled GPCRs and activate phospholipase C-beta (PLC-beta). Subsequent production of IP3 and elevation of 
intracellular Ca2+ levels not only activate Ca2+/calmodulin-dependent protein kinase II (CAMKII), calcineurin (CN) and regulator 
of CN-1 (RCAN-1), but also MAPK including ERK1/2 and JNK. Activated CN dephosphorylates NFAT, which promotes its 
nuclear translocation. The cooperation of NFAT and GATA then switches on transcription of the hypertrophic gene program. Of 
note, the hypertrophic responses were abolished in response to administration of PLC-beta inhibitor, U7122.2. RGS2 negatively 
regulates Galphaq/11 signaling. Association of RGS2 with Galphaq/11 increases the GTPase activity of Galphaq/11 thus suppressing the 
Galphaq/11-mediated hypertrophic responses. Our lab has recently shown that RGS2 also negatively regulates Galphai/o. 3. The 
expression of RGS2 is biphasically regulated, with a marked up-regulation in response to short term Galphaq/11 or GalphaS activation 
followed by a persistent decline in response to sustained agonist stimulation. 4. The activity of RGS2 is regulated by PKG. PDE5 
inhibition-mediated PKGI-activation translocates, phosphorylates and activates RGS2. Apart from PDE inhibition, PKG is also 
activated by ANP-mediated GC-A activation. Given that PKG phosphorylates both RGS2 and RGS4, RGS2 might be a potential 
downstream effector of the GC-A/PKG signaling. 

 
beta (PLC-beta) but not MAPK activation (44). 
However, Takimoto et al have recently demonstrated 
that pressure overload-induced cardiac dilation and 
hypertrophy in RSG2-/- mice are coupled with 
exacerbated activation of ERK1/2 and JNK and a 
concurrent increase in calcineurin, regulator of 
calcineurin-1 (RCAN-1) and CAMKII activity 
(Figure 1), which have previously been implicated in 
maladaptive cardiac remodelling (62). Of note, the 
aforementioned effects are blocked by the 
administration of a PLC-beta inhibitor U73122 (43) 
(Figure 1). Nevertheless, the exact mechanism 
underlying RGS2-mediated suppression of 
hypertrophy awaits further investigation. 

3.2.4. Potential overlapping role of RGS proteins 
Although compelling evidence indicates that 

reduced RGS2 expression is central in the development of 
hypertrophy in response to pressure overload and that 
RGS2 is 10 folds more potent than RGS4 in blocking 
Galphaq/11 activation of PLC-beta (36), recent studies have 
highlighted a complex and potential overlapping roles of 
RGS proteins. Over-expression of RGS4 has been shown to 
inhibit endothelin-1 or PE-induced cardiac myocyte 
hypertrophy (35, 63) and blunts Galphaq/11 stimulated cardiac 
hypertrophy in mice (64). Furthermore, Kangawa and co-
workers have recently demonstrated that RGS4 is required 
for the cardiac natriuretic peptides mediated anti-
hypertrophic effect in the heart (65, 66). However, RGS4
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Table 2. The expression of RGS2 in responses to stimulation of Galphaq/11/ GalphaS 
Agonists Dose Time RGS2 expression Cell type References Parameter evaluated 
Galphaq/11       
PE3 2µM 3h Increases 20 folds AVM1 (34) mRNA 
  24h Increases 5 folds AVM1 (34)  
  48h Increases 2.5 folds AVM1 (34)  
  72h Basal (unstimulated) to a decrease AVM1 (34)  
PE3 10µM 30min-1h Increases NVM2 (45) mRNA 
PMA4 0.16µM 3h Increases 110 folds AVM1 (34) mRNA 
  72h Basal (unstimulated) AVM1 (34)  
GalphaS       
ISO5/FSK6 1nM 2h Increases AVM1 Unpublished  data Protein 
ISO5/FSK6 1nM 24h Decreases AVM1 Unpublished data Protein 

3h Increases 4 folds AVM1 (34) ISO5 2µM 
48h Increases ~1.5 folds AVM1 (34) 

mRNA 

1Adult ventricular myocyte, 2Neonatal ventricular myocyte, 3Phenylephrine, 4phorbol 12-myristate 13-acetate, 5Isoproterenol, 
6Forskolin 

 

over-expressing hearts exhibit rapid cardiac dilation and 
marked mortality in response to pressure overload (67). 
Further studies are warranted. 
 
 3.3 Role of RGS2 in the development of heart failure  

Hypertension and pathophysiological 
hypertrophy are well-established risk factors of congestive 
heart failure (CHF) (2, 68-70). Long-standing arterial 
hypertension induced cardiac hypertrophy is indeed 
associated with a marked increase in incidence of heart 
failure. Kass and co-workers have recently provided strong 
evidence that RGS2 ablation renders the heart more 
vulnerable and results in premature death (43) despite the 
inconsistent expression profile of RGS2 in CHF (32). In 
response to pressure overload, RGS2-/- mice are acutely 
decompensated with dilated heart failure and associated 
with a significantly higher mortality compared with the 
littermate controls.  

 
It is well documented that enhanced Galphai/o-

mediated signaling (12, 15, 71), in addition to Galphaq/11-
dependent signaling, plays a pivotal role in the progression 
to heart failure. A previous study has shown that RGS2 has 
no effect on Galphai/o-coupled signaling in adult rat cardiac 
myocytes (34). However, our unpublished biochemical and 
functional data have shown that RGS2 served as an 
endogenous negative regulator of beta2-adrenergic receptor 
(beta2-AR)-activated Galphai/o signaling in rodent 
cardiomyocytes (Zhu et al., personal communication). 
Adenovirus mediated RGS2 over-expression abrogated 
beta2-AR-Galphai/o coupling in cultured cardiac myocytes, 
which was intact in RGS2-/- mice. In support of this 
finding, RGS2 has been shown to directly interact with 
beta2-AR (72). Furthermore, RGS2 may directly inhibit the 
major myocardial adenylyl cyclase V and VI isoforms (17), 
the impaired activity of which is a feature of HF. It is likely 
that the selective down-regulation of RGS2 in hypertrophic 
hearts or early stage compensated failing hearts leads to 
increased Galphai/o as well as Galphaq/11 signaling, thus 
contributing to the transition of compensated to 
decompensated CHF. 

 
The central importance of exacerbated Galphai/o 

signaling in HF further implies the potential involvement of 
RGS3-5. While RGS3 and RGS4 have been shown to be 
increased in myocardium from patients with HF (32, 73), 

there is also reports argue against the notion (74). The 
disparity might be, at least in part, owing to the complex 
aetiology of HF and the dynamic regulation of a multitude 
of RGS proteins (see below). Taken together, previous 
studies have provided compelling evidence to support a 
prominent role of RGS2 deregulation in the development of 
cardiac hypertrophy, whilst it is possible that other RGS 
proteins may play a role.  

  
4. REGULATION OF RGS2  
 
4.1 G-protein dependent regulation of RGS2 expression 
 It has been shown that the regulation of RGS2 
expression and activity is both tissue- and receptor-specific. 
In the cardiovascular system, the gene and protein 
expression of RGS2 is dynamically regulated by 
stimulation of a variety of GPCR-coupled signaling 
pathways (45, 47, 75) (Table 2). 
 
4.1.1. Galphaq/11-RGS2-Galphaq/11 negative feedback loop 

Galphaq/11-selective RGS2 has been shown to 
undergo rapid up-regulation in the myocardium in response 
to Galphaq/11 activation (Figure 1). Acute increase in Galphaq/11 
signaling evoked by receptor activation or enforced 
expression of a constitutively active Galphaq/11 mutant, 
Galphaq/11*, selectively up-regulate myocardial RGS2 but not 
RGS3-5 (45). In agreement with this finding, Hao et al 
have showed that the alpha1-AR agonist PE robustly 
increases RGS2 gene expression by 20 folds. Similarly, 
administration of phorbol-12-myristate-13-acetate (PMA), 
a PKC activator, also increases RGS2 by 110 folds over the 
baseline (34). Similar findings have been reported in 
vascular smooth muscle cells. Grant et al have 
demonstrated that angiotensin II-mediated activation of 
AT-1 selectively stimulates the gene expression of RGS2 in 
vascular smooth muscle cells in a dose- and time-dependent 
manner (47). It has been suggested that the rapid increase 
in RGS2 expression in response to the stimulation of a 
given Galphaq/11 coupled-GPCR might serve as a negative 
feedback loop to facilitate the termination of the receptor 
signaling. 
 
4.1.2. GalphaS-RGS2-Galphaq/11/Galphai/o signaling cross-
talk? 

Interestingly, Hao et al demonstrated that 
stimulation of GalphaS-coupled beta-AR with isoproterenol 
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(ISO) also increases RGS2 at both mRNA and protein 
levels (34) (Figure 1). Similar findings have been obtained 
with administration of forskolin, which directly activates 
AC (76). These findings are in agreement with previous 
notion of cAMP-dependent regulation of RGS2 in other 
cell types (77). Consistent with these findings, our 
laboratory has recently shown that administration of ISO 
increases expression of RGS2 (unpublished results) in 
rodent cardiac myocytes. Since RGS2 has no GAP activity 
toward the alpha-subunit of Gs proteins (34), the up-
regulation of RGS2 by activation of Gs-coupled signaling 
is unlikely to represent a negative feedback mechanism, 
instead highlighting a potential cross-talk between GalphaS 
and Galphaq/11- or Galphai/o-mediated signaling pathways in 
the cardiac myocytes (Figure 1). 
 
4.1.3. Biphasic regulation of RGS2 expression 

Evidence has accrued that RGS2 expression 
undergoes a biphasic regulation, with an initial rise 
followed by a persistent decline in response to sustained 
agonist stimulation. To date, most studies have shown that 
up-regulation of RGS expression is rapid. For instance, 
stimulation of AT-1 receptor with angiotensin II markedly 
increases mRNA and protein expression of RGS2 within 1h 
(47, 75). Likewise, Hao et al have also demonstrated that 
PE-induced up-regulation of RGS2 occurs within the first 
hour of agonist treatment. Our unpublished data have also 
shown that administration of ISO for 2h increases RGS2 
protein expression in adult mouse and rat cardiac myocytes 
(Zhu et al., personal communication). 

 
 Despite an acute increase following 
administration of GPCR agonists, RGS2 expression 
declines in response to sustained stimulation. For instance, 
Hao et al have shown a significant decrease in RGS2 
expression at 72h after administration of PE or PMA (34). 
In support of the finding, our lab has also demonstrated a 
marked down-regulation of RGS2 protein after 24h ISO or 
forskolin stimulation in cultured mouse cardiomyocytes 
(Unpublished results). 
 
4.1.4 Deregulation of G-protein-dependent axis and its 
pathophysiological implications 

 It has been suggested that the eventual decline of 
RGS2 induced by prolonged GPCR stimulation may serve 
as an important pathological element via loss of control of 
certain G-protein signaling, in particular, Galphaq/11 and 
Galphai/o signaling. In support of this perception, Zhang et al 
have provided eloquent evidence that there is a selective 
RGS2 down-regulation with prolonged enhanced Galphaq/11 
signaling in the hypertrophic heart (44), suggesting that the 
down-regulation of RGS2 and the subsequent exacerbated 
Galphaq/11 signaling in response to chronic elevated 
catecholamines in diseases states may, at least in part, 
contribute to the pathogenesis of cardiovascular diseases 
including hypertension and myocardial hypertrophy. 
 
4.2 PKG-dependent regulation of RGS2 activity 
4.2.1. G-protein-independent regulation of RGS2 by 
NO-cGMP-PKG signaling cascade in VSMC 

 Eloquent evidence shows that RGS2 activity can 
be regulated through a GPCR/G-protein independent 

mechanism via activation of the NO-cGMP-PKG axis (42). 
PKGI-alpha, the predominant PKG isoform in vascular 
smooth muscle cells, has been shown to inhibit vascular 
contraction by phosphorylating RGS2 at Ser46 and 64, 
which modestly increases its GAP activity toward Galphaq/11 
by 2-folds (42), thereby terminating Galphaq/11-mediated 
vasoconstriction (50).  

 
 The role of PKG in regulating RGS2 is further 

supported by the fact that mice lacking RGS2 have an 
impaired cGMP-mediated inhibition on Ca2+ transients 
elicited by vasoconstrictors (41, 50), and display decreased 
cGMP-mediated relaxation (42, 50).  Furthermore, it has 
been shown that cGMP stimulation increases the 
translocation of wild type RGS2, but not its mutant which 
lacks PKG phosphorylation sites, to smooth muscle cell 
plasma membranes, a prerequisite for its activity. Similarly, 
Blumer and co-workers have demonstrated that PKG-
dependent plasma membrane association of RGS2 is 
necessary for RGS2-mediated inhibition of vasoconstrictor- 
and Galphaq/11-triggered PLC activation, Ca2+ release, and 
capacitative Ca2+ entry (78).  
 
4.2.2. G-protein-independent regulation of RGS2 by 
cGMP-PKG-PDE5 signaling axis in the heart 
 PKG-dependent regulation of RGS2 has also 
been demonstrated in cardiac myocytes. Takimoto et al 
have recently shown that RGS2 is a dominating effector of 
PKG in the myocardium in the initial response to pressure 
overload (43). Activation of PKGI-alpha is required for 
membrane translocation of RGS2 both in vitro and in vivo. 
Briefly, they have shown that activation of PKGI-alpha 
alone cannot provide anti-hypertrophic protection unless 
there is RGS2. Further, inhibition of cGMP-selective PDE5 
with sildenafil attenuates pressure overload-induced cardiac 
hypertrophy in a RGS2-dependent manner. It is noteworthy 
that the protective effect of PDE5 inhibition has been 
shown as a direct effect on myocardium rather than a 
secondary effect of vasodilation.   
 
4.2.3. G-protein-dependent regulation of RGS2 by GC-
A-cGMP-PKG axis in the myocardium? 
 Kangawa and co-workers (65) have recently 
highlighted the importance of guanylyl cyclase-A (GC-A) 
in inhibiting cardiac hypertrophy via PKG. It has been 
shown that hypertrophy itself turns on the hypertrophy gene 
expression including ANP.  Importantly, ANP has been 
shown to exert anti-hypertrophic effect via stimulating GC-
A/PKG-mediated activation of RGS4, which restrains 
Galphaq/11-coupled hypertrophy signaling. Given that both 
RGS2 and RGS4 are activated by PKG1-alpha, it is 
speculated that RGS2 might also be regulated by the 
Galphaq/11-GC-A-triggered activation of PKG. 
 
4.2.4. Deregulation of the PKG axis – the implications 
 The aforementioned findings suggest that PKG is 
crucially involved in regulating RGS2 activity both in the 
vascular system and in the myocardium, the activation of 
which attenuates hypertrophy and hypertension via turning 
down Galphaq/11 signaling. While it is unclear whether PKG 
activity is also altered in pathophysiological states, clinical 
studies have shown a marked decrease in expression of 
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endothelial NO synthase (eNOS) and diminished eNOS–
mediated NO production in various cardiovascular disease 
states (79-81). Reduced eNOS-NO signaling is expected to 
cause a defect of the PKG-mediated RGS2 regulation, thus 
leading to an exacerbated Galphaq/11 signaling and 
contributing to the progression of cardiovascular diseases. 
 
5. PERSPECTIVES 
  

Expression and function of RGS2 is markedly 
altered in hypertension and hypertensive heart diseases, 
which is accompanied with exacerbated Galphaq/11 signaling. 
Given the selective regulation of RGS2 on Galphaq/11, RGS2 
appears to be an important candidate as intrinsic 
suppressor of hypertension and cardiac hypertrophy. In 
addition, the negative regulation of RGS2 on Galphai/o 
provides new insights to our understanding of the 
pathogenesis of HF. Taken together, restoring the 
expression of RGS2 or increasing its GAP activity in 
particular and the panel of RGS proteins in general 
would represent a promising direction in treating major 
cardiovascular diseases such as hypertension and 
cardiac hypertrophy and resultant CHF. Understanding 
the pathophysiology and molecular mechanisms of how 
RGS2 can turn off maladaptive signals should lead to 
new insights into pathogenesis and reveal novel 
therapeutic approaches to treat hypertension and 
improve the structure and function of the failing heart. 
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