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Essential hypertension is caused by the interaction of genetic, behavioral, and environmental factors. 
Abnormalities in the regulation of renal ion transport cause essential hypertension. The renal 
dopaminergic system, which inhibits sodium transport in all the nephron segments, is responsible for 
at least 50% of renal sodium excretion under conditions of moderate sodium excess. Dopaminergic 
signals are transduced by two families of receptors that belong to the G protein-coupled receptor (GPCR) 
superfamily. D1-like receptors (D1R and D5R) stimulate, while D2-like receptors (D2R, D3R, and D4R) 
inhibit adenylyl cyclases. The dopamine receptor subtypes, themselves, or by their interactions, regulate 
renal sodium transport and blood pressure. We review the role of the D1R and D3R and their interaction 
in the natriuresis associated with volume expansion. The D1R- and D3R-mediated inhibition of renal 
sodium transport involves PKA and PKC-dependent and -independent mechanisms. The D3R also 
increases the degradation of NHE3 via USP-mediated ubiquitinylation. Although deletion of Drd1 and 
Drd3 in mice causes hypertension, DRD1 polymorphisms are not always associated with human essential 
hypertension and polymorphisms in DRD3 are not associated with human essential hypertension. The 
impaired D1R and D3R function in hypertension is related to their hyper-phosphorylation; GRK4γ 
isoforms, R65L, A142V, and A486V, hyper-phosphorylate and desensitize D1R and D3R. The GRK4 
locus is linked to and GRK4 variants are associated with high blood pressure in humans. Thus, GRK4, 
by itself, and by regulating genes related to the control of blood pressure may explain the “apparent” 
polygenic nature of essential hypertension.
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INTRODUCTION

Essential hypertension is caused by the interaction 
of genetic, behavioral, and environmental factors [1,2]. 
Renal and nonrenal mechanisms participate in the long-
term regulation of blood pressure. The abnormalities in 
the regulation of renal ion transport, as well as in other 
systems, intrinsic and extrinsic to the kidney, have been 
proposed to cause essential hypertension [1,3-5]. The 
nephron segments responsible for the bulk of sodium 
retention in human polygenic/essential hypertension are 
the renal proximal tubule and medullary thick ascending 
limb of Henle [6-9]. However, renal distal tubular mech-
anisms also contribute to the increased sodium retention 
in hypertension [10,11] especially in monogenic forms of 
hypertension [12,13].

ROLE OF THE RENAL DOPAMINERGIC 
SYSTEM IN ESSENTIAL HYPERTENSION

Hormones and humoral factors, such as those in-
volved in the renin-angiotensin-aldosterone system 
(RAAS) and sympathetic nervous system, are pre-emi-
nent in promoting elevated blood pressure [1,14-33]. An-
giotensin II (Ang II) is essential in increasing renal tubule 
reabsorption of sodium and blood pressure [1,14,28]. 
Germline, global deletion of Agtr1a in mice decreases 
blood pressure [1,14,16,24,29]. These mice have great-
er urine volume on a low and normal salt diet than their 
wild-type littermates, but urinary sodium excretion only 
tended to be increased in the Agtr1a knockout mice [29]. 
However, renal proximal tubule-specific deletion of 
Agtr1a increases basal sodium excretion and decreases 
blood pressure [33], indicating confounding effects of 
global gene deletion. However, the high blood pressure 
in the F1 offspring (normotensive Wistar-Kyoto (WKY) 
mated with spontaneously hypertensive rats (SHRs)) 
transplanted with kidneys from parental SHRs is not 
caused by abnormalities of the RAAS and the sympathet-
ic nervous system or by increased vascular reactivity to 
vasopressin [34]. Increased activity of pro-hypertensive 
systems and defects in anti-hypertensive systems result 
in high blood pressure and eventually hypertension. 
Nevertheless, in the above studies, vascular reactivity to 
acetylcholine and nitroprusside are not impaired, indicat-
ing a normal nitric oxide system. Therefore, aberrations 
in other counter-regulatory pathways, (eg, dopaminergic 
pathway, eicosanoids), participate in the pathogenesis of 
essential hypertension [25,26,35-43].

DOPAMINE RECEPTORS

The renal dopaminergic system inhibits sodium 
transport in all the nephron segments, including the renal 

proximal tubule and thick ascending limb of Henle [39]. 
The intrarenal arterial infusion of the D1-like receptor 
antagonist SCH23390 in uninephrectomized conscious 
dogs on a sodium intake of 40 mEq/day decreased the 
fractional sodium excretion from 25% to 75% depending 
upon the dose [42]. In anesthetized Wistar-Kyoto rats, the 
intrarenal arterial infusion of SCH23390 decreased sodi-
um excretion by 28% [41]. In anesthetized Sprague-Daw-
ley rats, relative to vehicle-treated rats, the intravenous 
infusion of SCH23390 impaired the natriuretic effect 
of a 2% isotonic volume expansion by 60%, and the 
natriuretic effect of a 5% isotonic volume expansion by 
56%. By contrast the natriuretic effect of a 10% isotonic 
volume expansion was not different between vehicle- and 
SCH23390-treated rats. Systemic blood pressure was not 
a confounding variable in these studies [44]. The impor-
tance of the renal dopaminergic system in the regulation 
of renal sodium transport and blood pressure regulation 
was proved by studies in mice with renal proximal tu-
bule-selective deletion of aromatic amino acid decar-
boxylase (ptAadc-/-) which is needed for the synthesis 
of dopamine. These ptAadc-/- mice had increased blood 
pressure and decreased renal and urinary dopamine and 
decreased urine volume and sodium excretion, relative to 
wild-type mice [23]. Thus, these studies show the critical 
role of the intrarenal dopaminergic system in the regu-
lation of sodium excretion, especially under conditions 
of sodium excess [23,39-46]. The ability of dopamine to 
control sodium excretion may be lost during sodium re-
striction [45] and other factors may become more import-
ant than dopamine in the increase in sodium excretion 
with marked sodium loading [44]. Thus, the decreased 
ability to excrete a moderate sodium load in hyperten-
sion is due to enhanced sodium transport per se and/or 
the dysfunction of systems that decrease sodium transport 
(ie, a failure to respond appropriately to signals that de-
crease sodium transport) [46].

Dopaminergic signals are transduced by two families 
of receptors that belong to the GPCR superfamily [35-
37,39,46,47]. The D1-like receptors cloned in mammals 
(D1R and D5R) are linked to the stimulatory G-protein, 
Gαs, and stimulate adenylyl cyclases. By contrast, the 
D2-like receptors (D2R, D3R and D4R) inhibit adenylyl 
cyclases, via Gαi, and calcium channels and activate/
modulate potassium channels.

D1R AND RENAL SODIUM HANDLING

Low doses of dopamine or D1-like receptor stimula-
tion increases fractional sodium excretion [48-51] while 
D1-like receptor inhibition [40-44] decreases fractional 
sodium excretion. The latter study indicates that at least 
one D1-like receptor is constitutively active. In the renal 
proximal tubule, D1-like receptors inhibit luminal ion 
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transport (NHE3, NaPi-IIc, Cl-/HCO3
-) via protein kinase 

A (PKA)-dependent [52-55] and -independent mech-
anisms [56-60] and basolateral transport by inhibition 
of Na+/HCO3 cotransporter [61] which is transduced by 
PKA [62]. The second messengers mediating the D1-
like receptor-mediated inhibition of Na+/K+ ATPase are 
nephron segment-specific. PKA [63-65], protein kinase 
C (PKC) [63,65-67], and phosphoinositide 3-kinase [68] 
are involved in the renal proximal tubule and PKA in the 
medullary thick ascending limb of Henle [67,69] and cor-
tical collecting duct [64,67,70]; eicosanoids are involved 
in regulation of sodium transport in all these segments 
[64,66,67,71].

D3R AND RENAL SODIUM HANDLING

The systemic or intrarenal administration of highly 
selective D3R agonists (eg, PD128907, pramipexole, 
7-OH-DPAT) [72-76] in rats increases absolute and 
fractional sodium excretion. In opossum kidney cells, 
which have characteristics of renal proximal tubule cells, 
a preferential D3R agonist (quinerolane) opens K+ chan-
nels, resulting in hyperpolarization and inhibition of Na+/
K+-ATPase activity [77]. D2-like receptors also decrease 
luminal ion flux (Na+ and K+) in the cortical collecting 
duct of mice and rabbits [78,79]. In rat renal proximal 
tubule cells, the D3R-mediated inhibition of Na+/K+-AT-
Pase activity has been related to D3R interaction with 
Gα12/Gα13 [80]. The D3R, linked to Gαi3, also inhibits 
NHE3 activity in rat renal proximal tubule cells [81,82], 
via a phospholipase C (PLC)-PKC-mediated event, and 
modulated by intracellular Ca2+. Interestingly, a D3R ag-
onist, pramipexole, increases PLC β1 expression in renal 
cortical membranes, as do other D1-like receptor agonists 
[83]. The effect of D3R, via Gαi3, is not due to inhibition 
of adenylyl cyclase because the inhibition of adenylyl 
cyclases by D3R is weak and often undetectable, except 
in the presence of the adenylyl cyclase 5 isoform [84]. 
However, adenylyl cyclase 5 is not expressed in renal 
proximal tubule cells [85]. D3R stimulation, as with D1R 
stimulation, can also inhibit NHE3, via PKA, in opossum 
kidney cells [77]. The D3R agonist also decreases NHE3 
expression in human renal proximal tubule cells and rat 
renal cortices [86], similar to the effect observed with D1-
like receptor stimulation [55,56]. In human renal prox-
imal tubule cells and rat renal cortices, D3R decreases 
NHE3 expression by increasing its degradation caused by 
the inhibition of the deubiquitinylating activity of ubiq-
uitin-specific peptidase 48 (USP48) [86] (Figure 1). The 
D3R may also inhibit NaCl cotransporter activity because 
in mouse distal convoluted tubule cells, the D3R agonist 
PD128907 induces the internalization of NaCl cotrans-
porter (unpublished data). Thus, the D3R may inhibit the 
activity of renal sodium transporters by short-term (traf-

ficking) and long-term (protein expression) mechanisms.

D1R AND D3R INTERACTION

D1-like and D2-like receptors [87] (specifically, D3R 
[75]) interact to enhance the natriuretic effect of dopa-
mine. In sodium-replete states [40-44], D1-like receptors 
(D1R, D5R) act synergistically with D2-like receptors 
(D2R, D3R, D4R) to increase sodium excretion by inhibit-
ing NHE3 [88] and Na+/K+ ATPase [89-93] activities; the 
synergistic interaction between D1R and D3R [93] occurs 
in renal proximal tubules [94,95]. D1R and D3R also in-
teract to inhibit vascular smooth muscle cell proliferation 
[96] and induce vascular smooth muscle relaxation [97]. 
D1R and D3R heterodimerize in expression systems [98]. 
Interestingly, GαS, which by itself can decrease NHE3 
activity, independently of PKA [99] is normally linked 
to D1R [35-37,39,46,47,99] but can also be linked to D3R 
[100]. Gαq/11, which engages in the D1-like receptor 
inhibition of Na+/K+ATPase [101], can also be linked to 
D3R [102]. The natriuretic action [75] and PLC [83]-stim-
ulating effect of a D3R selective agonist, pramipexole, are 
also blocked by a D1R antagonist. The D3R co-localizes 
and interacts with the D1R in immortalized renal proxi-
mal tubule cells from normotensive WKY rats. In these 
cells, stimulation of D3R increases both the co-immuno-
precipitation of D1R with D3R and the protein expression 
of D1R [95] and endothelin B receptor (ETBR) [72]. The 
D3R also co-localizes and interacts with the AT1R but un-
like its positive effect on D1R and ETBR expression, D3R 
has a negative effect on AT1R expression [103]. Thus, the 
D3R promotes natriuresis, in the short-term, by its own 
action [72] and also by interacting with the D1R [95], 
D4R [104], D5R [105], ETBR [72], AT2R [76], and in the 
long-term, by increasing the expression of pro-natriuretic 
D1R [95] and ETBR [72], and by down-regulating the 
expression of the anti-natriuretic AT1R [103,105], via 
D3R/AT1R interaction [103,106]. These receptor-receptor 
interactions and the inhibition of sodium transporter ac-
tivity [81,82] and expression [92,105] promote sodium 
excretion by inhibiting transport in proximal and distal 
nephron segments.

D1R AND D3R IN HYPERTENSION

Global disruption in mice of the D1R gene, Drd1 
(C57BL/6J and B129 background) [107] or the D3R 
gene, Drd3 (C57BL/6J background) [84,106] increases 
arterial blood pressure. D3

-/- mice are hypertensive even 
on a normal NaCl diet and the hypertension is aggravat-
ed by a high NaCl diet [105,106,108]. The hypertension 
in D3

-/- mice is mitigated by an increase in D5R receptor 
activity [105] and by genetic background [106,109]. 
Another strain of D3

-/- mice on C57BL/6J background is 
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tentiates the hypertensive effect of cocaine in conscious 
dogs [120]. These D3R pharmacological studies support 
the Drd3 knockout studies in mice and can be taken as 
evidence to rule out compensatory mechanisms that may 
have developed in mice with global germline deletion of 
Drd3.

The hypertension in D3
-/- mice is caused by both 

vascular and renal mechanisms [93]. As aforementioned, 
in D3

-/- mice, the RAS is activated; renal renin activity 
is increased [106] and acute AT1R blockade decreases 
blood pressure [106]. In addition to the involvement of 
impaired D3R function and expression in Dahl salt-sen-
sitive rats [73], these may also be involved in the hyper-

not hypertensive or salt-sensitive [109]. However, blood 
pressures of C57BL/6J mice from Jackson Laboratories 
may [110] or may not [111] be salt-sensitive. The blood 
pressures of C57BL/6J mice from Charles Rivers [112] 
are salt-sensitive while the blood pressures of C57BL/6 
mice from Taconic Farms may be salt-resistant [113] or 
salt-sensitive [114]. SJL/J [115] and male BALB/c mice 
[116-118] are salt-resistant; female BALB/c mice are 
salt-sensitive [118]. Acute treatment with newer D3R an-
tagonists, R-VK4-40 and R-VK4-116, does not increase 
blood pressure in Long-Evans rats [119]. However, 
chronic D3R antagonist treatment of salt-loaded Dahl 
salt-resistant rats produces hypertension [73] and po-

Figure 1. The D3R, GRK4, NHE3, and USP48 in human renal proximal tubule cells in the basal state (A) form a cohe-
sive signaling network capable of selective GPCR activation and efficient signal propagation and amplification to target 
specific effector systems. D3R stimulation (B) causes the: (1) inhibition of the activity of membrane-bound NHE3, via 
PLC/ PKC and via protein-protein interaction that results in the internalization, ubiquitinylation (aka ubiquitination) and 
trafficking of NHE3 into sorting endosomes, to late endosomes, and eventually into proteasomes where it is degrad-
ed; and (2) inhibition of the activity of internalized and cytoplasmic USP48. The agonist-occupied D3R, homologously 
desensitized by GRK4γ and to a lesser extent, by GRK4α, is internalized and directed to the late recycling endosome 
dephosphorylated and re-inserted to the plasma membrane (PM). Not shown are the constitutively active GRK4γ vari-
ants (eg, GRK4γ 124V) which impair D3R function, resulting in increased expression and activity of NHE3 (and other 
Na+ transporters), increased renal Na+ transport and balance, and increased blood pressure (hypertension).



Zeng et al.: Renal dopamine D1 and D3 receptors 99

GRK4 rs1801058 is associated with obesity risk among 
Korean children [155]. A meta-analysis in 2016 showed 
that GRK4 rs1024323 is associated with hypertension in 
Euro-Americans/Whites but not East Asians (Chinese 
and Japanese) while DRD1 rs5432 (A-48G) is associated 
with hypertension in East Asians (Chinese and Japanese) 
but not in Euro-Americans/Whites [156]. The ethnic 
differences is not related to differences in minor allele 
frequencies of these GRK4 polymorphisms. Among Eu-
ro-Americans and Europeans (eg, Italians) the minor al-
lele frequencies of the GRK4 polymorphisms mentioned 
above are about 0.4 [157,158]. However, among African 
Americans, the rs1801058 minor allele frequency is 
about 0.2 [157], a similar frequency found among African 
Brazilians [152]. The expression of human GRK4 gene 
variants R65L (rs2960306) [35], A142V (rs1024323) 
[35,48,159-162] or A486V (rs18010058) [35,163] in 
mice causes hypertension.

CONCLUSION

In summary, abnormalities of the renal dopaminergic 
system, which inhibits sodium transport in all nephron 
segments, have been shown to be causal of hyperten-
sion. In this review, we discussed the role of the D1R 
and D3R, by themselves, or by their interaction in the 
natriuresis associated with “moderate” degrees of vol-
ume expansion. The D1R-mediated inhibition of renal 
NHE3, NaPi-IIc, Cl-/HCO3, Na+/HCO3 cotransporter, and 
Na+/K+ ATPase activity and/or expression involves PKA 
and PKC-dependent and -independent mechanisms. The 
D3R-mediated inhibition of NHE3 also involves PKA 
and PKC-dependent mechanisms and Gαi3 while that of 
Na+/K+ ATPase involves interaction with Gα12/Gα13. The 
D3R also decreases NHE3 expression by increasing its 
degradation caused by ubiquitinylation with USP48. The 
D3R also interacts with D1R, D4R, D5R, ETBR, and AT2R, 
in the short-term, and by increasing the expression of 
D1R and ETBR, and down-regulating the expression of 
the AT1R, in the long-term. D1R and D3R functions in the 
kidney are impaired in animal models of hypertension, as 
well as in renal cells from humans with essential hyper-
tension. Although global deletion of Drd1 and Drd3 in 
mice causes hypertension, polymorphisms of DRD1 are 
not always associated with human essential hypertension. 
Only one DRD1 polymorphism has been associated with 
human essential hypertension. The impaired D1R and 
D3R function in hypertension cannot always be related to 
their decreased expression. However, GRK4γ isoforms, 
R65L (rs2960306), A142V (rs1024323), and A486V 
(rs1801058) desensitize the D1R and D3R by increasing 
their phosphorylation. The GRK4 gene locus is linked to 
and GRK4 gene variants are associated with high blood 
pressure in humans. Of all the genes whose variants are 

tension in SHRs [94,121]. D3
-/- mice have an impaired 

ability to excrete an acute [106] and a chronic sodium 
load [109]. Moreover, an impaired ability to excrete a 
NaCl load in genetic hypertension can be explained, in 
part, by dysfunction of the D1R [62,107,115,122,123] 
and D3R [72,82,104,124,125]. The D3R, by itself or via 
its interaction with the D1R, is vasodilatory [94] and this 
effect is impaired in SHRs [97].

GRK4, D1R, D3R, AND HYPERTENSION

The increase in blood pressure and the development 
of hypertension in D1

-/- [107] and D3
-/- [105,106] mice 

show the importance of these genes in blood pressure 
regulation. However, polymorphisms in the non-coding 
region of the human D1R gene, DRD1, have been asso-
ciated with a decrease [126,127], increase [128,129], or 
no effect on blood pressure [130,131]. Furthermore, there 
are no polymorphisms in the coding region of DRD3 
[132,133] that are associated with human essential hy-
pertension, except in one report among Hani Chinese. 
Polymorphisms in DRD1 (rs1799914 and rs4867798) 
and DRD3 (rs9880168) are associated with essential hy-
pertension in Hani Chinese but not in Han or Yi Chinese 
[134]. The failure to replicate the association of DRD1 
and DRD3 polymorphisms and human essential hyper-
tension could be related to ethnicity.

The impaired D1R and D3R function in hypertension 
cannot always be related to their decreased expression 
[48,135,136]. GRK4 may regulate D1R and D3R func-
tion without altering their total cellular expression [35]. 
Human GRK4α and GRK4γ phosphorylate the ligand-oc-
cupied D1R [48] and D3R [137]. Although non-GRK-me-
diated phosphorylation, via arrestins [138,139], has 
been reported for the D3R, the role of this pathway in its 
dysfunction in hypertension has not been reported. How-
ever, increased GRK4 activity per se may impair D1R 
[140] and D3R function [137]. The GRK4 locus 4p16.3 
is linked to hypertension [141] and GRK4 polymor-
phisms (rs2960306, rs1024323, rs1801058, rs1644731, 
and rs1557213) are associated with hypertension and 
the response to anti-hypertensive medications in sever-
al ethnic groups [141-150]. The positive association of 
GRK4 polymorphisms and hypertension is not found in 
all reports, which may be related to not testing for all the 
aforementioned GRK4 polymorphisms or their interac-
tions with other genes, eg, NOS3 and GRK4 rs2960306 
[151,152], GNB3, AGT, and GRK4 rs1801058 [152], 
and GRK4 rs1801058 and ADD1 rs4961 [142]. These 
associations are found in Euro-Americans, African 
Americans, and Africans (reviewed in [35]), in Chinese 
and Japanese in some studies ([reviewed in [35]), but not 
Koreans [153,154] in whom GRK4 rs2960306 is inverse-
ly associated with hypertension risk [154]. However, 
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Cardiol Rep. 2020 Aug;22(10):124.

12. Zapf AM, Grimm PR, Al-Qusairi L, Delpire E, Welling PA. 
Low Salt Delivery Triggers Autocrine Release of Prosta-
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13. Hadchouel J, Soukaseum C, Büsst C, Zhou XO, Baudrie V, 
Zürrer T, et al. Decreased ENaC expression compensates 
the increased NCC activity following inactivation of the 
kidney-specific isoform of WNK1 and prevents hyperten-
sion. Proc Natl Acad Sci USA. 2010 Oct;107(42):18109–
14.

14. Crowley SD, Gurley SB, Herrera MJ, Ruiz P, Griffiths R, 
Kumar AP, et al. Angiotensin II causes hypertension and 
cardiac hypertrophy through its receptors in the kidney. 
Proc Natl Acad Sci USA. 2006 Nov;103(47):17985–90.

15. Leite AP, Li XC, Nwia SM, Hassan R, Zhuo JL. Angioten-
sin II and AT1a Receptors in the Proximal Tubules of the 
Kidney: New Roles in Blood Pressure Control and Hyper-
tension. Int J Mol Sci. 2022 Feb;23(5):2402.

16. Briet M, Barhoumi T, Mian MO, Coelho SC, Ouerd S, 
Rautureau Y, et al. Aldosterone-Induced Vascular Remod-
eling and Endothelial Dysfunction Require Functional 
Angiotensin Type 1a Receptors. Hypertension. 2016 
May;67(5):897–905.

17. Nguyen Dinh Cat A, Touyz RM. Cell signaling of angio-
tensin II on vascular tone: novel mechanisms. Curr Hyper-
tens Rep. 2011 Apr;13(2):122–8.

18. Morgan DA, DiBona GF, Mark AL. Effects of interstrain 
renal transplantation on NaCl-induced hypertension in 
Dahl rats. Hypertension. 1990 Apr;15(4):436–42.

19. Fink GD. Hypothesis: the systemic circulation as a reg-
ulated free-market economy. A new approach for under-
standing the long-term control of blood pressure. Clin Exp 
Pharmacol Physiol. 2005;32(5-6):377–83.

20. Ortiz PA, Garvin JL. Intrarenal transport and vasoactive 
substances in hypertension. Hypertension. 2001 Sep;38(3 
Pt 2):621–4.

21. Hinojosa-Laborde C, Chapa I, Lange D, Haywood JR. 
Gender differences in sympathetic nervous system regula-
tion. Clin Exp Pharmacol Physiol. 1999 Feb;26(2):122–6.

22. Osborn JW, Fink GD, Sved AF, Toney GM, Raizada MK. 
Circulating angiotensin II and dietary salt: converging 
signals for neurogenic hypertension. Curr Hypertens Rep. 
2007 Jun;9(3):228–35.

23. Zhang MZ, Yao B, Wang S, Fan X, Wu G, Yang H, et 
al. Intrarenal dopamine deficiency leads to hypertension 
and decreased longevity in mice. J Clin Invest. 2011 
Jul;121(7):2845–54.

24. Forrester SJ, Booz GW, Sigmund CD, Coffman TM, Kawai 
T, Rizzo V, et al. Angiotensin II Signal Transduction: An 
Update on Mechanisms of Physiology and Pathophysiolo-
gy. Physiol Rev. 2018 Jul;98(3):1627–738.

25. Nasjletti A, Arthur C. Arthur C. Corcoran Memorial 
Lecture. The role of eicosanoids in angiotensin-dependent 
hypertension. Hypertension. 1998 Jan;31(1 Pt 2):194–200.

associated with hypertension, only variants of the GRK4 
gene have been shown to produce hypertension in mice. 
Thus, GRK4 is one of the few candidate genes of essential 
hypertension that fulfills the criteria of a gene as caus-
al of a complex trait (hypertension in this instance) as 
suggested by Glazier et al. [164] and the complex trait 
consortium [165]. GRK4, a gene whose product affects 
the function or expression of many other genes (or gene 
products) makes it an attractive candidate as the causative 
agent of a polygenic disease, like hypertension. It plays a 
critical role on D1R and D3R signaling. Thus, the GRK4 
gene, by itself, may explain the “apparent” polygenic na-
ture of essential hypertension.
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