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Dopamine Receptor and Hypertension

Chunyu Zeng1,*, Gilbert M. Eisner2,4, Robin A. Felder5 and Pedro A. Jose2,3

1Department of Cardiology, Daping Hospital, The Third Military Medical University, Chongqing, P.R. China,
2Department of Pediatrics, 3Physiology and Biophysics, and 4Internal Medicine, Georgetown University Medical
Center, Washington, DC, 5Department of Pathology, Virginia University for the Health Sciences, Charlottesville, VA,
USA

Abstract: Dopamine plays an important role in the pathogenesis of hypertension by regulating epithelial sodium transport
and reactive oxygen and by interacting with vasopressin, renin-angiotensin, and the sympathetic nervous system.
Decreased renal dopamine production and/or impaired dopamine receptor function have been reported in hypertension.
Disruption of any of the dopamine receptors (D1, D2, D3, D4, and D5) results in hypertension. In this paper, we review the
mechanisms by which hypertension develops when dopamine receptor function is perturbed.
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INTRODUCTION

Essential hypertension affects 29% of the middle-aged
adult population [1,2], thirty to 50% of essential
hypertension is thought to be heritable in the United States
[3,4] but the genetic cause(s) of essential hypertension has
been difficult to decipher. It is likely that in any hypertensive
individual, more than one effector gene is engaged in a
complex network of gene-gene and gene-environment
interactions [1,3-6]. However, because the kidney is a major
organ involved in the long-term regulation of blood pressure
and because abnormal sodium retention is a common finding
in subjects with essential hypertension, many studies have
focused on abnormal renal handling of sodium chloride in
the pathogenesis of essential hypertension [5-9].

In nervous tissue, the catechols, dopamine, norepine-
phrine, and epinephrine, are synthesized from the same
precursors, the amino acid tyrosine and its hydroxylated
product L-3, 4-dihydroxyphenylalanine (L-DOPA) [10].
While norepinephrine and epinephrine have been shown to
influence blood pressure, over the last two to three decades,
the importance of dopamine in the regulation of sodium
excretion and blood pressure has become recognized
[1,6-10].

Abnormal sodium metabolism is frequently encountered
in hypertension. Several forms of monogenic hypertension
have been shown to be caused by increased sodium transport
in the distal nephron [11]. About 50% of subjects with
essential hypertension in United States are sodium chloride
sensitive [12-14]. Sodium transport is enhanced in the renal
proximal tubule and thick ascending limb of subjects with
polygenetic or essential hypertension [1,6-10, 12]. All of the
dopamine receptor subtypes have been shown to regulate,
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directly or indirectly, renal sodium transport and blood
pressure [1, 6-10]. Dopamine receptors and factors that
regulate them may be novel targets for antihypertensive
therapy. The goals of this review are: (i) to present
experimental evidence that has led to the conclusion that
dopamine is a major regulator of sodium metabolism, by
itself, or by interaction with other blood-pressure-regulating
systems; (ii) to present some novel aspects on dopamine
signaling pathways.

DOPAMINE METABOLISM

Dopamine is synthesized not only in noradrenergic and
dopaminergic nerves but also in non-neural tissues (e.g.,
kidney, gastrointestinal tract). In neural tissues, dopamine-
synthesizing neurons contain tyrosine hydroxylase, which
converts tyrosine into L-DOPA; L-DOPA is subsequently
decarboxylated to dopamine by aromatic acid decarboxylate
(AADC) [15-17]. The main source of dopamine in the
kidney is the proximal tubule, which lacks tyrosine
hydroxylase but has a high concentration of AADC.
Circulating or filtered L-DOPA is transported into the renal
proximal tubule via a Na+-independent and pH-sensitive type
2 L-type amino acid transporter (LAT2) [18]. Sodium
loading causes an increase in the uptake of L-DOPA and
hence the synthesis of dopamine. In addition to L-DOPA, 3-
O-methyldopa may also serve as a precursor of dopamine in
the renal proximal tubule [19]. Renal proximal tubules also
do not express dopamine β−hydroxylase, and therefore,
synthesized dopamine is not converted to norepinephrine [1,
10, 16].

Dopamine produced in the proximal tubule is not stored
but transported both to the basolateral membrane and into the
tubular lumen where it can act on receptors, locally and in
more distal nephron segments. Dopamine can be deaminated
to 3, 4-dihydroxyphenylacetic acid (DOPAC) by monoamine
oxidases (MAO-A and MAO-B) and methylated to 3-
methoxytyramine (3-MT) by catechol-O-methyltransferase
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(COMT) in renal tubule cells. COMT methylates DOPAC
while MAO converts 3-MT to homovanillic acid (HVA).
MAO-A is more important than MAO-B for deamination of
renal dopamine [20,21]. In the intact kidney, COMT appears
to play an important role in the physiological regulation of
renal dopamine production. Inhibition of COMT leads to a
profound dopamine-dependent natriuresis [22,23]. In
contrast, MAO inhibition has little effect on urinary sodium
excretion [16].

DOPAMINE RECEPTOR INTRACELLULAR
MESSENGERS

Dopamine Receptors and G Proteins

The effects of dopamine are exerted by cell surface
receptors that belong to the rhodopsin-like family (Family A)
[1,6-10]. These receptors are characterized by having seven
transmembrane domains and linkage to heterotrimeric G
proteins, composed of α, β, and γ subunits [24,25]. Five
mammalian dopamine receptors have been cloned since the
first dopamine receptor, the D2 receptor, was cloned in 1988
[26]. Dopamine receptors are classified into D1- and D2-
like subtypes based on their structure and pharmacology
[1,6-10, 27].

The two D1-like dopamine receptors, D1 and D5, are
coupled to the stimulatory Gα subunit, GαS, while the three
D2-like receptors, D2, D3, and D4, are coupled to the
inhibitory Gα subunit, Gαi; GαS is stimulatory while Gαi is
inhibitory of adenylyl cyclase activity [1,6-10]. D1 and D5

receptors can also couple to members of the G-family other
than GαS[25,27-30]. The D1 receptor, but not the D5

receptor, also couples to Gαq, and stimulates phospholipase
Cβ, in the presence of the adaptor protein, calcyon [31-34].
Gα12 and Gα13, members of the 4th family of G protein
subunits, are linked to D5 and D3 receptors [35,36], but not to
D1 receptors. Gβγ may also modulate the effects of D1-like
receptor [37], althought the exact D1-like receptor involved
has not been determined.

Dopamine Receptors and Protein Kinase A and C

The classic signaling pathway for the D1-like receptors
begins by activation of adenylyl cyclase, resulting in an
increase in cAMP levels, and activation of PKA. PKA, in
turn, causes phosphorylation and inhibition of NHE3 and
Na+-K+-ATPase [1,6-9]. PKA is also involved in the D1-like
receptor inhibition of Cl-/HCO3

- exchanger, Na+/HCO3
- and

Na+/Pi contransporters. However, cAMP-independent regu-
lation of NHE3 and Na+/Pi contransporter has been reported
[29, 38]. Thus, the D1 receptor can regulate NHE3 activity
via GαS and Gβγ in luminal membranes of renal proximal
tubules [37,39].

In neural tissue and renal thick ascending limb of Henle
[16, 17] but not in renal proximal tubules [40], D1-like
receptors, via PKA, activate dopamine- and cAMP-regulated
phosphoprotein (DARPP-32), inhibit protein phosphatase 1
(PP1) activity and keep Na+-K+ATPase in its phosphorylated
(inactive) state. Phosphorylated DARPP32 is a potent
inhibitor of protein phosphatase 1A, which is dephospho-
rylated and inactivated by the calcium-dependent protein
phosphatase calcineurin [16,41].

Another signaling pathway of the D1 receptor involves
activation of phospholipase C (PLC), in the presence of the
adaptor protein, calcyon [42], resulting in the production of
inositol phosphates and diacylglycerol, which activates
protein kinase C (PKC) [43,44]. In the kidney, D1 receptors
stimulate the β isoform of PLC [45]. D1 receptors can
stimulate PKC-θ [44], PKC-ζ [46]), inhibit PKC- δ [44], as
well as translocate specific PKC isoforms. Thus, D1

receptors translocate PKC α, β, and ε from cytosol into
membranes and PKC δ from membranes to cytosol [47,48].
Long-term (hours) stimulation of D1 receptors also inhibits
PKC ζ [44]. Activation of the D1 receptor stimulates
phosphatidyl inositide 3-kinase activity and inhibits Na+-K+

ATPase activity, via the diacylglycerol/PKC pathway, PKC
isoform α can phosphorylates the Na+-K+ ATPase α1-subunit
in cell-free preparations [49,50]. The effects of D2-like
receptors, independently of D1-like receptor, on Na+-K+

ATPase activities are not consistent; some have reported that
the D2 receptor can activate phosphatidyl inositide 3-kinase,
which subsequently inhibits Na+-K+ ATPase activity [51],
while others have reported opposite results [1,9,10,52,53].
However, our studies and those of others have studies shown
that D2-like receptors synergistically act with D1-like
receptors to increase urinary sodium excretion, in part, by
inhibition of Na+-K+ ATPase activity [52].

The physiological effects that follow activation of D1

receptors in renal proximal tubule are also mediated by
phospholipase A2 and subsequent release of arachidonic acid
and its metabolites [54]. It is suggested that this pathway is
initiated by D1-dependent PKA phosphorylation of phos-
pholipase A2; PKC-mediated activation of phospholipase A2
has also been suggested [55]. The predominant arachidonic
acid metabolite in the mature kidney is the CYP 450 product
20-HETE, which has a direct inhibitory effect on Na+-K+

ATPase [56,57]. This pathway has been implicated in the D1

receptor-mediated inhibition of Na+-K+ ATPase activity in
proximal tubular cells [49].

PHYSIOLOGIC ROLE OF PERIPHERAL DOPAMINE
RECEPTORS

Natriuretic and Diuretic Effects of Dopamine Receptor
Activation

Endogenous renal dopamine is a major physiological
regulator of renal sodium excretion. During conditions of
moderate sodium balance, more than 50% of renal sodium
excretion is regulated by D1-like receptors [1,6-9]. The
natriuretic effect of intrarenal dopamine was initially
observed with the administration of the dopamine prodrug
gludopa. Gludopa is converted to L-DOPA by γ-glutamyl
transpeptidase expressed in the renal brush border
membrane; L-DOPA is then converted to dopamine by
AADC [58,59]. The D1 receptor increases cAMP production
to a greater extent than the D5 receptor in renal proximal
tubule cells, [60]. It is possible that the natriuretic effect of
dopamine is due mainly to the D1 receptor.

D2-like receptors may also act, synergistically, with D1-
like receptors to increase urinary sodium excretion [52,61].
We have reported that the increase in sodium excretion
induced by Z-1046, a dopamine receptor agonist with a rank
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order potency D4>D3>D2>D5>D1, was blocked by either a
D1-like or D2-like receptor antagonist. D2-like receptors may
potentiate the inhibitory effect of D1-like receptors on Na+-Pi
co-transport, NHE3, and Na+-K+ ATPase activities in renal
proximal tubules [62-64]. Because the major D2-like receptor
in the renal proximal tubule is the D3 receptor, we surmised
that the dopamine receptors interacting in the proximal
tubule to inhibit sodium transport are the D1 and the D3

receptors. Indeed, we have found that the D1 and D3 receptor
can increase each other’s expression [63]. We have also
reported that D3 receptor null mice develop hypertension and
have an impaired ability to excrete an acute sodium load
[65]. Moreover, two different D3 receptor agonists (7-OH-
DPAT and PD128907) produce a natriuresis and a diuresis in
anesthetized rats [36,66]. Chronic blockade of D3 receptors
with a D3 receptor antagonist, BSF 135170, for 29 days
induces salt-sensitive hypertension in Dahl salt-resistant rat
also supports this D1/D3 receptor interaction [66].

The Effect of Dopamine Receptor Activation on
Resistance Vessels

Dopamine, at low concentrations, dilates resistance
arteries via D1-like receptors [1,6-9]. However, the effect of
D3 receptors on arterial vascular tone is not consistent. A D3

receptor agonist, quinpirole, has been reported not to have
any relaxant effect on mesenteric arteries [67]. Another D3

receptor agonist, pramipexole, decreases vascular resistance,
although part of the effect could be accounted for by an
interaction with the D1 receptor [68]. In anesthetized rats, the
systemic infusion of 7-OH-DPAT, another D3 receptor
agonist, has been shown to constrict postglomerular vessels
[69]. Although the reason for these apparent discrepancies is
not clear, the effect of D2-like receptors on vascular tone
may vary depending upon the resting tone and the arterial
segment being studied [10]. For example, a D1 receptor
agonist increases the vascular tone of the rat-tail artery [70];
in all other vessels, including the renal artery, D1 receptors
are vasodilatory [71]. Pre-junctional D2-like receptors are
vasodilatory, while post-junctional D2-like receptors can
induce vasoconstriction when resting vascular tone is low
and vasodilation when resting vascular tone is high [10].

The simultaneous stimulation of D1 and D3 receptors
causes a vasorelaxation that is additive rather than syner-
gistic [67,72]. This may indicate that D1 and D3 receptors
induce vasorelaxation by different mechanisms. We have
found that the vasorelaxant effects of fenoldopam and
PD128907 are enhanced by calcium channel blockade with
nifedipine. The vasodilatory effect of D3 receptors may also
involve potassium channels (small- and/or large-conductance
calcium activated potassium) [67,72].

IMPAIRED DOPAMINE RECEPTOR FUNCTION IN
HYPERTENSION

Several pieces of evidence support the notion that
abnormalities of dopamine function play important roles in
the pathogenesis of hypertension. For example, salt-loaded
WKY rats develop hypertension when dopamine receptors
are blocked by a non-selective dopamine antagonist [73];
inhibition of dopamine synthesis outside the central nervous

system accelerates the development of hypertension in
spontaneously hypertensive rats (SHRs) [74]. Chronic
administration of the long-acting D1 receptor antagonist,
ecopipam, also increases blood pressure in humans [75].
Moreover, D1 receptor gene polymorphism A-48G is
associated with essential hypertension [76].

Decreased renal synthesis of dopamine may be involved
in the pathogenesis of hypertension (not classified according
to sensitivity to salt) in some human subjects [77]. Some
salt-sensitive subjects, with or without hypertension, do not
increase renal dopamine production in response to a NaCl or
protein load [74-82]. However, a decreased renal production
of dopamine does not explain the impaired function of
endogenous dopamine in many cases of essential
hypertension. Urinary dopamine and dopamine metabolites
are actually increased in young patients with essential
hypertension [83,84].

The urinary excretion of dopamine is not decreased in the
SHR or in the Dahl salt-sensitive rat, compared with their
normotensive controls [85-87]. Increasing renal dopamine
production in the SHR does not enhance the ability of D1-
like agonists to inhibit renal cortical NHE3 activity or
sodium excretion to the degree seen in WKY rats [88]. In
both SHR and Dahl salt-sensitive rats, dopamine and D1-like
receptor agonist-mediated natriuretic and diuretic responses
are impaired [1,6-9]. The ability of fenoldopam, a D1-like
agonist, to inhibit renal proximal (but not distal) tubular
sodium reabsorption is also impaired in salt sensitive
hypertensive humans [89]. In humans with essential
hypertension and rodents with genetic hypertension (SHR
and Dahl salt sensitive rat), the ability of the renal proximal
tubule and thick ascending limb of Henle [90,91] but not the
cortical collecting duct [92] to increase cAMP production in
response to D1-like receptor stimulation is impaired. There is
also an impaired Dl-like receptor inhibition of NHE3, Cl-

/HCO3- exchanger, Na+/ HCO3- co-transporter and Na+-
K+ATPase activities in genetic hypertension. The impaired
D1-like receptor function in hypertension is not caused by
abnormalities in G proteins, effector, or ion transporting
proteins, such as adenylyl cyclase, NHE3 or Na+-K+ATPase
[1,6-9]. Rather, the renal D1-like receptor is uncoupled from
G protein subunits, leading to decreased D1-like receptor
interaction with G protein subunits, resulting in decreased
production of second messengers and decreased interaction
between G protein subunits, ion transporters such as [93,94].
The D1-like receptor function in hypertension is receptor
specific, because parathyroid hormone and cholecystokinin
action is intact. There is organ specificity because D1

receptor action in the brain striatum is also intact. The
impaired D1-like receptor function is probably of genetic
origin, because it precedes the onset of hypertension and co-
segregates with high blood pressure [1,6,9,10].

These abnormalities, first demonstrated in genetically
hypertensive rats, appear to be present in a subset of human
subjects with hypertension. Although total D1 receptor
expression is not different between renal proximal tubule
cells from normotensive humans and humans with essential
hypertension and from WKY and SHRs [95,96], D1 receptor
cell surface expression is lower in hypertensives than in
normotensives. The degree of D1 receptor phosphorylation in
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renal proximal tubule cells is also greater in hypertensive
humans and rats suggesting that the D1 receptor is
desensitized in the hypertensive state [87,97]. Under normal
conditions the initial process of G protein-coupled receptor
(GPCR) desensitization is caused by the phosphorylation or
some other action by G protein related kinases (GRKs)
[1,98,99]. GRKs are serine and threonine kinases that
phosphorylate GPCRs, including the D1 receptor, in response
to agonist stimulation. The binding of phosphorylated or
modified D1 receptor to arrestin and other adaptor proteins
results in uncoupling from its G-protein complex, and
leads to a decrease in function [1,99]. The modified/
phosphorylated D1 receptor and arrestin/adaptor protein
complex undergo internalization via clathrincoated pits [100,
101]. The internalized D1 receptor is transported into a
sorting endosome and subsequently to a recycling endosome
where the D1 receptor is dephosphorylated by protein
phosphatases and recycled back to the plasma membrane.
The sorting of modified GPCRs to lysosomes or proteasomes
results in their degradation. The sorting protein for the D1

receptor remains to be determined; synexin 1 may be the
sorting protein for D5 receptor degradation [102].
Ubiquitination of β-arrestin results in the internalization of
the β2 adrenergic receptor, while of the β2 adrenergic
receptor ubiquitination results in its degradation [103]. There
may be similarities in the trafficking between the D1 and the
β2 adrenergic receptor because they belong to Class A
GPCRs, which bind to β2 arrestin2 with higher affinity than
β2 arrestin1 and do not interact with visual arrestin [104]. It
should be noted, however, that desensitization of the D1

receptor may not always correlate with phosphorylation and
internalization may not be necessary for resensitization
[99,105].

The notion that GRKs are important in the impaired renal
D1-like receptor function is supported by studies showing
that inhibition of GRK activity (by heparin) in human renal
proximal tubule cells from hypertensive subjects normalizes
D1 receptor function [106]. There are seven members of the
GRK4 family. GRKs 1 and 7 belong to the rhodopsin family,
GRKs 2 and 3 belong to the ß-adrenergic receptor kinase
family, and GRKs 4, 5 and 6 belong to the GRK4 family [1].
We have reported that GRK4 plays a more important role
than GRK2 in the desensitization of the human D1 receptors
in renal proximal tubules [107,108]. However, the first 20
minutes of homologous desensitization of the human D1

receptor is GRK independent, the mechanism of which
remains to be determined. In the early and late stages of
desensitization, sucrose, which prevents endocytosis
[109,110], has no effect on total GRK expression, but
prevents the desensitization of the D1 receptor response
[unpublished data]. These data indicate that the
desensitization of the D1 dopamine receptor appears to
involve the formation of endocytic vesicles and GRK-
dependent and -independent mechanisms in human proximal
tubule cells. This pathway, however, may be different in
other cells, indicating cell or tissue-specific D1 receptor
desensitization [41,111].

In human embryonic kidney cells (HEK-293), GRK2,
GRK3, and GRK5 are involved in the desensitization of the
D1 receptor [99]. In SHRs, however, the increases in GRK

activity and expression (GRK2 and GRK5) follow rather
than precede the hypertensive process [112]. The limited
expression of GRK4 and the fact that the GRK4 gene locus
(chromosome 4p16.3) is linked to hypertension make GRK4
an attractive candidate for a pathogenetic mechanism in
human hypertension [113]. Moreover, GRK4 variants
(R65L, A142V, A486V), by themselves, or in association
with genes that regulate the renin angiotensin system, are
associated with hypertension [114-116]. However, there are
at least four isoforms of GRK4 (α, β, γ, δ) [117-119]. We
found that GRK4γ variants impair D1 receptor function in
renal proximal tubule cells; GRK4γ variants co-expressed
with the human D1 receptor in Chinese hamster ovary (CHO)
cells replicate the D1 receptor defect noted in renal proximal
tubules [94]. Inhibition of GRK4 function or expression
normalizes D1 receptor function in CHO cells expressing
GRK4γ variants and in renal proximal tubule cells from
humans with essential hypertension [94,119,120]. Over-
expression of GRK4A142V variant in mice produces
hypertension and impairs the natriuretic but not the acute
vasodepressor effect of D1 receptors, similar to that found in
humans with essential hypertension [94]. Over-expression
of GRK4γ R65L and A486V in mice also produces
hypertension. However, GRK4γ A486V transgenic mice
develop hypertension only after being fed high NaCl diet
[121].

As stated above, dephosphorylation of GPCRs results in
restoration of potential function. We also found that the
diminished responsiveness of D1 receptor in renal proximal
tubules from SHRs is associated with decreased activation of
protein phosphatase 2A, that may be the result of a decreased
recruitment of its regulatory subunit, B56α in cell surface
membrane [122, 123].

As mentioned, the natriuretic effect of dopamine may be
the result of a synergistic action between D1 receptor and D3

receptors [52,58, 62-64]. This effect is seen in WKY rats but
not in SHRs [97,124,125]. Intrarenal artery infusion of D3

receptor agonist increases sodium excretion in WKY rats,
not in SHRs [36]. Although it is not clear whether the D3

receptor impairment in genetic hypertension is secondary or
independent of D1 receptors, we have found that D3 receptor
mRNA and protein expression are lower in cortical
membrane of kidney and renal proximal tubule in SHRs. In
addition, the physical interaction between D1 and D3

receptors in renal proximal tubules is decreased in SHRs
compared with WKY rats [97,124,125].

In general, the renal and non-renal vasodilatory effects of
D1-like receptors in hypertension are not impaired [89,126].
There are, however, reports of impaired renal vasodilatory
effect of D1-like receptor agonist in humans with essential
hypertension [127] and in SHRs [93,128]. Indeed, the ability
of D1-like receptors in renal arteries of SHRs to stimulate
adenylyl cyclase is impaired [93]. D3 agonist-induced
vasorelaxation is similar in WKY and SHRs except at the
highest concentrations. In contrast, the mesenteric arteries
from SHRs are less sensitive and less reactive than WKY rats
to the vasorelaxant effect of a D1-like agonist. Whereas
pretreatment of mesenteric arteries with PD128907 enhances
the vasorelaxant effect of fenoldopam in WKY rats, no
additional vasorelaxant effect is noted in SHRs [67, 72].
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These data are reminiscent of the absence of an additive
natriuretic effect of D1 and D3 receptors in SHRs [124].

INTERACTION WITH OTHER SYSTEMS

Interaction with the Renin-angiotensin-aldosterone
System

Dopamine and angiotensin II are two important
regulators of sodium and water transport in the kidney
serving counteracting functions, via the D1-like and AT1

receptors, respectively. AT1 receptors stimulate all proximal
tubular ion-transporting-proteins that are inhibited by D1-like
receptors [64, 88, 90, 129, 130]. The natriuretic effect of D1-
like receptors is enhanced when angiotensin II production is
decreased or when AT 1 receptors are blocked [131,132]. The
renal vasoconstrictive effect of angtiotensin II can also be
antagonized by D1-like receptor agonists [10, 93]. D1

receptors stimulate renin production and thus, may
counteract the blood pressure-lowering effect of D1 receptors
working via renal sodium transport inhibition, while D3

receptors inhibit renin secretion [65,133,134]. D1-like and
AT1 receptors have opposing effects on the generation of
second messengers and PKC isoforms [135,136]. In addition,
dopamine, via D1-like and D3 receptors, also decreases AT1

receptor expression and angiotensin II binding sites in renal
proximal tubule cells from normotensive WKY rats
[131,137,138].

Dopamine may modulate the secretion of aldosterone
secretion [139-142]. The effects of dopamine on aldosterone
secretion depends on the sodium balance state. Dopamine,
which has no significant effects on angiotensin II -induced
aldosterone secretion in sodium-replete subjects, inhibits the
hormonal response to angiotensin II infusion in sodium-
depleted normal subjects [139-141]. Metoclopramide, a non-
selective antagonist for D2-like receptors, increases both
basal plasma aldosterone levels and the aldosterone response
to angiotensin II in rats and humans on a high sodium intake
[141,142]. Dihydroergotoxine, a non-selective D2-like agonist,
suppresses the aldosterone secretion induced by sodium
depletion in hypertensive patients, an effect blocked by a
non-selective D2-like antagonist, sulpiride [143]. In contrast,
in rats on a high K+ or low Na+ diet, D2-like receptors
facilitate aldosterone effects [144]. Subsequent studies have
shown that D2 receptors mediate the inhibitory effect while
D4 receptors mediate the stimulatory effect of dopamine on
aldosterone secretion [145]. This dual effect of dopamine
receptors could be used to modulate aldosterone secretion
and aldosterone effects in the treatment of hypertension.

Interaction with the Sympathetic Nervous System

The D2 receptor mutant mouse develops hypertension, in
part, due to increased vasoconstrictive activity of the
sympathetic nervous system [146]. Moreover, the increased
blood pressure in D2, D4 and D 5 receptor-deficient mice may
involve the central nervous system [146-148]. Abnormal
function of central nervous D2-like receptors in human
essential hypertension has been documented both in SHRs
and human subjects with essential hypertension [149,150].
Similar to the negative interaction between AT1 and D1-like
receptors, D1-like receptors and adrenergic receptors have

opposite effects on vascular smooth muscles and sodium
transport [49]. In OK cells, the dopamine regulation of the
proximal sodium phosphate transporter is potentiated by
treatment with α-adrenergic receptor antagonists [151].

Interaction with Reactive Oxygen Species (ROS)

Many physiological and pathological conditions, such as
aging and hypertension, have been ascribed to ROS. ROS
include singlet oxygen, superoxide, hydrogen peroxide,
hydroxyl radical and hypochlorous acid [152]. Dopamine has
different effects on ROS depending on dopamine concen-
trations, at low concentration <500µM, decreases ROS
formation; in contrast, at concentrations more than 1mM,
dopamine even acts as a pro-oxidant [153]. The low
concentration may reflect the real physiological function of
dopamine in kidney, for concentrations in non-neural tissues
are low µM or high nM. In nerve cells, where dopamine is
produced in higher concentrations, oxidation of dopamine is
prevented when stored in synaptic vesicles [154]. Besides the
direct action of dopamine on ROS, the production of ROS
can also be enhanced by the oxidation of dopamine or
generated by enzymes that degrade dopamine [155].

D5 receptors have antioxidant functions. Phospholipase D
expression, specifically, PLD2, is increased in the kidney of
D5 receptor deficient mice. D5 receptors expressed in HEK-
293 cells inhibit, an enzyme that produces phospha-tidic acid
[156]. Phosphatidic acid activates NADPH oxidase; a major
enzyme involved in the production of ROS in vascular
smooth muscle and renal proximal tubule cells [157,158]. A
variant of D5 receptor gene (D5F173L), which cannot
stimulate adenylyl cyclase, increases formation of ROS
[156]. The deficiency of D5 receptors in mice, which
increases blood pressure, is associated with increased
expression and activity of phospholipase D and NADPH
oxidase in brain and kidney [159]. A superoxide dismutase
mimetic, Tempol, decreases blood pressure in D5 receptor
deficient but not in wild-type mice [159]. Impaired
antioxidant function of D1-like receptors has been
demonstrated in vascular smooth muscles of SHRs [160].
However, increased ROS activity in the SHR has been
reported to derive from nitric oxide synthase rather than the
other sources of ROS, e.g., NADPH oxidase [161,162].
Therefore, oxidative stress may be an important pro-
hypertensive mechanism that enforces the maintenance of a
high blood pressure initiated by other primary processes.

Dopamine Interaction with Atrial Natriuretic Peptide
(ANP)

Both ANP and dopamine have natriuretic effects; some
data show that the natriuretic effect of ANP requires the
presence of dopamine receptors [163-166]. Furthermore, the
inhibitory effect of dopamine on the NHE3 in the proximal
tubule is potentiated by ANP [162]. The above-mentioned
phenomenon is ascribed to the ability of ANP to recruit
intracellularly located D1 receptors to the plasma membrane.

Dopamine Interaction with Nitric Oxide

Dopamine and nitric oxide have similar effects in kidney
[167]. Both of them are vasodilators, both are synthesized in
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renal proximal tubule cells and both inhibit Na+-K+ATPase
and NHE3 activities [1,6-10,168,169]. Abnormalities of
nitric oxide synthesis and degradation have also been
implicated in hypertension [171]. Stimulation of the nitric
oxide system increases D1 receptor expression. Nitric oxide
may be involved in the stimulation of urinary dopamine
excretion and vice versa, phenomena well described in
neurons [166-172]. Nitric oxide can also increase D1 receptor
expression [171]. D2-like receptor blockade enhances the
increase in sodium reabsorption when nitric oxide synthesis
is inhibited [173].

Dopamine Interaction with Endothelin B (ETB) Receptor

The ETB receptor and dopamine receptors can interact to
regulate renal function and blood pressure. In D2 receptor
null mice with hypertension, ETB receptor expression is
greater than in control mice [146]. An ETB receptor blocker
for both ETB1 and ETB2 receptors decreases, whereas a
selective ETB1 blocker increases blood pressure in D2

receptor null mice but not in control mice, indicating ETB
receptor, at least in part, is involved in the pathophysiology
of hypertension of D2 receptor null mice.

Dopamine Interaction with Prostaglandins

Prostaglandin E2, produced in the collecting duct, has a
diuretic and natriuretic effect. The natriuretic effect may be
accomplished by inhibition of several sodium transporters,
including Na+-K+ATPase. Dopamine, probably via D2

receptor, increases the production of prostaglandin E2 in rat
inner medullary collecting duct cells; phospholipase A2
takes part in signal pathway of this action [16,174,175].

Dopamine Interaction with Arginine Vasopressin

Vasopressin has been implicated in the pathogenesis of
essential hypertension. Water permeability of the collecting
ducts is bidirectionally regulated; the increase in water
permeation due to arginine vasopressin can be opposed by
several hormonal factors, including dopamine [176]. D2-like
receptors are expressed in the collecting duct, and a D2-like
receptor (most likely a D4 receptor) inhibits arginine
vasopressin-dependent sodium and water transport and
osmotic water permeability in isolated perfused rat cortical
collecting ducts [177, 178]. Moreover, dopamine also
inhibits aquaporin-4, an aquaporin that plays an important
role in the basolateral movement of water in the collecting
duct [179].

Both D1 receptors and D2-like receptors have been
reported to increase vasopressin secretion [180-182].
However, at low concentrations, D1-like receptors inhibit
vasopressin secretion in vitro [181]. Because dopamine has a
higher affinity for D5 than D1 receptors [183], it is possible
that the D1-like receptor inhibition of vasopressin release is
mediated by the D5 receptor.

In summary, there is clear evidence that dopamine is an
important modulator of renal function and blood pressure.
Impairment of renal dopamine production or receptor
function and interaction with other blood pressure-regulating
systems contribute to various forms of hypertension in both

humans and animal models. If, as it appears, that
abnormalities of the dopamine system are major causes of
idiopathic (hereditary) hypertension, early detection of these
abnormalities might allow utilization of strategies not simply
to treat but to prevent the development of hypertension.
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