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Abstract

Fluid homeostasis, blood pressure and redox balance
in the kidney are regulated by an intricate interaction
between local and systemic anti-natriuretic and natriuretic
systems. Intrarenal dopamine plays a central role on
this interactive network. By activating specific receptors,
dopamine promotes sodium excretion and stimulates
anti-oxidant and anti-inflammatory pathways. Different
pathological scenarios where renal sodium excretion is
dysregulated, as in nephrotic syndrome, hypertension and
renal inflammation, can be associated with impaired action
of renal dopamine including alteration in biosynthesis,
dopamine receptor expression and signal transduction.
Given its properties on the regulation of renal blood flow
and sodium excretion, exogenous dopamine has been
postulated as a potential therapeutic strategy to prevent
renal failure in critically ill patients. The aim of this review
is to update and discuss on the most recent findings
about renal dopaminergic system and its role in several
diseases involving the kidneys and the potential use of
dopamine as a nephroprotective agent.

Key words: Dopamine; Hypertension; kidney; Na*, K'-
ATPase; Sodium; Oxidative stress; D1 receptors; D2
receptors; Renal failure; Edema

© The Author(s) 2015. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Renal dopaminergic system is a local and
independent natriuretic system necessary to maintain
the normal balance of sodium and water, blood pressure
and renal redox steady state. Different findings from
experimental and clinical studies highlight the participation
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of renal dopamine in the pathophysiology of renal
inflammation, hypertension, diabetic nephropathy and
edema formation. Recent findings from experimental and
clinical studies allow us to understand the complexity of
this system as well as its possible contribution for future
therapeutic strategies to prevent renal diseases.
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INTRODUCTION

Kidney has all the bioenzymatic machinery necessary
to possess a local dopaminergic system. Renal
dopamine production depends on the precursor L-
dihydroxyphenylalanine and dopa decarboxylase
activity. Although dopa decarboxylase is present in
high concentrations in the proximal tubular cells,
L-dopa uptake by sodium dependent and independent
transporters represents the limiting step for intrarenal
dopamine synthesis™ ™. Intrarenal dopamine can leave
the cell through the apical border by a diffusional process,
whereas plasma dopamine can be uptaken through the
basal cell border by a saturable process™. The organic
cation transporters (OCTs and OCTNs) have been
postulated as potential carriers for dopamine through
the tubular cells®”. Finally, dopamine can be eliminated
with urine flow or degraded by methylation (via catechol-
O-methyl transferase or COMT) to 3-methoxytyramine,
and by deamination (via monoamine oxidase or MAO) to
3,4-dihydroxyphenylacetic acid®.

Several organs and systems are involved in the
regulation of blood pressure. In particular, the kidney
plays an essential role in the etiology of hypertension,
but also represents a target organ vulnerable to hyper-
tensive tissue damage. Alterations in renal tubule
transport may be linked to the onset of hypertension
in which dopamine could play an important role by
affecting sodium handling on the proximal tubule™.
Dopamine, as a major regulator of proximal tubule salt
and water reabsorption, exerts its physiological actions
through two families of receptors located in the tubular
cell surface: D1-like receptors (D1 and D5) and D2-
like receptors (D2, D3 and D4)"*¥, Through activation
of D1-like receptors, locally produced dopamine acts
as an autocrine/paracrine natriuretic hormone by
inhibiting the activity of both apical (e.g., Na*/H*
exchange, CI/HCOs exchange and Na*/Pi cotransport)
and basolateral (e.g., Na*, K*-ATPase and Na*/HCOs’
cotransport) transporterst***”), The D1-like receptors,
coupled to the stimulatory G proteins Gas and Golf, are
characterized by their capacity to activate adenylate
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cyclase, while D2-like receptors, coupled to the inhibitory
G proteins Gai and Go, are characterized by their
capacity to inhibit adenylate cyclase and modulate ion
channels™®*, The classical signaling pathway for D1-
like receptors leads to activation of adenylate cyclase
and increases cyclic adenosine 3’,5’-monophosphate
(cAMP) levels and protein kinase A (PKA) activation.
PKA may either directly phosphorylate a target protein,
such as a sodium transporting protein, or initiate a
cascade of phosphorylation events by phosphorylation
and activation of dopamine and cAMP-regulated phos-
phoprotein DARPP32™. D1 receptor can also stimulate
phospholipase Cp1 in renal tubules®®. On the other
hand, D2-like receptors can suppress Akt (protein
kinase B) signaling pathway'*'.. Both types of dopamine
receptors are also linked to mitogen-activated protein
kinase activation through different pathways and can
interact with each other, resulting in new signaling
pathways. In renal cortical cells the interaction between
D1 and D2 receptors increases phospholipase C stim-
ulation®?,

At glomerular level, dopamine increases cAMP in
mesangial and podocyte cells via D1-like receptor and
inhibits angiotensin II -mediated contraction in mesangial
cells®?!, Through this mechanism, dopamine induces
depolarization of the podocyte that may lead to its
relaxation'”. These data suggest that dopamine can
augment natriuresis and diuresis by increasing directly
water and sodium filtration at glomerular level. Besides
these effects on sodium and water homeostasis, it has
been demonstrated that dopamine could exert anti-
inflammatory and anti-oxidants properties by activation
of D1-like and D2-like receptors?®®*,

To date, several studies reported that an intact
dopaminergic system is required to maintain renal hemo-
dynamic, fluid and electrolyte balance, redox steady
state and blood pressure within a normal range and to
antagonize the renin-angiotensin system®®>Y, In this
way, alterations in dopamine production and its receptor
number, function and/or post-translational modification
are associated with different pathological scenarios
like oxidative stress, genesis and progression of renal
dysfunction, edema formation and genetic or essential
hypertension. In clinical practice, dopamine is used as a
first line vasoactive agent in patients with hemodynamic
instability unresponsive to fluid therapy™?!. However,
despite its diuretic and natriuretic properties, its clinical
use in patients with renal failure remains controversial.

EFFECTS OF INTRARENAL DOPAMINE
ON OXIDATIVE STRESS AND RENAL
INFLAMMATION

The redox state of cells represents a balance between
the generation of free radical/highly reactive species
and the presence of antioxidant mechanisms. Acting as
cellular messengers, reactive oxygen species (ROS) are
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Figure 1 Dopamine receptors and regulation of redox state. Full line:
Stimulation; Dotted line: Inhibition. D1R: Dopamine receptor subtype 1; D2R:
Dopamine receptor subtype 2; DSR: Dopamine receptor subtype 5; NADPH:
Nicotinamide adenine dinucleotide reduced form; SOD: Superoxide dismutase;
HO-1: Heme oxygenase 1; HO-2: Heme oxygenase 2; PON2: Paraoxonase 2;
DJ-1: Parkinson protein 7; GP: Glutathione peroxidase; GCT: Glutamyl cysteine
transferase.

implicated in the destruction of invading pathogens.
Pathological situations involving overproduction of
free radicals (e.g., atherosclerosis, hypertension, etc.)
can lead to an increase in oxidative stress status,
disrupting the normal cellular signaling mechanisms by
alteration of the normal redox state of cells™*?%,

Oxidative stress and infiltration of inflammatory
cells in the kidney are involved in the development of
renal injury and hypertension™”). Renal tubule cells
produce both pro- and anti-inflammatory cytokines
and chemokines, which are secreted across their apical
and basolateral membranes, and are implicated in
the development and progression of glomerular and
tubular injury™®,

Several enzymes and receptors are involved in the
regulation of the redox balance, including nicotinamide
adenine dinucleotide reduced form (NADPH) oxidase and
dopamine receptors (D1-like and D2-like receptors)®”.
Renal dopaminergic system represents a negative
regulator of ROS. In this sense, D1, D2, and D5 receptors
can exert antioxidant effects through direct and
indirect inhibition of pro-oxidant enzymes, specifically,
NADPH oxidase, and through stimulation of antioxidant
enzymes such as superoxide dismutase (SOD) and
heme-oxygenase (HO) among others, which can also
indirectly inhibit NADPH oxidase activity™®*?, Particularly,
stimulation of D2 receptors in the kidney increases
the expression of endogenous anti-oxidants, such as
Parkinson protein 7 (PARK7 or DJ-1), paraoxonase 2, and
HO-2, all of which can inhibit NADPH oxidase activity. By
inhibition of phospholipase D2, the D5 receptor reduces
NADPH oxidase activity. This receptor subtype also
increases the expression of another antioxidant enzyme,
HO-1. Finally, D1 receptor inhibits NADPH oxidase
activity via PKA and PKC cross-talk and stimulates SOD,
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glutathione peroxidase, and glutamyl cysteine transferase
activities (Figure 1),

Additionally, it has been demonstrated that dopamine
regulates the immune response and the inflammatory
reaction by inhibiting the release of interferon y (IFNy),
interleukin 2 (IL-2), and IL-4 and the lipopolysaccharide-
stimulated production of IL-12p40 in immune cells®**",
Other authors showed that mice with intrarenal do-
pamine deficiency have increased oxidative stress
and inflammatory cells infiltration; and that reduction
in intrarenal dopamine synthesis is associated with
increased detrimental effects of angiotensin I on renal
injury[42'43] )

Experimental studies demonstrated that mice
lacking D2 receptor (-/-) have increased levels of blood
pressure as well as renal expression of inflammatory
factors and renal injury™***\. To clarify if decreased D2
receptor function increases the vulnerability to renal
inflammation, independently of blood pressure, Zhang
et al"* carried out experiments with D2 receptor
(-/-) mice, and demonstrated that the treatment with
apocynin (an inhibitor of NADPH oxidase) normalized
blood pressure levels and decreased oxidative stress,
without affecting the expression of inflammatory
factors. In support of this evidence, it was reported
that short-term D2 receptor silencing in one kidney
(leaving the other kidney intact) in mice, induced the
overexpression of inflammatory factors and markers
of renal injury in the treated kidney, without increasing
blood pressure levels™*®, Altogether, these studies
indicate that D2 receptor impairment may cause
renal inflammation as a primary effect, contributing
to the subsequent development of hypertension.
Polymorphisms of the human D2 receptor gene may
be of clinical relevance since reduction in D2 receptor
expression and function may lead to renal damage and
oxidative stress**°,

Although these evidences indicate that alteration
of the renal dopaminergic system may be associated
with increased blood pressure via oxidative stress,
this seems not to be the only mechanism by which
impairment of renal dopaminergic system could lead
to hypertension.

ROLE OF RENAL DOPAMINERGIC
SYSTEM IN THE PATHOPHYSIOLOGY OF

HYPERTENSION

Essential hypertension affects 25% of the adult population
and constitutes a major risk factor for stroke, myocardial
infarction, and heart and kidney failure’’ >, The etiology
of hypertension is complex and involves both genetic
and environmental factors™". Genome-wide association
studies have been able to identify 2% of genetic factors
believed to influence blood pressure® >, However, the
studies were not designed to identify predisposing genes
engaged in a complex network of gene-gene and gene-

May 6, 2015 | Volume 4 | Issue 2 |



Choi MR et a/. Renal dopamine: Experimental and clinical evidences

Oxidative |[ IR/hyper- | COMT/MAO |(ANG 11 | opyq |/ Dopadecar- (iDL TUANP T LATs
stress insulinemia || renalase AT1 ! boxylase activity | i receptors {i NPR-A i | OCTs
| | | Lo J J i

[ Impaired renal dopaminergic system

Vool

l

P

Increased renal oxidative stress

Increased expression of tubular
sodium transporters
Decreased natriuresis and diuresis

and inflammation
Increased renin expression

Increased AT1 receptor expression

Decreased medullary COX-2 expression
Decreased urinary prostaglandin E2
excretion

Decreased AT2 receptor expression
Decreased Mas receptor expression

Increased renal injury

Hypertension

Figure 2 Impaired renal dopaminergic system and its association with hypertension. Red full squares and arrows indicate those factors that promote the
impairment of renal dopamine; blue dotted squares and arrows indicate those factors that enhance renal dopaminergic system. IR: Insulin-resistance; COMT:
Catechol-O-methyl-transferase; MAO: Monoamine-oxidase: AT1: Angiotensin Il receptor subtype 1; AT2: Angiotensin Il receptor subtype 2; COX-2: Cyclooxygenase
type 2; ANP: Atrial natriuretic peptide; NPR-A: Natriuretic peptide receptor type A; LATs: L-aminoacids transporters; OCTs: Organic cationic transporters; GRK4:

G-protein receptor kinase 4.

environment interactions®™. Many genes have been

proposed to cause hypertension and more than one
gene is undoubtedly involved. On the other hand, the
impairment of renal dopaminergic system functionality
in hypertension has been extensively studied in patients
as well in experimental animals, and strong evidences
indicate that the alteration of this system plays a
pathophysiological role in the development of different
types of hypertension®*” (Figure 2). Several animal
experimental models of hypertension exhibit one or
more defects related to the renal dopaminergic system,
and vice versa, different models with impairment of
this system are associated with the development of
hypertension (Table 1).

The interaction between renal dopamine and an-
giotensin Il can take place at receptors level™®. In this
way, AT2 and D1 receptors cooperatively oppose the
vasoconstrictor and antinatriuretic functions elicited by
angiotensin II at AT1 receptor. It has been demonstrated
that in vivo administration of fenoldopam (a highly
selective D1-like receptor agonist) in sodium loaded
Sprague Dawley rats induces the translocation of AT2
receptors from intracellular compartment to the apical
plasma membranes'*.. This effect was confirmed by
the fact that fenoldopam-induced natriuretic response
was completely inhibited by the intrarenal co-infusion
of the AT2 receptor antagonist PD123390". Therefore,
the alterations in D1 receptor-dependent translocation
of AT2 receptor must be considered as a contributor
factor for the initiation and progression of disease
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processes including hypertension. Blood pressure levels
increase with aging, and alterations in both D1 and
AT1 receptor functions are closely associated with the
development of age-related hypertension®’>7?, Aging
is a process associated with increase in oxidative stress
and dysfunction of renal D1 and AT1 receptorst”®”,
Both receptors influence the activity of tubular Na*, K*-
ATPase and contribute to maintain sodium homeostasis
and blood pressure’””?!, It has been reported in
spontaneously hypertensive and obese Zucker rats an
increase in oxidative stress and altered renal D1 and AT1
receptor functions®®*%,

Another possible mechanism involved in the impaired
natriuretic effect in spontaneously hypertensive rats
(SHRs) could be related to impaired endothelin B and D3
receptor interaction®. The endothelin B and dopamine
receptors can interact to regulate renal function and
blood pressure!®, It has been demonstrated that
activation of renal D3 receptor induces natriuresis and
diuresis, but this effect is reduced in the presence of
an endothelin B receptor antagonist, demonstrating
that dopamine effects depends partially on endothelin
B receptors. Moreover, stimulation of endothelin B
receptor increases D3 receptor protein expression
and vice versa in renal proximal tubule from Wistar
Kyoto rats but not from SHRs®*%!. Another study
indicates that D3 receptors physically interact with
proximal tubule endothelin B receptors and that the
blunted natriuretic effect of dopamine in SHRs may
be explained, in part, by abnormal D3/endothelin B
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Table 1 Renal dopaminergic system impairment in experimental hypertension

Animal experimental model Renal dopaminergic system impairment Principal findings Ref.
Spontaneously hypertensive D1-like receptor function impairment Increased sodium reabsorption as a mechanism of Ohbu et al"
rats caused by a defective coupling of the hypertension

receptor with AC
Dahl salt-sensitive rats D1-like receptor function impairment Prehypertensive Dahl salt-sensitive rats exhibit a blunted Nishi et al™

caused by a defective coupling of the
receptor with AC

DOCA salt-sensitive rats Decreased renal dopamine production

Renal dopaminergic system is dominantly supressed in this

natriuretic response to dopamine compared with Dahl salt-
resistant rats

limura et al'*”

model of hypertension

Dopamine receptor Defective D1-D2 like receptor/signal

knockout mice transduction
C57BL/ 6 mice D1-like receptor function impairment
associated with increased expression of
GRK4 upon salt loading

Mice with selective proximal Deletion of the kidney’s ability to

Impaired D1 and D2-like receptor signal pathway associated Banday et al'*!

with development of hypertension Zeng et al'®”
Albrecht et al'™!

Impaired ability to excrete a salt load with a resultant Escano et al'”

increase in blood pressure levels

Increased expression of tubular sodium transporters, Zhang et al*

tubule AADC deletion generate dopamine is associated with decreased natriuresis and diuresis in response to L-Dopa,
unbuffered response to angiotensin II decreased medullary COX-2 expression and urinary
that leads to hypertension and decreased prostaglandin E2 excretion, increased renin and AT1 receptor
longevity in mice expression, decreased AT2 and Mas receptor expression, and
finally salt-sensitive hypertension.
Old FBN rats Reduction of G-protein coupling in Increase of oxidative stress Chugh et al™
response to D1R activation associated
with exaggerated AT1 receptor activity
Renalase knockout mice Alteration of urinary dopamine Impaired sodium excretion with increased blood pressure ~ Desir
concentration in luminal fluid and
proximal tubular transport
3/4 nephrectomized (3/4nx) Decrease in urinary levels of dopamine A reduction in the natriuretic response to volume expansion Moreira-

rats and in renal AADC activity

with a time-dependent increase in both systolic and diastolic

Rodrigues et al®

blood pressure

Obese Zucker rats Decrease in D1-like dopamine receptor
binding sites and diminished activation

of G proteins

Overproduction of ROS

Hussain et al”™

GRK4: G protein receptor kinase 4; DIR: Dopamine receptor subtype 1; COX-2: Cyclooxygenase type 2; AT1: Angiotensin II receptor subtype 1, AT2:
Angiotensin IT receptor subtype 2; ROS: Reactive oxygen species; AC: Adenylate cyclase; FBN: Fischer 344 x Brown Norway F1.

receptor heterodimerization®.

The interaction between prostanoids and renal
dopamine on sodium and water excretion must also
be considered. It has been demonstrated that the
natriuretic response to dopamine was lower in Dahl
salt-sensitive rats but this effect was reversed when
chromosome 5 was transfered into these rats, leading
to an increase of the renal expression of CYP4A protein
and the production of 20-HETE™®"1, Moreover, the
inhibition of Na*, K*-ATPase activity by dopamine in
the proximal tubule may be the result of the synergism
between 20-HETE and the D1 signaling pathway™,
In addition, other metabolites of arachidonic acid
produced in the proximal tubule are epoxyeicosatrienoic
acids and dihydroxyeicosatrienoic acids. As 20-HETE,
epoxyeicosatrienoic acids can also regulate Na*, K*-
ATPase activity and serve as second messengers for the
natriuretic effects of dopamine. Since renal production
of cytochrome P450 metabolites of arachidonic acid is
altered in hypertension, a lower prostanoid synthesis
may be involved in the impaired response to dopamine
in this context’™”,

Another protein that could be involved in the path-

WIN | www.wjgnet.com

JBaishideng®

200

ophysiology of hypertension is the novel amine oxidase,
renalase™®. Renalase is synthesized in the kidney
with high expression in the proximal tubule, and then
secreted into plasma and urine™, Renalase specifically
degrades catecholamines, including dopamine. Recent
findings indicate that renalase deficiency is associated
with increased blood pressure and elevated circulating
catecholamines®*®Y, Renalase expression depends on
salt intake, and recombinant renalase exhibits a potent
and prolonged hypotensive effect on blood pressure
in Dahl salt-sensitive rats and rats with chronic kidney
disease®®*, Urinary renalase metabolizes urinary
catecholamines and it has been hypothesized that it
might regulate dopamine concentration in the luminal
fluid. However, the mechanisms of hypertension in
animals with renalase deficiency and its relationship
with the renal dopaminergic system are still unclear and
deserve to be investigated in more detail.

Given its participation on sodium and water exc-
retion and blood pressure regulation as well as its
antioxidant properties in the kidney, alteration in renal
dopaminergic system should also be considered in
the pathophysiology of other diseases associated with
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Figure 3 Association between diabetes and renal dopaminergic system in the pathophysiology of diabetic nephropathy. COX-2: Cyclooxygenase-2; GFR:
Glomerular filtration rate; SNGFR: Single nephron glomerular filtration; eNOS: Endothelial nitric oxide synthase; ROS: Reactive oxygen species.

kidney damage such as diabetic nephropathy.

RENAL DOPAMINE, HYPERINSULINEMIA
AND PATHOPHYSIOLOGY OF DIABETIC
NEPHROPATHY

Diabetes in cursive is the most prevalent cause of end-
stage kidney disease and its incidence has increased
by more than 50% in the last 10 years™". Diabetic
nephropathy is associated with elevated glomerular
filtration rate, enhanced tubular sodium reabsorption,
reduced sodium delivery to the macula densa and
also with progressive glomerular and tubulointerstitial
injuries® ., Diabetic nephropathy is a major cause
of mortality in both types diabetes. Adults with type 1
and 2 diabetes demonstrate insulin resistance, which is
associated with diabetic nephropathy™”*®. Experimental
studies of diabetic nephropathy helped to understand
the pathophysiological mechanisms underlying the
disease process and allowed to identify potential
molecular targets for future pharmacological treatment.
In this way, it has been demonstrated a decrease
in endothelial nitric oxide synthase (eNOS) activity
and renal dopamine production and an increase in
Nrf-2, JAK/STAT and mTORC1 signaling as contributor
factors in the development of diabetic nephropathy™.
Alteration of mechanisms involving dopamine handling
and signaling by the proximal tubule cells could lead
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to a progressive damage in diabetic nephropathy. In
addition to the renin angiotensin system, alterations
of renal cyclooxygenase-2 (COX-2) function are also
involved in renal hemodynamic changes and structural
abnormalities observed in diabetic nephropathy!*%%%,
Previous findings showed that renal dopamine inhibits
COX-2 expression in the macula densa, suggesting
that the impairment of intrarenal dopaminergic system
observed in diabetes, may contribute to reduce the
luminal offer of sodium to this area, resulting in an
elevated macula densa COX-2 expression(!’:103104]
(Figure 3). Another experimental study carried out
in mouse models of type 1 diabetes demonstrated
that enhanced proximal tubule dopamine levels by
deletion of COMT’" gen was associated with substantial
amelioration of early hyperfiltration, decreased macula
densa COX-2 expression, decreased albuminuria
and glomerulopathy, and inhibition of inflammation
markers, oxidative stress, and fibrosis®"**!. Conversely,
depletion of proximal tubule dopamine levels by
deletion of dopa decarboxylase gen in diabetic mice
developed a marked increase in albuminuria as well as
increment of mesangial expansion, renal macrophage
infiltration, and renal nitrotyrosine levels®®, These
findings contribute to confirm the major role played by
the intrarenal dopaminergic system on the development
and progression of kidney injury caused by diabetes
mellitus.

In renal proximal tubule cells, insulin and dopamine
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Figure 4 Association between insulin resistance and impairment of renal
dopaminergic system. Full lines: Stimulation; stripped lines: Inhibition.

counter-regulate each other by opposing their effects
on Na*, K™-ATPase activity”’®’. Although insulin has
been reported to enhance renal proximal tubule uptake
of L-dopa in normal fed control rats, this regulatory
mechanism is absent in cells isolated from animals
fed with fructose, a model of insulin resistance. In
addition, the chronic exposure of renal proximal tubule
cells to insulin causes a reduction in D1 receptor
abundance and uncoupling from G-proteins, which
results in the impairment of the inhibitory effects of
dopamine on Na*, K*-ATPase!’*'%*), Hyperinsulinemic
animals and patients with type 2 diabetes present a
defective renal dopaminergic system™°, In obese
Zucker rats, a model of type 2 diabetes or in insulin-
induced hypertension, renal D1 receptors are down-
regulated and dopamine fails to produce diuresis and
natriuresis”®, Moreover, when these animals were
treated with an insulin sensitizer (rosiglitazone), plasma
insulin levels decreased and D1 receptor function were
restored™”®® (Figure 4). Based on these evidences,
it is possible that the regulatory mechanisms of the
renal dopaminergic system are impaired in diabetic
nephropathy due to insulin resistance.

Previous studies have shown that in both type 1
and type 2 diabetes, expression of renal D1 receptor
gene was reduced above 50% through a down-
regulation mechanism that involves the extracellular
cAMP-adenosine signaling pathway”**. An increase
in intrarenal dopamine synthesis and the subsequent
stimulation of vascular D1 receptors appear to prevent
early glomerular hyperfiltration in diabetic rats!,
Conversely to the D1 like receptors, selective antagonism
of D2 like receptors was demonstrated to reverse
glomerular hyperfiltration induced by experimental
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diabetic hyperglycemia™. Additionally, activation of
the D3 receptor in rats caused diuresis, natriuresis
and increased glomerular filtration™*?. To demonstrate
the renoprotective effect of a D3 receptor antagonist
(A-437203), hypertensive type 2 diabetic (SHR/
N-cp) rats were used to evaluate the renal effects
of D3 antagonism on glomerulosclerosis damage
index, glomerular volume, desmin expression as
marker of podocyte damage, and urinary albumin
excretion*?!, The results of this study suggest that D3
receptor antagonism has a beneficial effect on renal
morphology and albuminuria, which is comparable in
magnitude to that of angiotensin-converting enzyme
inhibitor treatment as the gold standard***.,

Despite its role in the pathophysiology of diabetic
nephropathy, the potential clinical use of dopamine in
this context is still matter of basic research. Nonetheless,
the therapeutic use of dopamine is restricted to its dose-
dependent actions on the cardiovascular system.

DOPAMINE AS NEPHROPROTECTIVE
AGENT? EXPERIMENTAL AND CLINICAL
EVIDENCES IN RENAL DYSFUNCTION

Dopamine represents an essential drug in intensive
care units and is still used as a first line vasopressor
agent especially in hypotensive adult patients refractory
to fluid resuscitation™. Because of its interaction with
different catecholamine receptors, the pharmacological
profile of dopamine is dose dependent™*. At low
doses (0.3-5 ug/kg per minute), dopamine stimulates
D1 and D2 receptors inducing natriuresis, diuresis
and enhances renal blood flow by renal vasodilation.
At higher doses, when adrenergic stimulation pre-
vails, dopamine increases renal blood flow through
stimulation of cardiac output®>******!, In healthy adult
volunteers, the administration of a low dose dopamine
increases renal blood flow and induces natriuresis and
diuresis™**”), For these reasons, a low-dose dopamine
represents a therapeutic option to limit or prevent
renal failure in critically ill patients by increasing renal
blood flow!*®, Although a low dose dopamine appears
to be able to increase urinary output in critically ill adult
patients at risk of renal failure, a high number of clinical
studies indicate that the administration of a low dose
dopamine might not be able to exert any protective
effect to prevent the onset or improve the course of an
established acute renal failure, but on the contrary, its
use may increase its risk!*>"'"***? Taken all together,
the nephroprotective action of a low dose dopamine in
critical ill patients remains to date controversial (Table 2).

Although these evidences attempt to the clinical use
of dopamine, some other findings support the clinical
benefit of its use in different scenarios like cardio-
renal syndrome, cardiopulmonary bypass and acute
decompensated heart failure under treatment with atrial
natriuretic peptide (ANP)!***?%612] Renal dysfunction is
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Table 2 Clinical studies providing evidence against/in support of clinical use of low dose dopamine

Study design Results

Ref.

Against clinical use of  The Australian and New

low dose dopamine Zealand Intensive Care Society
(ANZICS): multicenter,
randomized, double-blind,

placebo-controlled

324 patients with at least two criteria for the systemic inflammatory Bellomo et al™
response syndrome and clinical evidence of early renal dysfunction:

continuous intravenous infusion of low-dose dopamine (2 ug/kg

per minute) did not attenuate the peak serum creatinine compared

with placebo. There was no statistical difference in mortality

between dopamine and placebo arms

Meta-analysis study: 17 studies
were randomized clinical trials (n
= 854)

Meta-analysis study: 15
randomized controlled studies

Low dose dopamine administration did not prevent mortality or
the onset of acute renal failure, or the need for haemodialysis in

Kellum and M
Decker™!

clinically ill patients
Dopamine administration did not present beneficial results in terms Marik
of serum creatinine changes and incidence of acute renal failure in

[121]

clinically ill patients

Sepsis Occurrence in Acutely
11l Patients (SOAP): Cohort,
multiple-center, observational
study
Renal Optimization Strategies
Evaluation (ROSE) study:
multicenter, double-blind,
placebo-controlled randomized dysfunction
clinical trial
In support of clinical
use of low dose

Dopamine in Acute
Decompensated Heart Failure
(DAD-HF) Trial: randomized
clinical trial

dopamine

Dopamine administration in shock patients, compared to patients

Low dose dopamine (2 pg/kg per minute) did not enhance

The addition of low-dose dopamine (5 pg/kg per minute) to low-
dose furosemide (5 mg/h) was associated with improvement in

Sakr et al™

who did not receive it, was associated with 20% increase in ICU
and hospital mortality rates

Chen et al™!

decongestion or improved renal function when added to diuretic
therapy in 360 patients with acute heart failure and renal

Giamouzis et al"™!

renal function profile and potassium homeostasis at 24 h and it
was equally effective as high-dose furosemide (20 mg/h) alone

on subjective perception of dyspnoea in 60 patients with acute

decompensated heart failure

Retrospective clinical study

Continuous infusion of furosemide in addition to low-dose

Aziz et al™®!

dopamine compared to intermittent boluses of furosemide was
less nephrotoxic and carried a lower readmission rate at 30 d in 116

patients with acute decompensated heart failure

A prospective single-center
randomized double-blind
placebo controlled trial

The treatment with high-dose fenoldopam at 1 ug/kg per minute

Ricci et al™!

(short-acting D1 agonist) during cardiopulmonary bypass in 80
pediatric patients undergoing cardiac surgery for congenital heart

disease significantly decreased urinary biomarkers of acute kidney

injury (urinary neutrophil gelatinase-associated lipocaline and
cystatin C levels) and also reduced the incidence of acute kidney

injury in the postoperative period and the use of diuretics and

vasodilators
Clinical case finding

Low doses of ANP (0.0125 pg/kg per minute) with low dose

Kamiya

dopamine (1.0 ug/kg per minute) in acute decompensated heart

failure increased urine output, decreased heart rate, improved

congestion with a reduced brain natriuretic peptide level,
reduced serum creatinine and the levels of urinary liver-type fatty

acid binding protein -a novel reno-tubular stress marker- and

8-hydroxydeoxyguanosine -an oxidative stress marker

Prospective randomized clinical
study

Low dose dopamine infusion reduces renal tubular injury
following cardiopulmonary bypass in 48 patients with normal or

Sumeray e al'*

near normal baseline renal function

one of the most important co-morbidities in heart failure,
being a potent predictor of cardiovascular complications
and mortality!>®. This relationship is commonly termed
cardio-renal syndrome, where both, cardiac and renal
dysfunctions, share similar pathophysiology such as
activation of the renin-angiotensin-aldosterone and
sympathetic nervous systems, imbalance between nitric
oxide and reactive oxygen species, and inflammation™"..
Clinical guidelines recommend the treatment of heart
failure or renal failure separately without consensus about
how managing patients with cardio-renal syndromes!"*®’,
Its specific treatment points out to ameliorate decreased
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urine output and glomerular filtration rate, increased
serum creatinine, and to prevent weight loss™**. Recent
studies in this clinical setting have focused on newer
therapies, including renal protective dopamine™?*'?>*?%
(Table 2).

Acute kidney injury after cardiac operations
with cardiopulmonary bypass is a life-threatening
complication, with a reported incidence of up to
36%"**!. To prevent this situation diuretics have been
the mainstay to promote renal function and urine
flow after pediatric cardiopulmonary bypass'****,
Fenoldopam mesylate is a short-acting D1 agonist that
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appears to improve renal function in clinical situations
of reduced blood flow by enhancing renal blood
flow!*****], Then, co-administration of both agents could
be a reasonable therapeutic strategy to preserve renal
function in this context (Table 2).

A primary therapeutic goal for acute heart failure
is to achieve decongestion to relief symptoms without
inducing renal dysfunction™’**, However, adult patients
with acute heart failure and moderate or severe renal
dysfunction are at risk for inadequate decongestion and
enhanced renal dysfunction, both condition associated
with worse prognosis™*. Renal adjuvant therapies like
dopamine could enhance decongestion and preserve
renal function during treatment of acute heart failure. In
this setting, combined therapy with ANP and dopamine
might be useful to improve the management of acute
decompensated heart failure without renal injury in
patients who do not respond to ANP alone™”, This
beneficial interaction between both agents could
be related to previous experimental findings that
demonstrated that ANP stimulates dopamine uptake
by tubular cells, reduces its catabolism and diminishes
the turnover*****!l, These effects may favor renal
biodisponibility of dopamine in tubular cells and enhance
overinhibition of renal Na*, K*-ATPase activity*".
Nonetheless, future prospective studies are needed to
affirm this suggestion (Table 2).

As it has been demonstrated in patients with
heart failure, the interaction between two natriuretic
hormones, such as ANP and dopamine, can also be
present in other situations with increased extracellular
fluid, such as nephrotic syndrome.

RENAL DOPAMINE IN THE PATHOGEN-
ESIS OF EDEMA FORMATION

Nephrotic syndrome exhibits increased proteinuria and
enhanced sodium retention that contribute to edema
and ascites formation™*?!. Although reduced plasma
volume and serum albumin concentration contribute
to sodium retention in nephrotic syndrome, a primary
intrarenal sodium handling abnormality could also
be implicated in this clinical scenario™*?. In this
way, experiments carried out in rats with puromycin
aminonucleoside (PAN) induced nephrotic syndrome
showed a blunted activity of the renal dopaminergic
system evidenced by decreased urine dopamine,
decreased availability of D1 receptor in renal proximal
tubules and reduced dopa decarboxylase activity!**.
These findings were associated with an increase in Na*,
K*-ATPase activity in renal proximal tubules'™**. On
the other hand, renal dopamine and ANP are known
to interact with each other in order to regulate sodium
homeostasis''**\. The complex interaction between
these two natriuretic systems is evidenced by the fact
that ANP stimulates proximal tubular dopamine uptake
through natriuretic peptide receptor type A (NPR-A),
guanylate cyclase stimulation and protein kinase G
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(PKG) activation™. ANP also recruits silent D1 receptor
from the interior of the renal tubular cells towards the
plasma membrane where they become functionally
active™®, A recent work of Fernandes Cerqueira
et al™”! demonstrated in rats with PAN-nephrotic
syndrome that the increase of natriuresis and urinary
cGMP excretion evoked by an acute volume expansion
were blunted, despite the increased levels of circulating
ANP, suggesting the unresponsiveness to ANP in this
pathology. Treatment with a phosphodiesterase type
5 inhibitor (zaprinast) restored the excretion of cGMP
and the natriuresis to similar levels of control rats, and
increased the expression of D1 receptors in tubular
cells'*”), This evidence indicates that D1 receptors are
involved in ANP unresponsiveness observed in PAN-
nephrotic syndrome, where the alteration of renal
dopaminergic system represents a contributor factor
for the edema and ascites formation (Figure 5).
Beyond its renal actions, dopamine effects on fluid
homeostasis can also be exerted in other tissues. In
this way, recent findings support a possible use of
dopamine in edema resolution of pulmonary path-
ologies!*®**1, Acute lung injury and its severe form,
the acute respiratory distress syndrome are prevalent
causes of morbidity and mortality!*®. The outcome
of patients with acute hypoxemic respiratory failure
improves when lung epithelial function is restored and
pulmonary edema resolvest****2, Pulmonary edema is
cleared from the alveoli by active sodium transport, in
which sodium enters into the cell via apical amiloride-
sensitive sodium channels and pumped out from the
cell via the basolaterally located Na*, K*-ATPase. Water
follows the sodium gradients, resulting in alveolar fluid
reabsorption™?. Although dopamine inhibits Na*, K*-
ATPase in the kidney and promotes natriuresis and
diuresis, in alveolar cells dopamine increases, in a
dose-dependent manner, lung edema clearance in rats
by 40%-70% above the control clearance levels™****,
Experimental studies using models of lung injury have
demonstrated that alveolar fluid clearance is impaired
in parallel with decreased Na*, K*-ATPase function. In
these lung injury models, dopamine (10 M) instilled
into airspace increased alveolar fluid reabsorption by
translocating preformed Na*, K*-ATPase pumps from
intracellular pools (i.e., late endosomal compartment)
to the cell plasma membrane in alveolar epithelial-
type I cells™**"**® This effect is produced through
short-term and long-term fashion mechanisms. The
short-term mechanism depends on the activation of
D1 receptors since fenoldopam reproduces dopamine
actions, meanwhile the long-term mechanism implies
D2 receptors****% Accumulation of protein-rich
alveolar edema fluid in acute lung injury is the result
of an increased microvascular permeability™®* %4,
Many experimental and human studies support the
hypothesis that vascular endothelial growth factor
(VEGF) plays a critical role in shaping the vascular
barrier function in acute lung injury******, Although, D1
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‘ Nephrotic syndrome

Figure 5 Impaired interactions between
‘ ANP and renal dopamine in nephrotic
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and D2 receptors are implicated in the synthesis and
trafficking of Na*, K*-ATPase, the D2 receptor is also
implicated in the regulation of VEGF-induced vascular
permeability as well as angiogenesis!**'***7) This
was confirmed by the fact that a D2 receptor agonist
failed to reduce pulmonary edema in D2 receptor
(-/-) mice, suggesting that dopamine acts through
D2 receptor to inhibit pulmonary edema-associated
vascular permeability, which is mediated through
VEGF-VEGFR2 signaling and conveys protective
effects in an acute lung injury model™*®, Although
D1 and D2 receptors subtypes seem to be beneficial
to reduce edema formation, D3 receptor appears
to exert an opposite effect. Several clinical findings
reported that pramipexole, a potent non ergoline
agent with high affinity to D3 receptors and used for
Parkinson’s disease, restless legs syndrome, resistant
depression and bipolar depression, is associated with
the development of pedal and chronic lower limb
edema (with a frequency that ranges from 5% to
22.5%)""7**7%), This adverse effect disappears after
the discontinuation of the drug™”>*”®., Since dopamine
is an important regulator of the sympathetic nervous
system, aldosterone secretion, as well as adenosine
triphosphate-mediated sodium/potassium channels,
the peripheral effects of pramipexole at these levels
could have a role!””""’®, However the relationship
between D3 receptor agonism and edema formation
remains unclear.

FUTURE PERSPECTIVES

An intact renal dopaminergic tonus is required for the
maintenance of sodium homeostasis and normal blood
pressure. By its anti-oxidative and anti-inflammatory
properties, intrarenal dopamine plays a major role
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as a nephroprotective agent to prevent or ameliorate
renal dysfunction. Oxidative stress or hyperinsulinemic
states may decrease the number of functional dopa-
minergic receptors in the proximal tubules. In this
way, it is worthwhile to test the effect of antioxidant
drugs to enhance or restore the biodisponibility of
these receptors. A recent observation that dopamine
receptors availability in the plasma membrane may be
regulated by other hormones, like ANP, could open up
a possible therapeutic approach™?.,

It has been emphasized the importance of endo-
genous dopamine and renal D1 receptor on the regulation
of sodium and body fluid homeostasis. Although there is
evidence that a defective renal dopaminergic system
contributes to the development and maintenance of
hypertension, it is still not clear what triggering factors
cause the selective defects in the renal dopaminergic
system. Some of these triggering factors could be
an excess of sodium intake that could lead to an
activation of intrarenal angiotensin II and increase in
ROS, an increase in carbohydrate intake and a high fat
diet, both factors that promotes an insulin resistance
state. Furthermore, the renal dopaminergic system is
sensitized by a high salt intake and volume expansion,
which opens the question about how intrarenal sodium
sensors may influence on renal dopamine bioavailability.
This approach may lead to the development of
new pharmacological strategies in conditions of salt
retention and hypertension. Moreover, identification of
abnormalities in different steps of crucial importance for
the regulation of the renal dopaminergic tonus should
provide additional molecular biological tools for the early
diagnosis and treatment of pre-hypertensive patients.

The fact that dopamine exerts nonselective actions
upon multiple dopaminergic and adrenergic receptors
must be considered, and this, can limit its therapeutic
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use in renal diseases. The potential therapeutic use of
exogenous dopamine and D1-like receptor agonists is
limited to special conditions like critical ill patients who are
at risk of kidney failure. However, given the controversial
results from clinical studies the use of dopamine in this
context must be examined more closely.

At last, further clinical studies must be carried out to
confirm the participation of renal dopaminergic system
in pathological contexts involving impaired sodium
excretion as nephrotic syndrome or insulin resistance
states.

CONCLUSION

Intrarenal dopamine represents a local natriuretic
system with beneficial actions on blood pressure,
oxidative stress and inflammation. Dopamine secreted
into the tubular lumen acts via D1-like and D2-like
receptors in an autocrine/paracrine manner to inhibit
different tubular ion transporters and to regulate
the production of reactive oxygen species and
the inflammatory response. These renoprotective
effects can be affected by situations that impair its
integrity and functionality. The comprehension of the
mechanisms by which renal dopaminergic system
is involved in the pathogenesis and development
of renal diseases may contribute to improve the
diagnosis, evolution, prognosis and treatment of renal
pathologies.
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