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ABSTRACT

In recent years, the discovery of peripheral opioid
receptors has challenged the dogma of opioids interacting
exclusively with the central nervous system. In this article,
we describe the current understanding of the roles of opi-
oids and opioid receptors in renal physiology and patho-
physiology. The renal response to opioid exposure varies
depending upon the specific opioid agonist, dose, and
duration of exposure. The known acute effects of opioids
on the kidney impact salt and water balance. The chronic
effects of opioid exposure on kidney function are largely
unknown, but collapsing glomerulopathy has been asso-
ciated with chronic heroin abuse. Opioid exposure can
lead to both physiological and architectural renal
changes, and this may have important clinical implica-
tions. Since opioids are often used for pain management
in patients with existing kidney disease, their role in kid-
ney function warrants attention.
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INTRODUCTION

Opioids have been used for nearly six centuries for
pain control, including by Hippocrates (460-377 BC), con-
sidered the founding father of medicine.! The clinical use
of opioids for pain control has exploded as more opioid
agonists have become available. However, the clinical
significance of opioid use goes well beyond pain control
and requires an understanding of the drugs’ role in organ
disease, especially when treating patients with pre-exist-
ing conditions. Opioid actions, previously believed to be
confined to the central nervous system, have attracted
considerable attention for their existence and possible
functions in peripheral systems.** Increased understand-
ing of opioid signaling pathways has opened the door to
new vistas in terms of understanding their role in growth,
survival, and vital physiological functions such as vasodi-
lation.> Our laboratory, at the University of Minnesota,
showed that morphine stimulates angiogenesis-depend-
ent tumor growth and ischemic wound healing.®” We

also found evidence that opioids and opioid receptors
play an important role in the maintenance of normal kid-
ney physiology in mice.® Data are beginning to emerge
that suggest both exogenous and endogenous opioids
have important actions on the kidney. The renal response
to opioid exposure varies depending upon the specific
opioid agonist, dose, and duration of exposure (acute vs.
chronic). The text to follow explicates the renal effects of
endogenous and exogenous opioids, their receptors, and
the potential renal consequences of acute and chronic
opioid exposure.

OPIOID RECEPTORS

Opioid receptors (ORs), once thought to be expressed
exclusively in the central nervous system, have also been
identified in the kidney, and acute opioid administration
has been shown to have various renal effects.>* To date,
four different ORs have been cloned: U, 8, k (MOR, DOR,
and KOR, respectively), and nociceptin (ORL1).>!° Like
other receptors, opioid receptors have specific agonists
and antagonists.

Agonist selectivity is thought to be attributed to the
first and third extracellular loops of MOR, the second
extracellular loop of KOR, and the third extracellular loop
of DOR. Opioid receptors have about 60 percent identity,
with the highest homology in the transmembrane region
and the most diversity in the N and C termini.!* DOR was
first characterized in the mouse vas deferens. There are
several isoforms of OR, with various affinities for opioid
ligands. KOR has a high affinity for dynorphin A. MOR
has a high affinity for morphine, although morphine
interacts with all ORs. ORL1 has been identified in
humans, rats, and mice, with over 90 percent conserved
homology between species.” ORL1 is included in the OR
family based on structural characteristics, in spite of little
pharmacologic homology. Opioid receptor expression
can be modulated by proinflammatory cytokines and
growth factors.!! For example, interleukins (IL) 1 and 6
and vascular endothelial growth factor (VEGF) stimulate
MOR expression, while nerve growth factor and L4 stim-
ulate DOR expression in different cell types.!? Thus, the
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changing microenvironment in different pathological
conditions may have an effect on opioid receptor activity,
depending upon the receptors’ expression.

SIGNALING

Opioid receptors belong to a superfamily of seven
transmembrane G-protein-coupled receptors (GPCRs).
Upon activation, opioid receptors are coupled to Gi/Go
proteins, which interact with several downstream effec-
tors to inhibit adenylate cyclase and voltage-gated Ca**
channels.!' However, chronic activation leads to cyclic
adenosine 3’,5’-monophosphate (cAMP) superactivation
and increased cAMP.? Because cAMP is a survival factor
for endothelial cells, acute and chronic activation can be
a matter of death and survival, respectively, in endotheli-
um. Endothelium and vasculature play critical roles in
kidney pathology and function. Therefore, in this con-
text, it is reasonable to believe that short- and long-term
effects of opioid exposure on the kidney can be opposite
each other.

ORs (similar to other GPCRs) are capable of signaling
via the family of mitogen-activated protein kinases
(MAPKs). MAPKs constitute a family of seronine/threo-
nine kinases that are important in cell processes such as
growth, response to external stimuli, and apoptosis.!?
Three major subfamilies of MAPK exist, including the
p44/p42 (ERK1/ERK2), JNK, and p38. The p44/p42 path-
way is activated by growth factors, while the JNK and p38
MAPK pathways are also stimulated by external stressors
such as inflammation. It is theorized, and shown in vitro,
that activation of MAPK allows GPCR agonists to modu-
late such diverse molecular events as cell proliferation,
differentiation, and survival.'* MOR, DOR, and KOR have
the ability to signal through MAPKs in various cell
types.’>7 MOR, DOR, and KOR activation in endothelial
cells results in stimulation of the p44/p42 MAPK pathway
and subsequent proliferation.

Figure 1 shows that ORs have the ability to signal
through cAMP and PI3 kinase in addition to MAPK.1820
ORs stimulate vasodilatory, cytoprotective, and growth-
promoting signaling by activating nitric oxide, hemoxy-
genase-1, cycloxygenase-2, and signal transducer and
activator of transcription. Classical activation of these
pathways involves growth factor stimulation of a receptor
tyrosine kinase (RTK), which ultimately leads to down-
stream signaling and p44/p42 MAPK activation.?!
However, transactivation of RTK by GPCR has been well
described.?>?? This is also true for opioid receptors. For
example, MOR transactivates epidermal growth factor
receptor?* and VEGF receptor 2/Flk-1.2> DOR and KOR
have also been indirectly associated with RTK transacti-
vation." Stimulation of vasodilatory, cytoprotective, and
growth-promoting mechanisms by ORs may be critical in
kidney function (Figure 1).
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Figure 1. Proposed effect of opioids on kidney function.
NOS, nitric oxide synthase; NO, nitric oxide; MAPK,
mitogen-activated protein kinase; COX-2, cyclooxyge-
nase-2; HO-1, hemoxygenase-1; STAT3, signal transducer
and activator of transcription.

RENAL EFFECTS OF ENDOGENOUS OPIOIDS

Endogenous opioids have a profound effect on kidney
homeostasis of salt and water balances (Table 1).
Surgically manipulated, stressed rats have an antinatri-
uretic response to administration of the endogenous opi-
oid dermorphin, without changes in renal blood flow,
glomerular filtration rate (GFR), or blood pressure; this
response was blocked by naloxone.?® In a different study,
low-frequency renal nerve stimulation led to an antinatri-
uretic response that was also inhibited by naloxone.?”
When viewed together, these studies outline the impor-
tance of stress-induced activation of the peripheral
endogenous opioid system on kidney function.

Considerable evidence supports the participation of
endogenous opioids in renal function.>?-3! Under basal
conditions, the opioid system remains quiescent, but
when dietary sodium is restricted, central opioid path-
ways are activated as a mechanism to retain a maximum
of sodium.3%3233 Other data suggest that opioids modu-
late renal function via central and sympathetic nervous
system dependent and independent pathways.>* For
example, intracerebroventricular (ICV) injection of der-
morphin produced an increase in urine flow rates in den-
ervated animals as well as in controls.?? These animals
also displayed decreases in urine sodium excretion, with-
out alterations in GFR or effective renal plasma flow.
These alterations were assumed to have been prevented
by pretreatment with a selective MOR antagonist, sug-
gesting a direct effect on renal tubular absorption via
renal MOR. KOR agonists induce a profound diuretic
and antinatriuretic response involving both central
and peripheral mechanisms which are yet to be
defined.?:33:3537 Beyond their physiological effects,
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Table 1. Role of opioid receptors in renal function
MOR agonist DOR agonist KOR agonist ORL1 agonist
Renal physiologic . . 4 Aquaresis Aquaresis s
: 043 3547 45 A sis7
effects Antidiuretic (H) Natriuresis Antinatriuresis30:33:35-3745 quaresis
Proliferation of:
— interstitial cells> Proliferation of )
Kidney cell effects ) 651 Undefined . s Undefined
— mesangial cells®> mesangial cells
— epithelial cells®
CNS dependence +/- +/- +/-
Uremic pruritis (naltrex- -
Therapeutic uses p ; e Diuretic (Nirvoline)®®
one as an antagonist)

endogenous opioids may promote pathological structural
changes within the kidney. B-endorphin amplifies the
proliferative effect of IL1 on cultured mesangial cells.?®
Given this data, it is interesting to consider whether
endogenous opioids play a pathologic role in the pro-
gression of chronic kidney disease. Indeed, significantly
elevated plasma B-endorphin levels were found in
patients with uremia and chronic renal failure and in
patients on dialysis.?*4!

RENAL EFFECTS OF EXOGENOUS OPIOIDS
Acute effects

Morphine induces a transient, dose-dependent
reduction in blood pressure and a dose-dependent ele-
vation in atrial natriuretic peptide (ANP) in both control
and denervated animals.*? The reduction in systemic
arterial blood pressure caused by morphine and other
MOR agonists can cause a marked reduction in urine
output as a result of a secondary decrease in renal
hemodynamics and inhibition of baroflex pathways.
These lead to an increase in antidiuretic hormone secre-
tion and augmentation of central sympathetic outflow to
the kidneys, thus bringing about the diminished output.
Renal responses to morphine exposure are dependent
upon the integration of several different actions, includ-
ing ANP release, decreased arterial pressure, subse-
quent activation of sympathetic nerves, and direct
effects on the kidneys.*

Morphine, a MOR agonist, is one of the most com-
mon substances used in clinical settings. Acute adminis-
tration of morphine in relatively high doses leads to a
decrease in urine output, while lower doses lead to
increased urine output and an increase in GFR.** The
reduction in systemic arterial blood pressure caused by

morphine can also decrease GFR. Acute KOR-agonist
administration produces a profound diuretic and anti-
natriuretic response, the mechanism of which is
unclear.** DOR agonists acutely promote diuretic and
natriuretic effects.* Stimulation of the ORL1 receptor
induces a dose-dependent aquaresis by vasopression-
independent inhibition of aquaporin 2.7

Opioid exposure results in myriad effects outside the
realm of antinociception and has been shown to induce
a proliferative phenotype in a variety of kidney cell
types. Seven days of morphine exposure significantly
altered the presence of microprojection on podocytes,
as assessed by scanning electron microscopy.*® Mor-
phine exposure over 48 hours was shown to lead to
proliferation of glomerular epithelial cells at low doses
and apoptosis at higher doses.* Renomedullary inter-
stitial cells underwent proliferation and had increased
matrix deposition in response to morphine compared
to vehicle.®

Chronic effects

The renal consequences of chronic exposure to spe-
cific opioid receptor agonists are unknown. The only
example of an opioid potentially inducing renal injury
is the poorly characterized heroin-induced nephropa-
thy (HIN), which is characterized by collapsing
glomerulopathy, a variant type of focal and segmental
glomerulosclerosis (FSGS).135152 There is also debate
as to whether HIN truly exists or is related to contami-
nants injected with heroin. The data for or against HIN
itself are based largely on case reports and speculation.
However, there is a growing literature on the in vitro
effects of morphine (a metabolite of heroin) on kidney
cells of various types. Morphine exposure induces pro-
liferation of cultured rat mesangial cells, suggesting that
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opioids may play a significant role in mesangial expan-
sion.”® Furthermore, morphine has been shown to
increase superoxide production in kidney cells.*
Oxidative stress is a potential mechanism by which opi-
oids may in some way contribute to the progression of
chronic kidney disease. One study showed that rats
exposed to long-term intraperitoneal morphine had
elevated creatinine values and increased vacuolization
in tubular cells compared to controls.> It is important
to note that classic lesions of FSGS are initiated with
mesangial cell hyperplasia and mesangial expan-
sion.”%

THERAPEUTIC CONSIDERATIONS

Peripheral effects of opioids may have clinically ben-
eficial aspects, as well. For example, naltrexone has
been used to treat the pruritis associated with chronic
kidney disease.’® Furthermore, opioid receptor agonists
can potentially be used as diuretics to treat edematous
states associated with cirrhosis or congestive heart fail-
ure. Niravoline, a KOR agonist, has been shown in rats
to produce a superior aquaresis compared directly to an
ADH V2 receptor antagonist.>’

CONCLUSION

Given the increased utilization of opioids for acute
and chronic pain control in a number of disease
processes, it is timely to define nonanalgesic renal
effects of opioids. Experimental data show that opioids
are likely to have physiological renal effects. It remains
to be seen whether the observed stimulation of prolif-
eration of kidney cells enacted by endogenous and
exogenous opioids translates into a clinically relevant
effect. Furthermore, the differential effects of opioid
receptors on renal structure and function raise thera-
peutic implications. Thus, a better understanding of the
mechanisms by which opioids exert renal effects is
required in order to use them in a more clinically bene-
ficial manner.

In the year 2000, the number of patients with chron-
ic kidney disease (CKD) progressing to a point necessi-
tating renal replacement therapy was over 370,000. This
number is projected to double by 2010.%® This alarming
figure represents a public health crisis in terms of mor-
bidity, mortality, and healthcare costs. The possibility
that opioids may in any way contribute to the progres-
sion or therapy of CKD is a novel idea that requires
more attention.
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