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Abstract Acute rena failure (ARF) occurs frequently in hospitalised patients, and is

associated with significant morbidity and mortality. The most common and gen-
eralised forms of acute rena failure are pre-renal conditionsand intra-renal acute
tubular necrosis (ATN). Pre-renal ARF inits pure state should be entirely revers-
ible by restoring renal perfusion, but in some cases ATN has already occurred.
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ATN remains amore vexing problem, and is seen most often with hypotension,
perioperative or systemic inflammatory stresses, radiocontrast administration,
and exposure to nephrotoxins. Among the avail able pharmacol ogical optionsfor
prevention or treatment of ATN, thereisaremarkablelack of definitive evidence
supporting specific therapy in any setting. Although loop diuretics, mannitol, and
dopamine are frequently used for prevention and/or treatment of ATN, clinical
studieshavefailed to provevalue. Other drugswith theoretical value, specifically
atrial natriuretic peptide anal ogues, adenosine blockers, and cal cium antagonists,
have been insufficiently studied to recommend use. Other pharmacological op-
tions may arise in the future. Ensuring adequate intravascular fluid volume re-
mains the only approach to managing ATN which can be considered relatively
effective and safe. Given the abundant theoretical basis for the prevention and
treatment of ATN with drugs, well conducted clinical studies with relevant out-

come measures are clearly warranted.

1. Definition and Incidence of Acute
Renal Failure

Acute rena failure (ARF) is defined as an
abrupt and sustained decline in renal glomerular
filtration rate (GFR),[Y! which leads to accumula-
tion of nitrogenous waste products and other tox-
ins. One commonly cited critical illness severity
scoring system (APACHE I11) defines ARF as se-
rum creatinine elevation >1.5 mg/dl/day with urine
output <410 ml/ day and no pre-existing chronic
diaysis.[?l Severe ARF, astatein which homeostasis
of fluids, electrolytes, and waste products is suffi-
ciently impaired to threaten survival, is generaly
indicated by a serum creatinine level above 5.0
mg/dl or by a requirement for renal replacement
therapy.

ARF affects nearly 5% of all hospitalised pa-
tients and as many as 15% of criticaly ill pa-
tients.[34 The mortality rate of an isolated episode
of ARF is approximately 10 to 15%.!5 However,
when ARF occurs in association with multiple or-
gan dysfunction, mortality rates are much higher and
vary in published series between 50 and 90%. In one
review, the in-hospital mortality rate of patients
who developed ARF requiring dialysis after inter-
ventional cardiology procedures was 35.7%.!6]

Standard classification of ARF is summarised in
table |. Pre-renal dysfunction is the most common
renal impairment in hospitalised patients. Intra-
renal ARF is most frequently consequent to acute
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tubular necrosis (ATN) resulting from an ischaemic
or nephrotoxic injury.l3 Pre-renal ARF can lead to
ATN, so adistinction between the 2 patternsis not
always present. The patient with a pre-renal condi-
tion will often manifest signs of hypovolaemia, in-
cluding orthostatic hypotension and/or tachycardia,
low central venous pressure, dry mucous mem-
branes, and oliguria. Laboratory analysis might re-
veal concentrated urine, a fractional excretion of
sodium <1%, and blood urea nitrogen elevated out
of proportion to serum creatinine levels. The patient
with ATN may have any volume status, so physical
signs will often be unhelpful. There may or may not
be oliguria. Laboratory analysis might reveal uri-
nary granular casts, afractional excretion of sodium
>1%, and a more parallel rise in blood urea nitro-
gen and creatinine levels.

Several risk factors for ARF have been identi-
fied, including hypovol aemia, hypotension, sepsis,

Table I. Types of acute renal failure

Type % of Aetiology
patients
Pre-renal 40-80 Renal hypoperfusion (decreased

(functional) cardiac output, systemic
hypotension, local renal arterial
disease, sepsis)

Parenchymal injury (acute tubular
necrosis, interstitial nephritis,
athero-embolic disease,
glomerulonephritis, vasculitis,
small vessel obstruction)

Urinary tract obstruction

Intra-renal 10-50

Post-renal <10
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diabetes mellitus, pre-existing renal, hepatic or
cardiac dysfunction, and exposure to nephro-
toxins.[”-11 In the critically ill, ARF rarely occurs
inisolation and is usually associated with multiple
organ dysfunction.l!? In the perioperative setting,
therisk of ARF isinfluenced by factors such asthe
duration of aortic clamping, and elective versus
emergency surgery. Inthe setting of interventional
cardiology, onelarge study identified baseline creat-
inine clearance below 47 ml/min, diabetes melli-
tus, and dose of contrast media >100ml as inde-
pendent risk factors for ARF.[6]

Several other causes of ARF exist, which have
specific treatment standards quite different from
those for ATN. Theseinclude interstitial nephritis
and the varieties of glomerulonephritis, but these
conditions are outside the scope of this paper. How-
ever, itisimportant to notethat specific drug thera-
pies do exist for some of these conditions (e.g. ste-
roids for rapidly progressive glomerulonephritis).

2. Pre-Renal and ATN Pathophysiology

Renal blood flow (RBF) is maintained at about
20% of cardiac output by glomerular filtration needs.
Thisresultsin a‘luxurious' level of oxygen deliv-
ery compared with total renal oxygen consump-
tion, with total renal oxygen extraction averaging
about 10%. However, RBF is very heterogeneous,
and under normal conditions the outer medulla ex-
istsin a condition bordering on hypoxia, with ox-
ygen extraction intherange of 80to90% and tissue
oxygen partial pressure (pO,) less than 20mm Hg
(fig. 1). The outer medullais also the location of
very active segments of the nephron, in particular
themedullary thick ascending limb of Henle' sloop
and the pars recta of the proximal tubule. Because
of itslow pO, and its high metabolic activity, the
outer medullaisat great risk of ischaemia, evenin
the setting of normal RBF.[14

Intrarenal oxygen homeostasisis largely main-
tained through blood flow autoregulation and a
mechanism known as tubuloglomerular feedback
(TGF). Blood flow autoregulation, a process com-
mon to many organs, occurs within thenormal blood
pressure range via changesin arteriolar tone. Unlike
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Fig. 1. Schematic drawing of a nephron. Note location in outer
medulla, the site of lowest intrarenal oxygen partial pressure
(pO»), of straight portion of proximal tubule and thick ascending
limb of Henle's loop. Decreases in medullary blood flow and/or

increases in active solute reabsorption can precipitate medul-
lary ischaemia, leading to ATN.[13]

autoregulation, the TGF mechanism is unique to
the kidney, and is mediated at least partly by adeno-
sine,!15 which appears to have vasoconstrictive ef -
fects in the renal cortex and either constrictive or
dilating effects in the medulla, depending on the
balance of adenosine A; and A receptor stimula-
tion.[28] The TGF mechanism induces preglomeru-
lar arteriolar constriction in response to increased
solute delivery to the dista nephron, thereby reduc-
ing GFR and oxygen-requiring work of the kidney
when sol utefiltration outpacesreabsorptive capacity.

Ischaemic ATN occurs when renal oxygen bal-
ance isadversely disturbed. Clinicaly, this occurs
most often when an insult is superimposed on a
pre-existing condition of compromised oxygen re-
serve, such as hypotension or drug effects in the
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setting of a pre-renal state. Even in the absence of
a pre-renal state, pre-existing conditions such as
sepsis, diabetesmellitusand atherosclerosisinduce
vascular dysfunction which may allow ischaemic
ATN inthe setting of otherwise tolerable hypoten-
sion or drug therapy. Drugswith vasoactiveactions
impair renal autoregulation,!*”] and therefore, may
do harm rather than good. Many such agents are
used clinicaly in effortsto prevent or attenuate ATN
even in the absence of clinical outcome studies prov-
ing their benefit. The effects of drugs on the TGF
mechanism are almost universally unknown, but to
theextent that TGFisadaptive, itspreservation would
seem to be adesirable goal.

It isessential to recognise that therapy aimed at
enhancing GFR, which increases solute load in the
distal tubule and thus increases the medullary work-
load, might induce or worsen medullary ischaemia.
Indeed, the idea that oliguria might be an adaptive
response to ischaemic stress has led some to sug-
gest the term *acute renal success' for this condi-
tion.[28 The fact that preglomerular vasoconstric-
tion occursfollowing ATNI19 suggeststhat reduction
in GFR is adaptive, and that enhancing GFR may
be inappropriate. It is reasonable to conclude that
purely pre-rena ARF should bereversiblewith fluid
repletion alone, but that the prevention and treat-
ment of ATN is a more difficult matter requiring
clinical outcome datato properly assess strategies.

Several clinical syndromes of ATN have been
studied using specific models. Accordingly, it is
difficult to consider the issue of whether drugs are
useful in ATN without first considering the spe-
cific pathophysiology of these syndromes. A brief
discussion of some of the more common clinica
settings of ATN is thus necessary.

2.1 Specific Pathophysiological Conditions

2.1.1 Radiocontrast-Induced ATN

One of themost commonly anticipated aetiol og-
iesof ATN istheuse of intravascular radiocontrast
agents for imaging studies.[2% Although the patho-
genesis of rena injury is not entirely understood,
it appears to be due to medullary ischaemia.[2122]
It has been postulated that this ischaemic injury
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occurs on the basis of decreased RBF secondary to
renal vasoconstriction. However, some studies have
shown that RBF actually increaseswith radiocontr-
ast,[23 while others suggest that thereis a biphasic
response of initial vasodilation followed by more
prolonged constriction.[24 This has lead some in-
vestigators to hypothesise that an ionic load con-
tributes to medullary ischaemia.[13]

2.1.2 Endotoxaemia/Sepsis/
Systemic Inflammation

This pathophysiological state probably com-
bines with pre-renal and nephrotoxic stresses to
cause the mgjority of ARF in critical care settings.
Renal disturbances depend not only on the initiat-
ing event (infection, trauma, etc.) but also on spe-
cific immunomodulatory responses to events.[2]
These responses include release of vasodilating
and vasoconstricting mediators (eicosanoids, en-
dothéelin, nitric oxide), as well as direct damage to
the vascular endothelium leading to glomerular
thrombosis. Nitric oxide donors protect against en-
dotoxin-induced glomerular thrombosis in rats,!2¢!
suggesting that nitroglycerin or similar agents
might be of use, although clinical studies are lack-
ing.

2.1.3 Rhabdomyolysis

Myoglobin from injured muscle cells induces
ATN through at least 2 mechanisms. Intravenous
infusion of myoglobinin ratsinducesadecreasein
outer medullary blood flow and pO,, to a degree
consistent with ischaemic ATN.[271 Myoglobin is
also directly nephrotoxic, particularly with concom-
itant hypovolaemia and aciduria, conditions which
favour myoglobin breakdown and free radical for-
mation.[28] Severe ATN can occur, and the standard
approach to management of rhabdomyolysisincludes
aggressive fluid replacement, with forced diuresis
and/or alkalinisation of urine being controversial .[2°]
These issues are addressed in section 3.3.

2. 1.4 Renal Transplantation

The procurement, preservation, and subsequent
reperfusion of donor kidneys induces ischaemic
ATN. Furthermore, in every casetheeffect of acute
cyclosporin or tacrolimus nephrotoxicity is diffi-
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cult to separate from that of primary ischaemic in-
jury. In particular, calcium antagonists have become
advocated inthissetting.[3% Theextrapol ation of data
from this setting to any other is difficult, so con-
clusions must be limited in scope.

2.1.5 Hepatorenal Syndrome

Patients with end stage liver disease often de-
velop astate of renal vasoconstriction and resul tant
decreased GFR, which is resistant to volume expan-
sion and withdrawal of diuretics. The pathophysi-
ology is complex and controversia, and no drug
therapy iscurrently available. A number of studies
have been published suggesting that the adminis-
tration of vasoactive agents,[3132 possibly in com-
bination with volume expansion,2 may hold prom-
ise. However, no specific recommendations can be
made at this time.

2.2. Nephrotoxins

2.2.1 Aminoglycosides

Unlike many nephrotoxic agents that produce
ATN through ischaemia, aminoglycosides are trans-
ported into tubular cellswherethey aredirectly toxic.
ATN associated with aminoglycoside use compli-
cates up to 20% of serious Gram-negative infec-
tions.[19 Dosage regimens with longer intervals be-
tween doses, although not proven, are now thought
to be safer than more frequent administration.!34
Thisis due in part to saturation of the tubular up-
take mechanism, so that longer intervalsallow less
total uptake of toxin into cells.

2.2.2 Amphotericin

Amphotericin produces dose-dependent neph-
rotoxicity ostensibly through alteration of cell
membrane permeability with resultant tubul ar dys-
function, and possibly vasoconstriction.[39 Limi-
tation of total doseiswidely recommended, while
minimisation of infusion rate and volume loading
might be helpful. Recently available liposomal
preparations of amphotericin may reduce rena tox-
icity, but are expensive. In addition, it isimportant
to realise that these preparations, athough safer, do
not eliminate the risk of renal injury, so that dose
limitation and volume loading remain advisable.
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2.2.3 Cyclosporin

Cyclosporin and related compounds, such as
tacrolimus, produce reversible intra-renal vaso-
constriction resulting in reduced RBF and GFR.
This may be mediated by reduced production of
endogenous vasodilators, increased production of
vasoconstrictors, or both. It is not clear whether
cyclosporin toxicity in the absence of other risk
factors can lead to ischaemic ATN, but hypovo-
laemia or concomitant use of nonsteroidal anti-
inflammatory drugs (NSAIDs) appearsto increase
this risk.[3l

2.2.4 Nonsteroidal Anti-Inflammatory Drugs

NSAIDs induce ischaemic ATN by interfering
with prostaglandin synthesis, resulting in impaired
intra-rena blood flow homeostasis and medullary
ischaemia.?2 This effect is unusual in those with-
out risk factors but is particularly common in the
setting of a pre-renal state. Avoiding NSAIDs in
high risk settings is commonly advised.

3. Prevention, Support, and Therapy

3.1 General Principles

The approach to management of ARF consists
of preventive, supportive, and therapeutic strate-
gies. Currently available strategies are either pre-
ventive or supportive, whiletherapy aimed at stim-
ulating the recovery of ischaemically injured cells
remains investigational. Supportive treatment in-
cludesrend replacement viaintermittent or continu-
ous methods, management of electrolyte, acid/base,
and fluid problems. Preventive strategies aim to
prevent renal injury in high risk situations, and to
prevent further renal injury inthe setting of clinical
ARF. These strategies, specifically volume loading,
diuresis, and modul ation of renal vascular tone, will
be the primary focus of this section.

3.2 Infravascular Volume

Itisclear that hypovolaemia, or a pre-rena dtate,
isamajor risk factor for ATN. Fluid loading may
reduce this risk by assuring adequate RBF, reduc-
ing renal vasoconstrictive stimuli, and by limiting
exposure to nephrotoxinsthrough morerapid urine

Drugs 2000 Jan; 59 (1)
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flow. Fluid repletion iswidely recognised asapre-
requisite for reducing the risk of nephrotoxic and
ischaemic ATN. Despitethis, fluids alone have not
been rigorously studied, but are often included as
part of overall management of patientsin clinical
studies. In certain settings, such as traumatic rhab-
domyolysis, early and aggressive fluid resuscita-
tion has had clear benefits when compared with
historical controls.??] In the setting of radiocontr-
ast administration, onerandomisedtrial in 78 ‘high
risk’ patients found that 2 different combined di-
uretic and saline |oading regimens were less effec-
tivein preventing ATN than saline loading alone.[21]
Although all patients in this tria received saline
loading, this manoeuvre appeared to be beneficial
when compared with historical data. Although the
evidence for fluid loading is not complete, the vol-
umes of fluids recommended (1 to 1.5 litres) and
therates of infusion (generally <0.5 L/hr) havelit-
tle potential for harm in the vast mgjority of pa-
tients.

3.3 Pharmacological Strategies to Prevent
Onset or Progression of ATN

3.3.1 Loop Diuretics

Loop diuretics decrease the metabolic demand
of the renal tubular cell, reducing its oxygen re-
quirement and thereby, in theory, increasing itsre-
sistance to ischaemial®! and perhaps to other toxic
insults. A greater urine flow may also reduce tubu-
lar obstruction and thus the back leak of filtrate.[38]
Although no data exist in humans, evidence from
animal experiments suggests that diuretics may be
useful if given within minutes to perhaps a few
hours after arenal insult.[3 If diuretics are given
after ATN isestablished, they may be of no benefit,
in part because their effect is dependent on intact
GFR to deliver drug to the active sitein the tubul ar
lumen. Furthermore, diuretics may be harmful by
inducing a pre-renal state. Thisis particularly im-
portant in patients with oedema and/or hypoal-
buminaemia, who may have intravascular volume
depletion coexisting with total body volume over-
load.[40]

0 Adis International Limited. All rights reserved.

The use of loop diuretics has become routine
prior to aortic clamping in many institutions, al-
though there appears to be no evidence to support
thisapproach. The stress responsesinduced by car-
diopulmonary bypass circulation or major surgery
may produce renal injury which progresses over
time, with ongoing risk of further insult. In these
conditions it is often compelling to attempt to pre-
vent or reduce rena injury asit evolves. One clin-
ical study!“ randomised 121 patients to receive
either low dose furosemide (1 mg/hr intravenous
infusion) or placebo starting immediately after ma-
jor thoracoabdominal or vascular surgery and con-
tinuing throughout the intensive care unit (ICU)
stay. The authorsfound no differencein creatinine
clearance between furosemide and placebo recipi-
ents. The data are clearly insufficient to recommend
perioperativeloop diuretic usefor renal protection.

In the setting of radiocontrast administration,
Solomon and co-workerd?!! compared furosemide/
salineto mannitol/saline with salineloading alonein
‘high risk’ patients and found that both diuretic re-
gimens were less effective in preventing ATN than
salinealone. Another study(#? found that renal func-
tion significantly deteriorated after radiocontrast
administration in patients pretreated with furose-
mide, which may have been due to the creation of
apre-renal state as suggested by negativefluid bal-
ance achieved with furosemide treatment. The avail-
ableevidence supports volume loading with saline,
but not diuretic use, in the prevention of radiocon-
trast induced renal injury.

Diuretics can convert oliguriato nonoliguria,[3!
which may make patient management easier, with
less volume overload and electrolyte imbal ances.
However, thereisno evidencethat thisis effective
in reducing mortality or the need for diaysis. In 1
study!#4 of 66 patientswith oliguric ATN random-
ised to receive furosemide or placebo, the furose-
mide group did increase urine output, but there were
no significant differences among the 2 groups in
terms of renal recovery, dayson dialysisor mortal-
ity. In a second study,[45! 58 patients were given a
single large dose of furosemide (1 gram) and then
randomised to receive continued diuretic therapy
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or not. Again, there were no differences between the
2 groups in terms of need for dialysis or survival.
Lastly, inastudy of 92 patientswith ARF random-
ised to receive either loop diuretics or placebo in
addition to dopamine and mannitol, there was in-
creased urine flow for 24 hourswith loop diuretics
but no differencein renal outcomeor death.[“€l While
these 3 studies together lack sufficient power to
entirely rule out abeneficial effect on survival, the
available literature to date does not support a sur-
vival benefit for loop diuretics.

A randomised, crossover trial4”] found contin-
uous infusion of bumetanide produced more net
sodium excretion and less toxicity than bolus bu-
metanide administration. This study suggests that
if the choice is made to use diuretic therapy, con-
tinuous infusion may be more effective in achieving
diuresis with fewer adverse effects. It is also im-
portant to note that large bolus doses of loop di-
uretics may cause transient renal vasoconstriction.

3.3.2 Mannitol

Unlike the loop diuretics, mannitol is an intra-
vascular volume expander and may also function as
afreeradical scavenger, as well as an osmotic di-
uretic. The study by Solomon,[? which included
mannitol/saline as 1 of 3 treatment arms in radio-
contrast administration, again suggeststhat it ishy-
dration, not mannitol, that can reduce nephrotox-
icity in this setting. A concern about mannitol, of
unknown clinical significance, is that it reduces
renal medullary pO,, as documented in rat kidney
by Breziz et al.[48 The osmotic diuresisinduced by
mannitol might increase tubular oxygen demand to
adetrimental degree, regardless of the potentia pro-
tective effects of the drug.

A controlled study in 1963 compared outcomes
in 30 patients undergoing elective abdominal aor-
tic aneurysm repair, who were randomised to re-
ceive either no preoperative fluid, intravenous hy-
dration only, or hydration plus mannitol as required
to keep urine output >60 mi/hr.l*9 In this under-
powered study, no difference was detected in renal
function or postoperative urine output between the
|atter 2 groups. The following year, an uncontrolled
study of 104 patients treated with mannitol reported
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that al patients had an increase in urine output and
none devel oped ATN.[59 |n other types of surgery,
such as coronary artery bypass® or biliary sur-
gery,[5? small studies have not demonstrated a
benefit with mannitol. In the absence of stronger
clinical evidence, mannitol cannot be recom-
mended to prevent perioperative ATN.

Evidence exists from case-controlled studies to
support the use of aggressive hydration along with
forced alkaline/osmotic diuresis with mannitol for
thetreatment of ATN secondary to traumatic rhab-
domyolysis. In a series of 7 patients,[>3 prompt
treatment was 100% successful inavoiding thiscom-
plication, although the authors have suggested that
hydration alone may have been sufficient to pro-
duce the good outcome. This point of view is sup-
ported by arecent study!> which compared saline,
mannitol and bicarbonate with saline alone in 24
patients with rhabdomyolysis. Although small,
this study found that the addition of mannitol and
bicarbonate added nothing to saline alone in terms
of renal protection. In addition, mannitol can re-
duce the severity of muscular compartment syn-
dromes, asdemonstrated in astudy in dogs, % sug-
gesting that early use of mannitol in muscular crush
or compression might reduce the extent of damage
and subsequent release of myoglobin. Although
some would argue vigorously for mannitol in trau-
matic rhabdomyolysis, the evidence is not conclu-
sive for anything other than early aggressive hy-
dration.

3.3.3 Dopamine

Dopamine is frequently used to increase urine
output in ARF, in the hope that such a manoeuvre
might attenuate renal injury or improve survival.
Dopamine may increase GFR by direct vasodila-
tion (via dopamine receptors), by increasing car-
diac output (via B-receptors) or by increasing per-
fusion pressure (via a-receptors). At lower doses,
particularly less than 2 pg/kg/min, the dopaminergic
effects tend to predominate, although wide vari-
ability can exist across patients and clinical condi-
tions.[56] | n the appropriate clinical settings, any of
these mechanisms might increase effective renal
plasma flow and thus increase urine output.
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Dopamine may increase urine output by another
mechanism, that is, inhibition of sodium-potassium
ATPase at the tubular epithelial cell level 57 re-
sulting in diuresis. The natriuretic/diuretic effects
of dopamineareof importancenot only becausethe
increase in urine output can confound the assess-
ment of renal function, but also because theincrease
in urine output may come with unexpected effects.
A recent study demonstrated that although dopa-
mine increased outer medullary blood flow in hy-
povolemicrats, it failed toimprove outer medullary
oxygenation.[58 Furthermore, the increased solute
delivery to the distal tubular cells produced by the
natriuretic effects of dopamine might actually in-
crease distal oxygen consumption and thereforein-
crease the risk of ischaemia.l>?

Dopamine has a number of potential disadvan-
tages. In 1 study,[®9 |ow dose dopamine caused ear-
lier onset of gut ischaemia in a model of haemor-
rhagic shock. Even at low doses, dopamine may
increase cardiac contractility and systemic resis-
tance, and low dose dopamine has been reported to
cause tissue necrosis.[®1 Furthermore, even if do-
pamine were without risk, its effects can be unpre-
dictable. For example, the maximal effect of low
dose dopamineinfusionin oliguric, euvolaemic pa-
tientsin ICUsistemporally quitevariable.l52 Also,
it has been suggested that desensitisation of rena
dopaminergic receptors occurs with prolonged ad-
ministration.[3 These considerations argue against
the routine use of ‘renal-dose’ dopamine for pa-
tients with (or at risk of) rena insufficiency.

Two clinica trials have been published using
dopamine to prevent radiocontrast-induced ATN.
One study!4 assessed the effects of dopaminein-
fusion on serum creatinine at day 3 after radio-
contrast administration in patientswith baseline se-
rum creatinine levels of >2.0 mg/dl. This study
showed an improvement in serum creatinine levels
with dopamine compared with acontrol group who
received mannitol. However, given the evidence
that mannitol may actually be harmful in this set-
ting,[21] this was probably not the appropriate con-
trol group. In the only other controlled trial [2!
therewas no difference in theincidence of ATN (30
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t0 40%) with or without dopamineinasmall series.
For this indication dopamine has not been proven
to be helpful, while volume expansion with salineis
unproven but potentially helpful.

Atleast thirty clinical trial shave been published
to date, both for prevention of ATN and treatment
of early ATN (including radiocontrast-induced ATN)
with dopamine.[®8 Many of these, however, used
surrogate markers (urine output, RBF, serum cre-
atinine levels or creatinine clearance) rather than
clinical outcomes (mortality, haemodialysis). Only
3 were positive, one being the study by Hall et al.
cited above.[5 In one of the other studies,[®® a sig-
nificant differencein creatinine clearance and ade-
creasein ARF werefound in liver transplant patients
treated with 2 pg/kg/min of dopamine. However,
the findings of this study were not supported by a
study,[%8] also in liver transplant patients, which used
dopamine 3 pg/kg/min and found no difference com-
pared with placebo in terms of creatinine clearance
or the incidence of ARF (4% in both groups). The
results of a small studyl®”] appear to suggest that
dopamine may be useful in shortening therecovery
time from interleukin-2-induced ARF. Apart from
these studies, the remainder are all negative. Among
these is arecent study!(63 in which dopamine infu-
sion failed to improve renal function in patients
with sepsis except for atransient increase in creat-
inine clearance in patients not in shock. Of note, in
a small study (n = 18) of criticaly ill patients at
highrisk for ATN,[8l |ow dosedobutamineimproved
creatinine clearance without diuresis, whilelow dose
dopamine produced diuresis without a change in
creatinine clearance.

Clinical trials have failed to demonstrate a ben-
eficial effect from dopamineinfusion for treatment
or prevention of ATN.[69 Accordingly, based on ex-
isting evidence, the use of dopamine specifically to
improve renal function cannot be supported. At the
same time, some patients may benefit from the com-
bined inotropic, vasopressor, renal vasodilator and
diuretic effects of this drug. However, as always,
when apparently safer alternatives are available,
they should be used first. For example, loop diuret-
ics are much more effective diuretics than dopa-
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mine and are probably safer. Similarly, dobutam-
ine or norepinephrine (noradrenaline) may be better
choices for patients requiring more specific haem-
odynamic support.

Although there is clinical evidence in healthy,
normotensive humans that concomitant low dose
dopamine infusion can prevent the decrease in RBF
caused by moderate dose norepi nephringinfusion, 0!
the clinical significance of this finding in patients
with hypotension isuncertain. In addition, arecent
study in dogs demonstrated that norepinephrinein-
fusion during endotoxic shock increased, rather than
decreased, RBF.[71]

3.3.4 Atrial Natriuretic Peptide Analogues

Atria natriuretic peptide (ANP), a 28-amino
acid circulating peptide secreted by cardiac atria,
promotes preglomerular arteriolar dilation and
postglomerular arteriolar constriction, resulting in
an increased GFR which can be independent of
RBF. Studies of synthetic analogues of ANPin an-
ima models of ATN have demonstrated the ex-
pected haemodynamic changes.[”Z In an open-la-
bel study of 53 patients with intrinsic ARF, human
ANP infusion improved GFR and reduced the need
for dialysis, while mortality was not changed.[73] A
multicentre trial of 504 patients with ATN evalu-
ated treatment with the synthetic ANP analogue an-
aritide compared with placebo.[”4 Unfortunately,
overall mortality and dialysis-free survival were not
affected, although subgroup analysis suggested that
oliguric patients (<400ml urine/day) had improved
dialysis-free survival, while nonoliguric patients had
worsened dialysis-free survival with anaritide.
Thisworsening in outcomein nonoliguric patients
was thought to be due to the hypotensive adverse
effects of anaritide. Some data al so exist regarding
the use of ANP analoguesto prevent radiocontrast-
induced ATN, primarily a small clinical study in
which ANP attenuated the RBF decrease in patients
with diabetes mellitus exposed to radiocontrast, but
the study was too small to interpret outcomes.[75)

A renal natriuretic peptide, from the same gene
as ANP, istranscribed and released from renal tu-
bular cellsinto the distal tubule. This peptide, called
ularitide (urodilatin), has renal haemodynamic and
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natriuretic effects similar to those of ANP but ap-
parently with less systemic hypotension.[78] Sev-
eral small clinical studies have been conducted in
the settings of liver transplantation and cardiac sur-
gery,l7":78 the results of which suggest that ulari-
tideissafe when administered intravenously; how-
ever, larger positive studies are required to warrant
clinical use of the drug.

Although the results of the anaritide triall’
might lead some to advocate the use of ANP ana-
loguesin oliguric ATN, the uncertainty regarding
why this subgroup improved while nonoliguric pa-
tients worsened calls for at least one confirmatory
trial before bringing ANP analogues into practice.
The effects of ANP analogues on medullary oxy-
genation arenot yet clear, and thusin some patients
there may be risk of doing harm rather than good.

3.3.5 Adenosine Antagonists

It hasbeen hypothesi sed that adenosinereceptor
blockade using theophylline and pentoxifylline may
beaway to prevent ATN in certain settings, specif-
ically radiocontrast administration. Animal studies
of radiocontrast administration using theophylline
pretreatment, have demonstrated attenuation of intra-
renal vasoconstriction.[”® Subsequently, in astudy
of humansreceiving low osmolar radiocontrast, GFR
decreased modestly without treatment but was un-
changed with theophylline 5 mg/kg pretreatment. 8%
In another study of 58 patients receiving high os-
molar radiocontrast, pretreatment with theophyl-
line 165mg abolished the declinein GFR seen with
placebo.!8 Theimplicationsof thesedata, interms
of clinical outcomes, are not clear, and routine use
of theophylline is not yet warranted. Specifically,
recent data differentiating the renal location and
effects of different adenosine receptor subtypes sug-
gests that selective adenosine receptor antagonists
warrant investigation.[16]

3.3.6 Calcium Antagonists

Calcium antagonistsinduce preglomerul ar arte-
riolar dilation and an independent natriuresis.[82
With acute administration, they generally produce a
paralle risein RBF and GFR, whereas with chronic
administration these effects diminish.[83 Additional
effectsincludereduction of intracellular cal cium flux

Drugs 2000 Jan; 59 (1)



88

Dishart & Kellum

associated with cdl injury, blockade of angiotensin-
induced cytokine formation, and oxygen free-radical
scavenging.[8 Whether these additional effects play
any roleinthe utility of calcium antagonistsin pre-
venting or slowing the progression of either acute
or chronic renal failure, is not clear. Although 3
main classes of cal cium antagonistsexist, available
data suggest that renovascular effects are similar
across classes, and that thereislittle reason at pres-
ent to select one class over another with regard to
renal protection.[83 In acute renal failure, calcium
channel blockade has been advocated and studied
in several settings, and there are sufficient data avail-
ablefor review for radiocontrast administration, and
for renal transplantation accompanied by cyclosporin
administration.

In animal models of acute toxicity from radio-
contrast media, data indicate that calcium channel
blockade doesindeed attenuate renal vasoconstric-
tion.[8% A clinical study of 35 patientsgiven nitren-
dipine20 mg/day for 3 days, starting the day before
radiocontrast, demonstrated a preservation of GFR
and attenuation of renal tubular enzymuria com-
pared with placebo.[8¢ In another clinical study,30
20 patients considered at high risk for nephrotox-
icity were given a single dose of nifedipine 20mg
prior to contrast, with the untreated group showing
a decrease in urine output and sodium excretion,
but no difference in creatinine levels when com-
pared with treated patients. A third patient study!8”]
demonstrated that prophylactic nifedipine appeared
to abolish changesin renal haemodynamics observed
with high osmolarity contrast. However, another pa-
tient study!®8 failed to show any renal effect of ni-
fedipine in radiocontrast administration. In sum-
mary, although calcium channel blockade has been
studied for some time in this setting, there is pres-
ently no evidence that relevant outcomes are af-
fected, and the risks of routine or selective prophy-
laxis are not known.

Renal transplantation is a unique scenario in
which therisk of ischaemic ATN isusudly followed
quickly by therisk of cyclosporin- (or tacrolimus-)
related toxicity. Calcium antagonists are often rou-
tinely included in donor preservation solutions. In
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one controlled but nonblinded clinical study!® in
which diltiazem was not only included in the pres-
ervation solution, but also given to recipients be-
foreand after renal transplantation, treated patients
had lessATN, lesstotal haemodialysis, and higher
GFR despite higher cyclosporin plasmalevels. Other
clinical studies have demonstrated shorter hospital
stays and lower serum creatinine levelsat 1 month
with nifedipine,!®¥ and reduced incidence of post-
transplant ATN.[92

In summary, available data support the use of
calcium antagonists in renal transplant patients.
Whether their effects are mainly to reduce primary
ATN or to reduce cyclosporin toxicity is not clear,
nor isit clear whether it isimportant to administer
them to the recipient pretransplantation. Further-
more, when administering calcium antagonists in
this setting, the effect of these agents as inhibitors
of cyclosporin metabolism must be considered,[92
and dosage of cyclosporin adjusted as needed. In-
deed, the problems associated with this drug inter-
action may be greater than any benefit from the
drug.

3.3.7 Other Drugs

A variety of other pharmacological approaches
havebeen proposed to havepotential benefitin pre-
venting or attenuating ATN. These include nitric
oxide modulation, endothelin inhibition, attenuation
of oxidative stress, and modulation of the activity
of integrins and intercellular adhesion molecul es.[%]
These are all clinically untested.

4. Pharmacological Therapy to
Enhance Recovery

Therapies that enhance recovery from estab-
lished ARF do not yet exist. Currently thereisin-
terest in severa growth factors, specifically epider-
mal growth factor, an insulin-like growth factor,
and hepatocyte growth factor, each of which isun-
der investigationin laboratory settings.[94 I nterest-
ingly, although some specific animal models of
ATN have benefitted from growth factor therapy,
so far none of this success has been translated to
ATN asit occursin humans. Whether the problem
lies with the species or the details of the models,
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drug therapy to enhance renal recovery is still on
the distant horizon.

5. Conclusion

Inmaking rational drug treatment decisions, cli-
nicians must synthesise general concepts of renal
pathophysiology, evidence from laboratory and clin-
ical studies, and the specific aspects of each pa-
tient. No clear evidence exists mandating specific
drug therapy in specific instances of ischaemic or
nephrotoxic ATN. At the sametime, any drug ther-
apy has potential adverse effects which must be con-
sidered. The following approach is supported by
the available evidence detailed above:

1. Identify and (when possible) eliminate sus-
pected causes of rena injury.

2. Correct hypovolaemia. Volume loading, while
not proven, probably provides the greatest balance
of benefit to risk of all active therapies.

3. Provide support as needed, including renal
replacement.

4. Avoid loop diuretics for renal protection rec-
ognising that their benefit isunproven, and that the
risk of worsening hypovolaemia exists and may
outweigh any benefit.

5. Avoid mannitol. Recognise that any benefit
is unproven, and that the risks of worsening hypo-
volaemia and of increasing renal medullary oxy-
gen demand may outweigh any benefit.

6. Use dopamine only in patients whose sys-
temic haemodynamic profiles suggest the need for
either modest inotropic or vasopressor support. Do
not use dopamine as arenal protective agent or as
a substitute for appropriate volume loading. Rec-
ognise that dopamine may have significant risks,
and any benefit is unproven.

7. Thereis no proven indication for atrial natri-
uretic peptide analogues or adenosine antagonists
(e.g. theophylline) in the prevention or manage-
ment of ARF.

8. Calcium antagonists appear to be useful in
protecting renal function after renal transplanta-
tion. The extent to which thisis due to attenuation
of cyclosporin-induced vasocongtriction isnot clear.
There are no other proven indications for calcium
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antagonists in the prevention or management of
ARF.

9. For prophylaxis against radiocontrast-induced
ATN, saline infusion should be administered for
optimal hydration. Neither diuretics nor dopamine
appear effective and may be harmful.

10. In the management of rhabdomyolysis, ag-
gressive fluid loading is advised, while diuretics
are unproven and probably unnecessary.

11. When loop diureticsare used in the manage-
ment of ATN, continuous infusion may be more
efficacious than bolus administration in achieving
diuresis. However, there is no evidence that this
manoeuvre improves survival or renal recovery.
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