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PREFACE

Acute renal failure is undoubtedly one of the
most interesting and frequent syndromes observed
by clinicians. A great number of factors may
acutely impair renal function, but the pathoge-
netic mechanism by which this occurs is fre-
quently unknown. Even the pathophysiology of
ischaemic/toxic forms of acute renal failure re-
mains controversial despite the huge number of
experimental and clinical studies.

Medical management of patients with acute renal
failure has greatly improved in recent years, partic-
ularly with the use of different types of dialytic
treatment. However mortality remains high. Fur-
ther studies are necessary for improving our knowl-
edge of the syndrome, for providing a better man-
agement of patients with acute impairment of renal
function, for suggesting adequate prevention of
renal shutdown, particularly with the increasing use
of potentially nephrotoxic drugs.

It appears therefore evident why clinicians in-
volved in the treatment of acute renal failure should
be frequently updated on this important topic. For
this reason I have accepted with enthusiasm to edit
a book on acute renal failure. The aim was to sum-

marize in one volume the recent advances on patho-
physiology of acute renal failure, the clinical aspects
of the various forms (even those which have been
disregarded in other surveys), the diagnostic tests
available today in our clinical practice, the general
and specific therapeutic measures and (very impor-
tant, indeed), some useful suggestions for preven-
tion.

The contributors have provided clear, complete
and up-to-date chapters. I am deeply grateful to
them all.

I like to express my sincere thanks to Dr. A.J.
Wing (St. Thomas' Hospital, London, U.K.), for
his great help in editing the language in the chap-
ters of non English-speaking authors (my chapters
included). This arduous, very important task had
to be performed, in my opinion, by an English
nephrologist. Dr. Wing was so kind as to do it very
quickly.

Special thanks to Martinus Nijhoff Publishing for
their patience and for the excellent and rapid pub-
lication of this volume.

Napoli, Vittorio E. Andrencci

xi
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1. PATHOPHYSIOLOGY OF ISCHEMIC/
TOXIC ACUTE RENAL FAILURE

Vittorio E. Andreucci

1 Introduction

An adequate blood flow through the renal cor-
tex and sufficient hemodynamic pressure in the
glomerular capillaries are both critical prereq-
uisites for normal glomerular filtration. If ei-
ther a fall in systemic blood pressure or circu-
latory failure (due to acute myocardial
infarction or other heart disease) or reduction of
blood volume (due to volume depletion second-
ary to hemorrhage or fluid loss from burns,
vomiting, diarrhea, excessive sweating, etc.)
occurs, renal perfusion is reduced and glomer-
ular filtration decreased. Homeostatic mecha-
nisms of body fluid conservation are then acti-
vated with an increase in antidiuretic hormone
and aldosterone secretion and enhancement of
reabsorptive activity of renal tubular epithe-
lium. Reduction in urine output results, while
the fall in the urinary excretion of nitrogenous
end products increases plasma concentrations of
urea and creatinine. In this “functional” phase
of acute renal failure (ARF) {1} or extrarenal
failure or renal functional insufficiency {2} (the
so-called “prerenal azotemia” or “prerenal
ARF"), the kidney is not damaged and tubular
integrity is preserved: tubules, in fact, retain
sodium avidly and concentrate urine; thus,
urine becomes hypertonic, with low sodium
concentration and with a markedly reduced
fractional excretion of sodium (FEy,). If volume
depletion or blood pressure or cardiac output is
restored to normal values, renal function rap-
idly returns to normal. If the reduction in re-
nal perfusion (due to hypotension, sustained

VLE. Andrewz (ed.). ACUTE RENAL FAILURE
All rights reserved. Copyraght © 1984

Martinus Nighoff Publishing, Buston The Heguel
Dordrecht! Lancaster

circulatory failure, or hypovolemia) is main-
tained or even worsened, an “organic”’ damage
in the kidney ensues (the so-called “‘acute tu-
bular necrosis,” ATN, or “intrinsic ARF"”) in
which oligo-anuria is associated with a reduc-
tion in the reabsorptive ability of tubular epi-
thelium, resulting in isoosmotic urine and in-
creased fractional excretion of filtered sodium
(FEN.>1%). If the patient survives (with the
help of dialysis) despite the loss of renal
function, a recovery phase ensues with an in-
crease in urine volume, which usually occurs
within 10 to 15 days, but sometimes 30 days
or even more after the onset of oligo-anuria
{31

Hence, on the basis of our clinical experi-
ence, ARF may be considered a three-phase
disease: (a) the initial functional phase (“func-
tional ARF,” improperly called “prerenal azo-
temia”’), which is readily reversible; (b) the fol-
lowing irreversible phase of organic damage
(“organic ARF”, improperly defined as ATN);
and (c) a phase of recovery of renal function.
Nephrotoxic drugs (such as aminoglycoside an-
tibiotics) may cause immediate organic damage
(ATN) through a direct toxic effect on renal
tubular epithelium.

In contrast with agreement on the above
clinical observations, there is still controversy
on the pathophysiology of ARF. Many theories
in recent years have been usually seen as mu-
tually exclusive. Even the terminology has been
a matter of debate. Scientists who believe that
tubular mechanisms play a primary role in the
pathogenesis of ARF define the ARF due to is-
chemic or toxic factors as “acute tubular necro-
sis” (ATN); those who believe that vascular
mechanisms are predominant define ARF as



“vasomotor nephropathy” [4]. Actually, as we
will describe later, vascular and tubular mech-
anisms are both involved in the pathogenesis of
ARF.

Most of our knowledge of ARF derives from
experimental studies in animals. Clinical stud-
ies of ARF are inadequate for understanding
the fine mechanisms involved in the pathogen-
esis of the renal function shutdown. It is im-
possible, in fact, to follow in humans in a pro-
spective trial the predisposing factors and the
initiating stage of ARF, since usually physi-
cians will face the problem when the failure is
already established. Furthermore, many studies
cannot be performed because they are unsuita-
ble for human beings (e.g., micropuncture
techniques, radioactive microsphere methods)
or because for ethical reasons the patients can-
not be exposed to unnecessary risks.

Thus, the experimental models of ARF ap-
pear to be very important because they repro-
duce the human forms and can be adequately
studied.

Unfortunately, conflicting results have been
obtained quite frequently not only from differ-
ent models, but even from the same experi-
mental model of ARF. Many reasons may ac-
count for this discrepancy in experimental data

{5}

a. Too many different nephrotoxins or is-
chemic methods have been employed, and
the observation of similar renal abnormali-
ties obtained by different means does not
necessarily imply a similar pathogenetic
mechanism.

b. The doses of nephrotoxin or the durations
of the ischemic insult were frequently dif-
ferent so that resulting renal damage might
differ.

c. The observation time intervals following
the toxic or ischemic challenge were quite
variable, while it is well known that factors
responsible for the initiation stage of ARF
are usually different from those responsible
for the maintenance stage and for recovery.

d. The route of nephrotoxin administration
was not always the same, the same toxin
having been given intravenously, intramus-
cularly, or subcutaneously; this might

make the time course of the renal insult
very different.

e. Different techniques, which are not always
comparable, have been used to measure to-
tal and regional renal blood flow (RBF).

f. Changes in renal hemodynamics may be ei-
ther the cause or the consequence of the
renal insult, or may even be unrelated to
the fall in glomerular filtration rate (GFR).

g. Species difference may exist as far as the
sensitivity to nephrotoxins is concerned.

2 Heavy Metal-Induced ARF

Three major experimental models of ARF have
been induced in animals by the use of heavy
metals.

2.1 URANYL NITRATE-INDUCED ARF

The administration of uranyl nitrate (UN) in
experimental animals (usually rats and dogs)
intravenously, intraperitoneally, or subcutane-
ously, in doses ranging from 5 to 25 mg/kg
b.w., usually leads to a polyuric ARF. A non-
oliguric ARF has been similarly induced in
rabbits by i.v. injection of uranyl acetate (UA)
{6}

The fall in GFR and the increase in urine
output and salt excretion observed both after
UN [7] and UA {6} clearly demonstrate a
depression in tubular reabsorption caused by
uranyl ions, suggesting a functional impair-
ment of tubular epithelium soon after uranium
salt administration. The increase in urine out-
put and in salt excretion occurred in association
with a reduction in PAH extraction and was
observed much earlier than the occurrence of
tubular necrosis [6].

The uranyl cation of the uranium salts is
responsible for renal injury at the tubular
epithelial cell level. It seems that uranyl
ions complex with phosphoryl, carboxyl, and
sulphydryl groups of surface cell membranes
without penetrating the cells.

Early after UN administration, minimal ep-
ithelial lesions are observed in proximal tubules
in the form of cell swelling, vacuolation and
mitochondrial degeneration. Only after 48
hours the proximal tubules exhibit, almost
uniformly, a cell necrosis in the “pars recta”
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with shedding of epithelial cell cytoplasm into
the tubular lumen {8, 91. The convoluted por-
tion of proximal tubules shows, at this stage,
degenerative changes with swelling and granu-
larity of the epithelial cytoplasm {9]. Many
casts are seen in the proximal and distal tu-
bules. In a similar fashion, when ARF was in-
duced in rabbits by i.v. UA (mg/kg b.w.), mi-
nor lesions were observed in tubular cells even
24 hours following UA; only after three days
were tubular necrosis and intratubular casts and
debris seen by light and electron microscopy

{6].

2.1.1 Renal Blood Flow (RBF) and Glomerular
Filtration Rate (GFR) Experiments in rats
{10} and in dogs {8, 11, 12} have demon-
strated that early (i.e., already in the first hour
and throughout the first six hours) after the ad-
ministration of UN, parallel falls in RBF and
in GFR occur. Subsequently, 48 hours after
UN, further decrements both in RBF and in
GFR have been observed in rats {10} but not
in dogs [12].

When the distribution of renal blood flow
was studied in UN-treated dogs by Xenon 133
washout or Strontium 85-labeled microsphere
techniques, a preferential cortical ischemia ap-
peared to be the main contributor to the fall in
RBF {8, 9, 13].

Since the course of ARF in dogs was not
modified by the intrarenal infusion of PGE, (a
vasodilator prostaglandin) and the fall in GFR
occurred despite normalization of RBF {14},
renal vasoconstriction has not been regarded as
the main factor in initiating the impairment of
renal function in this model of ARF {15]. In
the experiments with PGE, [14], however, a
low dose of UN (5 mg/kg b.w.) was used, so
that the RBF even in the control (non-PGE,-
injected) kidney was not significantly de-
creased, as observed with greater doses (10 mg/
kg b.w.) {8, 11}; but GFR fell anyhow, and
this fall may be accounted for by factors other
than changes in renal hemodynamics.

When renal vasodilation was induced in
dogs treated with greater doses of UN (10 mg/
kg b.w.), by the association dopamine + fu-
rosemide, an attenuation of the fall in GFR
was obtained [16].

2.1.2  The Glomerular Capillary Ultrafiltration
Coefficient (K;)  The glomerular capillary ultra-
filtration coefficient (K¢ is given by the prod-
uct of glomerular permeability and the effective
filtering surface area. Thus, a reduction in glo-
merular permeability and/or in the filtering
area may decrease K;. In rats with ARF second-
ary to UN administration (15 and 25 mg/kg
b.w. i.v.), K¢ is reduced within two hours of
UN administration; and this reduction is pro-
portional to the dose of administered UN {17].

A reduction in both diameter and density of
endothelial fenestrae was observed, by scan-
ning electron microscopy, within two hours of
UN administration in rats {18]; this observa-
tion may well account for the decrease in K;. A
further progressive reduction in the endothelial
fenestrac was detected with time (up to 17
hours after UN) and directly correlated with
the progressive fall in GFR [18]. Loss of en-
dothelial fenestrae associated with a decrease in
K¢ has also been observed in rats in vitro, in
isolated glomeruli, 36 to 48 hours after UN
administration {19}.

Glomerular epithelial cells were normal two
to six hours following UN (i.e., when ARF
was already established). Changes of podocytes
(swelling of foot processes; wide areas with pri-
mary, secondary, and foot processes no longer
distinguishable) were initially observed 7 hours
following UN and appeared more marked after
17 hours {18} and after 48 hours {9, 12]. It is
possible that alteration in both endothelial and
epithelial cells may lead to a greater reduction
in the glomerular filtration area [18], thus
contributing to the decrease in K¢ in the main-
tenance stage of this model of ARF.

The demonstrated increase in intrarenal an-
giotensin II (AIl) early (six hours) after UN ad-
ministration {7, 20} may well account for the
fall in K¢ possibly through the reduction in
the endothelial fenestrae area. All, in fact, is
known to reduce K¢ {21}. In favor of this hy-
pothesis is the observation that salt-loaded rats
(in which renal renin is suppressed) were pro-
tected against renal function impairment fol-
lowing UN administration; in these rats, the
endothelial cell morphology was normal with a
normal area of endothelial fenestrae. In salt-de-
pleted rats (in which the renin-angiotensin sys-



tem is markedly activated), GFR was greatly
reduced; in these rats, a severe reduction in the
area of endothelial fenestrae was observed {18].

2.1.3  Role of Tubular Obstruction in the Patho-
genesis of UN-Induced ARF  Early (six hours) in
the course of UN-induced ARF, intratubular
hydrostatic pressure (ITP) was not increased
[10} (as expected behind a tubular obstruc-
tion), and no intratubular casts (obstructing
tubular lumina) have been observed in histo-
pathologic specimens {8, 22}. These observa-
tions argue against an early tubular obstruction
in this model.

Obstruction of proximal and distal tubules
by eosinophilic casts occurred 24 hours after
UN administration, when widespread damage
of tubular epithelium was present, with cell
necrosis, mainly in the “pars recta” of the prox-
imal tubules; these observations suggest an im-
portant role of tubular obstruction in main-
taining rather than initiating UN-induced
ARF [15].

It should be noted that values of ITP signif-
icantly lower than control, 8 to 24 hours after
10 mg/kg b.w. of UN, and not different from
control 24 to 33 hours after 15 mg/kg b.w. of
UN have been observed in rats {23}. Similarly,
near normal values of ITP in the maintenance
stage of UN-induced ARF have been reported
in dogs {9]1. These observations, however, do
not rule out the possibility of an important role
of tubular obstruction in maintaining ARF,
since the concomitant fall in GFR may well ac-
count for normalization of ITP despite obstruc-
tion {24].

2.1.4 Role of the Backleak of Filtrate in the
Pathogenesis of UN-Induced ARF Microinjec-
tion studies in rats with UN-induced ARF
have given conflicting results. Thus, the mi-
croinjection of radioactive inulin into proximal
convoluted tubules of superficial nephrons two
to six hours after subcutaneous injection of 10
mg/kg b.w. of UN was followed by a complete
recovery of the inulin from the urine of the mi-
croinjected kidney, exactly as it occurred in
control normal animals {25]. A substantial re-
covery of microinjected radioactive inulin and
mannitol from the urine of the contralateral

kidney has been reported, instead, at similar
intervals but with 25 mg/kg b.w. of UN ad-
ministered intravenously, suggesting an im-
portant leak of tubular fluid from the microin-
jected nephrons {17]. The site of the leak of
inulin and tubular fluid was located beyond the
superficial portion of the proximal tubules (pars
recta?) since values of GFR measured in single
nephrons (SNGFR) by micropuncture of early
and late loops of proximal convoluted tubules
were identical {17]. Since the tubular cell dam-
age after UN administration has been shown to
be proportionally increased with increasing
doses {22}, the described discrepancy in the
microinjection studies is presumably related to
the different severity of tubular damage {25].
Since ARF occurred with a relatively low dose
of UN (10 mg/kg b.w.) and leak of inulin was
not observed at this dosage, backleak of filtrate
cannot be regarded as one of the predominant
factors in promoting the ARF, as suggested by
some authors [15]. Backleak may be important
in the maintenance stage of ARF; thus 48
hours after UN administration (5 to 10 mg/kg
b.w.) in dogs, only an average of 14% (against
97% observed in normal dogs) of microinjected
inulin was recovered from the urine of the mi-
croinjected kidney {12].

2.1.5 Role of the Renin-Angiotensin System
(RAS) in UN-Induced ARF Early (six hours)
after UN administration in rats, significant in-
creases in (a) plasma renin activity (PRA) {7,
20, 25, 26}, (b) renin activity in the juxta-
glomerular apparatus (JGA) of single superficial
nephrons associated with a greater sodium
chloride concentration in the distal tubule at
the macula densa level {20, 25, 26}, and (¢)
intrarenal AII {7, 20} have been demon-
strated, reflecting activation of the RAS.
When salt depletion secondary to the UN-in-
duced natriuresis was prevented by oral sodium
chloride replacement, PRA and intrarenal
renin were not different from control values,
and the animals were protected against ARF
(i.e., creatinine clearance remained normal) de-
spite a minor but still significant increase in
intrarenal AIl (attributed either to a direct ef-
fect of UN or to minor degrees of volume de-
pletion) {7].



