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on the influence of gene polymorphisms on the prognosis of acute renal failure is given.

Acute renal failure is the generic term for an abrupt and
sustained decrease in renal function resulting in
retention of nitrogenous (urea and creatinine) and non-
nitrogenous waste products. Depending on the severity
and duration of the renal dysfunction, this accumulation
is accompanied by metabolic disturbances, such as
metabolic acidosis and hyperkalaemia, changes in body
fluid balance, and effects on many other organ systems.
Definitions of acute renal failure range from severe (ie,
that requiring dialysis) to slight increases in serum
creatinine concentration (eg, of 44-2 pumol/L). In the
absence of a universal definition, a reasonable definition
of acute renal failure is an acute and sustained increase
in serum creatinine concentration of 44-2 wmol/L if the
baseline is less than 221 pmol/L, or an increase in
serum creatinine concentration of more than 20% if the
baseline is more than 221 wmol/L.'

The Acute Dialysis Quality Initiative group lately
proposed the RIFLE system (table 1), classifying acute
renal failure into three severity categories (risk, injury,
and failure) and two clinical outcome categories (loss
and end-stage renal disease).”*

Epidemiology

Causes of acute renal failure can be broadly divided into
three categories (figure 1). In the prerenal form there is
areversible increase in serum creatinine and blood urea
concentrations; it results from decreased renal
perfusion, which leads to a reduction in glomerular
filtration rate (GFR). Postrenal acute renal failure is due
to obstruction of the urinary collection system by either
intrinsic or extrinsic masses. The remaining patients
have the renal form, in which structures of the nephron,
such as the glomeruli, tubules, vessels, or interstitium,
are affected.

The major cause of intrinsic renal azotaemia is acute
tubular necrosis. This disorder is caused by ischaemic or
nephrotoxic injury to the kidney and is a specific
histopathological and pathophysiological entitiy, which
can result from several distinct renal insults. Prerenal
azotaemia and ischaemic acute tubular necrosis occur
on a continuum of the same pathophysiological process
and together account for 75% of the cases of acute renal
failure.’ Although the terms acute renal failure and acute
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GFR criteria Urine output criteria
Risk Serum creatinine increased 1-5 times <0-5mLkg*h*for6h
Injury Serum creatinine increased 2-0 times <0-5mLkg*h*for12h
Failure Serum creatinine increased 3-0 times or creatinine=355 pmol/L  <0-3 mL kg™ h™ for 24 h or
when there was an acute rise of >44 pmol/L anuriafor12 h
Loss Persistent acute renal failure; complete loss of kidney
function for longer than 4 weeks
End-stage End-stage renal disease for longer than 3 months

renal disease

GFR=glomerular filtration rate.

Table 1: RIFLE classification*

tubular necrosis have quite different definitions, they are
commonly used synonymously in the clinical setting
and both are also used in this seminar.

Acute renal failure is common, but the incidence
depends on the definition used and the population
studied. In a community-based study in the UK,* there
were 172 cases per million adults per year of severe
acute renal failure (serum creatinine concentration
>500 pmol/L), with 22 per million receiving acute
dialysis.

Two more recent UK population studies’ defined
acute renal failure as a temporary rise in serum
creatinine to at least 300 wmol/L or clinical features
indicating acute deterioration of previously normal
renal function. Advanced acute renal failure was
defined as a first measured serum creatinine concen-
tration of at least 500 wmol/L. The annual incidence of
acute renal failure ranged from 486 to 620 per million;

Search strategy and selection criteria

We searched PubMed with the search terms "acute renal
failure", "renal ischaemia”, and "acute dialysis". We mainly
selected publications from the past 5 years, but we did not
exclude commonly referenced and highly regarded older
publications. We also searched the reference lists of articles
identified by these strategies and selected those we judged
relevant. Relevant review articles and book chapters were also
included. There was no restriction on language of

publication.
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Acute renal failure |
| Prerenal Intrinsic renal | | Postrenal
r
N v v A 4 N A 4
Absolute decrease in effective Vascular Acute Acute Acute Obstruction of
blood volume Vasculitis, glomerulonephritis interstitial tubular collecting system
Haemorrhage malignant Postinfectious nephritis necrosis or extrarenal drainage
Volume depletion hypertension glomerulonephritis, Drug- Bladder-outlet obstruction
disease caused by associated Bilateral ureteral obstruction
Relative decrease in blood volume antibody to glomerular
(ineffective arterial volume) basement membrane
Congestive heart failure
Decompensated liver cirrhosis
Arterial occlusion or stenosis
of renal artery ¢—‘ﬁ
Haemodynamic form Ischaemic | Nephrotoxic |
NSAIDs
ACE inhibitors or angiotensin-II
receptor antagonists in renal-artery
stenosis or congestive heart failure
Exogenous Endogenous
Antibiotics Intratubular pigments (haemoglobinuria,
(gentamicin) myoglobinuria)
Radio contrast agents Intratubular proteins (myeloma)
Cisplatin Intratubular crystals (uric acid, oxalate)

Figure 1: Classification and major causes of acute renal failure
NSAIDs=non-steroidal anti-inflammatory agents; ACE=angiotensin-converting enzyme.
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advanced acute renal failure was observed in 102 per
million per year.

A prospective hospital-based study, again in the UK,’
found that the incidence of renal replacement therapy
for acute renal failure was 131 per million per year, with
a further 72 per million per year receiving this
treatment for acute on chronic renal failure.’

An estimated 5-20% of critically ill patients
experience an episode of acute renal failure during the
course of their illness, in many cases accompanied by
multiorgan dysfunction syndrome."™ Metnitz and
colleagues® found that acute renal failure requiring
renal replacement therapy complicated 4-9% of
admissions to intensive-care units. Acute renal failure
occurs in about 19% of patients with moderate sepsis,
23% of those with severe sepsis, and 51% of those with
septic shock when blood cultures are positive.*

A recent analysis from the PICARD Study Group
observed a changing range of acute renal failure in
critically ill patients, characterised by a large burden of
comorbidity, such as pre-existing chronic kidney
disease, and extensive extrarenal complications,
necessitating dialysis in most of the patients.”” There
was also a wide variation across US institutions in
characteristics of patients and practice patterns.

Acute prerenal failure

Prerenal azotaemia, in which the integrity of the renal
tissue is preserved, is an appropriate physiological
response to renal hypoperfusion' and can complicate any
disease characterised by either true hypovolaemia or a
reduction in the effective circulating volume, such as low
cardiac output, systemic vasodilatation, or intrarenal
vasoconstriction. Hypovolaemia leading to a fall in
systemic blood pressure activates several neurohumoral
vasoconstrictive systems which act in concert to maintain
the blood pressure and preserve cardiac output and
cerebral perfusion.”

The kidney responds to changes in renal perfusion
pressure by autoregulating renal blood flow and GFR
within fairly narrow limits. When the blood pressure
falls, gradual dilation of preglomerular arterioles is
mediated by the generation within the kidney by
angiotensin of vasodilating products of arachidonic acid
(prostaglandin I,)"®" and of nitric oxide.” In the lower
zone of autoregulation, concomitant vasoconstriction of
the postglomerular arterioles, mainly under the
influence of angiotensin II, maintains a constant
glomerular capillary hydrostatic pressure.

The tubuloglomerular feedback mechanism stabilises
both GFR and fluid delivery to the distal nephron and is
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mediated by a complex communication between the
macula densa and the glomerular microvasculature. In
settings of acute volume depletion associated with
increased proximal reabsorption, tubuloglomerular
feedback mitigates the prerenal reduction in GFR.'*"

Drugs that interfere with the autoregulation of renal
blood flow and GFR can provoke acute prerenal failure.
Acute inhibition of cyclo-oxygenase (type I or II) by non-
steroidal anti-inflammatory drugs (NSAIDs) can reduce
the GFR and renal blood flow in particular clinical
situations, such as atherosclerotic cardiovascular disease
in a patient older than 60 years, pre-existing chronic
renal insufficiency (serum creatinine >180 pwmol/L),
and states of renal hypoperfusion such as in sodium
depletion, diuretic use, hypotension, and sodium-avid
states such as cirrhosis, nephrotic syndrome, and
congestive heart failure.” Hyperkalaemia, sometimes
out of proportion to the degree of renal impairment, can
occur when these patients are concomitantly treated
with  potassium-sparing diuretics, inhibitors of
angiotensin-converting enzyme (ACE), or angiotensin-
II-receptor blockers.”* There is little evidence that
NSAIDs impair renal function in otherwise healthy
individuals.

Haemodynamic acute renal failure caused by ACE
inhibitors or Dby angiotensin-II-receptor blockers
develops in patients with stenosis of the renal artery in a
solitary kidney or with bilateral renal-artery stenosis.
Renovascular disease has been found in 34% of elderly
people with heart failure,® but patients with
hypovolaemia, severe chronic heart failure, polycystic
kidney disease, or intrarenal nephrosclerosis without
renal-artery stenosis are also at risk. The frequency of
acute renal failure induced by ACE inhibitors varies
between 6% and 23% in patients with bilateral renal-
artery stenosis and increases to 38% in patients with
unilateral stenosis in a single kidney.”

Prerenal azotaemia can be corrected if the extrarenal
factors causing the renal hypoperfusion are reversed.
When not corrected, persistent renal hypoperfusion will
ultimately lead to ischaemic acute tubular necrosis.

Acute postrenal acute renal failure
In any patient presenting with acute renal failure, an
obstructive cause must be excluded because prompt
intervention can result in improvement or complete
recovery of renal function. Obstructive uropathy is more
common in selected populations such as older men with
prostatic disease and patients with a single kidney or
intra-abdominal cancer, particularly pelvic cancer.”*
Severe ureteral obstruction is also seen with small
inflammatory aortic aneurysms; this type of obstruction
can be successfully treated with corticosteroids when
surgery is not an option.” Most causes of obstructive
uropathy are amenable to therapy and the prognosis is
generally good, depending on the underlying disease.
Important clinical sequelae of postrenal acute renal
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failure are the postobstructive diuresis and the presence
of hyperkalaemic renal tubular acidosis.® Profuse
diuresis (>4 L/day) can occur after the release of the
obstruction; it does not occur unless both kidneys, or a
single functioning kidney, are completely obstructed.
The period of total obstruction is short in most cases, a
few days to a maximum of a week. Once the obstruction
is relieved, the urine output generally ranges from 4 L to
20 L per day; some patients become volume depleted,
necessitating careful monitoring and adjustment of the
volume and electrolyte status during the diuretic phase.
The development of hyperkalaemic hyperchloraemic
tubular acidosis is indolent in most cases, and the
abnormality tends to persist after correction of the
obstruction. Patients in whom the hyperkalaemia is not
corrected as their acute renal failure is reversed, by
treatment of the obstructive lesion, should be
investigated for the presence of tubular acidosis.”*

Acute tubular necrosis

The worldwide range of factors that cause acute tubular
necrosis shows great variability among populations:
tropical diseases and snake-bites in Africa, India,
southeast Asia, and Latin America;” crushing injuries in
earthquake-prone regions;** trauma in civilian and
military settings; and exposure to an increasing number
of environmental and therapeutic nephrotoxic agents.

In intensive-care units, 35-50% of cases of acute
tubular necrosis can be attributed to sepsis.”*'>** The
disorder is increasingly recognised in the context of
multiple organ failure, especially in critically ill patients;
only a minority of cases in intensive-care units occur
without failure of another organ.'>**

Acute tubular necrosis after surgery accounts for
20-25% of all cases of hospital-acquired acute renal
failure; many of them have prerenal causes.”* Groups at
risk include patients with pre-existing renal impairment,
hypertension, cardiac disease, peripheral vascular
disease, diabetes mellitus, jaundice, and advanced age.
New forms of postsurgery acute tubular necrosis, such
as those following liver and cardiac transplantation,
reflect changes in types of surgical interventions.’

Acute radiocontrast nephropathy is the third
commonest cause of acute tubular necrosis in patients
admitted to hospital,’ and up to 7% need temporary
dialysis or progress to end-stage renal disease. The
occurrence of radiocontrast nephropathy is associated
with increased risk of death” and leads to an extended
hospital stay and increased health-care costs.*

Several classes of antibacterial, antifungal, antiviral,*
and antineoplastic”* agents are nephrotoxic. Also some
environmental agents® and recreational drugs® can
cause acute renal failure.

Pathogenesis of acute tubular necrosis
Two components are important in the acute decrease of
GFR: a vascular component, including intrarenal
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Figure 2: Pathophysiology of ischaemic acute renal failure
Reproduced with permission from Bonventre and Weinberg.>

vasoconstriction with a fall in glomerular filtration
pressure, vascular congestion in the outer medulla, and
activation of tubuloglomerular feedback; and a tubular
component, including tubular obstruction, transtubular
backleak of the filtrate, and interstitial inflammation.
New concepts such as sublethal cell injury, apoptosis,
and cell repair after injury are emerging.

This section briefly summarises selected features of
the pathophysiology of sepsis-related and postischaemic
types of acute tubular necrosis. The cellular
mechanisms of toxic acute tubular necrosis show
similarities with the pathophysiology of postischaemic
acute tubular necrosis; a recent review of this topic gives
more specific details.”

Sepsis-related acute tubular necrosis

Some advances in elucidation of the pathophysiology and
genetic basis for the host response to sepsis have
changed understanding of the syndrome. The prevailing
theory was that sepsis represents an uncontrolled
inflammatory response, but the individual immunolog-
ical response to infection is now known to be determined
by many factors, including the virulence of the organism,
the size of the inoculum, and the patient’s coexisting
illnesses, age, and polymorphisms in genes for cytokines.
The initial immune response is hyperinflammatory, but
the response rapidly progresses to hypoinflammatory. In
critically ill patients, the initial hyperinflammatory
response can even be blunted and there is long-lasting

depression of immune function, culminating in death.*

The haemodynamic hallmark of sepsis is generalised
arterial vasodilatation with an associated decrease in
systemic vascular resistance, resulting in arterial
underfilling, which is associated with activation of the
neurohumoral axis and an increase in cardiac output
secondary to the decreased cardiac afterload. Activation
of the sympathetic nervous system and the renin—
angiotensin—aldosterone axis, the non-osmotic release of
vasopressin, and an increase in cardiac output are
essential in maintaining the integrity of the arterial
circulation in patients with severe sepsis and septic
shock, but these haemodynamic changes can lead to
acute renal failure.® The arterial vasodilatation that
accompanies sepsis is mediated, at least partly, by
cytokines that upregulate the expression of inducible
nitric oxide synthase in the vasculature.”

In contrast to the systemic vasodilatation, there is
evidence that early in sepsis-related acute renal failure
the predominant pathogenetic factor is renal
vasoconstriction with intact tubular function, as shown
by increased reabsorption of tubular sodium and water.
Renal vasoconstriction in sepsis seems to be due, at least
partly, to the ability of tumour necrosis factor « to
release endothelin.®® When endotoxin is present in the
blood, endothelin can also cause general leakage of fluid
from the capillaries and thereby diminish plasma
volume.”" Endothelial damage occurs during sepsis and
can be associated with microthrombi and high
concentrations of von Willebrand factor in the
circulation.”  Sepsis-related impairment of the
endothelium can also attenuate or abolish the normal
effect of endothelial nitric oxide synthase in the kidney
to counteract the vasoconstrictor effects of
norepinephrine, endothelin, and angiotensin II.”

Ischaemic acute tubular necrosis

Figure 2 summarises the crucial factors in
postischaemic acute tubular necrosis.** The molecular
and cellular features have been established in animal
models.”** The reported animal data are quite
consistent, but their relevance to human ischaemic or
nephrotoxic ~ acute  tubular necrosis is  still
questionable.”*!

Histology

The typical histological features of human acute tubular
necrosis include vacuolation, loss of brush border in
proximal tubular cells, and sloughing of tubular cells
into the lumen, leading to cast obstruction. Interstitial
oedema with mild to moderate leucocyte infiltration can
produce widely spaced tubules. Although the disorder is
named necrosis, frankly necrotic cells are not a common
finding and histological evidence of injury is limited in
many cases despite striking functional impairment.®
With advanced injury, tubular epithelial cells detach
from the basement membrane and contribute to
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intraluminal aggregation of cells and proteins resulting
in tubular obstruction.*

Renal blood supply

The kidneys receive normally 25% of cardiac output, but
renal blood flow is not uniformly distributed within the
organs. Most of the blood supply is directed to the renal
cortex where the tissue partial pressure of oxygen (pO,)
is 6-65-13-3 kPa. By contrast, in the outer medulla and
medullary rays, countercurrent oxygen exchange occurs
leading to a progressive fall in pO, from cortex to
medulla. This process results in borderline chronic
oxygen deprivation with a pO, as low as 1-3-2-9 kPa for
the cells in the S, segment of the proximal tubule and the
medullary thick ascending limbs, despite their high
metabolic activity due to the activity of the basolateral
sodium/potassium ATPase.*

In established acute tubular necrosis, renal blood flow
is decreased by 30-50%,°* and there is evidence of a
selective reduction in blood supply to the outer medulla.
Several vasoconstrictors have been implicated in the
reduced renal blood flow, including angiotensin II,
thromboxane A, prostaglandin H,, leukotrienes C4 and
D4, endothelin 1, and adenosine as well as increased
sympathetic-nerve stimulation.®

Evidence for dysfunction of cortical endothelial cells in
ischaemia-reperfusion has come from the partial
functional protection observed when human umbilical-
vein endothelial cells or human embryonic kidney cells
expressing endothelial nitric oxide synthase were
implanted in the kidney.”

Until recently, the evolution of clinical acute tubular
necrosis was somewhat arbitrarily divided into initiation,
maintenance, and recovery phases. A fourth extension
phase has been described, connecting the initiation and
maintenance phases.”” This phase is characterised by
continued hypoxia and an inflammatory response,”
which are both more pronounced at the level of the
corticomedullary junction. Although the proximal
tubule cells in the outer cortex undergo cellular repair
after return of the blood flow to near-normal values, cells
in the S, proximal tubule and thick ascending limbs, as
well as endothelial cells, continue to undergo injury,
necrosis, and apoptosis, so the GFR continues to fall.

Inflammation has a major role in the pathophysiology
of acute renal failure resulting from ischaemia;
endothelial and epithelial cells as well as leucocytes and
T cells contribute to this inflammatory response. The
inflammatory cells are recruited during reperfusion and
release chemokines and cytokines that further increase
the inflammatory cascade.””*

Tubular factors

Renal ischaemia results in rapid loss of cytoskeletal
integrity and cell polarity with shedding of the proximal
tubule brush border, mislocalisation of adhesion
molecules and other membrane proteins such as the
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Figure 3: Tubular changes in the pathophysiology of ischaemic acute tubular necrosis

After ischaemia and reperfusion, morphological changes occur in the proximal tubules, including loss of polarity,

loss of the brush border, and redistribution of integrins and sodium/potassium ATPase to the apical surface.

Calcium and reactive oxygen species also have roles in these morphological changes, in addition to subsequent cell

death resulting from necrosis and apoptosis. Both viable and non-viable cells are shed into the tubular lumen,

resulting in the formation of casts and luminal obstruction and contributing to the reduction in the GFR.
Reproduced with permission from Schrier et al.*®

sodium/potassium ATPase, apoptosis, and necrosis.™
With severe injury, viable and non-viable cells are
desquamated, leaving regions where the basement
membrane remains the only barrier between the filtrate
and the peritubular interstitium. Backleak of the filtrate
can then occur, especially when the pressure in the
tubule is increased owing to intratubular obstruction.”

Figure 3 shows the most important tubular changes
in the pathophysiology of ischaemic acute tubular
necrosis.’® Many biochemical pathways are activated by
severe cell injury and lead to cell necrosis. These
pathways include severe depletion of cell energy stores
(ATP); increased tissue concentrations of reactive
oxygen species; intracellular acidosis; raised
concentrations of cytosolic calcium; increased activity
of phospholipases; release of proteases from the
tubular-cell brush border; and loss of lipid and
transmembrane protein polarity in the tubular-cell
apical and basolateral surface membranes.”*” One of
the consequences is that, owing to disruption of the
cortical-cell actin cytoskeleton,”®” the basolateral
sodium/potassium ATPase relocates to the apical cell
membrane.”
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The dual role of nitric oxide in the pathogenesis of
ischaemic acute renal failure was summarised by
Goligorsky and Noiri.” Acute renal ischaemia induces
increased expression of inducible nitric oxide synthase;
blockade of the enzyme by antisense oligonucleotides
affords functional protection, at least in rats.* Scavenging
of nitric oxide produces peroxynitrite, which causes
tubule damage during ischaemia.”

In hypoxia, integrins, mediating cellcell adhesion,
move from a predominantly basolateral location to the
apical cell membrane, which leads to tubular-cell
desquamation;*™* the integrin receptors on the apical cell
membrane further lead to adhesion of desquamated cells
to the cells remaining in situ and, after binding to the
RGD sequence of the Tamm-Horsfall protein, promote
tubule cast formation, distal tubular obstruction, and
decreased GFR.*

Damaged cells die not only from necrosis but also
from apoptosis.®** Changes typical of apoptosis include
condensation of the cell and of the nuclei, DNA
fragmentation into nucleosomal units of 200 bp
fragments, chromatin condensation, generation of
evoluted membrane segments (zeiosis), formation of
apoptotic bodies, cellular shrinkage, and disintegration
of mitochondria. Unlike necrosis, apoptotic cell death is
an active process that requires participation of the dying
cell and changes in cellular biochemistry. Because
apoptosis does not lead to the release of intracellular
material into the extracellular space, it does not result in
an inflammatory response.” Almost all apoptotic
stimuli induce the activation of specific proteases, called
caspases, which cleave target proteins at asparagine
residues. An important function in apoptosis is also
played by sphingomyelinases and ion channels.
Apoptosis is most commonly seen in distal tubular
cells, both in animals and in allografts of patients with
biopsy-confirmed acute tubular necrosis.®

Repair of renal injury

Proximal tubules can undergo repair, regeneration, and
proliferation after damage. In the outer cortex, most of the
cells are sublethally injured and undergo repair after
adequate reperfusion. The first phase of this regeneration
process consists of the death and exfoliation of the
proximal tubular cells and is characterised by expression
of stress response genes and the accumulation of
mononuclear cells. Shortly after the experimental
induction of acute renal failure, many normally quiescient
kidney cells enter the cell cycle. The cell undergoing these
changes can either check the progression of the cycle and
repair damage before proceeding or enter a pathway
destined to cell death. This decision point is carefully
regulated, and cyclin-dependent kinase inhibitors,
especially p21, are important in the regulation.
Investigation of the effects on acute renal failure of
selected gene knock-outs in mice has contributed to the
recognition of many previously unappreciated molecular

pathways. The interface between the repair pathways and
the cell-death pathways is emerging, but phosphorylation
events crucial to cell function reside in the cyclin-
dependent kinases and the kinases, phosphatases,
inhibitors, and activators that regulate their activities.”

Growth factors could play a part in determining the fate
of the epithelial cells and might contribute to the
generation of signals that result in neutrophil and
monocyte infiltration. In the second phase, poorly
differentiated epithelial cells appear; they are thought to
represent a population of stem cells residing in the
kidney.” This stage is therefore a dedifferentiation stage.

In the third phase, there is a pronounced increase in
proliferation of the surviving proximal tubule cells, and
growth factors could have an important role in this
response.” In this last phase, the regenerative tubular
cells regain their differentiated character and produce a
normal proximal-tubule epithelium.

Stem-cell research has shown that haemopoietic and
other tissue-specific stem cells can cross tissue and even
germ-line barriers and give rise to a wide range of cell
types.”” This plasticity of stem cells could be useful in
therapeutic strategies designed to improve tissue
regeneration after severe organ injury. Traditionally, stem
cells were thought to be organ specific.** Experiments
with transplantation of whole bone marrow showed that
bone-marrow-derived stem cells could populate the renal
tubular epithelium.”” Injection of mesenchymal stem
cells derived from male bone marrow protected cisplatin-
treated syngeneic female mice from renal functional
impairment and severe tubular injury.® However,
mobilisation of haemopoietic stem cells is associated with
important granulocytosis, which could aggravate the
intrarenal inflammation and impair renal recovery.”

Diagnostic approach

The diagnostic approach to acute renal failure includes
a careful history and record review, a thorough physical
examination, and the judicious interpretation of
laboratory data, including examination of the urinary
sediment and other urinary chemistry, and appropriate
ultrasonographic and radiological investigations.'™"""

Serum creatinine

In acute renal failure, renal function is commonly
monitored by following the daily variations in serum
creatinine concentration. However, this variable has
limitations as a marker of GFR in patients with acute
renal failure. The serum creatinine concentration
depends not only on urinary clearance of creatinine but
also on the rate of production and the volume of
distribution. Furthermore, serum creatinine
concentration does not accurately reflect GFR in the non-
steady-state condition of acute renal failure. Correct
interpretation of serum creatinine concentrations is
hampered by the variation in calibration of the different
creatinine assays.'”"'%
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Serum cystatin C

Among newer markers, serum cystatin C has not yet
been well validated as a GFR indicator in acute renal
failure."”'* However, some studies have found it to be
an early and reliable marker of acute renal failure in
patients in intensive-care units.'”'*

Urine volume

Acute anuria or severe oliguria are quite specific
indicators of acute renal failure, although severe acute
renal failure can exist despite normal urine output.
Changes in wurine output can occur long before
biochemical changes are apparent. Prerenal forms of
acute renal failure nearly always present with oliguria
(<400 mL/day), although non-oliguric forms have been
reported."® Postrenal and renal forms of acute renal
failure can present with any pattern of urine flow
ranging from anuria to polyuria.

Urinary indices (table 2)

As long as tubular function remains intact, renal
vasoconstriction during the initiation phase of acute
tubular necrosis is associated with increased tubular
sodium reabsorption and the fractional excretion of
filtered sodium:

Urine sodium X plasma creatinine
X100

Plasma sodium Xurine creatinine

will be less than 1%. Prerenal disorders also result in low
fractional excretion of uric acid and lithium (each <7%).
An exception to this physiological response is when the
patient receives a diuretic, including mannitol, or has
glucosuria. Carvounis and colleagues™ found that a low
fractional excretion of urea (<35%) is more sensitive
and specific than the fractional excretion of sodium in
differentiating between prerenal and renal causes of
acute renal failure, especially when diuretics have been
administered."

Biomarkers
Several biomarkers have been proposed for the early
diagnosis of acute renal failure and are currently under
study."*" These include urinary interleukin 18" and
tubular enzymes, such as the intestinal form of alkaline
phosphatase, N-acetyl-B-glucosaminidase, and alanine
aminopeptidase.” Kidney injury molecule 1, a type-1
transmembrane protein, is extensively expressed in
proximal tubule cells in biopsy samples from patients with
confirmed acute tubular necrosis, and the normalised
concentrations of this protein were significantly higher in
ischaemic acute tubular necrosis than in other forms of
acute renal failure or chronic renal disease."
Identification of urinary proteins expressed during
acute renal failure might lead to the identification of
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Prerenal Renal
Urinalysis Hyaline casts Abnormal
Specific gravity 1.020 1010
Osmolality (mmol/kg) >500 >300
Sodium (mmol/L) <20 >40
Fractional excretion of sodium (%) <1 >2
Fractional excretion of urea (%) <35 >35
Fractional excretion of uric acid (%) <7 >15
Fractional excretion of lithium (%) <7 >20
Low-molecular-weight proteins Low High
Brush-border enzymes Low High
Table 2: The most important urinary variables in the differential
diagnosis between prerenal and renal acute renal failure

novel targets for early diagnosis and therapy. Hampel
and co-workers'” found that after radiocontrast
administration, protein expression differed between
patients with normal renal function and those with
impaired renal function at baseline.

Prevention and non-dialysis treatment

Progress in elucidation of the pathophysiology has led to
development and testing of many therapeutic drug and
other interventions in animal and human forms of acute
tubular necrosis."*"*' The disorder can be prevented in
some patients by careful attention to volume status and
cardiac output, and the avoidance of nephrotoxic agents.
These measures are more important when renal blood
flow might already be compromised, such as in elderly
patients or those with heart failure, liver disease,
previous renal insufficiency, renal-artery stenosis, or
diabetes mellitus. Agents that impair autoregulation of
renal blood flow, such as NSAIDs, ACE inhibitors, or
angiotensin-II-receptor blockers should be used with
caution, as discussed earlier. Nephrotoxic agents should
be limited and plasma concentrations should be
measured to guide dosing of aminoglycosides and
ciclosporin. Allopurinol and the recently introduced
rasburicase, a recombinant urate oxidase preparation,
decrease synthesis of wuric acid in patients with
leukaemia and lymphoma who are prone to uric-acid
nephropathy.” Forced alkaline diuresis prevents
blockage of renal tubules by uric acid or methotrexate in
these malignant diseases and by casts in
rhabdomyolysis.

Discussion of the pharmacological treatments that
have been tested in sepsis and related acute renal failure
are beyond the scope of this seminar, but they have been
discussed elsewhere "##12312¢

Volume expansion

The preventive and therapeutic value of volume
expansion alone is not easy to estimate, because fluids
are commonly included as part of the overall
management of patients in clinical studies, together
with the administration of diuretics, dopamine, or both.
The value of volume therapy and the nature of fluids
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(crystalloids or colloids) to be used in critically ill patients
with or without acute renal failure are controversial.’*¥
The SAFE trial found that fluid resuscitation with saline
or with albumin gave similar results in critically ill
patients.'”® Hydration has been suggested to prevent
postsurgery acute tubular necrosis and that induced by
contrast media, platinum, or amphotericin B, as well as
the intrarenal tubular precipitation of crystals after high
doses of methotrexate, sulphonamides, and aciclovir.”
Mueller and colleagues™ found that hydration with
isotonic saline is superior to the routinely recommended
half-isotonic hydration in the prevention of contrast-
media-associated  nephropathy. Overzealous fluid
administration can lead to pulmonary oedema, especially
in patients with oliguria or anuria.

Use of diuretics and dopamine
Assessment of furosemide, mannitol, and low-dose
dopamine in the prevention or reversal of acute tubular
necrosis has given inconsistent results.**"*! Mannitol
prevented acute renal failure only in rhabdomyolysis and
kidney-transplant surgery. With adequate circulating
volume, loop diuretics promote diuresis in some forms
of oliguric acute renal failure,””""” but some studies have
suggested that their administration is associated with a
higher risk of death and delayed recovery of renal
function.""* However, a large multicentre study' did
not confirm that diuretics adversely affect survival.
Low-dose dopamine (1-3 pg kg min™, intravenously)
is a renal vasodilator and has frequently been used alone
or in combination with furosemide, particularly in
patients in intensive care. Prospective controlled trials
and careful meta-analysis have led to the conclusion that
dopamine does not reduce mortality or promote the
recovery of renal function.”™" The risks associated with
dopamine in critically ill patients have been summarised
elsewhere.'*!

N-acetylcysteine

Three meta-analyses during the past 2 years™'* have
concluded that, compared with periprocedural hydration
alone, oral acetylcysteine with hydration significantly
lowers the risk of contrast nephropathy in patients with
chronic renal insufficiency. We should emphasise that
acetylcysteine without adequate hydration is not
sufficient and that in some of these studies the
individual contribution of acetylcysteine is difficult to
delineate. However, every meta-analysis also found
studies showing no benefit. Furthermore, acetylcysteine
seems to affect the tubular handling of creatinine
directly, so a decrease in serum creatinine concentration
with this drug does not necessarily lead to a protective
effect on the GFR.™®

Calcium-channel blockers
Some investigators have shown that the prophylactic
administration of calcium-channel blockers protects

Panel 1: Management priorities in patients with acute
renal failure

Search for and correct prerenal and postrenal factors

Review medications and stop administration of nephrotoxins
Optimise cardiac output and renal blood flow

Restore and/or increase urine flow

Monitor fluid intake and output; measure bodyweight daily
Search for and treat acute complications (hyperkalaemia,
hyponatraemia, acidosis, hyperphosphataemia, pulmonary
oedema)

Provide early nutritional support

Search for and aggressively treat infections

Expert nursing care (management of catheter care and skin in
general; psychological support)

Initiate dialysis before uraemic complications emerge

Give drugs in doses appropriate for their clearance

against post-transplant delayed graft failure.’ However,

meta-analysis' suggested that the issue of renal
protection with calcium-entry blockers in the prevention
of post-transplant acute tubular necrosis is not settled.
In other settings of acute renal failure'* and after cardiac
surgery,” the preventive role of calcium-channel
blockers was more promising.

Other therapeutic measures

Various other therapeutic agents, both established and
novel, have been investigated for potential use in acute
tubular necrosis, including atrial natriuretic peptide,
theophylline, epidermal and insulin-like growth factors,
antibodies to adhesion molecules, scavengers of oxygen
free radicals, aminoacid infusions, and prostaglandins.
Remarkable protection against renal ischaemia—
reperfusion injury was observed with administration of a
single dose of erythropoietin.'” A direct tubular-cell effect
by prevention of caspase activation in vivo and reduction
of apoptotic cell death was shown. To date, two
randomised, placebo-controlled trials with insulin-like
growth factor I, one in critically ill patients and one in
renal transplantation, have had negative results.'*'* None
of these experimental therapies has yet been proven to be
safe or effective for use in human acute renal failure.”

Supportive treatment of acute renal failure

The management of patients with established acute
tubular necrosis is summarised in panel 1. Current
therapy is aimed mainly at prevention and treatment of
the associated complications. Hyperkalaemia was a
frequent cause of death in the past but has become less
common with greater access to dialysis and with
development of rapid, accurate laboratory procedures to
monitor the clinical course. Restriction of potassium in
the diet and infusions and avoidance of potassium-
containing drugs are especially important. Serum
potassium concentrations can increase rapidly in
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patients with oliguria, anuria, hypercatabolism, or
rhabdomyolysis. Emergency treatment of
hyperkalaemia, primarily dictated by changes in the
electrocardiogram, includes the use of intravenous
calcium, driving potassium into cells with sodium
bicarbonate, an infusion of glucose and insulin, or both.
These emergency measures do not remove potassium
from the body, and additional therapy with a
sodium—potassium exchange resin such as sodium
polystyrene sulfonate (Kayexalate) or by dialysis will be
needed as a second step. Haemodialysis is the most rapid
way to remove potassium.

Abnormalities in water and sodium metabolism need
careful management in acute renal failure. Bodyweight
should be measured daily, and daily intake and output
recorded. An oliguric patient’s daily fluid intake should
be limited to 400 mL plus the previous day’s urinary
output unless there are physical signs of volume
depletion or volume overload. Dietary sodium should be
restricted to 2 g (87 mmoles) per day. A patient with acute
tubular necrosis, if not receiving hyperalimentation, is
expected to lose 0-3-0-5 kg bodyweight per day. If this
loss does not occur or if there is weight gain, fluid
therapy should be reassessed. Hyponatraemia might
necessitate stringent free-water restriction.

Acidosis is common in acute renal failure.™ Small
amounts of sodium bicarbonate can be given if the serum
bicarbonate concentrations falls below 15-18 mmol/L,
although the potential for volume overload should be
recognised. Hyperphosphataemia should be treated with
calcium carbonate or other phosphate binders. Hyper-
magnesaemia can occur after an exogenous load of
magnesium, and magnesium-containing antacids should
be avoided. Severe hyperphosphataemia or hypermagne-
saemia can be treated with dialysis.

Nutritional support is an important part of the
treatment of acute renal failure. It should be designed to
give adequate calories without excessive volume. The
caloric requirement in acute renal failure is high,
especially in patients who are hypercatabolic.
Carbohydrate intake should be sufficient (more than
100 g per day) to avoid breakdown of endogenous protein
for glucose. The protein requirements depend on the
clinical status. With oral feeding, an initial diet of
40 g/day high-quality protein can be given, and the
protein content increased if deemed necessary. Provision
of the nutritional needs of the patient might not be
possible without dialysis, which allows larger quantities
to be given. Enteral or parenteral alimentation might be
necessary in postoperative patients or in those with
anorexia or vomiting. The use of essential aminoacids or
their keto analogues in postoperative or trauma patients
has been suggested but not proven to improve the
outcome of acute renal failure.

Attention has lately been given to the adverse effects of
hyperglycaemia,” and an extensive controlled trial
showed a reduction in mortality and morbidity of
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Panel 2: Proposed criteria for initiation of renal
replacement therapy in critically ill patients with acute
renal failure

Oliguria: urine output <200 mLin 12 h

Anuria: urine output <50 mLin 12 h

Hyperkalaemia: potassium concentration >6-5 mmol/L
Severe acidaemia: pH <7-0

Azotaemia: urea concentration >30 mmol/L

Uraemic encephalopathy

Uraemic neuropathy/myopathy

Uraemic pericarditis

Plasma sodium abnormalities: concentration >155 mmol/L
or <120 mmol/L

Hyperthermia

Drug overdose with dialysable toxin

critically ill patients with strict control of blood glucose
concentration.”” Multivariate analysis showed that the
lowered blood glucose concentration rather than the
insulin dose was related to lower mortality, critical-illness
neuropathy, bacteraemia, and inflammation."

Since infections are a common cause of death in these
critically ill patients,* expert nursing care of catheter sites
and skin is very important. Doses of several drugs must
be altered in acute renal failure, especially those that are
renally excreted or those with pharmacokinetics that are
changed in azotaemia or dialysis.

Renal replacement therapy

There are no absolute rules as to when dialysis should
begin, but too soon is better than too late, and the
treatment should be started before complications
occur.” Indications for immediate treatment in critically
ill patients with acute renal failure include hyperkalaemia
(causing significant electrocardiographic changes),
severe pulmonary oedema, uraemic acidosis (causing
cardiac compromise), and gross uraemia (panel 2).

Intermittent haemodialysis Continuous renal replacement therapy

Advantages Lower risk of systemic bleeding

More time available for diagnostic and therapeutic
interventions

More suitable for severe hyperkalaemia

Lower cost

Better haemodynamic stability
Fewer cardiac arrhythmias
Improved nutritional support
Better pulmonary gas exchange
Better fluid control

Better biochemical control
Shorter stay in intensive-care unit

Disadvantages  Availability of dialysis staff

More difficult haemodynamic control

Inadequate dialysis dose

Inadequate fluid control

Inadequate nutritional support

Not suitable for patients with intracranial hypertension
No removal of cytokines

Potential complement activation by non-biocompatible
membranes

Greater vascular access problems
Higher risk of systemic bleeding
Long-term immobilisation of patient
More filter problems (ruptures, clotting)
Greater cost

Table 3: Advantages and disadvantages of intermittent versus continuous renal replacement therapy
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Table 3 summarises the advantages and disadvantages
of intermittent haemodialysis and continuous renal
replacement therapies such as continuous venovenous
haemofiltration. There are no evidence-based guidelines
on the optimum dialysis treatment of acute renal
failure.”"* Continuous renal replacement therapy was
claimed to be superior to intermittent haemodialysis.
Many controlled studies®™ ™ and a recent meta-
analysis'® have not found differences in outcome. In
specific conditions, however, one of the dialysis
modalities is an absolute preference: for example,
continuous therapy in patients with cerebral oedema or
liver failure, or intermittent haemodialysis in patients
with increased bleeding risk.

A landmark study underscored the importance of the
dose of dialysis in continuous renal replacement
therapy.'® Patients undergoing continuous venovenous
haemofiltration had better outcomes with filtration rates
of 35 mL kg™ h™ or 45 mL kg™ h than those treated at
the lower rate of 20 mL kg™ h™". Although no comparable
study has been done in intermittent haemodialysis,'**
daily dialysis resulted in better control of uraemia, fewer
hypotensive episodes during dialysis, and more rapid
resolution of acute renal failure. Classic dialysis
adequacy indices, such as Kt/V urea (clearance Xtime of
dialysis session/distribution volume of urea) should be
used with caution because they need an estimate of total
body water, which is conventionally based on
anthropometric values that may be incorrect in critically
ill patients with acute renal failure."

Meta-analyses have further shown that the use of
biocompatible membranes might influence survival
positively, however, without effect on recovery of renal
function."”" Slow extended daily dialysis emerged as a
hybrid modality of renal replacement therapy and has
promising features because it combines the advantages
of both continuous and intermittent approaches.’*"7'7>

Prognosis

When acute renal failure is severe enough to necessitate
renal replacement therapy, in-hospital mortality is high,
exceeding 50%.”">"7* Mortality is extremely high in
critically ill patients who have multiorgan failure.'”>7
Mortality rates have changed little over the past few
decades despite significant advances in supportive care;
however, this lack of improvement may be more
apparent than real because patients nowadays are older
and have more pre-existing chronic health problems."”
Certain combinations of gene polymorphism are related
to the risk of death among patients with acute renal
failure who need dialysis.””*"” The combination of a high
concentration of tumour necrosis factor o and a
genotype leading to low production of interleukin 10 was
associated with a higher risk of death than for patients
with low concentrations of tumour necrosis factor a and
genotypes conferring intermediate or high production of
interleukin 10.

The long-term effects of acute renal failure are unclear
and controversial because of the diverse (and in many
cases multiple) causes of the disorder and the paucity of
long-term follow-up studies. Nevertheless, the view that
renal recovery is complete is simplistic, and progressive
renal dysfunction after severe acute renal failure is
commonly observed.® ™ Acute renal failure is
irreversible in 5% of patients, but in elderly people this
proportion is as high as 16%."™ Recent reports on
children suggest that residual damage after acute renal
failure develops into progressive renal failure by
adolescence or early adulthood.®®
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