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MECHANISMS OF DISEASE

Acute Renal Failure and Sepsis

Robert W. Schrier, M.D., and Wei Wang, M.D.

CUTE RENAL FAILURE OCCURS IN APPROXIMATELY 19 PERCENT OF

patients with moderate sepsis, 23 percent with severe sepsis, and 51 percent

with septic shock when blood cultures are positive (Tables 1 and 2).2 A pro-
gressive increase in the acute respiratory distress syndrome also occurs with moderate
and severe sepsis and septic shock. In the United States, an estimated 700,000 cases of
sepsis occur each year, resulting in more than 210,000 deaths; this number accounts
for 10 percent of all deaths annually and exceeds the number of deaths due to myocar-
dial infarction.? The combination of acute renal failure and sepsis is associated with a
70 percent mortality, as compared with a 45 percent mortality among patients with
acute renal failure alone. Thus, the combination of sepsis and acute renal failure con-
stitutes a particularly serious medical problem in the United States.* Substantial progress
has been made toward understanding the mechanisms whereby sepsis is associated
with a high incidence of acute renal failure. Moreover, recently identified clinical inter-
ventions may be able to decrease the occurrence of acute renal failure and sepsis and
the high associated mortality.

The cytokine-mediated induction of nitric oxide synthesis that occurs in sepsis de-
creases systemic vascular resistance.’ This arterial vasodilatation predisposes patients
with sepsis to acute renal failure, the need for mechanical ventilation, and ultimately,
increased mortality. In this article, we review the effects of nitric oxide-mediated arte-
rial vasodilatation on resistance to exogenous pressors and hypotension (Fig. 1), and we
discuss the use of arginine vasopressin in patients with septic shock. We also review
the effects of increased plasma concentrations of several endogenous vasoconstrictor
hormones, including catecholamines, angiotensin II, and endothelin, which support
arterial pressure in patients with sepsis who have vasodilatation but also cause renal
vasoconstriction and predispose patients to acute renal failure. Patients who have a
combination of sepsis and acute renal failure may have some effects of systemic arterial
vasodilatation, such as altered Starling forces in the capillaries, pulmonary edema, hy-
poxia, a need for mechanical ventilation, acute respiratory distress syndrome, and mul-
tiple-organ dysfunction syndrome, which together may increase mortality to more than
80 percent (Fig. 2).5” We discuss interventions that may prevent this dire sequence of
events. Finally, we review several prospective, randomized clinical trials of interven-
tions that have the potential to prevent or attenuate acute renal failure in patients with
sepsis and thus decrease mortality. Such trials have addressed anticoagulant therapy, ear-
ly resuscitation, the treatment of hyperglycemia, the use of corticosteroids, a shortened
duration of mechanical ventilation, and various types of renal-replacement therapy.

HEMODYNAMICS AND HORMONES

The hemodynamic hallmark of sepsis is generalized arterial vasodilatation with an asso-
ciated decrease in systemic vascular resistance. Arterial underfilling due to arterial vaso-
dilatation occurs in several clinical circumstances, including sepsis, and is associated
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Table 1. Clinical Definition of Sepsis.

Type

Moderate sepsis

Severe sepsis

Septic shock

Characteristics

Body temperature >38°C or <36°C
Heart rate >90 beats/min

Respiratory rate >20 breaths/min or partial pressure
of arterial CO, <32 mm Hg

White-cell count >12,000/mm3, or >10 percent
immature band forms

Evidence of infection

Sepsis-associated lactic acidosis, oliguria, or acute
alteration of mental status

Sepsis-induced hypotension (i.e., systolic blood
pressure <90 mm Hg) despite adequate fluid re-
suscitation. Patients treated with vasopressors or
inotropic medications may not be hypotensive at
the time of measurement.
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with activation of the neurohumoral axis and an in-
crease in cardiac output secondary to the decreased
cardiac afterload. Activation of the sympathetic
nervous system and the renin—-angiotensin—aldo-
sterone axis, the nonosmotic 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 (Fig.
1) but may lead to acute renal failure.®*

The arterial vasodilatation that accompanies
sepsis is mediated, atleast in part, by cytokines that
up-regulate the expression of inducible nitric oxide
synthase in the vasculature.®*3 The release of ni-
tric oxide with inducible nitric oxide synthase, as
compared with constitutive endothelial nitric oxide
synthase, is more profound and prolonged. More-
over, vascular resistance to the pressor response to
norepinephrine’? and angiotensin II° occurs dur-
ing sepsis and is attributable in part to the potent
vasodilatory effect of nitric oxide.****> In addition,
an increase in plasma concentrations of hydrogen
ions and lactate and a decrease in ATP in vascular
smooth-muscle cells during septic shock activate
the ATP-sensitive potassium channels (Kap chan-
nels).*®?” The resultant potassium efflux through
the Karp channels causes hyperpolarization of the
vascular smooth-muscle cells with closure of the
voltage-gated calcium channels in the membrane.
Since the vasoconstrictor effects of norepinephrine
and angiotensin II depend on open calcium chan-
nels, vascular resistance to these pressor hormones
can occur along with lactic acidosis in patients with
sepsis. Furthermore, the high endogenous levels of
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these vasoactive hormones during sepsis may be as-
sociated with down-regulation of their receptors,
which would result in a lessening of their effects on
the vasculature.

THE PRESSOR EFFECT
OF ARGININE VASOPRESSIN

There is evidence that the administration of arginine
vasopressin in patients with sepsis-related vasodila-
tory shock may help maintain blood pressure de-
spite the relative ineffectiveness of other vasopressor
hormones such as norepinephrine and angioten-
sin I1.*%19 Specifically, arginine vasopressin may
inactivate the Karp channels?® and thereby lessen
vascular resistance to norepinephrine®? and angio-
tensin I1.° Arginine vasopressin also decreases the
synthesis of nitric oxide (as a result of a decrease in
the expression of inducible nitric oxide synthase)
as well as cyclic guanosine monophosphate (cGMP)
signaling by nitric oxide,?* thus attenuating the ar-
terial vasodilatation and pressor resistance during
sepsis. The degree of vasoconstriction in response
to arginine vasopressin relates to its plasma levels
and occupancy of the V,, arginine vasopressin re-
ceptors on vascular smooth-muscle cells. Initially,
in septic or hemorrhagic shock, the plasma argi-
nine vasopressin concentrations increase to 200 to
300 pg per milliliter, but after approximately an
hour, the neurohypophysial stores of vasopressin
are depleted and plasma concentrations may fall to
approximately 30 pg per milliliter.®® At that time
and in the presence of unoccupied V,, receptors, the
administration of exogenous arginine vasopressin
can increase blood pressure by 25 to 50 mm Hg by
returning the plasma concentrations of antidiuret-
ic hormones to their earlier high levels.?>%>

Arginine vasopressin is also known to be syner-
gistic with the pressor hormones norepinephrine
and angiotensin II, since all three hormones have in
common intracellular signaling that involves an in-
crease in the cytosolic calcium concentration. An-
other advantage of using arginine vasopressin as a
pressor agent in patients with sepsis is that the sites
of major arterial vasodilatation in sepsis — the
splanchnic circulation, the muscles, and the skin —
arevascular beds that contain abundant V,, arginine
vasopressin receptors.

Glomerular filtration is determined by the net
difference in arterial pressure between the afferent
and efferent arterioles across the glomerular capil-
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lary bed (termed transcapillary filtration pressure).
Norepinephrine profoundly constricts the glomer-
ular afferent arteriole, dropping the filtration pres-
sure, and thus may contribute to and prolong the
course of acute renal failure in patients with sepsis.
In contrast, arginine vasopressin has been shown to
constrict the glomerular efferent arteriole and there-
fore can increase the filtration pressure and, conse-
quently, the glomerular filtration rate.

The decision to use arginine vasopressin as a
pressor agent, however, must involve consideration
of several additional physiological properties.?® In-
creased concentrations of arginine vasopressin con-
strict the coronary arteries and have been reported
to cause myocardial infarction. In contrast to nor-
epinephrine and angiotensin II, arginine vasopres-
sin does not have a cardiac inotropic effect; thus, the
increase in cardiac afterload during the infusion of
arginine vasopressin can decrease cardiac output.
Moreover, during sepsis, the increased cardiac out-
put that generally occurs may be suboptimal for the
patient, given the diminished systemic vascular re-
sistance and cardiac afterload, because circulating
cytokines such as tumor necrosis factor « that are
induced by the septic state have myocardial depres-
sant properties.?” Furthermore, interstitial myo-
carditis and diastolic dysfunction have also been
reported to occur during sepsis.?® Since arginine
vasopressin is a very potent venoconstrictor that de-
creases splanchnic compliance, excessive fluid that
is administered is distributed more centrally, includ-
ing in the lung, and therefore can lead to noncardio-
genic pulmonary edema (pseudo—acute respiratory
distress syndrome).>?° Nevertheless, despite the
issues mentioned, the administration of arginine
vasopressin may be effective in patients with septic
shock who have vasodilatation and relative resis-
tance to other pressor hormones.

EFFECTS OF SYSTEMIC ARTERIAL
VASODILATATION ON BODY-FLUID
VOLUME AND STARLING FORCES

The difference between the oncotic and hydrostatic
pressures within the vasculature and interstitium
(Starling forces) determines whether plasma water
remains within the vasculature or leaks out into the
interstitium. Experimental studies in rats have ex-
amined the effect of arterial vasodilatation on Star-
ling forces, albumin distribution, and body-fluid
volume in normal animals.3° The administration of
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Table 2. Acute Renal and Respiratory Failure in Sepsis.*

Moderate Sepsis Severe Sepsis
Condition (N=649) (N=467)

percent

Acute renal failure
Positive culture
Negative culture 5

23
16

Acute respiratory distress
syndrome
Positive culture 6
Negative culture 3 4

(o]

Septic Shock

(N=110)

51
38

18
18

* Data are from Rangel-Frausto et al.2

the potent arterial vasodilator minoxidil was shown
to cause sodium and water retention with resultant
expansion of plasma and interstitial volume. With
the use of Guyton’s subcutaneous capsule, which is
able to measure interstitial pressure, arterial vasodi-
latation in a rat model was shown to reverse the nor-
mally negative pressure within the interstitium.3°
Moreover, during intravenous saline loading, inter-
stitial pressure increased in animals without vaso-
dilatation, whereas the elevated interstitial pressure
in the animals that had vasodilatation did not in-
crease further. The fall in interstitial pressure that
occurred with the intravenous administration of hy-
peroncotic albumin in the normal animals did not
occur in the animals with vasodilatation. This latter
effect may be due to the increased distribution of al-
bumin within the interstitial space that occurs with
arterial vasodilatation. The pulmonary bed is partic-
ularly prone to collect interstitial fluid in this situa-
tion. If applied to humans, these findings would
indicate that patients with sepsis who have vasodi-
latation are susceptible to noncardiogenic pulmo-
nary edema. There is indeed evidence that this is
the case.

Neveu et al.3* performed a prospective study in-
volving 345 patients who had acute renal failure with
or without sepsis. The most dramatic differences
were the increased requirement for mechanical ven-
tilation (70 percentvs. 47 percent, P=0.001) and the
higher mortality (74.5 percent vs. 45.2 percent,
P<0.001) in the patients with sepsis. Figure 2 de-
picts a sequence of events that can occur with over-
ly aggressive fluid administration, which results in
increases in interstitial volume in patients with sep-
sis and acute renal failure who have vasodilatation.
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EXPERIMENTAL MODELS
OF ENDOTOXEMIA AND SEPSIS

VASOACTIVE HORMONES
There is experimental evidence that early in sepsis-
related acute renal failure, the predominant patho-
genetic factor is renal vasoconstriction with intact
tubular function, as demonstrated by increased re-
absorption of tubular sodium and water. Thus, in-
tervention at this early stage may prevent progres-
sion to acute tubular necrosis. For example, if
endotoxin is infused into a conscious-rat model,
the early events include a fractional excretion of so-
dium of less than 1 percent, indicating good tubu-
lar function.32 Fractional excretion of sodium is cal-
culated as [(urine sodium x plasma creatinine) +
(plasma sodium x urine creatinine)] x 100. This lev-
el of fractional excretion may result in prerenal

Bacteremia and endotoxemia

|

Induction of nitric oxide synthase

l Renal vasoconstriction with
sodium and water retention

N—g

Increased RAAS/

l Increased sympathetic tone

\

Increased arginine
vasopressin

Nitric oxide—mediated
arterial vasodilatation

Arterial underfilling and
baroreceptor activation

Cardioregulatory center
of the central nervous system

Figure 1. Arterial Vasodilatation and Renal Vasoconstriction in Patients

with Sepsis.

Endotoxemia stimulates the induction of nitric oxide synthase, which leads to
nitric oxide—-mediated arterial vasodilatation. The resultant arterial underfill-
ing is sensed by the baroreceptors and results in an increase in sympathetic
outflow and the release of arginine vasopressin from the central nervous sys-
tem, with activation of the renin-angiotensin—aldosterone system (RAAS).
These increases in renal sympathetic and angiotensin activities lead to vaso-
constriction with sodium and water retention and a predisposition to acute
renal failure.
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azotemia. If this prerenal azotemic state is permit-
ted to persist, the fractional excretion of sodium in-
creases, indicating tubular dysfunction that may
progress to established acute tubular necrosis. Al-
though the activation of the neurohumoral axis dur-
ing the arterial vasodilatation that occurs in sepsis
is critical in maintaining arterial circulatory integ-
rity, itis associated with renal vasoconstriction (Fig.
1). Plasma concentrations of catecholamines and
activation of the renin—angiotensin—aldosterone
system are known to be heightened in cases of sep-
sis*® and septic shock.* This pattern of hormonal
activation has been observed in a normotensive mu-
rine model of endotoxemia induced with lipopoly-
saccharide (5 mg per kilogram of body weight).33
In this same model, renal denervation afforded con-
siderable protection against the decrease in the glo-
merular filtration rate during the initial 16 hours of
endotoxemia. Such studies indicate that the effects
of these vasoactive hormones on the kidney are, at
least in some measure, neurally mediated and may
contribute to the acute renal failure seen in cases of
sepsis.

Another pressor hormone that has been ob-
served to be elevated in sepsis is endothelin, a potent
vasoconstrictor. Renal vasoconstriction in sepsis
seems to be due, at least in part, to the ability of tu-
mor necrosis factor « to release endothelin.?* In-
deed, an intrarenal injection of antiserum to endo-
thelin-1 in a rat model was capable of reversing the
decrease in the glomerular filtration rate induced by
endotoxin.3> During endotoxemia, endothelin may
also cause a generalized leakage of fluid from the
capillaries and thereby diminish plasma volume.3¢

ENDOTHELIAL AND INDUCIBLE NITRIC OXIDE
SYNTHASES

The vasodilatory effect of constitutive endothelial
nitric oxide synthase within the kidney might be ex-
pected to lessen the renal vasoconstriction induced
by norepinephrine, angiotensin II, and endothelin
during sepsis. However, the results of in vitro stud-
ies showed that the increase in the plasma nitric ox-
ide concentration stimulated by inducible nitric ox-
ide synthase during endotoxemia down-regulated
endothelial nitric oxide synthase within the kid-
ney.3” When cytokines activated inducible nitric ox-
ide synthase, however, not only did the plasma nitric
oxide concentration increase, but also the expres-
sion of inducible nitric oxide synthase increased in
the renal cortex.3® In association with this increased
expression of inducible nitric oxide synthase, a pro-
gressive increase in cGMP in the renal cortex oc-
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curred during the initial 16 hours after exposure to
endotoxin. At 24 hours, however, the plasma nitric
oxide concentration remained high, though renal
c¢GMP had decreased. Since cGMP is the secondary
messenger for nitric oxide-mediated arterial vaso-
dilatation, the down-regulation of this enzyme at 24
hours may also contribute to renal vasoconstriction
during sepsis.

Endothelial damage occurs during sepsis and
may be associated with microthrombi and an in-
creased concentration of von Willebrand factor in
the circulation.3? Sepsis-related impairment of the
endothelium may also attenuate or abolish the nor-
mal effect of endothelial nitric oxide synthase in
the kidney to counteract the vasoconstrictor effects
of norepinephrine, endothelin, and angiotensin II.
The study of knockout mice, in which the expres-
sion of either endothelial nitric oxide synthase or in-
ducible nitric oxide synthase has been ablated, has
been helpful in elucidating the importance of endo-
thelial damage during sepsis. Since there is no spe-
cific inhibitor of endothelial nitric oxide synthase,
the effect of endotoxin (lipopolysaccharide) was
tested in endothelial nitric oxide synthase—knock-
out mice, which have a significant increase in blood
pressure and renal vascular resistance as compared
with normal (control) mice. A small dose of endo-
toxin, which did not alter the glomerular filtration
rate in the control mice, caused a profound decrease
in the glomerular filtration rate in these knockout
mice.*°

ENDOTOXEMIA

Tumor Necrosis Factor a and Reactive Oxygen Species
Studies have also been undertaken in inducible ni-
tric oxide synthase—knockout mice to determine the
role of the high plasma nitric oxide concentration in
the acute renal failure that is associated with endo-
toxemia. A dose of endotoxin (lipopolysaccharide)
of 5 mg per kilogram causes a large and progressive
rise in the plasma nitric oxide concentration in the
normotensive mouse model by means of inducible
nitric oxide synthase. However, in mice in which
inducible nitric oxide synthase is ablated, this same
dose of endotoxin fails to cause an increase in plas-
ma nitric oxide.?® Nevertheless, these knockout
mice still have a decrease in the glomerular filtration
rate after receiving endotoxin, suggesting that cyto-
kines such as tumor necrosis factor « can cause re-
nal vasoconstriction even in the absence of induc-
ible nitric oxide synthase. The role of tumor necrosis
factor & in endotoxin-related acute renal failure has
been tested in both animal and human studies. Al-
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though a soluble tumor necrosis factor receptor
(INFsRp55) afforded renal protection in murine en-
dotoxemia,3® a prospective, randomized study of a
monoclonal antibody against tumor necrosis factor
a (the MONARCS [Monoclonal Anti-TNF: A Ran-
domized Controlled Sepsis] trial) did not show any
improvement in the survival of patients.***?
Endotoxemia is known to be associated with the
generation of oxygen radicals and thus may con-
tribute to the early vasoconstrictor phase of acute
renal failure. Endogenous scavengers of reactive
oxygen species can attenuate renal tubular injury or
renal vascular injury (or both) that is caused by re-
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Figure 2. Effects of Systemic Arterial Vasodilatation in Patients with Sepsis
and Acute Renal Failure.

Sepsis and endotoxemia with acute renal failure can lead to early noncardio-
genic pulmonary edema, hypoxia, and the need for mechanical ventilation.
With prolonged ventilatory support, acute respiratory distress syndrome,
multiple-organ dysfunction syndrome, and an extremely high mortality can
occur. The goal is to intervene early to prevent excessive fluid administration
and to lessen fluid overload by hemofiltration. This will prevent the need for
long-term mechanical ventilation that could lead to damage to the pulmonary
capillaries. It could also prevent tissue hypoxia and the acute respiratory dis-
tress syndrome and reduce the risk of death.
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active oxygen species during endotoxemia. Howev-
er, the levels of the messenger RNA and protein of
the endogenous scavenger extracellular superoxide
dismutase, which is found predominantly in blood
vessels and the kidney, have been noted to be de-
creased in mice during endotoxemia.*® In contrast,
the mitochondrial scavenger manganese superox-
ide dismutase and the cytoplasmic scavenger cop-
per—zinc superoxide dismutase were observed to be
unaltered during endotoxemia. Exogenous oxygen-
radical scavengers were shown to protect against
acute renal failure in this normotensive mouse
model of endotoxemia. In a murine model of septic
shock and acute renal failure, administration of a
superoxide dismutase mimetic that had properties
of oxygen-radical scavengers decreased deaths in
the animals. Oxygen radicals also scavenge nitric
oxide to produce peroxynitrite, an injurious reactive
oxygen species. Furthermore, the decrease in endo-
thelial nitric oxide synthase in the kidney when there
is oxidant-related endothelial damage may contrib-
ute to the early vasoconstrictor phase of acute renal
failure. Figure 3 depicts the potential good and bad
effects of nitric oxide during sepsis.

Nonspecific Inhibitors of Nitric Oxide Synthase
Studies in animals and humans have further exam-
ined the role of nitric oxide synthase in the decrease
in the glomerular filtration rate during endotox-
emia. No renal protection was found with the ad-
ministration of a nonspecific inhibitor of nitric ox-
ide synthase, NG-nitro-L-arginine methyl ester, in an
endotoxemic rat model of acute renal failure. In hu-
mans, the use of another nonspecific inhibitor of
nitric oxide synthase, N6-monomethyl-L-arginine,
was found to increase mortality in patients with sep-
tic shock.** Since this nonspecific inhibitor of nitric
oxide synthase blocks both inducible and endothe-
lial nitric oxide synthases, further studies with an in-
hibitor specific for inducible nitric oxide synthase,
N6-(1-iminoethyl)-L-lysine, which would preserve
any renal protective effect of endothelial nitric ox-
ide synthase, were undertaken in the rat model.3”
Ne6-(1-iminoethyl)-L-lysine appeared to be protec-
tive experimentally; however, these results require
confirmation in clinical trials in humans.

Cytokines, Chemokines, and Adhesion Molecules

The earlyvasoconstrictor phase of acute renal failure
during endotoxemia may be followed by a proin-
flammatory phase, although there is probably an
overlap in these processes. It is known that caspase

activates both interleukin-13 and interleukin-18 cy-
tokines, and the resultant up-regulation of adhesion
molecules contributes to neutrophil infiltration dur-
ing endotoxemia. The importance of caspase in en-
dotoxemia has been underscored by the observation
that caspase-1-knockout mice are protected against
renal failure that is induced by either ischemia*® or
endotoxemia.*® Several chemokines are also ex-
pressed during endotoxemia in association with
neutrophil and macrophage infiltration into the glo-
meruli and interstitium.

The complex composed of a lipopolysaccharide
and the lipopolysaccharide-binding protein acti-
vates the membrane-CD14 and toll-like receptors on
cells, which up-regulate nuclear factor-«B (NF-«B),
a nuclear transcription factor for the promoters of
multiple cytokines, chemokines, and adhesion mol-
ecules.*”Activation of NF-«xB may therefore be a
critical factor in the proinflammatory phase that
involves a cytokine, chemokine, and adhesion mol-
ecule “storm,” which leads to acute renal failure and
an increased rate of death. Blocking agents for
NF-«B exist that could protect against endotox-
emia better than targeting any individual cytokine,
chemokine, or adhesion molecule.*® These sub-
stances need to be studied both in experimental
models and in clinical studies in humans with con-
current sepsis and acute renal failure.

Complement pathways are activated during sep-
sis by bacterial products such as lipopolysaccharide,
C-reactive protein, and other stimuli. Complement
C5a that is generated during sepsis seems to have
procoagulant properties, and blocking C5a and C5a
receptor in a rodent model of sepsis has been shown
to improve survival.*9-51

Although animal models of endotoxemia and
sepsis have provided insights into sepsis and acute
renal failure, the translation of these experimental
results to patients with sepsis must be made with
caution. Also, the mouse models in which sepsis
was induced by the administration of lipopolysac-
charide differed from the models achieved by cecal
ligation and puncture.>*53

DISSEMINATED INTRAVASCULAR
COAGULATION

Sepsis affects the expression of complement, coag-
ulation, and the fibrinolytic cascade. Sepsis can be
viewed as a procoagulant state that can lead to dis-
seminated intravascular coagulation with consump-
tive coagulopathy, thrombosis, and ultimately, hem-
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orrhage. Disseminated intravascular coagulation
has been associated with glomerular microthrom-
biand acute renal failure.>* Prospective, randomized
trials have been undertaken to evaluate methods of
intervening in the procoagulant process associated
with sepsis. A major prospective, randomized study,
the PROWESS (Recombinant Human Activated Pro-
tein C Worldwide Evaluation in Severe Sepsis) trial,
showed that recombinant human activated pro-
tein C (drotrecogin alfa) significantly improved sur-
vival in patients with severe sepsis, as compared
with those given placebo (75.3 percentvs. 68.3 per-
cent, P=0.006).>> Results of renal-function tests
were not reported in this trial.

EARLY RESUSCITATION

Since the early vasoconstrictor phase of sepsis and
acute renal failure is potentially reversible, it should
be an optimal time for intervention. However, clin-
ical studies performed in patients up to 72 hours af-
ter admission to the intensive care unit, in which
attempts were made to optimize hemodynamics
and monitor the patients with a pulmonary-artery
catheter, not only were negative>®>° but showed
increased mortality among patients with sepsis. In
contrast, a randomized study of 263 patients with a
mean serum creatinine concentration of 2.6 mg
per deciliter (230 pmol per liter) on admission to
the emergency department showed that early goal-
directed therapy during the first six hours after ad-
mission was effective.®® The central venous oxygen
saturation was continuously monitored as goal-
directed therapy was instituted; in patients assigned
to such interventions, the multiorgan dysfunction
score decreased significantly and in-hospital mor-
tality decreased (30.5 percent, as compared with
46.5 percent in the control patients, who received
standard care; P=0.009). The goal-directed ap-
proach included early volume expansion and ad-
ministration of vasopressors to maintain mean
blood pressure at or above 65 mm Hg and transfu-
sion of red cells to increase the hematocrit to 30 per-
cent or more if central venous oxygen saturation was
less than 70 percent. If these interventions failed to
increase central venous oxygen saturation to greater
than 70 percent, then therapy with dobutamine was
instituted.

HYPERGLYCEMIA AND INSULIN

Hyperglycemia impairs the function of leukocytes
and macrophages. A randomized study of 1548 pa-
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Figure 3. Good and Bad Effects of Nitric Oxide on the Kidney during Sepsis.

The induction of nitric oxide synthase and the generation of oxygen radicals
during sepsis cause peroxynitrite-related tubular injury, systemic vasodilata-
tion, and down-regulation of renal endothelial nitric oxide synthase. Endotox-
emia, however, may increase renal cortical inducible nitric oxide synthase,
with a resultant increase in nitric oxide. The nitric oxide may afford protection
to the kidney by inhibiting platelet-aggregation—related glomerular micro-
thrombi and causing cyclic guanosine monophosphate-mediated vasodilata-
tion to counteract renal vasoconstriction with increased activity of the
sympathetic nervous system and angiotensin |l during sepsis. Solid arrows
indicate activation, and the dashed arrow and T bar inhibition.

tients compared the use of insulin to control blood
glucose levels tightly (maintaining blood glucose
levels between 80 and 110 mg per deciliter [4.4 and
6.1 mmol per liter]) with conventional treatment
(the use of insulin only if the blood glucose levels
exceeded 215 mg per deciliter [11.9 mmol per liter],
with the aim of maintaining glucose levels between
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Figure 4. Methods of Attenuating or Preventing Sepsis-Related Acute Renal
Failure.

Arginine vasopressin (AVP) and hydrocortisone (50 mg every six hours for
seven days) may be effective therapy for pressor-resistant hypotension and
may decrease the likelihood of acute renal failure during septic shock. Early
directed resuscitation of patients with sepsis may prevent the progression
from prerenal azotemia to acute tubular necrosis. Maintenance of blood glu-
cose levels below 145 mg per deciliter (8.0 mmol per liter) may decrease the
incidence of acute renal failure, multiple-organ dysfunction syndrome, and
death. Finally, activated protein C can decrease disseminated intravascular
coagulation with glomerular and microvascular thrombi and thereby decrease
mortality. T bars indicate inhibition.
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180 and 220 mg per deciliter [10.0 and 12.2 mmol
per liter]).%* The group assigned to tight control of
blood glucose levels showed a decrease in mortality
in the intensive care unitas compared with the group
receiving conventional treatment (4.6 percent vs.
8 percent, P<0.04), a 46 percent decrease in positive
blood cultures, and a 41 percent decrease in acute
renal failure requiring dialysis or hemofiltration.

N ENGL J MED 351;2
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Multiple-organ failure with a proven focus of sepsis
was also decreased (8 cases vs. 33 cases, P=0.02).
Recent studies further support the importance of
controlling blood glucose in critically ill patients but
suggest a less stringent goal of maintaining blood
glucose ata level of 145 mg per deciliter (8.0 mmol
per liter) or less.®?

GLUCOCORTICOIDS
AND MECHANICAL VENTILATION

Glucocorticoids have been known to enhance the
pressor effects of catecholamines, but older studies
in which septic shock was treated with large doses
of glucocorticoid hormones for a short period of
time did not show any benefit.®>°* However, a re-
cent study®® in patients with septic shock showed
that patients without a response to corticotropin
(as defined by a rise in plasma free cortisol of less
than 9 pg per deciliter at 30 or 60 minutes) who were
treated for 7 days with intravenous boluses of 50 mg
of hydrocortisone every 6 hours plus daily oral
fludrocortisone (a 50-pg tablet) had a decrease in
mortality at 28 days as compared with the placebo
group (63 percent vs. 53 percent, P=0.02). In this
randomized study, 229 of the 299 patients with sep-
tic shock who were enrolled were classified as not
having a response. There was no difference in mor-
tality among the 70 patients with a response to the
short corticotropin study. Withdrawal of vasopres-
sors was also significantly better at 28 days in those
without a response (40 percent vs. 57 percent,
P<0.001).5> Although this study did not report re-
nal function results, it is known that septic shock is
associated with acute renal failure in 38 percent of
patients with negative cultures and 51 percent of pa-
tients with positive cultures.?

Other studies show that the longer the duration
of mechanical ventilation, the higher the mortality
in patients with sepsis and acute renal failure.3* One
study showed that daily interruption of a continuous
infusion of sedatives in critically ill patients who
were undergoing mechanical ventilation shortened
the time needed on the ventilator (7.3 vs. 4.9 days,
P=0.004) and time in the intensive care unit (9.9 vs.
6.4 days, P=0.02).%¢

RENAL REPLACEMENT

Patients with sepsis and acute renal failure are hy-
percatabolic. Studies suggesting that increased dos-
es of dialysis improve survival in patients who are
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hypercatabolic and have acute renal failure are per-
suasive. For example, survival was markedly im-
proved with aggressive hemodialysis as compared
with peritoneal dialysis in patients who had heat-
stroke, rhabdomyolysis, and acute renal failure.®”
Hemofiltration has been shown to produce better
survival rates than peritoneal dialysis in patients
with acute renal failure associated with malaria and
other infections.®® A recent study showed that daily
hemodialysis as compared with alternate-day hemo-
dialysis was associated with less systemic inflam-
matory response syndrome or sepsis (22 percentvs.
46 percent, P=0.005), lower mortality (28 percent
vs. 46 percent, P<0.01) and a shorter duration of
acute renal failure (mean [+SD], 9+2 vs. 16£6 days;
P=0.001).%°

Continuous renal-replacement therapy has in-
creasingly been used to treat acute renal failure. A
randomized study using continuous venovenous
hemofiltration suggested that the ultrafiltration rate
of 35 or 45 ml per kilogram per hour as compared
with 20 ml per kilogram per hour improves survival
in acute renal failure (P<0.001).7° Moreovet, in pa-
tients with sepsis-related acute renal failure, better
survival was observed with an ultrafiltration rate of
45 ml per kilogram per hour than with a rate of 35
mg per kilogram per hour. Meta-analysis of hemo-
dialysis as compared with continuous renal-replace-
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