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CUTE kidney injury is a
common complication of
critical illness and is associated
with significant morbidity, mortality, and financial cost. Sepsis is the
leading association of acute kidney
injury in the intensive care unit
and is implicated in more than
half the cases.1 Our understanding of the pathogenesis of sepsisassociated acute kidney injury
continues to evolve. Current
evidence suggests that pathways
involving inflammatory injury to
the renal tubules and microcirculation play a leading role in the
development of the acute kidney
injury syndrome, and these mechanisms may be dissociated from
sepsis-induced changes in systemic hemodynamics.2,3 Reflecting our poor understanding of this
complex syndrome, we lack any
specific treatment for the prevention or resolution of septic acute
kidney injury other than supportive care. In this issue of A NES4
THESIOLOGY, Kitamura et al. present findings in an animal
model of lipopolysaccharide administration that adds to
our understanding of the pathogenesis of sepsis-associated
acute kidney injury and the tubular cell dysfunction that is
its pathologic hallmark. Furthermore, these findings support
further investigation of natriuretic peptides in early sepsis as
agents that could modify tubular function and ameliorate
the wider effects of endotoxin on the microcirculation.
The hemodynamic instability associated with sepsis led
to the dogma that sepsis-induced acute kidney injury is primarily a consequence of renal ischemia and ensuing acute
tubular necrosis.5 However, clinical and animal studies have
shown that acute kidney injury can arise in the context of
preserved or even increased renal blood flow; thus, there is at
least a disconnect between systemic hemodynamics and the
development of renal injury.3 Furthermore, histopathologic

studies have shown that in sepsis, the degree of frank tubular
cell necrosis is disproportionately
low compared to functional renal
impairment.6,7 Thus, the pathophysiology of septic acute kidney
injury is a more complex process
that involves alterations in the
renal microcirculation, bioenergetics, inflammation, and expression of tubular epithelial ion
transporters.8,9 These insights into
the pathophysiology underlying
septic acute kidney injury have
been made possible by animal
models of sepsis.
The prohormone of atrial natriuretic peptide is acutely increased
in sepsis, and may correlate with
the incidence of acute kidney
injury.10 Given the ability of atrial
natriuretic peptide to modulate
vascular and renal function,11,12
it seems plausible that increased
atrial natriuretic peptide concentrations in sepsis reflect an adaptive response rather than simply an
epiphenomenon. Furthermore, natriuretic peptides receptors (the guanylyl cyclase-A receptor), found on both endothelial cells and tubular cells, may play an important role in
the regulation of renal function and urine output in acute
kidney injury.
In their study, Kitamura et al.4 describe the role of renal
proximal tubular and endothelial cell natriuretic peptide
receptors on the regulation of urine output in a rodent
model of endotoxemia. For these studies, they employed
recombinant natriuretic peptides in rats and mice, or used
mice that lacked renal or endothelial guanylyl cyclase-A
receptor in either endothelial cells or proximal tubular cells
(using “conditional knockout” transgenic mice with inducible tissue-specific genetic deletion). A particular strength of
the study is the dynamic imaging of tubular function and
flow in real time using intravital multiphoton microscopy to

“…[A]trial natriuretic peptide may play a crucial role
in maintaining normal
function of the renal tubules
and microcirculation in
early sepsis…”
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observe the working nephrons of live, anaesthetized animals.
Fluorescent dyes were injected intravenously, and the timing of their appearance in various nephron segments allowed
estimation of glomerular filtration rate and flow along the
nephron from the proximal to distal tubule as well as any
changes that occurred in response to injection of lipopolysaccharide and administration of resuscitation fluids and/or
recombinant human atrial natriuretic peptides.
As expected, lipopolysaccharide injection was associated
with lower mean arterial pressure and urine output, and an
increase in serum creatinine, accompanied by demonstration of decreased glomerular filtration and reduced tubular
flow rates in imaged nephrons. Fluid resuscitation alone
restored urine output and serum creatinine to normal values, and administration of human atrial natriuretic peptides
increased urine output above the normal range. Early (2-h)
fluid resuscitation alone partially restored glomerular filtration rate, but had no effect on downstream tubular flow,
while early administration of human atrial natriuretic peptides increased improved flow along the tubule as well as the
proportion of functional nephrons. In contrast, late (18-h)
administration of human atrial natriuretic peptides and fluids had no beneficial effect on either glomerular filtration or
tubular flow. The effect of human atrial natriuretic peptides
on tubular flow, but not glomerular filtration, was mediated
primarily by proximal tubular guanylyl cyclase-A, as demonstrated by no improvement in tubular flow rates in response
to human atrial natriuretic peptides in mice that lacked
functional proximal tubular guanylyl cyclase-A receptors.
Conversely, the effect of human atrial natriuretic peptides on
glomerular filtration was mediated primarily by endothelial
tubular guanylyl cyclase-A, as demonstrated by the lack of
improvement in glomerular filtration in response to human
atrial natriuretic peptides in mice that lacked functional
endothelial guanylyl cyclase-A receptors. Overall, these finding indicate that atrial natriuretic peptide may play a crucial
role in maintaining normal function of the renal tubules
and microcirculation in early sepsis and that loss of these
responses could be associated with progression of acute kidney injury. Finally, in addition to these renal-specific roles,
an important systemic role for guanylyl cyclase-A receptors
in maintaining endothelial cell integrity in general was suggested by exaggerated leakage of albumin (ascites, lung) in
mice that lacked functional endothelial guanylyl cyclase-A
receptors.
What do these elegant but complex findings mean for
the clinician in anesthesia and critical care? While pathologic
mechanisms seen in this rodent model of endotoxin-induced
acute kidney injury may not directly parallel human sepsis,
this study provides us with a better understanding of mechanisms of early renal dysfunction in sepsis-associated acute
kidney injury and how human atrial natriuretic peptides may
be a candidate therapeutic agent. Importantly, other potential
benefits of atrial natriuretic peptides, beyond renal protection
(e.g., reduced vascular leak), also warrant investigation.
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However, while the improvement in glomerular filtration,
tubular flow, and urine output seen with human atrial natriuretic peptides is promising, it cannot be assumed that this
equates to improved organ function and survival. For example, increasing urine output (e.g., by using diuretics) does not
necessarily improve renal function or survival.13 In the current
study, it was not possible to assess the independent effect of
atrial natriuretic peptide administration on short- and longerterm renal function. The results of this study should also be
interpreted in context of limitations. In particular, the model
had a high mortality, and therefore any benefits of atrial natriuretic peptide might not be generalizable to clinical practice.
There are other more immediately applicable insights
from this research. Crucially, the timing of intervention is
vital. The early administration of fluids and human atrial
natriuretic peptides may be of use in preventing sepsis-associated acute kidney injury, but the use of fluid or human
atrial natriuretic peptides later in the disease process when
acute kidney injury is established was not beneficial. This
finding is consistent with evidence of lack of efficacy for use
of natriuretic peptides in treatment of human perioperative acute kidney injury.14 Established acute kidney injury
is associated with loss of polarized expression of tubular cell
transmembrane proteins, and it is tempting to conclude
that in established acute kidney injury, kidneys have effectively developed the knock-out phenotype and become atrial
natriuretic peptide–unresponsive. This timing sensitivity of
targeted interventions for acute kidney injury is also in line
with our increasing recognition of the limited efficacy (and
potential harm) associated with aggressive fluid resuscitation
beyond the very earliest phases of sepsis.
Existing clinical data on the therapeutic effect of human
atrial natriuretic peptides in acute kidney injury have been
limited to perioperative medicine and contrast nephropathy.14 We look forward to further preclinical and translational
studies that will enable the design of clinical trials investigating the therapeutic benefit of human atrial natriuretic peptides in preventing or reversing sepsis-associated acute kidney
injury. However, presentation with sepsis is often delayed, so
in clinical practice, pharmacologic interventions may need to
be developed in harmony with diagnostic approaches to identify patients within a window for benefit.
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