The role of the microcirculation in acute kidney injury
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Purpose of review
Alterations of the renal microcirculation can promote the development of acute
kidney injury through the interlinked occurrence of renal hypoxia and activation of
inflammatory pathways. This review focuses on the recent advances in this area, and
discusses the possible therapeutic interventions that might be derived from these
insights.
Recent findings
Endothelial injury acts as a primary event leading to renal hypoxia with disturbances
in nitric oxide pathways playing a major role. The unbalanced homeostasis between
nitric oxide, reactive oxygen species and renal oxygenation forms a major component of
the microcirculatory dysfunction. Furthermore, injury leads to leukocyte–endothelial
interaction that exacerbates renal hypoxia at a microcirculatory level.
Summary
Knowledge of the pathophysiological mechanisms of acute kidney injury emphasizes
the importance of the role of the microcirculation in its development. Preventive and
therapeutic approach should be based on restoring the homeostasis between nitric
oxide, reactive oxygen species and renal oxygenation.
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Introduction
Acute kidney injury (AKI) occurs in 1–35% of hospitalized patients and yields a high mortality rate [1]. Whereas
the incidence after a general surgery has been reported to
be about 1%, the incidence among critically ill patients
reaches 35%, with an in-hospital mortality rate above 50%
when AKI develops as a part of multiple organ dysfunction syndrome [2]. AKI appears as an independent risk
factor of death [3"] and can ultimately lead to chronic
kidney disease. AKI is further associated with higher cost,
especially related to demand of transplantation and renal
replacement therapy [4].
Ischemia is the most common cause of AKI in both native
and transplanted organs [5], with kidney transplantation,
treatment of supra-renal aneurysms, cardiac surgery and
renal artery reconstructions, contrast-agent nephropathy,
cardiac arrest, sepsis and shock being all common situations exposing the kidney to ischemic injury. The
appreciation that altered vascular function and ischemicinduced hypoxia contribute to AKI is not new but has
gained recent insight with potential therapeutic targets
emerging. The aim of this review is to describe how the
renal microcirculatory alterations can promote the development of AKI through the interlinked occurrence of renal
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hypoxia and activation of inflammatory pathways. Further
potential therapeutics implications are discussed.

Ischemic-induced renal hypoxia
One of the primary functions of the microcirculation – a
network of vessels less than 150 mm in diameter comprising arterioles, capillaries and venules – is to ensure
adequate oxygen delivery to meet the metabolic demand
of every single cell. The unique microvasculature architecture of the kidney, associated with a high oxygen
demand from the tubular salt-water reabsorption, makes
it an organ highly sensitive to hypoxia [6"]. The chief
function of the kidney (i.e. filtration of plasma and
formation of urine) dictates the renal blood flow to be
much higher than necessary to meet the metabolic
requirement (the kidneys receive approximately 20%
of cardiac output but they account only for 0.5% of total
body weight). However, oxygen tensions in the kidney
are low, from 70 mmHg in the cortex, to 20 mmHg in the
medulla [7]. The reason for this remarkable discrepancy
between blood supply and oxygenation is the unique
architecture of the renal microvasculature which is
regionally specialized. The cortex receives a large
amount of blood for the filtration function. In contrast,
maintenance of the corticomedullary osmotic gradients
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requires low blood flow through the vasa recta. Therefore,
the renal microcirculation is found serially organized with
almost all descending vasa recta emerging from the
efferent arterioles of the juxtamedullary glomeruli. This
combined with O2 arterio-venous shuntings between the
descending and ascending vasa recta further compromises oxygen supply to the medulla [8].
The effects of limited O2 supply are aggravated by the
high O2 demand within the kidney. Under normal physiological conditions, approximately 80% of renal oxygen
consumption is being used to drive Na-K-ATPase in the
proximal tubule, the site of reabsorption of approximately
two-thirds of the NaCl that enters the tubular fluid
by glomerular filtration. Thus, factors involved in the
glomerular filtration rate strongly influence medullary
oxygenation by modifying the amount of solute delivered
to the tubules [9]. To summarize, adequate renal oxygenation depends upon the balance between microcirculatory oxygen supply and renal oxygen consumption driven
by the electrolytes reabsorption activity.
Ischemic AKI mainly results from severe reductions in
renal blood flow. After reperfusion, incomplete recovery
of renal blood flow is commonly observed, which is
known as the ‘no-reflow’ phenomenon. Recent image
analysis techniques have shed light on the physiopathology of ischemia–reperfusion injury showing morphological signs of vascular injury and flow cessation in both
peritubular and glomerular capillaries, both in animal
study and human transplanted kidneys [10,11,12"]. Disruption of the endothelial cell–cell junctions, alterations
of endothelial glycocalyx or endothelial actin cytoskeleton have all been reported in AKI [13] and can lead to
increased microcirculatory permeability and interstitial
edema [14]. In the same line, endothelial cell swelling,
activation of the coagulation pathway and subsequent red
blood cells trapping can result in obstruction of the lumen
of microvessels. These morphological alterations of the
microcirculatory architecture and the perfusion defects at
the microcirculatory level are believed to impair oxygen
delivery to the cells and promote organ damage [15"]
(Fig. 1).
Brodsky et al. [16] have underlined the central role of
endothelial cell dysfunction in AKI in infusing endothelial cells from the umbilical vein after release of the
renal artery and demonstrated protection of the kidney
against subsequent loss of function. One of the main
functional consequences of endothelial injury is the
impairment of endothelium-dependent vasorelaxation
and increased reactivity to vasoconstrictive agents.
Numerous mediators are involved in this dysfunction,
such as prostaglandins, endothelium-derived hyperpolarizing factor, endothelin, angiotensin II, thromboxane A2,
sympathic nerve stimulation and nitric oxide [17]. As an

Figure 1 Schematic representation of our hypothesis concerning the role of the microcirculatory oxygen homeostasis and
inflammation in the development of acute kidney injury

The ischemic insult will trigger leukocyte–endothelium interactions and
microcirculatory dysfunction (vasoconstriction, vasodilatation, plateletsred blood cells aggregates, glycocalyx damage, and increased permeability). Activation of leukocytes will result in generation of ROS
and inflammatory pathways leading to tissue and endothelial damage.
Increase of the inducible nitric oxide synthase activity and uncoupling of
the endothelial nitric oxide synthase will then decrease generation of
eNOS-derived nitric oxide and promote generation of ROS, further
compromising the renal O2 supply and impairing the metabolic efficiency
of the kidney. O2, oxygen; ROS, reactive oxygen species; eNOS,
endothelial nitric oxide synthase; iNOS, inducible nitric oxide synthase.

example, endothelin-1 is a potent vasoconstrictor produced primarily in the kidney in response to hypoperfusion and anoxia, and endothelin-receptor antagonism has
been reported to reduce renal injury after ischemia–
reperfusion [18]. More recently, the imbalance between
these vasoconstrictors, the nitric oxide system and oxidative stress is receiving considerable attention as a
major contributor to AKI [19,20,21"]. However, the
respective contribution of these pathways can depend
on the nature of the injury. Whereas selective inhibition
of inducible nitric oxide synthase (iNOS) has been found
effective in preventing renal hypoxia after ischemia–
reperfusion in rats, our group has demonstrated that this
strategy did not restore renal oxygenation after lipopolysaccharide (LPS) challenge in rats, neither did exogenous nitric oxide donors [22]. In the same model, the
exogenous prostacyclin analog iloprost as well as dexamethasone restored renal blood flow and corrected the
LPS-induced renal hypoxic defects [23,24]. Whereas
artery constriction resulting in decrease of renal blood
flow (i.e. the classic ‘prerenal’ state of AKI) has very little
impact on the renal microvascular oxygenation, a LPS
infusion leading to a similar decrease of renal blood
flow induces renal microvascular hypoxia [15"]. These
findings suggest that the microcirculation is directly
affected in septic AKI independently, at least partially,
of the renal macrohemodynamic.
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In apparent opposition to the above-mentioned concepts,
dysfunction of the microcirculation might not only be
viewed as a damaging process but also as an adaptive and
even protective mechanism under certain conditions. In
an elegant study evaluating ascending lower urinary tract
infection, prevention of microcirculatory flow disturbance
with heparin led to fatal urosepsis with spread of infection. The microcirculatory dysfunction might therefore
be compartmentalized, analogous to the compartmentalization of inducible nitric oxide synthase, tumor necrosis
factor (TNF)-a, and interleukin (IL)-1b expression in
patients with septic shock caused by cellulitis [25"].

Ischemic-induced microvascular injury: the
local inflammation primer
Activation of inflammation is an important component of
both the initiation and extension of injury in AKI. It has
become obvious that the microcirculatory dysfunction
interplays with the inflammatory response through the
hypoxic insults resulting from the microcirculatory flow
breakdown [26].
Endothelial injury plays an active role in the recruitment of leukocytes. Numerous studies in animal models
have demonstrated that ischemic-induced endothelial
injury enhances endothelial expression of molecules
that increase leukocytes adhesion; the first step in the
diapedesis process leading to tissue infiltration [27].
Adhesion of leukocytes on the endothelium is mediated
by a class of adhesion molecules known as selectins
whose blockage has been demonstrated to attenuate
ischemia–reperfusion injury [28]. E-selectin, specifically
induced on the endothelium upon inflammatory stimulation, has been demonstrated to play a major role in
leukocytes recruitment to inflammatory sites [29]. The
intercellular adhesion molecule-1 (ICAM-1) appears to
be particularly important for the firm attachment and
transendothelial migration of leukocytes [30]. Fractalkine, a chemokine expressed on injured endothelium, acts
as a chemoattractant and adhesion molecule and its
inhibition has been shown to protect against kidney
injury, mainly through macrophage depletion [31]. The
co-stimulatory pathway B7-CD28 is another example of
the central role of the endothelium in enhancing the
inflammatory response: B7-1 is expressed on endothelial
cells and interacts with CD28 expressed on activated
antigen-presenting cells and mediates T-cell and monocytes adherence at the level of ascending vasa recta of
the medullary circulation [32]. The respective contribution of neutrophils and monocytes/lymphocytes upon
ischemic-induced kidney damage and dysfunction
remains a matter of debate. Neutrophil infiltration was
believed to occur early in the course of ischemic AKI,
whereas macrophages and T cells infiltrate later in and
persist into the recovery phase. This view has been

recently challenged with infiltration of T cells described
in the early course of AKI [33]. Further details on this
topic can be found in dedicated reviews [34,35].
There is also evidence that activation of adhesion molecules is associated with changes in the cell surface glycocalyx, coating the luminal surface of the capillaries and
having a significant impact on hemodynamic, coagulation, inflammation, and vascular permeability [13].
The vascular basement membrane is composed of various
components, including proteoglycans such as heparin
sulfate proteoglycans, which are known for their ability
to bind important proteins for the inflammatory response,
including L-selectin expressed on activated leukocytes
and monocyte chemoattractant protein-1 expressed on
activated monocytes [36]. However, the function of
the glycocalyx in the renal microcirculation remains
largely unknown and is a potentially fruitful area for
investigation.
Whereas the hypoxic insult can result in local inflammation, endothelial–leukocyte interactions have potential paracrine effects with disturbance of the nitric oxide
system which can in turn affect the renal microcirculation. The nitric oxide system which acts as a regulator of
the intrarenal microcirculation and renal oxygen consumption regulation can be severely disturbed in AKI
[37]. Endothelial eNOS-derived nitric oxide is essential
for sustaining the renal oxygen supply after ischemia–
reperfusion. It acts in a paracrine fashion, affecting surrounding cells and preventing vascular dysfunction by a
direct vasodilatory effect, by inhibiting platelet aggregation and leukocytes activation [38"]. On one hand, nonselective inhibitors blocking eNOS activity have been
shown to exacerbate organ ischemia [39]. On the other
hand, ischemic-induced activation of iNOS, mainly in
leukocytes, vascular smooth cells and epithelial tubular
cells, participates in the vascular dysfunction. Selective
inhibition of the iNOS component of nitric oxide generation can prevent renal injury following ischemia–reperfusion [40]. The two main pathways of iNOS-derived
nitric oxide-induced damage are thought to be the inhibition of e-NOS-derived nitric oxide generation and the
formation of reactive oxygen species (ROS) such as
peroxynitrite [38"]. Of most importance is the interaction
between the nitric oxide system and oxidative stress in
the promotion of AKI. Superoxide combines rapidly with
nitric oxide which results in decrease of bioavailability of
nitric oxide and production of the cell-damaging compound peroxynitrite [41]. The superoxide-dependent
quenching of nitric oxide is thought to decrease nitric
oxide-dependent vasorelaxation following ischemia–
reperfusion [42]. Various antioxidant strategies such as
the use of tempol, a superoxide dismutase mimetic which
scavenges intracellular radicals by permeating biological
membranes, have been shown to provide beneficial
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actions on AKI [43]. Traditionally, ROS have been considered to exert their effects through a direct toxic action
on target cells. The basic constituents of cell, lipids,
carbohydrates, proteins, and nucleic acids can be altered
by ROS, leading to the loss of cell viability either by
necrosis or apoptosis. However, by directly injuring the
endothelium and damaging extracellular structures such
as cell membranes and glycocalyx [44], ROS can also
impair the endothelium-dependent vasoreactivity. In
addition, ROS mediate the vasoconstrictive action of
other agonists such as endothelin-1 [45], and modulate
nitric oxide-dependent action. Finally, activation of the
complement system in the peritubular capillaries has
been described in mice. Animal studies suggest that renal
ischemia–reperfusion induces changes in endothelial
cells that favor complement activation in the peritubular
capillaries. Once activated the complement system can
generate a number of inflammatory signals [46].

Microcirculation-targeted therapeutics
perspective
Several factors affecting the renal microcirculation during
the process of AKI have emerged as potential therapeutic
targets. However, so far translation into clinical practice
has been found ineffective [47] probably due to the
absence of suitably sensitive markers of developing
AKI. The significance and strategies for management
of AKI are currently rapidly changing with the development of new biomarkers [48] and new imaging techniques [49]. This new area will bring opportunities for
new therapeutic strategies to be applied in the early
course of AKI.
Correcting intravascular volume depletion with fluid
administration and maintaining adequate renal perfusion
pressure with vasopressors in vasoplegic states are both
first-line strategies to preserve renal oxygen supply.
However, the volume and choice of fluid remains a matter
of debate including the need to maintain adequate renal
oxygenation by blood transfusion. There is increasing
evidence that hemodilution is detrimental for oxygenation of the kidney and is associated with an increased
risk of AKI [50]. On the contrary, the low capacity of
hemoglobin from banked blood to off-load oxygen at the
microcirculatory level due to the lack of 2,3-diphosphoglycerate raises concerns about the efficacy of blood
transfusion to improve tissue oxygenation and prevent
organ damage [51]. This dilemma puts the physician in
a delicate situation in which hemodilution should probably be limited and blood conservation strategies be
encouraged. In contrast to cardiac output, no reliable test
can assess renal blood flow responsiveness to fluid or
vasopressor challenges. Exploration of renal vasculature
resistance using renal Doppler at the bedside may prove
to be a new physiological endpoint while resuscitating the

kidney. Recently, Deruddre et al. [52] have proposed
renal Doppler as a tool to titrate norepinephrine in septic
shock patients based on the renal arterial resistance to
determine the optimal mean arterial pressure. However,
whether improvement of regional blood flow will prevent
tubular damage remains to be proven.
Use of pharmacological interventions that act at the
microcirculatory level may be a successful strategy to
overcome ischemia-induced vascular damage and prevent AKI. Activated protein C (APC), an endogenous
vitamin K-dependent serine protease with multiple biological activities, may meet these criteria. Along with
antithrombotic and profibrinolytic properties, APC can
reduce the chemotaxis and interactions of leukocytes
with activated endothelium [53]. However, although
APC has been shown to improve survival in septic shock
and to shorten the time to resolution of cardiovascular and
respiratory dysfunction, renal dysfunction (defined as
oliguria) was not improved in the largest study published
so far [54]. However, animal studies have suggested a
protective effect of APC in sepsis-induced kidney injury
[55]. Drugs with pleiotropic effects on the vasculature,
such as erythropoietin [56] and statins [57], have the
potential to prevent ischemia-induced renal failure by
enhancing eNOS expression and/or improving vascular
permeability, leading to improved microcirculatory function. On the basis of the mechanisms mentioned above,
the use of immunosuppressive drugs and approaches to
inhibit leukocyte adhesion warrant further investigation
[58,59]. However, we should bear in mind that cellular
components of the inflammatory response contributing to
tissue damage during the early stage of injury can later
provide necessary signals for the resolution of injury.
Finally, despite being an attractive pathophysiological
model, neither drugs with renal vasodilatory effects (i.e.
dopamine, fenoldopam, endothelin receptor blockers,
adenosine antagonists) nor agents that decrease renal
oxygen consumption (i.e. loop diuretics) have been
shown to protect the kidney from ischemic damage [60].
In the light of the mechanisms of injury involved, of the
variety of modulating each other to some degree, and
interindividual differences, it is unlikely that a single
treatment modality may emerge as a magic bullet in
the treatment of AKI. Development of tools available
at the bedside to study the perfusion and oxygenation of
the renal microcirculation or of other microcirculatory
compartments which may reflect altered renal function,
together with the use of new biomarkers for renal injury,
is needed to gain insight into the pathophysiology of AKI
and for an individually tailored therapeutic strategy.
To the best of our knowledge, none of the tools assessing the microcirculation at the bedside currently under
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investigations (i.e. sublingual microcirculation using
Sidestream Dark-Field imaging or orthogonal polarization spectral imaging and transcutaneous tissue oxygenation or carbon dioxide techniques) has been specifically
studied in the context of AKI. The recent development of
new biomarkers (mainly neutrophil gelatinase-associated
lipocalin and kidney injury molecule-1) for early detection of AKI is promising but is far from being specific
for microvascular injury. Whether their rise can correlate with microvascular dysfunction in the context of
AKI is unknown. More specific markers of vascular
injury such as endothelial microparticles shedding have
been shown to be associated with endothelial dysfunction in end-stage renal disease [61]. The possible
relationship between circulating endothelial microparticle levels and endothelial dysfunction in AKI warrants
research.
The AKI-associated microcirculatory alterations have
been found to develop within a few minutes after the
initial hit [10] and decrease of peritubular capillary density
has been observed several months afterward [62]. However, the time sequence for microcirculatory abnormalities
remains mostly elusive and so are the potential temporal
windows for therapeutic interventions.

Conclusion
The renal microcirculation is recognized as a key actor in
the initiation and development of AKI. Ensuring the
adequate perfusion and oxygenation of the kidney is
central in the prevention of AKI. The complex interplay
between microvascular alterations and inflammation has
emerged with microcirculatory breakdown initiating the
inflammatory response and renal damage through the
renal hypoxic insult. The endothelial injury appears then
to be of most importance in the initiation and development of AKI through the nitric oxide pathways, ROS,
leukocyte adhesion, and inflammatory response leading
to regional renal hypoxia and renal dysfunction. Targeting the components of the renal microcirculation may be
found an effective strategy in preventing and/or treating
AKI.
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