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Abstract
One of the most frequent and serious complications to develop in septic patients is acute kidney
injury (AKI), a disorder characterized by a rapid failure of the kidneys to adequately filter the
blood, regulate ion and water balance, and generate urine. AKI greatly worsens the already poor
prognosis of sepsis and increases cost of care. To date, therapies have been mostly supportive;
consequently there has been little change in the mortality rates over the last decade. This is due, at
least in part, to the delay in establishing clinical evidence of an infection and the associated
presence of the systemic inflammatory response syndrome and thus, a delay in initiating therapy.
A second reason is a lack of understanding regarding the mechanisms leading to renal injury,
which has hindered the development of more targeted therapies. In this review, we summarize
recent studies, which have examined the development of renal injury during sepsis and propose
how changes in the peritubular capillary microenvironment lead to and then perpetuate
microcirculatory failure and tubular epithelial cell injury. We also discuss a number of potential
therapeutic targets in the renal peritubular microenvironment, which may prevent or lessen injury
and/or promote recovery.
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1. Introduction
1.1 Sepsis and acute kidney injury

Sepsis is a condition characterized by a disseminated inflammatory response triggered by a
bacterial, viral or fungal infection. The most recent statistics list sepsis as the 7th leading
cause of all deaths in children 1–4 years of age and the 8th in adults 65–75 years of age1 but
it is the major cause of death among critically ill patients. Each year approximately 750,000
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patients in the United States (Hotchkiss and Karl, 2003) and 18 million people worldwide
are affected (Marshall, et al., 2005). Mortality rates for sepsis range from 25% to 70% and
are correlated with the presence of hypotension (shock) and the development of an
associated single or multi-organ failure (Russell, 2006). To date, therapies have been mostly
supportive; consequently there has been little change in the mortality rates over the last
decade. This is due, at least in part, to the delay in establishing clinical evidence of an
infection and the associated presence of the systemic inflammatory response syndrome
(SIRS) and thus, a delay in initiating therapy (Remick, 2007; Stearns-Kurosawa, et al.,
2011). A second reason is a lack of understanding regarding the mechanisms leading to the
development of organ injury.

One of the most frequent and serious complications to develop in septic patients is acute
kidney injury (AKI), a disorder characterized by a rapid failure of the kidneys to adequately
filter the blood, regulate ion and water balance, and generate urine (Zarjou and Agarwal,
2011). AKI greatly worsens prognosis and increases cost of care. The incidence of AKI
increases with the severity of sepsis (S. Heemskerk, et al., 2009) and estimates are that AKI
develops within the first 24 hours in 64% of patients with severe sepsis and hypotension
(Bagshaw, et al., 2009). Strikingly, the mortality rate for septic patients with AKI is
approximately doubled compared with sepsis alone. Thus, protecting the kidney could
significantly reduce morbidity and mortality in patients with severe sepsis. Unfortunately,
treatment of sepsis-induced AKI has advanced little during the last several decades (Ricci, et
al., 2011). This review will focus on recent studies, which suggest the therapeutic potential
for targeting the renal microcirculatory microenvironment in treating or even preventing
sepsis-induced AKI.

As mentioned earlier, effective therapy in the septic patient is hampered because therapy is
usually begun only after the onset of symptoms (Russell, 2006). In fact, Kumar and co-
investigators reviewed the medical records of 2,700 patients with septic shock between 1989
and 2004 and showed that only approximately 50% of the patients received adequate
antibiotic treatment within the first six hours of hypotension and alarmingly, each hour of
delay in initiating therapy decreased survival by 7.6% (Kumar, et al., 2006). Since the
symptoms of SIRS are initiated by an infection but are driven by endogenous mediators such
as cytokines (Lam and Ng, 2008; Mera, et al., 2011), treatments targeting cytokines have the
potential for being effective but have not been successful clinically due, once again, to the
delay in initiating therapy (Remick, 2007). Clearly, the time at which therapy is initiated has
a profound impact on outcome and this is especially true with regard to the development of
AKI (Dudley, 2004). Early goal-directed therapy (EGDT) (E. Rivers, et al., 2001),
consisting of antibiotics, fluid resuscitation and hemodynamic support in an attempt to
protect organ perfusion, is being evaluated as a systematic approach to supportive care and
does improve survival compared to standard supportive therapy (E. P. Rivers, et al., 2008);
however, mortality rates are still high even among adequately resuscitated patients (Lundy
and Trzeciak, 2009; Otero, et al., 2006). Evidence-based guidelines for care developed
through the Surviving Sepsis Campaign (Dellinger, et al., 2004) recommend approaching
therapy in two phases: antibiotics and resuscitation within the first 6 hours and management
within the first 24 hours (M. M. Levy, et al., 2010). Still, therapy is primarily supportive
utilizing broad-spectrum antibiotics, fluid resuscitation, pressor agents, lung-protective
ventilation, and if necessary, dialysis.

1.2 Renal microcirculatory failure
Animal and human studies along with clinical observations support the view that
maintaining systemic pressure per se is not necessarily sufficient to maintain organ
perfusion in the septic patient. Clinical findings indicate that the severity of microvascular
dysfunction correlates with patient mortality (Sakr, et al., 2004; Vincent and De Backer,
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2005) supporting the concept that maintaining the microcirculation is key to preserving
organ function. In animal models the link between microcirculatory failure and organ injury
is reasonably well established, at least for the renal microcirculation (Holthoff, et al., 2010;
Z. Wang, et al., 2011; L. Wu and Mayeux, 2007). Nevertheless, because direct
measurements of the microcirculation in humans is difficult and generally limited to the skin
or sublingual microcirculation using sidestream dark-field imaging (Spanos, et al., 2010),
while suggested, the value of preserving the microcirculation has not yet been directly
proven in humans (Boerma and Ince, 2010). Studies using Doppler ultrasonography to
monitor flow through the renal intralobular arteries in humans with sepsis did show that
raising mean arterial pressure with norepinephrine to 75 mmHg (above the renal
autoregulatory pressure) reduced the resistance index suggesting improved perfusion of the
renal microcirculation. However, increasing pressure further to 85 mmHg did not result in
additional improvement (Deruddre, et al., 2007). Hence, the goal of hemodynamic support
need not be to completely restore mean arterial pressure but rather to elevate it enough to
preserve the microcirculation (Boerma and Ince, 2010). One caveat with regard to the
kidney is that autoregulatory systems controlling the microcirculation can limit overall
perfusion even when systemic blood pressure is near normal, as described later. Suffice it to
say, progress toward uncovering new specific therapeutic targets to treat or prevent sepsis-
induced AKI requires a better understanding regarding the mechanistic relationships
between the changes in the peritubular microcirculation and the development of renal
tubular injury.

1.3. Animal models of sepsis
Significant advances have been made in understanding the development of renal injury
during sepsis through the use of small and large animal models. Unfortunately, there are no
current animal models, which fully replicate all of the complexities of human sepsis. One of
the most frequently used models in rodents is the cecal ligation and puncture (CLP) model
of polymicrobial peritonitis (Rittirsch, et al., 2009). Other models of sepsis such as
administration of lipopolysaccharide (LPS) from the Gram negative bacterial cell wall and
administration of live or killed bacteria have been used as well; however, the inflammatory
response in LPS models is quite different from that initiated by live bacteria models and
CLP in both the kinetics and magnitude of cytokine release (Miyaji, et al., 2003) as well as
the role of the TLR4 receptor (Dear, et al., 2006; Kalakeche, et al., 2011). The severity of
sepsis and, to some extent, the severity of AKI can be manipulated in each of these models
by changing the dose of LPS or bacteria or by changing the size and/or number of cecal
punctures. Sepsis models in larger animals such as sheep (Langenberg, et al., 2006;
Ramchandra, et al., 2009) and pigs (Brandt, et al., 2009; Chvojka, et al., 2008) have been
used and can exhibit hemodynamic changes that are more similar to human sepsis than most
rodent models. Of course these models are largely impractical for mechanistic studies and
are best used in pre-clinical evaluations of new therapies. The reader is directed to excellent
reviews on animal models of sepsis, which discuss the advantages, disadvantages and
limitations of each (Doi, et al., 2009; Dyson and Singer, 2009; Remick and Ward, 2005).

Whether or not changes in renal blood flow (RBF) in septic patients contribute to renal
injury is still unclear. The primary reason for this is the scarcity of actual measurements of
RBF in septic patients. Not surprisingly, measuring RBF in severely ill patients is rarely
done. In the few patients where RBF has been measured, high variability in these
measurements among patients hinder reliable conclusions regarding the state of RBF during
the course of sepsis-induced AKI (Bradley, et al., 1976; Brenner, et al., 1990; Langenberg,
et al., 2005). Consequently, the relationships between mean arterial pressure (MAP), RBF
and the development of AKI in these critically ill patients are unknown. Unfortunately,
animal studies have only added to the controversy regarding changes in RBF during sepsis.
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In hyperdynamic models of sepsis in larger animals where heart rate and cardiac output are
increased, which more closely mimic what is observed in septic patients, RBF may increase,
decrease or remain unchanged. For example, RBF increases over time in sheep following E.
coli infusion (Langenberg, et al., 2006; Ramchandra, et al., 2009); however, in pigs
subjected to autologous fecal peritonitis, a model more closely resembling polymicrobial
peritonitis, RBF falls gradually coinciding with a decrease in MAP (Brandt, et al., 2009;
Chvojka, et al., 2008).

In the most frequently studied rodent models of sepsis, systemic and renal hemodynamics,
when reported, are variable and depend on the model used (Doi, et al., 2009; W Wang, et al.,
2002), the severity of sepsis induced (Doi, et al., 2008; Dyson and Singer, 2009) and the age
and species/strain of the animal (Doi, et al., 2008; Seely, et al., 2011; Yang, et al., 2002). In
these murine and rat models of LPS and CLP where AKI has been documented, there is a
decline in RBF, glomerular filtration rate (GFR) and peritubular capillary perfusion
(Holthoff, et al., PMID: 215975863; Seely, et al., 2011; Tiwari, et al., 2005; W Wang, et al.,
2003; L. Wu, Gokden, et al., 2007; Yasuda, et al., 2006). Most of the studies examining the
renal microcirculation during sepsis have used aged mice where CLP does mimic some key
features of severe septic shock in humans. These include release of cytokines with a similar
magnitude and kinetic profile (Doi, et al., 2009; Miyaji, et al., 2003) and a progressive fall in
MAP associated with increased systemic NO production (Villalpando, et al., 2006; Z. Wang,
et al., PMID: 22119717), which is largely dependent on upregulation of iNOS (S.
Heemskerk, et al., 2006; L. Wu, Tiwari, et al., 2007). The magnitude of renal injury and the
time course of development following CLP is also similar to that observed in humans
(Bagshaw, et al., 2009; S. Heemskerk, et al., 2006; Miyaji, et al., 2003; Murugan and
Kellum, 2011; L. Wu, Gokden, et al., 2007). Still, a limitation of this model is that it does
not always replicate the initial hyperdynamic circulation observed in patients with sepsis
(Hollenberg, 2005; Wan, et al., 2008; Z. Wang, et al., PMID: 22119717).

We recently performed detailed time course studies on the changes in systemic
hemodynamics, RBF, and cortical peritubular capillary perfusion in aged (40-week old)
mice subjected to CLP and found that as early as 4 hours following CLP there was a
dramatic fall in MAP, RBF and peritubular capillary perfusion (Z. Wang, et al., PMID:
22119717). At 6 hours following CLP there was a 50% drop in the percentage of
continuously perfused cortical capillaries, a 65% drop in red blood cell velocity in those
capillaries and a 65% drop in GFR (Holthoff, et al., PMID: 215975863);Wang, PMID:
22119717 #3736}. We also examined the effects of CLP in rat pups because, as mentioned
earlier, sepsis-induced AKI is a major cause of death in children. RBF and peritubular
capillary perfusion fall to a similar extent in rat pups (17 days old) (Seely, et al., 2011);
however, unlike in aged mice, there is no fall in MAP, supporting the notion that sepsis-
induced AKI is not simply due to a fall in systemic blood pressure.

The earliest functional change in the renal microcirculation thus far identified following
induction of sepsis is an increase in microvascular permeability. At 2 hours post CLP
leakage of Evans blue dye into the interstitium increases nearly 5-fold (Z. Wang, et al.,
PMID: 22119717). This increase is maintained through 6 hours (Z. Wang, et al., PMID:
22119717; Yasuda, et al., 2006) and improves only slightly through 24 hours (Yasuda, et al.,
2006). Cytokines released during sepsis can activate and injure capillary endothelial cells
(W. L. Lee and Slutsky, 2010) so the rapid development of renal microcirculatory leakage is
likely due to the early release of cytokines (Miyaji, et al., 2003) and their actions on the
peritubular capillaries (Cepinskas and Wilson, 2008). What has emerged from these studies
is a series of events (damage to the capillary and decreased perfusion) resulting in a hypoxic
pro-oxidant peritubular microenvironment favoring the generation of reactive oxygen
species (ROS), reactive nitrogen species (RNS), and subsequent renal tubular epithelial
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injury (Kalakeche, et al., 2011; Z. Wang, et al., PMID: 22119717; L. Wu, Gokden, et al.,
2007; L. Wu and Mayeux, 2007; L. Wu, Tiwari, et al., 2007; Yasuda, et al., 2006). In the
following sections, we summarize recent evidence primarily from animal studies to suggest
that therapy targeting the peritubular capillary microenvironment could reduce or even
prevent sepsis-induced AKI in humans.

1.4. In vitro models of sepsis
In the past, most in vitro models of sepsis-induced renal injury use renal epithelial cell
cultures treated with relatively high concentration of LPS and/or individual cytokines (Du, et
al., 2006; Markewitz, et al., 1993; Tiwari, et al., 2006). These models can test the effects of
specific proinflammatory agents or arbitrary combinations of LPS/cytokines, but the
relevance to sepsis-induced renal injury is quite limited. We (Pathak, et al., 2012; Pathak
and Mayeux, 2010) and others (Boulos, et al., 2003) have used cultured cells exposed to
septic serum to more closely mimic the septic milieu endothelial and renal epithelial cells
might be exposed to in vivo. Still, these models also fail to replicate the interactions between
endothelial and epithelial cells (and other resident interstitial cells) in the renal peritubular
microenvironment. A seemingly more relevant in vitro model for examining in the
peritubular microenvironment during sepsis was devised using a coculture system of human
microvascular endothelial and human proximal tubular epithelial cell lines. The
transmigration of leukocytes across the endothelial-epithelial bilayer was enhanced by TNF-
α and LPS (Bijuklic, et al., 2007). However, there appears to be differences in the
mechanisms driving transmigration of inflammatory cells in this model system. The anti-
inflammatory peptide, α-melanocyte-stimulating hormone, α-MSH, was more efficacious at
inhibiting LPS-induced transmigration when compared to TNF-α. This same model system
was used to examine the proximal tubular epithelial permeability barrier. Interestingly, the
epithelial permeability barrier was enhanced when cocultured with endothelial cells,
suggesting that the endothelial-derived extracellular matrix promotes the epithelial
permeability barrier (Aydin, et al., 2008).

In vitro models using primary cultures or stable cell lines of either endothelial or tubular
epithelial cells might seem at first glance to be irrelevant for the study of sepsis-induced
AKI. However, these models do have a place in sepsis research because they can suggest
therapeutic targets (Bijuklic, et al., 2007; Dauphinee and Karsan, 2006; El-Achkar, et al.,
2006; Pathak, et al., 2012) and are more amenable to investigating cellular signaling
pathways than animal models. In fact, results from in vitro models have suggested many of
the therapeutic targets discussed in this review.

2. Anatomy of the renal microenvironment
2.1. Renal microcirculation

The kidney microcirculation is unique relative to other organs in that it contains two
capillary beds, which have high flow and low resistance (Palmer, et al., 1992). Blood is
delivered via the renal artery, which branches from the abdominal aorta and enters the
kidney through two branches at the renal hilus. Within the kidney, interlobar arteries course
between the renal pyramids and become arcuate arteries at the cortico-medullary junction.
Interlobular arteries branch from the arcuate arteries and make their way through the cortex
ending in pre-glomerular afferent arterioles feeding the glomeruli, the filtering unit of the
nephron. The first capillary system lies within the glomerulus and is specialized to
effectively filter the blood while maintaining a very low permeability for macromolecules
such as plasma protein. The glomerular capillary bed is also unique in that it terminates into
an arteriole rather than a venule. These arterioles exit the glomeruli as post-glomerular
efferent arterioles and branch to become the second capillary system, the peritubular
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capillary network (Figure 1). Peritubular capillaries eventually course into the medulla.
Vascular bundles in the outer medulla give rise to the descending vasa recta (Yuan and
Pannabecker, 2010). These straight capillaries travel into the medulla then make hairpin
turns paralleling the loops of Henle. The anatomical arrangements of these vessels establish
the countercurrent exchange mechanism necessary for urinary concentration of salts. Venous
drainage from the cortex and medulla converge at the cortico-medullary junction and drain
through medullary rays toward the hilus. Generally, a single renal vein returns blood into the
inferior vena cava.

2.2. Renal epithelium
The renal tubules are established by an epithelial monolayer anchored to a basement
membrane (Lemley and Kriz, 1991). The epithelial cells are specialized transporting cells
with different functions and morphology depending on the type and function of the tubule.
Apical junction complexes allow for both paracellular and transcellular transport between
the tubular lumen containing the glomerular filtrate and the peritubular capillary. The
primary driving force for active transcellular transport is the Na-K-ATPase located in the
basolateral membrane. Mitochondria are concentrated near this membrane to provide the
energy necessary to drive the transport pump.

Blood ultrafiltrate leaves the glomerulus through the proximal tubule (nearest to the
glomerulus). The proximal tubules are located mostly in the cortex and can be divided
ultrastructurally into S1, S2 and S3 segments with S1 located closest to the glomerulus and
S3 descending into the outer medulla and transitioning into the thin descending limb of the
loop of Henle. The thick ascending limbs of the loops of Henle transition into the distal
convoluted tubules, which are located in close proximity to the proximal tubules. Collecting
tubules arise from the distal convoluted tubules and descend into the medulla growing in
size to become collecting ducts. These become the papillary ducts, leading to the minor then
major calyx and eventually empting into the ureter at the renal pelvis.

The ability of the renal tubules to reabsorb and secrete properly requires a close association
with the peritubular capillary network. The high metabolic rate of the renal tubular
epithelium needed to maintain tubular transport of sodium requires an extremely high rate of
oxygen usage and thus, oxygen delivery (Evans, et al., 2008). The unique anatomical
arrangement of capillaries and tubules means that changes in the microcirculation will have
a profound effect on renal function and underlie much of the susceptibility of the kidney to
acute renal ischemic injury (reviewed in (Evans, et al., 2008)). Surprisingly however, the
arterial-to-venous (AV) gradient across the kidney is lower than what would be expected
given the high oxygen demand of the transporting epithelium. Despite the relatively small
AV O2 gradient (overall O2 usage) there is a tremendous drop in PO2 in blood exiting the
efferent arteriole and supplying the cortical tubules (Welch, et al., 2001). Consequently, the
cortical tubules receive an adequate but minimal amount of O2 under normal physiological
conditions. Recently, a mathematical model was derived using existing measurements of rat
renal arterial and venous PO2 to predict AV oxygen shunting and the effects reduced RBF
might have on oxygenation of the renal cortex and medulla (Gardiner, et al., 2011). The
model suggests that AV oxygen shunting acts to stabilize cortical tissue PO2 during changes
in arterial PO2. However, under conditions where RBF is severely reduced, AV shunting
could contribute to the development of hypoxia in both cortical and medullary regions even
if medullary perfusion is maintained.
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3. Control of the Renal Microcirculation
3.1. Renal blood flow

The chief function of the kidney, filtration of plasma and formation of urine, dictates that
RBF, and in particular blood flow in the renal cortex, is much greater than that which would
be necessary to meet the metabolic requirements of the kidney. At only approximately 2% of
body mass, the kidneys receive a disproportional amount of cardiac output (~25%) for their
size to drive glomerular filtration, the first step in removal of metabolic waste products and
xenobiotics as well as in the maintenance of fluid and electrolyte balance. Consequently, it
is critically important that filtration be maintained at a steady and optimal rate despite
transient fluctuations in the delivery of blood to the kidneys. To ensure adequate GFR, RBF
is tightly regulated primarily through two mechanisms: the myogenic response and
tubuloglomerular feedback (TGF) (Cupples and Braam, 2007; Iliescu, et al., 2008; Just,
2007).

Keeping in mind that RBF is the rate of kidney perfusion (e.g., ml/min) and not simply the
rate of blood delivery, factors which limit (or promote) intrarenal perfusion also regulate
RBF. The primary regulators of RBF are the tone of the preglomerular afferent arterioles
and intralobular arteries. In turn, GFR is controlled through changes in glomerular
hydrostatic pressure mediated primarily through changes in tone of the afferent and efferent
arterioles, since they are arranged in series. However, tubular damage can reduce GFR by
increasing the hydrostatic pressure opposing filtration. Changes in afferent and efferent
arteriolar tone are also involved in the regulation of peritubular capillary perfusion and
medullary blood flow (Pallone, et al., 1998).

3.2. Peritubular capillary network
Proper reabsorption of water and electrolytes is dependent on optimal blood flow through
specific regions of the kidney. Consequently, blood flow in the cortex and medulla is
regulated differently (Damkjaer, et al., 2010). Cortical peritubular capillaries are fed by
efferent arterioles originating from cortical glomeruli while medullary peritubular capillaries
are fed by efferent arterioles from cortico-medullary glomeruli. Tone in the afferent and
efferent arterioles is regulated through complex interactions between vasodilators such as
nitric oxide (NO) and prostaglandin E2 (PGE2) and vasoconstrictors such as endothelin,
angiotensin II, and adenosine (Bauerle, et al., 2011; Guan, et al., 2007; Hansen and
Schnermann, 2003; Pallone, et al., 2003). However, different receptor subtypes for some of
these vasoactive autacoids can mediate vasoconstriction or vasodilation. For example,
vasodilation mediated by adenosine A2 receptor activation present on both afferent and
efferent arterioles moderates A1 receptor-mediated vasoconstriction and the TGF response
(Al-Mashhadi, et al., 2009; Carlstrom, et al., 2010; Feng and Navar, 2010; Nishiyama, et al.,
2001). Also, PGE2 causes vasodilation at lower, more physiological concentrations but
vasoconstriction at higher concentrations in the afferent arteriole (Tang, et al., 2000). This
biphasic response appears to be mediated by E-prostanoid (EP) receptors EP4 and EP3,
respectively.

It is still unclear how or even if flow through afferent or efferent arterioles is regulated
differently based on the anatomical location of the glomeruli. However, there is evidence to
suggest there might be differences in receptor coupling and/or species differences at least
with regard to the vasoactive peptide, endothelin (Fenhammar, et al., 2011; Inscho, et al.,
2005; Nitescu, Grimberg, Ricksten, et al., 2008; Pollock, et al., 2005; Schildroth, et al.,
2011) as well as region-specific interactions between vasodilators and vasoconstrictors. For
example, PGE2 moderates the vasoconstrictor activity of endothelin in the outer medullary

Mayeux and MacMillan-Crow Page 7

Pharmacol Ther. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



descending vasa recta suggesting an interactive feedback control of medullary perfusion
(Silldorff, et al., 1995).

4. Therapeutic targets in the peritubular microenvironment
4.1. Vasoactive regulators of the renal microcirculation

The roles of vascular endothelin ETA and ETB receptors in control of RBF and the renal
microcirculation are complex and likely dependent on the type of sepsis model being
studied. Plasma endothelin-1 levels are elevated in animals treated with LPS (Fenhammar, et
al., 2011; Nitescu, Grimberg, Ricksten, et al., 2008) and in patients with sepsis where the
levels correlate with the severity of illness (Pittet, et al., 1991). These findings suggest that
endothelin may be playing a detrimental role. However, activation of ETB by endogenous
endothelin appears to help maintain RBF in normotensive LPS-induced sepsis in the rat
(Nitescu, Grimberg, Ricksten, et al., 2008). This is presumably due, at least in part, to a
vasodilatory effect of ETB activation at the level of the efferent arteriole and/or its role in
regulating distribution of flow within the kidney (Inscho, et al., 2005). Still, while it is
possible to unmask an apparent ETB-mediated decrease in renal vascular resistance, the
physiological or pathophysiological relevance of this effect remains unclear (Goddard, et al.,
2004; Just, et al., 2008; Nitescu, Grimberg, Ricksten, et al., 2008). ETA receptors also play a
role in regulating distribution of flow within the kidney. For example, in a normotensive
porcine LPS model, blockade of ETA receptors did not preserve RBF but did preserve
medullary flow without affecting cortical flow (Fenhammar, et al., 2011). One caveat with
selective ETA blockers is that they can cause a significant fall in MAP during sepsis
(Fenhammar, et al., 2011; Nitescu, Grimberg, Ricksten, et al., 2008), which could limit their
therapeutic usefulness. Interestingly, when both ETA and ETB receptors are blocked with the
nonselective endothelin receptor antagonist, bosentan, survival is increased in the murine
CLP model (Iskit, et al., 2004). Also, another nonselective antagonist, tezosentan, used in a
hypotensive porcine LPS model, did not decrease MAP further yet decreased renal vascular
resistance and increased renal cortical blood flow (Fenhammar, et al., 2008).

Understanding how activation of ETA and ETB receptors might regulate the renal
microcirculation during sepsis is far from clear. Nevertheless, the ability of endothelin to
regulate renal vascular resistance and redirect intrarenal blood flow (Fenhammar, et al.,
2011; Millar and Thiemermann, 2002; Sullivan, et al., 2009) support the notion that
endothelin receptors should be evaluated further as potential therapeutic targets to help
preserve the renal microcirculation during sepsis.

Tone in the afferent and efferent arterioles are regulated differently through selective
expression of receptors and their signaling pathways (Chilton, et al., 2008; Loutzenhiser and
Loutzenhiser, 2000; Nagahama, et al., 2000; Pollock, et al., 2005; Poulsen, et al., 2011),
setting up the possibility for selectively manipulating tone in either vessel. For example,
angiotensin II constricts both the afferent and efferent arterioles through activation of
angiotensin AT1 receptors (Harrison-Bernard, et al., 2006; Paxton, et al., 1993); however,
the signaling pathways leading to constriction appear to be different in the two vessels
(Nagahama, et al., 2000). In the afferent arteriole angiotensin II-induced constriction is
primarily mediated by inositol triphosphate (IP3) and L-type voltage-dependent calcium
channels whereas constriction in the efferent arteriole is primarily mediated by store-
operated calcium influx and protein kinase C (PKC) (Loutzenhiser and Loutzenhiser, 2000;
Nagahama, et al., 2000). Also, products of cyclooxygenase released in response to
angiotensin II moderate the vasoconstriction in the afferent arteriole but not in the efferent
arteriole (Tang, et al., 2000). As with targeting endothelin receptors, targeting the renin-
angiotensin system or angiotensin receptors during sepsis could negatively impact the
systemic circulation. Still, the therapeutic potential of this approach was demonstrated with

Mayeux and MacMillan-Crow Page 8

Pharmacol Ther. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the AT1 receptor antagonist candesartan, where a dose, which did not decrease MAP,
improved RBF and intrarenal PO2 in a rat model of LPS-induced sepsis (Nitescu, Grimberg,
and Guron, 2008).

The potential for targeting adenosine receptors in sepsis-induced AKI has not specifically
been tested yet. Adenosine receptors A1, 2A,2B,3 are expressed in the kidney; however, their
anatomical locations and whether expression might be altered during sepsis are not
completely understood (Bauerle, et al., 2011). Circumstantial evidence for a role of
adenosine in sepsis-induced AKI comes from the findings that adenosine levels, as measured
by microdialysis, increase in the kidney during LPS infusion and that the A1 antagonist
FK352 can ameliorate the decline in RBF (Nishiyama, et al., 1999). Adenosine levels can
rise in the kidney due to hypoxia and cellular stress, both of which increase intracellular and
extracellular adenosine formation and decrease adenosine degradation (Bauerle, et al., 2011;
Ramakers, et al., 2011). Dissecting out the role of adenosine specifically on the renal
microcirculation during sepsis has been difficult because of the complex interactions
between adenosine receptors not just in the kidney but also as regulators of the immune
response. What is clear is that the model of sepsis used to evaluate the role of adenosine is
critically important because adenosine can modulate inflammation and the inflammatory
responses are different in LPS and live bacterial models such as CLP (reviewed in
(Ramakers, et al., 2011). Also, the use of global adenosine receptor knockout mice to
evaluate the role of adenosine in the kidney or any organ is problematic, again because of
the influence of adenosine on the immune system (Gallos, et al., 2005; H. T. Lee, et al.,
2006; Nemeth, et al., 2006). Pharmacological studies with available selective adenosine
receptor antagonist and agonists could be used to address these issues. Unfortunately, these
agents have been administered, thus far, either at the time of induction of sepsis or within a
few hours of induction (Inoue, et al., 2011; H. T. Lee, et al., 2006; Nemeth, et al., 2006), but
still within the time frame of the initial inflammatory response. This complicates the
interpretation of the findings with respect to selective microcirculatory effects.

There has been a great deal of interest recently regarding the potential benefits of the
calcium sensitizer and ATP-sensitive K+ (KATP) channel agonist levosimendan on systemic
hemodynamics and even on the microcirculation during severe sepsis. The therapeutic
potential of levosimendan as a single therapy or in combination with other inotropes or
pressor agents is still controversial because its effects appear to be related to the model used.
In porcine LPS infusion models of endotoxemia, levosimendan showed little improvements
(Chew, et al., 2011; Cunha-Goncalves, et al., 2009); however, levosimendan attenuated the
increase in pulmonary resistance, improved portal blood flow, and improved urine output
following infusion of live E. coli in a porcine model (Garcia-Septien, et al., 2010). In the rat
subjected to single injection of LPS, levosimendan did reduce serum creatinine, a marker of
renal injury (Zager, et al., 2006). On the other hand, in the peritonitis models of sepsis,
levosimendan was shown to be quite protective in sheep (Rehberg, et al., 2010) and in the
rat (Scheiermann, et al., 2009). In addition to providing a level of cardiovascular support,
levosimendan appears capable of also improving sublingual microvascular flow in patients
with severe sepsis (Morelli, et al., 2010). Additional studies are needed to specifically
address whether the KATP agonist activity of levosimendan could decrease renal vascular
resistance since afferent and efferent arterioles express KATP channels (Ikenaga, et al., 2000;
Reslerova and Loutzenhiser, 1995) and other inward rectifier K+ channels (Chilton, et al.,
2008), which when activated could improve peritubular capillary perfusion.

Under conditions of severe sepsis and septic shock, the normally efficient autoregulation of
RBF and GFR can fail if systemic blood pressure falls below the renal autoregulatory
pressure. Nevertheless, sepsis-induced AKI cannot be explained by hemodynamic failure
alone (prerenal-AKI), which supports the emerging view that renal microcirculatory failure
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and direct tubular injury, even after correction of systemic hemodynamics, contribute
significantly to sepsis-induced AKI in humans (Wan, et al., 2008). Endothelial injury and
loss of vascular reactivity (Lundy and Trzeciak, 2009; Zanotti-Cavazzoni, et al., 2009) are
features of sepsis that can result in localized areas of microcirculatory hypoperfusion and
hypoxia (Lundy and Trzeciak, 2009), which can lead to tubular epithelial injury. Still, care
must be taken when targeting the microvasculature with vasoactive agents because the
tubular epithelium may also express receptors for some of these agents. For example,
receptors for angiotensin (Paxton, et al., 1993), adenosine (Di Sole, 2008) and endothelin
(Wendel, et al., 2006) are expressed by the tubular epithelium. Consequently, agonists/
antagonists could unpredictably be detrimental to tubular function. Moreover, the effects of
targeting the microcirculation with agents that could impact systemic circulation will be
difficult to predict since cardiovascular autoregulation is altered in these very ill patients and
the generation of other vasoactive agents such as NO can impact cardiovascular responses
(Boerma and Ince, 2010). Nevertheless, the unique anatomy of the renal microcirculation
suggests that targeting the microcirculation to preserve/restore perfusion would not only
lessen injury but also promote organ recovery (Ince, 2005; Le Dorze, et al., 2009), as
discussed later.

4.2. Sphingosine-1-phosphate
Increased microvascular permeability is a key feature of sepsis, which can have detrimental
effects on the microcirculation. Damage to the endothelial barrier can serve as an initiator of
the activation of platelets and leukocytes, which can further damage the capillary
permeability barrier and impede flow. Increases in microvascular permeability can also
allow substances in the blood normally excluded to have direct contact with parenchymal
cells.

There is growing evidence to suggest that sphingosine-1-phosphate (S1P), a lipid mediator
derived from ceramide and sphingosine, plays a role in regulation of microvascular
permeability. Two kinases, sphingosine kinase-1 (SphK1) and SphK2 phosphorylate
sphingosine and are essentially the rate limiting steps in the generation of S1P. SphK1 and
SphK2 are regulated differently and may have different cellular locations, depending on the
cell type (Wattenberg, 2010). SphK1 activity is upregulated by hypoxia (Ader, et al., 2009;
Schwalm, et al., 2008), ischemia-reperfusion (IR) in the kidney (Jo, et al., 2009; Park, et al.,
2011), and during sepsis in inflammatory cells and lung (Puneet, et al., 2010; Wadgaonkar,
et al., 2009). The regulation of SphK2 is less understood. It does not appear to be activated
by hypoxia, at least in endothelial cells in vitro (Schwalm, et al., 2008), but it is upregulated
in the liver by ischemia (Shi, et al., 2012). SphK2 is also upregulated in the lung in vivo by
LPS but to a lesser extent compared to SphK1 (Wadgaonkar, et al., 2009). Nevertheless,
evidence is accumulating to suggest that SphK2, located on the inner mitochondrial
membrane, controls mitochondrial S1P generation, which can act to stabilize mitochondrial
respiration (Strub, et al., 2011) and perhaps protect against mitochondrial injury during
hypoxia.

S1P acts on the G-protein coupled receptors S1PR1–5 expressed on numerous cell types,
reviewed recently by Edmonds (Edmonds, et al., 2011). Vascular endothelial cells, vascular
smooth muscle cells and cardiac myocytes express S1PR1, S1PR2 or S1PR3 in various
combinations, while S1PR4 is expressed mainly in immune cells and S1PR5 is expressed in
cells of the nervous system (Takuwa, et al., 2008). S1PR1 are coupled to Gi (Garcia, et al.,
2001), while S1PR2 and S1PR3 are coupled to Gi, Gq, and G12/13 (Murakami, et al., 2010;
Sanchez, et al., 2007). The list of pharmacological tools for studying the roles of SphKs and
S1PRs is growing (French, et al., 2010; Murakami, et al., 2010) and was recently reviewed
(Huwiler and Pfeilschifter, 2008; Marsolais and Rosen, 2009). It is now possible to use
selective agonists and antagonists of S1PRs and inhibitors of SphKs to study their roles in

Mayeux and MacMillan-Crow Page 10

Pharmacol Ther. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



physiology and pathophysiology. One caveat is that targeting SphKs can also alter the levels
of ceramide and its downstream signaling (Maceyka, et al., 2005; Wattenberg, 2010).
Consequently, the effects of SphK inhibition will likely be organ and cell type specific and
difficult to predict.

In the vasculature, S1P is an important regulator of microvessel development (Allende, et
al., 2003) and the endothelial permeability barrier (M. J. Lee, et al., 1999). Stimulation of
endothelial S1PR1 enhances the permeability barrier through the activation of Rac GTPase
(Garcia, et al., 2001) leading to assembly of adheren and tight junctions, cytoskeletal
reorganization and focal adhesion formation (reviewed in (L. Wang and Dudek, 2009)). In
contrast, stimulation of S1PR2 decreases activation of Rac and activates Rho GTPase,
leading to ROCK- and PTEN-dependent disruption of adherens junctions and increased
paracellular permeability (Sanchez, et al., 2007). Less is known regarding the role of S1PR3
in microvascular permeability; however, S1PR3 activation can cause vascular smooth
muscle contraction (Murakami, et al., 2010).

In renal IR injury, the roles of SphK2 and SphK1 are far from resolved. The absence of
functional global SphK2 was found to be associated with a worsening of renal IR injury in
one study (Jo, et al., 2009) but associated with a slight improvement in another (Park, et al.,
2011). These opposite findings may be explained by differences in the IR models used and/
or differences in the strains of knockout mice tested. In an elegant set of experiments Park et
al. (Park, et al., 2011) used global SphK1 knockout mice, lentiviral gene delivery of SphK1
to the kidney, and selective antagonism to examine the roles of SphK1 and S1PR1 in renal
IR injury. They presented convincing evidence that activation of SphK1 is protective
through generation of S1P and stimulation of S1PR1. To directly address the role of tubular
epithelial S1PR1 in renal IR, Bajwa et al (Bajwa, et al., 2010) selectively depleted S1PR1 in
the mouse proximal tubular epithelium. These conditional knockout mice were more
sensitive to renal IR injury. Furthermore, treatment with the S1PR1 agonist SEW2871
protected these mice from renal IR injury, establishing a role for tubular epithelial S1PR1
independent of lymphocyte S1PR1. Interestingly, renal epithelial cells express S1PR1–3 and
S1PR1 is the most sensitive to upregulation by LPS (Bajwa, et al., 2010). Moreover,
SEW2871 blocks LPS-induced tubular epithelial cell death in vitro (Bajwa, et al., 2010).

In a compelling set of experiments, Wadgaonkar et al. (Wadgaonkar, et al., 2009)
demonstrated that SphK1 and SphK2 have distinct roles in sepsis-induced lung injury. They
showed that global SphK1−/− mice were more susceptible to LPS-induced lung
microvascular injury than wild-type mice or SphK2−/− mice. Moreover, SphK1 delivered to
the lungs by adenoviral vector attenuated LPS-induced lung injury while delivery of SphK2
not only failed to protect but actually increased lung microvascular injury.

Platelets are a major source of extracellular S1P. Platelet activation and disseminated
coagulation are common during sepsis and likely contribute to reduced microvascular
perfusion (Tyml, 2011), so it is reasonable to assume S1P could be released in the
microcirculation during sepsis and interact with capillary endothelial S1PRs. In an elegant
set of in vitro and in vivo studies, Lee et al. (J. F. Lee, et al., 2009) showed that cremaster
muscle venules, and senescent (but not young) endothelial cells in cultures express both
S1PR1 and S1PR2 and that it is the relative levels of S1PR1 and S1PR2 activation that
regulate microvascular permeability. Perfusion with S1P did not alter histamine-induced
increase in vascular permeability. However, when S1PR2 were blocked with JTE-013, S1P
reduced permeability elicited by histamine and when S1PR1 (and S1PR3) were blocked with
VPC 23019, S1P increased the permeability elicited by histamine. Importantly, activation of
S1PR1 with SEW2871 inhibited histamine-induced permeability. Zhang and coworkers (G.
Zhang, et al., 2010) reported a similar protective effect of S1PR1 activation against
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bradykinin and platelet activation factor-induced increases in hydraulic conductivity in
perfused rat mesenteric venules; however, they found no protective effect of S1PR2
blockade, suggesting the regulation of vessel permeability in capillaries and venules may be
different.

The physiological roles of renal epithelial S1PR1–3 are still unclear; however, the S1PR1
antagonist W146 blocked the increases in sodium excretion and medullary blood flow
produced by an infusion of the nonselective S1P agonist FTY720 into the renal medulla
(Zhu, et al., 2011). Whether these effects are mediated exclusively by epithelial S1PRs or a
combination of microvascular and epithelial S1PRs remains to be determined. As discussed
earlier, renal microvascular leakage begins within hours following CLP in rat pups (Seely, et
al., 2011) and in aged mice (Z. Wang, et al., PMID: 22119717). We have found that the
S1PR1 agonist SEW2871 can significantly reduce microvascular leakage in the kidney in
aged mice subjected to CLP (unpublished observations). Consequently, selective agonists or
antagonists could be effective pharmacological tools to help maintain the renal
microvascular permeability barrier during sepsis.

4.3. Oxidant generation
It has been recognized for some time that sepsis is associated with oxidative stress
(Macdonald, et al., 2003) as evidenced, in part, by increased oxidative stress markers in
severely ill septic patients (Goode, et al., 1995). Hence, oxidative stress is an additional
hallmark of sepsis suggested to link microvascular failure and parenchymal cell injury
(Boueiz and Hassoun, 2009; Galley, 2010; Spanos, et al., 2010; Tyml, 2011). While not yet
demonstrated in septic patients, animal studies indicate that changes in overall flow or even
just redistribution of flow through the renal microcirculation during sepsis result in areas of
localized hypoxia (Z. Wang, et al., PMID: 22119717; Yasuda, et al., 2006). Moreover,
localized areas with decreased perfusion are correlated spatially with tubular epithelium
under redox stress (Z. Wang, et al., PMID: 22119717; L. Wu and Mayeux, 2007).

Importantly, reduced peritubular capillary perfusion is not a requirement for sepsis-induced
renal epithelial oxidative stress. In a remarkable set of experiments, Kalakeche and co-
workers (Kalakeche, et al., 2011) utilized 2-photon microscopy of the kidney in live mice to
reveal that the S1 segment of the proximal tubule internalizes LPS through a TLR4-
dependent process, which then causes oxidant production in neighboring S2 segments. The
authors propose the cross-talk between the S1 and S2 segments may be due to cytokines
released from the S1 segment, which in turn causes oxidant generation in the downstream S2
segment but this hypothesis needs to be validated. Our laboratory has utilized in vitro
models of cultured mouse renal epithelial cells exposed to serum from septic (CLP-treated)
mice and found that CLP serum caused increased oxidant production and mitochondrial
injury compared to cells treated with serum collected from non-septic (sham surgery) mice
(Pathak, et al., 2012; Pathak and Mayeux, 2010). Collectively, these findings show that the
renal epithelium can be directly injured by blood-born factors released during sepsis, which
reach the tubular epithelium from the glomerular filtrate or from peritubular capillary
leakage into the interstitial space. Importantly, human septic serum was shown to inhibit
cultured endothelial cell mitochondrial respiration (Boulos, et al., 2003). So while reduced
microvascular perfusion is not required for oxidant production, at least in the kidney, studies
are needed to specifically address whether hypoxia might augment mitochondrial damage
and oxidant production leading to more renal epithelial and endothelial cell injury.

An increase in nitric oxide (NO) synthesis through activation of constitutive nitric oxide
synthases (NOS) and induction of inducible NOS (iNOS) is another key feature of sepsis,
which contributes to hemodynamic failure as well as NO-derived RNS. NO synthesis via
iNOS is increased in the kidney of septic patients and is proposed to contribute to the
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development of AKI (S. Heemskerk, et al., 2009; S. Heemskerk, et al., 2006; S Heemskerk,
et al., 2004). Induction of iNOS in the kidney also occurs in rodents during sepsis (Seely, et
al., 2011; L. Wu, Gokden, et al., 2007; L. Wu, Tiwari, et al., 2007) and in the tubular
epithelium in in vitro models of sepsis (Pathak, et al., 2012; Pathak and Mayeux, 2010),
where iNOS-derived NO contributes to the generation of RNS by the renal tubules.

As discussed earlier, oxidative stress has been suggested to contribute to organ injury during
sepsis. Key oxidants thought to be important are the O2-derived ROS superoxide radical
[O2

.−], hydroxyl radical [.OH] and hydrogen peroxide [H2O2], and the NO-derived RNS
peroxynitrite [ONOO−], the product of the reaction between superoxide and NO. It is
important to note that superoxide is the proximal oxidant species, and is involved in the
formation of other oxidants (Figure 2). Multiple, diverse cellular systems produce
superoxide, but levels generally are kept in the nanomolar range by superoxide dismutases
(SOD). One major source of superoxide production is within the mitochondria via the
respiratory chain (Crouser, 2004; Galley, 2010). Other intracellular sources of superoxide
include its production via NADPH oxidase (Griendling, et al., 1994; W. Wang, et al., 1994;
Zulueta, et al., 1995) and even NOS expressed by the renal tubular epithelium (Traylor and
Mayeux, 1997).

MnSOD (sometimes referred to as SOD2) is a major antioxidant in the mitochondria. Its
main function is to catalyze the dismutation of superoxide, which is continually generated
(~1–2% of total oxygen consumption) via uncoupling in the electron transport chain and
from other mitochondrial sources (Poyton, et al., 2009). MnSOD is a nuclear-encoded
protein that is transported into the mitochondria via an amino-terminal targeting sequence,
and is subsequently cleaved to form its native homotetrameric structure of 96 kDa. Studies
with MnSOD knockout mice provide unequivocal evidence that MnSOD is essential for life,
a finding that presumably extends to humans (Lebovitz, et al., 1996; Y. Li, et al., 1995). Our
laboratory demonstrated a 50% reduction in MnSOD activity in kidneys exposed to warm or
cold IR (Cruthirds, et al., 2003; Saba, et al., 2008). Moreover, cold ischemia can disrupt
mitochondrial complex I and II activities and increase mitochondrial superoxide production
(Mitchell, et al., 2011). Whether or not SOD activities are altered in the kidney during sepsis
remains unclear. Protein levels of Cu-Zn SOD (SOD1) (Leach, et al., 1998) and extracellular
SOD (SOD3) (W Wang, et al., 2003) and the activity of total SOD (Mitra, et al., 2007) are
decreased in the kidney following LPS-induced sepsis and we have found that the activity of
MnSOD in the kidney is decreased within a few hours following CLP (unpublished data),
which could be a result of peroxynitrite inactivation (MacMillan-Crow, et al., 1996;
MacMillan-Crow and Thompson, 1999).

It is also important to recognize that superoxide is charged and hence its diffusion is limited,
whereas NO is uncharged and readily diffuses through membranes. Consequently, the
diffusion of NO into a microenvironment where superoxide is produced would result in
peroxynitrite formation (Beckman and Crow, 1993; Huie and Padmaja, 1993). In this regard,
peroxynitrite formation could be considered to be more a function of local superoxide
production than of NO concentration per se. Unlike NO and superoxide, peroxynitrite
reactivity leaves a “footprint,” nitrated proteins, which can be detected immunologically.
Our laboratories have previously implicated peroxynitrite in sepsis (L. Wu, Gokden, et al.,
2007; L. Wu and Mayeux, 2007; Zhang, Walker, Hinson, et al., 2000; Zhang, Walker, and
Mayeux, 2000) and IR renal injury (Cruthirds, et al., 2003; L. M. Walker, et al., 2000; L. M.
Walker, et al., 2001).

With all of the apparent detrimental effects NO could exert during sepsis, targeting NO
would seem to be a logical therapeutic approach. However, non-selective inhibition of
constitutive NOS and iNOS worsened some hemodynamic parameters and actually
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increased mortality in septic patients (Lopez, et al., 2004). Preclinical studies targeting
iNOS-derived NO with iNOS selective inhibitors suggest that this approach can improve
renal function and increase survival by preserving the beneficial effects of constitutively
generated NO (reviewed in (S. Heemskerk, et al., 2009); however, not all iNOS inhibitors
exhibit the same predicted beneficial effects (Cuzzocrea, et al., 2006; W Wang, et al., 2003).
The iNOS inhibitor, L-N6 -(1-iminoethyl)-lysine (L-NIL), has been frequently tested in both
LPS and CLP model of sepsis-induced AKI and is generally effective at improving serum
markers of AKI in rodent models of LPS- and CLP-induced AKI (Tiwari, et al., 2005; L.
Wu, Gokden, et al., 2007; Zhang, Walker, and Mayeux, 2000) and improving peritubular
capillary perfusion (Tiwari, et al., 2005; L. Wu, Gokden, et al., 2007). L-NIL also reduces
RNS generation by the renal tubules during sepsis (L. Wu, Gokden, et al., 2007; L. Wu and
Mayeux, 2007; Zhang, Walker, and Mayeux, 2000), suggesting that iNOS-derived NO
contributes significantly to the development of oxidative stress in the kidney.

Superoxide is another logical target and there are effective scavengers, which have been
tested in animal models. These agents may have added benefits because they are not
completely selective for superoxide and can scavenge other ROS and RNS. One such
compound is tempol, a nitroxide scavenger recently reviewed thoroughly by Wilcox
(Wilcox, 2010). Tempol has been shown to improve renal injury in both the LPS (Leach, et
al., 1998; W Wang, et al., 2003) and CLP (Liaw, et al., 2005) models of sepsis. Ethyl
pyruvate is another more generalized ROS scavenger with greater selectivity for hydrogen
peroxide and hydroxyl radical than superoxide (Kao and Fink, 2010). Both ethyl pyruvate
(Miyaji, et al., 2003) and a more stable analogue, methyl-2-acetamidoacrylate,
(Leelahavanichkul, et al., 2008) protected the kidney from CLP-induced AKI. Importantly,
those researchers use a clinically relevant dosing paradigm – therapy begun only after the
onset of symptoms – by starting treatment with these agents 6 or 12 hours post CLP. Two
other more generalized anti-inflammatory agents, AP214, an α-melanocyte-stimulating
hormone analogue (Doi, et al., 2008), and chloroquine (Yasuda, et al., 2008) also protected
against CLP-induced renal injury even with delayed treatment and also improved survival.

Until recently, evidence of superoxide generation in the peritubular microenvironment
during sepsis was only inferred from the protective effects of scavengers and the presence of
nitrated proteins, indicating peroxynitrite formation. Kalakeche et al. (Kalakeche, et al.,
2011) used dihydroethidium (DHE), a putative selective probe for superoxide to
demonstrate superoxide generation in renal tubules within hours following LPS
administration using intravital microscopy. We used intravital microscopy and the
mitochondria-targeted superoxide selective probe MitoSox Red (a derivative of DHE) to
look for superoxide generation in the renal tubules following CLP (Z. Wang, et al., PMID:
22119717) and found superoxide generation occurred as early as 4 hours post CLP surgery,
which correlated temporally with the decline in peritubular capillary perfusion but was
delayed relative to the development of capillary leakage.

We also used the RNS-selective probe dihydrorhodamine 123, which is oxidized to
rhodamine preferentially by peroxynitrite and possibly by other RNS and ROS but not by
superoxide (Crow, 2000; Gomes, et al., 2006) to detect RNS generation using intravital
microscopy (Figure 3). CLP also resulted in a time-dependent increase in rhodamine
fluorescence in renal tubules that, like superoxide generation, was spatially correlated to
tubules bordered by capillaries with reduced perfusion and confirmed by
immunolocalization of nitrotyrosine-protein adducts in the tubular epithelium (Z. Wang, et
al., 2011; Z. Wang, et al., PMID: 22119717; L. Wu, Gokden, et al., 2007; L. Wu and
Mayeux, 2007). Since superoxide and peroxynitrite are generated by the renal tubules during
sepsis, it is reasonable to assume that there may be therapeutic potential in targeting these
oxidants. Metalloporphyrins, which are superoxide dismutase (SOD) mimetics and
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peroxynitrite scavengers have been tested in sepsis models and have been shown to reduce
vascular dysfunction (Cuzzocrea, et al., 2006; Nin, et al., 2011; Zingarelli, et al., 1997),
preserve mitochondrial energetics in the heart and diaphragm (Nin, et al., 2004), and
preserve GFR and RBF (W Wang, et al., 2003) when animals were pretreated with these
agents. We treated mice with the SOD mimetic and peroxynitrite scavenger,
Mn(III)tetrakis(1-methyl-4-pyridyl)porphyrin, tetratosylate, hydroxide (MnTMPyP) 6 hours
after CLP, a time when RBF, GFR, and capillary perfusion are already greatly reduced and a
time when superoxide and RNS generation are already greatly elevated (Z. Wang, et al.,
PMID: 22119717). Even with this delayed treatment protocol, MnTMPyP blocked
subsequent oxidant generation and actually reversed the decline in RBF, GFR, capillary
perfusion, and preserved tubular morphology at 18 hours, all without increasing MAP.
Importantly, delayed treatment with MnTMPyP also prolonged survival. To more directly
address the role of peroxynitrite, we tested the peroxynitrite scavenger resveratrol (Holthoff,
et al., 2010) and found that it also reversed the decline RBF, GFR, capillary perfusion, and
preserved tubular morphology even when using a delayed, clinically relevant dosing
protocol. Moreover, resveratrol was also capable of acutely (within 30 minutes) improving
RBF and GRF (Holthoff, et al., PMID: 215975863), while MnTMPyP could not (Z. Wang,
et al., PMID: 22119717). This finding suggests resveratrol may have reduced renal vascular
resistance since resveratrol is known to activate potassium channels (Gojkovic-Bukarica, et
al., 2008; Novakovic, et al., 2006), which are present in both afferent and efferent arterioles
(Chilton, et al., 2008) as discussed earlier. As with MnTMPyP, delayed therapy with
resveratrol also prolonged survival in mice subjected to CLP (Holthoff, et al., PMID:
215975863). However, the dual action of resveratrol, reducing renal vascular resistance and
peroxynitrite scavenging activity, could offer added clinical benefits.

MitoQuinone or MitoQ comprises the ubiquinone antioxidant moiety of coenzyme Q10
covalently attached to a lipophilic triphenylphosphonium cation, which directs the
compound to the mitochondria (Murphy and Smith, 2007). Because of the large
mitochondrial membrane potential, MitoQ can accumulate within mitochondria up to 1,000
fold, compared to non-targeted antioxidants. MitoQ was shown to reduce renal and liver
injury in a rodent model of bacteria sepsis (Lowes, et al., 2008) and protect against damage
observed following rodent cardiac IR (Adlam, et al., 2005). The selective uptake of MitoQ
into mitochondria should greatly enhance its efficacy and specificity while decreasing
potential side effects. For more information on publications that have tested experimental
treatments for mitochondrial damage during sepsis please refer the review by Dare et al.
(Dare, et al., 2009).

In addition to directly injuring the tubular epithelium, oxidants can negatively impact the
peritubular microenvironment in a number of other ways. For example, ROS and RNS can
activate latent matrix metalloproteinases MMPs (Gu, et al., 2002; Okamoto, et al., 2001)
causing damage to tubular and capillary basement membranes, as discussed later.
Peroxynitrite generated in the microvascular microenvironment can also directly damage the
endothelial permeability barrier (Knepler, et al., 2001; F. Wu and Wilson, 2009) promoting
leukocyte infiltration and allowing plasma constituents to enter the interstitial space and
contact the tubular epithelium (Boueiz and Hassoun, 2009; Sutton, 2009). Superoxide and
perhaps peroxynitrite are reported to mediate, at least in part, the renal vasoconstrictor
responses to endothelin and angiotensin II as well as basal tone (Just, et al., 2008; Madrid, et
al., 1997; Matavelli, et al., 2009).

4.4. Mitochondrial dysfunction
As discussed earlier, it has been suggested that oxidative stress might play a causal role in
mitochondrial dysfunction in sepsis (Dare, et al., 2009; R. J. Levy, 2007). Pro-inflammatory
mediators as well as oxidative stress impair the function of mitochondrial respiratory
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complexes and also cause structural damage to mitochondrial lipids, proteins and DNA,
thereby impairing cellular ATP production (Galley, 2011). Human skeletal muscle biopsies
show that ATP and mitochondrial complex I activity is lowered in patients with severe
sepsis (Brealey, et al., 2002; Svistunenko, et al., 2006). The majority of these publications
have shown sepsis induced cardiac and hepatic mitochondrial dysfunction leading to organ
injury, but the role of mitochondrial dysfunction in sepsis induced AKI is not as well
understood. A very recent paper demonstrated that renal mitochondrial electron transport
complexes I and IV were decreased 18 hours after CLP (Tran, et al., 2011).

Mitochondrial electron complex inactivation is known to increase oxidant production;
however, the molecular events, which induce mitochondrial complex damage are not well
understood. The reader is directed to Figure 4 for a schematic showing the complexes
involved with generation of the proton gradient (H+ within the intermembrane space) and
mitochondrial electron transport. It is well established that superoxide is generated at
multiple complexes including I and III (reviewed in (Turrens, 2003)). Thus, it is clear that
mitochondrial damage can lead to increased mitochondrial superoxide production and under
conditions where MnSOD is inactive superoxide accumulates, leading to more ROS and
RNS formation resulting in further injury. What is unclear is the cause of the initial
mitochondrial injury and whether is occurs late enough in the development of sepsis-
induced AKI to be a clinically relevant target.

One hypothesis currently being tested is that complex IV (cytochrome oxidase) may serve as
a mitochondrial sensor for the extent of damage taking place during sepsis (Chvojka, et al.,
2010; R. J. Levy, et al., 2004). The idea is that when complex IV is inhibited, ATP
production is reduced, which may put mitochondria in a `hibernation' mode that reduces the
energy demand of the particular organ under stress. Furthermore, this period may allow for
adaptive mechanisms to allow recovery or repair of mitochondria, which could in turn lead
to improved organ function (Chvojka, et al., 2010; Ruggieri, et al., 2010). This theory could
even explain why in many cases overt histological damage is not observed during sepsis,
especially with regard to the kidney (Hotchkiss, et al., 1999).

Multiple copies of mitochondrial DNA (mtDNA) are present in each mitochondrion and
remain in close proximity to the electron transport chain, where ROS are generated.
Consequently, they are key targets of ROS-mediated damage within mitochondria. The
mtDNA encode for two ribosomal RNAs, 22 transfer RNAs, and 13 electron transport chain
proteins. In addition, mtDNA have limited repair ability and replication of cells with
damaged mtDNA is not inhibited by cell-cycle checkpoint control mechanisms. Thus,
damage to mtDNA can result in accumulation of mutations and the production of
dysfunctional electron transport proteins, which in turn may produce more ROS and initiate
a damaging cycle. It has been demonstrated that mtDNA copy number is reduced in the liver
and heart following LPS administration, and that this is accompanied by increased oxidative
stress (Suliman, Carraway, and Piantadosi, 2003; Suliman, et al., 2004). The extent of
mtDNA damage in CLP-mediated sepsis remains unknown.

4.5. Metalloproteinases
Basement membranes in the kidney are not simply anchors for the basal plasma membranes
of parenchymal cells. They also serve a number of critical functions including helping to
establish polarity of the tubular epithelium, which are attached to the tubular basement
membrane (TBM) and functioning as part of the permeability-selective barrier of the
glomerulus through attachments of the endothelial cells and podocytes to the glomerular
basement membrane (GBM). The TBM is a specialized form of the extracellular matrix
composed primarily of type IV collagen, laminin, proteoglycans, nidogen, and fibronectin
(Abrahamson and Leardkamolkarn, 1991). It is the relative activities of the matrix-digesting
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MMPs and their endogenous inhibitors, the tissue inhibitors of metalloproteinases (TIMPs)
that regulate destruction and subsequent remodeling of the extracellular matrix (Catania, et
al., 2007). Consequently, deregulation of the equilibrium between synthesis of the
extracellular matrix and its degradation can lead to tubulointerstitial fibrosis and promote the
progression of chronic kidney disease (Ronco and Chatziantoniou, 2008; Zheng, et al.,
2009). Extracellular matrix (ECM) proteins are not the only substrates for the MMPs.
Peptide growth factors, cytokines and chemokines, and cell-adhesion molecules are
additional potential substrates. Hence, MMPs can directly and indirectly influence a variety
of pathological processes (reviewed in (Page-McCaw, et al., 2007)).

The 24 mammalian MMPs are members of a zinc-containing subfamily (metzincin) of
metalloproteinases that can degrade structural components of the extracellular matrix.
Members of the metzincin family include the serralysins, astacins, ADAMs (A Disintegrin
And Metalloproteinase), and matrixins (the MMPs). MMPs can be classified based on their
structural and substrate specificity into five groups: collagenases, gelatinases, stromelysins,
minimal or matrilysins, and membrane types. Latent or proforms of MMPs become
activated through proteolytic cleavage of the prodomain or non-proteolytic activation
through disruption of the zinc-thiol interaction between the pro- and active domains
followed by autolysis to the active form (Ra and Parks, 2007). This latter mechanism can
occur through allosteric interactions or through modification of the critical thiol by oxidants
such as peroxynitrite and via S-nitrosylation as demonstrated for MMP-1, -8 and -9 (Gu, et
al., 2002; Okamoto, et al., 2001). This method of activation may be especially relevant in
sepsis-induced AKI because oxidants are generated in the peritubular microenvironment
during sepsis, as discussed later.

Much of what is known regarding the consequences of damage to the ECM and TBM comes
from studies of renal IR injury (Catania, et al., 2007; Molitoris and Marrs, 1999). The
second-generation tetracycline antibiotic, minocycline, is an inhibitor of MMPs among its
other activities (Dejonckheere, et al., 2011) and not only protects the renal tubular
epithelium from IR injury in rats and mice (Kelly, et al., 2004; Kunugi, et al., 2011) but also
reduces microvascular leakage (Sutton, et al., 2005). To directly address the roles of MMP-2
and MMP-9, MMP-2−/− and MMP-9−/− mice have been studied following renal IR.
Interestingly, only the MMP-2−/− mice showed reduced functional and morphological renal
injury at 24 hours post IR (Kunugi, et al., 2011; S. Y. Lee, et al., 2011). Renal IR injury in
MMP-9−/− mice was similar to that in wild-type controls in the acute phase of injury but at
four weeks after IR injury there appeared to be a preservation or regeneration of the
peritubular microvascular density suggesting that MMP-9 activation may have a negative
impact on peritubular capillary maintenance (S. Y. Lee, et al., 2011).

The susceptibility of MMP knockout mice to sepsis-induced organ injury has not been tested
so the importance of specific MMPs in the development of renal microvascular failure and
AKI during sepsis remains unanswered. Nevertheless, there is circumstantial evidence to
suggest that MMPs and other metalloproteinases should be evaluated as possible therapeutic
targets. The MMP-9 activity is increased in the plasma of LPS-treated rats and the MMP
inhibitor doxycycline reduces the aortic hyporeactivity associated with endotoxemia (Cena,
et al., 2010). Certain MMPs also appear in the plasma of septic patients. Notably, protein
levels for MMP-3, -7, -8 and -9 but not MMP-2 (Lauhio, et al., 2011; Muhl, et al., 2011;
Yazdan-Ashoori, et al., 2011) have been reported to be elevated in patients with severe
sepsis upon admission to the ICU. Moreover, plasma levels of MMP-8 were significantly
higher in non-surviving patients than in survivors (Yazdan-Ashoori, et al., 2011). Still,
cytokines and the associated inflammatory response can induce MMP synthesis and release.
Since MMPs can be pro- or anti-inflammatory (Page-McCaw, et al., 2007), it is difficult to
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interpret of the consequences of changes in plasma levels of MMPs alone (Yassen, et al.,
2001).

Additional findings, which suggest activation of metalloproteinases may be playing a role in
sepsis-induced AKI come from evaluation of tubular morphology and the appearance in the
urine of the tubular injury biomarker, kidney injury molecule-1 (KIM-1). Sepsis-induced
tubular injury is characterized by loss of brush-border membrane, tubular swelling and
epithelial cell detachment with measurable apoptosis but generally no or very mild necrosis
(Guo, et al., 2004; Miyaji, et al., 2003; Tiwari, et al., 2005; L. Wu, Gokden, et al., 2007).
KIM-1 is a membrane glycoprotein released from the tubular epithelium by
metalloproteinases (Bailly, et al., 2002; Han, et al., 2002) and appears in the urine of patients
with ischemic, nephrotoxic and sepsis-induced AKI (Liangos, et al., 2007), suggesting the
activation of renal metalloproteinases in these forms of AKI.

The perivascular matrix is composed primarily of collagen IV, a substrate of MMP-2 and
MMP-9 as well as other metalloproteinases such as the meprins (Kaushal, et al., 1994;
Sterchi, et al., 2008). What is significant with regard to the kidney is that meprin A, a
hetero-oligomeric protein composed of both α- and β-subunits, is estimated to comprise as
much as 5% of the proximal tubule brush-border membrane protein (Craig, et al., 1987;
Kaushal, et al., 1994). In addition to acting on collagen IV, laminin, fibronectin, and nitogen
(Kaushal, et al., 1994; P. D. Walker, et al., 1998) meprin can also degrade the cytoskeletal
proteins, villin and actin, present in the brush-border membrane (Ongeri, et al., 2011).
Meprins are the only astacins metalloproteinases that can function attached to the membrane
as well as extracellularly (Sterchi, et al., 2008). Consequently, they can exert local and
perhaps more remote effects. This property is especially relevant with regard to sepsis
because meprin A acts on pro-IL-1β to generate active IL-1β, a key pro-inflammatory
cytokine released early during sepsis (Ebong, et al., 1999; P. Li, et al., 1995). Actinonin, a
naturally occurring hydroxamate found in actinomycetes and a potent inhibitor of meprin A
(Kruse, et al., 2004), protects against renal IR in rats (Carmago, et al., 2002) and cisplatin-
induced nephrotoxicity in mice (Herzog, et al., 2007). Actinonin administered at the time of
CLP is also protective against sepsis-induced AKI (Holly, et al., 2006). Moreover, meprin-α
knockout mice are protected against LPS-induced AKI (Yura, et al., 2009). While these
reports suggested a role for meprin in sepsis-induced tubular injury they did not address the
mechanism of protection. As discussed earlier, a delayed treatment paradigm is the mostly
clinically relevant approach to establishing therapeutic potential of a particular agent. This is
especially relevant for the evaluation of actinonin since when administered at the time of the
induction of sepsis it inhibits the generation of active IL-1 β and thereby reduces the
inflammatory response (Z. Wang, et al., 2011; Yura, et al., 2009). To address more directly
whether actinonin could protect the kidney during sepsis, Wang et al (Z. Wang, et al., 2011)
administered actinonin at 7 hours after CLP in mice. At this time TNF-α and IL-1β were
already elevated (Miyaji, et al., 2003; Pathak and Mayeux, 2010) and peritubular capillary
perfusion was already compromised (Z. Wang, et al., 2011). Actinonin not only preserved
tubular morphology and renal function but also reversed the decline in peritubular capillary
perfusion. Agents targeting meprin A could offer real advantages in treating sepsis because
they would target both the early IL-1β generation and the later tubular injury. Nevertheless,
these findings only support the notion that activation of meprin and perhaps other
metalloproteinases participate in the development of tubular injury during sepsis. Further
studies are needed using other inhibitors to better evaluate the metalloproteinases as
therapeutic targets.

Since peritubular capillaries and tubular epithelium are held together in close contact by the
ECM it could be expected that damage to either or both could lead to cross-talk with
interstitial cells such as fibroblasts and dendritic cells (Kaissling and Le Hir, 2008; Lemley
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and Kriz, 1991) through the generation of signaling molecules derived from the ECM
(Basile, et al., 2004; Pitera, et al., 2004). Thus, the challenge becomes identifying which
signaling pathways augment injury and which might facilitate recovery.

5. Therapies targeting renal recovery
Agents that have been shown to be effective when administered after the onset of renal
injury suggest that targeting recovery may also have an important place in therapy. Data
from the CLP model suggest that preventing the progression of microcirculatory failure
(Doi, et al., 2008) or tubular injury (Holthoff, et al., PMID: 215975863; Miyaji, et al., 2003;
Z. Wang, et al., 2011; Z. Wang, et al., PMID: 22119717) may actually allow the kidney to
recover. The mechanism of recovery of the microcirculation is unclear but may be related to
the protection against oxidant-induced tubular epithelial damage. As the epithelial cells
become injured, release mediators, and the tubules swell, peritubular capillary perfusion will
likely be impeded further. This could augment local hypoxia and oxidant generation to
exacerbate tubular injury and perpetuate capillary dysfunction (Holthoff, et al., PMID:
215975863; Z. Wang, et al., PMID: 22119717; Yasuda, et al., 2006). The mechanism of
recovery of the tubular epithelium is also unclear but likely related to reduced oxidative
stress, improved mitochondrial function, and preservation of the extracellular matrix
(Holthoff, et al., PMID: 215975863; Miyaji, et al., 2003; Z. Wang, et al., 2011; Z. Wang, et
al., PMID: 22119717).

Autophagy is a process by which a cell degrades and recycles its own nonessential
components. This process can be triggered by variety of stressors including those produced
by oxidants or limited nutrients. Consequently, autophagy is generally considered an
adaptive response, which could help preserve organ function acutely and allow for recovery
later; however, overstimulation of autophagy can lead to cell death (Y. C. Hsieh, et al.,
2009), which could delay recovery. Watanabe and coworkers (Watanabe, et al., 2009)
recently presented convincing morphological evidence of autophagy in liver biopsies from
septic patients. It is unknown if autophagy occurs in the kidneys of septic patients or septic
animals. Jiang et al. (Jiang, et al., 2010) used pharmacological inhibitors of autophagy and
showed that renal IR injury was significantly worsened when autophagy was blocked.
Kimura et al. (Kimura, et al., 2011) confirmed the protective role of autophagy in renal IR
injury using conditional Atg5 gene deletion to block autophagy in the renal proximal tubule.
They found that these mice developed a more severe renal injury. Together these studies
suggest that renal epithelial autophagy may be an adaptive response during periods of
hypoxia and/or oxidative stress; however, the mechanism of how autophagy might preserve
renal function or promote recovery is unknown.

There is increasing interest in the notion that mitochondrial repair and biogenesis may play
important roles in the recovery of AKI (Funk, et al., 2010; Rasbach and Schnellmann, 2007;
Weinberg, 2011) since protecting the mitochondria could promote tubular regeneration as
suggested in the recovery of renal IR injury (Szeto, et al., 2011). Proliferation of rat
proximal tubule epithelium (S3 segments) can occur relatively rapidly after injury due to a
large fraction (~40%) of epithelial cells in the G1 phase (Vogetseder, et al., 2008). In an
elegant set of experiments Humphreys et al. (Humphreys, et al., 2011) showed that injured
and dedifferentiated proximal tubule epithelial cells, rather than uninjured bystanders or
progenitor cells, proliferate to repopulate the tubular epithelium following renal IR injury.

The safe removal of damaged mitochondrial (mitophagy) as well as synthesis of new
mitochondria (biogenesis) are important events that can lead to recovery from septic organ
damage. This has been shown to occur in the liver (Bartz, et al., 2011; Suliman, Carraway,
Welty-Wolf, et al., 2003; Sweeney, et al., 2010) and heart (Lancel, et al., 2009); however,
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the role of mitophagy/biogenesis has not been well studied in sepsis-induced AKI. A recent
paper by Tran et al. (Tran, et al., 2011) showed that mitochondrial biogenesis was important
for potential recovery of renal function following LPS-induced sepsis. Specifically, this
group determined that PPARγ coactivator 1α (PGC-1α), a critical regulator of
mitochondrial biogenesis, needs to be induced in order to achieve recovery. Others have
shown that increased mitochondrial ROS production leads to mitochondrial damage but also
appears to induce mitochondrial biogenesis or repair (R. J. Levy and Deutschman, 2007;
Reynolds, et al., 2009; Suliman, Carraway, Welty-Wolf, et al., 2003). Interestingly, iNOS
appears to be necessary for efficient hepatic mitochondrial biogenesis to take place
following LPS mediated sepsis (Reynolds, et al., 2009).

It would be logical to attempt to induce both mitophagy and biogenesis following sepsis as a
possible therapeutic strategy. A recent paper using a CLP model showed that rapamycin (the
classic mTOR inhibitor and autophagy inducer) provided cardioprotection (C. H. Hsieh, et
al., 2011). However, rapamycin was given only 1 hour following CLP, a more delayed
treatment would enhance the therapeutic relevance of these findings. In addition, resveratrol
and carbon monoxide releasing compounds have been shown to induce mitochondrial
biogenesis (Csiszar, et al., 2009; Lagouge, et al., 2006; Lancel, et al., 2009). As mentioned
earlier, our laboratory recently demonstrated that resveratrol provided significant protection
in a murine CLP model of severe sepsis (Holthoff, et al., PMID: 215975863), studies are
underway to determine the possible role of mitochondrial biogenesis had on the protection
observed. Other studies have documented protection against organ mediated septic damage
with resveratrol but have not evaluated the role of mitochondrial biogenesis as a possible
mechanism of action (Kolgazi, et al., 2006; Sebai, et al., 2008; Sebai, et al., 2011).

In a relatively mild sepsis model of peritonitis induced by a S. aureus-impregnated fibrin
clot, mitochondrial biogenesis in the liver was shown to help restore oxidative metabolism
and suggested to be a prosurvival mechanism to recover organ function (Haden, et al.,
2007). This study raises the possibility that mitochondrial biogenesis or at least preservation
of mitochondrial function could be an important therapeutic approach in the treatment of
sepsis. Along similar lines, there is also growing interest in the role of sirtuin-1 (SIRT1), an
NAD+-dependent histone deacetylase and its possible role in inflammatory conditions such
as sepsis (Hu, et al., 2011; Z. Zhang, et al., 2010). SIRT1 levels decline rapidly in the liver
following LPS administration in mice and this is accompanied by an increase in the
autophagy indicator LC3-II (Z. Zhang, et al., 2010). Interestingly, SIRT1 levels increase and
LC3-II levels decrease in the recovery phase, which is associated with a restoration of ATP
levels in the liver. Chronic treatment with resveratrol was able to block the early changes in
both SIRT1 and LC3-II and preserve liver ATP levels, suggesting a link between the
protective effects of resveratrol and modulation of SIRT1 and autophagy, as detailed in a
recent review (Chung, et al., 2010). Unfortunately, the acute effects of resveratrol were not
tested in this sepsis model and the kidney was not examined for evidence of autophagy.

The ability of resveratrol to reverse peritubular capillary dysfunction and preserve renal
function as discussed earlier (Holthoff, et al., PMID: 215975863) could be a result of
resveratrol's ability to acutely scavenge RNS and then facilitate peritubular capillary
endothelial cell and epithelial cell recovery. This could occur through interactions with
SIRT1 leading to upregulation of MnSOD and catalase (Chung, et al., 2010). This would
reduce mitochondrial oxidant generation and possibly induce mitochondria biogenesis
(Beeson, et al., 2010; Csiszar, et al., 2009; Funk, et al., 2010; Ungvari, et al., 2009).
Resveratrol has been considered a direct activator of SIRT1 but recent evidence disputes this
(Pacholec, et al., 2010). Nevertheless, much of the renal protective activities attributed to
chronic resveratrol dosing appear to be mediated, at least in part, by SIRT1 (He, et al., 2010;
Kim, et al., 2011). Studies are needed to specifically examine the acute effects of resveratrol
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and agents like it on autophagy and mitochondrial biogenesis in the recovery phase of
sepsis-induced AKI.

6. Conclusions
It is clear from both clinical observations and animal studies that sepsis-induced AKI is not
due to hemodynamic failure alone (prerenal-AKI). It is now generally accepted that renal
microcirculatory failure and direct tubular injury contribute significantly to sepsis-induced
AKI in humans (Wan, et al., 2008) and that targeting the early hemodynamic failure with the
goal to maintain organ perfusion (M. M. Levy, et al., 2010) is not always effective in
preserving organ function because the effects of the initial hemodynamic insult may be
difficult to prevent or reverse (Stearns-Kurosawa, et al., 2011). Impaired microcirculation
(depicted as reduced flow and increased permeability in Figure 5) is a very early event in
sepsis-induced AKI leading to subsequent mitochondrial damage and a pro-oxidant
peritubular microenvironment, which promotes tubular epithelial injury. Targeting these
later events is key because therapies targeting the initial capillary injury alone may have
limited therapeutic value. As discussed in this review there have been studies that have
specifically addressed the therapeutic potential of delayed treatments designed to break the
cycle of injury (Figure 6) by targeting oxidants and metalloproteinases to allow the renal
microcirculation and tubular epithelium to recover and restore renal function. Another very
intense area of research is to identify agents that can promote repair through induction of
autophagy/mitophagy as well as mitochondrial biogenesis, which could serve to limit sepsis-
mediated renal injury.

Finally, it is likely that agents found to protect the kidney during sepsis would also have
beneficial effects in other organs as well because oxidative stress and microvascular
dysfunction are not unique to the kidney (Bateman, et al., 2003; Vincent and De Backer,
2005) and kidney injury can have a profound impact on other organs (Okusa, 2010).
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Abbreviations

AKI acute kidney injury

RBF renal blood flow

MAP mean arterial pressure

GFR glomerular filtration rate

LPS lipopolysaccharide

CLP cecal ligation and puncture

MMP matrix metalloproteinase

S1P sphingosine-1-phosphate

S1PR sphingosine-1-phosphate receptor

SphK sphingosine kinase

SOD superoxide dismutase
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iNOS inducible nitric oxide synthase

NO nitric oxide

ROS reactive oxygen species

RNS reactive nitrogen species

IR ischemia-reperfusion

SIRT1 sirtuin-1

MnTMPyP Mn(III)tetrakis(1-methyl-4-pyridyl)porphyrin, tetratosylate, hydroxide
(MnTMPyP)

TNF- α tumor necrosis factor alpha

α-MSH alpha-melanocyte stimulating hormone
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Figure 1. Anatomy of the renal circulation
The renal microcirculation is depicted illustrating the anatomical relationship between the
renal tubules and the peritubular capillaries.
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Figure 2.
Schematic showing the synthesis of oxidant derived from NO and superoxide.
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Figure 3. Imaging of RNS generation in renal tubules with intravital microscopy
Shown are representative images of perfusion (A) and rhodamine fluorescence (B) captured
from videos of the same field of view from the kidney of a live 40-week-old mouse 16 hours
after CLP. Arrows indicate capillaries with no perfusion. A pseudocolored image of B is
shown in C to highlight changes in pixel intensity. Intense regions of rhodamine
fluorescence are localized to discrete regions of the tubular epithelium bordered by
capillaries with reduced perfusion (from (L. Wu, Gokden, et al., 2007) used with
permission).
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Figure 4.
Depiction of the mitochondrial electron transport chain.

Mayeux and MacMillan-Crow Page 41

Pharmacol Ther. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Changes in the peritubular capillary microenvironment during sepsis
Depicted in A is the normal peritubular capillary microenvironment. The early impaired
microcirculation with increased capillary permeability and decrease capillary perfusion are
depicted in B. Subsequent tubular epithelial damage is depicted in C.
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Figure 6. Sepsis-induced cycle of injury in the peritubular microenvironment
Green arrows indicate events, which may occur too rapidly to be clinically relevant
therapeutic targets. Red arrows indicate possible targets in the peritubular
microenvironment, which could break the cycle of injury and allow recovery of the renal
microcirculation and tubular function.
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