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ABSTRACT—Given that the leading clinical conditions associated with acute kidney injury (AKI), namely, sepsis, major
surgery, heart failure, and hypovolemia, are all associated with shock, it is tempting to attribute all AKI to ischemia on the
basis of macrohemodynamic changes. However, an increasing body of evidence has suggested that in many patients, AKI
can occur in the absence of overt signs of global renal hypoperfusion. Indeed, sepsis-induced AKI can occur in the setting of
normal or even increased renal blood flow. Accordingly, renal injury may not be entirely explained solely on the basis of the
classic paradigm of hypoperfusion, and thus other mechanisms must come into play. Herein, we put forward a ‘‘unifying
theory’’ to explain the interplay between inflammation and oxidative stress, microvascular dysfunction, and the adaptive
response of the tubular epithelial cell to the septic insult. We propose that this response is mostly adaptive in origin, that it is
driven by mitochondria, and that it ultimately results in and explains the clinical phenotype of sepsis-induced AKI.
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INTRODUCTION

Close and careful clinical observation of patients is the very

backbone of medical inductive and deductive reasoning, funda-

mental to establish the paradigms that govern our understanding

of health and disease. Such paradigms, once established, are deeply

rooted in the psyche and are thus rarely disputed or modified. The

paradigm that explains the pathophysiology of acute kidney injury

(AKI) is not an exception. Given that the leading clinical conditions

associated with AKI, namely, sepsis, major surgery, heart failure,

and hypovolemia (1), are all associated with shock, it is tempting to

attribute all AKI to ischemia on the basis of macrohemodynamic

changes. However, an increasing body of evidence suggests that

AKI can occur in the absence of overt signs of hypoperfusion,

either global or regional. For instance, a large-scale study that in-

cluded more than 1,800 patients with confirmed diagnosis of

pneumonia found that AKI was common among patients with

nonsevere pneumonia, including those who were never admitted

to the intensive care unit nor had any evidence of hemodynamic

instability (2). Despite the limitation of being unable to address

whether transient periods of hypotension occurred, the fact that

these patients never required escalation of care suggests that

AKI can occur in the absence of overt signs of shock and, more

importantly, in the population that the medical community

would not classify as Bat risk[ (2). In addition, despite wide

controversy about the role of global renal blood flow (RBF),

animal models and human studies have shown that the occur-

rence of sepsis-induced AKI is not exclusive of decreased RBF

states, and that, on the contrary, can develop in the setting of

increased RBF (3, 4). Not only can AKI occur in the absence of

macrohemoynamic signs of hypoperfusion, but also it seems

that whole-body warm ischemia may not be sufficient to cause

it either. Of interest, only a very small proportion of patients

after cardiac arrest, a natural Bmodel[ of warm ischemia, de-

velop AKI, and those who do are patients who develop car-

diogenic shock in the postarrest period (5). These results are

reminiscent of animal studies that failed to induce AKI in the

setting of hemorrhagic shock (6, 7). Finally, in vitro studies

using cell cultures, in which hemodynamics are no longer rel-

evant, have shown that many of the cardinal features of sepsis-

induced AKI can be reproduced in human epithelial tubular

cells by exposing them to plasma from septic patients (8). These

data provide evidence that, at least in some patients, renal injury

cannot be explained solely on the basis of the classic paradigm
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of hypoperfusion and that other mechanisms must come into

play. This review focuses on the potential mechanisms that

could explain the occurrence of AKI in the absence of tissue

hypoperfusion.

One of the limitations in advancing the understanding of

sepsis-induced AKI is the lack of pathologic specimens avail-

able in this patient population, given that, as a consequence of

the inherent risks, biopsies are almost never performed. Clinical

studies based on physiologic data and few recent postmortem

reports have started to define what sepsis-induced AKI actually

looks like and how it differs from other types of kidney injury.

Histologically, sepsis-induced AKI has been typified by patchy,

heterogeneous tubular cell injury with apical vacuolization, but

with absence of tubular necrosis or even extensive apoptosis (9).

Importantly, all these features develop in the context of renal

vasodilatation and normal or increased RBF (10Y15) and frame

the clinical phenotype characterized by a profound decrease in

glomerular filtration rate (GFR), creatinine clearance, and the

development of uremia.

Although cell death (either via necrosis or apoptosis) is not a

prominent feature of sepsis-induced AKI, a consistent obser-

vation in septic humans and animals, regardless of disease

stage, severity, or organ examined, appears to be the presence

of three main alterations: inflammation (16, 17), diffuse mi-

crocirculatory flow abnormalities (18), and cell bioenergetic

adaptive responses to injury (19). The study and understanding

of these three domains in terms of the relationship between

them, their relative contribution to the development of tubular

injury and AKI, may provide a roadmap to unravel the mech-

anisms by which sepsis causes AKI and perhaps organ injury

in general and may facilitate the development of more targeted

therapies. These three domains frame a unifying theory that we

are proposing.

A POSSIBLE UNIFYING THEORY

Functionally, sepsis-induced AKI manifests as a dramatic

decline in GFR and variable tubular dysfunction. However, the

histological footprint does not entirely explain this functional

phenotype. It is characterized by the presence of nonspecific,

patchy areas of tubular cell vacuolization and a remarkable

absence of apoptosis or necrosis (20). Current evidence sug-

gests that the origin of most cases of AKI is multifaceted rather

than the result of an individual insult and that several, concurrent

mechanisms may be at work. These mechanisms include in-

flammation, profound, heterogeneous distortion of microvascu-

lar flow at the peritubular and glomerular levels and stimulation

of mitochondrial quality control processes and cell cycle arrest.

Given that these three major players occur early in the course of

sepsis, we propose the following theory to explain the patho-

physiology of sepsis-induced AKI.

We conceptualize sepsis-induced AKI as the early clinical

and biochemical manifestation of an adaptive response of the

tubular cells to an injurious, inflammatory danger signal. We

submit that the interplay of inflammation and microvascular

dysfunction characterizes and amplifies this signal and that,

in response, mitochondria within tubular cells orchestrate a

complete metabolic downregulation and reprioritization, which

favors individual cell survival processes (such as mainte-

nance of membrane potential and cell cycle arrest), at the ex-

pense of Bkidney function[ (i.e., tubular absorption and secretion

of solutes).

The ‘‘danger’’ signal: amplification by microvascular
dysfunction and impact on the tubular epithelial cell

During sepsis, inflammatory mediators derived from path-

ogens and activated immune cells (i.e., lipopolysaccharide

[LPS], cytokines, etc., also known as damage- or pathogen-

associated molecular patterns [DAMPs/PAMPs]), which

prime, signal, alert, and guide the immune system to fight in-

fection, also mediate host cellular injury. Damage-associated

molecular patterns and PAMPs can be recognized not only by

cells of the immune system, but also epithelial and parenchy-

mal cells, through pattern recognition receptors. These include

Toll-like receptors (TLRs), NOD-like receptors, and RIG-

IYlike receptors (21). The fact that the kidney receives 20% of

the cardiac output and filters about 120 to 150 mL of plasma

every minute places it on the front line to be exposed to such

mediators. Either DAMPs and PAMPs can exert their effects

on the renal tubular cells via the peritubular microcirculation,

or they can be filtered at the glomerulus (Fig. 1). It has been

recently demonstrated that these molecules can be recognized

by tubular cells through TLR-4 (and TLR-2)Ydependent path-

ways (Fig. 2) (22). Despite that potentially all nephrons in the

kidney could be exposed to these mediators, only patches of

tubular cells seem to display signs of distress to this Bdanger

signal[ (23). This patchy appearance closely resembles the

heterogeneous distribution of flow because of microvascular

dysfunction, and we speculate that these two events may be

causally related. We further venture that microvascular dys-

function may play a key role in amplifying the Bdanger signal[
in specific areas of low flow, exposing neighboring tubular

epithelial cells and causing damage in the observed patchy

distribution.

Microvascular dysfunction—Sepsis causes a profound al-

teration in microvascular blood flow distribution throughout

the body. This abnormality is characterized by increasing

heterogeneity of flow. Anatomically, a significant decrease in

capillary density occurs. Functionally, there is a decrease in

the proportion of capillaries with Bnutritive[ or continuous

blood flow, along with a concomitant increment in the pro-

portion of capillaries with intermittent or no flow (24Y26). The

renal microcirculation is altered in a similar fashion, as has

been recently described in different models of sepsis-induced

AKI. These alterations have been predominantly characterized

by a decrease in vessels with continuous flow (17, 27, 28) and

a concomitant increase in vessels with intermittent or no flow.

Although not the focus of this review, it is important to

underscore two important processes. The first is that such a

microcirculatory alteration may create areas of hypoperfusion

and hypoxia (29, 30) in parallel to the mechanisms that we will

describe and that these loci of hypoxia may contribute to the

inflammatory process and to the adaptive metabolic downregu-

lation of the renal tubular cell through a process known as oxy-

gen conformance (31). The second is the potential role of nitric

oxide (NO) in the genesis of microvascular dysfunction and in
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the pathophysiology of AKI. Although it is known that sepsis

elicits a global increment in production of NO (32), the ex-

pression of one of the most important catalyzers of its produc-

tion, inducible NO synthase (iNOS), is heterogeneous (32).

Therefore, it is reasonable to consider that heterogeneous ex-

pression of iNOS may result in heterogeneous regional con-

centrations of NO, which could potentially lead to pockets of

vascular beds deprived of NO even in the setting of elevated

systemic levels (33). This is important as it directly relates to

the heterogeneous pattern that has been described in sepsis-

induced microvascular dysfunction and furthermore may relate

to possible pathophysiologic phenomena such as shunting and

hypoxia (33). Nevertheless, the relationship between NO, mi-

crovascular dysfunction, and AKI may not be as straightfor-

ward, as sepsis may also cause an iNOS-dependent decrease

in endothelial-derived NO synthase activity, which would also

result in impaired microvascular homeostasis (34, 35). Finally,

selective inhibition of iNOS not only can restore the renal mi-

crocirculatory derangements brought about by sepsis, but also

is associated with decreased histological and functional mani-

festations of renal injury, suggesting that microcirculatory

abnormalities may be in the mechanistic pathway of sepsis-

induced AKI (27).

Amplification of the signal: association between sluggish
flow and tubular oxidative stress—Sepsis-induced microvas-

cular dysfunction produces areas of sluggish peritubular flow,

which seems to be central to the amplification of the inflam-

matory signal. In support of this, Holthoff et al. (28) showed

that red blood cell velocity is severely decreased 6 h after cecal

ligation and puncture (CLP) in these dysfunctional capillaries.

Just as with the red blood cells, activated leukocytes passing

through these areas of sluggish microvascular flow also de-

crease their velocities and increase their transit time as dem-

onstrated by Goddard et al. (36) in myocardial capillaries

during a porcine model of endotoxemia. In addition, there is

evidence of upregulation of inflammatory molecules, such as

intercellular adhesion molecule 1 and vascular cell adhesion

molecule 1 (37, 38), in these peritubular capillaries that would

contribute to prolonged leukocyte transit and increased sig-

naling with kidney dendritic cells (Fig. 2). This prolonged

transit may directly translate into a greater time of exposure of

the endothelium and neighboring tubular epithelial cells to

activated, cytokine secreting leukocytes and to other PAMPs

and DAMPs that ultimately amplify the inflammatory signal

and cause greater oxidative stress. The tubular epithelial cells

exposed to this amplified signal then act as primary targets

for this alarm; respond to it by undergoing oxidative stress,

vacuolization, and adaptation to the microtubular environ-

ment; and ultimately signal other tubular cells to shut down in

a paracrine fashion (see below). Importantly, this provides an

explanation for why only a few heterogeneous groups of tu-

bular epithelial cells demonstrate the typical histopathologic

changes (Fig. 2).

Oxidative stress, a hallmark of sepsis-induced tubular injury,

is an early event that is spatially associated with these areas of

sluggish flow. Already within 4 h after CLP reactive oxygen

(ROS) and nitrogen (RNS) species concentrations increase,

predominantly localized to tubules bordered with no capillary

blood flow, suggesting sluggish/stop flow may not only be an

epiphenomenon, but rather part of the causation pathway (16, 17).

Furthermore, using intravital microscopy and epi-illumination

to detect surface contour, oxidative stress has been localized to

FIG. 1. Sepsis is associated with the release of DAMPs and PAMPs into the circulation. These inflammatory mediators are derived from bacterial
products as well as from the immune cells that respond to infection. Together, they constitute an alarm ‘‘danger signal’’ that can be recognized by and can
potentially injure the tubular epithelial cell. It has been shown recently that these mediators can readily gain access to the tubular space through glomerular
filtration. Specifically, LPS has been shown to be filtered through the capsule of bowman and into the tubular fluid. Once in the tubular space, LPS can directly
interact with the tubular epithelial cell, which can recognize it through a TLR-4Ydependent mechanism. Alternatively, there are indirect data suggesting that
inflammatory mediators released by activated leukocytes in the peritubular capillaries can stimulate the tubular epithelial cell. It is unknown, however, if this
stimulation occurs by direct migration of these DAMPs through the endothelial and epithelial layers, or if they exert their actions through cellular interactions
activating the endothelium, stimulating dendritic cells, and ultimately triggering a response in the tubular epithelial cell.
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apical vacuoles (23). This is important, because one of the very

few histopathologic features that are uniformly identified in

animal and human sepsis-induced AKI has been apical epithe-

lial tubular cell vacuolization. In addition, the temporal associ-

ation between these phenomena suggests a mechanistic link

to how this may develop as peritubular capillary dysfunction,

and the expression of intercellular adhesion molecule 1 and

vascular cell adhesion molecule 1, epithelial cell oxidative

stress, and Brenal failure[ (as measured by functional assays

blood urea nitrogen [BUN] and creatinine) occurred at 2, 4,

and 10 h, respectively.

Although hypoxia may contribute to tubular injury and in-

flammation and induce an adaptive response (23, 39, 40), we

theorize that this is not the only mechanism and that DAMP-

induced inflammation and oxidative stress through TLR-4

activation may be at least as important.

The response to danger: tubular metabolic downregulation
and reprioritization of cellular functions

The tubular cell response to this rarefied peritubular mi-

croenvironment seems to be adaptive in origin. The bland

histology and the surprising paucity of apoptosis and necro-

sis in septic kidneys support this notion and have led to the

understanding that sepsis-induced AKI does not follow the

same injury pattern as ischemia-reperfusion and hemorrhage

and that it is not characterized by acute tubular necrosis (9).

On the contrary, the tubular epithelial cell appears to limit

processes that can otherwise activate apoptotic and necrotic

signaling pathways, notably energy imbalance and DNA

damage. Accordingly, we propose that the initial insult to the

tubular epithelial cell is framed by inflammation and oxidative

stress and that this triggers an adaptive response characterized

by suppressing energy turnover, downregulating metabolism

through prioritization of energy consumption (19, 41Y43), and

undergoing cell cycle arrest (Fig. 3) (44). We submit that this

response, orchestrated by mitochondria (see below), limits

further injury by maintaining energy balance and preventing

further DNA damage and is central to providing the cell with

an opportunity to regain function once danger has abated.

Oxidative stress, inflammation, and the trigger of the adaptive
response—There is evidence to suggest that sepsis-induced

oxidative stress is related not only to histopathologic findings,

but also to tubular dysfunction. Gupta et al. (45) showed that, in

the presence of LPS, proximal tubules of mice have a delayed

uptake of low-molecular-weight dextran, a sign of reduced

endocytic capacity. Furthermore, Good et al. (46) have shown

FIG. 2. Sepsis induces profound alterations in microcirculatory flow in the entire organism, and the kidney is not an exception. This alteration is
characterized by a significant increment in the heterogeneity of flow, as well as an increase in the proportion of capillaries with sluggish or stop flow (represented
in the figure by darker hexagons in the peritubular capillary). We have conceptualized that these areas of sluggish peritubular flow increase the transit time of
activated, cytokine spilling leukocytes and that this may set the stage for an amplification of the ‘‘danger signal’’ in such areas. These areas of sluggish flow have
been shown to colocalize with expression of oxidative stress in the tubular epithelial cells, suggesting causation. In addition, immunohistological studies have
shown that oxidative stress is localized to the apex of the tubular epithelial cell and that it is associated to the formation of apical vacuoles as represented hereby
in the figure. Importantly, this may explain the mechanism by which apical vacuoles are formed during sepsis-induced AKI and also the histological phenotype. In
addition, filtered LPS is recognized by S1 tubular epithelial cells through TLR-4 and is internalized via endocytosis. This event has been shown to trigger an
oxidative outburst, not in the S1 segment cells, but rather in the S2 segment cells. This seems to be associated with the expression in S1, but not in S2 epithelial
cells of heme oxygenase 1 (HO-1) and Sirt1, both highly protective against oxidative damage (22, 79). In addition, expression of TNF receptors in the S2 segment
tubular cells has led to the hypothesis that S1 cells may signal distal segments in a paracrine fashion through secretion of tumor necrosis factor !. Finally, there
are also data suggesting that this paracrine signal may also include mediators of cell cycle arrest, namely, TIMP-2 and IGFBP-7.
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in an LPS-induced rodent sepsis model that LPS inhibits NHE1

(Na+/H+ exchanger 1) and thus blocks bicarbonate reabsorption

in the medullary thick ascending limb of the loop of Henle.

In addition, this oxidative stress response seems to be the

result of an organized interaction between DAMPs and PAMPs

and the tubular epithelial cell rather than a random event.

Damage-associated molecular patterns and PAMPs originating

from remote sites of injury or infection can gain access to the

renal tubules by glomerular filtration or by proximity to the

peritubular capillaries (47). Furthermore, sepsis induces renal-

wide expression of otherwise constitutively expressed TLR-4

(48), and DAMPs/PAMPs are actively recognized by tubular

epithelial cells through TLR-4 (22). Kalakeche et al. (22)

have elegantly shown that TLR-4Ydependent LPS recognition

in the tubular epithelial cells occurs in the S1 segment of the

proximal tubule, that assembly of LPS with TLR-4 in the tu-

bular epithelial cell produces internalization of LPS through

fluid-filled endocytosis, and that this triggers an organized

oxidative outburst in epithelial cells of the adjacent tubular

segments (S2 and S3) but not in the S1 segment (Fig. 2) (22).

These findings have led Kalakeche et al. (22) to suggest that

the S1 segment of the proximal tubule acts as a Bsensor of

danger[ that activates a series of events resulting in oxidative

stress within distal tubular segments (S2, S3) and that could

potentially explain tubular dysfunction in the setting of sepsis.

We further hypothesize that this oxidative outburst is the trigger

for the adaptive response of the tubular epithelial cell, which is

characterized by reprioritizing energy expenditure, downregu-

lating metabolism, and undergoing cell cycle arrest (Fig. 3).

The adaptive response of the tubular epithelial cell to
sepsis-induced injury—Apoptosis is the principal mechanism

of programmed cell death in multicellular organisms (49).

It can be triggered by a myriad of stimuli including DNA

damage, energy failure, growth factor deprivation, and endo-

plasmic reticulum stress (49), all of which also occur as a

consequence of sepsis. Yet, tubular cell apoptosis is largely

FIG. 3. Paracrine stimulation from S1 segment tubular epithelial cells produces an oxidative outburst in the S2 and S3 segment tubular epithelial
cells, which is histologically appreciated by the generation of apical vacuoles. This oxidative outburst can potentially alter mitochondrial function by
uncoupling respiration, which in turn leads to energetic imbalance, ROS/RNS production, and loss of mitochondrial membrane potential. All of these alterations
should activate apoptosis, and yet this is not seen during sepsis-induced AKI. Thus, we hypothesize that the tubular epithelial cell coordinates a response to this
‘‘danger signal’’ that avoids triggering apoptosis and allows the cell to survive at least for a limited period of time. We submit that this response is orchestrated by
mitochondria and is centered on regulating energy metabolism by different pathways: (a) reprioritizes energy utilization, which inhibits electrolyte transport
through cytoplasmic membranes and blocks protein synthesis; (b) induces mitophagy, a process by which dysfunctional mitochondria are engulfed by
autophagosomes, and their components are lysed and recycled as a source of energy; (c) induces cell cycle arrest. The cell cycle is a normal process by which
the cell prepares to undergo mitosis. There seems to be specific checkpoints along this cycle in which the cell ‘‘evaluates’’ whether there is sufficient energy to
proceed to the next stage. Presumably, in the setting of energy imbalance (such as sepsis), the cell is unable to overcome such checkpoints and releases
mediators that arrest the cycle to avoid undertaking a potentially lethal endeavor. Such mediators (TIMP-2 and IGFBP-7) have been validated as the best
predictors of risk of AKI in critically ill patients (69), and we submit that they may be involved in, first, arresting the tubular epithelial cell cycle and, second, the
paracrine signaling to distal tubular cells. Finally, we hypothesize that the link between tubular injury and the dramatic decline in GFR is the activation of TGF. As
the tubular cell downregulates apical ionic transport, chloride accumulates in the tubular lumen. This increases the chloride load delivered to the macula densa,
triggering TGF. The constriction of the afferent arteriole by this mechanism decreases GFR and thus reproduces the clinical phenotype of sepsis-induced AKI.
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absent in patients with sepsis-induced AKI. It is likely that

the scarcity of apoptosis is mainly orchestrated by mitochon-

dria, as these organelles are central in the process of triggering

the programmed cell death machinery (50). Importantly, mi-

tochondria influence three key processes that could potentially

lead to apoptosis: (a) energy homeostasis and prioritization

of energy consumption, (b) maintenance of cellular organelle

function through quality control processes (general autophagy

and mitophagy), and (c) cell cycle and DNA replication. We

submit that these processes not only are fundamental aspects

of the adaptive response of the tubular epithelial cell, but also

explain, at least in part, the sepsis-induced AKI phenotype.

Reprioritization of energy consumption—Atkinson (51) was

the first to propose that ATP consuming processes should

have a hierarchy of response dependent on the level of energy

charge (ATP) or energy supply, and Buttgereit and Brand

(52) provided evidence of this for the first time in stimulated

thymocytes. As predicted by Atkinson (51), they showed

that certain pathways such as macromolecular synthesis and

transmembrane sodium and chloride cycling were more sen-

sitive to changes in energy supply. Buck et al. (53) showed that

a similar process occurs when cells are exposed to hypoxia.

In turtle hepatocytes, hypoxia induced a hierarchical down-

regulation of major Benergy sinks[ such as protein synthesis

and was capable of suppressing energy consumption 10-fold.

Importantly, processes that were necessary for cell survival,

such as maintenance of cytosolic membrane potential and in-

tegrity (Na/K ATPase), were the least suppressed. Thus, ATP

supply by mitochondria actively regulates energy turnover,

avoiding energy expenditure in Bnonessential[ pathways and

allowing the cell to prioritize energy consuming in essential

processes such as maintenance of ion gradients (54). This is

a highly conserved mechanism across species that seems to

frame the core strategy of cellular response to threatening

circumstances. It also provides the conceptual ground to sug-

gest that cellular metabolic downregulation and reprioritization

of energy consumption are pillars of the tubular epithelial re-

sponse to sepsis and furthermore explains why organ function is

sacrificed in benefit of individual cell survival (45, 46).

Mitophagy—Autophagy (and the specialized process of mi-

tochondrial removal called mitophagy) is an evolutionarily

conserved, quality control mechanism, by which eukaryotic

cells remove and digest dysfunctional organelles from the cy-

toplasm (55, 56). During sepsis, TLR-4Ymediated inflammation

(57), oxidative stress (58, 59), and alterations in the electron

transport chain that Buncouple[ respiration from ATP produc-

tion and depolarize the mitochondrial membrane are potent

triggers of mitophagy (56). This early mitochondrial uncoupling

characterized by an increment in O2 consumption (VO2) is not

to be confused with the adaptive response it triggers, which is

framed by the activation of mitophagy, and is characterized by

a decrement in VO2 and conservation of energy.

In the kidney, mitophagy is activated as early as 3 h after

CLP-induced sepsis (60), suggesting it is part of the early re-

sponse of tubular epithelial cells to injury. Importantly, the

time-dependent decline in mitophagy has been associated with

proximal tubular dysfunction with decreased sodium transport

and creatinine clearance and increased BUN and creatinine

(60). Finally, insufficient activation of mitophagy has been as-

sociated with worse outcome in critically ill patients, and it has

been postulated to contribute to cell and organ dysfunction (61).

On the other hand, stimulation of autophagy has been shown

to be effective at protecting organ function. Gunst et al. (61)

showed in critically ill rabbits that treatment with rapamycin

(a potent inductor of mitophagy) was associated with protec-

tion of renal function. Similarly, Hsiao et al. (60) showed that

preincubation of NRK-52E cells (proximal tubule epithelial

cell line) with rapamycin prevented tumor necrosis factor

!Yinduced cell death, whereas inhibition of autophagy exag-

gerated it. Furthermore, they demonstrated in CLP-induced

septic rats that a decline in autophagy was associated with

increased BUN and creatinine and a decline in proximal tu-

bular sodium transport (60).

As a protective response, mitophagy offers several advan-

tages, namely, removal of dysfunctional mitochondria, with

subsequent decrement in ROS/RNS production and energy

conservation, as Bnonessential[ energy consumption from un-

coupled respiration is reduced, and lipids and proteins are

recycled for ulterior use as a source of energy. Importantly,

these benefits may limit oxidative stress damage and intercept

proapoptotic signals at the mitochondrial level impeding trig-

gering of apoptosis (56). Finally, there is also evidence that

cross-talk between autophagy and apoptosis does occur, as

they both share common factors, interconnections, and regu-

latory steps (62Y64).

It is unknown, however, what mitophagy-induced mainte-

nance of renal function really means. The adaptive response,

framed by metabolic downregulation and prioritization of en-

ergy consumption, would most likely decrease tubular and

renal function and not promote it, just as hibernation promotes

functio laesa. Indeed, increased or preserved renal function

in the setting of stress may result harmful in the long run. Yet,

animal and human data associate acute stimulation of autoph-

agy with preserved renal function, and its faulty activation or

decline with worse outcome. It is possible that the interplay of

autophagy and tubular cell function varies with time and that

persistence of the initial protective response may ultimately be

deleterious in the subacute or chronic phases.

Cell cycle arrest—There is a growing body of evidence in-

dicating that mitochondria are intimately involved in the reg-

ulation of the cell cycle (56). The ability of mitochondria to

move within the cell, change shape, and coalesce in different

ways has recently emerged as an important feature, which may

affect the cell cycle (65). Briefly, the cell cycle is the pro-

gression of cells through a number of steps in preparation for

mitosis (G0, G1, S, G2, M). This preparation portrays several

checkpoints in which the cell seems to evaluate whether it is

prepared to advance to the next phase. Of particular interest to

renal tubular injury in sepsis and the involvement of mito-

chondrial regulation is the G1-S checkpoint. Growing cells

appear to have a mixture of tubular and fragmented mito-

chondria, whereas cells at the G1-S margin display a single,

tubular network of mitochondria. This mesh seems to be

transient and specific to the G1-S transition, and mitochon-

dria in this structure seem to act as syncytia, with electrical

coupling and unusual hyperpolarization (66). These findings
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fit well with prior studies showing an increase in O2 consump-

tion during the G1-S transition of the cell cycle (67). This also

relates to the finding that a reduction in ATP production in-

duced by specific ETC mutations produces cell cycle arrest at

the G1-S checkpoint (68). Together, these data indicate that the

formation of this giant tubular network is necessary to meet the

energy requirement needed to synthesize all the components for

adequate cell division. It also suggests that the G1-S border is an

important checkpoint of the cycle and that the inability to meet

such energy requirements triggers pathways that lead to cycle

arrest preventing the cell from undertaking a process that could

represent a lethal energy imbalance (65). Yang et al. (44) re-

cently showed in a rodent model of CLP-induced sepsis that

G1-S cell cycle arrest was associated with kidney injury and

that recovery of renal function paralleled cell cycle progres-

sion 48 h after CLP. These findings have become even more

clinically relevant as tissue inhibitor of metalloproteinases

2 (TIMP-2) and insulinlike growth factorYbinding protein 7

(IGFBP-7), two markers involved in G1-S cycle arrest, have

been identified as the most sensitive and specific markers to

predict risk of development of AKI in critically ill patients (69).

We speculate that the renal cell cycle arrest in the epithelial

tubular cell may provide an advantage by avoiding replication

for the following reasons: (a) limiting cell replication conserves

energy levels and prevents the cell from undergoing an ener-

getically overtaxing endeavor that could potentially trigger ap-

optosis and (b) limiting replication diminishes the probability

of DNA damage, which reduces the chances of triggering apo-

ptosis and also conserves energy by sparing the cell from

repairing damaged DNA.

How are tubular injury and GFR related?

Finally, although these mechanisms may provide a clear ex-

planation of how sepsis may induce tubular damage, they fail to

link early tubular injury with the massive decline in GFR. Con-

versely, inflammation-mediated microvascular dysfunction,

extraglomerular shunting, and capillary dropout may serve to

explain why GFR is reduced during sepsis-induced AKI, but

fail to explain why tubular injury occurs or how these phenom-

ena relate to each other. The strong association between these

two phenotypic signatures of sepsis-induced AKI makes a single

mechanism more likely than separate mechanisms acting in-

dependently. A likely mechanism linking both phenomena is

tubuloglomerular feedback (TGF). Sepsis-induced tubular in-

jury and dysfunction (45, 46, 60) may interfere with Na+

reabsorption through the Na/K/2Cl cotransporter in the proximal

tubule (70), increase the load of NaCl delivered to the macula

densa, and thus trigger TGF (Fig. 3). Activation of TGF would

decrease hydrostatic pressure in the glomerulus and thus de-

crease GFR. Importantly, all of the adaptive changes in tubular

cell function discussed above are entirely consistent with this

scenario and serve to underscore the linkage between tubular

cell biology and glomerular function.

Potential therapeutic targets

One of the most important advantages of understanding

the mechanistic underpinnings of a disease process is the pos-

sibility it offers to find novel and, more importantly, effective

therapeutic interventions. In no other disease process, affecting

the critically ill, is this more true than in sepsis. For decades,

therapeutic efforts have failed to significantly reduce mortality.

The unifying theory presented herein provides a possible

roadmap to unraveling the pathophysiology of sepsis-induced

AKI, a known driver of mortality in this population. Further-

more, if proven, new avenues to attack this disease process, at

different stages, may be opened. Indeed, stage-specific manip-

ulation of inflammation, microvascular dysfunction, and of

cellular energy regulation may provide a new way to prevent

and/or treat sepsis-induced AKI and possible other sepsis-

induced organ failures. The recognition of the derangement in

microcirculatory flow, for example, has triggered the investi-

gation of therapeutic strategies to understand how to maintain or

reestablish microvascular autoregulation that would have never

been conceived should this not have been recognized. For ex-

ample, the use of vasodilators in the setting of sepsis is currently

under investigation including use of systemic vasoactive medi-

cations (71Y75), modulation of NO production, exogenous NO

administration, and protection of the endothelial cell in the

context of inflammatory activation (30, 33, 35, 76, 77). In the

same way, animal data have suggested that stimulation of

evolutionarily conserved, intrinsic cellular mechanisms that

regulate energy utilization and quality control processes may

result in organ protection in the setting of sepsis-induced AKI

(78). Indeed, the conservation and promotion of autophagy have

been shown to be associated with better prognosis in septic

animals and humans (55, 61). In summary, we believe that

this unifying theory may shed light on possible future targets

for intervention, destined to protecting the microvasculature

and the endothelium, balancing energy utilization and modu-

lating inflammation.

CONCLUSIONS

We have put forward a possible Bunifying theory[ of the

pathogenesis of sepsis-induced AKI, framed by the concept

that the clinical phenotype is predominantly the early expres-

sion of an adaptive response of the tubular cells to an injurious,

inflammatory danger signal. We submit that the interplay of

inflammation and microvascular dysfunction characterizes and

amplifies this signal and that, in response, mitochondria within

tubular cells orchestrate a complete metabolic downregulation

and reprioritization of energy utilization, which favors indi-

vidual cell survival processes (such as mitophagy and cell

cycle arrest), at the expense of Bkidney function[ (i.e., tubular

absorption and secretion of solutes).

The concepts of the pathogenesis of sepsis-induced AKI,

although still incompletely understood, have suffered profound

change in recent years. It seems that modern conceptualization

of the disease process has abandoned the notion of equating

sepsis-induced AKI to acute tubular necrosis. Furthermore,

despite that hypoxia remains rightfully embedded in the core

of the pathophysiologic rationale, there has been a healthy

recognition that the processes that lead to sepsis-induced AKI

may perhaps be more complex than previously thought and

that involve other important mechanisms. The work of many

has provided solid foundations to this modern thinking and has
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also laid the necessary knowledge and tools to better appreci-

ate the roles of these key processes.

We emphasize that this Bunifying theory[ is not a universal

theory, and thus, many other potentially important processes

have not been considered. Nevertheless, the data hereby

presented may provide new avenues of investigation that will

hopefully lead to unraveling the mechanisms by which sepsis

induces AKI and, better yet, mechanistic patterns that govern

global organ dysfunction in this setting that may facilitate the

development of more and better targeted future therapies.
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