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Acute kidney injury (AKI) has remained a significant health care concern with high
mortality rates for several decades. The overall mortality rate of AKI is estimated to range
between 45-70% [1-7]. AKI may be observed in up to 5% of hospitalized patients, and a
diagnosis of AKI increases the risk of mortality 5.5 to 6.5-fold as compared to a similarly ill
patient without AKI [3, 8]. In addition, AKI is now recognized as a potential cause of
chronic kidney disease (CKD), as a significant number of patients may require continued
dialytic therapy [3, 5-15], or may show a decline of function following discharge [7, 10, 13,
16]. Recent estimates indicate that up to 3% of the yearly incidence of End-Stage Renal
Disease in North America may be attributable, at least in part, to AKI [7, 17].

AKI can be classified clinically based on the genesis of the disorder as pre-renal, renal or
post-renal. Ischemia due to hypotension or sepsis is the most common cause of human AKI
[18] associated with frank renal injury. The activation of factors associated with
vasoconstriction represents an important component of the renal injury process [19, 20]. It
stands to reason that potential treatment modalities targeting vascular function in the setting
of AKI may positively impact the dismal mortality rates currently achieved by supportive
care alone.

This brief review will summarize recent advances on the understanding of renal endothelial
function in the setting of AKI. We will consider primary roles of the endothelium in
maintaining vascular tone and in influencing inflammation during progression of ischemia
injury and highlight pathways for which interventional therapies have been shown
efficacious in pre-clinical studies. Finally, we will consider the possible connection between
AKI and CKD as a continuum, and reflect on the concept that promotion of vascular
regeneration may represent a means to improve long term function following AKI.

Hemodynamic changes

The hallmark feature of AKI is a reduction in GFR, which implies an underlying impairment
in hemodynamic regulation [21-25]. Indeed, this disorder was originally termed
“vasomotor” nephropathy [21] and was characterized by a sustained increase in renal
vascular resistance (RVR) [19, 26-28].
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Renal hemodynamic responses have been studied in animal models in response to renal
ischemia reperfusion injury. After release of renal artery occlusion, total renal blood flow
(RBF) is restored to baseline levels within minutes followed by a subsequent decline in
RBF, which takes place over several hours [29, 30] [31-33]. Methods that discriminate
regional blood flow in the kidney, suggest that outer medullary RBF undergoes an earlier
and more significant impairment relative to whole kidney RBF [32-35]. The outer medulla is
normally hypoxic under physiological conditions, and sustained reductions in outer
medullary flow are considered to exacerbate hypoxia and contribute to the more profound
degree of morphological damage observed in this region [34, 36].

The increased RVR can be viewed as a vascular response to cellular events triggered by the
initial ischemia. Increased RVR may manifest as the activation of vasoactive compounds,
reactive oxygen species and/or inflammatory pathways which can affect perfusion. Renal
endothelial cells may be the target or the culprit of these responses.

When viewed from a clinical perspective, an increase in RVR triggered during reperfusion
may represent a critical shift in the pathophysiological process driving AKI, in which
systemic complications initiating a reduction in perfusion activate renal-intrinsic responses
sustaining reduced perfusion and fueling parenchymal tissue injury. Such a shift may
represent what has been referred to as the extension phase of AKI by Molitoris and Sutton
and has been suggested as promising clinical window for therapeutic intervention, since the
restoration of blood flow at this time would mitigate subsequent hypoxic damage [37].
However, because a number of different factors influence RVR and their contribution may
change during injury progression, some therapies may be only effective in early stages of
injury may have reduced impact later in the injury process. In practice, the clinical window
of interventional opportunity may be short, and missed due to a lack of accurate and timely
assessment of GFR [38]. Therefore, the utility of potential novel therapies will require
coordination with newer methods in biomarker discovery to more accurately assess the
phases of AKI [39].

Mediators of vasoconstriction

No single factor is responsible for reduced RBF, however vasoconstriction, tubular
congestion, edema and inflammation are all likely to contribute to the increased RVR
following ischemia reperfusion, with vasoconstriction representing the most immediate of
these responses.

Several factors have been proposed to modulate renal vascular tone following I/R. For
example, evidence indicates impaired proximal Na reabsorption due to energy depletion
activates tubuloglomerular feedback and adenosine-mediated vasoconstriction following I/R
[40]. A host of other potential vasoconstrictors may be activated and contribute to reduced
RBF following I/R injury, including the systemic activation of the sympathetic nervous
system, renin-angiotensin Il system, endothelin A, prostaglandins, and platelet activating
factors. Several studies have been undertaken in which inhibition of these factors provides a
partial preservation of RBF and/or GFR and diminishes the severity of AKI [41-52].
However, because vasoconstriction is mediated by a number of redundant pathways, the
blockade of any single pathway is not likely to completely protect against injury. Moreover,
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such studies are almost always conducted by administration of an antagonist near the time of
experimentally-induced reperfusion, while studies are rarely conducted to determine if
delayed administration can reverse the course of injury after GFR becomes compromised. In
some cases when treatments are delayed, there is a reduced efficacy in ameliorating AKI
[53] [54] [55].

Endothelial involvement

Significant evidence exists that altered renal endothelial function contributes to a reduction
in RBF following I/R. Sutton et al., demonstrated that I/R injury in rats alters cytoskeletal
organization of small arterioles and endothelial cells [19, 56, 57]. These alterations
contribute to the breakdown of VE-cadherin-mediated intercellular adhesion and the
integrity of the tight junctions of peritubular capillaries as evidenced by leakiness of high
molecular weight dextrans (>300,000 Da) into the interstitial space [57]. It has been
suggested that increased leakiness may compromise renal perfusion by compressing
peritubular capillaries and exacerbating erythrocyte trapping [19, 23, 58, 59].

Alterations in EC function may influence vasodilation, coagulation cascades and/or
inflammatory processes [19, 60, 61]. Endothelial dysfunction is characterized, in part, by an
impaired dilator capacity, which is often attributed to reduced production of nitric oxide.
NOS3, (endothelial NOS) is produced at high levels in endothelial cells, particularly in the
renal medulla [62], where it preserves medullary blood flow in response to renal
vasoconstrictors such as Ang Il [63]. However, following renal injury, there is impaired
endothelial NOS (NOS3) function, demonstrated by a loss of vasodilator responses to
acetylcholine and bradykinin [64]. This reduction in normal endothelial function does not
appear to be the result of reduced NOS3 protein levels, but may result from inhibition of
enzyme activity since bradykinin failed to produce measurable levels of NO in post-
ischemic kidneys measured in real time by electrochemical methods [64].

A role for NOS3 in preservation of blood flow is suggested by the greater degree of renal
damage that occurs in NOS3 knockout mice in response to endotoxin [65] or by studies in
which inhibition of compensatory vasodilation in AKI with L-NAME or cyclooxygenase
inhibitors, exacerbates the degree of renal injury in response to ischemia reperfusion[30].
Interestingly, renal autoregulatory responses are impaired for at least 7 days post-ischemia
endothelial responses, well into the recovery phases when total RBF has returned to baseline
levels, suggesting prolonged endothelial dysfunction continues despite an overall recovery
response [66, 67] [68]. Such impaired responses have been suggested to prolong injury or
predispose further damage, as evidence of fresh ischemic injury has been observed in
biopsies from in AKI patients treated with hemodialysis during the recovery process. [69]

Impaired NOS3 activity may result from endothelial damage or from extrinsic free radical
activity altering NO activity. Reactive oxygen species may influence the effects of
vasocontrictors and vasodilators and lead to an increase in renal vascular resistance.
Increased renal superoxide production augments renal vasoconstrictor responses particularly
in the renal medulla. Superoxide promotes vasoconstriction and enhances the reactivity of
Ang Il in the renal cortex and medulla [70]. Oxidative stress in the kidney also enhances the

Cardiovasc Hematol Disord Drug Targets. Author manuscript; available in PMC 2015 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Basile and Yoder

Page 4

vasoconstrictor effects of adenosine [71]. Superoxide, by virtue of its known activity to
convert NO to peroxynitrite, may block the normal homeostatic mechanism maintaining
medullary perfusion and these responses may be normalized with the use of antioxidants
[70].

Several studies with the goal of increasing/preserving renal NO activity have demonstrated
protective effects in AKI. For example, administration of L-arginine, the NO donor
molsidomine, or the eNOS cofactor tetrohydroboipterin can preserve renal vascular
perfusion and attenuate AKI induced by I/R [72-78]. Pharmacological approaches to impact
NOS3 signaling by administration of PDE5 inhibitors have also been shown to ameliorate
the severity of I/R induced AKI in rats[79] [80] or in pigs following cardiopulmonary
bypass surgery [81].

Using videomicroscopy of blood vessels in the kidney, Yamamoto et al., reported that renal
perfusion in peritubular vessels was compromised within minutes of unclamping,
characterized by sluggish and occasionally retrograde blood flow [61]. Infusion of human
umbilical vein endothelial cells to athymic nude rats, or other non-endothelial cells
harboring the NOS3 gene expression construct, protected against this early compromise in
blood flow [60]. Similar results were observed in endothelial-like cells were generated from
mesenchymal cells in vitro and administered to rats in the setting of renal I/R [82]. Taken
together, these data suggest that endothelial function, particularly via NOS3 activity, has
protective effects on the severity of AKI.

While vasoconstriction contributes to the initial loss of GFR, it remains unclear whether
therapeutic targeting can be used effectively to treat AKI, in part because tissue injury, once
established, prevents vasodilatory therapy to generate desired effects. Perhaps the most well-
documented example of this principle is represented by the use of “renal-dose” dopamine.
At low doses (i.e., 3 ug/kg/min) dopamine is vasodilatory and promotes diuresis primarily
through the D-1 receptor and has protective effects in preclinical models of AKI [83].
Despite this, multiple studies have consistently demonstrated that renal-dose dopamine or
the dopamine agonist fenoldapam, do not influence outcome of AKI in patients despite
producing diuresis [84-88].

Endothelial cell involvement in inflammation

Despite some uncertainty about the role of specific leukocyte populations in human AKI, an
infiltration of leukocytes, primarily neutrophils occurs fairly rapidly following ischemia/
reperfusion injury in rodents [89-91]. For more thorough discussion on the role of
inflammation in AKI, the reader is referred to other articles on this topic [92, 93]. Leukocyte
adhesion to activated endothelial cells following I/R may exacerbate injury by contributing
to peritubular capillary congestion, by producing molecules that affect vascular tone (e.g.,
ROS or vasoactive lipids), or by liberating cytokines which contribute to parenchymal cell
injury [36, 92].

Reductions in medullary blood flow occur prior to changes in total RBF. Whether leukocyte
adhesion is associated with this decreased MBF in unclear since there have been no studies
attempting to correlate medullary leukocyte adhesion and medullary perfusion. Despite this,
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we advocate the proposed view that leukocyte adhesion represents a critical step in the
switch to the extension phase of AKI and therefore may partially explain why vasodilator
therapies alone are ineffective in established AKI. For this reason, there has been increased
interest in understanding endothelial/leukocyte interactions and their potential targeting to
mitigate the severity of I/R induced AKI.

There is an increase surface expression of the leukocyte adhesion molecules ICAM-1 and P
and E-selectin on endothelial cells in response to injury [94-96]. /nn vivo imaging studies
have shown leukocyte adhesiveness to the peritubular capillary wall occurs within hours of
reperfusion [97, 98]. The endothelium may also be the source of chemoattractant factors,
such as fractalkine (CX3CL1), which is expressed following renal injury and may promote
infiltration of macrophages.

Treatments geared toward reducing endothelial/leukocyte interactions by targeting these
endothelial adhesion molecules preserve blood flow and protect against renal damage in I/R
induced AKI [94-96]. Blocking P selectin increases renal blood flow following I/R [29]. A
landmark study in this area was published by Kelly et al., demonstrating that inhibition of
ICAM or genetic deletion of ICAM resulted in a significant protection of ischemia
reperfusion injury [99]. In human AKI, ICAM antibody pretreatment protected against
delayed graft function in transplant recipients, relative to a group of recipients receiving the
contralateral kidneys from the same donors. Interestingly, immunoneutralization following
transplant did not affect the development of DGF [100-102].

Microthrombus formation has been described in renal I/R as well as in transplant
biopsies[19, 103]. Although these pathways have not received prominent attention, the
activation of prothrombotic events by activated endothelial cells represents a potentially
important step in I/R injury. For example, tissue factor, a membranous glycoprotein that
functions as a receptor for the coagulation system and is normally not present on quiescent
endothelial cells, is expressed on peritubular capillary endothelial cells following renal I/R
injury. Inhibition of endothelial tissue factor expression in rats following I/R injury results in
significant improvement in mortality and preservation of overall morphology [104]. In
addition, there is evidence that thrombomodulin, a thrombin inhibitor, is reduced on the
surface of endothelial cells following renal ischemia reperfusion [19]. It was recently shown
that administration of soluble thrombomodulin inhibitor to rats attenuated I/R induced AKI
by preserving perfusion within renal capillaries and inhibiting leukocyte adhesion [98].

Additional therapies with potential anti thrombotic activity have received consideration in
the setting of acute kidney injury. For example, activated protein C binds to receptors on the
surface of endothelial cells where is has antithrombotic and direct cytoprotective effects on
endothelial cells mediated by the protease activated receptor-1 (PAR-1) [105]. In a model of
kidney ischemia reperfusion injury, APC administration preserved renal blood flow and
protected against renal damage and inflammation [105].

It has been suggested that low protein C levels may predict morality in sepsis induced AKI.
Administration of APC to septic rats improves renal function and lowers mortality. In a
clinical trial of human sepsis patients, Drotrecogin (a recombinant human activated protein
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C) significantly decreased 28 d mortality over the placebo group [106]. However, a more
recent study of sepsis patients, recombinant APC provided no significant difference in
mortality at 28 or 90 days [107]. Whether APC might provide beneficial effects in AKI in
settings other than sepsis has not been evaluated.

Regeneration

The kidney is well known for its impressive regenerative capacity. In patients surviving
AKI, recovery of renal function is generally expected. In many patients, recovery may not
be complete, while some patients may develop chronic renal insufficiency and/or become
susceptible to future episodes of AKI [10, 36]. The processes of renal repair and recovery
after I/R injury have been studied extensively in animal models. In most studies, GFR and
RBF return to basal levels rapidly (i.e., within days), while repair of damaged proximal
tubules leads to the restoration of renal histological structure over several weeks. Despite
this, even in otherwise healthy animals, there are persistent alterations in renal structure and
function, and post AKI animals become predisposed to chronic disease.

Several theories have been proposed to describe the mechanisms by which predisposition to
CKD may ensue following I/R injury [36, 108-111]. One possible mechanism relates to the
reduction in peritubular capillary density that persists following the otherwise uneventful
recovery from AKI [112]. Our laboratory demonstrated that there was a 30-50% reduction
of PTC density which was present following the resolution of GFR, RBF and tubular
morphology, at 4 weeks post I/R in rats [112, 113]. Similar results have been reported in
other species such as mice [114], and in human kidneys following recovery from delayed
graft function [115, 116].

The potential functional relationship between peritubular capillary loss and progressive
fibrosis following I/R injury has been summarized in previous reviews [117-119]. In
general, 3 possible mechanisms may contribute to the progressive development of renal
fibrosis following injury, these include: 1) the exacerbation of hypoxia as a well-known
physiological trigger promoting renal fibrosis [113], 2) an alteration in renal hemodynamic
control, particularly in the renal medulla, which accentuates salt-sensitive hypertension and
fuels progression of CKD [120, 121], and 3) the proliferation of new fibroblasts secondary
to endothelial-mesenchymal transition [122]. As described below, treatments which
ameliorate capillary loss post AKI reduce the development of secondary CKD [123].
Therefore strategies to preserve or restore renal vascular structure following injury represent
an important potential area for therapeutic development.

The cellular basis of PTC rarefaction is incompletely understood. It is reasonable to suggest
that apoptotic cell death underlies vascular (i.e., endothelial) cell loss following the
induction of acute injury. Lee et al., demonstrated peritubular capillary endothelial cell
apoptosis following severe liver I/R in mice which results in a subsequent AKI [124].
Recent studies have also reported apoptotic cells following acute injury in the region of the
peritubular vasculature, but positive identification that EC are primarily affected is not clear
[125]. In contrast, Horbelt et al., used Tie-GFP mice to label renal endothelial cells and were
not able to identify apoptotic endothelial cells in response to renal ischemia reperfusion, but
did identify apoptotic endothelial cells in response to CD95 ligand infusion [114].
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Therefore, it is not clear whether apoptosis represents a prominent modality for the
reduction of kidney endothelial cells post AKI.

We recently proposed an alternative mechanism for PTC rarefaction in which endothelial
cells loss is manifested by a phenotypic transition via endothelial-mesenchymal transition
(i.e., EndoMT). This suggestion is based on the co-localization of endothelial markers
(CD31 or cablin) with mesenchymal markers (S100A4) as early as 6 hours and for up to 7
days post AKI. Moreover, fate tracing studies using Cre-Lox targeting of EC, indicated that
a population of interstitial cells present at 2 weeks post I/R may have derived from the
endothelium [122].

Impaired mechanisms of capillary regeneration

Regardless of the mechanisms of dropout, PTC rarefaction post-AKI appears to be
permanent [112] suggesting that the intrinsic regenerative capacity of renal capillaries is
profoundly limited. This impaired regenerative response may stem in part from a lack of
trophic support following AKI. In general, there is shift in the balance of paracrine factors
toward an environment which likely inhibits endothelial stability [36, 117]. For example,
TGF-beta is prominently but transiently induced post-AKI[126]. TGF-beta is a negative
regulator of endothelial proliferation and may induce endoMT. Inhibition of TGF beta by
administration of neutralizing antibodies to rats post AKI for 5 weeks preserved vascular
density and attenuated the deposition of peritubular fibroblasts [127]. In addition, other
inhibitors of endothelial cell growth are expressed following AKI including angiostatin,
SFLT, ADAMTS-1, endostatin, arrestin and canstatin [114, 128, 129].

Renal tubular expression of VEGF is thought to be the primary source of local vascular
trophic support, and the loss of this trophic activity may also shift the balance to impaired
recovery. Despite hypoxia post AKI, there is no increase, and in some reports, a reduction in
VEGF expression following AKI [129, 130]. Interestingly, other models of CKD are also
characterized by a counter-intuitive reduction of VEGF expression which persists with the
loss of peritubular and/or glomerular vessels [119, 131].

In contrast to CKD models, the reduction in VEGF expression is transient post-AKI, while
the loss of vessels is permanent. We investigated whether the transient reduction in VEGF
expression may influence vascular dropout. Exogenous VEGF-121 attenuated PTC
rarefaction only when administration was initiated within the first few days of ischemia
[123], but not when provided at a later time point, suggesting that replenishment of trophic
support is only efficacious within a critical window of time during recovery.

In recent years, the question of how to replenish renal capillaries has received increased
interest. The literature contains various examples of treatments that preserve renal PTC loss
in response to injury using treatments such as VEGF infusion [123, 132, 133], comp-
angiopoiten-1 [134] or ramapril [135]. However, delayed administration of VEGF does not
restore lost vessels [123, 136]. To the best of our knowledge, there have no reports in
rodents have shown that renal vascular loss can be reversed once it has been firmly
established. It may be interesting to note that at least one study using a swine model of renal
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artery stenosis has demonstrated improvement of vascular structure with VEGF treatment
[137].

Because endogenous renal expression of pro- and anti-angiogenic are restored to basal levels
following recovery from AKI without evidence of vascular repair, and delayed VEGF
administration has no apparent effect on capillary regeneration, we propose that sustained
reduction in peritubular capillary density is the result of impaired growth responsiveness by
the resident kidney endothelial cells. Indeed, there is a paucity of studies indicating that
resident kidney endothelial cells have significant proliferative potential following
completion of embryonic development [138]. Although a small number of studies using
disease models such as diabetes and immune complex disease have reported evidence for
capillary sprouting and endothelial cell proliferation in the glomerulus [139-143], most
studies indicate peritubular capillary (PTC) endothelial cell proliferation is minimal in
response to injury. Hoenstein et al., demonstrated a small degree of PTC endothelial
proliferation in response to an antibody-mediated injury. The proliferative response was
enhanced by erythropoietin, but erythropoietin did not provide a sustained benefit on PTC
density [144]. In a recent study by our group, BrdU was dosed over a 7-day period to
maximize detection of proliferating cells; we observed that PTC-EC proliferation was an
extremely rare event following I/R; no BrdU positive endothelial cells were detected within
2 days of I/R, while fewer than 1% of BrdU cells were endothelial after 7 days of continuous
administration post I/R [145]. The administration of VEGF-121 preserved PTC density post
AKI, but it did not increase the number of BrdU-positive ECs [145] suggesting that VEGF-
mediated protection of the renal vasculature occurs via a non-proliferative mechanism.

It is possible that a small degree of EC proliferation may mediate vascular repair responses
in the injured kidney. Interestingly, Lin et al, have posited that capillary rarefaction may be
mediated by a loss of the critical interaction of the endothelial cells with their neighboring
pericytes in response to injury [146]. Renal derived pericytes stabilize human umbilical vein
ECs in in vitro co-culture assays, but pericytes which have been activated by injury lose this
stabilizing feature. The molecular pathways of this stabilizing effect have yet to be
elucidated but may relate to the expression of TIMPs or ADAMTS-1 [147]. These studies
suggest that if endothelial cell proliferation might be sufficient to induce a repair, activated
renal pericytes may contribute to an environment incapable of maintaining repaired vessels.
A better elucidation of these events will likely represent an important component in an
overall strategy to revascularize the kidney.

Intrinsic and extrinsic endothelial progenitor cells in the kidney

There has been considerable interest in the role and the potential utility of endothelial
progenitor cells (EPCs) in the setting of renal injury. The term endothelial progenitor cell
was originally coined in a manuscript by Asahara et al., when a population of cells isolated
from blood appeared to incorporate into sites of active angiogenesis [148]. EPCs are isolated
when either low-density MNCs or isolated CD34+ or CD133+ enriched cells are plated on
fibronectin-coated tissue culture surfaces, allowing distinct adherent colonies emerge after
5-9 days. These are referred to as colony-forming unit-Hill (CFU-Hill) endothelial colonies,
which express cell surface antigens CD31, CD105, CD144, CD146, vWF and KDR [149].
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However, it is increasingly recognized that these cells do not represent true EPCs, since they
are rarely found in the endothelial layer of a repaired vessel [150-152]. In addition, these
cells express markers of hematopoetic origin that are not present on endothelial cells, such
as CD45. Therefore, they have more recently been referred to as “angiogenic macrophages”,
“pro-angiogenic hematopoietic stem/progenitor cells” or proangiogenic cells (PAC) [151,
152].

In kidney, understanding of PAC activity has been facilitated by studies in which labeled
BM-derived cells have been found in the glomerulus following Thy 1.1 injury [153] or in
the peritubular capillaries following adriamycin [154] or ischemic injury [155]. These
studies report that these BM-derived cells differentiate into renal ECs on the basis of their
expression of “endothelial” markers. However, it is well known that the expression of
surface endothelial markers in bone marrow cells is not sufficient to define ECs [156].
Moreover, in a study by Li et al [154], BM-derived cells expressing endothelial markers
peak within 14 days and decline by 28 days in kidney following adriamycin injury. Such a
result is consistent with the transient homing of PACs to support local vascular remodeling,
rather than stable incorporation and differentiation into more long-lived vascular endothelial
cells. Despite significant interest in elucidating the trafficking of PACs to injured kidney,
rarefaction of both glomerular and peritubular capillaries remains a prominent feature of
these models, indicating that the endogenous activity of these cells is not sufficient to
preserve or restore renal vascular injury.

Exogenous supplementation of PACs has shown great promise for multiple therapeutic
applications by providing an enriched paracrine environment suitable for angiogenic/repair
activity [157-160]. Within the kidney, studies from Goligorsky's group have shown that
bone marrow derived PACs protect the loss of function following ischemia or adriamycin
induced injury, by influencing hemodynamic or anti-inflammatory processes [150, 161,
162]. Strategies which increase the activity or mobilization of pro-angiogenic bone marrow
derived cells increase these protective effects [150, 161, 162]. In one study, the early
administration of BM-PAC reduced the degree of PTC rarefaction following adriamycin-
induced injury [161]. However, this study did not evaluate whether PACs were stably
incorporated into PTCs. In addition, to the best of our knowledge, no studies in rodent
models of acute injury have evaluated if PACs might restore PTC after rarefaction.

A second type of EPC has been described by Yoder and colleagues that can be isolated from
peripheral blood and are not of hematopoietic origin. These cells are referred to as
endothelial colony forming cells (ECFCs); they are clonally distinct from PACs and they
have robust proliferative potential. ECFCs can form perfused vessels /n7 vivothrough a
process of de novo vasculogenesis, while PACs do not display this activity [151]. ECFCs
have also been shown to incorporate into and stimulate neovascularization in a hindlimb
ischemia model [163].

A novel hypothesis has been proposed by Ingram et al., regarding cooperative interaction of
ECFCs and BM-derived PACs in vascular repair/vasculogenesis [164]. Simply stated, it is
suggested that hematopoietic cells (BM-PACs) home to sites of injury/remodeling to create
a pro-angiogenic environment. The secretion of paracrine factors by BM-PACs recruits
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ECFCs from either the circulation or the local vascular wall. Migration and proliferation of
ECFCs are guided by BM-PAC activity leading to vascular repair and/or angiogenesis [164]
In support of this hypothesis, when cultured in Matrigel plugs, these two cell types rapidly
form capillary-like structures where the ECFC form the lumenized structures and the BM-
PACs migrate into the lumen of the formed vessels. In addition, co-adoptive transfer of both
cell types has resulted in superior in vivo neo-angiogenesis when compared to a single cell
transfers alone [165].

The isolation of ECFC illustrates that there is a hierarchy of ECFC proliferative potential
which can be assessed by single-cell colony forming assays. Some ECFCs form large
colonies (>10,000 over two weeks), which are referred to as high proliferative potential
(HPP-ECFCs) and are enriched in human cord blood. ECFC are reduced in the blood of
patients characterized by high cardiovascular risk status. ECFCs can also be isolated from
the vessel walls of a variety of tissue sources in multiple species. This has led to the
suggestion that the source of ECFC resides within the local vasculature [166].

We attempted to isolate rat kidney endothelial cells (KEC) and attempted to identify ECFC
content within the isolated KEC. Consistent with reports from other investigators, kidney
ECs proved difficult to maintain in long-term culture without transformation into
mesenchymal cells. Compared to other EC cell types under optimal culture conditions, KEC
displayed extremely slow growth kinetics. No ECFCs were identified when KEC were
plated at a clonal level which were capable of forming large colonies (i.e., > 2000 cells/2
weeks). Moreover, rat kidney ECs failed to proliferate in response to VEGF addition to the
culture media, despite showing prominent expression of numerous VEGF receptors. These
cells do not express markers typical of senescence and we propose that these cells may be
growth restricted by a post-receptor signaling pathway [167].

In consideration of how kidney endothelial cell growth potential and PACs may operate in
vascular repair, we recall that the paradigm outlined by Ingram et al., indicates that that
vascular repair mediated by PACs is contingent upon the activation of a local ECFC,
capable of participating in repair. Based on the fairly-common observation that PTC
capillaries lack regenerative potential we hypothesize that limited renal ECFC potential is
the basis for persistent vascular loss despite the apparent deposition of a population of cells
that would be classified as PACs following injury.

We propose that future studies seek to determine whether proliferation competent ECFCs
and PACs may work to minimize vascular rarefaction and/or regenerate renal vessels post
rarefaction. Since rodents have no circulating ECFCs, studies will have to determine how
adoptive transfer of competent ECFCs may occur and home to the kidney to work with
PAC. In contrast, larger animals, including humans, may have a circulating ECFC
population but may require strategies to target these to the kidney and participate in repair.
Regardless, since PTC rarefaction is a feature of nearly all forms of CKD, it will be
important to further investigate potential therapies seeking to revascularize the kidney.

Summary—Impaired endothelial function plays a central role in the pathogenesis of acute
kidney injury. The potential to treat endothelial dysfunction and alter the course of acute
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kidney injury requires an understanding of the fundamental processes of injury an
progression in response to ischemia. Figure 1 summarizes how alterations in endothelial
function may relate the pathogenesis of acute kidney injury. During the initiation phase,
vasodilator therapies may by effective in animal models, however the lack of efficacy in
clinical trials may relate to fact that AKI diagnosis is delayed until at least the extension
phase, when alterations in endothelial leukocyte interactions may be a prominent activity.
Long term alterations may relate to peritubular capillary loss, which can be preserved by
experimental treatments during the early phases of injury and repair, but ultimately become
refractory to pro-angiogenic therapies.
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Figure 1.

Summary of tubular and vascular events in the initiation and recovery from ischemic AKI.
Top Panel, Time line of loss of GFR in response to renal ischemia shown in relation to the
corresponding phases (Initiation, Extension, Maintenance, and Recovery) described by
Molitoris and Sutton [37]. Early reduction of GFR in the initiation phase is mediated
initially be changes in vascular tone. Arrows and lines show the anticipated effects of
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endothelial targeted treatments. Treatment Al (purple dashed line) indicates preservation of
function when treatments effecting tone, (e.g., supplementation of NO or vasoconstrictor
antagonists) are provided during initiation, while Treatment A2 (purple dotted line) shows a
lack of efficacy of these treatments when provided during the extension phase. Similarly,
treatments that disrupt endothelial leukocyte interactions are effective when provided during
initiation (B1, green dashed line). The effect of anti-leukocyte during the extension phase is
not yet clear, but is predicted to have potential beneficial effects (B2?, green dotted line).
Capillary density is indicated by the red lines: rarefaction progresses in the extension and
maintenance phases and does not resolve; pro-vasculogenic treatments preserve capillary
density when provided during the extension phase (C1), but lack effect at later times (C2).
Bottom Panel summarizes altered cellular and molecular events associated with the phases
of injury in both the tubular and vascular compartments, with an emphasis on events linked
with vascular perfusion. The photomicrograph in “normal” state illustrates intact vascular
density in control rats, while capillary rarefaction is observed in the post-recovery phase
(photomicrographs from [112]). Loss of microvasculature occurs, in part, via endothelial
mesenchymal transition (EndoMT) which can be observed in the extension and maintenance
phase. EndoMT is illustrated by co-localizing S100-A4 (red) in capillary EC (blue)
(highlighted by thin black arrow, from citation [122].
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