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Abstract

Acute kidney injury (AKI) may result from ischemia or by the use of nephrotoxic agents. The
incidence of AKI is variable, depends on comorbidities, and ranges from 5 to 35% in all
hospitalized patients. The mechanisms of kidney injury exist within a large network of signaling
pathways driven by interplay of inflammatory cytokines/chemokines, reactive oxygen species
(ROS), and apoptotic factors. The effects and progression of injury overlap extensively with the
remarkable ability of the kidney to repair itself both by intrinsic and extrinsic mechanisms that
involve specific cell receptors/ligands as well as possible paracrine influences. The fact that
kidney injury is usually part of a generalized comorbid condition makes it all the more challenging
in terms of assessment of severity. In this review, we attempt to analyze the mechanisms of
ischemic injury and repair in acute and chronic kidney disease from the perspectives of both
preclinical and human studies.

AKI AND THE COMPLEX SPECTRUM OF DISEASE

Renal injuries exist across a wide spectrum of disease encompassed by the descriptive term
acute kidney injury (AKI). This disease spectrum includes all injuries of the kidney ranging
from minor dysfunction to a need for dialysis, and therefore is not defined merely by acute
kidney failure or acute tubular necrosis.1 Consequently, AKI has historically been
complicated to classify in terms of utilizing accurate grading criteria and depiction of
clinical outcome. To date, the RIFLE (risk-injury-failure-loss-end-stage kidney disease)
classification, along with modifications made by Acute Kidney Injury Network (AKIN)
have been used to define severity of AKI.274 Waikar et al.5 proposed a definition of AKI
using absolute increases in magnitude of serum creatinine (SCr) levels at specific time
intervals. This differs from AKIN in that 0.3 mg/dL increases in SCr are only considered
significant within a 24-h time interval, instead of up to 48 h. Also, the period of SCr
observational changes is limited to 48 h. In patients with AKI who have underlying chronic
kidney disease with a higher baseline SCr, percentage reductions in calculated creatinine
clearance were found to be inadequate to detect subtle incremental increases in SCr.5

AKI occurs in 5-35% of all hospitalized patients and is associated with a two- to fivefold
increased mortality risk.6 Ischemia and toxins account for the majority of AKI. The kidneys
vulnerability is attributed to their being a major recipient of cardiac output, having a high
level of metabolic activity, the complexity of multiple enzyme pathways, actions of
biotransformation enzymes, intricate endothelial cell transport, a large capacity for
reabsorption, and a high oxygen (O,) consumption of the outer medulla.7 Patients with AKI
often have comorbidities such as sepsis and are often immunocompromised.8 Regions of the
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kidney most prone to ischemic injury are the S3 segment of the proximal tubule and the
medullary thick ascending limb of the loop of Henle (mTAL), as these tubular areas exist
physiologically in relatively lower oxygen conditions.9 The S3 segment, in particular, has a
much lower capability of producing energy through glycolysis under anaerobic conditions
than the mTAL.9 Ischemic reduction in the microvascular blood flow to the outer medulla
also occurs in comparison to a normal cortical blood flow under the same conditions,
thereby compounding injury to the S3 segment.10 The target of most nephrotoxicants is the
proximal tubule. Aminoglycoside antibiotics and cadmium chloride target the S1, S2
segments.11 Gentamicin, cisplatin, cyclosporine, mercuric chloride, the halogenated
hydrocarbon dichlorovinylcysteine and its conjugates, as well cysteine conjugates of organic
cations, such as benzylquinolinium, all induce direct tubular toxicity to the S3 segment
because they are metabolized and concentrated in this region.11

TISSUE INJURY CLASSIFICATION

Primary Injury

The two most common causes of primary kidney injury are ischemia and toxicant induced;
however, other causes may include congenital, autoimmune, infectious, neoplastic, and
obstructive diseases, as well as injury by iatrogenic or non-iatrogenic causes. Autoimmune
diseases include the small vessel vasculitides, which have the most impact on kidney
physiology due to the large number of small vessels present, especially the glomerular
capillaries. Epithelial cell injury with disruption of the filtration slit diaphragms results in
proteinuria and/or hematuria, and consequent glomerulopathy. Infectious conditions of the
kidney include pyelonephritis and renal abscess complication. Many cases of obstructive
uropathy may progress to urinary tract infection and kidney failure from chronic back
pressure. Glomerulonephritis may be caused by bacterial, viral, fungal, or parasitic
infections and may lead to nephritis or nephrotic syndrome.

Secondary Injury

Secondary causes of kidney injury may be due to non-renal organ injury and generalized
severe illness, including shock states and chronic malnutrition. Sepsis, for example, causes
multiorgan failure including AKI and has a mortality rate up to 70%.12 Another example
would be diabetes mellitus, in which hyperglycemia triggers stimulation of the renin-
angiotensin system (RAS), which promotes inflammation through the angiotensin-1 (AT;)
receptor. The formation of superoxides in states of hyperglycemia has been found to be an
initiating factor contributing to DNA damage. These ROS have been demonstrated to down
regulate the actions of the angiotensin-2 (AT>) receptor, which plays a protective role.13
The AT> receptor seems to exert a hypotensive effect by decreasing the sensitivity of AT
receptors to Angiotensin Il (Ang Il), thereby counteracting the hypertensive actions of
AT1.14 AT, null mice show an increase in blood pressure and vascular sensitivity to Ang I1.
14

DETECTION OF KIDNEY TISSUE INJURY

The SCr and blood urea nitrogen (BUN) that are most commonly used to detect kidney
toxicity/injury in preclinical and clinical studies and in routine clinical care have severe
limitations relating to their sensitivity and specificity.15 Both are suboptimal markers
following injury since levels are often not reflective of glomerular filtration rate (GFR) due
to a number of renal and non-renal influences.16 Furthermore, BUN and SCr concentration
render a very delayed signal even after considerable kidney injury and this delay in the
diagnosis of AKI prevents timely patient-management decisions, such as withdrawal or
reduction in dose of the offending agent or administration of agents to mitigate the injury.17
In a large, multisite, preclinical rodent toxicology study involving 11 structurally and
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mechanistically different models of renal tubular injury in rats it was clearly demonstrated
that BUN and SCr, are effective only with more severe histopathological injury.18 The
results obtained by the Predictive Safety Testing Consortium, a collaboration of the
pharmaceutical industry, the United States Food and Drug Administration, the European
Medicines Agency, and academia have led to qualification of a subset of ‘second
generation’ biomarkers for preclinical studies that outperform or add significant value to the
conventional biomarkers. There is enthusiasm that these seven qualified urinary biomarkers
(albumin, B2-microglobulin, Clusterin, Cystatin C, kidney injury molecule-1, trefoil factor 3,
and total protein) will aid in the evaluation of preventative strategies and putative
interventions aimed at ameliorating AKI in preclinical and clinical studies.18721 Additional
biomarkers such as neutrophil gelatinase-associated lipocalin,22 interleukin (IL)-18,23 and
fatty acid binding protein—liver type24 are recognized to be promising candidates for
evaluation of AKI in humans. Qualification of these biomarkers for clinical applications will
involve a systematic evaluation of their diagnostic performance in well-controlled
observational and/or interventional clinical protocols using both standard-of-care agents
with known nephrotoxic properties and/or exploratory agents with renal safety concerns.
17:25

MECHANISMS AND PATHOPHYSIOLOGY OF KIDNEY INJURY

AKI is comprised of both functional and histological changes in the kidney?2 that lead to the
expression of disease and disease complications, therefore it is very important to understand
the mechanisms of kidney injury. As the medical field heads toward more tailored forms of
specialized care, there will be greater need for therapies that more specifically target areas of
injury. This need is especially great in the face of an increasing incidence of AKI, as well as
an increase in the necessity for dialysis over the last 15 years. In clinical AKI, the net effect
of acute deterioration in kidney function is usually the result of several, subsequent and
accumulative injuries. Reproduction of AKI in animal models has been widely performed in
the setting of a single insult, using unilateral or bilateral ischemia followed by reperfusion or
administration of drugs or environmental contaminants that induce acute kidney tubular
toxicity.18 Widespread damage in the form of dilated, flattened, and congested epithelium,
and loss of tubular epithelial cells with luminal cast formation in the S3 segment of the
proximal tubules and the mTAL, is especially noted in ischemic and nephrotoxic forms of
AKI in animal models (Figure 1(a)—(d)). Most notable as a result of toxicant injury, these
casts of epithelial cell, integrin-bound aggregates increase intraluminal pressure and
decrease GFR, leading to ‘back-leak’ of filtrate into the tubular cells, which causes a vicious
circle of further GFR decline.11

Inflammatory Molecules

Inflammatory mediators play a central role in the pathogenesis of toxic and ischemia-
reperfusion (I/R) injury in the kidney. Due to the relatively larger consumption of O, in the
outer medulla, this region undergoes severe vascular congestion.10 Leukocyte and
endothelial cell interactions post-1/R have been described to play a role in the inflammatory
progression of acute renal failure (ARF).10 I/R injury causes endothelial cell damage by
upregulating adhesion molecules such as intercellular adhesion molecule 1 and 2 (ICAM-1
and -2), CD99, and the junctional adhesion molecule family (JAM), as well as recruiting
leukocytes.26 To examine the role of inflammation in the progression of initial injury to
acute renal failure, Kelly et al.27 induced bilateral I/R injury to aggravate injury in diabetic
obese rats.27 Follow-up revealed a poor renal tissue histology of the diabetic obese ischemic
rats as compared to the control groups, as well as a higher SCr. This provided a unique
insight into acute on top of chronic injury and showed evidence of a key role for
inflammation in leading to sustained injury.27 The interferon (IFN) regulatory factor
(IRF-1) is released by S3 segment cells (upon ischemia-induced ROS stimulation) to initiate
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inflammation in the early stages of injury.28 In transgenic knockout mice of IRF-1, there
was improvement of renal function and attenuation of inflammation post-1/R. Although
leukocyte IRF-1 protein was not seen by immunohistology, it is a possibility that it is
essential for leukocyte differentiation along several cell lines, including T cells, natural
killer (NK) cells, macrophages, and dendritic cells.28

Immune Modulators

The early phase of AKI involves activation of kidney dendritic cells, which leads to an
amassing of CD4" T cells, macrophages, B cells, neutrophils, and NK cells.29 Chemokines
form gradients by which leukocytes are guided toward the site of injury. This occurs with
the help of chemokine receptors, which are expressed by effector T cells.30 Thl and Th2 T
cells are involved in the early stages of tissue destruction post-1/R, as well as in other forms
of injury, including autoimmune glomerulonephritis. A new population of T cell secreting
IL-17 (Th17) cells demonstrated a role in the evolution of autoimmune disease, the
pathophysiology of which is an inflammatory cell-mediated immune response.30 In a study
by Satpute et al.,31 T cell deficient nude mice (nu/nu) were examined against the wild-type
mice for the effects of T-cell receptor (TCR) repertoire on kidney injury post-1/R. There are
two mechanisms by which T cells wield their injurious effects (1) antigen-independent by
way of cytokine secretion and ROS/complement activation and (2) antigen-dependent TCR
upregulation. TCR repertoire is vital to obtain a full blown tissue injury and may contribute
to ischemic pathology without antigen-specific activation.

The late phase of AKI is regulated by CD4* CD25* FOX3* regulatory T cells (Tregs) and
macrophages. To demonstrate the protective role of Tregs in I/R-induced AKI, lymph node
cells from FOX3* deficient Scurfy mice were used to reconstitute recombination activating
gene knockout (RAG-17/") mice. This resulted in a direct inhibition of innate immunity by
Tregs.26 Also, an interleukin-10 knockout (IL-10~/7) Treg model showed enhanced I/R
injury, highlighting the importance of IL-10 in Treg activity.32 The latter finding is
compounded by Tregs’ known role in inhibiting effector T-cell growth and function, and
identifies this T-cell subtype as a strong mechanism in the post injury ‘clean house’ that may
pave the way for intrinsic repair.

Apoptotic Pathways

In a 20-min bilateral I/R injury model in rats, we can see an initial increase in apoptotic cells
at 6 h as stained by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
which peaks at 24 h and then decreases by 120 h (Figure 2). There exist several interacting
pathways and regulators for which the outcome is DNA fragmentation and apoptosis of
injured cells. GTP depletion33 is one potential independent modifying factor for apoptosis
through the p53 molecule. P53 translocates from the cytosol to the mitochondria, interacting
with members of the anti-(Bcl-2, Bcl-xL, Mcl-1) and pro- (Bax, Bak, Bad) apoptotic Bcl-2
family. p53, Bid, and Bim stimulate Bax to induce lipid pores in the outer mitochondrial
membrane, thereby triggering membrane permeability and the release of cytochrome c,
caspases,34 and apoptosis inducing factor. This sudden and sustained increase in membrane
porosity results from oxidative stress-induced mitochondrial Ca%* overload, with Ca2*
remaining elevated 24 h after reperfusion injury.35 In ischemic damage, both apoptosis and
oncosis occur, and therefore preventing either form of cell death in this setting may confer
protection against renal function decline.36 Cyclophilin D may play a major role in the
instigation of non-defined oncotic signaling pathways through a calcium-triggered loss of
membrane potential, with consequent ATP synthesis disruption and cell death.36 In a study
using Amphotericin B against cells of a porcine renal tubular epithelial cell line (LLC-PK1),
it was found that depolarization of the mitochondrial membrane was induced by elevations
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in intracellular Na?* and Ca2*, which, acting in parallel to activation of the mitogen-
activated protein kinase (MAPK) pathways, resulted in tubular necrosis.37

p53 also exerts apoptotic activity in the cytosol, where it is governed by soluble Bcl-xL, to
which p53 has a high affinity. Upon stress activation, Puma rescues p53 from Bcl-xL, and
p53 activates cytosolic Bax.34 Tumor necrosis factor (TNF-o) activates the extrinsic
pathway through death receptor mediated apoptosis and is responsible for nuclear factor-B
(NF-xB) activation, which potentiates leukocyte migration and expression of cytokines and
adhesion molecules.38 A link between extrinsic and intrinsic apoptotic pathways occurs
through TNF-a action on Bid, resulting in caspase-dependent activated truncated Bid (tBid)
incorporation into the mitochondrial cell39 (Figure 3).

The link between apoptosis and inflammatory progression was exhibited by
pharmacological caspase inhibition, which showed anti-inflammatory effects along with
preventing apoptosis.38 This concept was also tested by pretreating renal endothelial cells
with a broad-spectrum caspase inhibitor, as well as specific caspase 3, 8, and 9 inhibitors,
and then exposing cells to TNF-0.38 Apoptosis diminished with all pretreatments, leading to
the conclusion that the mitochondrial apoptotic mechanism was being stimulated by TNF-a
through caspase 8, which cleaves Bid to its truncated form. The exact mechanism as to how
caspase 8 regulates T-cell proliferation and homeostasis of cell-mediated immunity remains
elusive. It may occur through stimulation of TCR, B cell, Toll-like receptors (TLR) and/or
activation by stress factors like TNF-o and lipopolysaccharides (LPS).38 In humans, a
deficiency of caspase 8 results in lymphoproliferative disorders, as well as
immunodeficiency secondary to an incapacity to stimulate leukocyte receptors. Mice with a
T-cell deletion of caspase 8 (tcasp8~~) are defective in activation of T-cell proliferation and
function, and consequently develop lymphatic hyperplasia and splenomegaly.40

The endoplasmic reticulum (ER) is sensitive to environmental stresses, including I/R injury.
This leads to defective folding of proteins that amass inside the lumen of the ER, resulting in
aberrations of function known as ER stress. This intrinsic ‘stress system’ provokes
transcription of genes such as glucose-related protein-78 (GRP-78) or BiP, with the aim of
re-establishing normal function. Pereira et al.41:42 demonstrated that the calcineurin
inhibitor, cyclosporine (CsA), may trigger upregulation of the ER stress marker, BiP, in
kidney transplant biopsies.41:42 If stress is overwhelming or prolonged, apoptotic pathways
activate CHOP or GADD-153, inducing DNA damage and downregulating Bcl-2 while
enhancing the actions of tumor necrosis factor receptor-associated factor-2 (TRAF-2) and
caspase 12.43 Markan et al.44 examined kidney biopsies of patients with primary
glomerular disease to assess levels of GRP-78, GADD-153, and Bcl-2. Patients with
proliferative glomerulopathy, which typically progresses to kidney failure, had higher levels
of stress proteins than in non-proliferating forms (Figure 3).

Reactive Oxygen Species (ROS) and Oxidative Damage

Robust models of both ischemia- and toxicant-induced generation of ROS have identified
major sources of ROS including: NADPH oxidase, damaged mitochondrial electron
transport system, lipoxygenases, cyclooxygenases, and xanthine reductase. A disproportion
of both ROS sources and protective free radicals (reduced glutathione, catalase, and super-
oxide dismutase) result in AKI and chronic kidney disease (CKD).45 In generalized sepsis,
kidney failure is common and potentially fatal, and is thought to be due mainly to oxidative
damage.46 Oxidative stress activates transcription of inflammatory mediators, including NF-
kB. Antioxidants administered to septic rats exert an anti-inflammatory effect by decreasing
neutrophil migration in the kidney.46
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CKD is a low-grade inflammatory condition, mediated by TNF-a, C-reactive protein,
adhesion molecules, and IL-6, among other inflammatory molecules.45 The progression
from AKI to CKD is thought to be largely driven by ROS. Histological conversion of kidney
tubular epithelial cells and macrophages to collagen over a period of 16 days has been
shown in I/R-induced AKI with collagen deposition seen predominantly in the interstitial
outer medulla at 8- and 16-day time intervals following I/R injury.47 Pretreatment with a
molecule mimicking superoxide dismutase function showed a decrease in kidney fibrosis
post-1/R.47 More importantly, indoxyl sulfate (IS), the most robust generator of free radicals
among the uremic toxins, effectively drives oxidative stress by increased oxygen
consumption in damaged tubular cells.48:49 Proximal tubular cells isolated from Sprague-
Dawley rats and humans, and incubated with varying concentrations of IS, showed an
increase in oxygen consumption measurements by tubular cells over a significant range of
pathophysiological 1S concentrations.49 Previous studies also confirmed progression of
renal dysfunction and tubulointerstitial damage in rats in correlation with increased 1S
levels, contributing to the onset of end-stage renal disease (ESRD).49

Chemokines/Chemoattractants

Many signaling factors are involved in the inflammatory process leading AKI into full
blown interstitial fibrosis. NF-«B is activated by p38 MAPK and regulates chemokine/
chemokine receptor interactions. ROS would presumably induce TNF-a through
phosphorylation of p38 MAPK, activating NF-«xB to drive oxidative stress-induced
inflammation. NF-xB is also activated by a family of pattern recognition receptors (PRR’s)
capable of detecting ‘endogenous, endothelial released danger molecules,’ including heat
shock proteins and fibrinogen.50:51 The Toll-like receptor family (TLR 1-10), are members
of the PRR’s. With the exception of TLR-3, they all initiate stimulation of NF-«xB through
the myeloid differentiation primary response protein 88 (MyD-88).51 These ‘danger
molecules’ accumulate in large amounts and/or uncharacteristic cellular sites.52 It is
possible that they may initiate ER stress by unnaturally accumulating in the ER,52 thereby
inducing apoptosis through caspases 8 and 12, and a hypothetical T-cell proliferative
response through TLR stimulation. TLR-2 may potentially regulate the progression of
kidney injury.52 The expression of TLR-2 in murine TLR-2~/~ and TLR-2*/* models of
unilateral ureteric obstruction revealed an upregulation of TLR-2 specific danger ligands in
TLR-2** as well as a decrease in chemokine and neutrophil levels in TLR-27~ mice. A
decrease in transforming growth factor (TGF)-B in TLR-2 deficient mice, seen as a
reduction in tubular apoptotic cells, suggests that there may be a pro-apoptotic mechanism
for which TLR-2 is responsible.

KIDNEY TISSUE REPAIR

Recovery from renal injury depends on a number of factors including a prompt and
sufficient tissue repair.53 Studies using well-established models of proximal tubular damage
have established that rodents mount a compensatory tissue repair response following the
nephrotoxic insult leading to recovery of sublethally injured cells, removal of necrotic cells
and intratubular casts, and regeneration of renal cells to restore the normal continuity and
function of the tubular epithelium.9:53756 Several studies suggest that there is a very
delicate and dynamic relationship between tissue repair and progression or regression of
renal injury.57759 A delay or inhibition of nephrogenic tissue repair appears to lead to
progression of nephrotoxic injury. Timely tissue repair appears to restrain progression of
injury leading to regression of injury, thereby paving the way for recovery. Structural and
functional recovery from acute tubular damage is largely governed by the simultaneous
proliferation of the surviving epithelial cells to adapt to the loss of adjacent cells as shown
by a robust increase in proliferating cells assessed by the proliferation marker Ki67 at 72 and
120 h following 20 min bilateral I/R injury in rats (Figure 1(e)—(h)). The molecular basis of
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recovery from AKI is accompanied by a complex pattern of gene expression that bears a
variety of molecular regulators including various growth factors, adhesion molecules,
transcription factors, immediate early genes, and proto-oncogenes known to regulate the
renal tubule repair.

Growth Factors, Adhesion Molecules, and Cell Cycle Regulators

Growth factors and adhesion molecules represent two major classes of genes that are
expressed during kidney repair and influence cell division, differentiation, and cell survival
or apoptotic processes thought to be essential for tissue repair. A number of mediators such
as epidermal growth factor (EGF), heparin binding epidermal growth factor-like growth
factor (HB-EGF), TGF-a, insulin-like growth factor-1 (IGF-1), and hepatocyte growth
factor (HGF) are upregulated after AKI and exert their actions directly on the kidney.60:61
Many of these growth factors are produced in the renal tissue and participate via autocrine or
paracrine processes. Others, such as HGF, act via the endocrine pathway and interact with
the kidney through circulation. These polypeptide messengers stimulate cells in the Gy phase
of the cell cycle via G to initiate DNA synthesis and subsequently to undergo mitosis. After
a transient injury, resilient quiescent epithelial cells of the proximal tubule and the thick
ascending limb of Henle’s loop reenter the cell cycle and the injured nephron segments
become mitogenically highly active. Binding of the growth factors to specific receptors,
which reside on the cell surface, induces activation of the intracellular signaling pathway
and the growth promoting signals commit the cell to a new phase of the cell cycle (G1).

The Wingless (Wnt) signaling pathway has been shown by Lin et al.62 to guide cells past
the G2 cell cycle check point. This effectively avoids apoptosis, resulting in basement
membrane regeneration. B-Catenin, a structural component of the intercellular junction,
migrates to the nucleus during metabolic stress and stimulates the Wnt signaling mammalian
counterpart to induce cell proliferation and repair. The mechanism behind B-Catenin/Wnt
pro-survival signaling is through regulation of Bax phosphorylation (inhibition of Bax
mitochondrial translocation) by Akt, a robust anti-apoptotic protein.63 Post-injury kidney
macrophages have increased expression of Wnt signaling ligands, which interact with
specific receptors, including Fzd4, in the proximal tubular epithelium.64 Receptors for pro-
survival and repair are highly expressed on the proximal tubular epithelium and are
receptive to factors secreted by the distal tubular epithelium.53 CSF-1, a hematopoietic
growth factor, has been proposed to exert a paracrine/autocrine influence on the
proliferation. The CSF-1 receptor is expressed on macrophages as well as tubular epithelial
cells (TECs), co-expressing with CSF-1 in acute injury to enhance TEC proliferation and
decrease apoptosis. It is also theorized to be involved in a macrophage-dependent repair
mechanism.65

In contrast to the role of the cell cycle as an initiator for regeneration, cell cycle
dysregulation in the setting of severe acute kidney damage may lead to excessive fibrosis.66
Yang et al.67 used various approaches to show an increased number of G,/M arrested
proximal tubular epithelial cells expressing high levels of TGF-§ post-I/R injury.
Conditioned media from these arrested cells stimulated collagen and fibroblast synthesis in
Vitro.66

The role of IGF-1 has been largely investigated in post ischemia experimental animal
models, and results have shown increases in the GFR via direct action on the glomerular
vessels. In rats, infusion of IGF-1 decreases both afferent and efferent glomerular arteriolar
resistances and consequently increases the glomerular ultrafiltration coefficient.68 IGF-1
given post-operatively to patients in whom blood flow to the kidneys had been interrupted
effectively eliminated the drop in GFR that occurred in placebo-treated patients. This study
was limited in conclusiveness, however, due to the low number of patients displaying ARF,

Wiley Interdiscip Rev Syst Biol Med. Author manuscript; available in PMC 2011 September 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sabbahy and Vaidya

Page 8

and a second similar trial proved to be of little value due to the heterogeneity of ARF
etiologies in the patient population.68 In ESRD, the question of whether or not these
patients are responsive or have uremia-induced resistance to the renal effects of IGF-1, has
remained controversial also. In a double-blinded, placebo-controlled randomized trial, IGF-1
was administered to individuals whose baseline inulin clearances were at a level where
dialysis would be considered. Clearances of both inulin and p-aminohippurate were at levels
comparable to the effects of dialysis.68:69 Although promising, to date, no single growth
factor has proven to be efficacious in promoting recovery of the postischemic kidney in
man.69:70

Differences in the effects of growth factors between animal and human models may be
accounted for by several factors. The multifactorial picture of ARF in clinical studies is one
explanation for this discrepancy and requires further exploration before we are able to fully
appreciate the potential impact that growth factors such as IGF-1 will have on clinical
outcome. It may also be that timing of growth factor administration is critical, as they are
usually given directly following injury in animal models, whereas in clinical studies, growth
factors are administered when AKI is somewhat advanced.71 The epidermal growth factor
(EGF) has been found to be highly upregulated in both ischemia and toxicant-induced
injury, and is capable of stimulating proliferation of kidney epithelial and progenitor cells
through the EGF receptor, which is upregulated by IGF-1.71 Interestingly, in an EGF KO
model, protection from injury was demonstrated in the initial phases of ischemia as
evidenced by severe tubular necrosis in WT mice as compared to KO mice at 6 h.72
Likewise, the expression of the vascular endothelial growth factor (VEGF) was also shown
to be reduced in the initial postischemic phase in models of progressive kidney disease.73
Leonard et al73 utilized a rat I/R model exposed to an elevated salt diet, to demonstrate
attenuation in progression to CKD as a result of recombinant VEGF administration.
Interstitial scarring and albuminuria were effectively eliminated in rats given VEGF during
the initial 2 weeks post injury, however this effect was not observed when VEGF was
delayed until day 21. Another possible explanation for differences in response to growth
factors may be the fact that several types of cells, including epithelial, endothelial,
glomerular, and mesangial cells are involved in kidney injury and tissue repair. It is no
simple matter to account for the extent of influence of a specific growth factor when varying
types and severities of cellular damage are involved.

Angiogenesis

In human and animal studies, deficits occur in the outer medulla during I/R injury.74
Microvascular permeability occurs by leukocyte-endothelial interactions with shedding of
the glycocalyx, alterations of cell-cell contact by breakdown of the actin cytoskeleton, and
disruption of the perivascular matrix. This results in hemoconcentration and vascular
congestion.74 Under these induced hypoxic conditions, the kidney responds by secreting a
number of vasoactive as well as angiogenic factors in order to maintain vascular flow and
promote oxygenation of tissue. These vasoactive factors include the RAS, which promotes
blood volume/pressure control in vivo. The activation of endogenous RAS in murine
proximal epithelial tubular cells in vitro leads to increased extracellular synthesis of
angiotensin 11, which consequently exerts autocrine actions to generate the VEGF.75 VEGF
promotes vascular proliferation and endothelial cell repair,76 and has been shown to be
strongly expressed in podocytes as well as proximal tubular epithelium in both mouse and
human kidneys.75 Administering exogenous VEGF lead to an improvement in the renal
blood flow and microvascular density in both the cortex and medulla, as well as an increase
in downstream angiogenic signaling factors, including angiopoietins and endothelial nitric
oxide synthase.77:78
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Endothelial and vascular smooth muscle cells have been identified as expressors of the Nox
1, 2, and 4 subunits of NADPH oxidase, which functions as a vascular proliferative factor.
This reparative function is a relatively novel one for NADPH, as it has classically been
understood to enhance oxidative stress and inflammatory endothelial damage, which lead to
fibrosis and ESRD.79 VEGF stimulates NADPH production of ROS, encouraging cell
proliferation, migration, and differentiation for angiogenesis. The complexity of the Nox
isoforms, and their roles in modulating between vascular repair and fibrosis, is not fully
understood. The link between NADPH and the differentiation and regulation of embryonic
stem cells in the myocardium is another aspect of repair that has not yet been examined
directly in kidney cells.79

Renal Progenitors

Regeneration of damaged TECs has been found to occur mainly from populations of
surviving epithelial cells post injury. These surviving TECs may proliferate and produce
new cells or dedifferentiate and reenter the cell cycle.53 Foxc2, a transcription factor, acts as
one of the moderators for this dedifferentiation and redifferentiation in favor of repair and
survival.80 When murine glomerular parietal-epithelial cells undergoing epithelial—
mesenchymal transition were implanted in uninephrectomised mice, the cells formed
immature glomeruli, thereby showing a capability for transfer of renal progenitor traits by
this mechanism.81 Adult renal stem/progenitor cells (ARPCs) CD133*/CD24*/PAX2" have
been proposed to reside mainly in the Bowman’s capsule and proximal tubules, and may be
capable of differentiating into various cell lines.82 Sallustio et al82 used a microarray
analysis to recover significant gene expression of TLR-2 by ARPCs, advocating the
potential activation of these cells through TLR-2/*‘danger molecule’ interaction. To
investigate whether adult stem/progenitor cells contribute to epithelial cell renewal
following kidney injury, Humphreys et al.83 generated a transgenic mouse in which
majority of tubular epithelial cells, but no interstitial cells, were labeled with either 8-
galactosidase (lacZ) or red fluorescent protein (RFP). Upon I/R injury to these mice despite
an extensive tubular epithelial cell proliferation, no dilution of either cell-fate marker was
observed, emphasizing that the predominant mechanism of adult kidney tissue repair is
through surviving tubular epithelial cells.

Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs) have been highlighted to play a major role in both repair of
acute tubular injury after I/R and cisplatin injury, as well as improving function in chronic
kidney failure.84 MSCs release microvesicles (MVs) that may contain mRNA transmitting
the differentiative properties of MSCs, as well as regulatory factors of transcription and
proliferation, conferring a resistance to apoptosis. These MVs are also thought to
communicate inter-cellularly and influence the function of progenitor cells to stimulate
angiogenesis and other reparative processes. One proposed hypothesis is that MVs express
cell line specific surface adhesion molecules (CD44, CD29), and may utilize ligand/receptor
interactions to induce vascular permeability modification and endothelial as well as
epithelial cell proliferation.85 When human MSC-derived MVs were given intravenously,
they exerted similar effects attributed to MSCs in the recovery of glycerol-induced AKI
damage in immunodeficient mice.85 It is obvious that MVs may have a significant
therapeutic role to play in kidney repair in the future. Furthermore, they are capable of not
only sharing genetic information between cells but are also capable of remaining in a stable
state, unlike MSCs, which may maldifferentiate.84:85
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CONCLUSION

Kidney injury and tissue repair are dynamic events in the spectrum of kidney disease
progression and regression. The factors that govern this delicate balance between injury and
repair may need to be analyzed extensively for future therapies to have a hope of setting
back the ‘ticking clock’ of AKI progression into terminal disease (Figure 4). The
inflammatory process, and its role in the progression of AKI to fibrosis and eventual CKD,
has huge implications for targeted therapy. Involvement of apoptotic pathways in
inflammation, as revealed by caspase inhibition, may be the key to unlocking one of the
earliest mechanisms of injury. Studies examining the role of TLRs and danger molecule
ligands in the ER stress response, as well as the reparative properties of TLR-2 will
hopefully provide more information on the common pathways between apoptosis and
inflammation. With a focus on the kidneys’ intrinsic capability for repair, it is not difficult to
assume momentum will be directed at discerning mechanisms of this internal repair process.
The role of NADPH in promoting differentiation of epithelial cells is of great interest with
respect to CKD development. The eventual use of microvessels to ‘program’ cells for repair
is a very exciting possibility, as well as the use of siRNA to offset pro-apoptotic and
therefore inflammatory pathways.
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Hours after 20 minutes bilateral I/R Injury

Repair

FIGURE 1.

Kidney tissue injury (a—d) and repair (e-h) over time following 20 min of bilateral renal
ischemia/reperfusion injury. Male Wistar rats were subjected to sham or bilateral ischemia
by clamping the renal pedicles for 20 min and then removing the clamps and confirming
reperfusion. Rats were euthanized at various times and kidney tissues were collected.
Representative photomicrographs of H&E-stained paraffin-embedded kidney sections (at
200 x magnification) and immunohistochemistry for Ki67 (at 400 x magnification) are
presented from the following time points: (a, €) Sham surgery; (b, f) 24 h; (c, g) 72 h; and (d,
h) 120 h. All fields were chosen from the cortex and outer medulla. Arrows in panels b and ¢
indicate sloughing of cells, tubular dilation and necrosis. Arrows in panels e-h show Ki67
positive nuclei as an indicator of tubular epithelial cell proliferation.
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FIGURE 2.
Apoptosis in the kidney tissue over time following 20 min of bilateral renal ischemia/

reperfusion injury. Male Wistar rats were subjected to sham or bilateral ischemia by
clamping the renal pedicles for 20 min and then removing the clamps and confirming
reperfusion. Rats were euthanized at various times, kidney tissues were collected and
transferase dUTP nick end labeling (TUNEL) immunostaining was performed to label
apoptotic cells. Representative photomicrographs at 400 x magnification are presented.
Arrows in panels show TUNEL positive nuclei as an indicator of tubular epithelial cell
apoptosis.
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FIGURE 3.

Apoptosis: intrinsic, extrinsic, and endoplasmic reticulum (ER) stress mechanisms. The
diagram shows the various signaling pathways leading to apoptosis and the generation of
ROS. Upon stress activation, p53 translocates to the mitochondria where it interacts with the
BcL-2 family members, including anti-apoptotic BcL-xL and pro-apoptotic Bax and Bak.
P53 disrupts inhibitory complexes formed with tBid and Bim, which effectively activate Bax
and Bak to oligomerize and form lipid pores in the outer mitochondrial membrane, a process
called mitochondrial outer membrane permeabilization (MOMP). The Bax/Bak pathway
subsequently activates caspase 12 mediated apoptosis through the release of Ca2* into the
cytoplasm. Cytoplasmic p53 also plays a role in transcription independent apoptosis by
being liberated from BcL-xL by Puma, and then activating cytosolic Bax. TNF-a is
responsible for extrinsic death receptor mediated apoptosis, which is proposed to be
activated by ROS stimulation through the p38 MAPK pathway. This leads to NF-xB and
caspase 8 activation, which link the extrinsic pathway to the intrinsic apoptotic mechanism
initiated by p53. The ER stress response mechanism might be triggered by the accumulation
of “‘damage molecules’ in the ER, stimulating the unfolded protein response (UPR) and
activating NF-xB. GADD-153 activates pro-apoptotic factors and downregulates anti-
apoptotic BcL-2. Tumor necrosis factor receptor-associated factor-2 (TRAF-2) and caspase
12 stimulation contribute to apoptosis and cell death.
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FIGURE 4.

Overview of injury and repair mechanisms. In the early stages of kidney injury, there is
involvement of numerous inflammatory and immune modulators, including NF-kB,
adhesion molecules such as ICAM and junctional adhesion molecule (JAM)-C, chemokines,
neutrophils, and CD4* T cells. Apoptotic molecules including p53, caspases, and tBid play a
corresponding role along with these inflammatory factors. The late stages of injury involve
‘clean house’ molecules including mainly Tregs and macrophages in preparation for tissue
recovery. If the insult is severe and/or prolonged it may progress to chronic kidney disease
(CKD), driven by the production of free radicals and activated fibroblasts. Reparative
mechanisms include angiogenic factors such as vascular endothelial growth factor (VEGF),
anti-apoptotic factors like Netrin-1, and growth/proliferation factors such as Wingless
(Wnt)/B-catenin, and transforming growth factor (TGF)-a and -B. Transcription factors
including the Fox family, as well as Toll-like receptors (TLR)-2 and interleukin (IL)-6, -8
are involved in the influences of adult/renal progenitor stem cells and mesenchymal cells on
repair.
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