0000000000000000000000000000000000000000000000000000000

CHAPTER

Cell Injury

P I ephrotoxic epithelial renal cell injury 1s mmduced
by a variety of stimuli, including chemical expo-
sure, which can lead to acute kidney injury (AKI).

Chemicals can induce cell injury either directly or indi-
rectly. Examples of chemicals that directly induce renal cell
injury include chemotherapeutics, antibiotics, oxidants,
metals, and cysteine conjugates. In contrast, indirect chemi-
cal insults are initiated at sites removed from renal epithelial
cells. Processes that induce indirect renal epithelial cell in-
jury include decreased renal blood flow, renal ischemia, and
reperfusion-induced cell injury and death. Inflammatory
cells also indirectly and secondarily induce renal epithelial
cell injury in a number of models.'™

A secondary effect of nephrotoxicant-induced cell death
1s the generation of “backleak.” After injury, epithelial cells
can be released from the basement membrane and adhere
to each other via integrins.”® These cellular aggregates form
tubular casts that block the flow of filtrate and increase intra-
luminal pressure, decreasing the single nephron glomerular
filtration rate.” In addition, the loss of epithelial cells leaves
gaps in the basement membrane, allowing tubular filtrate to
backleak into the circulation, further decreasing the single
nephron glomerular filtration rate. Thus, backleak and the
loss of epithelial cells contribute to decreased renal function
(Fig. 30.1). Tubular cast formation can be induced by both
direct and indirect chemical injury.

After either direct or indirect injury, renal epithe-
lial cells can die or repair and regenerate. The processes
involved in renal cell regeneration have been reviewed,’
and they are categorized into four different mechanisms
that include dedifferentiation, proliferation, migration,
and redifferentiation—each having defined morphologic
characteristics and activation of differential cell signaling
pathways. Processes of renal cell regeneration are some-
what similar to epithelial-mesenchymal transition (EMT) in
embryonic development and cancer’ and EMT is hypoth-
esized to mediate fibrosis during chronic kidney injury
induced by multiple stimuli.'*!!

Significant controversy exists concerning the source of
postinjury regenerating renal epithelial cells. Although some
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researchers have suggested that the majority of regenerating
epithelial cells are derived from stem cells, present in either
the kidney or the bone marrow, most recent studies provide
convincing evidence that extratubular cells do not appre-
ciably contribute to epithelial repair and regeneration after
AKI.'? Furthermore, there was no evidence of intratubular
“progenitor cells.”

The process of renal cell repair begins when cells
adjacent to the injured area dedifferentiate, prolifer-
ate, and migrate into the denuded areas. Ultimately, the
cells differentiate, and tubular structure and function
are restored. Of course, such renal cell regeneration is
not applicable for all nephrotoxicants. For example, re-
pair of renal proximal tubule cell necrosis induced by
the aminoglycoside tobramycin 1s initiated 4 days after
treatment, with cells resuming normal morphology after
14 days."? In contrast, a 4-day regimen of the anticancer
agent cisplatin also resulted in renal dysfunction with
proximal tubular necrosis; however, renal dysfunction
persisted.'”

Several chemicals mediate AKI by inhibiting repair via
alteration of differentiation, migration, and proliferation or
dedifferentiation. Inhibition of repair with these compounds
occurs at concentrations that do not induce overt cell injury.
For example, Counts and colleagues studied renal repair
and regeneration in vitro in renal proximal tubular cells
(RPTCs) using a model that involved mechanical injury'”
and showed that HgCl,; the mycotoxin fumonisin B;; and
the haloalkene cysteine conjugate, S-(1,2)-dichlorovinyl-
L-cysteine (DCVC), inhibited the normal proliferative and
migratory renal cell responses in the absence of overt cyto-
toxicity. Thus, mechanisms involved in the pathophysiology
of nephrotoxic-induced AKI are not always directly related
to cell death.

The goal of this chapter 1s to review mechanisms by
which chemicals produce renal epithelial cell injury and
death. Other chapters in this volume, and several excellent
reviews, discuss renal cell repair and regeneration, as well as
mechanisms of renal cell death and AKI produced by spe-
cific chemicals.
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FIGURE30.1 Cast formation in the nephron.Left: /.Filtrate flow (as represented by the small arrows) through the tubules is constant
and unobstructed in unexposed kidneys. 2. Exposure ofthe kidney to nephrotoxicants results in cell injury and death,and can induce
detachment ofthe cells from the basement membrane.3.Detached cells can adhere to each other and form casts (pink), which obstruct
filtrate flow and increase intraluminal pressure.This increases permeability in the basement membrane and back leak of filtrate into the
interstitium. Right: Cisplatin-induced cast formation in wild-type mice (@ and ) and mice mutant for tumor necrosis factor (INF)-« (c
and d)as determined by PAS staining. The magnification in panels @ and cis X100,and that in panels b and d is X400.Cast formation is
visible in panels @ and b as indicated by the pink/purple aggregates between the tubules (arrows).In contrast, little cast formation can
be seen in TNF-a knockout mice (panels c and d).(Adapted from Ramesh G,Reeves WB. TNF-alpha mediates chemokine and cytokine
expression and renal injury in cisplatin nephrotoxicity.) (Jin Invest.2002;110(6):835—842, with permission.) (See Color Plate.)

SUSCEPTIBILITY OF THE
KIDNEY TO INJURY

The kidney 1s highly susceptible to numerous agents because
of several functional properties of this organ. These include: (1)
receiving 20% to 25% of the cardiac output, ensuring high levels
of toxicant delivery over a period of time; (2) extensive reab-
sorptive capacity with specialized transporters promoting cellu-
lar uptake of the toxicant; (3) concentrating abilities resulting
in high concentrations of toxicants in the medullary lumen and
interstitium; (4) biotransformation enzymes for the formation of
toxic metabolites and reactive intermediates; (5) high metabolic
rate and workload of renal cells causing increased sensitivity to
toxicants; and (6) sensitivity of the kidney to vasoactive agents.
Nephrotoxicants can target specific nephron segments.
The proximal tubule epithelial cell is typically the primary tar-
get; however, other parts of the nephron can also be affected
by chemicals with a specificity that is concentration-dependent.
For example, nonsteroidal anti-inflammatory drugs (NSAIDs)
and acetaminophen target the collecting ducts at low concentra-
tions, but also induce damage to the proximal tubules at higher
concentrations.'®!” Furthermore, different segments of the
proximal tubule (S;, S, and S;) are targets for different nephro-
toxicants. For example, aminoglycoside antibiotics, chromate,
cadmium chloride, and the mycotoxin citrinin primarily target

the S; and S, segments, whereas cyclosporine, HgCl,, uranyl
nitrate, cisplatin, bromobenzene, and cysteine conjugates of
halogenated hydrocarbons target the S; segment.'”'® Interfer-
on-o, gold, and penicillamine can target cells in the glomeruli,
whereas angiotensin-converting enzyme (ACE) inhibitors can
target cells in the renal vasculature.!” Clostridium perfringens B
and D and trichloroethylene can target distal tubules, and ra-
diocontrast media, triethanolamine, amphotericin, and nystatin
tend to target the loop of Henle. Studies suggesting that trichlo-
roethylene targets the distal tubules are derived from in vitro
models only at high doses,'” whereas agents that target the loop
of Henle also can also affect the proximal tubules. '

These segmental differences in chemical sensitivity may be
attributed to: (1) differences in toxicant delivery to a given seg-
ment, (2) differences in transport and uptake among segments,
and (3) differences in biotransformation enzymes among seg-
ments. Once again, concentration may be a deciding factor.

NEPHROTOXICANT TRANSPORT

Many nephrotoxicants require transport into epithelial cells
to induce injury, either by passive diffusion or by active or
facilitated transport. Increased accumulation typically cor-

relates to increased mjury and decreased cellular function,
which leads to AKI.
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Several transporters are expressed in the kidney for the
purpose of ensuring renal cell homeostatic functions, such
as reabsorption and secretion; however, these proteins can
also transport nephrotoxicants.”’ Major transporters found
in renal cells include, but are not limited to, the organic
cation transporters (OCTs),”'*** organic anion transport-
ers (OATs),*** the organic anion transporting polypeptide
(OATP) family,***® and transporters involved in multidrug
resistance (MDR) such as P-glycoprotein.”’

Organic Anion Transporters and Organic
Cation Transporters

OATs and OCTs are members of the solute carrier superfam-
illy group 22A (SLC22A: human nomenclature) as assigned
by the human genome organization (HUGO) nomenclature
committee.”® Several members in the SLC22A family have
homologs with human, mouse, rat, and rabbit kidneys, in
addition to having overlapping substrate specificity with each
other and with other transporter families. Other than physi-
ologic substrates,”®*’ these proteins also transport drugs, nat-
ural products, industrial chemicals, and pollutants.?’->>-%?

The OCT family of proteins typically transports small,
hydrophobic, positively charged chemicals. Major 1so-
forms mclude OCT1 (SLC22Al), OCT2 (SLC22A2), OCT3
(SLC22A3), OCT6 (SLC33A16), OCTNI1 (SLC22A4),
OCTN2 (SLC22A5), and OCTN3 (SLC22A21).*® Neph-
rotoxicants transported by OCTs include the chemothera-
peutic cisplatin, which 1s a substrate for OCT2 in humans
and rats.”>>>> OCT2 may also mediate proximal tubule
cell death induced by paraquat, a commonly used herbicide
known to induce AKI. OCT1 mediates the toxicity of plati-
num compounds including cisplatin, oxaliplatin, and carbo-
platin in Madin-Darby canine kidney (MDCK) cells,** and
both OCTI1 and OCT2 mediate the transport of 1-methyl-
4-phenyl-pyridinium, disopyramide, and chlorpheniramine
into renal cells.’®* OCT2 was also demonstrated to mediate
the nephrotoxicity of ifosfamide both in vitro and in vivo.*’

OCT1 and OTC2 were recently reported to mediate the
transport and toxicity of several antiretroviral drugs used to
treat human immunodeficiency virus (HIV) in human em-
bryonic kidney 293 (HEK293) cells.?® Furthermore, OCTI,
OCT2, and OCT3 were reported to mediate the transport
of tyrosine kinase inhibitors (TKIs), such as imatinib, mn
HEK293 cells.”” More in vivo studies are needed to fully de-
termine the role of OCTs in nephrotoxicity induced by both
antiretroviral drugs and TKI.

The OAT families of proteins typically transport small
organic anions into cells. Major isoforms include OATI
(SLC22A6), OAT2 (SLC22A7), OAT3 (SLC22A8), OAT4
(SLC22A11), OATS (SLC22A19), OAT6 (SLC22A20), OAT7
(SLC22A9), OATS8 (SLC22A25), OAT10 (SLC22A13), and
URAT1 (SLC22A12).%® Nephrotoxicants reported to be trans-
ported by OAIs include the mycotoxin ochratoxin A, which
1s transported into renal tubular cells by OAT1, OAT 3, and
OAT 5.3%214% Ochratoxin A transport into renal cells is in-
hibited by probenecid,*' an inhibitor of most OAT proteins.

Recent studies also suggest that aristolochic acid, an inducer
of both acute renal failure (ARF) and cancer, is transported
into HEK293 cells via OAT1, OAT3, and OAT4.** Other
nephrotoxicants whose toxicity 1s mediated by OCTs include
methotrexate (OAT1, OAT2, and OAT3), uremic toxins such
as hippuric acid and indoleacetic acid (OAT1 and OAT3),
and NSAIDs (OAT1, OAT2, OAT3, and OAT4).*®

The ability of Hg** and its cysteine conjugates to induce
cell death i vivo and in MDCK cells 1s altered by inhibitors
or substrates of OAT proteins, suggesting that the nephro-
toxicity of this environmental contaminant is regulated by
these transporters.”** This hypothesis was confirmed by
studies demonstrating that overexpression of human OAT1
in MDCK cells altered the nephrotoxicity of these com-
pounds.*® Other compounds for which toxicity is suggested
to be mediated by OAIT5s include the trichloroethylene me-
tabolite DCVC, some chlorinated phenoxyacetate-based her-
bicides, antiviral drugs, and S-lactam-based antibiotics.*®**

Organic Anion Transporting Polypeptides
OATPs are members of the solute carrier O family (SLCO,
formerly referred to as the SLC21 family*). Endogenous
substrates for these proteins include bile acids, hormones,
and eicosanoids.”® Currently, genes for 11 human OATPs,
15 rat OATPs, and 15 mice have been identified.?>*> Not
all of these are expressed in kidney Furthermore, several
OATPs expressed in humans are not expressed in rodents,
such as OATP1 A2, OATP1BI, and OATP1B3.* Additionally,
there are several rodent OATPs that do not have a human
homolog. Such differences should be taken into account
when assessing the role of OATPs in nephrotoxicity.

OATPs demonstrated to be expressed in human kid-
neys include OATP1A2, OATP2Al, OATP2BI, OATP3Al,
OATP4Al, and OATP4C1.* Rat and mouse kidneys are
reported to express Oatplal, Oatpla6, Oatp2al, Oatp2bl,
Oatp3al, Oatp4al, and 4c1?’*** (the lowercase denotes
rodent genes). Oatpla3 is reported to be a rat specific iso-
form.? The expression of several mouse kidney oatp, such
as Oatplal, Oatp3al, and Oatp4cl, are reported to differ
depending on gender,*’ but it is not known if this trend is
replicated in human kidneys.

Several studies demonstrate that OATPs mediate the
transport of nephrotoxicants. For example, ochratoxin A
(OATPIA2, Oatplal), methotrexate (OATPIBI, Oatpla3),
and digoxin (OATP4C1) are known substrates.” Studies
also suggest that the expressions of OAIPs are altered by
nephrotoxicants. For example, treatment of mice with neph-
rotoxic doses of cisplatin for 4 days increases the expres-
sion of Oatp2al and Oatp2bl mRNA.*® Future studies are
needed to fully understand the role of OATPs in the patho-
physiology of nephrotoxic renal cell injury.

Maillard Reaction Products

Maillard reaction products (MRPs) are members of the
ATP-binding cassette super family (ABCC).” Substrates
for these proteins include hydrophobic molecules, such as
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the chemotherapeutics vincristine and doxorubicin. At least
six different MRP genes have been identified (designated
MRP1-6, and MDR1) and all are expressed in the kidney*

P-glycoprotein is perhaps the most well known MRP.
Localized to the apical membrane of proximal tubule cells,
MRP is believed to mediate the efllux of organic anions
from the kidney. Known substrates for P-glycoproteins in-
clude methotrexate and cisplatin.*”~" The nephrotoxicity of
cisplatin is altered by overexpression of P-glcyoprotein.®
P-glycoprotein may also mediate the nephrotoxicity of
diallyl disulfide and S-allyl-cysteine, HgCl,, calcineurin, and
cyclosporine.”'™*

CELL DEATH

The mechanisms by which chemicals induce epithelial cell
death are as varied as the chemicals themselves; never-
theless, some commonalities do exist. For example, many
chemicals require transport into cells to induce death.
Furthermore, regardless, of how nephrotoxicants gain en-
try into cells, cell death 1s thought to occur through one of
three mechanisms: apoptosis (type I cell death), autophagy
(type 1I cell death), or necrosis (type III cell death).>>>°
Other commonalities that exist in injured and dying cells
include activation of proteases, increases in cytosolic
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Phagocytosis

Necrotic Pathology
Cell Swelling
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Cellular Blebbing
Nuclear Fragmentation (Random)
Vacuolization

Loss of Membrane Integrity Y it )

Autophagy

Ca’", changes in mitochondrial function and morphology,
and changes in nuclear morphology and chromatin/DNA
structure.

Necrosis, apoptosis, and autophagy can be identified by
assessing differences in cellular and nuclear morphology. In
fact, some suggest that morphology 1s standard for delineat-
ing mechanisms of cell death; however, it is becoming evi-
dent that morphology alone is not the best way to identify
the mechanisms of cell death.” This reflects the fact that
the mechanism of death induced by a given chemical 1s de-
pendent on multiple factors such as the cell type being in-
jured, the time of compound exposure, and the compound
dose. Such multiple dependencies are typified by arsenic,
which can induce all three types of cell death in a given
cell.”®> Additionally, the cell death mechanism may change
midway through any series of postinsult events (Fig. 30.2).
Thus, a chemical may iitiate autophagy, but this pathway
may switch to apoptosis as the dose and time of exposure
increases, or 1f p53 1s released to the cytosol. Furthermore,
apoptosis may switch to necrosis as ATP decreases or if cyto-
solic Ca*" increases high enough to activate select proteases
or induce membrane rupture. Thus, a particular mechanism
of cell death cannot always be directly linked to a specific
morphology and, possibly, multiple cell death pathways may
be activated in a single cell.”

Cell Death Pathways

Apoptotic Pathology
Phosphatidylserine Externalization
Cell Shrinkage
Mitochondrial Permeability Transition
Cellular Budding
Caspase Activation
Chromatin Margination

Nuclear Fragmentation (Endonuclease
Mediated)

? 5

Apoptotic Bodies @

Decrease in Membrane Integrity —ApOptosis
Phagocytosis

FIGURE30.2 Schematic comparing the pathologic and morphologic features ofnecrosis,apoptosis,and autophagy. At the top
middle,a normal cell is shown;below the normal cell is an autophagic cell demonstrating mass vacuolization;and autophagosomes
(not shown).Left: Cell and organelle swelling, followed by vacuolization,blebbing,and increased membrane permeability (lysis) and
finally necrotic changes (i.c.,coagulation, shrinkage,and karyolysis). Right: Cell shrinkage followed by budding and karyorrhexis

and finally necrotic changes (i.e.,breakup into cluster ofapoptotic bodies).The pathologies necrosis and apoptosis are listed. Double

arrows represent the hypothesis that select pathways can switch. For example,autophagy can lead to cell survival and also progress

to apoptosis.
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Necrosis

Necrosis affects masses of contiguous cells and is character-
1zed by swelling of organelles and increases in cell volume,
after which the cell membrane becomes more permeable
and ruptures with the release of cellular contents, followed
by inflammation. Historically, necrosis has been used to de-
scribe drastic tissue changes occurring after cell death. These
include karyorrhexis, karyolysis, pyknosis, condensation of
the cytoplasm, and intense eosinophilia.

Morphologic markers for cellular necrosis include a loss of
membrane and organelle integrity; cell swelling, and swelling of
the endoplasmic reticulum (ER) and mitochondria (Figs. 30.2
and 30.3). Nuclear morphology in necrotic cells is usually typi-
fied by pyknosis (nuclear condensation without fragmentation);
however, DNA fragmentation can occur in some cases, especial-
ly when agents that target the DNA are used. This can give rise
to chromatin margination. Cellular blebs also form, but unlike
apoptosis, necrotic cell blebs do not typically contain organelles.
Necrosis usually induces inflammation, often with the mnfiltra-
tion of neutrophils and inflammatory cells in vivo (Fig. 30.3).

Biochemical markers for necrosis include a drastic and
rapid loss of ATP (greater than 70%—-80%), rapid and sustained
increases in cytosolic Ca?", leakage of intracellular constituents
such as lactate dehydrogenase, DNA fragmentation, and pro-
tease activation. A hallmark of necrosis 1s that it does not re-
quire ATP, separating it from both apoptosis and autophagy.
DNA fragmentation also occurs in apoptosis, but DNA frag-
mentation that occurs during necrosis 1s random and not usu-
ally mhibited by caspases. Proteases activated during necrosis
include select types of calpains, which are usually activated due
to high concentrations of cytosolic Ca®". Evidence exists that
calpains can also be activated during apoptosis (see below);
thus, calpain activation alone is not a valid marker for necrosis.

Apoptosis

Apoptosis usually affects scattered individual cells and, mor-
phologically, the cell shrinks whereas organelle integrity is
initially retained (Figs. 30.2 and 30.3). Next, chromatin
become pyknotic and marginate against the nuclear mem-
brane and, ultimately, the cell shrinks to a dense, round mass

FIGURE30.3 Comparison ofthe morphologic features ofnecrosis,apoptosis,and autophagy in tissues and cells. A: Hematoxylin and

eosin staining ofhuman kidney tissue after arterial embolization for treatment ofrenal cancer demonstrating intact tubules (7) and ne-
crotic tubules (V). Arrows represent neutrophils and mononuclear inflammatory cells.(Modified from Hotchkiss RS, Strasser A, McDunn JE
et al.Celldeath. N EnglJMed. 2009;361:1570,with permission.) B: Transmission electron microscopy (TEM) ofnecrotic human embryonic
stem cells showing loss of membrane integrity without chromatin margination, cytosolic vacuolization,and spilling out of intracellular
constituents.(Modified from Heng BC, Vinoth KJ,Iu K et al. Prolonged exposure ofhuman embryonic stem cells to heat shock induces ne-
crotic cell death. Biocell. 2007;31(3):405,with permission.) C:TEM human HEK293 cells undergoing lysosomal mediated apoptosis.The cell
on the right is relatively healthy whereas the cell on the left has shrunken and exhibits chromatin and nuclear condensation and is begin-
ning to lose the membrane integrity (late apoptosis). Modified from Heng BC, Vinoth KJ,Iu K et al. Prolonged exposure ofhuman embry-
onic stem cells to heat shock induces necrotic cell death. Biocell.2007;31(3):405, with permission.) D: TEM of autophagic primary cultures
ofnormal human renal cells exposed to cyclosporine demonstrating formation ofthe autophagosomes (4ut) with a double membrane
(long armmow),next to a lysosomes (Iys) and a mitochondria (Mit). The arrowhead represents a cytoplasmic organelle. (Pallet N, Bouvier N,
Legendre C,et al. Autophagy protects renal tubular cells against cyclosporine toxicity. Autophagy. 2008;4(6):72, with permission.)
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(apoptotic body) or forms pseudopodia (i.e., buds) contain-
ing nuclear fragments and/or organelles that break off into
small fragments (apoptotic bodies). In either case, adjacent
cells or macrophages phagocytize the apoptotic bodies, and
inflammation typically does not occur.

A key difference between necrosis and apoptosis is the
activation of caspases in the latter. Caspases are cysteinyl
aspartate-specific proteases that belong to an 18-member
family.”’ " Caspases can be divided into three groups based
on structural differences and substrate preferences: initiator
caspases (caspase -2, -8, -9, -10, and possibly -12), execu-
tioner caspases (caspases -3, -6, and -7), and cytokine pro-
cessors (caspases -1, -4, -5, -13, and -14). Caspases-15 to
18 have been 1dentified in numerous mammals, but not in
humans, with the exception of caspase 16.>

Initiator caspases are activated by numerous processes
including receptor-directed mechanisms and chemical
exposure. They mediate chemical-induced apoptosis in nu-
merous cell types, including proximal tubular cells,**** glo-
merular cells,®” medullary cells,’*® and cells present in the
collecting ducts.®®®® Activation of initiator caspases results
in the activation of executioner caspases, which leads to sev-
eral of the biochemical characteristics of apoptosis. Initiator
caspases can also be substrates for executioner caspases.®’

Caspase-8 is an initiator caspase that plays an integral
role in receptor-mediated apoptosis.®”’' It is activated by
membrane receptors such as Fas-ligand and tumor necrosis
factor (TNF)-« receptors’’>’* and, in turn, cleaves the Bcl-2
family protein Bid to form tBid.”" tBid acts on mitochondria
to cause the release of pro-apoptotic proteins and results in
the activation of caspase-9 and caspase-3. In contrast, cas-
pase-8 can directly activate caspase-9 or caspase-3, indepen-
dently of the mitochondria (Fig. 30.4).

Caspase-8 can be activated by nephrotoxicants indepen-
dent of receptor-mediated mechanisms. For example, cispla-
tin and etoposide activate caspases-8, -9, and -3 in LLC-PKI1
cells in the absence of receptor-stimulation.” In contrast, cis-
platin and cyclosporine activate caspase-3 in the absence of
caspase-8 in mouse and rabbit RPTC.”*’® Thus, the role of
caspase-8 in chemical-induced renal cell apoptosis is variable.

Executioner caspases cleave numerous substrates that
ultimately result in the morphologic features of apoptosis.
Perhaps the most important substrates are proteins that
control DNA degradation (DNAase). Caspases are known to
mediate the activation of the nuclease DNA fragmentation
factor (DFF). DFF 1s composed of two subunits: a 40-kDa
DNAase subunit (CAD/DFF40) and a 45-kDa inhibitor of
caspase-activated deoxyribonuclease (ICAD/DFF45).%° Cas-
pase-3 cleaves ICAD/DFF45 during apoptosis, which results
in the release and activation of CAD/DFF40. Active CAD/
DFF40 results in double-stranded DNA breaks in chromo-
somes, giving rise to the characteristic nonrandom DNA-
ladderlike pattern seen with apoptosis on agarose gels.®’

Caspases can also mediate DNA degradation by cleav-
ing poly(ADP-ribose) polymerase (PARP). PARP is involved
in DNA repair and maintenance of stability, and regulates

DFF40 activity.®” Caspases-3 and -7 can cleave and inacti-
vate PARP’’ PARP cleavage is used as a marker for apoptosis
in renal cells, including apoptosis induced by antimycin A
and DCVC.”®” Cleavage of DNA repair enzymes (such as
PARP) by caspases is thought to prevent cells from making a
futile repair attempt.

Caspases have numerous other substrates other than
DNAases. Initiator caspase substrates include other caspases,
the pro-apoptotic protein Bid, a-tubulin, and vinculin.”®
Cytokine caspase substrates include inflammatory me-
diators such as such II-18, Pro-IL-1B, and IlI-17, whereas
executioner caspase substrates include protein kinase C
(PKC), focal adhesion kinases (FAK), and the cell cycle regu-
lator p21.°® Cleavage of these proteins is believed to inhibit
futile repair attempts, facilitate apoptosis signaling cascades,
and allow for cytoskeleton reorganization and packaging of
cell constituents into apoptotic bodies.*

Caspase-3, perhaps the best studied executioner cas-
pase, can also cleave receptors, such as type 1 inositol(1,4,5)
P4 receptor, Ca’"-ATPase, the Na"/Ca™ exchanger, and the
Na"/K"-ATPase pump.”> The Na"/K" ATPase may also be
cleaved by initiator caspases, such as caspase-8 and -9.°'
Cleavage of these receptors is believed to alter ion homeo-
stasis and facilitate decreases in intracellular K*, which fur-
ther promotes caspase activation. Cleavage of these receptors
also leads to cell size alterations, such as cell shrinkage, early
during apoptosis after cleavage of Na'/K" ATPase, or cell
rupture due to swelling after Ca**-ATPase inactivation dur-
ing late-stage apoptosis/secondary necrosis.

Role of Mitochondria mm Apoptosis

The role of mitochondria in cell death cannot be understated,
especially for apoptosis. Mitochondria regulate apoptosis by
at least two major processes: maintenance of ATP production
and release of pro-apoptotic proteins, such as cytochrome c,
Bel-2 family proteins, and DNAases. In addition, mitochon-
dria regulate apoptosis by participating in Ca** signaling
cascades and mediating protease activation.’”

ATP is considered to be a requirement for both the ini-
tiation and execution of apoptosis.”” It is required for forma-
tion of an apoptosome protein complex (see later), which
facilitates the activation of caspase-9. It may also be required
for transport of pro-apoptotic proteins into the nucleus.”
ATP may also represent an important switch point between
apoptosis or necrosis; depleting ATP below 30% transforms
apoptotic liver cell death to necrotic death patterns.®” In ad-
dition, ATP is needed to maintain Na" /K" ATPase pumps on
the plasma membrane, and pump inactivation will eventu-
ally lead to cellular swelling, pathologic increases in intracel-
lular Ca*", and cellular lysis, which is typical of necrosis.

Cytochrome c is a heme protein bound to the inner
mitochondrial membrane, transferring electrons between
complexes Il and IV of the electron transport chain. Release
of cytochrome ¢ from mitochondria activates the intrinsic
pathway of apoptosis. Cytosolic cytochrome ¢ will bind
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FIGURE30.4 Cellsignaling cascades involved in the activation of caspases and apoptosis.1: Receptor-mediated death signals or
chemicals can mitiate apoptosis through multiple mechanisms.2: Pro-caspase 8 is activated by receptor-mediated signals at the cel-
lular membrane or directly by chemicals. Once activated, caspase-8 cleaves Bid to t-Bid, which interacts with Bax/Bak to induce mito-
chondrial-mediated apoptosis or directly activates caspase-9 and other caspases.3: Some chemicals cause DNAdamage that signals
the release of pro-apoptotic proteins from the mitochondria.4: Receptor-mediated signals,direct chemical injury, or signals resulting
from DNA damage can all cause cytochrome c,Smac/Diablo,Endo G,and AlF release from the mitochondria.5: Released cytochrome
¢ forms a complex with APAF-1 and pro-caspase 9,resulting in caspase-9 activation.6: Activated caspase-9 cleaves and activates pro-
caspase-3 and -7, which can also be activated by caspase-8 independently of cytochrome c.7: Activated caspases (e.g.,3 and 7), AlF,
and Endo G cause the classical markers of apoptosis such as cleavage and activation of poly(ADP)polymerase,inactivation ofinhibi-
tors of DNases leading to DNA fragmentation, cleaved laminins,and the activation of other caspases.

to apoptotic protease activating factor 1 (APAF-1), which
promotes the binding and proteolytic cleavage of pro-
caspase-9 to caspase-9 (the apoptosome),* and then acti-
vated caspase-9 cleaves and activates executioner caspases
(i.e., caspases-3, -6, and -7) (Fig. 30.4). Nephrotoxicants
known to induce cytochrome c release in correlation with
apoptosis include cisplatin and DCVC.”"** Cytochrome ¢

release from the mitochondria is associated with a decrease
in the mitochondrial inner membrane potential and the ac-
cumulation of several pro-apoptotic proteins such as Bad,
Bax, and Bax at the mitochondria (Fig. 30.4). Other pro-
apoptotic proteins released from the mitochondria include
apoptosis-inducing factor (AIF), Smac/Diablo, Omi, and
Endo G (Fig. 30.4).7071:8592
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Bad, Bak, Bax, and Bid belong to the Bcl-2 family of
pro-apoptotic proteins, which are characterized by specific
regions of homology, termed Bcl-2 homology domains.”
Under nonstressed conditions, these proteins exist bound to
proteins in the mitochondria and cytosol.”’ After toxicant
exposure, Bax, Bid, or Bak can dissociate and translocate
to the mitochondria which initiates the formation of a pore
complex that causes membrane rupture’ and subsequent
loss of mitochondrial membrane potential, facilitating the
release of cytochrome ¢, Endo G, Smac/Diablo, Omi, and
AIF (Fig. 30.4).°*7%7* Bid mediates apoptosis induced by
hypoxia and ATP depletion in cultures of rat RPTC**; Bax
mediates proximal tubular apoptosis in mice treated with
cisplatin in vivo®; and Bak is elevated during apoptosis
in primary bovine glomerular endothelial cells induced by
TNF-a or lipopolysaccharide (LPS™) or during ischemia-
reperfusion-induced renal cell apoptosis in mice.”®

In contrast to Bax, Bid, and Bak, Bcl-2 is an anti-apoptot-
ic protein.®” Increased Bcl-2 prior to toxicant exposure pro-
tected numerous cells, including renal cells,”® from toxicant-
induced apoptosis.”® The protective effect of Bcl-2 may be the
result of its ability to bind Bax, Bid, and Bak, preventing them
from inducing mitochondrial pore formation, altering mito-
chondrial membrane permeability, initiating the release of mi-
tochondrial pro-apoptotic proteins, and activating caspases.””’
Overexpression of Bcl-2 protected against ATP-depletion-in-
duced apoptosis in cultures of rat RPTC,”* and upregulation
of Bel-2 protected kidney epithelial cells both in vitro and in
vivo against apoptosis induced by hypoxia, azide, cisplatin,
and staurosporine.”’®

AIF 1s released from mitochondria in response to de-
creases in the mitochondrial membrane potential induced by
ATP depletion®®®’; ischemia-reperfusion; anti-fas antibod-
ies'%; or exposure to high concentrations of Ca*",'"! t-butyl
hydroperoxide,'®" or atractyloside.'”" Cellular pathologies
associated with AIF release are similar to those seen with cas-
pases (chromatin condensation and oligonucleosomal DNA
fragmentation).'” Recent studies suggest that increases in
cytosolic Ca>" and calpain activation also facilitate the re-
lease of AIF from mitochondria!??; and studies in LLC-PK1
cells support this hypothesis.'*?

AlIF 1s a protease with properties similar to caspases,
including being inhibited by N-benzyloxycarbonyl-Val-Ala-
Asp-fluoromethylketone (Z-VAD-fmk), a commonly used
broad spectrum caspase inhibitor.*® Thus, the decrease in
renal cell death observed in the presence of Z-VAD-fimk may
be a result of AIF or caspase inhibition. AIF can induce DNA
fragmentation independently of caspases.®” AIF is released
in opossum kidney (OK) cells after ATP depletion-induced
by sodium cyanide and 2-deoxy-p-glucose.®””” AIF is also
activated in HEK293 cells after exposure to cadmium,'** in
LLC-PKI1 cells after exposure to cisplatin,'®®> and in OK cells
after exposure to the peroxisome proliferator-activated re-
ceptor agonist ciglitazone.'*

Smac/Diablo 1s a pro-apoptotic protein released from the
mitochondria to the cytosol during apoptosis. It blocks anti-

apoptotic activity of inhibitors of apoptosis proteins (IAP),
which increase apoptosis.® The ability of Smac/Diablo to pro-
mote apoptosis 1s not exclusively a result of its ability to bind
IAP'Y7 Smac/Diablo functions at the same level of executioner
caspases, but downstream of the Bcl-2 family of proteins.”

Smac/Diablo 1s expressed in the mouse kidney and in
several renal cell models.'*® It mediates apoptosis in vivo in
mice after treatment with high concentrations of folic acid or
after exposure of cultures of renal epithelial cells to TNF-a.>
Increased expression of Smac/Diablo potentiates TNF-a- and
etoposide-induced apoptosis in HEK293 cells'"’; however,
similar to several other pro-apoptotic proteins, expression
of Smac/Diablo is not essential for apoptosis in kidney cells.
For example, acetaminophen-induced renal cell apoptosis
proceeds in a caspase-dependent manner in the absence of
Smac/Diablo activity.'*”

Omi 1s a mammalian serine protease homologous to bac-
terial HtrA endoprotease.''” Omi localizes to the mitochon-
dria and is expressed ubiquitously in a number of cell types
including RPTC.”! Omi is released from the mitochondria
after exposure to apoptotic stimuli and binds to, and cleaves,
IAP’! Omi-directed degradation of IAP facilitates caspase ac-
tivation and the subsequent biochemical and morphologic
features of apoptosis. In addition, Omi can translocate to
the nucleus and activate the transcription factor p73, which
induces pro-apoptotic proteins such as bax.®” Omi partici-
pates i both caspase-independent and caspase-dependent
cell death,®'"" an event that has been proven using either
siRNA against Omi, or a synthetic inhibitor, called ucf-101,
in in vitro and in vivo models, including primary cultures of
mouse RPTC.”"''! More work is needed to determine if Omi
can mediate cell death induced by other nephrotoxicants.

Autophagy

Autophagy is essentially “a cell eating itself”!'>!!* This
process was originally thought to be a cell survival path-
way activated to produce energy during times of metabolic
stress, such as starvation.!'> Some cells undergoing au-
tophagy can recover; however, ample evidence exists that
autophagy itself leads to cell death, specifically referred to
as type II cell death.>>!1%113

Significant evidence shows that autophagy mediates
renal cell death.’®!'*!15 The role of autophagy in renal cell
death differs depending on the experimental conditions.>®
Further, it is difficult to determine if autophagic cells are
a result of a cell death mechanism, or a failure in repair
or survival mechanism.’® Complicating this issue is that
induction of autophagy is cell- and toxicant-dependent.
Nevertheless, clear correlations exist between nephrotox-
icity and autophagy. Autophagic cells are present in vivo
in rat renal cells after ischemia-reperfusion and after treat-
ment of mice with tunicamycin, a stimulant of ER Ca®"
release.’® In vitro, autophagy was identified in HK-2 cells
after exposure to H,O,, in RPTC cultures after exposure
to cisplatin, and in primary cultures of human renal cells
treated with cyclosporine A.%%!1°
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Morphologic markers for autophagy include the pres-
ence of autophagic vacuolization of the cytoplasm and the
autophagosome, which forms near the lysosome and can
contain cytosolic organelles (Figs. 30.2 and 30.3).>°> This
occurs in the absence of chromatin condensation. Double-
membrane vesicles, autophagosomes, are formed and fuse
with lysosomes to facilitate protein degradation''? and other
morphologic changes that are best identified using transmis-
sion electron microscopy.

Biochemical markers of autophagy include expression
of microtubule-associated protein-1 light cham 3 (LC3), and
degradation of the cell signaling adaptor p62.''* LC3 is only
considered an autophagic cell marker when it is cleaved to a
lower molecular weight protein called LC3II. Cleavage allows
LC3 to bind to phosphatidylethanolamine, which facilitates
the formation ofautophagosomes. Autophagosome formation
is also facilitated by two kinases: autophagy-specific phos-
phatidylinositol 3-kinase (PI3K) Vps34 (also called human
class II PI3K) and target of rapamycin (TOR) kinase.**'"?

Beclin-1 1s another protein whose expression is critical
for autophagy. Beclin-1 facilitates formation of autophago-
somes by regulating Vps34 (human class III PI3K>®). It con-
tains a BH-3 only domain, and is inhibited by other BH-3
only domain containing proteins called Bcl-2 and Bel-X.””
Proteins containing BH3-only domains are typically pro-
apoptotic; however, beclin-1 does not induce apoptosis. In
fact, beclin-1 1s cleaved by caspases. Cleavage of beclin-1 by
caspases 1s believed to be an important switch point used by
cells to inhibit autophagy and stimulate apoptosis.”

p53, another regulator of autophagy, 1s a tumor suppres-
sor protein found in the cytosol of living cells in an inacti-
vated state and bound to the co-repressor Mdm?2 (see later).
The release of p5S3 from Mdm?2 is stimulated by 1onization
radiation, DNA damage, oxidative stress, and several other
death-inducing stimuli. Released p53 can translocate to the
nucleus and induce apoptosis, cell cycle alterations, and the
transcription of several proteins, including those that me-
diate autophagy>> Interestingly, cytosolic p53 (unbound to
Mdm?2) appears to inhibit autophagy in nonrenal cells.''” It
1s not known 1if p53 can regulate autophagy in renal cells
using similar mechanisms.

INITIATORS OF CELLULAR INJURY

Nephrotoxicants mitiate renal cell injury by a variety of
mechanisms. Some initiate toxicity directly because of their
reactivity with selected cellular macromolecules, such as
observed with the antifungal drug amphotericin B, which
increases the permeability of the plasma membrane to
cations,''® the mycotoxin fumonisin B, that inhibits sphin-
ganine (sphingosine) N-acyltransferase,!'” and aminoglyco-
sides that bind initially to cellular anionic phospholipids.'*
Other nephrotoxicants iitiate toxicity following biotrans-
formation to a reactive intermediate or a stable metabolite,
and nephrotoxicants can initiate toxicity indirectly through
the production of reactive oxygen species.

Role of Biotransformation

Renal xenobiotic metabolism contributes significantly to
whole-body metabolism and/or renal toxicity of numerous
chemicals because ofthe role of the kidney as a primary route
of xenobiotic excretion. Some chemicals require metabolism
or biotransformation to a toxic reactive intermediate for cel-
lular injury to occur (Fig. 30.5). Then the reactive interme-
diate binds covalently to critical cellular macromolecules,
which are thought to interfere with the normal functioning
of the macromolecules and thereby initiate cellular mjury.
Often, these reactive intermediates or “alkylating” agents
are electrophiles that bind to cellular nucleophiles. The re-
nal xenobiotic-metabolizing enzymes found in experimen-
tal animals and humans have been reviewed by Lock'*! and
are summarized in Table 30.1. These include cytochrome
P-450, flavin containing monooxygenase (FMO), and gluta-
thione S-transferase (GST).

Cytochrome P-450

The kidney contains many of the xenobiotic-metabolizing en-
zymes found in the liver; however, in general, their concentra-
tion within the kidney is lower. For example, renal cytochrome
P-450 ranges between 0.1 and 0.2 nmol per mg microsomal
protein across a variety of species, which represents approxi-
mately 10% of hepatic cytochrome P-450."*' The distribution
of cytochrome P-450 also varies along the nephron, with the
highest levels typically found in the S, segment, followed by
the S; and S; segments, with the other tubular segments hav-
ing less than 10% of that of the S; segment.'?!

The renal cytochrome P-450 system is active against a
variety of endogenous and exogenous compounds, and nu-
merous cytochrome P-450 isoforms have been identified in
renal tissue. For example, cytochromes P-450 1Al, 1A2,1BI,
2A, 2B1, 2B2, 2B6, 2B9, 2B10, 2C2, 2C11, 2El, 212, 213,
2J5, 209, 3A1, 3A4, 4A1, 4A2, 4A3, 4A5, 4A6, 4A8, 4Al1,
4F1, 4F4, 4F5, 4F6, 4F11, and 4F12 have been 1dentified in
renal cells of the human, mouse, rat, and rabbit kidney,'*'~'#°

Cytochrome P-450 expression depends on the species
and sex being studied, as well as the site along the nephron.
For example, cytochrome P-450 2A, 2C, and 2E are present
in male mouse kidneys but are barely detectable in female
mouse kidneys.'*! Several studies suggest differences in the
expression of cytochrome P-450 isoforms between human
and rodent kidneys. An important example 1s the expression
of cytochrome P-450 2EI1, which has been detected in renal
proximal and distal tubular cells of mice and rats, but not
human kidneys.'?""'*%12° In contrast, both human and ro-
dent kidneys express high amounts of cytochrome P-450 4A
isoforms. However, rat kidneys express 4Al, 4A2, and 4A3,
whereas the human kidney appears to express 4Al11.12%127
Such differences in xenobiotic expression must be consid-
ered when assessing the role of biotransformation in chemi-
cal-induced nephrotoxicity.

In contrast to the liver, fewer compounds are documented
to produce nephrotoxicity through renal cytochrome P-450
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FIGURE30.5 The bioactivation oftrichloro- Cl
ethylene by the glutathione-(GSH-) conjuga-

tion pathway. Trichloroethylene (top left) can H
be metabolized by either cytochrome P-450
to the compound listed (top right) or be con-
jugated to GSHby the glutathione S-trans-
ferase (GST) to form S-(1,2)-dichlorovinyl-
glutathione (DCVG). These reactions can
occur either in the liver or in the kidney. DCVG
formed m the liver is delivered to the kidney
via the bile or the blood where the high con-
centrations of y-glutamyltransferase (GGT)
and dipeptidase in the kidney results in the
cleavage ofthe GSHmoiety and the forma-
tion of S-(1,2)-dichlorovinyl-Lcysteme (DCVC).
Metabolism of DCVC by N-acetyl-s-transferase
produces N-acetyl-s-(1,2)-dichlorovinyl-1-
cysteine (NAcDCVC), which is excreted in

the urine of mice,rats,and humans exposed
to trichloroethylene. NAcDCVCalso can be
deacetylated back to DCVC.Metabolism of
DCVCby cysteine-conjugate [B3-lyase results

in the formation ofa reactive thiol that can
rearrange to form a protein acylating species.
(From Cummings BS, Parker JC,Lash [H.Role
of cytochrome P450 and glutathione S-trans-
ferase alpha in the metabolism and cytotoxic-
ity of trichloroethylene 1n rat kidney. Biochem
Pharmacol.2000;59:531, with permission.)
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s s N
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(chloral hydrate, tri- and
dichloroacetic acid,
trichloroethanol)
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COOr

0
Inhibited by Acivicin

Cl
Deacetylation DCVSH
H,C
> 0 Reactive intermediate
believed to cause
nephrotoxicity and
nephrocarcinogenicity

Metabolite excreted in urine of mice, rats, and humans

bioactivation, although renal cytochrome P-450 contributes
to the nephrotoxicity of chloroform'**'** by metabolizing it
to the unstable trichloroethanol, which releases HCI to form
phosgene. Phosgene reacts with: (1) two molecules of glu-
tathione to produce diglutathionyl dithiocarbonate, (2) wa-
ter to produce two molecules of HCI and CO,, (3) cysteine
to produce oxothizolidine-4-carboxylic acid, or (4) cellular
macromolecules to initiate toxicity,'**!13%131

Chloroform bioactivation by renal cytochrome P-450 is
sex- and species-dependent. The marked sex difference in
the nephrotoxicity of chloroform is reversed by castration
of males or treatment of females with testosterone, suggest-
ing that the renal cytochrome P-450 responsible for chlo-
roform bioactivation is under androgenic control.'**!*? Be-
cause cytochrome P-450 isozymes 2Bl and 2EIl are present
in male mice and are expressed in female mice treated with

testosterone, these isozymes may be responsible for renal
chloroform bioactivation.'!

Acetaminophen 1s metabolized in the mouse kidney
by cytochrome P-450 2E1 to the reactive intermediate N-
acetyl-p-benzoquinoneimine (NAPQ), which binds to cel-
lular proteins.'**'** In the liver, NAPQ binds to a selenium
binding protein (58 kDa),"**!*> microsomal glutamine syn-
thetase (44 kDa),"*° cytosolic N-10-formyl tetrahydrofolate
dehydrogenase (100 kDa),'*>!*” and mitochondrial gluta-
mate dehydrogenase (50 kDa)."*” It is possible that similar
protein binding may occur in renal cells.

Studies also suggest that acetaminophen mediates renal
cell death in mouse RPTC by inducing ER stress.'”” In this
model, acetaminophen treatment increased the expression
of GADDI153, an ER stress protein, and induced caspase-12
cleavage and apoptosis—independently of caspase-3, -9,
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Expression of Selected Xenobiotic Biotransformation Enzymes in the Kidney

*Activity and expression have been measured in kidney microsomes only.
®GSTu is expressed in some human kidney malignancies.

or the release of the mitochondrial pro-apoptotic protein
Smac/Diablo.

Flavin-contaming Monooxygenase

Flavin-containing monooxygenase (FMO) oxidizes the nu-
cleophilic nitrogen, sulfur, and phosphorus moieties of a
number of chemicals, including DCVC, tamoxifen, and ci-
metidine.'?""1*%1% The role of FMO in nephrotoxicity has
received less attention than cytochrome P-450, but several
FMO are expressed in the kidney. Like cytochrome-P450,
renal FMO expression and activity is species- and sex-
dependent. For example, rabbit kidneys express FMOI, 2,

Fnzyme Cell Type Species References
Cytochrome P450 monooxygenases
IA Proximal tubules Rat, mouse, human 390, 391
[A2 Proximal tubules - 123
IIB Proximal tubules Rat and mouse 122
Distal tubules Rat and mouse 122
IIC2 Proximal tubules -
IIC9 Unknown® Human but not rat 390
IC11 Distal tubules Male rat 122
11D Proximal tubules - 125
ITE1 Proximal tubules Rat, mouse, not human 122,127,392
Distal tubules — 122
I1J Proximal tubules Human, rat, mouse 123, 393-395
[TA1 Glomerulus Rat, mouse, not human 122,390, 391
[1TA4 Proximal tubules Human, not rat or mouse 390
VA2 Proximal tubules Rat, mouse, not human 122,390
Distal tubules — 122,390
IVA3 Proximal tubules Rat, mouse, not human 122,390
Distal tubules — 122,390
IVAL1 Proximal tubules Human, not rat or mouse 126, 127
IVF Proximal tubules Human and mouse 124, 127
Distal tubules Mouse 124
Flavin-contaiming monooxygenases —
FMO1 Unknown® Rat, mouse, and human 141, 390
FMO3 Unknown® Rat, mouse, and human 141, 390
FMO5 Unknown® Human 141
Glutathione S-transferases
GST « Proximal tubules Rat, mouse, and human 19, 126, 148
Distal tubules —
GST Proximal tubules Rat, mouse, not human® 19, 126, 148, 396
GST 7 Proximal tubules Rat, mouse, and human 19, 126
GST 6 Proximal tubules Human 126

4, and 5, but not 3, and FMO1 1s expressed in the female,
but not the male kidney.'?' FMO3 activity is detected in
the kidneys of rats, dogs, mice, rabbits, and humans.'*
Rat kidneys appears to have two- to sixfold greater activ-
ity levels (as determined by methionine S-oxidase activity)
than other species, including humans.'*! Studies in human
kidney microsomes demonstrate that FMO1, FMO3, and
FMOS are all expressed, but at different levels.'*! Further-
more, samples from African American patients had signifi-
cantly more FMOI1 activity compared to their Caucasian
counterparts, suggesting that the expression of renal FMO
isoforms may differ depending on race.'*' Studies in mice
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suggest that sex- and age-dependent differences exist for the
expression of FMO mRNA in the kidney'**; however, no
differences in the expression of FMO1, FMO3, or FMOS5,
and overall FMO activity were detected between human
male and female kidney microsomes.'*' Thus, more work
i1s needed to determine i1f FMO expression is sex-dependent
in human kidneys.

In vitro, FMO1, FMO3, FMO4, and FMO05 metabo-
lize cysteine S-conjugated S-allyl cysteines, whereas FMO3
metabolizes DCVC.!*!' However, little DCVC was metabo-
lized in human kidney microsomes, even though FMO3
was expressed in these tissues, suggesting that FMO may
not contribute to the nephrotoxicity of this compound
in human renal cells. In contrast, treatment of human
proximal tubular cells with the FMO inhibitor methima-
zole decreased DCVC-induced apoptosis.'* Studies also
suggest that FMO catalyzed sulfoxidation of the sevoflu-
rane (a commonly used anesthetic) degradation product
fluoromethyl-2,2-difluoro-1-(trifluoromethyl)vinyl  ether
mediates its renal toxicity.'** Other nephrotoxicants sug-
gested to be metabolized by FMO include 4-amino-
2,6-dichlorophenol.'*> 4-amino-2,6-dichlorophenol is a
metabolite of 3,4-dichloroanaline, a common industrial
manufacturing intermediate. Finally, FMO may also medi-
ate the nephrotoxicity of some pesticides such as organo-
phosphate thioether compounds.'*®

Glutathione S-Transferase

The conjugation enzymes glucuronosyltransferases, sulfo-
transferases, and glutathione S-transferases (GST) are locat-
ed in the kidney where they conjugate both endogenous and
exogenous compounds. These enzymes increase the water
solubility, excretion, and elimination of several nephrotoxi-
cants.'*! Although this typically decreases renal cell injury,
some nephrotoxicants are bioactivated by these enzymes.

GST mediates the conjugation of the tripeptide gluta-
thione (GSH, vy-glutamylcysteinlyglycine) to compounds
with electrophilic centers.'*! They are considered phase II
biotransformation enzymes and are divided into cytosolic,
membrane associated, and mitochondrial members. There
are seven different cytosolic subfamilies (A, alpha; M, mu;
P, p1; T, theta; O, omega; S, sigma; and Z, zeta). Microsomal
GST 1s referred to as membrane-associated proteins in eico-
sanoid and glutathione metabolism (MAPEG), whereas mi-
tochondrial GST is called K (kappa) GST.'*"'*” All of these
GSTs, with exception of GST S, are expressed in rat and
human kidneys,'”-'!"'2¢!47 and GST expression in normal
human RPTC appears to be similar to those observed in rat
RPTC."*°

GST expression can differ among nephron segments.
For example, i the rat kidney, GST A 1s expressed primar-
ily in proximal and distal tubules, whereas GST M and P
are primarily expressed in the distal tubules.'”'*""!*® These
expression patterns differ from a previous study, especially
with regard to GST A in distal tubules.'*""'*® Thus, more re-
search is needed to resolve this discrepancy.

As mentioned previously, conjugation of toxicants to
GSH is normally a detoxification pathway in which elec-
trophiles are neutralized and made more amenable for
excretion. Unfortunately, numerous extrarenally formed
glutathione conjugates are nephrotoxic. For example, the
extrarenal conjugation of GSH is important for the neph-
rotoxicity of HgCl,,'*” halogenated alkenes, and aromatics,
and possibly acetaminophen.’?’'>*!>! The nephrotoxic-
ity of the halogenated alkene trichloroethylene in rats and
humans is believed to be a direct result of its conjugation
with GSH to form S-(1,2)-dichlorovinyl-glutathione, and
the subsequent processing of the glutathione-conjugate to
DCVC in RPTC (Fig. 30.5)."

In vivo, trichloroethylene is conjugated with GSH in
the liver and delivered via the bile or blood to the kidney.
The expression of enzymes, such as y-glutamyl transfer-
ase and dipeptidase in the RPTC and biliary and intestinal
tract, results in the cleavage of the y-glutamyl and glycyl
moieties, respectively, and the formation of DCVC. Me-
tabolism of DCVC by N-acetyl-s-transferase produces N-
acetyl-s-(1,2)-dichlorovinyl-L-cysteine, which is excreted in
the urine of mice, rats, and humans exposed to trichloro-
ethylene.'”* N-acetyl-s-(1,2)-dichlorovinyl-L-cysteine also
can be deacetylated back to DCVC. Metabolism of DCVC
by cysteine-conjugate [B-lyase results in the formation of a
reactive thiol that can rearrange to form a protein acylat-
ing species. A strong correlation exists between increases in
markers of renal mjury (proteinuria, creatinine clearance,
glucosuria) and GSH metabolites of trichloroethylene in the
blood and urine of humans exposed to high amounts of tri-
chloroethylene.'>® Key determinants in the nephrotoxicity of
trichloroethylene and similar chemicals, such as sevoflurane,
isoflurane, and desflurane, which utilize this common path-
way of biotransformation,'**!'>* appear to be dependent on
v-glutamyl transferase, dipeptidase, and cysteine-conjugate
B-lyase activity found in the kidney.

Role of Reactive Oxygen Species

Reactive oxygen species (ROS) mediate cellular injury dur-
ing inflammatory responses, ischemia-reperfusion, and after
nephrotoxicant exposure. Cellular ROS are generated during
the normal function of the mitochondrial and microsomal
electron transport chains as a result of the incomplete re-
duction of O, to water (Fig. 30.6).">° Superoxide anion free
radical 1s produced by a one-electron reduction of O,, and
H,0O, 1s produced by a two-electron reduction of O,. Su-
peroxide anion can dismutate to form H,O,, or H,O, can
be formed directly. The hydroxyl radical 1s formed from
H,0O,, and the superoxide anion free radical is formed via
the metal-catalyzed Haber-Weiss reaction or the superoxide-
driven Fenton reaction. Ferrous iron (Fe’") appears to be
the major mtracellular mitiator of the reaction, but cuprous
lons may participate as well. The precise source and form
(e.g., ferritin) of the ferrous iron is still unclear.

One source of Fe*” may be the heme-moiety that re-
sides in the active site of cytochrome P-450 isoforms.'>®
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This hypothesis is supported by the observation that rats
treated intraperitoneally with cisplatin for 4 days had sig-
nificantly lower renal cytochrome P-450 compared to con-
trol rats, and the decrease in P-450 correlated with increases
in bleomycin-detectable iron content in the kidney. Pipero-
nyl butoxide (a cytochrome P-450 inhibitor) decreased
cisplatin-induced release of iron 1n the kidney and the func-
tional and morphologic markers of kidney toxicity.'>’ These
same effects were observed in LLC-PK; cells; thus, P-450 may
serve as one source of Fe*™ to initiate the formation of ROS.

Superoxide anion acts as a reductant for Fe’*, and the
Fe’" generated reduces H,O, to the hydroxyl radical, which
reacts rapidly with adjacent molecules. Superoxide anion
and H,0O, are less reactive, and H,0O, may diffuse away from
the initial site of formation to produce injury at a distant
site within the cell. Although H,O, readily crosses cell mem-
branes, superoxide anion and hydroxyl radicals do not. Be-
cause ROS production is a natural byproduct of metabolical-
ly active cells, such as the kidney, significant defenses exist
against the normal production of ROS or those produced
under pathologic conditions (Fig. 30.6).

The term “oxidative stress”1s commonly used to describe
conditions that lead to increased ROS formation. Chemicals
may initiate oxidative stress indirectly by augmenting ROS
production. For example, Walker and Shah'>® showed that
gentamicin enhances H,O, generation in isolated rat renal
cortical mitochondria, and Lund and associates!>® showed
that mitochondria isolated from rats treated with HgCl, have
elevated H,O, production.

Another mechanism by which chemicals produce oxi-
dative stress is through “redox cycling.” Certain compounds,
especially quinones, can undergo a one-electron reduction
to a semiquinone radical and a second one-electron reduc-
tion to the hydroquinone. The hydroquinone 1s oxidized
to the quinone, and the cycle begins again, hence the term
“redox cycling.” During the reduction process, superoxide
anion is formed from O,, and oxidative stress ensues. For
example, Brown and colleagues'® demonstrated that mena-
dione (2-methyl-1,4-naphthoquinone) produces toxicity in
1solated rat renal epithelial cells through its ability to un-
dergo redox cycling and cause oxidative stress. It should be
recognized that the ability of quinones to undergo redox cy-
cling varies with the quinone, and some quinones produce
toxicity through their ability to arylate cellular macromol-
ecules, particularly protein sulthydryls.'%!¢!

ROS can induce lipid peroxidation, mactivate enzymes
by directly oxidizing protein sulthydryl or amino groups, de-
polymerize polysaccharides, and induce DNA strand breaks.
Lipid peroxidation results from the interaction of free radi-
cals with polyunsaturated fatty acid side chains of membrane
phospholipids to form free radicals and relatively stable lipid
hydroperoxides.'®® Transition metals can catalyze the de-
composition of lipid hydroperoxides, which results in the
formation of alkoxyl and peroxyl free radicals that propagate
the reaction. Lipid breakdown products such as hydroxyl-
ated fatty acids, 2-alkenyls, and 4-hydroxyalkenyls, are
toxic, and may contribute to organelle and cellular dysfunc-
tion. Thus, ROS-induced degradation of membrane lipids
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decrease cellular membrane integrity, alter enzymatic activ-
ity and transport properties, and induce isotropy.'®® The oxi-
dation of protein sulthydryl and amino groups by ROS can
alter enzyme activity and membrane structure and function
to the point that cell death will ensue. Finally, ROS can pro-
duce DNA strand breaks. Although H,0O, does not directly
damage DNA, its stability and ability to diffuse throughout
the cell allows it to come into contact with metal-based en-
zymes, like cytochrome P-450, which catalyze the formation
of hydroxyl radicals, which can damage DNA.

Avariety of structurally diverse nephrotoxicants produce
renal cell mjury by mechanisms involving oxidative stress,
including HgCL,'>®"'%* haloalkene cysteine conjugates,'®*!®
cyclosporine A,'® and cisplatin.”®!'%®1%” The diversity of
these nephrotoxicants highlights the critical and common
roles that ROS play in the mechanism of renal cell death.

MEDIATORS OF CELL INJURY

Numerous common cellular pathways that mediate cell
death have been identified. It is generally thought that upon
initial exposure, nephrotoxicants will activate at least one,
if not more, of these pathways. For necrosis, apoptosis, and
possibly autophagy, a point exists along the sequence, yet to
be identified, referred to as the point of no return. Here, the
cell will die irrespective of any intervention. Also, along this
sequence are switch points at which the cell death pathways
may change from one mechanism to another. Investigators
have tried to identify the sequence of deleterious events, the
point of no return, and switch points for years and these
efforts have led to the identification of numerous intracel-

lular mediators critical in the generation of renal cell injury
and death.

p53 and p21

The tumor suppressor protein p53 and the cell cycle inhibi-
tor protein p21 can mediate renal cell death and acute re-
nal failure.”®!%%1%% Activation of p53 typically induces cell
death and cell cycle arrest.”®!'%” Activation of p21 is protec-
tive against numerous types of nephrotoxic events, includ-
ing ischemia and cisplatin exposure.'®®'"! p53 can induce
p21 during renal cell mjury, but p21 can also be activated
independently of p53.!"* The mechanisms of p53-meidated
activation of p21 are under study, but may involve increases
in transcription. Transcription and signaling kinases are be-
lieved to mediate mechanisms by which p21 expression is
increased independently of p53.'¢%!73

pS3 1is activated in renal cells by agents that that -
duce DNA damage, like cisplatin,'’*'"* and it is activated
in renal cells after ischemia and oxidative stress subsequent
to exposure to bromate, Fas, antimycin A, histone deacyte-
lylase (HDAC) inhibitors, and aristolochic acid.'”>'’® The
mechanism of p53 activation involves its phosphorylation
at numerous serine residues, followed by its release from the
regulator protein Mdm?2. Other regulators of p53 include

ataxia telangiectasia mutated kinase (ATM), ataxia telangi-
ectasia and Rad-3 related kinase (ATR), checkpoint kinase
(ChK), and NF-kB.'®

After activation, p53 can translocate to the nucleus or
the mitochondria, or remain in the cytosol. In the nucleus,
p53 induces the transcription of a number of genes, includ-
ing p21,'"* and can activate several apoptotic pathways such
as those involving caspases.”” Translocation of p53 to the
mitochondria results in its interaction with the outer mito-
chondrial membrane and binding with the anti-apoptotic
proteins Bel-2 and Bel-xL.'® This interaction releases the
pro-apoptotic proteins Bax and Bak, which induce mito-
chondrial pore formation in mitochondria and facilitate the
release of the pro-apoptotic proteins cytochrome c, Omi,
Smac/Diablo, and Endo G.”> Both nuclear and cytosolic p53
may regulate autophagy, and studies suggest that p53 local-
1zation represents a key switch point between autophagy
and apoptosis.””

Pharmacologic and molecular studies demonstrate that
inhibition of p53 decreases cisplatin-induced apoptosis in
rabbit RPTC through a mechanism that includes caspase in-
hibition of.”>’®!*” In support of this hypothesis, others have
demonstrated that inhibition of p53 nuclear translocation
inhibits AKI and renal cell death in vivo after renal ischemia
in rats.'”” Of note, p53 inhibition in these studies did not
totally inhibit cell death; thus, quite possibly, p53-indepen-
dent mechanisms contribute to nephrotoxicity induced by
cisplatin, oxidative stress, ischemia, and other DNA damag-
Ing agents.

Induction of p21 occurs in response to DNA damage
and p53-induced cell cycle arrest.'”® p21 is also activated
independently of p53 by transcriptional-mediated mecha-
nisms and by mechanisms mvolving mitogen activated pro-
tein kinases (MAPK).'®®!'7? p21 is a cyclin-dependent kinase
(cdk) inhibitor that interacts with numerous cdk, such as
cdk2, to control cell cycle.'®®!"%!7® Activation of p21 de-
creases renal cell death induced by cisplatin and ischemia
reperfusion.'®® The mechanism of protection is linked to
its ability to alter the cell cycle and allow for cell repair.
In support of this hypothesis, knockout mice lacking p21
exhibited increased renal cell cycle activity and apoptosis,
and were more susceptible to cisplatin and ischemia-in-
duced ARF compared to wild type controls.'” The majority
of studies with p21 and renal cell death have focused on
cisplatin and ischemia reperfusion. More work 1s needed
to determine 1f p21 can mediate other forms of chemical-
induced nephrotoxicity.

Signaling Kinases

Signaling kinases alter the activity, expression, or localization
of another protein by altering its phosphorylation, including
other signaling kinases. Signaling kinases differ in terms of
the amino acids targeted for phosphorylation (serine/threo-
nine/tyrosine), the location within a cell (membrane-bound
or cytosolic), and the protein targeted for phosphorylation.
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Table 30.2 lists several signaling kinases identified in the
kidney, the site within the kidney or cell involved, the neph-
rotoxicant involved, and several references to studies that
suggest critical roles for signaling kinases both in the devel-
opment of renal cell death and in the recovery of renal cells
after toxicant-induced injury.

Protein Kinase C

Protein kinase C (PKC) 1s a family of serine/threonine kinas-
es, and at least 12 different mammalian isoforms have been
identified. These are divided into conventional PKC (cPKC:
a, Bip, and y), novel PKC (nPKC: €, €, 8, m, 0, and w),
and atypical PKC (aPKC: 7, A, and ¢).'” The isoforms differ
in terms of preferred substrates and mechanisms of action.
Activation of ¢cPKC is Ca”*"- and diacylglycerol-dependent,
whereas activation of nPKC is Ca*"-independent.'® In con-
trast, activation of aPKC is independent of both Ca’*" and
diacylglycerol. RPTC have been reported to express «, i,
B, £, 8, A, and €,'3"1%% and several other isoforms are ex-
pressed in the kidney of rats, mice, and humans.'®

PKC 1s reported to mediate the toxicity of cispla-
tin, 1schemia, oxidants, and TNF-a in multiple renal cell
models.'**'* The exact role of PKC in renal cell death
depends on the toxicant and the specific isoform(s) in-
volved."”*"®! For example, activation of PKC-a in rabbit
RPTC during cisplatin treatment results in mitochondrial
dysfunction and cell death,'® and similar findings have
been reported for PKC-€ in RPTC after oxidative stress.'””
Interestingly, PKC-€e targeted several mitochondrial pro-
teins including complexes I and IV, and F(0)F(1)-ATPase in
RPTC.""* In contrast, activation of PKC-{ after exposure to
t-butylhdyroperoxide mediates cellular repair.'”%!!

MAPK (ERK1/2, p38 and JNK)

MAPK are serine-threonine kinases activated by a cascade
of protein-protein interactions. They mediate cell growth,
adhesion, differentiation, gene expression, and apoptosis.
They can also mediate activation of p53.'"*'* ERKI1/2
(p42/44MAPK), p38 MAPK, and c-jun N-terminal kinase/
stress-activated protein kinase (JNK/SAPK) are three of the

Selected Signaling Kinases Involved in Renal Cell Injury, Survival, or Repair
Kinase Location Nephrotoxicant Reference
Protein Kinase C (PKC)
Conventional PKC
PKCa Proximal tubules Cisplatin 189, 397
DCVC*
Novel PKC
PKCe Proximal tubules Oxidative mjury 192
Atypical PKC
PKC{ Proximal tubules t-Butylhydroperoxide 191
Mitogen Activated Protein Kinase (MAPK)
ERK1/2 Proximal tubules Cisplatin 189, 198, 205,
H,O, 208, 398
TGHQ®
JNK/SAPK® Proximal tubules Cisplatin 205
P38 Proximal tubules Cisplatin 198, 205, 208
H,0,
TGHG®
Other Kinases
Protein kinase B° LLC-PK1 Cisplatin 398, 399
Proximal tubules Mechanical mjury
Hzo 2
Phosphoinositide-3-kinase LLC-PKI Cisplatin 399
Proximal tubules Mechanical injury

*S-(1,2)-dichlorovinyl-L-cysteine.
®Also known as AKT.
?2,3,5-tris-(glutathion-s-yl)hydroquinone.




CHAPTER 30 = PATHOPHYSIOLOGY OF NEPHROTOXIC CELL INJURY 883

most studied MAPK. These kinases are activated by addi-
tional kinases: MAPK/extracellular signal-regulated kinase
or MEK.'?

ERK1/2, also referred to as extracellular regulated
kinases,'”® are activated through epidermal growth factor
receptor (EGFR), which is mediated by a small G-protein
Ras.'””!"® Studies show that ERK1/2 is activated in renal
cells after exposure to cisplatin, oxidants, bromate, and ami-
noglycosides.''>18%-198:199 ERK1/2 activation in these studies
1s reported to be protective, which correlates with the role of
this kinase in survival and proliferation.'””**?! The abil-
ity of ERK1/2 to act as prosurvival signals 1s partially due
to their ability to translocate to the nucleus and activate
transcription factors such as AP-1, Elk-1, and c-Myc.*** In
addition, ERK1/2 can phosphorylate and inhibit caspase-9,
which can inhibit apoptosis.®’

The role or ERK1/2 i renal cell injury 1is toxicant- and
cell-dependent, and some studies suggest that ERK1/2 can
mediate apoptosis.”?**** For example, Arany et al.*>> demon-
strated that ERK activation mediated cisplatin-induced renal
cell death in vivo and 1n vitro in mouse models. However, the
same investigators observed that ERK activation protected
against oxidant-induced (H,O,) cell death.?’” Interestingly,
cisplatin-induced ERK activation and renal cell death was de-
pendent on EGFR and c-Src activation. Studies by Zhuang
and colleagues™®*’” also showed that exposure of RPTC to
H,0, activates Src, EGFR, and ERK1/2, as well as protein ki-
nase B (Akt) and phosphoinositide-3-kinase (PI3K). ERK1/2
activation in this model was proposed to mediate apoptosis by
activating caspase-3.%"” EGFR-induced activation of ERK1/2
1s also believed to mediate 2,3,5-tris-(glutathione-S-yl)hy-
droquinone (TGHQ)-induced death in LLC-PK1 cells.'”**%®
Thus, activation of ERK1/2 in renal cells after toxicant expo-
sure may not always result in survival.

p38 MAPK and JNK/SAPK are activated in response to
cellular stress, mmflammation irradiation, heat shock, ROS,
LPS, TNF-o, and IL-1.2%!'! These proteins are activated
by Rac, a small G protein that activates distinct MEK rather
than those involved in ERK1/2 activation.”' p38 and INK
are generally thought to mediate cell death and cytostasis;
however, like ERK1/2, the role of p38 and JNK in renal cell
injury is toxicant- and cell-dependent. For example, activa-
tion of p38 by nephrotoxicants such as cisplatin and bromate
in renal cell lines activates p53 and induces cell death.'®®!”
In contrast, activation of p38 in primary cultures of RPTC
after oxidant induced injury mediates dedifferentiation.”*®
The detailed mechanisms of Src, EGF-R, PI3K, ERK1/2, and
p38/SAPK activation, the targets of these kinases, and their
role in cell death produced by diverse toxicants remain to
be determined.

Altered Calcium Homeostasis

The role of Ca®" in the pathophysiology of nephrotoxic cell
injury cannot be understated. Intracellular Ca*" homeosta-
sis is necessary for cell viability because Ca*" is a second

messenger that plays a critical role in a variety of cellular
functions.”*'* With regard to cell death Ca’" can medi-
ate necrosis, apoptosis, and autophagy>>''? Initially, it was
thought that only high, supraphysiologic increases in Ca*"
would induce cell death; however, it 1s now accepted that
even small changes in Ca®" signaling can significantly affect
cell death, especially with regard to apoptosis.”>*"?

Ca’" interacts with many key organelles known to par-
ticipate in cell death, including the ER and the mitochon-
dria. Ca*" also mediates the activation of several proteins
involved in cell death, such as calpains, endonuclease,
phospholipase Ay, and protein kinases. Recent studies sug-
gest that interaction of Ca*" with calpains mediates acti-
vation of the pro-apoptotic protein AIE'’* There is also a
well-documented requirement of Ca** for autophagy''* that
directly links the release of ER Ca*" stores and activation
of AMP activated proteins kinases and calcium/calmodulin
kinase 3.''? The ability of Ca*" to stimulate autophagy in
response to nephrotoxicant-induced renal cell exposure has
not been heavily studied.

Cytosolic free Ca** is ~100 nM and is tightly regulated
in the face of a large extracellular-intracellular gradient
(10,000:1) by a series of pumps and channels located on
the plasma membrane and ER. Mitochondria were not origi-
nally thought to participate in Ca®"-mediated cell signaling
processes under normal conditions. The advent of more ad-
vanced techniques for measuring low Ca*" has changed this
view, and strong evidence supports the idea that mitochon-
dria are integral to Ca*" signaling under both normal and
pathologic conditions.

Increases in intracellular/cytosolic free Ca** can induce
cell injury and death after nephrotoxicant exposures. The
source of this Ca®" is typically the ER or the extracellular
space (i.e., from the plasma membrane). Release of Ca*"
from the ER increases cytosolic free Ca*" from ~100 nM
to 300 nM within seconds.”'* Such increases are typically
transient and buffered by transport of Ca*" back into the
ER, to the extracellular space or into the mitochondria. As
mentioned above, release of ER Ca’" can induce autophagy,
and buffering of ER Ca”*" release by the mitochondria can
induce apoptosis. Entry of Ca®" from the extracellular space
can increase the cytosolic free Ca’" to uM levels—and even
mM levels—if membrane integrity i1s lost. Such increases
typically induce necrosis.

Decreasing the extracellular Ca?’" concentration
or blocking extracellular Ca’" influx will decrease cell
death.?'>?!” For example, increases in cytosolic free Ca*"
were observed 1n a hypoxia model using rat RPTC and in a
mitochondrial inhibitor model using rabbit RPTC, and che-
lating intracellular Ca®", or decreasing the influx of extra-
cellular Ca**, decreased cell death.”'®*!” Nephrotoxicants
that increase cytosolic free Ca’" include HgCL,**"**! pen-
tachlorobutadienyl-glutathione,'®” pentachlorobutadienyl-
L-cysteine,”** tetrafluoroethyl-L-cysteine,”> DCVC,***2%°
oxidants,**’**® sevoflurane, miconazole,”****° cyclosporine
A>! and gentamicin.'®
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Ca’" is proposed to mediate apoptosis by both direct
and indirect methods.?"® The direct pathway involves Ca*"-
mediated activation of calpains, which can induce caspases
and.’>*? Apoptosis may ensue, provided that ATP is main-
tained above 20% to 30%.% Furthermore, as mentioned
above, the mitochondria can buffer ER Ca’*" release. Trans-
port of Ca?" into the mitochondria can activate Ca*"-medi-
ated matrix dehydrogenases, which can stimulate ATP and
ROS production. Furthermore, Ca®" uptake into the mito-
chondria can result in permeabilization of the outer mito-
chondrial membrane, which leads to opening of the perme-
ability transition pore and release of pro-apoptotic proteins
such as cytochrome ¢ and AIE”>*3%%3*

The indirect pathway of Ca*"-mediated apoptosis in-
volves the activation of the phosphatase calcineurin,*"
which results in activation of the nuclear factor protein of
activated T-cells (NFAT), which then increases the expres-
sion of pro-apoptotic Fas and TRAIL. Calcineurin activation
may be mediated by calpain, which cleaves an endogenous
inhibitor of calcineurin called cain/cabin 1.>>> The contri-
bution of calcineurin to nephrotoxicant-induced epithelial
renal cell injury has not received much attention; however,
calcineurin inhibitors used during transplants surgeries in-
duce significant renal proximal tubule injury,**® suggesting
that calcineurin acts to protect renal cells from damage.

Proteinases

Nonphysiologic activation of proteinases in the cytosol, or-
ganelles, or membranes can disrupt the normal function of
these structures, leading to cell death and ARE Proteases
known to mediate nephrotoxic-induced renal cell mjury
include those found in the lysosomes (serine and cysteine
proteases), along with calpains and caspases.

Lysosomal Proteases

Proteases found in lysosomes include serine and cysteine
proteases that are acidic hydrolases. These require a lower
pH to facilitate degradation (~pH 5) and thus will not typi-
cally function if released into the cytosol. They can mediate
cell death during extreme cases of hypoxia and ischemia
reperfusion, which induce lysosomal rupture in correlation
with acidosis.?®’ In contrast, less evidence exists that these
proteases mediate nephrotoxicant-induced cell death.® In
support of this hypothesis, studies with cysteine and serine
proteinase inhibitors revealed these compounds to be ineffec-
tive in protecting rabbit RPTC segments from antimycin A,
tetrafluoroethyl-L-cysteine, bromohydroquinone, and t-butyl-
hydroperoxide.”*” Several inhibitors of lysosomal proteases,
such as the cysteine proteinase inhibitor t-trans-epoxysucci-
nyl-leucylamido(4-guandino)butane (E64), have been shown
to protect against RPTC injury induced by cyclosporine A**’;
however, E64 was only slightly protective, as was an aspartic
acid proteinase inhibitor. These results suggest that lysosomal
cysteine and aspartic acid proteinases do not play a significant
role in RPTC death produced by these nephrotoxicants.

Calpains

Calpains, a group ofleast 15 isoforms of Ca?"-activated neu-
tral cysteine proteinases, comprise two groups. Group 1 cal-
pains, typical calpains, contain a Ca*"-binding domain, and
include calpains 1, 2, 3, 8, 9, 11, 12, and 14.**'** Group 2,
atypical calpains, lack a Ca*"-binding domain, and include
calpains 5, 6, 7, 10, 13, and 15.>*"**> Calpains 1, 2, 5 7, 10,
13, and 15 are reported to be expressed ubiquitously in the
cytosol, whereas calpains 3, 6, 8, 9, 11, and 12 have more
select tissue expression.**?

With regard to renal cell death, the most heavily stud-
ied calpains are 1, 2, and 10, which have been implicated
in cell death induced by numerous toxicants including bro-
mohydroquinone, antimycin A, tetrafluoroethyl-L-cysteine,
and t-butylhydroperoxide.?!®*1%244245 Evidence for roles of
calpain in cell death in many of these studies was derived
from the use of calpain mhibitors such as calpeptin. Cal-
peptin also inhibited increases in calpain activity induced by
hypoxia in RPTC, and protected against renal dysfunction in
rats subjected to ischemia reperfusion.?****’ These studies
suggest that calpains mediate cell death by enhancing ex-
tracellular Ca®" influx and/or by cleaving cytoskeletal pro-
teins.*'®>*1-2** Thus, calpains may play a critical role in cell
death produced by a wide range of nephrotoxicants and re-
nal dysfunction; however, calpains are also suggested to play
a role in the pathology of several other diseases, including
Alzheimer, Duchenne muscular dystrophy, and diabetes.**

Historically, calpains were thought to be primarily cyto-
solic, but several membrane-associated calpains are known
to exist, including calpain 10. Calpain 10 is expressed in the
mitochondrial fraction ofthe kidney of multiple species, and
it appears to mediate mitochondrial dysfunction induced by
oxidants, Ca’" overload, and thapsigargin.>***** Calpain
10 appears to induce mitochondrial dysfunction by cleav-
ing complex I of the electron transport chain.?" Recently,
calpain 10 has been suggested to mediate renal cell viability
and aging in the kidney in vivo,*' and mitochondrial bio-
genesis in the kidney through regulation of the peroxisomal
proliferator activator receptor vy coactivator 1-o (PGC-1a,*>?
see later).

Calpains are key mediators of apoptosis and necro-
sis, inhibiting apoptosis and inducing necrosis by cleaving
and deactivating caspases, including caspases-3, -7, -8, and
9.2>3-25% QOriginally it was thought that calpains only inhib-
ited apoptosis; however, it 1s now accepted that calpains can
actually participate in apoptosis signaling cascades.’>*** The
role of calpains in necrosis or apoptosis appears to be cell
type—dependent, and it is unclear whether calpains can also
mediate apoptosis, or autophagy for that matter, in renal
cells exposed to nephrotoxicants.

Caspases

Caspases are cysteine proteases. The role of caspase activa-
tion in renal cell apoptosis has been discussed previously,
but it is important to note that caspase activity is not always
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needed for apoptosis. For example, caspase-2-directed per-
meabilization of the mitochondrial membrane results in
the release of the pro-apoptotic proteins cytochrome ¢ and
Omi, which occurs in the absence of any caspase-2 catalytic
activity. Similar results are seen with caspase-2 mediated re-
lease of AIF****>>2>" Our work demonstrated that apopto-
sis induced by four diverse toxicants (cisplatin, vincristine,
staurosporine, and A23187) proceeded in rabbit RPTC in
the presence of caspase inhibitors and the absence of cas-
pase-3, -8, and -9 activity.*>® The mechanisms involved in
caspase-independent apoptosis in renal cells appear to in-
volve the activation of DNAases such as Endo G and AIE®®
This 1s supported by studies in renal cells showing that cis-
platin-induced apoptosis is mediated by Endo G as opposed
to caspases.>>”=°°

Phospholipase A,

Phospholipase A, (PLAy) cleaves glycerophospholipids at
the sn-2 ester bond, releasing fatty acids and lysophospho-
lipids.?®' They are classified into five different families: se-
cretory PLA, (sPLA,), cytosolic PLA, (cPLA,), platelet-acti-
vation factor (PAF) acetylhydrolases, lysosomal PLA,, and
calcium-independent PLA, (iPLA,).*°'-**> These proteins
have different substrate preferences, Ca’"-dependencies,
and biochemical characteristics. Isoforms representing
cPLA,, sPLA,, and 1PLA, are all expressed in human, rat,
rabbit, and mouse kidneys.** 2%

PAF acetylhydrolase 1s expressed in microsomes and cy-
tosol in rat and human kidneys,*’**"! but information about
its expression in renal epithelial cells 1s lacking. Lysosomal
PLA, is Ca*"-independent and is an acidic hydrolases iden-
tical to peroxiredoxin 6.*’>*”° Few studies exists assessing
lysosomal PLA; expression in the kidney, but studies of per-
oxiredoxin 6 indicate that it 1s expressed in the proximal and
distal tubules of rat kidneys.?’* The roles of PAF acetylhydro-
lase and lysosomal PLA; in nephrotoxicant-induced cellular
injury are not well understood and deserve further study.

PLA, contribute to the mechanisms of cell mjury and
death by metabolizing glycerophospholipids and releasing
fatty acids. The high concentrations of polyunsaturated fatty
acids in plasma and organelle membranes make them prime
targets for oxidants. Increase in lipid peroxidation facilitates
PLA, activation and the production of fatty acids and lyso-
phospholipids. This further enhances PLA, activity, which
enhances phospholipid degradation to the point that mem-
brane integrity is lost and intracellular Ca®" increases which
facilitates cell swelling and the activation of sPLA..

Recently, roles for cPLA, and iPLA, in nephrotoxic-
ity have received much attention. Data from these studies
demonstrate that PLA, mediates nephrotoxicant-induced
cell injury in a cell- and toxicant-dependent manner. cPLA,
or 1IPLA, is reported to mediate nephrotoxicity induced by
oxalate, cisplatin, and isoflurane, as well as oxidants such
as H,0,, t-butylhydroperoxide, and menadione.'’*207-27>:276
cPLA; and 1PLA, also mediate cell death induced by Fas and
TNF-a, hypoxia, anoxia, and ischemia/reperfusion.’#¢7-277-280

PLA, are both mitiators and executioners of nephrotox-
icant-induced cellular death. They can act as executioners
when they are activated after initial increases in cytosolic
Ca’". This is especially true for SPLA,, which is activated by
mM concentrations of Ca*", which typically occur after loss
of membrane integrity.**'**** ¢cPLA, is not directly activated
by Ca’", but uM increases in Ca*" facilitate translocation of
cPLA, to membranes, which increases its activity.**'*% In-
crease in Ca’" also induce signaling kinases, such as ERK,
that activate cPLA, and iPLA,.?** 2% The metabolites of PLA,
(fatty acids and lysophospholipids) can induce cell death by
causing inflammation, mitochondrial dysfunction, and lipid
peroxidation.'’*%¢7-277

PLA, can also initiate nephrotoxicant cell injury in-
dependently of Ca’". This is more the case for iPLA, than
cPLA, or sPLA,. iPLA, mediates cisplatin- and oxidant-
induced nephrotoxicity in primary cultures of RPTC and
several other renal cell lines.'’**°’*%" The mechanisms in-
volved also include cleavage of phospholipids and release
of lipid mediators, except Ca’" is not involved in the initial
phases of injury.?’’*%’

Most of our knowledge about the role of iPLA; in
nephrotoxicant-induced cell injury i1s derived from stud-
1es using pharmacologic inhibitors, such as bromoenol lac-
tone.”®* Studies using small interfering RNA also demon-
strate that inhibition of 1iPLA, isoforms (groups VIA and B,
commonly called 1PLAy3 and vy) induce cytostasis, apopto-
sis, and mitochondrial dysfunction i renal cell lines and
primary cultures of RPTC.?’"*%%2% These pathologies have
been directly linked to changes in phospholipid metabo-
lism and release of fatty acids.”’”**" Genetically modified
mice lacking specific forms of iPLA, do exist,””'*"* but few
studies have used these models to address roles of iIPLA; in
nephrotoxicant-induced cell injury.

Similar to 1iPLA,, much of the knowledge about the role
of cPLA, in nephrotoxicant-induced cell injury 1s derived
from studies using inhibitors such as arachidonyl trifluoro-
methyl ketone or methyl arachidonyl fluorophosphonate.®*
Alteration of cPLA, activity using arachidonyl trifluoromethyl
ketone alters oxidant-induced renal cell necrosis in multiple
renal cell models.?’>*"? Genetically altered mice lacking spe-
cific forms of cPLA; (group IV PLA; or cPLAy«r) do exist, and
suggest that these mice experience some alteration in kid-
ney function.””**”> Few studies exist using knockout mouse
models to study the role of cPLA, in nephrotoxicant-induced
cell death.

Compared to 1PLA, and cPLA,, less 1s known about
the role of sPLA; in nephrotoxicity. Activation of sPLA, in-
creased cell death in renal carcinoma cells in correlation with
membrane hydrolysis,””® and mediated cell death induced
by IL-1-stimulated release of fatty acids, such as arachidonic
acid, in HEK293 cells.””’ Thus, sPLA, may mediate renal
cell injury after inflammation.”***” One role for sPLA, in
nephrotoxicity is regulation of other PLA,. This hypothesis
1s supported by studies in LLC-PKI1 cells exposed to the oxi-
dants H,O, and menadione.””® These studies suggest that
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PLA, cross-talk can mediate certain types of nephrotoxicant-
induced renal cell injury.

MITOCHONDRIA, ENDOPLASMIC
RETICULUM, LYSOSOMES, AND THE
CELL MEMBRANE

Mitochondria, ER, lysosomes, and the cell membrane all
play roles in nephrotoxic cell mmjury as well as play roles
in necrosis, apoptosis, and autophagy. As mentioned
previously, these types of cell death do not proceed through
mutually exclusive pathways consisting of single-event se-
quences. The interplay among necrosis, apoptosis, and au-
tophagy is often mediated by cellular organelles, and key
biochemical mediators of switches among necrosis, apopto-
sis, and autophagy include Ca** and ATP. These mediators

are often controlled by the function of specific organelles,
such as the ER (Ca*"), the cell membrane (Ca’"), and the
mitochondria (ATP). In addition, lysosomes are critical me-
diators of autophagy.

Because of the presence of multiple cell death pathways
and multiple targets, inhibition of one pathway may not
block nephrotoxicant-induced cell death, but rather switch
it from one type to another. This is often accompanied by an
alteration in organelle function. For example, if a treatment
blocks oxidative stress associated with DCVC, pentachloro-
butadienyl-L-cysteine, or tetrafluoroethyl-L-cysteine expo-
sure to RPTC, the rate of cell death 1s diminished, but the
cells eventually die due to mitochondrial dysfunction (Fig.
30.7).>" Thus, a given chemical can cause cell death by in-
teracting with numerous organelles, and blocking interac-
tion at one organelle may not decrease cell death. Rather it
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may alter the organelle targeted, which can switch the mech-
anism of cell death.

Mitochondria

The renal tubular reabsorption of solutes and water requires
a large expenditure of energy. Although ATP is generated by
both oxidative phosphorylation and glycolysis, ~95% of
renal ATP is formed by oxidative phosphorylation.’”! The
amount of oxidative phosphorylation that occurs within a
given cell varies along the nephron. Thus, toxicants that in-
terfere with mitochondrial function and anoxia will produce
cell injury and death, particularly in tubular cells that have
limited glycolytic capabilities, such as the S; and S, segments
of the proximal tubules.

Many nephrotoxicants cause mitochondrial dysfunction
prior to cell death. For example, HgCl, altered mitochondrial
function and mitochondria morphology in vivo in renal cor-
tical mitochondria prior to proximal tubule necrosis.’**-"
When added to isolated rat renal cortical mitochondria,
HgCl, produced similar changes in various respiratory pa-
rameters.>’*>% HgCl, also decreased mitochondrial function
in rabbit RPTC prior to the onset of cell death.>"*

The mechanism of mitochondrial dysfunction induced by
nephrotoxicants is toxicant-specific. Pentachlorobutadienyl-
L-cysteine initially uncouples oxidative phosphorylation in
RPTC cells by dissipating the proton gradient.’*>>°" In con-
trast, tetrafluoroethyl-r-cysteine does not uncouple oxidative
phosphorylation, but inhibits state-3 respiration by inhibiting
sites I and II of the electron transport chain.’”” Other nephro-
toxicants that have been shown to affect mitochondrial func-
tion include cisplatin,’**** citrinin,*'*>'"> ochratoxin A,*'*3!°
cephaloridine,’'*?!'”  N-(3,5)-dichlorophenyl-succinimide,’'®
DCVC,*"*~* and 2-bromohydroquinone.**’

Mitochondria can act as primary or secondary media-
tors of necrosis, apoptosis, or autophagy>>*** When mi-
tochondria are the primary target of nephrotoxicants, release
of cytochrome ¢ and other apoptotic inducing proteins (see
previous) can occur early in the apoptotic process. If mito-
chondria are not a direct target of the nephrotoxicant, these
proteins may still be released, but later in the apoptotic pro-
cess. Central to the role of the mitochondrion in apoptosis is
its ability to release pro-apoptotic proteins that activate cas-
pases.®> Mitochondria can also release caspase-independent
DNAases such as Endo G and Omi (Fig. 30.4).

As previously described, a key difference i mitochon-
drial function during apoptosis and necrosis is the mainte-
nance of ATP during apoptosis. Cellular ATP acts with the
mitochondrial membrane potential as a switch that dictates
whether a cell dies by apoptosis or necrosis.®* If the mito-
chondrial membrane potential 1s lost quickly and cellular
ATP is drastically decreased (below 20% to 10% of normal),
then necrosis occurs. Events that result in the rapid loss of
mitochondrial membrane potential include a rapid influx
of Ca’" into the mitochondria and the rupture of the inner
and/or outer mitochondrial membranes.®* In contrast, if the
loss of membrane potential is slower and ATP is maintained

through oxidative phosphorylation or glycolysis, then the
cell 1s more likely to die through apoptosis. It should be
noted that the majority of cells in culture derive their energy
from glycolysis and can maintain ATP levels in the presence
of mitochondrial dysfunction. Consequently, cultured cells
are generally more susceptible to apoptosis than cells in vivo.

Mitochondria can mediate autophagy by mediating the
activation of p53 and caspases.”> As mentioned previously,
cytosolic p53 can inhibit autophagy''’ whereas caspases
can cleave the pro-autophagic protein beclin-1."> Cleavage
of beclin-1 by caspases i1s believed to be a primary signal
by which cells switch from autophagy to apoptosis. How-
ever, more studies are needed to prove that such mechanism
occurs during nephrotoxicant-induced renal cell death.

Studies are focusing on the exact protein targets with-
in the mitochondria. For example, experiments seeking to
determine the effect of hypoxia on mitochondrial electron
transport chain constituents in rabbit RPTC reveal that
complex I may be particularly sensitive.”****> Other studies
have revealed that cisplatin-induced changes in oxida-
tive phosphorylation, membrane potential, and ATP levels
in rabbit RPTC are all preceded by inhibition of F(0)F(1)-
ATPase (complex IV).'®

Recent studies in renal cortical mitochondria suggest
that an increase in Ca®" influx activates mitochondrial cal-
pain 10, which induces mitochondrial dysfunction by cleav-
ing proteins in complex I of the electron transport chain
(see previous text).**®#*722¢ Quch studies are critical to the
understanding of the pathology of mitochondrial-mediated
renal cell death and to identifying novel therapeutic targets
for inhibition of renal cell death and possibly AKI.

The mechanisms by which toxicants induce release of
mitochondrial cytochrome c have also received recent atten-
tion. Cytochrome c is normally bound to the inner mitochon-
drial membrane in association with cardiolipin, a mitochon-
drial-specific phospholipid. Oxidation of cardiolipin results
in cytochrome c release,”” and oxidant-induced release of
cytochrome c is reported to be preceded by cardiolipin per-
oxidation.’*” These data may explain the protective effect of
mitochondrial antioxidants™ and may explain why inhibi-
tion of mitochondrial PLA, (iPLA,y)-induced apoptosis in
renal cells, such as this enzyme, 1s suggested to aid in repair
of phospholipid oxidation.>>*”” Once released from cardio-
lipin, cytochrome ¢ may gain entry to the cytosol through a
pore formed in the outer mitochondrial membrane by the
pro-apoptotic proteins Bax, Bid, or Bak (see previous).

Endoplasmic Reticulum

The ER is the site of protein synthesis and processing as
well as bioactivation and detoxification pathways, including
those mvolving cytochrome P-450 and FMO. The ER is also
a key regulator of cellular Ca*" homeostasis. Under physi-
ologic conditions, ER Ca”" is typically released after receptor
activation through the binding of inositol triphosphate (IP;)
to IP; receptors on the ER. Cytosolic free Ca** increases as
a consequence of the ER Ca”" release and is subsequently
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decreased by ER uptake via the smooth ER Ca**-ATPases
(SERCA) or extrusion via the plasma membrane Ca®’-
ATPase. Similar to the mitochondria, the ER can mediate
necrosis, apoptosis, and autophagy.

Schnellmann and colleagues demonstrated that ER Ca**
release 1s an important signaling pathway in RPTC necro-
sis.?!*#1® Specifically, depletion of ER Ca’" stores with the
SERCA inhibitors thapsigargin or cyclopiazonic acid prior
to antimycin A or hypoxia exposure inhibited necrosis.?'**!°
Also, Ca*" release from the ER activated calpains (calpain 1
and 2), which led to further disruption of ion homeostasis,
cleavage of cytoskeleton proteins, and cell swelling, which
ultimately resulted in necrosis.?!*2!8-219-244

The cytoprotective effects of some stress proteins may
be mediated through their ability to regulate ER Ca*". For
example, 10doacetamide and DCVC can activate heat shock
proteins (HSPs), calreticulin, and glucose related protein 78
(GRP78) in LLC-PKI cells.>*® HSPs are typically ER local-
1zed proteins that are critical mediators of protein folding.
Glucose-related protein 78 and calreticulin are Ca*" bind-
ing proteins that aid in the sequestering of Ca** during tox-
ic stress. Sequestering of Ca’" by these proteins may protect
renal cells by preventing cellular oxidative stress induced
by Ca’"-mediated mitochondrial injury.***>*° The increased
expression of Ca”*-sequestering HSPs after injury is meant
to condition the cell to withstand further necrotic injury.

The ER also mediates apoptosis induced by numerous
nephrotoxicants, including acetaminophen, tunicamycin,
Fas, and TNF-a.'" A role for Ca*" in calpain activation and
subsequent activation of caspase has been described, as has a
role for Ca*" in induction of mitochondrial pore formation. It
is suggested that the source of this Ca®" is the ER.>> ER Ca*"
release 1s also known to mediate the activation of the murine
caspase-12 in mouse RPTC.?*! Mice in which caspase-12 had
been genetically deleted were resistant to renal cell apoptosis
induced by the ER stress agents tunicaymycin, brefeldin A,
and thapsigargin, compared to wild-type animals. In contrast,
kidneys from mice null for caspase-12 underwent similar de-
grees of apoptosis caused by the Fas antibody, TNF-a plus
cycloheximide, or staurosporine—both agents that cause
apoptosis by mechanisms other than ER stress. The key to the
activation of caspases-12 in contrast to other caspases may be
perturbations in the ER membrane and/or Ca*" levels.

ER Ca”" release is also hypothesized to mediate apop-
tosis by receptor-mediated mechanisms. Studies in nonrenal
cells suggest that an ER Ca®" receptor, type 3 inositol-1,4,5-
trisphosphate (Ins[1,4,5]P5), was upregulated in lymphocytes
undergoing dexamethasone-induced apoptosis,”* and that
inhibition of Ins(1,4,5)P; receptors made T-lymphocytes re-
sistant to apoptosis.”> Interestingly, sensitivity to apoptosis
in T-lymphocytes was restored after artificially increasing cy-
tosolic Ca®". It is possible that Ca** released by the Ins(1,4,5)
P3 receptor may induce apoptosis by mechanisms described
previously (caspase activation, mitochondrial-mediated
mechanisms, etc.). It is unknown whether Ins(1,4,5)P3 me-
diates nephrotoxicant-induced renal cell apoptosis.

Several studies have shown that autophagy is induced
by ER stress and ER Ca’" release,”®!'>!1%3* and some of
these studies have been performed in kidney tissue and re-
nal cells.’®!'"® For example, cyclosporine and thapsigargin,
agents known to induce ER stress, increase autophagy in pri-
mary cultures of human renal cells and in rat kidneys after
cyclosporine exposure in vivo.''® Additionally, tunicamycin
or brefeldin A induced autophagy in immortalized rat proxi-
mal tubular cells.''> Mechanisms involved in autophagy in-
duced by ER Ca*" release have been discussed.''?

Plasma and Organelle Membranes

Some nephrotoxicants can interact with the plasma mem-
brane directly, increase ion permeability, and disrupt ion
homeostasis. For example, amphotericin B is an antifungal
polyene that binds to cholesterol in the plasma membrane
and forms a pore that increases potassium and proton per-
meabilities.''®**° Several heavy metals such as silver, gold,
mercury, and copper can also react with the plasma mem-
brane and increase potassium permeability>>°~*7 It remains
to be determined how changes in potassium and proton per-
meability ultimately lead to cell death.

Toxicants can disrupt cell volume and 1on homeostasis
by directly or indirectly inhibiting energy production. The
loss of ATP ihibits the activity of membrane transporters
that maintain differential ion gradients across the plasma
membrane. The Na"-K"-ATPase is responsible for maintain-
ing the normal Na™ and K" gradients and the secondary ion
transport processes. As ATP levels decrease, Na"-K"-ATPase
activity decreases, resulting in K* efflux and Na " influx and
a decrease in the normally negative membrane potential.**®
The decrease in the negative membrane potential allows Cl1
as well as additional Na™, to enter down a concentration gra-
dient resulting in water influx and cellular swelling. Similar
mechanisms can occur i kidney cells. For example, treat-
ment of rabbit RPTC suspensions with the mitochondrial
inhibitor antimycin A inhibits respiration within 1 minute,
followed by ATP depletion, and the loss of the sodium and
potassium gradients and transport over the next 5 to 10 min-
utes (Fig. 30.8).2'"%°% Subsequent studies demonstrated that
increases in Cl ™ influx occurred between 15 and 30 minutes,
during the late stages of cellular injury, followed by cellular
rupture.’*’ Decreasing extracellular NaCl concentrations by
50% with 1so-osmotic substitution of mannitol decreased
Cl™ influx, cellular swelling, and cellular rupture.**' Fur-
thermore, hyperosmotic incubation buffer decreased the cel-
lular swelling and cellular lysis but not the increased Cl ™ -
flux.>*! Thus, the delayed increase in C1~ influx may be the
trigger for the water influx and additional Na™ influx that
provides the osmotic force for cellular swelling and rupture.

Increased Cl influx occurs during the late stages
of cell injury in RPTC and LLC-PKI cells exposed to a
variety of injury stimuli and toxicants, including HgCl,,
t-butylhydroperoxide, bromohydroquinone, tetrafluoro-
ethyl-L-cysteine, and hypoxia.’*'~** The mechanism by
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FIGURE30.8 A:Aschematic repre-
sentation ofa normally functioning

renal cell. Note that the inside ofthe - I
cellis negative with respect to the
outside, which decreases the ability
of Cl” to enter the cell. B: The ad-
dition ofa mitochondrial inhibitor
such as antimycin Ablocks cellular
respiration,decreases AIP levels and
Na "-K'-ATPase activity,increases
Na " influx and K" efflux,and de-
creases the membrane potential. C:
Subsequently,there is an increase in C

Cl" influx (down the concentration
gradient) by an unidentified path-

way.D:The increase in CI™ influx

results in water influx,increased Na ™"
influx,and cellular swelling. These

processes provide the osmotic force
that ultimately leads to cellular lysis.
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which ClI™ influx occurs under these conditions is still
under study, but was inhibited by blockers of Ca®"-acti-
vated ClI™ channels (e.g., niflumic acid, indanyloxyacetic
acid [IAA-94], 5-nitro-2-[3]-phenylpropylamino-benzoate
[NPPB], and diphenylamine-2-carboxylate [DPC]).">" !>
The CI influx was insensitive to the Cl~ channel block-
ers  4-acetamide-4’-isothiocyanostilbene-2,2"-disulfonic
acid (SITS) and diisothiocyanostilbene-2,2"-disulfonic acid
(DIDS) or to the Cl transport inhibitors bumetanide and
hydrochlorothiazide.**' Therefore, the CI™ influx that oc-
curs during the late phase of cell death may be through a
Ca?"-activated C1~ channel.

The plasma membrane can also mediate apoptosis due
to the presence of death receptors. These include recep-
tors for TNF-«, Fas, and LPS, all of which mediate renal
cell apoptosis.***~** The exact receptors involved depend on
the toxicant and cell type, but typically activate the extrin-
sic caspase-mediated pathway (see previous text). Addition-
ally, and as mentioned previously, plasma membrane Ca**
receptors can directly mediate apoptosis®'’; however, this
pathway has not received as much attention with regard to
nephrotoxicant-induced renal cell injury.

Lysosomes

Lysosomes are membrane-bound vesicles that pinch off
from the Golgi-apparatus and contain a variety of hydrolytic
enzymes.”* Lysosomes contain hydrolytic enzymes that
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function as intracellular digestive enzymes under normal
conditions. Lysosomes play an important role in the nephro-
toxicity of several compounds such as aminoglycoside antibi-
otics. Lysosomes can also mediate a specific pathology called
o, nephropathy. «,,-Nephropathy occurs in male rats when
compounds such as unleaded gasoline, d-limonene, 1,4-di-
chlorobenzene, tetrachloroethylene, decalin, 2,2,4-trimethyl-
pentane, and lindane bind to a,,-globulin, which prevents its
normal degradation in renal proximal tubular cells.’**>**" a,,-
Globulin is synthesized in the liver of male rats under andro-
gen control. Serum «,,-globulin (18.7 kDa) is freely filtered
by the glomerulus with approximately half being reabsorbed
via endocytosis in the S, segment of the proximal tubule. The
binding of these agents to ay,-globulin mhibits its normal
degradation and results in the accumulation of a,,-globulin
in the proximal tubule. Over time, the size and number of ly-
sosomes increase, and characteristic protein-droplet morphol-
ogy 1s observed. Ultimately, this leads to single-cell necrosis,
the formation of granular casts at the junction of the proximal
tubule and the thin loop of Henle, and cellular regeneration.
Recent data show that a 73 kDa heat shock cognate
protein mediates the binding of a,,-globulin to a 96 kDa
membrane glycoprotein in male rat kidney lysosomes.’*®
This HSP also is involved in the degradation of other cel-
lular proteins. Treatment of rats with 2,2,4-trimethylpentane
increases the rate of transport of not only a,,-globulin
into the lysosome, but also increases the rate of lysosomal



890 SECTION V m ACUTE KIDNEY INJURY

transport of many proteins. Increased transport is a result
of ap,-globulin-mediated increases in the level of the recep-
tor proteins in the lysosomal membrane. Thus, a,,-globulin
may induce lysosomal overload by increasing the rate of
transport of cellular proteins to the lysosome. In this man-
ner, chronic exposure to the preceding compounds may lead
to a chronic nephropathy, and may increase the incidence of
renal adenomas/carcinomas by nongenotoxic mechanisms.

a,,-Globulin nephropathy is sex- and species-specific,
occurring in particular strains of male rats but not in female
rats, male or female mice, rabbits, or guinea pigs. This raises
the question if humans are at risk for a,,-globulin-induced
nephropathy and renal tumors. The current evidence sug-
gest no because: (1) humans do not synthesize a,,-globulin;
(2) humans secrete fewer proteins in general and, in particu-
lar, fewer low-molecular-weight proteins in the urine than
the rat; (3) the low-molecular-weight proteins in human
urine are either not related structurally to a,,-globulin, do
not bind to compounds that bind to «,,-globulin, or are sim-
ilar to proteins in female rats, male Black Reiter rats, rabbits,
or guinea pigs that do not exhibit a,,-globulin nephropathy;
and (4) mice excrete a low-molecular-weight urinary protein
that 1s 90% homologous to a;,-globulin but do not exhibit
ay-globulin nephropathy and renal tumors after exposure
to ap,-globulin nephropathy-inducing agents.>*

Aminoglycoside antibiotics also induce lysosomal dys-
function and cause acute renal failure (ARF) (see Chapter
31).1202°0:351 Iy this case, the aminoglycosides are filtered,
bound to anionic phospholipids in the brush border, re-
absorbed by endocytosis in the S; and S, segments of the
proximal tubule, and accumulated in the lysosomes. Over
time, the size and number of lysosomes increase and elec-
tron-dense lamellar structures called myeloid bodies appear.
The myeloid bodies contain undegraded phospholipids and
are thought to occur through aminoglycoside-induced in-
hibition of lysosomal hydrolases such as sphingomyelinase
and phospholipases. However, the steps between lysosomal
phospholipid overload and tubule cell death are less clear.

Lysosomes play a central role in autophagy %!'»!13237
Basically, autophagosomes formed during autophagy fuse
with the lysosomes, which leads to the degradation of cellular
proteins.''* Studies in renal cells and tissues demonstrate that
autophagy occurs after nephrotoxicant exposure including
that induced by cyclosporine, cisplatin, thapsigargin, and af-
ter ischemia reperfusion.’®'!>11¢237352 Becayse it is not clear
if nephrotoxicant-induced renal cell autophagy mediates cell
death or survival, it is not known if the role of the lysosome
in this type of pathology is protective or damaging. Further
studies are needed to address this gap in knowledge.

CELLULAR DEFENSES

Renal epithelial cells have numerous defenses against both
reactive intermediates and ROS (Fig. 30.6). GSH 1is the pri-
mary cellular protectant and the most abundant cellular
nonprotein thiol in cells. It is found in high concentrations

in at least three subcellular compartments (cytosol, mito-
chondria, nucleus).”> Normally, GSH detoxifies electro-
philes by forming a glutathione conjugate either directly or
with the aid of GST. This includes compounds containing a
quinone nucleus such as bromohydroquinone, which results
in formation of mono- and di-substituted glutathione conju-
gates in renal cells.””!

GSH also acts in conjunction with glutathione peroxi-
dase and glutathione reductase to neutralize ROS. This pro-
duces organic peroxide that 1s reduced to water and alcohol
by glutathione peroxidase, forming glutathione disulfide
(Fig. 30.6). Glutathione disulfides are reduced to glutathione
by glutathione reductase in an NADPH-dependent reaction.
Catalase and superoxide dismutase are two other enzymes
that detoxify ROS. Superoxide dismutase converts the super-
oxide anion to hydrogen peroxide, and catalase converts the
hydrogen peroxide to water.

Several studies show that the activity of glutathione-
dependent enzymes differs among the nephron. Differences
in the activity of these enzymes may account for differences
in the susceptibility of different kidney regions to oxidative
stress. Cummings and associates®” reported that the lev-
els of glutathione peroxidase and y-glutamylcysteinyl syn-
thetase are higher in rat proximal tubular cells than distal
tubule cells. The activity of glutathione reductase and GST
appeared to be equal between the two cell populations; how-
ever, the proximal tubular cells had a much higher concen-
tration of glutathione than distal tubular cells (27 nmol per
mg for proximal tubular cells versus 13 nmol per mg for
distal tubular cells).’>’

In order to protect against nephrotoxicant-induced cel-
lular injury, GSH must be able to cross plasma and organ-
elle membranes. The dicarboxylate carrier 1s one protein
responsible for transport of GSH into mitochondria, and
overexpression of this protein protected normal rat kidney-
52E cell lines from both oxidant (t-butylhydroperoxide) and
DCVC-induced apoptosis.’® Protection against injury cor-
related to increases in mitochondrial GSH concentration, as
well as decreased mitochondrial dysfunction, the release of
cytochrome c, and caspase activation.

Vitamin C (ascorbic acid) 1s a very effective reducing
agent and free radical scavenger and functions in the recy-
cling of the vitamin E radical back to vitamin E.>>’ Like GSH,
vitamin C can detoxify compounds containing a quinone
nucleus such as bromohydroquinone, but in this case vita-
min C reduces the bromoquinone and the bromoquinone
radical back to bromohydroquinone.**!

Vitamin C can also promote repair and regeneration af-
ter nephrotoxicant-induced injury. For example, pharmaco-
logic levels of vitamin C improved recovery of rabbit RPTC
after exposure to t-butylhydroperoxide and DCVC.>>%7>%
Increased recovery correlated to increased cell number and
mitochondrial function.’>® Vitamin C may also improve re-
covery by promoting collagen deposition in the extracellular
matrix.>>® The effect of vitamin C was not the result of its an-
tioxidant function, because both t-butylhydroperoxide and
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DCVC caused the same amount of damage in treated and
untreated cultures, and vitamin C was added after injury and
removal of the nephrotoxicants.

Vitamin E (a-tocopherol) is a lipid-soluble antioxidant
found in cell membranes.’®' Vitamin E is a chain-breaking
antioxidant because it contributes an electron to a per-
oxyl radical formed during lipid peroxidation and thereby
prevents further lipid peroxidation. The vitamin E radical
produced 1s unreactive and 1is recycled back to vitamin E.
Vitamin E suppresses cyclosporin A-mediated toxicity in
vivo in rat renal kidneys by inhibiting lipid peroxidation.>®
Vitamin E also protects against cephaloridine-induced tox-
icity in freshly isolated rat proximal tubule cells.’®® The
protective effect of vitamin E on proximal tubule cell death
correlated to decreases in lipid peroxidation.

Glycine
Glycine is cytoprotective in a number of models of renal inju-
ry*®* In addition, several other small amino acids with similar
structure to glycine, including D- and L-alanine, 3-alanine,
and 1-aminocylopropane-1-carboxylic acid, also protect
against nephrotoxicity. This suggests that there is a structural
requirement for cytoprotection with these compounds.
Glycine 1s cytoprotective against a diverse group of
chemical insults such as anoxia, metabolic inhibitors, bro-
mohydroquinone, halogenated alkene, and alkane cysteine
conjugates and, to a lesser extent, t-butylhydroperoxide and
HgCl,.>'>*% The mechanism of glycine cytoprotection has re-
mained elusive, but studies suggest that glycine acts during
the terminal phase of cell injury>® Further, the mechanism
of protection may be receptor-based as the neuronal glycine
receptor antagonist strychnine protected against renal cell
injury under a variety of conditions.’***® Strychnine binds
to a low-affinity binding site on the basolateral membrane of
the rabbit RPT cell in a saturable and reversible manner at
the same concentrations that are cytoprotective.”*> Proteins
corresponding to two of the three subunits of the neuronal
strychnine-sensitive glycine receptor are expressed at the ba-
solateral membrane as well, which may represent the glycine
receptor 3 subunit.****%” The signal transduction pathway for
the neuronal glycine receptor involves C1 . Collectively, these
studies suggest that glycine and strychnine are cytoprotective
by directly or indirectly altering Cl ™ influx. These compounds
may inhibit the ability of Cl™ to increase the osmotic force,
which drives increases in cell swelling during injury.
Alternatively, Nichols and associates’®® proposed that
glycine 1s cytoprotective in hepatocytes through its ability
to inhibit calpains. However, Edelstein and coworkers**°
reported that glycine did not inhibit calpain activity in rat
RPT exposed to hypoxia. Studies in rabbit RPT demonstrat-
ed that glycine and strychnine did not inhibit basal calpain
activity, but did inhibit calpain activity observed during the
late phase of cellular injury*® Later studies confirmed that
glycine does not directly affect calpain activity, but rather in-
hibited toxicant-mediated extracellular Ca’>" influx, calpain
translocation, and Cl~ influx.*®’

Acidosis

Acidosis is not a normal cellular defense mechanism per
se; however, decreasing extracellular pH 1s cytoprotective
in a variety of in vitro models of renal cell injury>’**"! For
example, reducing the extracellular pH to 6.8 to 7.0 pro-
tected against anoxia-induced cell death in isolated renal
tubules.’”' "3 In addition, Rodeheaver and Schnellmann?"?
demonstrated that extracellular acidosis (pH 6.4) ameliorat-
ed renal proximal tubular cell death produced by a series of
mitochondrial inhibitors (antimycin A, rotenone, carbonyl
cyanide-p-trifluoromethoxyphenylhydrazone, oligomycin)
and 1on exchangers (nigericin, monensin, valinomycin),
but potentiated cell death produced by the oxidants
t-butylhydroperoxide, hydrogen peroxide, and ochratoxin
A. Thus, the effect of extracellular acidosis on renal cell in-
jJury is toxicant-specific. Increased cell death in the presence
of oxidants correlated to increases in oxidized GSH (GSSG),
lipid peroxidation, and mitochondrial dysfunction. This
suggests that extracellular acidosis during oxidant exposure
decreases free radical detoxification.

It 1s unlikely that extracellular acidosis protects against
nephrotoxic-induced renal cell injury by preserving mito-
chondrial function or ATP levels.’’*>"* This hypothesis is
supported by studies demonstrating that extracellular aci-
dosis iitiated at various times after toxicant exposure was
still cytoprotective.”***”! For example, extracellular acidosis
initiated 15 minutes after antimycin A or carbonyl cyanide-
p-trifluoromethoxy phenylhydrazone addition—a time
point after the cessation of respiration, depletion of ATP, and
increases in intracellular sodium and decreases in intracel-
lular potassium—was completely cytoprotective at 45 and
105 minutes, respectively; however, cytoprotection did not
prevent increases in Cl™ influx that occurs in the late stages
of cell injury. Extracellular acidosis initiated 2 hours after
tetrafluoroethyl-L-cysteine or t-butylhydroperoxide addition
also was cytoprotective 2 hours later. These results demon-
strate that the cytoprotective effect of extracellular acidosis
occurs very late in the cell injury process distal to CI™ influx.

Peroxisomes and Peroxisomal Proliferating
Activated Receptors

Peroxisomes are membrane-bound vesicles that contain degra-
dative enzymes for fatty acids and amino acids.**> Peroxisomes
also contain catalase, which converts H,O, to oxygen and wa-
ter. Thus, peroxisomes are a major site of antioxidant defense.
In addition, peroxisomal proliferation has been linked to the
preservation of mitochondrial function®’* and the reduction
in renal cell death following injury induced by gallic acid,’”
cisplatin,”*>"® and ischemia/reperfusion-induced injury.
Peroxisomes also may protect against renal cell death via
mechanisms linked to the activation of peroxisomal prolifer-
ator-linked receptors (PPAR). PPAR are members of a nuclear
hormone-activated receptor and transactivation protein fam-
ily*"" At this time three different PPAR have been identified
and cloned (PPAR-«, PAR-3/8, and PPAR-v,).>”” PPAR-3/S are
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detected in almost all tissues including the kidney cortex.>”” "

PPAR-vy 1s present in distal medullary collecting ducts, glomer-
uli, and the renal microvasculature.’”~% PPAR-« is expressed
in the proximal tubule, medullary thick ascending limbs, and
the glomerular mesangial cells. It 1s hypothesized that dif-
ferences m the distribution of PPAR i1soforms may result in
different mechanisms of protection between different cells.

Toxicants that activate PPAR are structurally diverse
and include plasticizers (di(2-ethyhexl)phthalate),’®' her-
bicides,’® hypolipidemic drugs (fenofibrate, clofibrate,
and clofibric acid),’”’ and antidiabetic drugs’’’>* (e.g.,
troglitazone and rosiglitazone).”**>* Activators of PPAR
increase the number of peroxisomes within the cell and n-
crease the expression of enzymes for fatty acid -oxidation
including fatty acyl-CoA oxidase, enoyl-CoA hydratase/3-
hydroxyacyl-CoA dehydrogenase bifunctional enzyme,
and 3-ketoacyl-CoA thiolase.’®!***38¢ Activators of PPAR
isoforms also increase mitochondrial enzymes including
carnitine palmitoyltransferase, medium chain acyl-CoA de-
hydrogenase, and pyruvate dehydrogenase complex.’’®*”
The increase in these proteins is believed to be key in the
protection against nephrotoxicants.?’’= 2%’

Activation of PPAR, at least activation of PPAR-«, ap-
pears to protect against renal cell death. This hypothesis is
supported by studies showing that the PPAR-« agonists clo-
fibrate and WY14643 protect against ischemia/reperfusion-
induced renal cell dysfunction in rat kidneys.’””~% In ad-
dition, knocking out PPAR-a increased cisplatin-induced
renal cell apoptosis in mouse kidneys, in correlation with
the release of Endo G from the mitochondria.?”

The mechanism of protection afforded by a PPAR-«
agonist against nephrotoxicant-induced renal cell injury
correlates to mcreases in mitochondrial function. This i1s
demonstrated by in vivo studies demonstrating that PPAR-«
induction correlated to increased mitochondrial medium-
chain acyl-CoA dehydrogenase and pyruvate dehydrogenase
complex activity, which correlated to decreases in cisplatin-
induced proximal tubular necrosis.’’°

Schnellmann and colleagues demonstrated that over-
expression of peroxisomal proliferator-activated receptor
v coactivator-1a (PGC-1«), the master regulator of mito-
chondrial biogenesis, induced mitochondrial biogenesis in
renal proximal tubular cells.”>*~ Further, PGC-1a expres-
sion was increased following sublethal injury induced by t-
butylhydroperoxide, and only returned to base values after
mitochondrial function was restored. Interestingly, overex-
pression of PGC-1« following oxidant injury stimulated the
recovery of mitochondrial and cellular function. These data
suggest that PGC-1a 1s a therapeutic target for stimulating
renal cell recovery and regeneration after nephrotoxicity.

SPECIFIC TOXICANTS

It 1s critical to identify the ultimate toxic species and the
cell type targeted in order to understand the mechanism by
which a chemical produces nephrotoxicity. For example,

1s the glomerulus, proximal convoluted tubule, proximal
straight tubule, the thick ascending limb of Henle, or the dis-
tal convoluted tubule the target of the parent compound, a
primary, or secondary metabolite? Thus, biotransformation,
toxicokinetic, and morphologic studies are paramount in de-
termining the sites of biotransformation, which metabolites
reach the kidney, the quantity of metabolites in the kidney,
the target cell type in the kidney, and ultimately the mecha-
nism of nephrotoxicity. Other chapters in this book focus on
specific toxicants such as analgesics (Chapter 32), antibiotics
(Chapter 31), antineoplastics (Chapter 31), heavy metals
(Chapter 34), immunosuppressives (Chapter 31), and radio-
contrast media (Chapter 33).
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