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C H  A P T E R

Nephrotoxic epithelial renal cell injury is induced 
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   ow, renal ischemia, and 
reperfusion-induced cell injury and death. In  ammatory 
cells also indirectly and secondarily induce renal epithelial 
cell injury in a number of models. 1–4

A secondary effect of nephrotoxicant-induced cell death 
is the generation of “backleak.” After injury, epithelial cells 
can be released from the basement membrane and adhere 
to each other via integrins. 5–8 These cellular aggregates form 
tubular casts that block the   ow of   ltrate and increase intra-
luminal pressure, decreasing the single nephron glomerular 
  ltration rate. 5 In addition, the loss of epithelial cells leaves 
gaps in the basement membrane, allowing tubular   ltrate to 
backleak into the circulation, further decreasing the single 
nephron glomerular   ltration 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, 9
and they are categorized into four different mechanisms 
that  include dedifferentiation, proliferation, migration, 
and  redifferentiation—each having de  ned 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 9 and EMT is hypoth-
esized to mediate   brosis during chronic kidney injury 
induced by multiple stimuli. 10,11

Signi  cant controversy exists concerning the source of 
postinjury regenerating renal epithelial cells. Although some 

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.12 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 is initiated 4 days after 
treatment, with cells resuming normal morphology after 
14 days. 13 In contrast, a 4-day regimen of the anticancer 
agent cisplatin also resulted in renal dysfunction with 
proximal tubular necrosis; however, renal dysfunction 
persisted.14

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 15

and showed that HgCl 2; the mycotoxin fumonisin B 1; 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 is 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-
ci  c chemicals. 
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 SUSCEPTIBILITY OF THE 
KIDNEY TO INJURY 
The kidney is 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 speci  c 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 speci  city that is concentration-dependent. 
For example, nonsteroidal anti-in  ammatory drugs (NSAIDs) 
and acetaminophen target the collecting ducts at low concentra-
tions, but also induce damage to the proximal tubules at higher 
concentrations.16,17 Furthermore, different segments of the 
proximal tubule (S 1, S 2, and S 3) are targets for different nephro-
toxicants. For example, aminoglycoside antibiotics, chromate, 
cadmium chloride, and the mycotoxin citrinin primarily target 

the S 1 and S 2 segments, whereas cyclosporine, HgCl 2, uranyl 
nitrate, cisplatin, bromobenzene, and cysteine conjugates of 
halogenated hydrocarbons target the S 3 segment. 17,18 Interfer-
on- , gold, and penicillamine can target cells in the glomeruli, 
whereas angiotensin-converting enzyme (ACE) inhibitors can 
target cells in the renal vasculature. 17 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, 19 whereas agents that target the loop 
of Henle also can also affect the proximal tubules. 16

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 injury and decreased cellular function, 
which leads to AKI. 

FIGURE 30.1 Cast formation in the nephron. Left: 1. Filtrate   ow (as represented by the small arrows) through the tubules is constant 
and unobstructed in unexposed kidneys. 2. Exposure of the kidney to nephrotoxicants results in cell injury and death, and can induce 
detachment of the cells from the basement membrane. 3. Detached cells can adhere to each other and form casts (pink), which obstruct 
  ltrate   ow and increase intraluminal pressure. This increases permeability in the basement membrane and back leak of   ltrate into the 
interstitium. Right: Cisplatin-induced cast formation in wild-type mice (a and b) and mice mutant for tumor necrosis factor (TNF)-  (c
and d) as determined by PAS staining. The magni  cation in panels a and c is  100, and that in panels b and d is  400. Cast formation is 
visible in panels a and b as indicated by the pink/purple aggregates between the tubules (arrows). In contrast, little cast formation can 
be seen in TNF-  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. J Clin Invest. 2002;110(6): 835–842, with permission.) (See Color Plate.)
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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. 20 Major transporters found 
in renal cells include, but are not limited to, the organic 
cation transporters (OCTs), 21,22 organic anion transport-
ers (OATs), 23,24 the organic anion transporting polypeptide 
(OATP) family, 25,26 and transporters involved in multidrug 
resistance (MDR) such as P-glycoprotein. 27

 Organic Anion Transporters and Organic 
Cation Transporters 
OATs and OCTs are members of the solute carrier superfam-
ily group 22A (SLC22A: human nomenclature) as assigned 
by the human genome organization (HUGO)  nomenclature 
committee.28 Several members in the SLC22A family have 
homologs with human, mouse, rat, and rabbit kidneys, in 
addition to having overlapping substrate speci  city with each 
other and with other transporter families. Other than physi-
ologic substrates, 28,29 these proteins also transport drugs, nat-
ural products, industrial chemicals, and  pollutants.20,23,30–32

The OCT family of proteins typically transports small, 
hydrophobic, positively charged chemicals. Major iso-
forms include OCT1 (SLC22A1), OCT2 (SLC22A2), OCT3 
(SLC22A3), OCT6 (SLC33A16), OCTN1 (SLC22A4), 
OCTN2 (SLC22A5), and OCTN3 (SLC22A21). 28 Neph-
rotoxicants transported by OCTs include the chemothera-
peutic cisplatin, which is a substrate for OCT2 in humans 
and rats. 28,33–35 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, 22 and 
both OCT1 and OCT2 mediate the transport of 1-methyl-
4-phenyl-pyridinium, disopyramide, and chlorpheniramine 
into renal cells. 36 OCT2 was also demonstrated to mediate 
the nephrotoxicity of ifosfamide both in vitro and in vivo. 37

OCT1 and OTC2 were recently reported to mediate the 
transport and toxicity of several antiretroviral drugs used to 
treat human immunode  ciency virus (HIV) in human em-
bryonic kidney 293 (HEK293) cells. 38 Furthermore, OCT1, 
OCT2, and OCT3 were reported to mediate the transport 
of tyrosine kinase inhibitors (TKIs), such as imatinib, in 
HEK293 cells. 39 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 OAT1 
(SLC22A6), OAT2 (SLC22A7), OAT3 (SLC22A8), OAT4 
(SLC22A11), OAT5 (SLC22A19), OAT6 (SLC22A20), OAT7 
(SLC22A9), OAT8 (SLC22A25), OAT10 (SLC22A13), and 
URAT1 (SLC22A12). 28 Nephrotoxicants reported to be trans-
ported by OATs include the mycotoxin ochratoxin A, which 
is transported into renal tubular cells by OAT1, OAT 3, and 
OAT 5. 30,31,40 Ochratoxin A transport into renal cells is in-
hibited by probenecid, 41 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. 42 Other 
nephrotoxicants whose toxicity is 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). 28

The ability of Hg  2 and its cysteine conjugates to induce 
cell death in vivo and in MDCK cells is altered by inhibitors 
or substrates of OAT proteins, suggesting that the nephro-
toxicity of this environmental contaminant is regulated by 
these transporters. 23,24 This hypothesis was con  rmed by 
studies demonstrating that overexpression of human OAT1 
in MDCK cells altered the nephrotoxicity of these com-
pounds.43 Other compounds for which toxicity is suggested 
to be mediated by OATs include the trichloroethylene me-
tabolite DCVC, some chlorinated phenoxyacetate-based her-
bicides, antiviral drugs, and  -lactam-based antibiotics. 28,44

 Organic Anion Transporting Polypeptides 
OATPs are members of the solute carrier O family (SLCO, 
formerly referred to as the SLC21 family 45). Endogenous 
substrates for these proteins include bile acids, hormones, 
and eicosanoids. 26 Currently, genes for 11 human OATPs, 
15 rat OATPs, and 15 mice have been identi  ed. 25,45 Not 
all of these are expressed in kidney. Furthermore, several 
OATPs expressed in humans are not expressed in rodents, 
such as OATP1A2, OATP1B1, and OATP1B3. 45 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, OATP2A1, OATP2B1, OATP3A1, 
OATP4A1, and OATP4C1. 45 Rat and mouse kidneys are 
reported to express Oatp1a1, Oatp1a6, Oatp2a1, Oatp2b1, 
Oatp3a1, Oatp4a1, and 4c1 29,46,47 (the lowercase denotes 
rodent genes). Oatp1a3 is reported to be a rat speci  c iso-
form.29 The expression of several mouse kidney oatp, such 
as Oatp1a1, Oatp3a1, and Oatp4c1, are reported to differ 
depending on gender, 47 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 
(OATP1A2, Oatp1a1), methotrexate (OATP1B1, Oatp1a3), 
and digoxin (OATP4C1) are known substrates. 29 Studies 
also suggest that the expressions of OATPs are altered by 
nephrotoxicants. For example, treatment of mice with neph-
rotoxic doses of cisplatin for 4 days increases the expres-
sion of Oatp2a1 and Oatp2b1 mRNA. 48 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). 29 Substrates 
for these proteins include hydrophobic molecules, such as 
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Ca2 , changes in mitochondrial function and morphology, 
and changes in nuclear morphology and chromatin/DNA 
structure. 

Necrosis, apoptosis, and autophagy can be identi  ed by 
assessing differences in cellular and nuclear morphology. In 
fact, some suggest that morphology is 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. 55 This re  ects the fact that 
the mechanism of death induced by a given chemical is 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 typi  ed by arsenic, 
which can induce all three types of cell death in a given 
cell.55 Additionally, the cell death mechanism may change 
midway through any series of postinsult events (Fig. 30.2). 
Thus, a chemical may initiate autophagy, but this pathway 
may switch to apoptosis as the dose and time of exposure 
increases, or if p53 is released to the cytosol. Furthermore, 
apoptosis may switch to necrosis as ATP decreases or if cyto-
solic Ca 2  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 speci  c 
morphology and, possibly, multiple cell death pathways may 
be activated in a single cell. 55

the chemotherapeutics vincristine and doxorubicin. At least 
six different MRP genes have been identi  ed (designated 
MRP1-6, and MDR1) and all are expressed in the kidney. 49

P-glycoprotein is perhaps the most well known MRP. 
Localized to the apical membrane of proximal tubule cells, 
MRP is believed to mediate the ef  ux of organic anions 
from the kidney. Known substrates for P-glycoproteins in-
clude methotrexate and cisplatin. 49,50 The nephrotoxicity of 
cisplatin is altered by overexpression of P-glcyoprotein. 50

P-glycoprotein may also mediate the nephrotoxicity of 
diallyl disul  de and S-allyl-cysteine, HgCl 2, calcineurin, and 
cyclosporine.51–54

 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 is thought to occur through one of 
three mechanisms: apoptosis (type I cell death),  autophagy 
(type II cell death), or necrosis (type III cell death). 55,56

Other commonalities that exist in injured and dying cells 
include activation of proteases, increases in  cytosolic 

FIGURE 30.2 Schematic comparing the pathologic and morphologic features of necrosis, 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 
  nally necrotic changes (i.e., coagulation, shrinkage, and karyolysis). Right: Cell shrinkage followed by budding and karyorrhexis 
and   nally necrotic changes (i.e., breakup into cluster of apoptotic 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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Biochemical markers for necrosis include a  drastic and 
rapid loss of ATP (greater than 70%–80%),  rapid and sustained 
increases in cytosolic Ca 2 , leakage of intracellular constituents 
such as lactate dehydrogenase, DNA fragmentation, and pro-
tease activation. A hallmark of necrosis is 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 is random and not usu-
ally inhibited by caspases. Proteases activated during necrosis 
include select types of calpains, which are usually  activated due 
to high concentrations of cytosolic Ca 2 . 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 

 Necrosis 
Necrosis affects masses of contiguous cells and is character-
ized 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 in  ammation. 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-
  ed 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 in  ammation, often with the in  ltra-
tion of neutrophils and in  ammatory cells in vivo (Fig. 30.3). 

FIGURE 30.3 Comparison of the morphologic features of necrosis, apoptosis, and autophagy in tissues and cells. A: Hematoxylin and 
 eosin staining of human kidney tissue after arterial embolization for treatment of renal cancer demonstrating intact tubules (T) and ne-
crotic tubules (N). Arrows represent neutrophils and mononuclear in  ammatory cells. (Modi  ed from Hotchkiss RS, Strasser A, McDunn JE, 
et al. Cell death. N Engl J Med. 2009;361:1570, with permission.) B: Transmission electron microscopy (TEM) of necrotic  human embryonic 
stem cells showing loss of membrane integrity without chromatin margination, cytosolic vacuolization, and spilling out of intracellular 
constituents. (Modi  ed from Heng BC, Vinoth KJ, Lu K, et al. Prolonged exposure of human 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). (Modi  ed from Heng BC, Vinoth KJ, Lu K, et al. Prolonged exposure of human embry-
onic stem cells to heat shock induces necrotic cell death. Biocell. 2007;31(3):405, with permission.) D: TEM of autophagic primary cultures 
of normal human renal cells exposed to cyclosporine demonstrating formation of the autophagosomes (Aut) with a double membrane 
(long arrow), next to a lysosomes (Lys) 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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DFF40 activity. 69 Caspases-3 and -7 can cleave and inacti-
vate PARP. 77 PARP cleavage is used as a marker for apoptosis 
in renal cells, including apoptosis induced by antimycin A 
and DCVC. 78,79 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,   -tubulin, and vinculin. 58

Cytokine caspase substrates include in  ammatory me-
diators such as such Il-18, Pro-IL-1B, and Il-17, whereas 
executioner caspase substrates include protein kinase C 
(PKC), focal adhesion kinases (FAK), and the cell cycle regu-
lator p21. 58 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. 80

Caspase-3, perhaps the best studied executioner cas-
pase, can also cleave receptors, such as type 1 inositol(1,4,5)
P4 receptor, Ca 2 -ATPase, the Na  /Ca  exchanger, and the 
Na /K -ATPase pump. 55 The Na  /K  ATPase may also be 
cleaved by initiator caspases, such as caspase-8 and -9. 81

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 2 -ATPase inactivation dur-
ing late-stage apoptosis/secondary necrosis. 

 Role of Mitochondria in 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, 
Bcl-2 family proteins, and DNAases. In addition, mitochon-
dria regulate apoptosis by participating in Ca 2  signaling 
cascades and mediating protease activation. 55

ATP is considered to be a requirement for both the ini-
tiation and execution of apoptosis. 55 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. 55

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. 82 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 2 , and cellular lysis, which is typical of necrosis. 

Cytochrome c is a heme protein bound to the inner 
mitochondrial membrane, transferring electrons between 
complexes III and IV of the electron transport chain. Release 
of cytochrome c from mitochondria activates the intrinsic 
pathway of apoptosis. Cytosolic cytochrome c will bind 

(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 
in  ammation typically does not occur. 

A key difference between necrosis and apoptosis is the 
activation of caspases in the latter. Caspases are cysteinyl 
aspartate-speci  c proteases that belong to an 18-member 
family. 57–59 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 identi  ed in numerous mammals, but not in 
humans, with the exception of caspase 16. 59

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, 60–62 glo-
merular cells, 63 medullary cells, 64,65 and cells present in the 
collecting ducts. 66–68 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. 69

Caspase-8 is an initiator caspase that plays an integral 
role in receptor-mediated apoptosis. 69–71 It is activated by 
membrane receptors such as Fas-ligand and tumor necrosis 
factor (TNF)-   receptors 71,72 and, in turn, cleaves the Bcl-2 
family protein Bid to form tBid. 70 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-PK1 
cells in the absence of receptor-stimulation. 73 In contrast, cis-
platin and cyclosporine activate caspase-3 in the absence of 
caspase-8 in mouse and rabbit RPTC. 74–76 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 is composed of two subunits: a 40-kDa 
DNAase subunit (CAD/DFF40) and a 45-kDa inhibitor of 
caspase-activated deoxyribonuclease (ICAD/DFF45). 69 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. 69

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 
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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). 70,71,85–92

to apoptotic protease activating factor 1 (APAF-1), which 
promotes the binding and proteolytic cleavage of pro-
caspase-9 to caspase-9 (the apoptosome), 83 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. 71,84 Cytochrome c 

FIGURE 30.4 Cell signaling cascades involved in the activation of caspases and apoptosis. 1: Receptor-mediated death signals or 
chemicals can initiate 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 DNA damage 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 AIF release from the mitochondria. 5: Released cytochrome 
c 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), AIF, 
and Endo G cause the classical markers of apoptosis such as cleavage and activation of poly(ADP)polymerase, inactivation of inhibi-
tors of DNases leading to DNA fragmentation, cleaved laminins, and the activation of other caspases.
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apoptotic activity of inhibitors of apoptosis proteins (IAP), 
which increase apoptosis. 89 The ability of Smac/ Diablo to pro-
mote apoptosis is not exclusively a result of its ability to bind 
IAP. 107 Smac/Diablo functions at the same level of executioner 
caspases, but downstream of the Bcl-2 family of proteins. 90

Smac/Diablo is expressed in the mouse kidney and in 
several renal cell models. 108 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-  .89

Increased expression of Smac/Diablo potentiates TNF-  - and 
etoposide-induced apoptosis in HEK293 cells 107; 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. 109

Omi is a mammalian serine protease homologous to bac-
terial HtrA endoprotease. 110 Omi localizes to the mitochon-
dria and is expressed ubiquitously in a number of cell types 
including RPTC. 91 Omi is released from the mitochondria 
after exposure to apoptotic stimuli and binds to, and cleaves, 
IAP. 91 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. 69 Omi partici-
pates in both caspase-independent and caspase-dependent 
cell death, 69,111 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. 91,111 More work is needed to determine if Omi 
can mediate cell death induced by other nephrotoxicants. 

 Autophagy 
Autophagy is essentially “a cell eating itself.” 112,113 This 
process was originally thought to be a cell survival path-
way activated to produce energy during times of metabolic 
stress, such as starvation. 113 Some cells undergoing au-
tophagy can recover; however, ample evidence exists that 
autophagy itself leads to cell death, speci  cally referred to 
as type II cell death. 55,112,113

Signi  cant evidence shows that autophagy mediates 
renal cell death. 56,114,115 The role of autophagy in renal cell 
death differs depending on the experimental conditions. 56

Further, it is dif  cult to determine if autophagic cells are 
a result of a cell death mechanism, or a failure in repair 
or survival mechanism. 56 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 2 

release. 56 In vitro, autophagy was identi  ed in HK-2 cells 
after exposure to H 2O2, in RPTC cultures after exposure 
to cisplatin, and in primary cultures of human renal cells 
treated with cyclosporine A. 56,116

Bad, Bak, Bax, and Bid belong to the Bcl-2 family of 
pro-apoptotic proteins, which are characterized by speci  c 
regions of homology, termed Bcl-2 homology domains. 93

Under nonstressed conditions, these proteins exist bound to 
proteins in the mitochondria and cytosol. 70 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 55 and subsequent 
loss of mitochondrial membrane potential, facilitating the 
release of cytochrome c, Endo G, Smac/Diablo, Omi, and 
AIF (Fig. 30.4). 68,70,74 Bid mediates apoptosis induced by 
hypoxia and ATP depletion in cultures of rat RPTC 94; Bax 
mediates proximal tubular apoptosis in mice treated with 
cisplatin in vivo 65; and Bak is elevated during apoptosis 
in primary bovine glomerular endothelial cells induced by 
TNF-  or lipopolysaccharide (LPS 95) or during ischemia-
reperfusion-induced renal cell apoptosis in mice. 96

In contrast to Bax, Bid, and Bak, Bcl-2 is an anti-apoptot-
ic protein. 60 Increased Bcl-2 prior to toxicant exposure pro-
tected numerous cells, including renal cells, 96 from toxicant-
induced apoptosis. 96 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. 97

Overexpression of Bcl-2 protected against ATP-depletion-in-
duced apoptosis in cultures of rat RPTC, 94 and upregulation 
of Bcl-2 protected kidney epithelial cells both in vitro and in 
vivo against apoptosis induced by hypoxia, azide, cisplatin, 
and staurosporine. 98

AIF is released from mitochondria in response to de-
creases in the mitochondrial membrane potential induced by 
ATP depletion 86,99; ischemia-reperfusion; anti-fas antibod-
ies100; or exposure to high concentrations of Ca 2 ,101 t-butyl
hydroperoxide, 101 or atractyloside. 101 Cellular pathologies 
associated with AIF release are similar to those seen with cas-
pases (chromatin condensation and oligonucleosomal DNA 
fragmentation).100 Recent studies suggest that increases in 
cytosolic Ca 2    and calpain activation also facilitate the re-
lease of AIF from mitochondria 102; and studies in LLC-PK1 
cells support this hypothesis. 103

AIF is a protease with properties similar to caspases, 
including being inhibited by N-benzyloxycarbonyl-Val-Ala-
Asp-  uoromethylketone (Z-VAD-fmk), a commonly used 
broad spectrum caspase inhibitor. 86 Thus, the decrease in 
renal cell death observed in the presence of Z-VAD-fmk may 
be a result of AIF or caspase inhibition. AIF can induce DNA 
fragmentation independently of caspases. 69 AIF is released 
in opossum kidney (OK) cells after ATP depletion-induced 
by sodium cyanide and 2-deoxy- D-glucose.87,99 AIF is also 
activated in HEK293 cells after exposure to cadmium, 104 in 
LLC-PK1 cells after exposure to cisplatin, 105 and in OK cells 
after exposure to the peroxisome proliferator-activated re-
ceptor agonist ciglitazone. 106

Smac/Diablo is a pro-apoptotic protein released from the 
mitochondria to the cytosol during apoptosis. It blocks anti-
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 Role of Biotransformation 
Renal xenobiotic metabolism contributes signi  cantly to 
whole-body metabolism and/or renal toxicity of numerous 
chemicals because of the 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 injury. 
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 121 and 
are summarized in Table 30.1. These include cytochrome 
P-450,   avin 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. 121 The distribution 
of cytochrome P-450 also varies along the nephron, with the 
highest levels typically found in the S 2 segment, followed by 
the S 3 and S 1 segments, with the other tubular segments hav-
ing less than 10% of that of the S 1 segment. 121

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 identi  ed in 
renal tissue. For example, cytochromes P-450 1A1, 1A2,1B1, 
2A, 2B1, 2B2, 2B6, 2B9, 2B10, 2C2, 2C11, 2E1, 2J2, 2J3, 
2J5, 2J9, 3A1, 3A4, 4A1, 4A2, 4A3, 4A5, 4A6, 4A8, 4A11, 
4F1, 4F4, 4F5, 4F6, 4F11, and 4F12 have been identi  ed in 
renal cells of the human, mouse, rat, and rabbit kidney. 121–125

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. 121 Several studies suggest differences in the 
expression of cytochrome P-450 isoforms between human 
and rodent kidneys. An important example is the expression 
of cytochrome P-450 2E1, which has been detected in renal 
proximal and distal tubular cells of mice and rats, but not 
human kidneys. 121,122,126 In contrast, both human and ro-
dent kidneys express high amounts of cytochrome P-450 4A 
isoforms. However, rat kidneys express 4A1, 4A2, and 4A3, 
whereas the human kidney appears to express 4A11. 122,127

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 

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). 55 This 
occurs in the absence of chromatin condensation. Double-
membrane vesicles, autophagosomes, are formed and fuse 
with lysosomes to facilitate protein degradation 112 and other 
morphologic changes that are best identi  ed using transmis-
sion electron microscopy. 

Biochemical markers of autophagy include expression 
of microtubule-associated protein-1 light chain 3 (LC3), and 
degradation of the cell signaling adaptor p62. 112 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 of autophagosomes. Autophagosome formation 
is also facilitated by two kinases: autophagy-speci  c phos-
phatidylinositol 3-kinase (PI3K) Vps34 (also called human 
class III PI3K) and target of rapamycin (TOR) kinase. 56,112

Beclin-1 is another protein whose expression is critical 
for autophagy. Beclin-1 facilitates formation of autophago-
somes by regulating Vps34 (human class III PI3K 56). It con-
tains a BH-3 only domain, and is inhibited by other BH-3 
only domain containing proteins called Bcl-2 and Bcl-X L.55

Proteins containing BH3-only domains are typically pro-
apoptotic; however, beclin-1 does not induce apoptosis. In 
fact, beclin-1 is cleaved by caspases. Cleavage of beclin-1 by 
caspases is believed to be an important switch point used by 
cells to inhibit autophagy and stimulate apoptosis. 55

p53, another regulator of autophagy, is a tumor suppres-
sor protein found in the cytosol of living cells in an inacti-
vated state and bound to the co-repressor Mdm2 (see later). 
The release of p53 from Mdm2 is stimulated by ionization 
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. 55 Interestingly, cytosolic p53 (unbound to 
Mdm2) appears to inhibit autophagy in nonrenal cells. 117 It 
is not known if p53 can regulate autophagy in renal cells 
using similar mechanisms. 

 INITIATORS OF CELLULAR INJURY 
Nephrotoxicants initiate 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,118 the mycotoxin fumonisin B 1 that inhibits sphin-
ganine (sphingosine) N-acyltransferase,119 and aminoglyco-
sides that bind initially to cellular anionic phospholipids. 120

Other nephrotoxicants initiate 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. 
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testosterone, these isozymes may be responsible for renal 
chloroform bioactivation. 131

Acetaminophen is 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. 132,133 In the liver, NAPQ binds to a selenium 
binding protein (58 kDa), 134,135 microsomal glutamine syn-
thetase (44 kDa), 136 cytosolic  N-10-formyl tetrahydrofolate 
dehydrogenase (100 kDa), 135,137 and mitochondrial gluta-
mate dehydrogenase (50 kDa). 137 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. 109 In this 
model, acetaminophen treatment increased the expression 
of GADD153, an ER stress protein, and induced caspase-12 
cleavage and apoptosis—independently of caspase-3, -9, 

bioactivation, although renal cytochrome P-450 contributes 
to the nephrotoxicity of chloroform 128,129 by metabolizing it 
to the unstable trichloroethanol, which releases HCl to form 
phosgene. Phosgene reacts with: (1) two molecules of glu-
tathione to produce diglutathionyl dithiocarbonate, (2) wa-
ter to produce two molecules of HCl and CO 2, (3) cysteine 
to produce oxothizolidine-4-carboxylic acid, or (4) cellular 
macromolecules to initiate toxicity. 128,130,131

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. 130,132 Be-
cause cytochrome P-450 isozymes 2B1 and 2E1 are present 
in male mice and are expressed in female mice treated with 

FIGURE 30.5 The bioactivation of trichloro-
ethylene by the glutathione-(GSH-) conjuga-
tion pathway. Trichloroethylene (top left) can 
be metabolized by either cytochrome P-450 
to the compound listed (top right) or be con-
jugated to GSH by 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 in the liver is delivered to the kidney 
via the bile or the blood where the high con-
centrations of  -glutamyltransferase (GGT) 
and dipeptidase in the kidney results in the 
cleavage of the GSH moiety and the forma-
tion of S-(1,2)-dichlorovinyl-L cysteine (DCVC). 
Metabolism of DCVC by N-acetyl-S-transferase 
produces N-acetyl-S-(1,2)-dichlorovinyl-L-
cysteine (NAcDCVC), which is excreted in 
the urine of mice, rats, and humans exposed 
to trichloroethylene. NAcDCVC also can be 
deacetylated back to DCVC. Metabolism of 
DCVC by cysteine-conjugate  -lyase results 
in the formation of a reactive thiol that can 
rearrange to form a protein acylating species. 
(From Cummings BS, Parker JC, Lash LH. Role 
of cytochrome P450 and glutathione S-trans-
ferase alpha in the metabolism and cytotoxic-
ity of trichloroethylene in rat kidney. Biochem
Pharmacol. 2000;59:531, with permission.)
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TA B L E

Expression of Selected Xenobiotic Biotransformation Enzymes in the Kidney

Enzyme Cell Type Species References

Cytochrome P450 monooxygenases
 IA Proximal tubules Rat, mouse, human 390, 391
 IA2 Proximal tubules — 123
 IIB Proximal tubules Rat and mouse 122
  Distal tubules Rat and mouse 122
 IIC2 Proximal tubules —
 IIC9 Unknowna Human but not rat 390
 IIC11 Distal tubules Male rat 122
 IID Proximal tubules — 125
 IIE1 Proximal tubules Rat, mouse, not human 122, 127, 392
  Distal tubules — 122
 IIJ Proximal tubules Human, rat, mouse 123, 393–395
 IIIA1 Glomerulus Rat, mouse, not human 122, 390, 391
 IIIA4 Proximal tubules Human, not rat or mouse 390
 IVA2 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
 IVA11 Proximal tubules Human, not rat or mouse 126, 127
 IVF Proximal tubules Human and mouse 124, 127
  Distal tubules Mouse 124

Flavin-containing monooxygenases  —
 FMO1 Unknowna Rat, mouse, and human 141, 390
 FMO3 Unknowna Rat, mouse, and human 141, 390
 FMO5 Unknowna Human 141

Glutathione S-transferases
 GST   Proximal tubules Rat, mouse, and human 19, 126, 148
  Distal tubules —
 GST   Proximal tubules Rat, mouse, not humanb 19, 126, 148, 396
 GST   Proximal tubules Rat, mouse, and human 19, 126
 GST   Proximal tubules Human 126

aActivity and expression have been measured in kidney microsomes only.
bGST  is expressed in some human kidney malignancies.

30.1

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

 Flavin-containing 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.121,138,139 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 FMO1, 2, 

4, and 5, but not 3, and FMO1 is expressed in the female, 
but not the male kidney. 121 FMO3 activity is detected in 
the kidneys of rats, dogs, mice, rabbits, and humans. 140

Rat kidneys appears to have two- to sixfold greater activ-
ity levels (as determined by methionine S-oxidase activity) 
than other species, including humans. 141 Studies in human 
kidney microsomes demonstrate that FMO1, FMO3, and 
FMO5 are all expressed, but at different levels. 141 Further-
more,  samples from African American patients had signi  -
cantly more FMO1 activity compared to their Caucasian 
counterparts, suggesting that the expression of renal FMO 
isoforms may differ depending on race. 141 Studies in mice 
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As mentioned previously, conjugation of toxicants to 
GSH is normally a detoxi  cation 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 2,149 halogenated alkenes, and aromatics, 
and possibly acetaminophen. 131,150,151 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). 19

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   -glutamyl transfer-
ase and dipeptidase in the RPTC and biliary and intestinal 
tract, results in the cleavage of the   -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.152 N-acetyl-S-(1,2)-dichlorovinyl- L-cysteine also 
can be deacetylated back to DCVC. Metabolism of DCVC 
by cysteine- conjugate  -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 injury (proteinuria, creatinine clearance, 
glucosuria) and GSH metabolites of trichloroethylene in the 
blood and urine of humans exposed to high amounts of tri-
chloroethylene. 153 Key determinants in the nephrotoxicity of 
trichloroethylene and similar chemicals, such as sevo  urane, 
iso  urane, and des  urane, which utilize this common path-
way of biotransformation, 144,154 appear to be dependent on 
 -glutamyl transferase, dipeptidase, and cysteine-conjugate 
 -lyase activity found in the kidney. 

 Role of Reactive Oxygen Species 
Reactive oxygen species (ROS) mediate cellular injury dur-
ing in  ammatory 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 2 to water (Fig. 30.6). 155 Superoxide anion free 
radical is produced by a one-electron reduction of O 2, and 
H2O2 is produced by a two-electron reduction of O 2. Su-
peroxide anion can dismutate to form H 2O2, or H 2O2 can 
be formed directly. The hydroxyl radical is formed from 
H2O2, and the superoxide anion free radical is formed via 
the metal- catalyzed Haber-Weiss reaction or the superoxide-
driven Fenton reaction. Ferrous iron (Fe 2 ) appears to be 
the major intracellular initiator of the reaction, but cuprous 
ions may participate as well. The precise source and form 
(e.g., ferritin) of the ferrous iron is still unclear. 

One source of Fe 2  may be the heme-moiety that re-
sides in the active site of cytochrome P-450 isoforms. 156

suggest that sex- and age-dependent differences exist for the 
expression of FMO mRNA in the kidney 142; however, no 
differences in the expression of FMO1, FMO3, or FMO5, 
and overall FMO activity were detected between human 
male and female kidney microsomes. 141 Thus, more work 
is needed to determine if FMO expression is sex-dependent 
in human kidneys. 

In vitro, FMO1, FMO3, FMO4, and FM05 metabo-
lize cysteine S-conjugated S-allyl cysteines, whereas FMO3 
metabolizes DCVC. 141 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. 143 Studies also 
suggest that FMO catalyzed sulfoxidation of the sevo  u-
rane (a commonly used anesthetic) degradation product 
  uoromethyl-2,2-di  uoro-1-(tri  uoromethyl)vinyl ether 
mediates its renal toxicity. 144 Other nephrotoxicants sug-
gested to be  metabolized by FMO include 4-amino-
2,6-dichlorophenol. 145 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. 146

 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.121 Although this typically decreases renal cell injury, 
some nephrotoxicants are bioactivated by these enzymes. 

GST mediates the conjugation of the tripeptide gluta-
thione (GSH,  -glutamylcysteinlyglycine) to compounds 
with electrophilic centers. 121 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, pi; T, theta; O, omega; S, sigma; and Z, zeta). Microsomal 
GST is referred to as membrane-associated proteins in eico-
sanoid and glutathione metabolism (MAPEG), whereas mi-
tochondrial GST is called K (kappa) GST. 121,147 All of these 
GSTs, with exception of GST S, are expressed in rat and 
human kidneys, 19,121,126,147 and GST expression in normal 
human RPTC appears to be similar to those observed in rat 
RPTC.126

GST expression can differ among nephron segments. 
For example, in the rat kidney, GST A is expressed primar-
ily in proximal and distal tubules, whereas GST M and P 
are primarily expressed in the distal tubules. 19,121,126 These 
expression patterns differ from a previous study, especially 
with regard to GST A in distal tubules. 121,148 Thus, more re-
search is needed to resolve this discrepancy. 
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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 is oxidized 
to the quinone, and the cycle begins again, hence the term 
“redox cycling.” During the reduction process, superoxide 
anion is formed from O 2, and oxidative stress ensues. For 
example, Brown and colleagues 160 demonstrated that mena-
dione (2-methyl-1,4-naphthoquinone) produces toxicity in 
isolated 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 sulfhydryls. 160,161

ROS can induce lipid peroxidation, inactivate enzymes 
by directly oxidizing protein sulfhydryl 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. 162 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 

This hypothesis is supported by the observation that rats 
treated intraperitoneally with cisplatin for 4 days had sig-
ni  cantly 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 in the kidney and the func-
tional and morphologic markers of kidney toxicity. 157 These 
same effects were observed in LLC-PK 1 cells; thus, P-450 may 
serve as one source of Fe 2  to initiate the formation of ROS. 

Superoxide anion acts as a reductant for Fe 3 , and the 
Fe2  generated reduces H 2O2 to the hydroxyl radical, which 
reacts rapidly with adjacent molecules. Superoxide anion 
and H 2O2 are less reactive, and H 2O2 may diffuse away from 
the initial site of formation to produce injury at a distant 
site within the cell. Although H 2O2 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, signi  cant defenses exist 
against the normal production of ROS or those produced 
under pathologic conditions (Fig. 30.6). 

The term “oxidative stress” is 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 158 showed that 
gentamicin enhances H 2O2 generation in isolated rat renal 
cortical mitochondria, and Lund and associates 159 showed 
that mitochondria isolated from rats treated with HgCl 2 have 
elevated H 2O2 production. 

FIGURE 30.6 A schematic representation of 
the major pathways and possible intracellular 
targets and oxidants. Detoxi  cation pathways 
and  protective agents are also shown. See text 
for  details. GSH, glutathione; GSSG, glutathione 
 disul  de; SOD, superoxide dismutase.
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ataxia telangiectasia mutated kinase (ATM), ataxia telangi-
ectasia and Rad-3 related kinase (ATR), checkpoint kinase 
(ChK), and NF-kB. 169

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, 172 and can activate several apoptotic pathways such 
as those involving caspases. 75 Translocation of p53 to the 
mitochondria results in its interaction with the outer mito-
chondrial membrane and binding with the anti-apoptotic 
proteins Bcl-2 and Bcl-xL. 169 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. 55 Both nuclear and cytosolic p53 
may regulate autophagy, and studies suggest that p53 local-
ization represents a key switch point between autophagy 
and apoptosis. 55

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. 75,76,169 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. 177 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. 170 p21 is also activated 
independently of p53 by transcriptional-mediated mecha-
nisms and by mechanisms involving mitogen activated pro-
tein kinases (MAPK). 168,173 p21 is a cyclin-dependent kinase 
(cdk) inhibitor that interacts with numerous cdk, such as 
cdk2, to control cell cycle. 168,170,178 Activation of p21 de-
creases renal cell death induced by cisplatin and ischemia 
reperfusion. 168 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. 170 The majority 
of studies with p21 and renal cell death have focused on 
cisplatin and ischemia reperfusion. More work is needed 
to determine if 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. 

decrease cellular membrane integrity, alter enzymatic activ-
ity and transport properties, and induce isotropy. 163 The oxi-
dation of protein sulfhydryl 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 2O2 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. 

A variety of structurally diverse nephrotoxicants produce 
renal cell injury by mechanisms involving oxidative stress, 
including HgCl 2,159,162 haloalkene cysteine conjugates, 164,165

cyclosporine A, 165 and cisplatin. 76,166,167 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 identi  ed. 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 identi  ed, 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 identi  cation 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. 76,168,169 Activation of p53 typically induces cell 
death and cell cycle arrest. 76,169 Activation of p21 is protec-
tive against numerous types of nephrotoxic events, includ-
ing ischemia and cisplatin exposure. 168–171 p53 can induce 
p21 during renal cell injury, but p21 can also be activated 
independently of p53. 172 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. 168,173

p53 is activated in renal cells by agents that that in-
duce DNA damage, like cisplatin, 172,174 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. 175,176 The 
mechanism of p53 activation involves its phosphorylation 
at numerous serine residues, followed by its release from the 
regulator protein Mdm2. Other regulators of p53 include 
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PKC is reported to mediate the toxicity of cispla-
tin, ischemia, oxidants, and TNF-   in multiple renal cell 
models.184–189 The exact role of PKC in renal cell death 
depends on the toxicant and the speci  c isoform(s) in-
volved.190,191 For example, activation of PKC-   in rabbit 
RPTC during cisplatin treatment results in mitochondrial 
dysfunction and cell death, 189 and similar   ndings have 
been reported for PKC-   in RPTC after oxidative stress. 192

Interestingly, PKC-   targeted several mitochondrial pro-
teins including complexes I and IV, and F(0)F(1)-ATPase in 
RPTC.192 In contrast, activation of PKC-   after exposure to 
t-butylhdyroperoxide mediates cellular repair. 190,191

 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. 193,194 ERK1/2 
(p42/44MAPK), p38 MAPK, and c-jun N-terminal kinase/
stress-activated protein kinase (JNK/SAPK) are three of the 

Table 30.2 lists several signaling kinases identi  ed 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) is a family of serine/threonine kinas-
es, and at least 12 different mammalian isoforms have been 
identi  ed. These are divided into conventional PKC (cPKC: 
 ,  1/2, and  ), novel PKC (nPKC:  ,  ’,  ,  ,  , and  ),
and atypical PKC (aPKC:  ,  , and  ).179 The isoforms differ 
in terms of preferred substrates and mechanisms of action. 
Activation of cPKC is Ca 2 - and diacylglycerol-dependent, 
whereas activation of nPKC is Ca 2 -independent.180 In con-
trast, activation of aPKC is independent of both Ca 2  and 
diacylglycerol. RPTC have been reported to express   ,  1,
 2,  ,  ,  , and  ,181,182 and several other isoforms are ex-
pressed in the kidney of rats, mice, and humans. 183

TA B L E

Selected Signaling Kinases Involved in Renal Cell Injury, Survival, or Repair

Kinase  Location Nephrotoxicant Reference

Protein Kinase C (PKC)
 Conventional PKC
  PKC  Proximal tubules Cisplatin 189, 397
   DCVCa

 Novel PKC
  PKC  Proximal tubules Oxidative injury 192
 Atypical PKC
  PKC  Proximal tubules t-Butylhydroperoxide 191

Mitogen Activated Protein Kinase (MAPK)
 ERK1/2 Proximal tubules Cisplatin 189, 198, 205,
    H2O2 208, 398
    TGHQc

 JNK/SAPKa Proximal tubules Cisplatin 205
 P38 Proximal tubules Cisplatin 198, 205, 208
    H2O2
    TGHGc

Other Kinases
 Protein kinase Bb LLC-PK1 Cisplatin 398, 399
   Proximal tubules Mechanical injury
    H2O2
 Phosphoinositide-3-kinase LLC-PK1 Cisplatin 399
   Proximal tubules Mechanical injury

aS-(1,2)-dichlorovinyl-L-cysteine.
bAlso known as AKT.
c2,3,5-tris-(glutathion-S-yl)hydroquinone.

30.2
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messenger that plays a critical role in a variety of cellular 
functions.55,212 With regard to cell death Ca 2  can medi-
ate necrosis, apoptosis, and autophagy. 55,112 Initially, it was 
thought that only high, supraphysiologic increases in Ca 2 

would induce cell death; however, it is now accepted that 
even small changes in Ca 2  signaling can signi  cantly affect 
cell death, especially with regard to apoptosis. 55,213

Ca2  interacts with many key organelles known to par-
ticipate in cell death, including the ER and the mitochon-
dria. Ca 2  also mediates the activation of several proteins 
involved in cell death, such as calpains, endonuclease, 
phospholipase A 2, and protein kinases. Recent studies sug-
gest that interaction of Ca 2  with calpains mediates acti-
vation of the pro-apoptotic protein AIF. 102 There is also a 
well-documented requirement of Ca 2  for autophagy 112 that 
directly links the release of ER Ca 2  stores and activation 
of AMP activated proteins kinases and calcium/calmodulin 
kinase  .112 The ability of Ca 2  to stimulate autophagy in 
response to nephrotoxicant-induced renal cell exposure has 
not been heavily studied. 

Cytosolic free Ca 2  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 2 -mediated cell signaling 
processes under normal conditions. The advent of more ad-
vanced techniques for measuring low Ca 2  has changed this 
view, and strong evidence supports the idea that mitochon-
dria are integral to Ca 2  signaling under both normal and 
pathologic conditions. 55

Increases in intracellular/cytosolic free Ca 2  can induce 
cell injury and death after nephrotoxicant exposures. The 
source of this Ca 2  is typically the ER or the extracellular 
space (i.e., from the plasma membrane). Release of Ca 2 

from the ER increases cytosolic free Ca 2  from  100 nM 
to 300 nM within seconds. 214 Such increases are typically 
transient and buffered by transport of Ca 2  back into the 
ER, to the extracellular space or into the mitochondria. As 
mentioned above, release of ER Ca 2  can induce autophagy, 
and buffering of ER Ca 2  release by the mitochondria can 
induce apoptosis. Entry of Ca 2  from the extracellular space 
can increase the cytosolic free Ca 2  to   M levels—and even 
mM levels—if membrane integrity is lost. Such increases 
typically induce necrosis. 

Decreasing the extracellular Ca 2  concentration 
or blocking extracellular Ca 2  in  ux will decrease cell 
death.215–217 For example, increases in cytosolic free Ca 2 

were observed in a hypoxia model using rat RPTC and in a 
mitochondrial inhibitor model using rabbit RPTC, and che-
lating intracellular Ca 2 , or decreasing the in  ux of extra-
cellular Ca 2 , decreased cell death. 216–219 Nephrotoxicants 
that increase cytosolic free Ca 2  include HgCl 2,220,221 pen-
tachlorobutadienyl-glutathione, 167 pentachlorobutadienyl-
L-cysteine,222 tetra  uoroethyl- L-cysteine,223 DCVC, 224–226

oxidants,227,228 sevo  urane, miconazole, 229,230 cyclosporine 
A,231 and gentamicin. 158

most studied MAPK. These kinases are activated by addi-
tional kinases: MAPK/extracellular signal-regulated kinase 
or MEK. 195

ERK1/2, also referred to as extracellular regulated 
kinases,196 are activated through epidermal growth factor 
receptor (EGFR), which is mediated by a small G-protein 
Ras.197,198 Studies show that ERK1/2 is activated in renal 
cells after exposure to cisplatin, oxidants, bromate, and ami-
noglycosides.115,189,198,199 ERK1/2 activation in these studies 
is reported to be protective, which correlates with the role of 
this kinase in survival and proliferation. 197,200,201 The abil-
ity of ERK1/2 to act as prosurvival signals is partially due 
to their ability to translocate to the nucleus and activate 
transcription factors such as AP-1, Elk-1, and c-Myc. 202 In 
addition, ERK1/2 can phosphorylate and inhibit caspase-9, 
which can inhibit apoptosis. 69

The role or ERK1/2 in renal cell injury is toxicant- and 
cell-dependent, and some studies suggest that ERK1/2 can 
mediate apoptosis. 203,204 For example, Arany et al. 205 demon-
strated that ERK activation mediated cisplatin-induced renal 
cell death in vivo and in vitro in mouse models. However, the 
same investigators observed that ERK activation protected 
against oxidant-induced (H 2O2) cell death. 205 Interestingly, 
cisplatin-induced ERK activation and renal cell death was de-
pendent on EGFR and c-Src activation. Studies by Zhuang 
and colleagues 206,207 also showed that exposure of RPTC to 
H2O2 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. 207 EGFR-induced activation of ERK1/2 
is also believed to mediate 2,3,5-tris-(glutathione-S-yl)hy-
droquinone (TGHQ)-induced death in LLC-PK1 cells. 198,208

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, in  ammation irradiation, heat shock, ROS, 
LPS, TNF-  , and IL-1. 209–211 These proteins are activated 
by Rac, a small G protein that activates distinct MEK rather 
than those involved in ERK1/2 activation. 210 p38 and JNK 
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. 169,199

In contrast, activation of p38 in primary cultures of RPTC 
after oxidant induced injury mediates dedifferentiation. 206

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 2  in the pathophysiology of nephrotoxic cell 
injury cannot be understated. Intracellular Ca 2  homeosta-
sis is necessary for cell viability because Ca 2  is a second 
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 Calpains 
Calpains, a group of least 15 isoforms of Ca 2 -activated neu-
tral cysteine proteinases, comprise two groups. Group 1 cal-
pains, typical calpains, contain a Ca 2 -binding domain, and 
include calpains 1, 2, 3, 8, 9, 11, 12, and 14. 241,242 Group 2, 
atypical calpains, lack a Ca 2 -binding domain, and include 
calpains 5, 6, 7, 10, 13, and 15. 241,242 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. 243

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, tetra  uoroethyl- L-cysteine,
and t-butylhydroperoxide. 216,218,244,245 Evidence for roles of 
calpain in cell death in many of these studies was derived 
from the use of calpain inhibitors 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. 246,247 These studies 
suggest that calpains mediate cell death by enhancing ex-
tracellular Ca 2  in  ux and/or by cleaving cytoskeletal pro-
teins.218,241,244 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. 243

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 of the kidney of multiple species, and 
it appears to mediate mitochondrial dysfunction induced by 
oxidants, Ca 2  overload, and thapsigargin. 248,249 Calpain 
10 appears to induce mitochondrial dysfunction by cleav-
ing complex I of the electron transport chain. 250 Recently, 
calpain 10 has been suggested to mediate renal cell viability 
and aging in the kidney in vivo, 251 and mitochondrial bio-
genesis in the kidney through regulation of the peroxisomal 
proliferator activator receptor    coactivator 1-   (PGC-1  ,252

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 
9.253,254 Originally it was thought that calpains only inhib-
ited apoptosis; however, it is now accepted that calpains can 
actually participate in apoptosis signaling cascades. 55,234 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

Ca2  is proposed to mediate apoptosis by both direct 
and indirect methods. 213 The direct pathway involves Ca 2 -
mediated activation of calpains, which can induce caspases 
and.55,232 Apoptosis may ensue, provided that ATP is main-
tained above 20% to 30%. 82 Furthermore, as mentioned 
above, the mitochondria can buffer ER Ca 2  release. Trans-
port of Ca 2  into the mitochondria can activate Ca 2 -medi-
ated matrix dehydrogenases, which can stimulate ATP and 
ROS production. Furthermore, Ca 2  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 c and AIF. 55,233,234

The indirect pathway of Ca 2 -mediated apoptosis in-
volves the activation of the phosphatase calcineurin, 213

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. 235 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 signi  cant renal proximal tubule injury, 236 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 ARF. Proteases 
known to mediate nephrotoxic-induced renal cell injury 
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. 237 In contrast, less evidence exists that these 
proteases mediate nephrotoxicant-induced cell death. 238 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, 
tetra  uoroethyl- L-cysteine, bromohydroquinone, and t-butyl-
hydroperoxide. 239 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 240;
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 signi  cant 
role in RPTC death produced by these nephrotoxicants. 
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PLA2 are both initiators and executioners of nephrotox-
icant-induced cellular death. They can act as executioners 
when they are activated after initial increases in cytosolic 
Ca2 . This is especially true for sPLA 2, which is activated by 
mM concentrations of Ca 2 , which typically occur after loss 
of membrane integrity. 281,282 cPLA 2 is not directly activated 
by Ca 2 , but  M increases in Ca 2  facilitate translocation of 
cPLA2 to membranes, which increases its activity. 281,283 In-
crease in Ca 2  also induce signaling kinases, such as ERK, 
that activate cPLA 2 and iPLA 2.284–286 The metabolites of PLA 2
(fatty acids and lysophospholipids) can induce cell death by 
causing in  ammation, mitochondrial dysfunction, and lipid 
peroxidation. 174,267,277

PLA2 can also initiate nephrotoxicant cell injury in-
dependently of Ca 2 . This is more the case for iPLA 2 than 
cPLA2 or sPLA 2. iPLA 2 mediates cisplatin- and oxidant- 
induced nephrotoxicity in primary cultures of RPTC and 
several other renal cell lines. 174,267,287 The mechanisms in-
volved also include cleavage of phospholipids and release 
of lipid mediators, except Ca 2  is not involved in the initial 
phases of injury. 277,287

Most of our knowledge about the role of iPLA 2 in 
nephrotoxicant-induced cell injury is derived from stud-
ies using pharmacologic inhibitors, such as bromoenol lac-
tone.262 Studies using small interfering RNA also demon-
strate that inhibition of iPLA 2 isoforms (groups VIA and B, 
commonly called iPLA 2  and   ) induce cytostasis, apopto-
sis, and mitochondrial dysfunction in renal cell lines and 
primary cultures of RPTC. 277,288,289 These pathologies have 
been directly linked to changes in phospholipid metabo-
lism and release of fatty acids. 277,290 Genetically modi  ed 
mice lacking speci  c forms of iPLA 2 do exist, 291,292 but few 
studies have used these models to address roles of iPLA 2 in 
nephrotoxicant-induced cell injury. 

Similar to iPLA 2, much of the knowledge about the role 
of cPLA 2 in nephrotoxicant-induced cell injury is derived 
from studies using inhibitors such as arachidonyl tri  uoro-
methyl ketone or methyl arachidonyl   uorophosphonate. 262

Alteration of cPLA 2 activity using arachidonyl tri  uoromethyl 
ketone alters oxidant-induced renal cell necrosis in multiple 
renal cell models. 275,293 Genetically  altered mice lacking spe-
ci  c forms of cPLA 2 (group IV PLA 2 or cPLA 2 ) do exist, and 
suggest that these mice experience some alteration in kid-
ney function. 294,295 Few studies exist using knockout mouse 
models to study the role of cPLA 2 in nephrotoxicant-induced 
cell death. 

Compared to iPLA 2 and cPLA 2, less is known about 
the role of sPLA 2 in nephrotoxicity. Activation of sPLA 2 in-
creased cell death in renal carcinoma cells in correlation with 
membrane hydrolysis, 296 and mediated cell death induced 
by IL-1-stimulated release of fatty acids, such as arachidonic 
acid, in HEK293 cells. 297 Thus, sPLA 2 may mediate renal 
cell injury after in  ammation. 298,299 One role for sPLA 2 in 
nephrotoxicity is regulation of other PLA 2. This hypothesis 
is supported by studies in LLC-PK1 cells exposed to the oxi-
dants H 2O2 and menadione. 293 These studies suggest that 

needed for apoptosis. For example, caspase-2-directed per-
meabilization of the mitochondrial membrane results in 
the release of the pro-apoptotic proteins cytochrome c 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. 234,255–257 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. 258 The mechanisms involved in 
caspase-independent apoptosis in renal cells appear to in-
volve the activation of DNAases such as Endo G and AIF. 69

This is supported by studies in renal cells showing that cis-
platin-induced apoptosis is mediated by Endo G as opposed 
to caspases. 259,260

 Phospholipase A 2
Phospholipase A 2 (PLA 2) cleaves glycerophospholipids at 
the sn-2 ester bond, releasing fatty acids and lysophospho-
lipids.261 They are classi  ed into   ve different families: se-
cretory PLA 2 (sPLA 2), cytosolic PLA 2 (cPLA 2), platelet-acti-
vation factor (PAF) acetylhydrolases, lysosomal PLA 2, and 
calcium-independent PLA 2 (iPLA 2).261,262 These proteins 
have different substrate preferences, Ca 2 -dependencies,
and biochemical characteristics. Isoforms representing 
cPLA2, sPLA 2, and iPLA 2 are all expressed in human, rat, 
rabbit, and mouse kidneys. 263–269

PAF acetylhydrolase is expressed in microsomes and cy-
tosol in rat and human kidneys, 270,271 but information about 
its expression in renal epithelial cells is lacking. Lysosomal 
PLA2 is Ca 2 -independent and is an acidic hydrolases iden-
tical to peroxiredoxin 6. 272,273 Few studies exists assessing 
lysosomal PLA 2 expression in the kidney, but studies of per-
oxiredoxin 6 indicate that it is expressed in the proximal and 
distal tubules of rat kidneys. 274 The roles of PAF acetylhydro-
lase and lysosomal PLA 2 in nephrotoxicant-induced cellular 
injury are not well understood and deserve further study. 

PLA2 contribute to the mechanisms of cell injury 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 
PLA2 activation and the production of fatty acids and lyso-
phospholipids. This further enhances PLA 2 activity, which 
enhances phospholipid degradation to the point that mem-
brane integrity is lost and intracellular Ca 2  increases which 
facilitates cell swelling and the activation of sPLA 2.

Recently, roles for cPLA 2 and iPLA 2 in nephrotoxic-
ity have received much attention. Data from these studies 
demonstrate that PLA 2 mediates nephrotoxicant-induced 
cell injury in a cell- and toxicant-dependent manner. cPLA 2
or iPLA 2 is reported to mediate nephrotoxicity induced by 
oxalate, cisplatin, and iso  urane, as well as oxidants such 
as H 2O2, t-butylhydroperoxide, and menadione. 174,267,275,276

cPLA2 and iPLA 2 also mediate cell death induced by Fas and 
TNF- , hypoxia, anoxia, and ischemia/reperfusion. 72,67,277–280
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are often controlled by the function of speci  c organelles, 
such as the ER (Ca 2 ), the cell membrane (Ca 2 ), 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 tetra  uoroethyl- L-cysteine expo-
sure to RPTC, the rate of cell death is diminished, but the 
cells eventually die due to mitochondrial dysfunction (Fig. 
30.7).300 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 

PLA2 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 injury 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 2  and ATP. These mediators 

FIGURE 30.7 A: The time-dependent effects 
of deferoxamine (DEF) and N, N -diphenyl-
1,4-phenylenediamine (DPPD) on S-(1,1,2,2-
tetra  uoroethyl)-L-cysteine (TFEC)-induced 
cell death (lactate dehydrogenase [LDH] 
release) from rabbit renal proximal tubules. 
DEF and DPPD were added at the same time 
as TFEC (25  M). Values are means  SEM. 
Values at a given time point or within a given 
treatment with different superscripts are 
signi  cantly different from one another (P  
0.05). B: The time-dependent effects of DEF 
and DPPD on TFEC-induced lipid peroxida-
tion (malondialdehyde [MDA] formation) in 
rabbit renal proximal tubule suspensions. 
Values are means  SEM. Only the TFEC alone 
is signi  cantly different from controls (P  
0.05). (Adapted from Groves CE, Lock EA, 
Schnellmann RG. Role of lipid peroxidation in 
renal proximal tubule cell death induced by 
haloalkene cysteine conjugates. Toxicol Appl 
Pharmacol. 1991;107:54, with permission.)
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through oxidative phosphorylation or glycolysis, then the 
cell is 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. 55 As mentioned previously, 
cytosolic p53 can inhibit autophagy, 117 whereas caspases 
can cleave the pro-autophagic protein beclin-1. 55 Cleavage 
of beclin-1 by caspases is 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. 324,325 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). 189

Recent studies in renal cortical mitochondria suggest 
that an increase in Ca 2  in  ux activates mitochondrial cal-
pain 10, which induces mitochondrial dysfunction by cleav-
ing proteins in complex I of the electron transport chain 
(see previous text). 248,249,326 Such 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-speci  c phospholipid. Oxidation of cardiolipin results 
in cytochrome c release, 55 and oxidant- induced release of 
cytochrome c is reported to be preceded by cardiolipin per-
oxidation.327 These data may explain the protective effect of 
mitochondrial antioxidants 55 and may explain why inhibi-
tion of mitochondrial PLA 2 (iPLA 2 )-induced apoptosis in 
renal cells, such as this enzyme, is suggested to aid in repair 
of phospholipid oxidation. 55,277 Once released from cardio-
lipin, cytochrome c 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 detoxi  cation pathways, including 
those involving cytochrome P-450 and FMO. The ER is also 
a key regulator of cellular Ca 2  homeostasis. Under physi-
ologic conditions, ER Ca 2  is typically released after receptor 
activation through the binding of inositol triphosphate (IP 3)
to IP 3 receptors on the ER. Cytosolic free Ca 2  increases as 
a consequence of the ER Ca 2  release and is subsequently 

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. 301 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 1 and S 2 segments 
of the proximal tubules. 

Many nephrotoxicants cause mitochondrial dysfunction 
prior to cell death. For example, HgCl 2 altered mitochondrial 
function and mitochondria morphology in vivo in renal cor-
tical mitochondria prior to proximal tubule  necrosis. 302,303

When added to isolated rat renal cortical mitochondria, 
HgCl2 produced similar changes in various respiratory pa-
rameters.302,303 HgCl 2 also decreased mitochondrial function 
in rabbit RPTC prior to the onset of cell death. 304

The mechanism of mitochondrial dysfunction induced by 
nephrotoxicants is toxicant-speci  c. Pentachlorobutadienyl-
L-cysteine initially uncouples oxidative phosphorylation in 
RPTC cells by dissipating the proton gradient. 305–307 In con-
trast, tetra  uoroethyl- L-cysteine does not uncouple oxidative 
phosphorylation, but inhibits state-3 respiration by inhibiting 
sites I and II of the electron transport chain. 307 Other nephro-
toxicants that have been shown to affect mitochondrial func-
tion include cisplatin, 308,309 citrinin, 310–313 ochratoxin A, 314,315

cephaloridine,316,317 N-(3,5)-dichlorophenyl-succinimide, 318

DCVC,319,320 and 2-bromohydroquinone. 321

Mitochondria can act as primary or secondary media-
tors of necrosis, apoptosis, or autophagy. 55,322,323 When mi-
tochondria are the primary target of nephrotoxicants, release 
of cytochrome c 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.83 Mitochondria can also release caspase-independent 
DNAases such as Endo G and Omi (Fig. 30.4). 

As previously described, a key difference in 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. 82 If the mito-
chondrial membrane potential is 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 in  ux 
of Ca 2  into the mitochondria and the rupture of the inner 
and/or outer mitochondrial membranes. 82 In contrast, if the 
loss of membrane potential is slower and ATP is  maintained
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Several studies have shown that autophagy is induced 
by ER stress and ER Ca 2  release, 56,115,116,334 and some of 
these studies have been performed in kidney tissue and re-
nal cells. 56,116 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. 116 Additionally, tunicamycin 
or brefeldin A induced autophagy in immortalized rat proxi-
mal tubular cells. 115 Mechanisms involved in autophagy in-
duced by ER Ca 2  release have been discussed. 112

 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.118,335 Several heavy metals such as silver, gold, 
mercury, and copper can also react with the plasma mem-
brane and increase potassium permeability. 336,337 It remains 
to be determined how changes in potassium and proton per-
meability ultimately lead to cell death. 

Toxicants can disrupt cell volume and ion homeostasis 
by directly or indirectly inhibiting energy production. The 
loss of ATP inhibits 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   ef  ux and Na   in  ux and 
a decrease in the normally negative membrane potential. 338

The decrease in the negative membrane potential allows Cl  ,
as well as additional Na  , to enter down a concentration gra-
dient resulting in water in  ux and cellular swelling. Similar 
mechanisms can occur in 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). 219,339 Subsequent studies demonstrated that 
increases in Cl   in  ux occurred between 15 and 30 minutes, 
during the late stages of cellular injury, followed by cellular 
rupture. 340 Decreasing extracellular NaCl concentrations by 
50% with iso-osmotic substitution of mannitol decreased 
Cl  in  ux, cellular swelling, and cellular rupture. 341 Fur-
thermore, hyperosmotic incubation buffer decreased the cel-
lular swelling and cellular lysis but not the increased Cl   in-
  ux. 341 Thus, the delayed increase in Cl   in  ux may be the 
trigger for the water in  ux and additional Na   in  ux that 
provides the osmotic force for cellular swelling and rupture. 

Increased Cl   in  ux occurs during the late stages 
of cell injury in RPTC and LLC-PK1 cells exposed to a 
variety of injury stimuli and toxicants, including HgCl 2,
t-butylhydroperoxide, bromohydroquinone, tetra  uoro-
ethyl-L-cysteine, and hypoxia. 341,342 The mechanism by 

decreased by ER uptake via the smooth ER Ca 2 -ATPases 
(SERCA) or extrusion via the plasma membrane Ca 2 -
ATPase. Similar to the mitochondria, the ER can mediate 
necrosis, apoptosis, and autophagy. 

Schnellmann and colleagues demonstrated that ER Ca 2 

release is an important signaling pathway in RPTC necro-
sis.214,216 Speci  cally, depletion of ER Ca 2  stores with the 
SERCA inhibitors thapsigargin or cyclopiazonic acid prior 
to antimycin A or hypoxia exposure inhibited necrosis. 214,216

Also, Ca 2  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. 214,218,219,244

The cytoprotective effects of some stress proteins may 
be mediated through their ability to regulate ER Ca 2 . For 
example, iodoacetamide and DCVC can activate heat shock 
proteins (HSPs), calreticulin, and glucose related protein 78 
(GRP78) in LLC-PK1 cells. 328 HSPs are typically ER local-
ized proteins that are critical mediators of protein folding. 
Glucose-related protein 78 and calreticulin are Ca 2  bind-
ing proteins that aid in the sequestering of Ca 2  during tox-
ic stress. Sequestering of Ca 2  by these proteins may protect 
renal cells by preventing cellular oxidative stress induced 
by Ca 2 -mediated mitochondrial injury. 329,330 The increased 
expression of Ca 2 -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-  .109 A role for Ca 2  in calpain activation and 
subsequent activation of caspase has been described, as has a 
role for Ca 2  in induction of mitochondrial pore formation. It 
is suggested that the source of this Ca 2  is the ER. 55 ER Ca 2 

release is also known to mediate the activation of the murine 
caspase-12 in mouse RPTC. 331 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-   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 2  levels. 

ER Ca 2  release is also hypothesized to mediate apop-
tosis by receptor-mediated mechanisms. Studies in  nonrenal 
cells suggest that an ER Ca 2  receptor, type 3 inositol-1,4,5- 
trisphosphate (Ins[1,4,5]P 3), was upregulated in lymphocytes 
undergoing dexamethasone-induced apoptosis, 55,332 and that 
inhibition of Ins(1,4,5)P 3 receptors made  T-lymphocytes re-
sistant to apoptosis. 333 Interestingly, sensitivity to apoptosis 
in T-lymphocytes was restored after arti  cially increasing cy-
tosolic Ca 2 . It is possible that Ca 2  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. 

888



CHAPTER 30  PATHOPHYSIOLOGY OF NEPHROTOXIC CELL INJURY 889

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 speci  c pathology called 
 2u nephropathy.   2u-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  2u-globulin, which prevents its 
normal degradation in renal proximal tubular cells. 346,347  2u-
Globulin is synthesized in the liver of male rats under andro-
gen control. Serum   2u-globulin (18.7 kDa) is freely   ltered 
by the glomerulus with approximately half being reabsorbed 
via endocytosis in the S 2 segment of the proximal tubule. The 
binding of these agents to  2u-globulin inhibits its normal 
degradation and results in the accumulation of   2u-globulin 
in the proximal tubule. Over time, the size and number of ly-
sosomes increase, and characteristic protein-droplet morphol-
ogy is 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   2u-globulin to a 96 kDa 
membrane glycoprotein in male rat kidney lysosomes. 348

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   2u-globulin
into the lysosome, but also increases the rate of lysosomal 

which Cl   in  ux occurs under these conditions is still 
under study, but was inhibited by blockers of Ca 2 -acti-
vated Cl  channels (e.g., ni  umic acid, indanyloxyacetic 
acid [IAA-94], 5-nitro-2-[3]-phenylpropylamino-benzoate 
[NPPB], and diphenylamine-2-carboxylate [DPC]). 150–153

The Cl   in  ux 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. 341 Therefore, the Cl   in  ux that oc-
curs during the late phase of cell death may be through a 
Ca2 -activated Cl   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. 343,344 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 2 

receptors can directly mediate apoptosis 213; 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.345 Lysosomes contain hydrolytic enzymes that 

FIGURE 30.8 A: A schematic repre-
sentation of a normally functioning 
renal cell. Note that the inside of the 
cell is negative with respect to the 
outside, which decreases the ability 
of Cl  to enter the cell. B: The ad-
dition of a mitochondrial inhibitor 
such as antimycin A blocks cellular 
respiration, decreases ATP levels and 
Na -K -ATPase activity, increases 
Na  in  ux and K  ef  ux, and de-
creases the membrane potential. C:
Subsequently, there is an increase in 
Cl  in  ux (down the concentration 
gradient) by an unidenti  ed path-
way. D: The increase in Cl  in  ux 
results in water in  ux, increased Na 

in  ux, and cellular swelling. These 
processes provide the osmotic force 
that ultimately leads to cellular lysis.
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in at least three subcellular compartments (cytosol, mito-
chondria, nucleus). 353 Normally, GSH detoxi  es 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. 321

GSH also acts in conjunction with glutathione peroxi-
dase and glutathione reductase to neutralize ROS. This pro-
duces organic peroxide that is reduced to water and alcohol 
by glutathione peroxidase, forming glutathione disul  de 
(Fig. 30.6). Glutathione disul  des 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 354 reported that the lev-
els of glutathione peroxidase and   -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). 355

In order to protect against nephrotoxicant-induced cel-
lular injury, GSH must be able to cross plasma and organ-
elle membranes. The dicarboxylate carrier is 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. 356 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) is a very effective reducing 
agent and free radical scavenger and functions in the recy-
cling of the vitamin E radical back to vitamin E. 357 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. 321

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. 358–360

Increased recovery correlated to increased cell number and 
mitochondrial function. 358 Vitamin C may also improve re-
covery by promoting collagen deposition in the extracellular 
matrix.358 The effect of vitamin C was not the result of its an-
tioxidant function, because both t-butylhydroperoxide and 

transport of many proteins. Increased transport is a result 
of  2u-globulin-mediated increases in the level of the recep-
tor proteins in the lysosomal membrane. Thus,   2u-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. 

 2u-Globulin nephropathy is sex- and species-speci  c, 
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   2u-globulin-induced
nephropathy and renal tumors. The current evidence sug-
gest no because: (1) humans do not synthesize  2u-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   2u-globulin, do 
not bind to compounds that bind to  2u-globulin, or are sim-
ilar to proteins in female rats, male Black Reiter rats, rabbits, 
or guinea pigs that do not exhibit  2u-globulin nephropathy; 
and (4) mice excrete a low-molecular-weight urinary protein 
that is 90% homologous to  2u-globulin but do not exhibit 
 2u-globulin nephropathy and renal tumors after exposure 
to  2u-globulin nephropathy-inducing agents. 349

Aminoglycoside antibiotics also induce lysosomal dys-
function and cause acute renal failure (ARF) (see Chapter 
31).120,350,351 In this case, the aminoglycosides are   ltered, 
bound to anionic phospholipids in the brush border, re-
absorbed by endocytosis in the S 1 and S 2 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. 56,112,113,237

Basically, autophagosomes formed during autophagy fuse 
with the lysosomes, which leads to the degradation of cellular 
proteins. 112 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. 56,115,116,237,352 Because 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 is the pri-
mary cellular protectant and the most abundant cellular 
nonprotein thiol in cells. It is found in high concentrations 
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 Acidosis 
Acidosis is not a normal cellular defense mechanism per 
se; however, decreasing extracellular pH is cytoprotective 
in a variety of in vitro models of renal cell injury. 370,371 For 
example, reducing the extracellular pH to 6.8 to 7.0 pro-
tected against anoxia-induced cell death in isolated renal 
tubules.371–373 In addition, Rodeheaver and Schnellmann 370

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-tri  uoromethoxyphenylhydrazone,  oligomycin)
and ion 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-
jury is toxicant-speci  c. 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  detoxi  cation. 

It is unlikely that extracellular acidosis protects against 
nephrotoxic-induced renal cell injury by preserving mito-
chondrial function or ATP levels. 370–372 This hypothesis is 
supported by studies demonstrating that extracellular aci-
dosis initiated at various times after toxicant exposure was 
still cytoprotective. 238,371 For example, extracellular acidosis 
initiated 15 minutes after antimycin A or carbonyl cyanide- 
p-tri  uoromethoxy 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   in  ux that occurs in the late stages 
of cell injury. Extracellular acidosis initiated 2 hours after 
tetra  uoroethyl- 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 Cl   in  ux. 

 Peroxisomes and Peroxisomal Proliferating 
Activated Receptors 
Peroxisomes are membrane-bound vesicles that contain degra-
dative enzymes for fatty acids and amino acids. 345 Peroxisomes 
also contain catalase, which converts H 2O2 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 374 and the reduction 
in renal cell death following injury induced by gallic acid, 375

cisplatin,259,376 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. 377 At this time three different PPAR have been identi  ed 
and cloned (PPAR-  , PAR-  / , and PPAR-  ,).377 PPAR-  /  are 

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 (  -tocopherol) is a lipid-soluble antioxidant 
found in cell membranes. 361 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 is unreactive and is recycled back to vitamin E. 
Vitamin E suppresses cyclosporin A-mediated toxicity in 
vivo in rat renal kidneys by inhibiting lipid peroxidation. 362

Vitamin E also protects against cephaloridine-induced tox-
icity in freshly isolated rat proximal tubule cells. 363 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. 364 In addition, several other small amino acids with similar 
structure to glycine, including D- and L-alanine,   -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 is 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 
HgCl2.215,365 The mechanism of glycine cytoprotection has re-
mained elusive, but studies suggest that glycine acts during 
the terminal phase of cell injury. 365 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. 341,366 Strychnine binds 
to a low-af  nity binding site on the basolateral membrane of 
the rabbit RPT cell in a saturable and reversible manner at 
the same concentrations that are cytoprotective. 245 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    subunit. 366,367 The signal transduction pathway for 
the neuronal glycine receptor involves Cl  . Collectively, these 
studies suggest that glycine and strychnine are cytoprotective 
by directly or indirectly altering Cl   in  ux. 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 368 proposed that 
glycine is cytoprotective in hepatocytes through its ability 
to inhibit calpains. However, Edelstein and coworkers 246

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. 369 Later studies con  rmed that 
glycine does not directly affect calpain activity, but rather in-
hibited toxicant-mediated extracellular Ca 2  in  ux, calpain 
translocation, and Cl   in  ux. 369
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is 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 
speci  c 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). 

 Acknowledgments 
The authors would to thank Dr. Jennifer G. Schnellmann 
for critically reviewing this manuscript. Preparation of this 
chapter was supported by National Institutes of Health 
grants ES-04410 (RGS), ES-12239 (RGS), DK-62028 (RGS), 
VA Merit Award (RGS), and EB008153 (BSC). 

 REFERENCES 
 1. Son YO, Kook SH, Jang YS, et al. Critical role of poly(ADP-ribose) poly-
merase-1 in modulating the mode of cell death caused by continuous oxidative 
stress.  J Cell Biochem. 2009;108(4):989–997. 
 2. Duf  eld JS. Macrophages and immunologic in  ammation of the kidney. 
Semin Nephrol. 2010;30(3):234–254. 
 3. Sharfuddin AA, Molitoris BA. Pathophysiology of ischemic acute kidney 
injury.  Nat Rev Nephrol. 2011;7(4):189–200. 
 4. Li L, Okusa MD. Macrophages, dendritic cells, and kidney ischemia- 
reperfusion injury.  Semin Nephrol. 2010;30(3):268–277. 
 5. Goligorsky MS, DiBona GF. Pathogenetic role of Arg-Gly-Asp-recogniz-
ing integrins in acute renal failure.  Proc Natl Acad Sci U S A. 1993;90(12): 
5700–5704. 
 6. Noiri E, Gailit J, Sheth D, et al. Cyclic RGD peptides ameliorate ischemic 
acute renal failure in rats . Kidney Int. 1994;46(4):1050–1058. 
 7. Kootstra CJ, Van Der Giezen DM, Van Krieken JH, et al. Effective treatment 
of experimental lupus nephritis by combined administration of anti-CD11a and 
anti-CD54 antibodies . Clin Exp Immunol. 1997;108(2):324–332. 
 8. Rui-Mei L, Kara AU, Sinniah R. In situ analysis of adhesion molecule expres-
sion in kidneys infected with murine malaria . J Pathol. 1998;185(2):219–225. 
 9. Hallmann MA, Schnellmann RG. Dedifferentiation and redifferentiation in 
epithelial repair. In: McQueen CA, ed.  Comprehensive Toxicology, 2nd ed. Vol. 7, 
Renal Toxicology. Kidlington: Elsevier Ltd; 2010:151–167. 
 10. Kalluri R, Neilson EG. Epithelial-mesenchymal transition and its implica-
tions for   brosis . J Clin Invest. 2003;112(12):1776–1784. 
 11. Zeisberg M, Yang C, Martino M, et al. Fibroblasts derive from hepa-
tocytes in liver   brosis via epithelial to mesenchymal transition . J Biol Chem.
2007;282(32):23337–23347.
 12. Humphreys BD, Czerniak S, DiRocco DP, et al. Repair of injured proxi-
mal tubule does not involve specialized progenitors.  Proc Natl Acad Sci U S A.
2011;108(22):9226–9231.
 13. Nonclercq D, Toubeau G, Tulkens P, et al. Renal tissue injury and prolifera-
tive response after successive treatments with anticancer platinum derivatives and 
tobramycin. Virchows Arch B Cell Pathol Incl Mol Pathol. 1990;59(3):143–158. 
 14. Kovacs CJ, Braunschweiger PG, Schenken LL, et al. Proliferative defects 
in renal and intestinal epithelium after cis-dichlorodiammine platinum (II) . Br J 
Cancer. 1982;45(2):286–294. 
 15. Counts RS, Nowak G, Wyatt RD, et al. Nephrotoxicant inhibition of renal 
proximal tubule cell regeneration . Am J Physiol. 1995;269(2 Pt 2):F274–281. 
 16. Cummings BS, Lash LH. Mechanisms of toxicant-induced acute kidney in-
jury. In: McQueen CA, ed.  Comprehensive Toxicology, 2nd ed. Vol. 7. Kidlington: 
Elsevier; 2010:81–115. 
 17. Schnellmann RG, Kelly KJ. Phathophysiology of nephrotoxic actue renal 
failure. In: Schrier RW, ed.  Atlas of Diseases of the Kidney. Vol. 1. Washington, DC: 
Blackwell Sciences; 1999:15.11–15.14. 

detected in almost all tissues including the kidney cortex. 377–379

PPAR-   is present in distal medullary collecting ducts, glomer-
uli, and the renal microvasculature. 379,380 PPAR-   is expressed 
in the proximal tubule, medullary thick ascending limbs, and 
the glomerular mesangial cells. It is hypothesized that dif-
ferences in the distribution of PPAR isoforms may result in 
different mechanisms of protection between different cells. 

Toxicants that activate PPAR are structurally diverse 
and include plasticizers (di(2-ethyhexl)phthalate), 381 her-
bicides,382 hypolipidemic drugs (feno  brate, clo  brate, 
and clo  bric acid), 377 and antidiabetic drugs 377,383 (e.g., 
troglitazone and rosiglitazone). 383–385 Activators of PPAR 
increase the number of peroxisomes within the cell and in-
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. 381,382,386 Activators of PPAR 
isoforms also increase mitochondrial enzymes including 
carnitine palmitoyltransferase, medium chain acyl-CoA de-
hydrogenase, and pyruvate dehydrogenase complex. 376,379

The increase in these proteins is believed to be key in the 
protection against nephrotoxicants. 377,379,387

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-
  brate and WY14643 protect against ischemia/reperfusion-
induced renal cell dysfunction in rat kidneys. 379,388 In ad-
dition, knocking out PPAR-   increased cisplatin-induced 
renal cell apoptosis in mouse kidneys, in correlation with 
the release of Endo G from the mitochondria. 259

The mechanism of protection afforded by a PPAR-  
agonist against nephrotoxicant-induced renal cell injury 
correlates to increases in mitochondrial function. This is 
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. 376

Schnellmann and colleagues demonstrated that over-
expression of peroxisomal proliferator-activated receptor 
  coactivator-1   (PGC-1  ), the master regulator of mito-
chondrial biogenesis, induced mitochondrial biogenesis in 
renal proximal tubular cells. 252,389 Further, PGC-1   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-1   is a therapeutic target for stimulating 
renal cell recovery and regeneration after nephrotoxicity. 

 SPECIFIC TOXICANTS 
It is 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, 

 1. Son YO, Kook SH, Jang YS, et al. Critical role o  poly(ADP-ribose) poly-
merase-1 in modulating the mode o  cell death caused by continuous oxidative 
stress. J Cell Biochem. 2009;108(4):989–997.
http://www.ncbi.nlm.nih.gov/pubmed/19711368
 2. Du  eld JS. Macrophages and immunologic inf ammation o  the kidney. 
Semin Nephrol. 2010;30(3):234–254.
http://www.ncbi.nlm.nih.gov/pubmed/20620669
 3. Shar uddin AA, Molitoris BA. Pathophysiology o  ischemic acute kidney 
injury. Nat Rev Nephrol. 2011;7(4):189–200.
http://www.ncbi.nlm.nih.gov/pubmed/21364518
 4. Li L, Okusa MD. Macrophages, dendritic cells, and kidney ischemia-reper-
 usion injury. Semin Nephrol. 2010;30(3):268–277.
 5. Goligorsky MS, DiBona GF. Pathogenetic role o  Arg-Gly-Asp-recog-
niz-ing integrins in acute renal  ailure. Proc Natl Acad Sci U S A. 1993;90(12):  
5700–5704.
 6. Noiri E, Gailit J, Sheth D, et al. Cyclic RGD peptides ameliorate ischemic 
acute renal  ailure in rats. Kidney Int. 1994;46(4):1050–1058.
 7. Kootstra CJ, Van Der Giezen DM, Van Krieken JH, et al. E  ective treatment 
o  experimental lupus nephritis by combined administration o  anti-CD11a and 
anti-CD54 antibodies. Clin Exp Immunol. 1997;108(2):324–332.
http://www.ncbi.nlm.nih.gov/pubmed/9158106
 8. Rui-Mei L, Kara AU, Sinniah R. In situ analysis o  adhesion molecule 
expres-sion in kidneys in ected with murine malaria. J Pathol. 1998;185(2): 
219–225.
http://www.ncbi.nlm.nih.gov/pubmed/9713351
 9. Hallmann MA, Schnellmann RG. Dedi  erentiation and redi  erentiation in 
epithelial repair. In: McQueen CA, ed. Comprehensive Toxicology, 2nd ed. Vol. 7, 
Renal Toxicology. Kidlington: Elsevier Ltd; 2010:151–167.
 10. Kalluri R, Neilson EG. Epithelial-mesenchymal transition and its implica-
tions  or  brosis.J Clin Invest. 2003;112(12):1776–1784.
 11. Zeisberg M, Yang C, Martino M, et al. Fibroblasts derive  rom hepa-
tocytes in liver  brosis via epithelial to mesenchymal transition. J Biol Chem. 
2007;282(32):23337–23347.
 12. Humphreys BD, Czerniak S, DiRocco DP, et al. Repair o  injured proxi-
mal tubule does not involve specialized progenitors. Proc Natl Acad Sci U S A. 
2011;108(22):9226–9231.
 13. Nonclercq D, Toubeau G, Tulkens P, et al. Renal tissue injury and proli era-
tive response a ter successive treatments with anticancer platinum derivatives 
and tobramycin. Virchows Arch B Cell Pathol Incl Mol Pathol. 1990;59(3):143–158.
http://www.ncbi.nlm.nih.gov/pubmed/1980761
 14. Kovacs CJ, Braunschweiger PG, Schenken LL, et al. Proli erative de ects 
in renal and intestinal epithelium a ter cis-dichlorodiammine platinum (II). Br J 
Cancer. 1982;45(2):286–294.
http://www.ncbi.nlm.nih.gov/pubmed/7199350

892



CHAPTER 30  PATHOPHYSIOLOGY OF NEPHROTOXIC CELL INJURY 893

 45. Konig J. Uptake transporters of the human OATP family: molecular char-
acteristics, substrates, their role in drug-drug interactions, and functional conse-
quences of polymorphisms . Handb Exp Pharmacol. 2011;201:1–28. 
 46. Zolk O, Solbach TF, Konig J, et al. Functional characterization of the hu-
man organic cation transporter 2 variant p.270Ala  Ser. Drug Metab Dispos.
2009;37(6):1312–1318.
 47. Cheng X, Maher J, Chen C, et al. Tissue distribution and ontogeny of 
mouse organic anion transporting polypeptides (Oatps) . Drug Metab Dispos.
2005;33(7):1062–1073.
 48. Aleksunes LM, Augustine LM, Scheffer GL et al. Renal xenobiotic trans-
porters are differentially expressed in mice following cisplatin treatment .
 Toxicology. 2008;250(2–3):82–88. 
 49. Sekine Y, Takeda K, Ichijo H. The ASK1–MAP kinase signaling in ER stress 
and neurodegenerative diseases . Curr Mol Med. 2006;6(1):87–97. 
 50. Demeule M, Brossard M, Beliveau R. Cisplatin induced renal exspression of 
the P-glycoprotein and canalicular multispeci  c organic anion transporter . Am J 
Physiol. 1999;277(6 Pt 2):F832–840. 
 51. Joy MS, Nickeleit V, Hogan SL et al. Calcineurin inhibitor-induced neph-
rotoxicity and renal expression of P-glycoprotein.  Pharmacotherapy. 2005;25(6):
779–789.
 52. Demeule M, Brossard M, Turcotte S et al. Diallyl disul  de, a chemopreven-
tative agent in garlic, induces multidrug resistance-associated protein 2 expres-
sion. Biochem Biophys Res Commun. 2004;324(2):937–945. 
 53. Aleo MF, Morandini F, Bettoni F, et al. Endogenous thiols and MRP 
transporters contribute to Hg2  ef  ux in HgCl2–treated tubular MDCK cells .
 Toxicology. 2005;206(1):137–151. 
 54. Anglicheau D, Pallet N, Rabant M, et al. Role of P-glycoprotein in cy-
closporine cytotoxicity in the cyclosporine-sirolimus interaction . Kidney Int.
2006;70(6):1019–1025.
 55. Orrenius S, Nicotera P, Zhivotovsky B. Cell death mechanisms and their 
implications in toxicology.  Toxicol Sci. 2011;119(1):3–19. 
 56. Periyasamy-Thandavan S, Jiang M, Schoenlein P, et al. Autophagy: mo-
lecular machinery, regulation, and implications for renal pathophysiology . Am J 
Physiol Renal Physiol. 2009;297(2):F244–256. 
 57. Kohler C, Orrenius S, Zhivotovsky B. Evaluation of caspase activity in 
apoptotic cells . J Immunol Methods. 2002;265(1–2):97–110. 
 58. Chowdhury I, Tharakan B, Bhat GK. Caspases - An update.  Comp Biochem 
Physiol B Biochem Mol Biol. 2008;151(1):10–27. 
 59. Eckhart L, Ballaun C, Hermann M, et al. Identi  cation of novel mamma-
lian caspases reveals an important role of gene loss in shaping the human caspase 
repertoire . Mol Biol Evol. 2008;25(5):831–841. 
 60. Yang B, El Nahas AM, Fisher M, et al. Inhibitors directed towards caspase-1 
and -3 are less effective than pan caspase inhibition in preventing renal proximal 
tubular cell apoptosis . Nephron Exp Nephrol. 2004;96(2):e39–51. 
 61. Lash LH, Hueni SE, Putt DA. Apoptosis, necrosis, and cell proliferation in-
duced by S-(1,2–dichlorovinyl)-L-cysteine in primary cultures of human proxi-
mal tubular cells . Toxicol Appl Pharmacol. 2001;177(1):1–16. 
 62. Tsuruya K, Tokumoto M, Ninomiya T, et al. Antioxidant ameliorates 
cisplatin-induced renal tubular cell death through inhibition of death receptor-
mediated pathways . Am J Physiol Renal Physiol. 2003;285(2):F208–218. 
 63. Bijian K, Takano T, Papillon J, et al. Extracellular matrix regulates glo-
merular epithelial cell survival and proliferation . Am J Physiol Renal Physiol.
2004;286(2):F255–266.
 64. Horio M, Ito A, Matsuoka Y, et al. Apoptosis induced by hypertonicity 
in Madin Darley canine kidney cells: protective effect of betaine.  Nephrol Dial 
Transplant. 2001;16(3):483–490. 
 65. Sheikh-Hamad D, Cacini W, Buckley AR, et al. Cellular and molecular 
studies on cisplatin-induced apoptotic cell death in rat kidney . Arch Toxicol.
2004;78(3):147–155.
 66. Park MY, Lee RH, Lee SH, et al. Apoptosis induced by inhibition of con-
tact with extracellular matrix in mouse collecting duct cells. Nephron. 1999;83(4): 
341–351. 
 67. Schwerdt G, Freudinger R, Schuster C, et al. Inhibition of mitochondria 
and extracellular acidi  cation enhance achratoxin A-induced apoptosis in re-
nal collecting duct-derived MDCK-C7 cells. Cell Physiol Biochem. 2004;14(1–2):
47–56.
 68. Michea L, Combs C, Andrews P, et al. Mitochondrial dysfunction is an 
early event in high-NaCl-induced apoptosis of mIMCD3 cells . Am J Physiol Renal 
Physiol. 2002;282(6):F981–990. 
 69. Kitazumi I, Tsukahara M. Regulation of DNA fragmentation: the role of 
caspases and phosphorylation.  FEBS J. 2011;278(3):427–441. 
 70. Granville DJ, Shaw JR, Leong S, et al. Release of cytochrome c, bax migra-
tion, bid cleavage, and activation of caspases 2, 3, 6, 7, 8, and 9 during endothe-
lial cell apoptosis . Am J Pathol. 1999;155(4):1021–1025. 

 18. Cristofori P, Zanetti E, Fregona D, et al. Renal proximal tubule segment-
speci  c nephrotoxicity: an overview on biomarkers and histopathology . Toxicol 
Pathol. 2007;35(2):270–275. 
 19. Cummings BS, Parker JC, Lash LH. Role of cytochrome P450 and glutathi-
one S-transferase alpha in the metabolism and cytotoxicity of trichloroethylene 
in rat kidney . Biochem Pharmacol. 2000;59(5):531–543. 
 20. Wright SH, Dantzler WH. Molecular and cellular physiology of renal or-
ganic cation and anion transport . Physiol Rev. 2004;84(3):987–1049. 
 21. Jonker JW, Wagenaar E, Van Eijl S, et al. De  ciency in the organic cation 
transporters 1 and 2 (Oct1/Oct2 [Slc22a1/Slc22a2]) in mice abolishes renal se-
cretion of organic cations . Mol Cell Biol. 2003;23(21):7902–7908. 
 22. Ludwig T, Riethmuller C, Gekle M, et al. Nephrotoxicity of plati-
num complexes is related to basolateral organic cation transport . Kidney Int.
2004;66(1):196–202.
 23. Zalups RK, Ahmad S. Homocysteine and the renal epithelial transport and 
toxicity of inorganic mercury: role of basolateral transporter organic anion trans-
porter 1 . J Am Soc Nephrol. 2004;15(8):2023–2031. 
 24. Zalups RK, Barfuss DW. Renal organic anion transport system: a mecha-
nism for the basolateral uptake of mercury-thiol conjugates along the pars recta 
of the proximal tubule . Toxicol Appl Pharmacol. 2002;182(3):234–243. 
 25. Cheng X, Klaassen CD. Tissue distribution, ontogeny, and hormonal 
regulation of xenobiotic transporters in mouse kidneys . Drug Metab Dispos.
2009;37(11):2178–2185.
 26. Mikkaichi T, Suzuki T, Tanemoto M, et al. The organic anion transporter 
(OATP) family . Drug Metab Pharmacokinet. 2004;19(3):171–179. 
 27. Ernest S, Bello-Reuss E. Xenobiotic transport differences in mouse me-
sangial cell clones expressing mdr1 and mdr3 . Am J Physiol. 1996;270(3 Pt 1):
C910–919.
 28. Sweet DH. Renal organic cation and anion transport: From Physiol-
ogy to Genes. In: McQueen CA, ed. Comprehenisve Toxicology, 2nd ed. Vol. 7. 
Kidlington: Elsevier; 2010:23–53. 
 29. Sekine T, Miyazaki H, Endou H. Molecular physiology of renal organic 
anion transporters . Am J Physiol Renal Physiol. 2006;290(2):F251–261. 
 30. Lee W, Kim RB. Transporters and renal drug elimination . Annu Rev Phar-
macol Toxicol 2004;44:137–166. 
 31. Youngblood GL, Sweet DH. Identi  cation and functional assessment of the 
novel murine organic anion transporter Oat5 (Slc22a19) expressed in kidney .
Am J Physiol Renal Physiol. 2004;287(2):F236–244. 
 32. Dantzler WH, Evans KK, Groves CE, et al. Relation of cysteine conjugate 
nephrotoxicity to transport by the basolateral organic anion transport system 
in isolated S2 segments of rabbit proximal renal tubules . J Pharmacol Exp Ther.
1998;286(1):52–60.
 33. Choi MK, Song IS. Organic cation transporters and their pharmacoki-
netic and pharmacodynamic consequences . Drug Metab Pharmacokinet. 2008;
23(4):243–253.
 34. Pabla N, Murphy RF, Liu K, et al. The copper transporter Ctr1 contributes 
to cisplatin uptake by renal tubular cells during cisplatin nephrotoxicity . Am J 
Physiol Renal Physiol. 2009;296(3):F505–511. 
 35. Ciarimboli G, Ludwig T, Lang D, et al. Cisplatin nephrotoxicity is criti-
cally mediated via the human organic cation transporter 2 . Am J Pathol.
2005;167(6):1477–1484.
 36. Urakami Y. Molecular diversity of organic cation transporter (OCT) medi-
ating renal excretion of drugs.  Yakugaku Zasshi. 2002;122(11):957–965. 
 37. Ciarimboli G, Holle SK, Vollenbrocker B, et al. New clues for nephrotoxic-
ity induced by ifosfamide: preferential renal uptake via the human organic cation 
transporter 2 . Mol Pharm. 2011;8(1):270–279. 
 38. Jung N, Lehmann C, Rubbert A, et al. Relevance of the organic cation 
transporters 1 and 2 for antiretroviral drug therapy in human immunode  ciency 
virus infection . Drug Metab Dispos. 2008;36(8):1616–1623. 
 39. Minematsu T, Giacomini KM. Interactions of tyrosine kinase inhibitors 
with organic cation transporters and multidrug and toxic compound extrusion 
proteins . Mol Cancer Ther. 2011;10(3):531–539. 
 40. Zhang X, Groves CE, Bahn A, et al. Relative contribution of OAT and OCT 
transporters to organic electrolyte transport in rabbit proximal tubule . Am J 
Physiol Renal Physiol. 2004;287(5):F999–1010. 
 41. Groves CE, Nowak G, Morales M. Ochratoxin A secretion in primary cul-
tures of rabbit renal proximal tubule cells . J Am Soc Nephrol. 1999;10(1):13–20. 
 42. Bakhiya N, Arlt VM, Bahn A, et al. Molecular evidence for an involvement 
of organic anion transporters (OATs) in aristolochic acid nephropathy . Toxicology.
2009;264(1–2):74–79.
 43. Zalups RK, Ahmad S. Handling of cysteine S-conjugates of methylmercury 
in MDCK cells expressing human OAT1 . Kidney Int. 2005;68(4):1684–1699. 
 44. Anders MW, Elfarra AA, Lash LH. Cellular effects of reactive intermediates: 
nephrotoxicity of S-conjugates of amino acids . Arch Toxicol. 1987;60(1–3):103–108. 

 15.  Counts RS, Nowak G, Wyatt RD, et al. Nephrotoxicant inhibition o  renal 
proximal tubule cell regeneration. Am J Physiol. 1995;269(2 Pt 2):F274–281.
 16.  Cummings BS, Lash LH. Mechanisms o  toxicant-induced acute kidney 
injury. In: McQueen CA, ed. Comprehensive Toxicology, 2nd ed. Vol. 7. Kidlington: 
Elsevier; 2010:81–115.
 17.  Schnellmann RG, Kelly KJ. Phathophysiology o  nephrotoxic actue renal 
 ailure. In: Schrier RW, ed. Atlas of Diseases of the Kidney. Vol. 1. Washington, DC: 
Blackwell Sciences; 1999:15.11–15.14.
 18.  Cristo ori P, Zanetti E, Fregona D, et al. Renal proximal tubule segment-
speci c nephrotoxicity: an overview on biomarkers and histopathology. Toxicol 
Pathol. 2007;35(2):270–275.
http://www.ncbi.nlm.nih.gov/pubmed/17366321
 19.  Cummings BS, Parker JC, Lash LH. Role o  cytochrome P450 and glutathi-
one S-trans erase alpha in the metabolism and cytotoxicity o  trichloroethylene 
in rat kidney. Biochem Pharmacol. 2000;59(5):531–543.
 20.  Wright SH, Dantzler WH. Molecular and cellular physiology o  renal or-
ganic cation and anion transport. Physiol Rev. 2004;84(3):987–1049.
http://www.ncbi.nlm.nih.gov/pubmed/15269342
 21.  Jonker JW Wagenaar E, Van Eijl S, et al. De ciency in the organic cation 
transporters 1 and 2 (Oct1/Oct2 [Slc22a1/Slc22a2]) in mice abolishes renal se-
cretion o  organic cations. Mol Cell Biol. 2003;23(21):7902–7908.
http://www.ncbi.nlm.nih.gov/pubmed/14560032
 22.  Ludwig T, Riethmuller C, Gekle M, et al. Nephrotoxicity o  plati-
num complexes is related to basolateral organic cation transport. Kidney Int. 
2004;66(1):196–202.
 23.  Zalups RK, Ahmad S. Homocysteine and the renal epithelial transport and 
toxicity o  inorganic mercury: role o  basolateral transporter organic anion trans-
porter 1. J Am Soc Nephrol. 2004;15(8):2023–2031.
 24.  Zalups RK, Bar uss DW. Renal organic anion transport system: a mecha-
nism  or the basolateral uptake o  mercury-thiol conjugates along the pars recta 
o  the proximal tubule. Toxicol Appl Pharmacol. 2002;182(3):234–243.
http://www.ncbi.nlm.nih.gov/pubmed/12183103
 25.  Cheng X, Klaassen CD. Tissue distribution, ontogeny, and hormonal 
regulation o  xenobiotic transporters in mouse kidneys. Drug Metab Dispos. 
2009;37(11):2178–2185.
http://www.ncbi.nlm.nih.gov/pubmed/19679677
 26.  Mikkaichi T, Suzuki T, Tanemoto M, et al. The organic anion transporter 
(OATP)  amily. Drug Metab Pharmacokinet. 2004;19(3):171–179.
http://www.ncbi.nlm.nih.gov/pubmed/15499184
 27.  Ernest S, Bello-Reuss E. Xenobiotic transport di  erences in mouse me-sangial 
cell clones expressing mdr1 and mdr3. Am J Physiol. 1996;270(3 Pt 1): C910–919.
 28.  Sweet DH. Renal organic cation and anion transport: From Physiology to 
Genes. In: McQueen CA, ed. Comprehenisve Toxicology, 2nd ed. Vol. 7. Kidling-
ton: Elsevier; 2010:23–53.
 29.  Sekine T, Miyazaki H, Endou H. Molecular physiology o  renal organic 
anion transporters. Am J Physiol Renal Physiol. 2006;290(2):F251–261.
 30.  Lee W, Kim RB. Transporters and renal drug elimination. Annu Rev Phar-
macol Toxicol 2004;44:137–166.
http://www.ncbi.nlm.nih.gov/pubmed/14744242
 31.  Youngblood GL, Sweet DH. Identi cation and  unctional assessment o  the 
novel murine organic anion transporter Oat5 (Slc22a19) expressed in kidney. Am 
J Physiol Renal Physiol. 2004;287(2):F236–244.
 32.  Dantzler WH, Evans KK, Groves CE, et al. Relation o  cysteine conjugate 
nephrotoxicity to transport by the basolateral organic anion transport system 
in isolated S2 segments o  rabbit proximal renal tubules. J Pharmacol Exp Ther. 
1998;286(1):52–60.
http://www.ncbi.nlm.nih.gov/pubmed/9655841
 33.  Choi MK, Song IS. Organic cation transporters and their pharmacoki-
netic and pharmacodynamic consequences. Drug Metab Pharmacokinet. 2008; 
23(4):243–253.
http://www.ncbi.nlm.nih.gov/pubmed/18762711
 34.  Pabla N, Murphy RF, Liu K, et al. The copper transporter Ctr1 contributes 
to cisplatin uptake by renal tubular cells during cisplatin nephrotoxicity. Am J 
Physiol Renal Physiol. 2009;296(3):F505–511.
 35.  Ciarimboli G, Ludwig T, Lang D, et al. Cisplatin nephrotoxicity is 
critically mediated via the human organic cation transporter 2. Am J Pathol. 
2005;167(6):1477–1484.
 36.  Urakami Y. Molecular diversity o  organic cation transporter (OCT) medi-
ating renal excretion o  drugs. Yakugaku Zasshi. 2002;122(11):957–965.
http://www.ncbi.nlm.nih.gov/pubmed/12440152
 37.  Ciarimboli G, Holle SK, Vollenbrocker B, et al. New clues  or nephrotoxic-
ity induced by i os amide: pre erential renal uptake via the human organic cation 
transporter 2. Mol Pharm. 2011;8(1):270–279.
http://www.ncbi.nlm.nih.gov/pubmed/21077648

 38.  Jung N, Lehmann C, Rubbert A, et al. Relevance o  the organic cation 
transporters 1 and 2  or antiretroviral drug therapy in human immunode ciency 
virus in ection. Drug Metab Dispos. 2008;36(8):1616–1623.
 39.  Minematsu T, Giacomini KM. Interactions o  tyrosine kinase inhibitors 
with organic cation transporters and multidrug and toxic compound extrusion 
proteins. Mol Cancer Ther. 2011;10(3):531–539.
 40.  Zhang X, Groves CE, Bahn A, et al. Relative contribution o  OAT and OCT 
transporters to organic electrolyte transport in rabbit proximal tubule. Am J Phys-
iol Renal Physiol. 2004;287(5):F999–1010.
 41.  Groves CE, Nowak G, Morales M. Ochratoxin A secretion in primary cul-
tures o  rabbit renal proximal tubule cells. J Am Soc Nephrol. 1999;10(1):13–20.
http://www.ncbi.nlm.nih.gov/pubmed/9890304
 42.  Bakhiya N, Arlt VM, Bahn A, et al. Molecular evidence  or an involvement 
o  organic anion transporters (OATs) in aristolochic acid nephropathy. Toxicology. 
2009;264(1–2):74–79.
http://www.ncbi.nlm.nih.gov/pubmed/19643159
 43.  Zalups RK, Ahmad S. Handling o  cysteine S-conjugates o  methylmercury 
in MDCK cells expressing human OAT1. Kidney Int. 2005;68(4):1684–1699.
 44.  Anders MW, El arra AA, Lash LH. Cellular e  ects o  reactive intermedi-
ates: nephrotoxicity o  S-conjugates o  amino acids. Arch Toxicol. 1987;60(1–3): 
103–108.
 45.  Konig J. Uptake transporters o  the human OATP  amily: molecular char-
acteristics, substrates, their role in drug-drug interactions, and  unctional conse-
quences o  polymorphisms. Handb Exp Pharmacol. 2011;201:1–28.
 46.  Zolk O, Solbach TF, Konig J, et al. Functional characterization o  the 
human organic cation transporter 2 variant p.270Ala>Ser. Drug Metab Dispos. 
2009;37(6):1312–1318.
http://www.ncbi.nlm.nih.gov/pubmed/19251820
 47.  Cheng X, Maher J, Chen C, et al. Tissue distribution and ontogeny o  
mouse organic anion transporting polypeptides (Oatps). Drug Metab Dispos. 
2005;33(7):1062–1073.
http://www.ncbi.nlm.nih.gov/pubmed/15843488
 48.  Aleksunes LM, Augustine LM, Sche  er GL et al. Renal xenobiotic trans-
porters are di  erentially expressed in mice  ollowing cisplatin treatment. Toxicol-
ogy. 2008;250(2–3):82–88.
http://www.ncbi.nlm.nih.gov/pubmed/18640236
 49.  Sekine Y, Takeda K, Ichijo H. The ASK1–MAP kinase signaling in ER stress 
and neurodegenerative diseases. Curr Mol Med. 2006;6(1):87–97.
 50.  Demeule M, Brossard M, Beliveau R. Cisplatin induced renal exspression 
o  the P-glycoprotein and canalicular multispeci c organic anion transporter. Am 
J Physiol. 1999;277(6 Pt 2):F832–840.
 51.  Joy MS, Nickeleit V, Hogan SL et al. Calcineurin inhibitor-induced neph-
rotoxicity and renal expression o  P-glycoprotein. Pharmacotherapy. 2005;25(6): 
779–789.
 52.  Demeule M, Brossard M, Turcotte S et al. Diallyl disul de, a chemopreven-
tative agent in garlic, induces multidrug resistance-associated protein 2 expres-
sion. Biochem Biophys Res Commun. 2004;324(2):937–945.
http://www.ncbi.nlm.nih.gov/pubmed/15474518
 53.  Aleo MF, Morandini F, Bettoni F, et al. Endogenous thiols and MRP trans-
porters contribute to Hg2+ e f ux in HgCl2-treated tubular MDCK cells. Toxicol-
ogy. 2005;206(1):137–151.
http://www.ncbi.nlm.nih.gov/pubmed/15590114
 54.  Anglicheau D, Pallet N, Rabant M, et al. Role o  P-glycoprotein in cy-
closporine cytotoxicity in the cyclosporine-sirolimus interaction. Kidney Int. 
2006;70(6):1019–1025.
http://www.ncbi.nlm.nih.gov/pubmed/16837925
 55.  Orrenius S, Nicotera P, Zhivotovsky B. Cell death mechanisms and their 
implications in toxicology. Toxicol Sci. 2011;119(1):3–19.
 56.  Periyasamy-Thandavan S, Jiang M, Schoenlein P, et al. Autophagy:  
molecular machinery, regulation, and implications  or renal pathophysiology. Am 
J Physiol Renal Physiol. 2009;297(2):F244–256.
 57.  Kohler C, Orrenius S, Zhivotovsky B. Evaluation o  caspase activity in apo-
ptotic cells. J Immunol Methods. 2002;265(1–2):97–110.
 58.  Chowdhury I, Tharakan B, Bhat GK. Caspases - An update. Comp Biochem 
Physiol B Biochem Mol Biol. 2008;151(1):10–27.
http://www.ncbi.nlm.nih.gov/pubmed/18602321
 59.  Eckhart L, Ballaun C, Hermann M, et al. Identi cation o  novel mamma-
lian caspases reveals an important role o  gene loss in shaping the human caspase 
repertoire. Mol Biol Evol. 2008;25(5):831–841.
http://www.ncbi.nlm.nih.gov/pubmed/18281271
 60.  Yang B, El Nahas AM, Fisher M, et al. Inhibitors directed towards  
caspase-1 and -3 are less e  ective than pan caspase inhibition in preventing  
renal proximal tubular cell apoptosis. Nephron Exp Nephrol. 2004;96(2): 
e39–51.

893



894 SECTION V  ACUTE KIDNEY INJURY

 99. Li F, Mao HP, Ruchalski KL, et al. Heat stress prevents mitochondrial in-
jury in ATP-depleted renal epithelial cells . Am J Physiol Cell Physiol. 2002;283(3): 
C917–926. 
100. Susin SA, Zamzami N, Castedo M, et al. The central executioner of 
apoptosis: multiple connections between protease activation and mitochon-
dria in Fas/APO-1/CD95– and ceramide-induced apoptosis. J Exp Med. 1997;
186(1):25–37. 
101. Petit PX, Goubern M, Diolez P, et al. Disruption of the outer mitochon-
drial membrane as a result of large amplitude swelling: the impact of irreversible 
permeability transition. FEBS Lett. 1998;426(1):111–116. 
102. Norberg E, Gogvadze V, Ott M, et al. An increase in intracellular Ca2  is 
required for the activation of mitochondrial calpain to release AIF during cell 
death. Cell Death Differ. 2008;15(12):1857–1864. 
103. Liu L, Yang C, Herzog C, et al. Proteasome inhibitors prevent cisplatin-
induced mitochondrial release of apoptosis-inducing factor and markedly 
ameliorate cisplatin nephrotoxicity . Biochem Pharmacol. 2011;79(2):137–146. 
104. Mao WP, Ye JL, Guan ZB, et al. Cadmium induces apoptosis in human 
embryonic kidney (HEK) 293 cells by caspase-dependent and -independent 
pathways acting on mitochondria. Toxicol In Vitro. 2007;21(3):343–354. 
105. Seth R, Yang C, Kaushal V, et al. p53–dependent caspase-2 activation in 
mitochondrial release of apoptosis-inducing factor and its role in renal tubular 
epithelial cell injury . J Biol Chem. 2005;280(35):31230–31239. 
106. Kwon CH, Park JY, Kim TH, et al. Ciglitazone induces apoptosis via activa-
tion of p38 MAPK and AIF nuclear translocation mediated by reactive oxygen 
species and Ca(2 ) in opossum kidney cells . Toxicology. 2009;257(1–2):1–9. 
107. Roberts DL, Merrison W, MacFarlane M, et al. The inhibitor of apoptosis 
protein-binding domain of Smac is not essential for its proapoptotic activity.  J
Cell Biol. 2001;153(1):221–228. 
108. Tikoo A, O’Reilly L, Day CL, et al. Tissue distribution of Diablo/Smac 
revealed by monoclonal antibodies.  Cell Death Differ. 2002;9(7):710–716. 
109. Lorz C, Justo P, Sanz A, et al. Paracetamol-induced renal tubular injury: a 
role for ER stress . J Am Soc Nephrol. 2004;15(2):380–389. 
110. Faccio L, Fusco C, Chen A, et al. Characterization of a novel human serine 
protease that has extensive homology to bacterial heat shock endoprotease HtrA 
and is regulated by kidney ischemia . J Biol Chem. 2000;275(4):2581–2588. 
111. Cilenti L, Kyriazis GA, Soundarapandian MM, et al. Omi/HtrA2 protease 
mediates cisplatin-induced cell death in renal cells . Am J Physiol Renal Physiol.
2005;288(2):F371–379.
112. Harr MW, Distelhorst CW. Apoptosis and autophagy: decoding  calcium
signals that mediate life or death. Cold Spring Harb Perspect Biol. 2010;
2(10):a005579.
113. Klionsky DJ, Emr SD. Autophagy as a regulated pathway of cellular 
degradation. Science. 2000;290(5497):1717–1721. 
114. Lieberthal W. Macroautophagy: a mechanism for mediating cell death or 
for promoting cell survival?  Kidney Int. 2008;74(5):555–557. 
115. Kawakami T, Inagi R, Takano H, et al. Endoplasmic reticulum stress 
induces autophagy in renal proximal tubular cells.  Nephrol Dial Transplant.
2009;24(9):2665–2672.
116. Pallet N, Bouvier N, Legendre C, et al. Autophagy protects renal tubular 
cells against cyclosporine toxicity.  Autophagy. 2008;4(6):783–791. 
117. Green DR, Kroemer G. Cytoplasmic functions of the tumour suppressor 
p53. Nature. 2009;458(7242):1127–1130. 
118. Steinmetz PR, Husted, R.F. Amphotericin B toxicity for epithelial cells. In: 
Stein J, ed. Nephrotoxic Mechanisms of Drugs and Environmental Toxins. New York: 
Plenum; 1982. 
119. Wang E, Norred WP, Bacon CW, et al. Inhibition of sphingolipid bio-
synthesis by fumonisins. Implications for diseases associated with Fusarium 
moniliforme. J Biol Chem. 1991;266(22):14486–14490. 
120. Laurent G, Kishore BK, Tulkens PM. Aminoglycoside-induced re-
nal phospholipidosis and nephrotoxicity . Biochem Pharmacol. 1990;40(11):
2383–2392. 
121. Lock EA. Renal xenobiotic metabolism. In: McQueen CA, ed. Comprehen-
sive Toxicology, 2nd ed. Vol. 7. Kidlington: Elsevier; 2010:55–79. 
122. Cummings BS, Zangar RC, Novak RF, et al. Cellular distribution of 
cytochromes P-450 in the rat kidney . Drug Metab Dispos. 1999;27(4):542–548. 
123. Moran JH, Mitchell LA, Bradbury JA, et al. Analysis of the cytotoxic 
properties of linoleic acid metabolites produced by renal and hepatic P450s .
Toxicol Appl Pharmacol. 2000;168(3):268–279. 
124. Stec DE, Flasch A, Roman RJ, et al. Distribution of cytochrome P-450 
4A and 4F isoforms along the nephron in mice . Am J Physiol Renal Physiol.
2003;284(1):F95–102.
125. Schaaf GJ, de Groene EM, Maas RF, et al. Characterization of biotransfor-
mation enzyme activities in primary rat proximal tubular cells.  Chem Biol Interact.
2001;134(2):167–190.

 71. Sun XM, MacFarlane M, Zhuang J, et al. Distinct caspase cascades are 
initiated in receptor-mediated and chemical-induced apoptosis . J Biol Chem.
1999;274(8):5053–5060.
 72. Atsumi G, Tajima M, Hadano A, et al. Fas-induced arachidonic acid re-
lease is mediated by Ca2 -independent phospholipase A2 but not cytosolic 
phospholipase A2, which undergoes proteolytic inactivation . J Biol Chem.
1998;273(22):13870–13877.
 73. Kaushal GP, Kaushal V, Hong X, et al. Role and regulation of activation of 
caspases in cisplatin-induced injury to renal tubular epithelial cells . Kidney Int.
2001;60(5):1726–1736.
 74. Justo P, Lorz C, Sanz A, et al. Intracellular mechanisms of cyclosporin A-
induced tubular cell apoptosis . J Am Soc Nephrol. 2003;14(12):3072–3080. 
 75. Yang C, Kaushal V, Haun RS, et al. Transcriptional activation of caspase-6 
and -7 genes by cisplatin-induced p53 and its functional signi  cance in cisplatin 
nephrotoxicity.  Cell Death Differ. 2008;15(3):530–544. 
 76. Cummings BS, Schnellmann RG. Cisplatin-induced renal cell apopto-
sis: caspase 3–dependent and -independent pathways . J Pharmacol Exp Ther.
2002;302(1):8–17.
 77. Walisser JA, Thies RL. Poly(ADP-ribose) polymerase inhibition in oxidant-
stressed endothelial cells prevents oncosis and permits caspase activation and 
apoptosis. Exp Cell Res. 1999;251(2):401–413. 
 78. Park WH, Han YW, Kim SW, et al. Antimycin A induces apoptosis in As4.1 
juxtaglomerular cells. Cancer Lett. 2007;251(1):68–77. 
 79. Lash LH, Putt DA, Hueni SE, et al. Molecular markers of trichloro-
ethylene-induced toxicity in human kidney cells . Toxicol Appl Pharmacol.
2005;206(2):157–168.
 80. Salvesen GS, Dixit VM. Caspases: intracellular signaling by proteolysis. 
Cell. 1997;91(4):443–446. 
 81. Vu CC, Bortner CD, Cidlowski JA. Differential involvement of initiator 
caspases in apoptotic volume decrease and potassium ef  ux during Fas- and 
UV-induced cell death . J Biol Chem. 2001;276(40):37602–37611. 
 82. Lemasters JJ. V. Necrapoptosis and the mitochondrial permeability 
transition: shared pathways to necrosis and apoptosis . Am J Physiol. 1999;276
(1 Pt 1):G1–6. 
 83. Green DR, Reed JC. Mitochondria and apoptosis.  Science. 1998;281(5381): 
1309–1312. 
 84. Zhan Y, van de Water B, Wang Y, et al. The roles of caspase-3 and bcl-2 in 
chemically-induced apoptosis but not necrosis of renal epithelial cells.  Oncogene.
1999;18(47):6505–6512.
 85. Scarabelli TM, Stephanou A, Pasini E, et al. Different signaling pathways 
induce apoptosis in endothelial cells and cardiac myocytes during ischemia/ 
reperfusion injury.  Circ Res. 2002;90(6):745–748. 
 86. Susin SA, Zamzami N, Castedo M, et al. Bcl-2 inhibits the mitochondrial 
release of an apoptogenic protease.  J Exp Med. 1996;184(4):1331–1341. 
 87. Ruchalski K, Mao H, Singh SK, et al. HSP72 inhibits apoptosis-inducing 
factor release in ATP-depleted renal epithelial cells . Am J Physiol Cell Physiol.
2003;285(6):C1483–1493.
 88. Huang Q, Dunn RT II, Jayadev S, et al. Assessment of cisplatin-induced 
nephrotoxicity by microarray technology.  Toxicol Sci. 2001;63(2):196–207. 
 89. Justo P, Sanz A, Lorz C, et al. Expression of Smac/Diablo in tubular epithe-
lial cells and during acute renal failure . Kidney Int Suppl. 2003(86):S52–56. 
 90. Srinivasula SM, Datta P, Fan XJ, et al. Molecular determinants of the cas-
pase-promoting activity of Smac/DIABLO and its role in the death receptor path-
way. J Biol Chem. 2000;275(46):36152–36157. 
 91. Cilenti L, Kyriazis GA, Soundarapandian MM, et al. Omi/HtrA2 protease me-
diates cisplatin-induced cell death in renal cells . Am J Physiol Renal Physiol. 2004. 
 92. Trencia A, Fiory F, Maitan MA, et al. Omi/HtrA2 promotes cell death 
by binding and degrading the anti-apoptotic protein ped/pea-15 . J Biol Chem.
2004;279(45):46566–46572.
 93. Lutz RJ. Role of the BH3 (Bcl-2 homology 3) domain in the regulation of 
apoptosis and Bcl-2–related proteins.  Biochem Soc Trans. 2000;28(2):51–56. 
 94. Wei Q, Alam MM, Wang MH, et al. Bid activation in kidney cells fol-
lowing ATP depletion in vitro and ischemia in vivo . Am J Physiol Renal Physiol.
2004;286(4):F803–809.
 95. Messmer UK, Briner VA, Pfeilschifter J. Tumor necrosis factor-alpha and 
lipopolysaccharide induce apoptotic cell death in bovine glomerular endothelial 
cells. Kidney Int. 1999;55(6):2322–2337. 
 96. Saikumar P, Venkatachalam MA. Role of apoptosis in hypoxic/ischemic 
damage in the kidney.  Semin Nephrol. 2003;23(6):511–521. 
 97. Korsmeyer SJ. BCL-2 gene family and the regulation of programmed cell 
death. Cancer Res.. 1999;59(7 Suppl):1693s–1700s. 
 98. Wang J, Wei Q, Wang CY, et al. Minocycline up-regulates Bcl-2 and 
protects against cell death in mitochondria . J Biol Chem. 2004;279(19):
19948–19954.

 61.  Lash LH, Hueni SE, Putt DA. Apoptosis, necrosis, and cell proli eration in-
duced by S-(1,2-dichlorovinyl)-L-cysteine in primary cultures o  human proxi-
mal tubular cells. Toxicol Appl Pharmacol. 2001;177(1):1–16.
 62.  Tsuruya K, Tokumoto M, Ninomiya T, et al. Antioxidant ameliorates cispl-
atin-induced renal tubular cell death through inhibition o  death receptor- medi-
ated pathways. Am J Physiol Renal Physiol. 2003;285(2):F208–218.
 63.  Bijian K, Takano T, Papillon J, et al. Extracellular matrix regulates glo-
merular epithelial cell survival and proli eration. Am J Physiol Renal Physiol. 
2004;286(2):F255–266.
 64.  Horio M, Ito A, Matsuoka Y, et al. Apoptosis induced by hypertonicity in 
Madin Darley canine kidney cells: protective e  ect o  betaine. Nephrol Dial Trans-
plant. 2001;16(3):483–490.
http://www.ncbi.nlm.nih.gov/pubmed/11239020
 65.  Sheikh-Hamad D, Cacini W, Buckley AR, et al. Cellular and molecular 
studies on cisplatin-induced apoptotic cell death in rat kidney. Arch Toxicol. 
2004;78(3):147–155.
http://www.ncbi.nlm.nih.gov/pubmed/14551673
 66.  Park MY, Lee RH, Lee SH, et al. Apoptosis induced by inhibition o  contact 
with extracellular matrix in mouse collecting duct cells. Nephron. 1999;83(4): 
341–351.
 67.  Schwerdt G, Freudinger R, Schuster C, et al. Inhibition o  mitochondria 
and extracellular acidi cation enhance achratoxin A-induced apoptosis in re-
nal collecting duct-derived MDCK-C7 cells. Cell Physiol Biochem. 2004;14(1–2): 
47–56.
 68.  Michea L, Combs C, Andrews P, et al. Mitochondrial dys unction is an 
early event in high-NaCl-induced apoptosis o  mIMCD3 cells. Am J Physiol Renal 
Physiol. 2002;282(6):F981–990.
 69.  Kitazumi I, Tsukahara M. Regulation o  DNA  ragmentation: the role o  
caspases and phosphorylation. FEBS J. 2011;278(3):427–441.
http://www.ncbi.nlm.nih.gov/pubmed/21182594
 70.  Granville DJ, Shaw JR, Leong S, et al. Release o  cytochrome c, bax migra-
tion, bid cleavage, and activation o  caspases 2, 3, 6, 7, 8, and 9 during endothe-
lial cell apoptosis. Am J Pathol. 1999;155(4):1021–1025.
http://www.ncbi.nlm.nih.gov/pubmed/10514382
 71.  Sun XM, MacFarlane M, Zhuang J, et al. Distinct caspase cascades are 
initiated in receptor-mediated and chemical-induced apoptosis. J Biol Chem. 
1999;274(8):5053–5060.
 72.  Atsumi G, Tajima M, Hadano A, et al. Fas-induced arachidonic acid 
release is mediated by Ca2+ -independent phospholipase A2 but not cyto-
solic phospholipase A2, which undergoes proteolytic inactivation. J Biol Chem. 
1998;273(22):13870–13877.
 73.  Kaushal GP, Kaushal V, Hong X, et al. Role and regulation o  activation o  
caspases in cisplatin-induced injury to renal tubular epithelial cells. Kidney Int. 
2001;60(5):1726–1736.
http://www.ncbi.nlm.nih.gov/pubmed/11703590
 74.  Justo P, Lorz C, Sanz A, et al. Intracellular mechanisms o  cyclosporin A- 
induced tubular cell apoptosis. J Am Soc Nephrol. 2003;14(12):3072–3080.
http://www.ncbi.nlm.nih.gov/pubmed/14638906
 75.  Yang C, Kaushal V, Haun RS, et al. Transcriptional activation o  caspase-6 
and -7 genes by cisplatin-induced p53 and its  unctional signi cance in cisplatin 
nephrotoxicity. Cell Death Differ. 2008;15(3):530–544.
http://www.ncbi.nlm.nih.gov/pubmed/18064040
 76.  Cummings BS, Schnellmann RG. Cisplatin-induced renal cell apopto-
sis: caspase 3–dependent and -independent pathways. J Pharmacol Exp Ther. 
2002;302(1):8–17.
 77.  Walisser JA, Thies RL. Poly(ADP-ribose) polymerase inhibition in oxidant-
stressed endothelial cells prevents oncosis and permits caspase activation and 
apoptosis. Exp Cell Res. 1999;251(2):401–413.
http://www.ncbi.nlm.nih.gov/pubmed/10471325
 78.  Park WH, Han YW, Kim SW, et al. Antimycin A induces apoptosis in As4.1 
juxtaglomerular cells. Cancer Lett. 2007;251(1):68–77.
http://www.ncbi.nlm.nih.gov/pubmed/17189668
 79.  Lash LH, Putt DA, Hueni SE, et al. Molecular markers o  trichloro-
ethylene-induced toxicity in human kidney cells. Toxicol Appl Pharmacol. 
2005;206(2):157–168.
http://www.ncbi.nlm.nih.gov/pubmed/15967204
 80.  Salvesen GS, Dixit VM. Caspases: intracellular signaling by proteolysis. 
Cell. 1997;91(4):443–446.
 81.  Vu CC, Bortner CD, Cidlowski JA. Di  erential involvement o  initiator 
caspases in apoptotic volume decrease and potassium e f ux during Fas- and UV-
induced cell death. J Biol Chem. 2001;276(40):37602–37611.
 82.  Lemasters JJ. V. Necrapoptosis and the mitochondrial permeability transi-
tion: shared pathways to necrosis and apoptosis. Am J Physiol. 1999;276 (1 Pt 
1):G1–6.

 83.  Green DR, Reed JC. Mitochondria and apoptosis. Science. 1998;281(5381): 
1309–1312.
http://www.ncbi.nlm.nih.gov/pubmed/9721092
 84.  Zhan Y, van de Water B, Wang Y, et al. The roles o  caspase-3 and bcl-2 in 
chemically-induced apoptosis but not necrosis o  renal epithelial cells. Oncogene. 
1999;18(47):6505–6512.
http://www.ncbi.nlm.nih.gov/pubmed/10597253
 85.  Scarabelli TM, Stephanou A, Pasini E, et al. Di  erent signaling pathways 
induce apoptosis in endothelial cells and cardiac myocytes during ischemia/ rep-
er usion injury. Circ Res. 2002;90(6):745–748.
http://www.ncbi.nlm.nih.gov/pubmed/11934844
 86.  Susin SA, Zamzami N, Castedo M, et al. Bcl-2 inhibits the mitochondrial 
release o  an apoptogenic protease. J Exp Med. 1996;184(4):1331–1341.
 87.  Ruchalski K, Mao H, Singh SK, et al. HSP72 inhibits apoptosis-inducing 
 actor release in ATP-depleted renal epithelial cells. Am J Physiol Cell Physiol. 
2003;285(6):C1483–1493.
 88.  Huang Q, Dunn RT II, Jayadev S, et al. Assessment o  cisplatin-induced 
nephrotoxicity by microarray technology. Toxicol Sci. 2001;63(2):196–207.
http://www.ncbi.nlm.nih.gov/pubmed/11568363
 89.  Justo P, Sanz A, Lorz C, et al. Expression o  Smac/Diablo in tubular epithe-
lial cells and during acute renal  ailure. Kidney Int Suppl. 2003(86):S52–56.
 90.  Srinivasula SM, Datta P, Fan XJ, et al. Molecular determinants o  the cas-
pase-promoting activity o  Smac/DIABLO and its role in the death receptor path-
way. J Biol Chem. 2000;275(46):36152–36157.
 91.  Cilenti L, Kyriazis GA, Soundarapandian MM, et al. Omi/HtrA2 pro-
tease me-diates cisplatin-induced cell death in renal cells. Am J Physiol Renal  
Physiol. 2004.
 92.  Trencia A, Fiory F, Maitan MA, et al. Omi/HtrA2 promotes cell death 
by binding and degrading the anti-apoptotic protein ped/pea-15. J Biol Chem. 
2004;279(45):46566–46572.
http://www.ncbi.nlm.nih.gov/pubmed/15328349
 93.  Lutz RJ. Role o  the BH3 (Bcl-2 homology 3) domain in the regulation o  
apoptosis and Bcl-2–related proteins. Biochem Soc Trans. 2000;28(2):51–56.
 94.  Wei Q, Alam MM, Wang MH, et al. Bid activation in kidney cells  ol-
lowing ATP depletion in vitro and ischemia in vivo. Am J Physiol Renal Physiol. 
2004;286(4):F803–809.
 95.  Messmer UK, Briner VA, P eilschi ter J. Tumor necrosis  actor-alpha and 
lipopolysaccharide induce apoptotic cell death in bovine glomerular endothelial 
cells. Kidney Int. 1999;55(6):2322–2337.
 96.  Saikumar P, Venkatachalam MA. Role o  apoptosis in hypoxic/ischemic 
damage in the kidney. Semin Nephrol. 2003;23(6):511–521.
http://www.ncbi.nlm.nih.gov/pubmed/14631559
 97.  Korsmeyer SJ. BCL-2 gene  amily and the regulation o  programmed cell 
death. Cancer Res.. 1999;59(7 Suppl):1693s–1700s.
 98.  Wang J, Wei Q, Wang CY, et al. Minocycline up-regulates Bcl-2 and pro-
tects against cell death in mitochondria. J Biol Chem. 2004;279(19): 19948–
19954.
http://www.ncbi.nlm.nih.gov/pubmed/15004018
 99.  Li F, Mao HP, Ruchalski KL, et al. Heat stress prevents mitochondrial in-
jury in ATP-depleted renal epithelial cells. Am J Physiol Cell Physiol. 2002;283(3): 
C917–926.
http://www.ncbi.nlm.nih.gov/pubmed/12176748
 100.  Susin SA, Zamzami N, Castedo M, et al. The central executioner o  apop-
tosis: multiple connections between protease activation and mitochondria in Fas/
APO-1/CD95- and ceramide-induced apoptosis. J Exp Med. 1997; 186(1):25–37.
http://www.ncbi.nlm.nih.gov/pubmed/9206994
 101.  Petit PX, Goubern M, Diolez P, et al. Disruption o  the outer mitochon-
drial membrane as a result o  large amplitude swelling: the impact o  irreversible 
permeability transition. FEBS Lett. 1998;426(1):111–116.
http://www.ncbi.nlm.nih.gov/pubmed/9598989
 102.  Norberg E, Gogvadze V, Ott M, et al. An increase in intracellular Ca2+ is 
required  or the activation o  mitochondrial calpain to release AIF during cell 
death. Cell Death Differ. 2008;15(12):1857–1864.
http://www.ncbi.nlm.nih.gov/pubmed/18806756
 103.  Liu L, Yang C, Herzog C, et al. Proteasome inhibitors prevent cisplatin-
induced mitochondrial release o  apoptosis-inducing  actor and markedly ame-
liorate cisplatin nephrotoxicity. Biochem Pharmacol. 2011;79(2):137–146.
http://www.ncbi.nlm.nih.gov/pubmed/19699182
 104.  Mao WP, Ye JL, Guan ZB, et al. Cadmium induces apoptosis in human 
embryonic kidney (HEK) 293 cells by caspase-dependent and -independent 
pathways acting on mitochondria. Toxicol In Vitro. 2007;21(3):343–354.
 105.  Seth R, Yang C, Kaushal V, et al. p53–dependent caspase-2 activation in 
mitochondrial release o  apoptosis-inducing  actor and its role in renal tubular 
epithelial cell injury. J Biol Chem. 2005;280(35):31230–31239.

894



CHAPTER 30  PATHOPHYSIOLOGY OF NEPHROTOXIC CELL INJURY 895

149. Zalups RK. Organic anion transport and action of gamma-glutamyl trans-
peptidase in kidney linked mechanistically to renal tubular uptake of inorganic 
mercury . Toxicol Appl Pharmacol. 1995;132(2):289–298. 
150. Monks TJ, Lo HH, Lau SS. Oxidation and acetylation as determinants of 
2–bromocystein-S-ylhydroquinone-mediated nephrotoxicity.  Chem Res Toxicol.
1994;7(4):495–502.
151. Birge RB, Bartolone JB, Hart SG, et al. Acetaminophen hepatotoxicity: 
correspondence of selective protein arylation in human and mouse liver in vitro, 
in culture, and in vivo . Toxicol Appl Pharmacol. 1990;105(3):472–482. 
152. Birner G, Vamvakas S, Dekant W, et al. Nephrotoxic and genotoxic N-
acetyl-S-dichlorovinyl-L-cysteine is a urinary metabolite after occupational 
1,1,2–trichloroethene exposure in humans: implications for the risk of trichloro-
ethene exposure.  Environ Health Perspect. 1993;99:281–284. 
153. Bruning T, Vamvakas S, Makropoulos V, et al. Acute intoxication with tri-
chloroethene: clinical symptoms, toxicokinetics, metabolism, and development 
of biochemical parameters for renal damage.  Toxicol Sci. 1998;41(2):157–165. 
154. Lochhead KM, Kharasch ED, Zager RA. Spectrum and subcellular deter-
minants of   uorinated anesthetic-mediated proximal tubular injury . Am J Pathol.
1997;150(6):2209–2221.
155. Halliwell B, Gutteridge JM, Cross CE. Free radicals, antioxidants, and hu-
man disease: where are we now?  J Lab Clin Med. 1992;119(6):598–620. 
156. Baliga R, Zhang Z, Baliga M, et al. Role of cytochrome P-450 as a source 
of catalytic iron in cisplatin-induced nephrotoxicity . Kidney Int. 1998;54(5): 
1562–1569. 
157. Baliga R, Zhang Z, Baliga M, et al. In vitro and in vivo evidence suggest-
ing a role for iron in cisplatin-induced nephrotoxicity . Kidney Int. 1998;53(2): 
394–401. 
158. Walker PD, Shah SV. Gentamicin enhanced production of hydrogen perox-
ide by renal cortical mitochondria . Am J Physiol. 1987;253(4 Pt 1):C495–499. 
159. Lund BO, Miller DM, Woods JS. Studies on Hg(II)-induced H2O2 forma-
tion and oxidative stress in vivo and in vitro in rat kidney mitochondria . Biochem 
Pharmacol. 1993;45(10):2017–2024. 
160. Brown PC, Dulik DM, Jones TW. The toxicity of menadione (2–methyl-1,4–
naphthoquinone) and two thioether conjugates studied with isolated renal epi-
thelial cells. Arch Biochem Biophys. 1991;285(1):187–196. 
161. Schnellmann RG, Monks TJ, Mandel LJ, et al. 2–Bromohydroquinone-
induced toxicity to rabbit renal proximal tubules: the role of biotransformation, 
glutathione, and covalent binding . Toxicol Appl Pharmacol. 1989;99(1):19–27. 
162. Fukino H, Hirai M, Hsueh YM, et al. Effect of zinc pretreatment on mercu-
ric chloride-induced lipid peroxidation in the rat kidney . Toxicol Appl Pharmacol.
1984;73(3):395–401.
 163. Sevanian A, Wratten ML, McLeod LL, et al. Lipid peroxidation and phospho-
lipaes A 2 activity in liposomes composed of unsaturated phospholipids: a struc-
tural basis for enzyme activation. Biochem Biophys Acta. 1988;961(3):316–327. 
164. Beuter W, Cojocel C, Muller W, et al. Peroxidative damage and nephrotox-
icity of dichlorovinylcysteine in mice.  J Appl Toxicol. 1989;9(3):181–186. 
165. Wang C, Salahudeen AK. Cyclosporine nephrotoxicity: attenuation by an 
antioxidant-inhibitor of lipid peroxidation in vitro and in vivo.  Transplantation.
1994;58(8):940–946.
166. Lieberthal W, Triaca V, Levine J. Mechanisms of death induced by cis-
platin in proximal tubular epithelial cells: apoptosis vs. necrosis . Am J Physiol.
1996;270(4 Pt 2):F700–708. 
167. Hannemann J, Baumann K. Cisplatin-induced lipid peroxidation and de-
crease of gluconeogenesis in rat kidney cortex: different effects of antioxidants 
and radical scavengers . Toxicology. 1988;51(2–3):119–132. 
168. Price PM, Sa  rstein RL, Megyesi J. The cell cycle and acute kidney injury .
Kidney Int. 2009;76(6):604–613. 
169. Jiang M, Dong Z. Regulation and pathological role of p53 in cisplatin 
nephrotoxicity . J Pharmacol Exp Ther. 2008;327(2):300–307. 
170. Megyesi J, Andrade L, Vieira JM Jr, et al. Positive effect of the induction 
of p21WAF1/CIP1 on the course of ischemic acute renal failure . Kidney Int.
2001;60(6):2164–2172.
171. Nowak G, Price PM, Schnellmann RG. Lack of a functional p21WAF1/
CIP1 gene accelerates caspase-independent apoptosis induced by cisplatin in re-
nal cells . Am J Physiol Renal Physiol. 2003;285(3):F440–F450. 
172. Megyesi J, Udvarhelyi N, Sa  rstein RL, et al. The p53–independent acti-
vation of transcription of p21 WAF1/CIP1/SDI1 after acute renal failure . Am J 
Physiol. 1996;271(6 Pt 2):F1211–1216. 
173. Choi BH, Kim CG, Bae YS, et al. p21 Waf1/Cip1 expression by curcumin in 
U-87MG human glioma cells: role of early growth response-1 expression . Cancer 
Res. 2008;68(5):1369–1377. 
174. Cummings BS, McHowat J, Schnellmann RG. Role of an endoplasmic re-
ticulum Ca2  -independent phospholipase A2 in cisplatin-induced renal cell 
apoptosis. J Pharmacol Exp Ther. 2004;308(3):921–928. 

126. Cummings BS, Lasker JM, Lash LH. Expression of  glutathione-dependent 
enzymes and cytochrome P450s in freshly isolated and primary  cultures 
of proximal tubular cells from human kidney . J Pharmacol Exp Ther.
2000;293(2):677–685. 
127. Lasker JM, Chen WB, Wolf I, et al. Formation of 20–hydroxyeicosatet-
raenoic acid, a vasoactive and natriuretic eicosanoid, in human kidney. Role of 
Cyp4F2 and Cyp4A11 . J Biol Chem. 2000;275(6):4118–4126. 
128. Smith JH. Role of renal metabolism in chloroform nephrotoxicity. 
Comments Toxicol. 1986;1:125. 
 129. Hu JJ, Lee MJ, Vapiwala M, et al. Sex-related differences in mouse renal me-
tabolism and toxicity of acetaminophen . Toxicol Appl Pharmacol. 1993;122(1):16–26. 
130. Smith JH, Maita K, Sleight SD, et al. Effect of sex hormone status on 
chloroform nephrotoxicity and renal mixed function oxidases in mice .  Toxicology.
1984;30(4):305–316.
131. Lash LH. Role of metabolism in chemically induced nephrotoxicity. In: 
Goldstein RS, ed. Mechanisms of Injury in Renal Disease and Toxicity. Boca Raton:
CRC Press; 1994. 
132. Hu JJ, Rhoten WB, Yang CS. Mouse renal cytochrome P450IIE1: immuno-
cytochemical localization, sex-related difference and regulation by testosterone .
Biochem Pharmacol. 1990;40(12):2597–2602. 
133. Hart SG, Cartun RW, Wyand DS, et al. Immunohistochemical  localization
of acetaminophen in target tissues of the CD-1 mouse: correspondence of 
covalent binding with toxicity.  Fundam Appl Toxicol. 1995;24(2):260–274. 
134. Bartolone JB, Birge RB, Bulera SJ, et al. Puri  cation, antibody production, 
and partial amino acid sequence of the 58–kDa acetaminophen-binding liver 
proteins . Toxicol Appl Pharmacol. 1992;113(1):19–29. 
135. Pumford NR, Halmes NC, Martin BM, et al. Covalent binding of acetamin-
ophen to N-10–formyltetrahydrofolate dehydrogenase in mice . J Pharmacol Exp 
Ther. 1997;280(1):501–505. 
136. Hoivik DJ, Manautou JE, Tveit A, et al. Gender-related differences in 
susceptibility to acetaminophen-induced protein arylation and nephrotoxicity in 
the CD-1 mouse . Toxicol Appl Pharmacol. 1995;130(2):257–271. 
137. Halmes NC, Hinson JA, Martin BM, et al. Glutamate dehydrogenase 
covalently binds to a reactive metabolite of acetaminophen.  Chem Res Toxicol.
1996;9(2):541–546.
138. Ripp SL, Overby LH, Philpot RM, et al. Oxidation of cysteine S-con-
jugates by rabbit liver microsomes and cDNA-expressed   avin-containing 
mono-oxygenases: studies with S-(1,2–dichlorovinyl)-L-cysteine, S-(1,2,2–
trichlorovinyl)-L-cysteine, S-allyl-L-cysteine, and S-benzyl-L-cysteine . Mol Phar-
ma. 1997;51(3):507–515. 
139. Mani C, Kupfer D. Cytochrome P-450–mediated activation and irreversible 
binding of the antiestrogen tamoxifen to proteins in rat and human liver: pos-
sible involvement of   avin-containing monooxygenases in tamoxifen  activation.
Cancer Res. 1991;51(22):6052–6058. 
140. Novick RM, Mitzey AM, Brown  eld MS, et al. Differential localization of 
  avin-containing monooxygenase (FMO) isoforms 1, 3, and 4 in rat liver and 
kidney and evidence for expression of FMO4 in mouse, rat, and human liver and 
kidney microsomes . J Pharmacol Exp Ther. 2009;329(3):1148–1155. 
141. Krause RJ, Lash LH, Elfarra AA. Human kidney   avin-containing mono-
oxygenases and their potential roles in cysteine s-conjugate metabolism and 
nephrotoxicity . J Pharmacol Exp Ther. 2003;304(1):185–191. 
142. Janmohamed A, Hernandez D, Phillips IR, et al. Cell-, tissue-, sex- 
and developmental stage-speci  c expression of mouse   avin-containing 
monooxygenases (Fmos) . Biochem Pharmacol. 2004;68(1):73–83. 
143. Lash LH, Putt DA, Hueni SE, et al. Roles of necrosis, apoptosis, and mito-
chondrial dysfunction in S-(1,2–dichlorovinyl)-L-cysteine sulfoxide-induced cy-
totoxicity in primary cultures of human renal proximal tubular cells . J Pharmacol 
Exp Ther. 2003;305(3):1163–1172. 
144. Kharasch ED, Jubert C. Compound A uptake and metabolism to mercap-
turic acids and 3,3,3–tri  uoro-2–  uoromethoxypropanoic acid during low-  ow 
sevo  urane anesthesia: biomarkers for exposure, risk assessment, and interspe-
cies comparison. Anesthesiology. 1999;91(5):1267–1278. 
145. Rankin GO, Hong SK, Anestis DK, et al. Mechanistic aspects of 
4–amino-2,6–dichlorophenol-induced in vitro nephrotoxicity . Toxicology.
2008;245(1–2):123–129.
146. Furnes B, Schlenk D. Extrahepatic metabolism of carbamate and organo-
phosphate thioether compounds by the   avin-containing monooxygenase and 
cytochrome P450 systems . Drug Metab Dispos. 2005;33(2):214–218. 
147. Jakobsson PJ, Thoren S, Morgenstern R, et al. Identi  cation of human prosta-
glandin E synthase: a microsomal, glutathione-dependent, inducible enzyme, consti-
tuting a potential novel drug target.  Proc Natl Acad Sci U S A. 1999;96(13):7220–7225. 
148. Rozell B, Hansson HA, Guthenberg C, et al. Glutathione transferases of 
classes alpha, mu and pi show selective expression in different regions of rat 
kidney.  Xenobiotica. 1993;23(8):835–849. 

 106.  Kwon CH, Park JY, Kim TH, et al. Ciglitazone induces apoptosis via  
activa-tion o  p38 MAPK and AIF nuclear translocation mediated by reactive  
oxygen species and Ca(2+) in opossum kidney cells. Toxicology. 2009;257(1–2): 
1–9.
 107.  Roberts DL, Merrison W, MacFarlane M, et al. The inhibitor o  apoptosis 
protein-binding domain o  Smac is not essential  or its proapoptotic activity. J 
Cell Biol. 2001;153(1):221–228.
http://www.ncbi.nlm.nih.gov/pubmed/11285287
 108.  Tikoo A, O’Reilly L, Day CL, et al. Tissue distribution o  Diablo/Smac  
revealed by monoclonal antibodies. Cell Death Differ. 2002;9(7):710–716.
http://www.ncbi.nlm.nih.gov/pubmed/12058276
 109.  Lorz C, Justo P, Sanz A, et al. Paracetamol-induced renal tubular injury:  
a role  or ER stress. J Am Soc Nephrol. 2004;15(2):380–389.
http://www.ncbi.nlm.nih.gov/pubmed/14747384
 110.  Faccio L, Fusco C, Chen A, et al. Characterization o  a novel human  
serine protease that has extensive homology to bacterial heat shock endopro-
tease HtrA and is regulated by kidney ischemia. J Biol Chem. 2000;275(4): 
2581–2588.
 111.  Cilenti L, Kyriazis GA, Soundarapandian MM, et al. Omi/HtrA2 protease 
mediates cisplatin-induced cell death in renal cells. Am J Physiol Renal Physiol. 
2005;288(2):F371–379.
 112.  Harr MW, Distelhorst CW. Apoptosis and autophagy: decoding cal-
cium signals that mediate li e or death. Cold Spring Harb Perspect Biol. 2010; 
2(10):a005579.
 113.  Klionsky DJ, Emr SD. Autophagy as a regulated pathway o  cellular degra-
dation. Science. 2000;290(5497):1717–1721.
http://www.ncbi.nlm.nih.gov/pubmed/11099404
 114.  Lieberthal W. Macroautophagy: a mechanism  or mediating cell death or 
 or promoting cell survival? Kidney Int. 2008;74(5):555–557.
http://www.ncbi.nlm.nih.gov/pubmed/18709025
 115.  Kawakami T, Inagi R, Takano H, et al. Endoplasmic reticulum stress 
induces autophagy in renal proximal tubular cells. Nephrol Dial Transplant. 
2009;24(9):2665–2672.
http://www.ncbi.nlm.nih.gov/pubmed/19454529
 116.  Pallet N, Bouvier N, Legendre C, et al. Autophagy protects renal tubular 
cells against cyclosporine toxicity. Autophagy. 2008;4(6):783–791.
http://www.ncbi.nlm.nih.gov/pubmed/18628650
 117.  Green DR, Kroemer G. Cytoplasmic  unctions o  the tumour suppressor 
p53. Nature. 2009;458(7242):1127–1130.
 118.  Steinmetz PR, Husted, R.F. Amphotericin B toxicity  or epithelial cells. In: 
Stein J, ed. Nephrotoxic Mechanisms of Drugs and Environmental Toxins. New York: 
Plenum; 1982.
 119.  Wang E, Norred WP, Bacon CW, et al. Inhibition o  sphingolipid biosyn-
thesis by  umonisins. Implications  or diseases associated with Fusarium monili-
 orme. J Biol Chem. 1991;266(22):14486–14490.
http://www.ncbi.nlm.nih.gov/pubmed/1860857
 120.  Laurent G, Kishore BK, Tulkens PM. Aminoglycoside-induced renal phos-
pholipidosis and nephrotoxicity. Biochem Pharmacol. 1990;40(11): 2383–2392.
 121.  Lock EA. Renal xenobiotic metabolism. In: McQueen CA, ed. Comprehen-
sive Toxicology, 2nd ed. Vol. 7. Kidlington: Elsevier; 2010:55–79.
 122.  Cummings BS, Zangar RC, Novak RF, et al. Cellular distribution o  cyto-
chromes P-450 in the rat kidney. Drug Metab Dispos. 1999;27(4):542–548.
 123.  Moran JH, Mitchell LA, Bradbury JA, et al. Analysis o  the cytotoxic prop-
erties o  linoleic acid metabolites produced by renal and hepatic P450s. Toxicol 
Appl Pharmacol. 2000;168(3):268–279.
http://www.ncbi.nlm.nih.gov/pubmed/11042099
 124.  Stec DE, Flasch A, Roman RJ, et al. Distribution o  cytochrome P-450 
4A and 4F iso orms along the nephron in mice. Am J Physiol Renal Physiol. 
2003;284(1):F95–102.
 125.  Schaa  GJ, de Groene EM, Maas RF, et al. Characterization o  biotrans or-
mation enzyme activities in primary rat proximal tubular cells. Chem Biol Interact. 
2001;134(2):167–190.
http://www.ncbi.nlm.nih.gov/pubmed/11311212
 126.  Cummings BS, Lasker JM, Lash LH. Expression o  glutathione-depend-
ent enzymes and cytochrome P450s in  reshly isolated and primary cultures o  
proximal tubular cells  rom human kidney. J Pharmacol Exp Ther. 2000;293(2): 
677–685.
http://www.ncbi.nlm.nih.gov/pubmed/10773044
 127.  Lasker JM, Chen WB, Wol  I, et al. Formation o  20–hydroxyeicosatet-
raenoic acid, a vasoactive and natriuretic eicosanoid, in human kidney. Role o  
Cyp4F2 and Cyp4A11. J Biol Chem. 2000;275(6):4118–4126.
http://www.ncbi.nlm.nih.gov/pubmed/10660572
 128.  Smith JH. Role o  renal metabolism in chloro orm nephrotoxicity. Com-
ments Toxicol. 1986;1:125.

 129.  Hu JJ, Lee MJ, Vapiwala M, et al. Sex-related di  erences in mouse re-
nal me-tabolism and toxicity o  acetaminophen. Toxicol Appl Pharmacol. 
1993;122(1):16–26.
http://www.ncbi.nlm.nih.gov/pubmed/8378930
 130.  Smith JH, Maita K, Sleight SD, et al. E  ect o  sex hormone status on chlo-
ro orm nephrotoxicity and renal mixed  unction oxidases in mice. Toxicology. 
1984;30(4):305–316.
http://www.ncbi.nlm.nih.gov/pubmed/6729829
 131.  Lash LH. Role o  metabolism in chemically induced nephrotoxicity. In: 
Goldstein RS, ed. Mechanisms of Injury in Renal Disease and Toxicity. Boca Raton: 
CRC Press; 1994.
 132.  Hu JJ, Rhoten WB, Yang CS. Mouse renal cytochrome P450IIE1: immuno-
cytochemical localization, sex-related di  erence and regulation by testosterone. 
Biochem Pharmacol. 1990;40(12):2597–2602.
 133.  Hart SG, Cartun RW, Wyand DS, et al. Immunohistochemical localization 
o  acetaminophen in target tissues o  the CD-1 mouse: correspondence o  cova-
lent binding with toxicity. Fundam Appl Toxicol. 1995;24(2):260–274.
 134.  Bartolone JB, Birge RB, Bulera SJ, et al. Puri cation, antibody production, 
and partial amino acid sequence o  the 58–kDa acetaminophen-binding liver 
proteins. Toxicol Appl Pharmacol. 1992;113(1):19–29.
 135.  Pum ord NR, Halmes NC, Martin BM, et al. Covalent binding o  acetamin-
ophen to N-10– ormyltetrahydro olate dehydrogenase in mice. J Pharmacol Exp 
Ther. 1997;280(1):501–505.
http://www.ncbi.nlm.nih.gov/pubmed/8996234
 136.  Hoivik DJ, Manautou JE, Tveit A, et al. Gender-related di  erences in sus-
ceptibility to acetaminophen-induced protein arylation and nephrotoxicity in the 
CD-1 mouse. Toxicol Appl Pharmacol. 1995;130(2):257–271.
http://www.ncbi.nlm.nih.gov/pubmed/7871539
 137.  Halmes NC, Hinson JA, Martin BM, et al. Glutamate dehydrogenase 
covalently binds to a reactive metabolite o  acetaminophen. Chem Res Toxicol. 
1996;9(2):541–546.
 138.  Ripp SL, Overby LH, Philpot RM, et al. Oxidation o  cysteine S-con-jugates by 
rabbit liver microsomes and cDNA-expressed f avin-containing mono-oxygenases: 
studies with S-(1,2–dichlorovinyl)-L-cysteine, S-(1,2,2–trichlorovinyl)-L-cysteine, 
S-allyl-L-cysteine, and S-benzyl-L-cysteine. Mol Phar- ma. 1997;51(3):507–515.
 139.  Mani C, Kup er D. Cytochrome P-450-mediated activation and irreversible 
binding o  the antiestrogen tamoxi en to proteins in rat and human liver: pos-
sible involvement o  f avin-containing monooxygenases in tamoxi en activation. 
Cancer Res. 1991;51(22):6052–6058.
http://www.ncbi.nlm.nih.gov/pubmed/1933868
 140.  Novick RM, Mitzey AM, Brown eld MS, et al. Di  erential localization o  
f avin-containing monooxygenase (FMO) iso orms 1, 3, and 4 in rat liver and 
kidney and evidence  or expression o  FMO4 in mouse, rat, and human liver and 
kidney microsomes. J Pharmacol Exp Ther. 2009;329(3):1148–1155.
 141.  Krause RJ, Lash LH, El arra AA. Human kidney f avin-containing mono-
oxygenases and their potential roles in cysteine s-conjugate metabolism and ne-
phrotoxicity. J Pharmacol Exp Ther. 2003;304(1):185–191.
 142.  Janmohamed A, Hernandez D, Phillips IR, et al. Cell-, tissue-, sex-and 
developmental stage-speci c expression o  mouse f avin-containing monooxyge-
nases (Fmos). Biochem Pharmacol. 2004;68(1):73–83.
 143.  Lash LH, Putt DA, Hueni SE, et al. Roles o  necrosis, apoptosis, and mito-
chondrial dys unction in S-(1,2–dichlorovinyl)-L-cysteine sul oxide-induced cy-
totoxicity in primary cultures o  human renal proximal tubular cells. J Pharmacol 
Exp Ther. 2003;305(3):1163–1172.
 144.  Kharasch ED, Jubert C. Compound A uptake and metabolism to mercap-
turic acids and 3,3,3–trif uoro–2-f uoromethoxypropanoic acid during low-f ow 
sevof urane anesthesia: biomarkers  or exposure, risk assessment, and interspe-
cies comparison. Anesthesiology. 1999;91(5):1267–1278.
 145.  Rankin GO, Hong SK, Anestis DK, et al. Mechanistic aspects o  4–ami-
no-2,6–dichlorophenol-induced in vitro nephrotoxicity. Toxicology. 2008;245(1–
2):123–129.
http://www.ncbi.nlm.nih.gov/pubmed/18243470
 146.  Furnes B, Schlenk D. Extrahepatic metabolism o  carbamate and organo-
phosphate thioether compounds by the f avin-containing monooxygenase and 
cytochrome P450 systems. Drug Metab Dispos. 2005;33(2):214–218.
http://www.ncbi.nlm.nih.gov/pubmed/15547051
 147.  Jakobsson PJ, Thoren S, Morgenstern R, et al. Identi cation o  human 
prosta-glandin E synthase: a microsomal, glutathione-dependent, inducible 
enzyme, constituting a potential novel drug target. Proc Natl Acad Sci U S A. 
1999;96(13):7220–7225.
http://www.ncbi.nlm.nih.gov/pubmed/10377395
 148.  Rozell B, Hansson HA, Guthenberg C, et al. Glutathione trans erases o  
classes alpha, mu and pi show selective expression in di  erent regions o  rat 
kidney. Xenobiotica. 1993;23(8):835–849.
http://www.ncbi.nlm.nih.gov/pubmed/8284940

895



896 SECTION V  ACUTE KIDNEY INJURY

201. Martin P, Boulukos KE, Poggi MC, et al. Long-term extracellular signal-
related kinase activation following cadmium intoxication is negatively regulated 
by a protein kinase C-dependent pathway affecting cadmium transport.  FEBS J.
2009;276(6):1667–1679.
202. Campbell SL, Khosravi-Far R, Rossman KL, et al. Increasing complexity of 
Ras signaling. Oncogene. 1998;17(11 Reviews):1395–1413. 
203. Wang J, Lenardo M. Roles of caspases in apoptosis, development, and 
cytokine maturation revealed by homozygous gene de  ciencies.  J Cell Sci.
2000;113(5):753–757.
204. Bhat NR, Zhang P. Hydrogen peroxide activation of multiple mitogen-
activated protein kinases in an oligodendrocyte cell line: role of extracellular 
signal-regulated kinase in hydrogen peroxide-induced cell death.  J Neurochem.
1999;72(1):112–119.
205. Arany I, Megyesi JK, Kaneto H, et al. Cisplatin-induced cell death is EGFR/
src/ERK signaling dependent in mouse proximal tubule cells . Am J Physiol Renal 
Physiol. 2004;287(3):F543–549. 
206. Zhuang S, Yan Y, Han J, et al. p38 kinase-mediated transactivation of the 
epidermal growth factor receptor is required for dedifferentiation of renal epithe-
lial cells after oxidant injury . J Biol Chem. 2005;280(22):21036–21042. 
207. Zhuang S, Yan Y, Daubert RA, et al. ERK promotes hydrogen peroxide-
induced apoptosis through caspase-3 activation and inhibition of Akt in renal 
epithelial cells . Am J Physiol Renal Physiol. 2007;292(1):F440–447. 
208. Ramachandiran S, Huang Q, Dong J, et al. Mitogen-activated protein ki-
nases contribute to reactive oxygen species-induced cell death in renal proximal 
tubule epithelial cells. Chem Res Toxicol. 2002;15(12):1635–1642. 
209. Kyriakis JM, Banerjee P, Nikolakaki E, et al. The stress-activated protein 
kinase subfamily of c-Jun kinases. Nature 1994;369(6476):156–160. 
210. Frasch SC, Nick JA, Fadok VA, et al. p38 mitogen-activated protein kinase-
dependent and -independent intracellular signal transduction pathways leading 
to apoptosis in human neutrophils . J Biol Chem. 1998;273(14):8389–8397. 
211. Krishna M, Narang H. The complexity of mitogen-activated protein ki-
nases (MAPKs) made simple. Cell Mol Life Sci. 2008;65(22):3525–3544. 
212. Trump BF, Berezesky IK. Calcium-mediated cell injury and cell death. 
Faseb J. 1995;9(2):219–228. 
213. Kass GE, Orrenius S. Calcium signaling and cytotoxicity.  Environ Health 
Perspect. 1999;107 Suppl 1:25–35. 
214. Waters SL, Wong JK, Schnellmann RG. Depletion of endoplasmic reticulum 
calcium stores protects against hypoxia- and mitochondrial inhibitor-induced 
cellular injury and death . Biochem Biophys Res Commun. 1997;240(1):57–60. 
215. Weinberg JM, Davis JA, Roeser NF, et al. Role of increased cytosolic free 
calcium in the pathogenesis of rabbit proximal tubule cell injury and protection 
by glycine or acidosis . J Clin Invest. 1991;87(2):581–590. 
216. Harriman JF, Liu XL, Aleo MD, et al. Endoplasmic reticulum Ca(2   )
signaling and calpains mediate renal cell death.  Cell Death Differ. 2002;9(7): 
734–741. 
217. Liu X, Harriman JF, Schnellmann RG. Cytoprotective properties of novel non-
peptide calpain inhibitors in renal cells . J Pharmacol Exp Ther. 2002;302(1):88–94. 
218. Waters SL, Sarang SS, Wang KK, et al. Calpains mediate calcium and 
chloride in  ux during the late phase of cell injury . J Pharmacol Exp Ther.
1997;283(3):1177–1184.
219. Liu X, Rainey JJ, Harriman JF, et al. Calpains mediate acute renal cell death: role 
of autolysis and translocation . Am J Physiol Renal Physiol. 2001;281(4):F728–738. 
220. Smith MW, Ambudkar IS, Phelps PC, et al. HgCl2–induced changes 
in cytosolic Ca2    of cultured rabbit renal tubular cells.  Biochim Biophys Acta.
1987;931(2):130–142.
221. Smith MW, Phelps PC, Trump BF. Cytosolic Ca2    deregulation and bleb-
bing after HgCl2 injury to cultured rabbit proximal tubule cells as determined by 
digital imaging microscopy.  Proc Natl Acad Sci U S A. 1991;88(11):4926–4930. 
222. Jones TW, Wallin A, Thor H, et al. The mechanism of pentachlorobutadi-
enyl-glutathione nephrotoxicity studied with isolated rat renal epithelial cells. 
Arch Biochem Biophys 1986;251(2):504–513. 
223. Groves CE, Lock EA, Schnellmann RG. The effects of haloalkene cysteine 
conjugates on cytosolic free calcium levels in suspensions of rat renal proximal 
tubules. J Biochem Toxicol. 1990;5(3):187–192. 
224. Lash LH, Anders MW. Cytotoxicity of S-(1,2–dichlorovinyl)glutathione 
and S-(1,2–dichlorovinyl)-L-cysteine in isolated rat kidney cells . J Biol Chem.
1986;261(28):13076–13081.
225. Vamvakas S, Sharma VK, Sheu SS, et al. Perturbations of intracellular 
calcium distribution in kidney cells by nephrotoxic haloalkenyl cysteine S- 
conjugates. Mol Pharmacol. 1990;38(4):455–461. 
226. van de Water B, Zoetewey JP, de Bont HJ, et al. The relationship between 
intracellular Ca2    and the mitochondrial membrane potential in isolated proxi-
mal tubular cells from rat kidney exposed to the nephrotoxin 1,2–dichlorovinyl-
cysteine. Biochem Pharmacol. 1993;45(11):2259–2267. 

175. Singaravelu K, Devalaraja-Narashimha K, Lastovica B, et al. PERP, a p53 
proapoptotic target, mediates apoptotic cell death in renal ischemia . Am J Physiol 
Renal Physiol. 2009;296(4):F847–858. 
176. Zhou L, Fu P, Huang XR, et al. Activation of p53 promotes renal injury in 
acute aristolochic acid nephropathy . J Am Soc Nephrol.;21(1):31–41.
177. Kelly KJ, Plotkin Z, Vulgamott SL, et al. P53 mediates the apoptotic re-
sponse to GTP depletion after renal ischemia-reperfusion: protective role of a 
p53 inhibitor . J Am Soc Nephrol. 2003;14(1):128–138. 
178. Price PM, Sa  rstein RL, Megyesi J. Protection of renal cells from cisplatin 
toxicity by cell cycle inhibitors . Am J Physiol Renal Physiol. 2004;286(2):F378–384. 
179. Sun MK, Alkon DL. Pharmacology of protein kinase C activators: cog-
nition-enhancing and antidementic therapeutics. Pharmacol Ther. 2010;127(1):
66–77.
180. Ferro T, Neumann P, Gertzberg N, et al. Protein kinase C-alpha mediates 
endothelial barrier dysfunction induced by TNF-alpha . Am J Physiol Lung Cell 
Mol Physiol. 2000;278(6):L1107–1117. 
181. Pfaff IL, Wagner HJ, Vallon V. Immunolocalization of protein  kinase
C isoenzymes alpha, beta1 and betaII in rat kidney . J Am Soc Nephrol. 1999;
10(9):1861–1873.
182. Padanilam BJ. Induction and subcellular localization of protein kinase C 
isozymes following renal ischemia . Kidney Int. 2001;59(5):1789–1797. 
183. Efferth T, Volm M. Expression of protein kinase C in human renal cell 
carcinoma cells with inherent resistance to doxorubicin.  Anticancer Res. 1992;
12(6B):2209–2211.
184. Gopee NV, He Q, Sharma RP. Fumonisin B1–induced apoptosis is associat-
ed with delayed inhibition of protein kinase C, nuclear factor-kappaB and tumor 
necrosis factor alpha in LLC-PK1 cells.  Chem Biol Interact. 2003;146(2):131–145. 
185. Woo KR, Shu WP, Kong L, et al. Tumor necrosis factor mediates apop-
tosis via Ca      /Mg       dependent endonuclease with protein kinase C as a pos-
sible mechanism for cytokine resistance in human renal carcinoma cells.  J Urol.
1996;155(5):1779–1783.
186. Imamdi R, de Graauw M, van de Water B. Protein kinase C mediates cispl-
atin-induced loss of adherens junctions followed by apoptosis of renal proximal 
tubular epithelial cells . J Pharmacol Exp Ther. 2004;311(3):892–903. 
187. Polosukhina D, Singaravelu K, Padanilam BJ. Activation of protein kinase 
C isozymes protects LLCPK1 cells from H2O2 induced necrotic cell death.  Am J 
Nephrol. 2003;23(6):380–389. 
188. Tsao CC, Nica AF, Kurinna SM, et al. Mitochondrial protein phosphatase 
2A regulates cell death induced by simulated ischemia in kidney NRK-52E cells. 
Cell Cycle. 2007;6(19):2377–2385. 
189. Nowak G. Protein kinase C-alpha and ERK1/2 mediate mitochondrial dys-
function, decreases in active Na    transport, and cisplatin-induced apoptosis in 
renal cells . J Biol Chem. 2002;277(45):43377–43388. 
190. Nowak G. Protein kinase C mediates repair of mitochondrial and trans-
port functions after toxicant-induced injury in renal cells . J Pharmacol Exp Ther.
2003;306(1):157–165.
191. Nowak G, Bakajsova D, Clifton GL. Protein kinase C-{epsilon} modulates 
mitochondrial function and active Na    transport after oxidant injury in renal 
cells. Am J Physiol Renal Physiol. 2004;286(2):F307–F316. 
192. Nowak G, Bakajsova D, Samarel AM. Protein kinase C-epsilon activation 
induces mitochondrial dysfunction and mitochondrial fragmentation in renal 
proximal rubules . Am J Physiol Renal Physiol. 2011;301(1):F197–208. 
193. Reinhardt HC, Aslanian AS, Lees JA, et al. p53–de  cient cells rely on ATM- 
and ATR-mediated checkpoint signaling through the p38MAPK/MK2 pathway 
for survival after DNA damage.  Cancer Cell. 2007;11(2):175–189. 
194. Bae IH, Kang SW, Yoon SH, Um HD. Cellular components involved in 
the cell death induced by cisplatin in the absence of p53 activation. Oncol Rep.
2006;15(5):1175–1180.
195. Seger R, Krebs EG. The MAPK signaling cascade.  Faseb J. 1995;9(9):
726–735.
196. Wang X, Martindale JL, Holbrook NJ. Requirement for ERK activation in 
cisplatin-induced apoptosis . J Biol Chem. 2000;275(50):39435–39443. 
197. Sabbatini M, Santillo M, Pisani A, et al. Inhibition of Ras/ERK1/2 sig-
naling protects against postischemic renal injury . Am J Physiol Renal Physiol.
2006;290(6):F1408–1415.
198. Dong J, Ramachandiran S, Tikoo K, et al. EGFR-independent activation 
of p38 MAPK and EGFR-dependent activation of ERK1/2 are required for ROS-
induced renal cell death . Am J Physiol Renal Physiol. 2004;287(5):F1049–1058. 
199. Zhang X, De Silva D, Sun B, et al. Cellular and molecular mechanisms 
of bromate-induced cytotoxicity in human and rat kidney cells . Toxicology.
2010;269(1):13–23.
200. Nowak G, Clifton GL, Godwin ML, et al. Activation of ERK1/2 pathway 
mediates oxidant-induced decreases in mitochondrial function in renal cells . Am 
J Physiol Renal Physiol. 2006;291(4):F840–855. 

 149.  Zalups RK. Organic anion transport and action o  gamma-glutamyl trans-
peptidase in kidney linked mechanistically to renal tubular uptake o  inorganic 
mercury. Toxicol Appl Pharmacol. 1995;132(2):289–298.
 150.  Monks TJ, Lo HH, Lau SS. Oxidation and acetylation as determinants o  
2–bromocystein-S-ylhydroquinone-mediated nephrotoxicity. Chem Res Toxicol. 
1994;7(4):495–502.
http://www.ncbi.nlm.nih.gov/pubmed/7981414
 151.  Birge RB, Bartolone JB, Hart SG, et al. Acetaminophen hepatotoxicity: cor-
respondence o  selective protein arylation in human and mouse liver in vitro, in 
culture, and in vivo. Toxicol Appl Pharmacol. 1990;105(3):472–482.
 152.  Birner G, Vamvakas S, Dekant W, et al. Nephrotoxic and genotoxic N-
acetyl-S-dichlorovinyl-L-cysteine is a urinary metabolite a ter occupational 
1,1,2-trichloroethene exposure in humans: implications  or the risk o  trichloro-
ethene exposure. Environ Health Perspect. 1993;99:281–284.
http://www.ncbi.nlm.nih.gov/pubmed/8319644
 153.  Bruning T, Vamvakas S, Makropoulos V, et al. Acute intoxication with tri-
chloroethene: clinical symptoms, toxicokinetics, metabolism, and development 
o  biochemical parameters  or renal damage. Toxicol Sci. 1998;41(2):157–165.
http://www.ncbi.nlm.nih.gov/pubmed/9520351
 154.  Lochhead KM, Kharasch ED, Zager RA. Spectrum and subcellular deter-
minants o  f uorinated anesthetic-mediated proximal tubular injury. Am J Pathol. 
1997;150(6):2209–2221.
http://www.ncbi.nlm.nih.gov/pubmed/9176410
 155.  Halliwell B, Gutteridge JM, Cross CE. Free radicals, antioxidants, and hu-
man disease: where are we now? J Lab Clin Med. 1992;119(6):598–620.
http://www.ncbi.nlm.nih.gov/pubmed/1593209
 156.  Baliga R, Zhang Z, Baliga M, et al. Role o  cytochrome P-450 as a source  
o  catalytic iron in cisplatin-induced nephrotoxicity. Kidney Int. 1998;54(5): 
1562–1569.
 157.  Baliga R, Zhang Z, Baliga M, et al. In vitro and in vivo evidence suggest-
ing a role  or iron in cisplatin-induced nephrotoxicity. Kidney Int. 1998;53(2): 
394–401.
 158.  Walker PD, Shah SV. Gentamicin enhanced production o  hydrogen perox-
ide by renal cortical mitochondria. Am J Physiol. 1987;253(4 Pt 1):C495–499.
 159.  Lund BO, Miller DM, Woods JS. Studies on Hg(II)-induced H2O2  orma-
tion and oxidative stress in vivo and in vitro in rat kidney mitochondria. Biochem 
Pharmacol. 1993;45(10):2017–2024.
 160.  Brown PC, Dulik DM, Jones TW. The toxicity o  menadione (2-methyl-1,4-
naphthoquinone) and two thioether conjugates studied with isolated renal epi-
thelial cells. Arch Biochem Biophys. 1991;285(1):187–196.
http://www.ncbi.nlm.nih.gov/pubmed/1990978
 161.  Schnellmann RG, Monks TJ, Mandel LJ, et al. 2–Bromohydroquinone-
induced toxicity to rabbit renal proximal tubules: the role o  biotrans ormation, 
glutathione, and covalent binding. Toxicol Appl Pharmacol. 1989;99(1):19–27.
 162.  Fukino H, Hirai M, Hsueh YM, et al. E  ect o  zinc pretreatment on mercu-
ric chloride-induced lipid peroxidation in the rat kidney. Toxicol Appl Pharmacol. 
1984;73(3):395–401.
http://www.ncbi.nlm.nih.gov/pubmed/6232736
 163.  Sevanian A, Wratten ML, McLeod LL, et al. Lipid peroxidation and phos-
pho-lipaes A2 activity in liposomes composed o  unsaturated phospholipids:  
a structural basis  or enzyme activation. Biochem Biophys Acta. 1988;961(3): 
316–327.
http://www.ncbi.nlm.nih.gov/pubmed/3401498
 164.  Beuter W, Cojocel C, Muller W, et al. Peroxidative damage and nephrotox-
icity o  dichlorovinylcysteine in mice. J Appl Toxicol. 1989;9(3):181–186.
 165.  Wang C, Salahudeen AK. Cyclosporine nephrotoxicity: attenuation by an 
antioxidant-inhibitor o  lipid peroxidation in vitro and in vivo. Transplantation. 
1994;58(8):940–946.
http://www.ncbi.nlm.nih.gov/pubmed/7940739
 166.  Lieberthal W, Triaca V, Levine J. Mechanisms o  death induced by cis-
platin in proximal tubular epithelial cells: apoptosis vs. necrosis. Am J Physiol. 
1996;270(4 Pt 2):F700–708.
 167.  Hannemann J, Baumann K. Cisplatin-induced lipid peroxidation and de-
crease o  gluconeogenesis in rat kidney cortex: di  erent e  ects o  antioxidants 
and radical scavengers. Toxicology. 1988;51(2–3):119–132.
 168.  Price PM, Sa rstein RL, Megyesi J. The cell cycle and acute kidney injury. 
Kidney Int. 2009;76(6):604–613.
http://www.ncbi.nlm.nih.gov/pubmed/19536080
 169.  Jiang M, Dong Z. Regulation and pathological role o  p53 in cisplatin ne-
phrotoxicity. J Pharmacol Exp Ther. 2008;327(2):300–307.
http://www.ncbi.nlm.nih.gov/pubmed/18682572
 170.  Megyesi J, Andrade L, Vieira JM Jr, et al. Positive e  ect o  the induction 
o  p21WAF1/CIP1 on the course o  ischemic acute renal  ailure. Kidney Int. 
2001;60(6):2164–2172.
http://www.ncbi.nlm.nih.gov/pubmed/11737590

 171.  Nowak G, Price PM, Schnellmann RG. Lack o  a  unctional p21WAF1/ 
CIP1 gene accelerates caspase-independent apoptosis induced by cisplatin in re-
nal cells. Am J Physiol Renal Physiol. 2003;285(3):F440–F450.
 172.  Megyesi J, Udvarhelyi N, Sa rstein RL, et al. The p53–independent acti-
vation o  transcription o  p21 WAF1/CIP1/SDI1 a ter acute renal  ailure. Am J 
Physiol. 1996;271(6 Pt 2):F1211–1216.
 173.  Choi BH, Kim CG, Bae YS, et al. p21 Wa 1/Cip1 expression by curcumin 
in U-87MG human glioma cells: role o  early growth response-1 expression. Can-
cer Res. 2008;68(5):1369–1377.
 174.  Cummings BS, McHowat J, Schnellmann RG. Role o  an endoplasmic re-
ticulum Ca2+ -independent phospholipase A2 in cisplatin-induced renal cell 
apoptosis. J Pharmacol Exp Ther. 2004;308(3):921–928.
 175.  Singaravelu K, Devalaraja-Narashimha K, Lastovica B, et al. PERP, a p53 
proapoptotic target, mediates apoptotic cell death in renal ischemia. Am J Physiol 
Renal Physiol. 2009;296(4):F847–858.
 176.  Zhou L, Fu P, Huang XR, et al. Activation o  p53 promotes renal injury in 
acute aristolochic acid nephropathy. J Am Soc Nephrol.;21(1):31–41.
http://www.ncbi.nlm.nih.gov/pubmed/19892935
 177.  Kelly KJ, Plotkin Z, Vulgamott SL, et al. P53 mediates the apoptotic re-
sponse to GTP depletion a ter renal ischemia-reper usion: protective role o  a p53 
inhibitor. J Am Soc Nephrol. 2003;14(1):128–138.
http://www.ncbi.nlm.nih.gov/pubmed/12506145
 178.  Price PM, Sa rstein RL, Megyesi J. Protection o  renal cells  rom cispla-
tin toxicity by cell cycle inhibitors. Am J Physiol Renal Physiol. 2004;286(2): 
F378–384.
 179.  Sun MK, Alkon DL. Pharmacology o  protein kinase C activators: cog-
nition-enhancing and antidementic therapeutics. Pharmacol Ther. 2010;127(1): 
66–77.
 180.  Ferro T, Neumann P, Gertzberg N, et al. Protein kinase C-alpha mediates 
endothelial barrier dys unction induced by TNF-alpha. Am J Physiol Lung Cell Mol 
Physiol. 2000;278(6):L1107–1117.
 181.  P a   IL, Wagner HJ, Vallon V. Immunolocalization o  protein kinase 
C isoenzymes alpha, beta1 and betaII in rat kidney. J Am Soc Nephrol. 1999; 
10(9):1861–1873.
 182.  Padanilam BJ. Induction and subcellular localization o  protein kinase C 
isozymes  ollowing renal ischemia. Kidney Int. 2001;59(5):1789–1797.
http://www.ncbi.nlm.nih.gov/pubmed/11318949
 183.  E  erth T, Volm M. Expression o  protein kinase C in human renal cell 
carcinoma cells with inherent resistance to doxorubicin. Anticancer Res. 1992; 
12(6B):2209–2211.
http://www.ncbi.nlm.nih.gov/pubmed/1363517
 184.  Gopee NV, He Q, Sharma RP. Fumonisin B1–induced apoptosis is asso-
ciated with delayed inhibition o  protein kinase C, nuclear  actor-kappaB and  
tumor necrosis  actor alpha in LLC-PK1 cells. Chem Biol Interact. 
2003;146(2):131–145.
http://www.ncbi.nlm.nih.gov/pubmed/14597127
 185.  Woo KR, Shu WP, Kong L, et al. Tumor necrosis  actor mediates apop-
tosis via Ca++/Mg++ dependent endonuclease with protein kinase C as a possi-
ble mechanism  or cytokine resistance in human renal carcinoma cells. J Urol. 
1996;155(5):1779–1783.
http://www.ncbi.nlm.nih.gov/pubmed/8627883
 186.  Imamdi R, de Graauw M, van de Water B. Protein kinase C mediates cispl-
atin-induced loss o  adherens junctions  ollowed by apoptosis o  renal proximal 
tubular epithelial cells. J Pharmacol Exp Ther. 2004;311(3):892–903.
http://www.ncbi.nlm.nih.gov/pubmed/15381733
 187.  Polosukhina D, Singaravelu K, Padanilam BJ. Activation o  protein kinase 
C isozymes protects LLCPK1 cells  rom H2O2 induced necrotic cell death. Am J 
Nephrol. 2003;23(6):380–389.
http://www.ncbi.nlm.nih.gov/pubmed/14551462
 188.  Tsao CC, Nica AF, Kurinna SM, et al. Mitochondrial protein phosphatase 
2A regulates cell death induced by simulated ischemia in kidney NRK-52E cells. 
Cell Cycle. 2007;6(19):2377–2385.
 189.  Nowak G. Protein kinase C-alpha and ERK1/2 mediate mitochondrial dys-
 unction, decreases in active Na+ transport, and cisplatin-induced apoptosis in 
renal cells. J Biol Chem. 2002;277(45):43377–43388.
 190.  Nowak G. Protein kinase C mediates repair o  mitochondrial and trans-
port  unctions a ter toxicant-induced injury in renal cells. J Pharmacol Exp Ther. 
2003;306(1):157–165.
http://www.ncbi.nlm.nih.gov/pubmed/12665543
 191.  Nowak G, Bakajsova D, Cli ton GL. Protein kinase C-{epsilon} modulates 
mitochondrial  unction and active Na+ transport a ter oxidant injury in renal 
cells. Am J Physiol Renal Physiol. 2004;286(2):F307–F316.
 192.  Nowak G, Bakajsova D, Samarel AM. Protein kinase C-epsilon activation 
induces mitochondrial dys unction and mitochondrial  ragmentation in renal 
proximal rubules. Am J Physiol Renal Physiol. 2011;301(1):F197–208.

896



CHAPTER 30  PATHOPHYSIOLOGY OF NEPHROTOXIC CELL INJURY 897

255. Robertson JD, Gogvadze V, Kropotov A. et al. Processed caspase-2 can 
induce mitochondria-mediated apoptosis independently of its enzymatic activity. 
EMBO Rep. 2004;5(6):643–648. 
256. Orrenius S. Mitochondrial regulation of apoptotic cell death.  Toxicol Lett.
2004;149(1–3):19–23.
257. Enoksson M, Robertson JD, Gogvadze V, et al. Caspase-2 permeabilizes 
the outer mitochondrial membrane and disrupts the binding of cytochrome c to 
anionic phospholipids . J Biol Chem. 2004;279(48):49575–49578. 
258. Cummings BS, Kinsey GR, Bolchoz LJ, et al. Identi  cation of caspase-
independent apoptosis in epithelial and cancer cells . J Pharmacol Exp Ther.
2004;310(1):126–134.
259. Li S, Bhatt R, Megyesi J, et al. PPAR-alpha ligand ameliorates acute renal 
failure by reducing cisplatin-induced increased expression of renal endonuclease 
G. Am J Physiol Renal Physiol. 2004;287(5):F990–998. 
260. Basnakian AG, Kaushal GP, Shah SV. Apoptotic pathways of oxidative dam-
age to renal tubular epithelial cells.  Antioxid Redox Signal. 2002;4(6):915–924. 
261. Hooks SB, Cummings BS. Role of Ca(2   )-independent phospholipase A(2) 
in cell growth and signaling . Biochem Pharmacol. 2008;76(9):1059–1067. 
262. Cummings BS. Phospholipase A2 as targets for anti-cancer drugs . Biochem 
Pharmacol. 2007;74(7):949–959. 
263. Bonventre JV. Phospholipase A2 and signal transduction . J Am Soc Nephrol.
1992;3(2):128–150.
264. Nakamura H, Nemenoff RA, Gronich JH, et al. Subcellular characteristics 
of phospholipase A2 activity in the rat kidney. Enhanced cytosolic, mitochon-
drial, and microsomal phospholipase A2 enzymatic activity after renal ischemia 
and reperfusion . J Clin Invest. 1991;87(5):1810–1818. 
265. Portilla D, Dai G. Puri  cation of a novel calcium-independent phospholi-
pase A2 from rabbit kidney . J Biol Chem. 1996;271(26):15451–15457. 
266. Portilla D, Shah SV, Lehman PA, et al. Role of cytosolic  calcium-independent
plasmalogen-selective phospholipase A2 in hypoxic injury to rabbit proximal 
tubules. J Clin Invest. 1994;93(4):1609–1615. 
267. Cummings BS, McHowat J, Schnellmann RG. Role of an endoplasmic 
reticulum Ca(2   )-independent phospholipase A(2) in oxidant-induced renal cell 
death. Am J Physiol Renal Physiol. 2002;283(3):F492–498. 
268. Mancuso DJ, Jenkins CM, Gross RW. The genomic organization,  complete
mRNA sequence, cloning, and expression of a novel human intracellular 
membrane-associated calcium-independent phospholipase A(2) . J Biol Chem.
2000;275(14):9937–9945.
269. Kinsey GR, Cummings BS, Beckett C, et al. Identi  cation and distribution 
of endoplasmic reticulum iPLA2.  Biochim Biophys Acta. 2004;327(1):287–293. 
 270. Antonopoulou S, Demopoulos CA, Iatrou C, et al. Platelet-activating factor 
acetylhydrolase (PAF-AH) in human kidney.  Int J Biochem. 1994;26(9):1157–1162. 
271. Lee T, Malone B, Longobardi L, et al. Differential regulation of three 
catalytic activities of platelet-activating factor (PAF)-dependent transacetylase. 
Arch Biochem Biophys. 2001;387(1):41–46. 
272. Fisher AB, Dodia C, Feinstein SI, et al. Altered lung phospholipid metabo-
lism in mice with targeted deletion of lysosomal-type phospholipase A2.  J Lipid 
Res. 2005;46(6):1248–1256. 
273. Kitsiouli E, Nakos G, Lekka ME. Phospholipase A2 subclasses in acute 
respiratory distress syndrome.  Biochem Biophys Acta. 2009;1792(10):941–953. 
274. Oberley TD, Verwiebe E, Zhong W, et al. Localization of the thioredoxin 
system in normal rat kidney.  Free Radic Biol Med 2001;30(4):412–424. 
275. Kohjimoto Y, Kennington L, Scheid CR, et al. Role of phospholipase A2 
in the cytotoxic effects of oxalate in cultured renal epithelial cells . Kidney Int.
1999;56(4):1432–1441.
276. Zager RA, Burkhart KM, Conrad DS. Iso  urane alters proximal tubular 
cell susceptibility to toxic and hypoxic forms of attack . Kidney Int. 1999;55(1):
148–159.
277. Kinsey GR, Blum JL, Covington MD, et al. Decreased iPLA2gamma 
expression induces lipid peroxidation, cell death, and sensitizes cells to oxidant-
induced apoptosis. J Lipid Res. 2008;49(7):1477–1487. 
278. Portilla D, Creer MH. Plasmalogen phospholipid hydrolysis during 
hypoxic injury of rabbit proximal tubules . Kidney Int. 1995;47(4):1087–1094. 
279. Zager RA, Sacks BM, Burkhart KM, et al. Plasma membrane phospholipid
integrity and orientation during hypoxic and toxic proximal tubular attack .
 Kidney Int. 1999;56(1):104–117. 
 280. Atsumi G, Murakami M, Kojima K, et al. Distinct roles of two intracellular 
phospholipase A2s in fatty acid release in the cell death pathway. Proteolytic fragment 
of type IVA cytosolic phospholipase A2alpha inhibits stimulus-induced arachido-
nate release, whereas that of type VI Ca2   -independent phospholipase A2 augments 
spontaneous fatty acid release . J Biol Chem. 2000;275(24):18248–18258. 
281. Kudo I, Murakami M. Phospholipase A2 enzymes. Prostaglandins Other 
Lipid Mediat. 2002;68–69:3–58. 
 282. Murakami M, Kudo I. Phospholipase A2. J Biochem. 2002;131(3):285–292. 

227. Ueda N, Shah SV. Role of intracellular calcium in hydrogen peroxide- 
induced renal tubular cell injury . Am J Physiol. 1992;263(2 Pt 2):F214–221. 
228. Greene EL, Paller MS. Calcium and free radicals in hypoxia/reoxygenation 
injury of renal epithelial cells . Am J Physiol. 1994;266(1 Pt 2):F13–20. 
229. Jan CR, Tseng CJ. Mechanisms of miconazole-induced rise in cytoplasmic 
calcium concentrations in Madin Darby canine kidney (MDCK) cells. Life Sci.
1999;65(23):2513–2522.
230. Jan CR, Wang KY, Tseng CJ. Effect of sevo  urane on Ca2    mobilization in 
Madin-Darby canine kidney cells . Biochem Pharmacol. 2000;59(4):393–400. 
231. Carvalho da Costa M, de Castro I, Neto AL, et al. Cyclosporin A tubular 
effects contribute to nephrotoxicity: role for Ca2    and Mg2    ions.  Nephrol Dial 
Transplant. 2003;18(11):2262–2268. 
232. Gogvadze V, Zhivotovsky B, Orrenius S. The Warburg effect and mitochon-
drial stability in cancer cells. Mol Aspects Med. 2010;31(1):60–74. 
233. Norberg E, Karlsson M, Korenovska O, et al. Critical role for hyperpolar-
ization-activated cyclic nucleotide-gated channel 2 in the AIF-mediated apopto-
sis. EMBO J. 2010;29(22):3869–3878. 
234. Norberg E, Orrenius S, Zhivotovsky B. Mitochondrial regulation of 
cell death: processing of apoptosis-inducing factor (AIF) . Biochem Biophys Res 
 Commun. 2010;396(1):95–100. 
235. Kim MJ, Jo DG, Hong GS, et al. Calpain-dependent cleavage of cain/cabin1 
activates calcineurin to mediate calcium-triggered cell death.  Proc Natl Acad Sci 
U S A. 2002;99(15):9870–9875. 
236. Joy MS, Hogan SL, Thompson BD, et al. Cytochrome P450 3A5 expression 
in the kidneys of patients with calcineurin inhibitor nephrotoxicity.  Nephrol Dial 
Transplant. 2007;22(7):1963–1968. 
237. Suzuki C, Isaka Y, Takabatake Y, et al. Participation of autophagy in re-
nal ischemia/reperfusion injury . Biochem Biophys Res Commun. 2008;368(1): 
100–106. 
238. Weinberg JM, ed.  The Cellular Basis of Nephrotoxicity. Boston: Little Brown; 
1993.
239. Yang X, Schnellmann RG. Proteinases in renal cell death.  J Toxicol Environ 
Health. 1996;48(4):319–332. 
240. Wilson PD, Hartz PA. Mechanisms of cyclosporine A toxicity in de  ned 
cultures of renal tubule epithelia: a role for cysteine proteases.  Cell Biol Int Rep.
1991;15(12):1243–1258.
241. Giguere CJ, Covington MD, Schnellmann RG. Mitochondrial calpain 10 
activity and expression in the kidney of multiple species . Biochem Biophys Res 
Commun. 2008;366(1):258–262. 
242. Goll DE, Thompson VF, Li H, et al. The calpain system . Physiol Rev.
2003;83(3):731–801.
243. Zatz M, Starling A. Calpains and disease . N Engl J Med. 2005;352(23): 
2413–2423.
244. Liu X, Schnellmann RG. Calpain mediates progressive plasma membrane 
permeability and proteolysis of cytoskeleton-associated paxillin, talin, and vin-
culin during renal cell death . J Pharmacol Exp Ther. 2003;304(1):63–70. 
245. Liu X, Van Vleet T, Schnellmann RG. The role of calpain in oncotic cell 
death. Annu Rev Pharmacol Toxicol. 2004;44:349–370. 
246. Edelstein CL, Ling H, Gengaro PE, et al. Effect of glycine on prelethal and 
postlethal increases in calpain activity in rat renal proximal tubules . Kidney Int.
1997;52(5):1271–1278.
247. Takaoka M, Itoh M, Hayashi S, et al. Proteasome participates in the patho-
genesis of ischemic acute renal failure in rats.  Eur J Pharmacol. 1999;384(1): 
43–46.
248. Van Vleet T, Schnellmann RG. Identi  cation of mitochondrial calpain-like 
activity during mitochondrial dysfunction. Toxicol Sci. 2002;66(1–2):38. 
249. Arrington DD, Van Vleet T, Schnellmann RG. Localization and character-
ization of a novel mitochondrial calpain in renal cortical mitochondria . J Am Soc 
Nephrol. 2003;14:351A. 
250. Arrington DD, Van Vleet TR, Schnellmann RG. Calpain 10: a mitochon-
drial calpain and its role in calcium-induced mitochondrial dysfunction . Am J 
Physiol Cell Physiol. 2006;291(6):C1159–1171. 
251. Covington MD, Arrington DD, Schnellmann RG. Calpain 10 is required 
for cell viability and is decreased in the aging kidney . Am J Physiol Renal Physiol.
2009;296(3):F478–486.
252. Rasbach KA, Green PT, Schnellmann RG. Oxidants and Ca2    induce 
PGC-1alpha degradation through calpain.  Arch Biochem Biophys. 2008;478(2): 
130–135.
253. Lankiewicz S, Marc Luetjens C, Truc Bui N, et al. Activation of calpain I 
converts excitotoxic neuron death into a caspase-independent cell death . J Biol 
Chem. 2000;275(22):17064–17071. 
254. Chua BT, Guo K, Li P. Direct cleavage by the calcium-activated pro-
tease calpain can lead to inactivation of caspases . J Biol Chem. 2000;275(7): 
5131–5135. 

 193.  Reinhardt HC, Aslanian AS, Lees JA, et al. p53–de cient cells rely on ATM-
and ATR-mediated checkpoint signaling through the p38MAPK/MK2 pathway 
 or survival a ter DNA damage. Cancer Cell. 2007;11(2):175–189.
http://www.ncbi.nlm.nih.gov/pubmed/17292828
 194.  Bae IH, Kang SW, Yoon SH, Um HD. Cellular components involved in 
the cell death induced by cisplatin in the absence o  p53 activation. Oncol Rep. 
2006;15(5):1175–1180.
 195.  Seger R, Krebs EG. The MAPK signaling cascade. Faseb J. 1995;9(9):  
726–735.
http://www.ncbi.nlm.nih.gov/pubmed/7601337
 196.  Wang X, Martindale JL, Holbrook NJ. Requirement  or ERK activation in 
cisplatin-induced apoptosis. J Biol Chem. 2000;275(50):39435–39443.
http://www.ncbi.nlm.nih.gov/pubmed/10993883
 197.  Sabbatini M, Santillo M, Pisani A, et al. Inhibition o  Ras/ERK1/2 sign-
aling protects against postischemic renal injury. Am J Physiol Renal Physiol. 
2006;290(6):F1408–1415.
 198.  Dong J, Ramachandiran S, Tikoo K, et al. EGFR-independent activation 
o  p38 MAPK and EGFR-dependent activation o  ERK1/2 are required  or ROS- 
induced renal cell death. Am J Physiol Renal Physiol. 2004;287(5):F1049–1058.
 199.  Zhang X, De Silva D, Sun B, et al. Cellular and molecular mechanisms 
o  bromate-induced cytotoxicity in human and rat kidney cells. Toxicology. 
2010;269(1):13–23.
 200.  Nowak G, Cli ton GL, Godwin ML, et al. Activation o  ERK1/2 pathway 
mediates oxidant-induced decreases in mitochondrial  unction in renal cells. Am 
J Physiol Renal Physiol. 2006;291(4):F840–855.
 201.  Martin P, Boulukos KE, Poggi MC, et al. Long-term extracellular signal-
related kinase activation  ollowing cadmium intoxication is negatively regulated 
by a protein kinase C-dependent pathway a  ecting cadmium transport. FEBS J. 
2009;276(6):1667–1679.
 202.  Campbell SL, Khosravi-Far R, Rossman KL, et al. Increasing complexity o  
Ras signaling. Oncogene. 1998;17(11 Reviews):1395–1413.
http://www.ncbi.nlm.nih.gov/pubmed/9779987
 203.  Wang J, Lenardo M. Roles o  caspases in apoptosis, development, and 
cytokine maturation revealed by homozygous gene de ciencies. J Cell Sci. 
2000;113(5):753–757.
http://www.ncbi.nlm.nih.gov/pubmed/10671365
 204.  Bhat NR, Zhang P. Hydrogen peroxide activation o  multiple mitogen-
activated protein kinases in an oligodendrocyte cell line: role o  extracellular 
signal-regulated kinase in hydrogen peroxide-induced cell death. J Neurochem. 
1999;72(1):112–119.
http://www.ncbi.nlm.nih.gov/pubmed/9886061
 205.  Arany I, Megyesi JK, Kaneto H, et al. Cisplatin-induced cell death is EGFR/ 
src/ERK signaling dependent in mouse proximal tubule cells. Am J Physiol Renal 
Physiol. 2004;287(3):F543–549.
 206.  Zhuang S, Yan Y, Han J, et al. p38 kinase-mediated transactivation o  the 
epidermal growth  actor receptor is required  or dedi  erentiation o  renal epithe-
lial cells a ter oxidant injury. J Biol Chem. 2005;280(22):21036–21042.
http://www.ncbi.nlm.nih.gov/pubmed/15797859
 207.  Zhuang S, Yan Y, Daubert RA, et al. ERK promotes hydrogen peroxide-
induced apoptosis through caspase-3 activation and inhibition o  Akt in renal 
epithelial cells. Am J Physiol Renal Physiol. 2007;292(1):F440–447.
 208.  Ramachandiran S, Huang Q, Dong J, et al. Mitogen-activated protein ki-
nases contribute to reactive oxygen species-induced cell death in renal proximal 
tubule epithelial cells. Chem Res Toxicol. 2002;15(12):1635–1642.
http://www.ncbi.nlm.nih.gov/pubmed/12482247
 209.  Kyriakis JM, Banerjee P, Nikolakaki E, et al. The stress-activated protein 
kinase sub amily o  c-Jun kinases. Nature 1994;369(6476):156–160.
http://www.ncbi.nlm.nih.gov/pubmed/8177321
 210.  Frasch SC, Nick JA, Fadok VA, et al. p38 mitogen-activated protein kinase-
dependent and -independent intracellular signal transduction pathways leading 
to apoptosis in human neutrophils. J Biol Chem. 1998;273(14):8389–8397.
 211.  Krishna M, Narang H. The complexity o  mitogen-activated protein ki- 
nases (MAPKs) made simple. Cell Mol Life Sci. 2008;65(22):3525–3544.
http://www.ncbi.nlm.nih.gov/pubmed/18668205
 212.  Trump BF, Berezesky IK. Calcium-mediated cell injury and cell death. 
Faseb J. 1995;9(2):219–228.
http://www.ncbi.nlm.nih.gov/pubmed/7781924
 213.  Kass GE, Orrenius S. Calcium signaling and cytotoxicity. Environ Health 
Perspect. 1999;107 Suppl 1:25–35.
 214.  Waters SL, Wong JK, Schnellmann RG. Depletion o  endoplasmic reticulum 
calcium stores protects against hypoxia- and mitochondrial inhibitor-induced cel-
lular injury and death. Biochem Biophys Res Commun. 1997;240(1):57–60.
 215.  Weinberg JM, Davis JA, Roeser NF, et al. Role o  increased cytosolic  ree 
calcium in the pathogenesis o  rabbit proximal tubule cell injury and protection 
by glycine or acidosis. J Clin Invest. 1991;87(2):581–590.

 216.  Harriman JF, Liu XL, Aleo MD, et al. Endoplasmic reticulum Ca(2+ ) signal-
ing and calpains mediate renal cell death. Cell Death Differ. 2002;9(7): 734–741.
http://www.ncbi.nlm.nih.gov/pubmed/12058278
 217.  Liu X, Harriman JF, Schnellmann RG. Cytoprotective properties o  
novel non-peptide calpain inhibitors in renal cells. J Pharmacol Exp Ther. 
2002;302(1):88–94.
http://www.ncbi.nlm.nih.gov/pubmed/12065704
 218.  Waters SL, Sarang SS, Wang KK, et al. Calpains mediate calcium and 
chloride inf ux during the late phase o  cell injury. J Pharmacol Exp Ther. 
1997;283(3):1177–1184.
http://www.ncbi.nlm.nih.gov/pubmed/9399991
 219.  Liu X, Rainey JJ, Harriman JF, et al. Calpains mediate acute renal cell 
death: role o  autolysis and translocation. Am J Physiol Renal Physiol. 2001;281(4): 
F728–738.
 220.  Smith MW, Ambudkar IS, Phelps PC, et al. HgCl2–induced changes 
in cytosolic Ca2+ o  cultured rabbit renal tubular cells. Biochim Biophys Acta. 
1987;931(2):130–142.
http://www.ncbi.nlm.nih.gov/pubmed/3663712
 221.  Smith MW, Phelps PC, Trump BF. Cytosolic Ca2+ deregulation and bleb-
bing a ter HgCl2 injury to cultured rabbit proximal tubule cells as determined by 
digital imaging microscopy. Proc Natl Acad Sci U S A. 1991;88(11):4926–4930.
 222.  Jones TW, Wallin A, Thor H, et al. The mechanism o  pentachlorobutadi-
enyl-glutathione nephrotoxicity studied with isolated rat renal epithelial cells. 
Arch Biochem Biophys 1986;251(2):504–513.
http://www.ncbi.nlm.nih.gov/pubmed/3800381
 223.  Groves CE, Lock EA, Schnellmann RG. The e  ects o  haloalkene cysteine 
conjugates on cytosolic  ree calcium levels in suspensions o  rat renal proximal 
tubules. J Biochem Toxicol. 1990;5(3):187–192.
http://www.ncbi.nlm.nih.gov/pubmed/2283670
 224.  Lash LH, Anders MW. Cytotoxicity o  S-(1,2–dichlorovinyl)glutathione 
and S-(1,2–dichlorovinyl)-L-cysteine in isolated rat kidney cells. J Biol Chem. 
1986;261(28):13076–13081.
 225.  Vamvakas S, Sharma VK, Sheu SS, et al. Perturbations o  intracellular cal-
cium distribution in kidney cells by nephrotoxic haloalkenyl cysteine S-conju-
gates. Mol Pharmacol. 1990;38(4):455–461.
 226.  van de Water B, Zoetewey JP, de Bont HJ, et al. The relationship between 
intracellular Ca2+ and the mitochondrial membrane potential in isolated proxi-
mal tubular cells  rom rat kidney exposed to the nephrotoxin 1,2–dichlorovinyl- 
cysteine. Biochem Pharmacol. 1993;45(11):2259–2267. 
 227.  Ueda N, Shah SV. Role o  intracellular calcium in hydrogen peroxide- in-
duced renal tubular cell injury. Am J Physiol. 1992;263(2 Pt 2):F214–221.
 228.  Greene EL, Paller MS. Calcium and  ree radicals in hypoxia/reoxygenation 
injury o  renal epithelial cells. Am J Physiol. 1994;266(1 Pt 2):F13–20.
 229.  Jan CR, Tseng CJ. Mechanisms o  miconazole-induced rise in cytoplasmic 
calcium concentrations in Madin Darby canine kidney (MDCK) cells. Life Sci. 
1999;65(23):2513–2522.
http://www.ncbi.nlm.nih.gov/pubmed/10622236
 230.  Jan CR, Wang KY, Tseng CJ. E  ect o  sevof urane on Ca2+ mobilization in 
Madin-Darby canine kidney cells. Biochem Pharmacol. 2000;59(4):393–400.
http://www.ncbi.nlm.nih.gov/pubmed/10644047
 231.  Carvalho da Costa M, de Castro I, Neto AL, et al. Cyclosporin A tubular 
e  ects contribute to nephrotoxicity: role  or Ca2+ and Mg2+ ions. Nephrol Dial 
Transplant. 2003;18(11):2262–2268.
http://www.ncbi.nlm.nih.gov/pubmed/14551352
 232.  Gogvadze V, Zhivotovsky B, Orrenius S. The Warburg e  ect and mito-
chon-drial stability in cancer cells. Mol Aspects Med. 2010;31(1):60–74.
 233.  Norberg E, Karlsson M, Korenovska O, et al. Critical role  or hyperpolar-
ization-activated cyclic nucleotide-gated channel 2 in the AIF-mediated apopto- 
sis. EMBO J. 2010;29(22):3869–3878.
 234.  Norberg E, Orrenius S, Zhivotovsky B. Mitochondrial regulation o  cell 
death: processing o  apoptosis-inducing  actor (AIF). Biochem Biophys Res Com-
mun. 2010;396(1):95–100.
http://www.ncbi.nlm.nih.gov/pubmed/20494118
 235.  Kim MJ, Jo DG, Hong GS, et al. Calpain-dependent cleavage o  cain/cabin1 
activates calcineurin to mediate calcium-triggered cell death. Proc Natl Acad Sci U 
S A. 2002;99(15):9870–9875.
http://www.ncbi.nlm.nih.gov/pubmed/12114545
 236.  Joy MS, Hogan SL, Thompson BD, et al. Cytochrome P450 3A5 expression 
in the kidneys o  patients with calcineurin inhibitor nephrotoxicity. Nephrol Dial 
Transplant. 2007;22(7):1963–1968.
http://www.ncbi.nlm.nih.gov/pubmed/17395652
 237.  Suzuki C, Isaka Y, Takabatake Y, et al. Participation o  autophagy in re-
nal ischemia/reper usion injury. Biochem Biophys Res Commun. 2008;368(1):  
100–106.
http://www.ncbi.nlm.nih.gov/pubmed/18222169

897



898 SECTION V  ACUTE KIDNEY INJURY

307. Hayden PJ, Stevens JL. Cysteine conjugate toxicity, metabolism, and 
binding to macromolecules in isolated rat kidney mitochondria . Mol Pharmacol.
1990;37(3):468–476.
308. Gordon JA, Gattone VH II. Mitochondrial alterations in cisplatin- induced
acute renal failure . Am J Physiol. 1986;250(6 Pt 2):F991–998. 
309. Sa  rstein R, Winston J, Goldstein M, et al. Cisplatin nephrotoxicity.  Am J 
Kidney Dis. 1986;8(5):356–367. 
310. Aleo MD, Wyatt RD, Schnellmann RG. The role of altered mitochondrial 
function in citrinin-induced toxicity to rat renal proximal tubule suspensions .
Toxicol Appl Pharmacol. 1991;109(3):455–463. 
311. Chagas GM, Oliveira MA, Campello AP, et al. Mechanism of citrinin- 
induced dysfunction of mitochondria. IV—Effect on Ca2    transport.  Cell  Biochem 
Funct. 1995;13(1):53–59. 
312. Chagas GM, Campello AP, Kluppel ML, et al. Citrinin affects the oxidative 
metabolism of BHK-21 cells. Cell Biochem Funct. 1995;13(4):267–271. 
313. Chagas GM, Oliveira MB, Campello AP, et al. Mechanism of citrinin- 
induced dysfunction of mitochondria. III. Effects on renal cortical and liver 
mitochondrial swelling. J Appl Toxicol. 1995;15(2):91–95. 
314. Moore JH, Truelove B. Ochratoxin A: inhibition of mitochondrial respira-
tion. Science. 1970;168(935):1102–1103. 
315. Aleo MD, Wyatt RD, Schnellmann RG. Mitochondrial dysfunction is an 
early event in ochratoxin A but not oosporein toxicity to rat renal proximal 
tubules. Toxicol Appl Pharmacol. 1991;107(1):73–80. 
316. Tune B. The nephrotoxicity of beta-lactam antibiotics. In: Hook J,  Goldstein
R, eds . Toxicology of the Kidney. New York: Raven Press; 1993. 
317. Rush GF, Ponsler GD. Cephaloridine-induced biochemical changes and 
cytotoxicity in suspensions of rabbit isolated proximal tubules . Toxicol Appl 
 Pharmacol. 1991;109(2):314–326. 
318. Aleo MD, Rankin GO, Cross TJ, et al. Toxicity of N-(3,5–dichlorophenyl)
succinimide and metabolites to rat renal proximal tubules and mitochondria. 
Chem Biol Interact. 1991;78(1):109–121. 
319. Groves CE, Hayden PJ, Lock EA, et al. Differential cellular effects in 
the toxicity of haloalkene and haloalkane cysteine conjugates to rabbit renal 
proximal tubules.  J Biochem Toxicol. 1993;8(1):49–56. 
320. Lock EA, Schnellmann RG. The effect of haloalkene cysteine conjugates on 
rat renal glutathione reductase and lipoyl dehydrogenase activities . Toxicol Appl 
Pharmacol. 1990;104(1):180–190. 
321. Schnellmann RG. 2–Bromohydroquinone-induced toxicity to rabbit re-
nal proximal tubules: evidence against oxidative stress . Toxicol Appl Pharmacol.
1989;99(1):11–18.
322. Schnellmann RG. Measurment of oxygen consumption. In: Tyson CA, 
Frazier JM, eds. Methods in Toxicology. Boca Raton: Academic; 1994. 
323. Schnellmann RG, Griner RD. Mitochondrial mechanisms of tubular injury. 
In: Goldstein RS, ed. Mechanisms of Injury in Renal Diseases and Toxicity. Boca 
Raton: CRC Press; 1994. 
324. Weinberg JM, Venkatachalam MA, Roeser NF, et al. Mitochondrial 
dysfunction during hypoxia/reoxygenation and its correction by  anaerobic 
metabolism of citric acid cycle intermediates. Proc Natl Acad Sci U S A. 2000;
97(6):2826–2831.
325. Weinberg JM, Venkatachalam MA, Roeser NF, et al. Anaerobic and aerobic 
pathways for salvage of proximal tubules from hypoxia-induced mitochondrial 
injury . Am J Physiol Renal Physiol. 2000;279(5):F927–943. 
326. Arrington DD, Van Vleet T, Schnellmann RG. Ca2   -Induced mitochonrial-
dysfunction is mediated by a calpain-like activity in renal cortical mitochondria. 
In: Biology of the Calpains in Health and Disease. Tucson, AZ; 2004. 
327. Kagan VE, Tyurin VA, Jiang J, et al. Cytochrome c acts as a  cardiolipin 
oxygenase required for release of proapoptotic factors.  Nat Chem Biol. 2005;
1(4):223–232.
328. Liu H, Bowes RC III, van de Water, B et al. Endoplasmic reticulum 
chaperones GRP78 and calreticulin prevent oxidative stress, Ca2    disturbances, 
and cell death in renal epithelial cells . J Biol Chem. 1997;272(35):21751–21759. 
329. Liu H, Lightfoot R, Stevens JL. Activation of heat shock factor by alkylating 
agents is triggered by glutathione depletion and oxidation of protein thiols . J Biol 
Chem. 1996;271(9):4805–4812. 
330. Halleck MM, Liu H, North J, et al. Reduction of trans-4,5–dihydroxy-1,
2–dithiane by cellular oxidoreductases activates gadd153/chop and grp78 tran-
scription and induces cellular tolerance in kidney epithelial cells . J Biol Chem.
1997;272(35):21760–21766.
331. Nakagawa T, Zhu H, Morishima N, et al. Caspase-12 mediates 
endoplasmic-reticulum-speci  c apoptosis and cytotoxicity by amyloid-beta. 
Nature. 2000;403(6765):98–103. 
 332. Khan AA, Soloski MJ, Sharp AH, et al. Lymphocyte apoptosis:  mediation by 
increased type 3 inositol 1,4,5–trisphosphate receptor.  Science. 1996;273(5274):
503–507. 

283. Cummings BS. Phospholipase A(2) as targets for anti-cancer drugs .
 Biochem Pharmacol. 2007;74(7):949–959. 
284. Hassan S, Carraway RE. Involvement of arachidonic acid metabolism and 
EGF receptor in neurotensin-induced prostate cancer PC3 cell growth.  Regulatory
Peptides. 2006;133(1–3):105–114. 
285. Yellaturu CR, Rao GN. A requirement for calcium-independent phospho-
lipase A2 in thrombin-induced arachidonic acid release and growth in vascular 
smooth muscle cells . J Biol Chem. 2003;278(44):43831–43837. 
286. Beckett CS, Pennington K, McHowat J. Activation of MAPKs in thrombin-
stimulated ventricular myocytes is dependent on Ca2   -independent PLA2 . Am J 
Physiol Cell Physiol. 2006;290(5):C1350–1354. 
287. Cummings BS, Gelasco AK, Kinsey GR, et al. Inactivation of endoplasmic
reticulum bound Ca2   -independent phospholipase A2 in renal cells during 
oxidative stress . J Am Soc Nephrol. 2004;15(6):1441–1451. 
288. Zhang L, Peterson BL, Cummings BS. The effect of inhibition of Ca2   -
independent phospholipase A2 on chemotherapeutic-induced death and phos-
pholipid pro  les in renal cells . Biochem Pharmacol. 2005;70(11):1697–1706. 
289. Kinsey GR, McHowat J, Patrick KS, et al. Role of Ca2   -independent phos-
pholipase A2gamma in Ca2   -induced mitochondrial permeability transition .
J Pharmacol Exp Ther. 2007;321(2):707–715. 
290. Saavedra G, Zhang W, Peterson B, et al. Differential roles for cytosolic and 
microsomal Ca2   -independent phospholipase A2 in cell growth and  maintenance
of phospholipids. J Pharmacol Exp Ther. 2006;318(3):1211–1219. 
291. Mancuso DJ, Kotzbauer P, Wozniak DF, et al. Genetic ablation of calcium-
independent phospholipase A2Î 3 leads to alterations in hippocampal cardio-
lipin content and molecular species distribution, mitochondrial degeneration, 
autophagy, and cognitive dysfunction.  J Biol Chem. 2009;284(51):35632–35644. 
292. Dietrich HH, Abendschein DR, Moon SH, et al. Genetic ablation of 
calcium-independent phospholipase A2{beta} causes hypercontractility and 
markedly attenuates endothelium-dependent relaxation to acetylcholine . Am J 
Physiol. Heart Circ Physiol. 2010;298(6):H2208–2220. 
293. Sapirstein A, Spech RA, Witzgall R, et al. Cytosolic phospholipase A2 
(PLA2), but not secretory PLA2, potentiates hydrogen peroxide cytotoxicity in 
kidney epithelial cells . J Biol Chem. 1996;271(35):21505–21513. 
294. Bonventre JV, Sapirstein A. Group IV cytosolic phospholipase A2 (PLA2) 
function: insights from the knockout mouse.  Adv Exp Med Biol. 2002;507: 25–31. 
295. Downey P, Sapirstein A, O’Leary E, et al. Renal concentrating defect in 
mice lacking group IV cytosolic phospholipase A(2) . Am J Physiol Renal Physiol.
2001;280(4):F607–618.
296. Putz T, Ramoner R, Gander H, et al. Bee venom secretory phospholipase 
A2 and phosphatidylinositol-homologues cooperatively disrupt membrane 
integrity, abrogate signal transduction and inhibit proliferation of renal cancer 
cells. Cancer Immunol Immunother. 2007;56(5):627–640. 
297. Kambe T, Murakami M, Kudo I. Polyunsaturated fatty acids potentiate 
interleukin-1–stimulated arachidonic acid release by cells overexpressing type 
IIA secretory phospholipase A2.  FEBS Lett. 1999;453(1–2):81–84. 
298. Petry C, Huwiler A, Eberhardt W, et al. Hypoxia increases group IIA phos-
pholipase A(2) expression under in  ammatory conditions in rat renal mesangial 
cells. J Am Soc Nephrol. 2005;16(10):2897–2905. 
299. Sawada H, Murakami M, Enomoto A, et al. Regulation of type V phospho-
lipase A2 expression and function by proin  ammatory stimuli.  Eur J Biochem.
1999;263(3):826–835.
300. Groves CE, Lock EA, Schnellmann RG. Role of lipid peroxidation in renal 
proximal tubule cell death induced by haloalkene cysteine conjugates . Toxicol 
Appl Pharmacol. 1991;107(1):54–62. 
301. Mandel LJ. Metabolic substrates, cellular energy production, and the 
regulation of proximal tubular transport.  Annu Rev Physiol. 1985;47:85–101. 
302. Weinberg JM, Harding PG, Humes HD. Mitochondrial bioenergetics 
during the initiation of mercuric chloride-induced renal injury. I. Direct ef-
fects of in vitro mercuric chloride on renal mitochondrial function . J Biol Chem.
1982;257(1):60–67.
303. Weinberg JM, Harding PG, Humes HD. Mitochondrial bioenergetics  during
the initiation of mercuric chloride-induced renal injury. II. Functional alterations 
of renal cortical mitochondria isolated after mercuric chloride treatment . J Biol 
Chem. 1982;257(1):68–74. 
304. Zalups RK, Knutson KL, Schnellmann RG. In vitro analysis of the accu-
mulation and toxicity of inorganic mercury in segments of the proximal tubule 
isolated from the rabbit kidney . Toxicol Appl Pharmacol. 1993;119(2):221–227. 
305. Schnellmann RG, Lock EA, Mandel LJ. A mechanism of S-(1,2,3,4,4– 
pentachloro-1,3–butadienyl)-L-cysteine toxicity to rabbit renal proximal  tubules.
Toxicol Appl Pharmacol. 1987;90(3):513–521. 
306. Schnellmann RG, Cross TJ, Lock EA. Pentachlorobutadienyl-L-cysteine 
uncouples oxidative phosphorylation by dissipating the proton gradient . Toxicol 
Appl Pharmacol. 1989;100(3):498–505. 

 238.  Weinberg JM, ed. The Cellular Basis of Nephrotoxicity. Boston: Little Brown; 
1993.
 239.  Yang X, Schnellmann RG. Proteinases in renal cell death. J Toxicol Environ 
Health. 1996;48(4):319–332.
 240.  Wilson PD, Hartz PA. Mechanisms o  cyclosporine A toxicity in de ned 
cultures o  renal tubule epithelia: a role  or cysteine proteases. Cell Biol Int Rep. 
1991;15(12):1243–1258.
 241.  Giguere CJ, Covington MD, Schnellmann RG. Mitochondrial calpain 10 
activity and expression in the kidney o  multiple species. Biochem Biophys Res 
Commun. 2008;366(1):258–262.
 242.  Goll DE, Thompson VF, Li H, et al. The calpain system. Physiol Rev. 
2003;83(3):731–801.
http://www.ncbi.nlm.nih.gov/pubmed/12843408
 243.  Zatz M, Starling A. Calpains and disease. N Engl J Med. 2005;352(23): 
2413–2423.
http://www.ncbi.nlm.nih.gov/pubmed/15944426
 244.  Liu X, Schnellmann RG. Calpain mediates progressive plasma membrane 
permeability and proteolysis o  cytoskeleton-associated paxillin, talin, and vin-
culin during renal cell death. J Pharmacol Exp Ther. 2003;304(1):63–70.
http://www.ncbi.nlm.nih.gov/pubmed/12490576
 245.  Liu X, Van Vleet T, Schnellmann RG. The role o  calpain in oncotic cell 
death. Annu Rev Pharmacol Toxicol. 2004;44:349–370.
http://www.ncbi.nlm.nih.gov/pubmed/14744250
 246.  Edelstein CL, Ling H, Gengaro PE, et al. E  ect o  glycine on prelethal and 
postlethal increases in calpain activity in rat renal proximal tubules. Kidney Int. 
1997;52(5):1271–1278.
http://www.ncbi.nlm.nih.gov/pubmed/9350650
 247.  Takaoka M, Itoh M, Hayashi S, et al. Proteasome participates in the patho-
genesis o  ischemic acute renal  ailure in rats. Eur J Pharmacol. 1999;384(1): 
43–46.
http://www.ncbi.nlm.nih.gov/pubmed/10611418
 248.  Van Vleet T, Schnellmann RG. Identi cation o  mitochondrial calpain-like 
activity during mitochondrial dys unction. Toxicol Sci. 2002;66(1–2):38.
 249.  Arrington DD, Van Vleet T, Schnellmann RG. Localization and characteri-
zation o  a novel mitochondrial calpain in renal cortical mitochondria. J Am Soc 
Nephrol. 2003;14:351A.
 250.  Arrington DD, Van Vleet TR, Schnellmann RG. Calpain 10: a mitochon-
drial calpain and its role in calcium-induced mitochondrial dys unction. Am J 
Physiol Cell Physiol. 2006;291(6):C1159–1171.
 251.  Covington MD, Arrington DD, Schnellmann RG. Calpain 10 is required 
 or cell viability and is decreased in the aging kidney. Am J Physiol Renal Physiol. 
2009;296(3):F478–486.
 252.  Rasbach KA, Green PT, Schnellmann RG. Oxidants and Ca2+ induce 
PGC-1alpha degradation through calpain. Arch Biochem Biophys. 2008;478(2):  
130–135.
http://www.ncbi.nlm.nih.gov/pubmed/18718443
 253.  Lankiewicz S, Marc Luetjens C, Truc Bui N, et al. Activation o  calpain I 
converts excitotoxic neuron death into a caspase-independent cell death. J Biol 
Chem. 2000;275(22):17064–17071.
http://www.ncbi.nlm.nih.gov/pubmed/10828077
 254.  Chua BT, Guo K, Li P. Direct cleavage by the calcium-activated pro-tease 
calpain can lead to inactivation o  caspases. J Biol Chem. 2000;275(7): 5131–
5135.
 255.  Robertson JD, Gogvadze V, Kropotov A. et al. Processed caspase-2 can in-
duce mitochondria-mediated apoptosis independently o  its enzymatic activity. 
EMBO Rep. 2004;5(6):643–648.
 256.  Orrenius S. Mitochondrial regulation o  apoptotic cell death. Toxicol Lett. 
2004;149(1–3):19–23.
http://www.ncbi.nlm.nih.gov/pubmed/15093244
 257.  Enoksson M, Robertson JD, Gogvadze V, et al. Caspase-2 permeabilizes 
the outer mitochondrial membrane and disrupts the binding o  cytochrome c to 
anionic phospholipids. J Biol Chem. 2004;279(48):49575–49578.
http://www.ncbi.nlm.nih.gov/pubmed/15475367
 258.  Cummings BS, Kinsey GR, Bolchoz LJ, et al. Identi cation o  caspase-
independent apoptosis in epithelial and cancer cells. J Pharmacol Exp Ther. 
2004;310(1):126–134.
 259.  Li S, Bhatt R, Megyesi J, et al. PPAR-alpha ligand ameliorates acute renal 
 ailure by reducing cisplatin-induced increased expression o  renal endonuclease 
G. Am J Physiol Renal Physiol. 2004;287(5):F990–998.
 260.  Basnakian AG, Kaushal GP, Shah SV. Apoptotic pathways o  oxidative  
damage to renal tubular epithelial cells. Antioxid Redox Signal. 2002;4(6): 
915–924.
 261.  Hooks SB, Cummings BS. Role o  Ca(2+)-independent phospholipase A(2) 
in cell growth and signaling. Biochem Pharmacol. 2008;76(9):1059–1067.
http://www.ncbi.nlm.nih.gov/pubmed/18775417

 262.  Cummings BS. Phospholipase A2 as targets  or anti-cancer drugs. Biochem 
Pharmacol. 2007;74(7):949–959.
http://www.ncbi.nlm.nih.gov/pubmed/17531957
 263.  Bonventre JV. Phospholipase A2 and signal transduction. J Am Soc Nephrol. 
1992;3(2):128–150.
 264.  Nakamura H, Nemeno   RA, Gronich JH, et al. Subcellular characteristics 
o  phospholipase A2 activity in the rat kidney. Enhanced cytosolic, mitochon-
drial, and microsomal phospholipase A2 enzymatic activity a ter renal ischemia 
and reper usion. J Clin Invest. 1991;87(5):1810–1818.
http://www.ncbi.nlm.nih.gov/pubmed/2022747
 265.  Portilla D, Dai G. Puri cation o  a novel calcium-independent phospholi- 
pase A2  rom rabbit kidney. J Biol Chem. 1996;271(26):15451–15457.
 266.  Portilla D, Shah SV, Lehman PA, et al. Role o  cytosolic calcium-independ-
ent plasmalogen-selective phospholipase A2 in hypoxic injury to rabbit proximal 
tubules. J Clin Invest. 1994;93(4):1609–1615.
http://www.ncbi.nlm.nih.gov/pubmed/8163663
 267.  Cummings BS, McHowat J, Schnellmann RG. Role o  an endoplasmic re-
ticulum Ca(2+)-independent phospholipase A(2) in oxidant-induced renal cell 
death. Am J Physiol Renal Physiol. 2002;283(3):F492–498.
 268.  Mancuso DJ, Jenkins CM, Gross RW. The genomic organization, com-
plete mRNA sequence, cloning, and expression o  a novel human intracellular 
membrane-associated calcium-independent phospholipase A(2). J Biol Chem. 
2000;275(14):9937–9945.
 269.  Kinsey GR, Cummings BS, Beckett C, et al. Identi cation and distribution 
o  endoplasmic reticulum iPLA2. Biochim Biophys Acta. 2004;327(1):287–293.
http://www.ncbi.nlm.nih.gov/pubmed/15629460
 270.  Antonopoulou S, Demopoulos CA, Iatrou C, et al. Platelet-activating  
 actor acetylhydrolase (PAF-AH) in human kidney. Int J Biochem. 1994;26(9): 
1157–1162.
http://www.ncbi.nlm.nih.gov/pubmed/7988740
 271.  Lee T, Malone B, Longobardi L, et al. Di  erential regulation o  three 
catalytic activities o  platelet-activating  actor (PAF)-dependent transacetylase.  
Arch Biochem Biophys. 2001;387(1):41–46.
http://www.ncbi.nlm.nih.gov/pubmed/11368182
 272.  Fisher AB, Dodia C, Feinstein SI, et al. Altered lung phospholipid metabo-
lism in mice with targeted deletion o  lysosomal-type phospholipase A2. J Lipid 
Res. 2005;46(6):1248–1256.
 273.  Kitsiouli E, Nakos G, Lekka ME. Phospholipase A2 subclasses in acute 
respiratory distress syndrome. Biochem Biophys Acta. 2009;1792(10):941–953.
http://www.ncbi.nlm.nih.gov/pubmed/19577642
 274.  Oberley TD, Verwiebe E, Zhong W, et al. Localization o  the thioredoxin 
system in normal rat kidney. Free Radic Biol Med 2001;30(4):412–424.
http://www.ncbi.nlm.nih.gov/pubmed/11182297
 275.  Kohjimoto Y, Kennington L, Scheid CR, et al. Role o  phospholipase A2 
in the cytotoxic e  ects o  oxalate in cultured renal epithelial cells. Kidney Int. 
1999;56(4):1432–1441.
http://www.ncbi.nlm.nih.gov/pubmed/10504495
 276.  Zager RA, Burkhart KM, Conrad DS. Isof urane alters proximal tubular 
cell susceptibility to toxic and hypoxic  orms o  attack. Kidney Int. 1999;55(1): 
148–159.
 277.  Kinsey GR, Blum JL, Covington MD, et al. Decreased iPLA2gamma ex-
pression induces lipid peroxidation, cell death, and sensitizes cells to oxidant-
induced apoptosis. J Lipid Res. 2008;49(7):1477–1487.
 278.  Portilla D, Creer MH. Plasmalogen phospholipid hydrolysis during hy-
poxic injury o  rabbit proximal tubules. Kidney Int. 1995;47(4):1087–1094.
http://www.ncbi.nlm.nih.gov/pubmed/7783405
 279.  Zager RA, Sacks BM, Burkhart KM, et al. Plasma membrane phospholipid 
integrity and orientation during hypoxic and toxic proximal tubular attack. Kid-
ney Int. 1999;56(1):104–117.
http://www.ncbi.nlm.nih.gov/pubmed/10411684
 280.  Atsumi G, Murakami M, Kojima K, et al. Distinct roles o  two intracellular 
phospholipase A2s in  atty acid release in the cell death pathway. Proteolytic 
 ragment o  type IVA cytosolic phospholipase A2alpha inhibits stimulus-induced 
arachido-nate release, whereas that o  type VI Ca2+ -independent phospholipase 
A2 augments spontaneous  atty acid release. J Biol Chem. 2000;275(24):18248–
18258.
http://www.ncbi.nlm.nih.gov/pubmed/10747887
 281.  Kudo I, Murakami M. Phospholipase A2 enzymes. Prostaglandins Other Li-
pid Mediat. 2002;68–69:3–58.
http://www.ncbi.nlm.nih.gov/pubmed/12432908
 282.  Murakami M, Kudo I. Phospholipase A2. J Biochem. 2002;131(3): 
285–292.
 283.  Cummings BS. Phospholipase A(2) as targets  or anti-cancer drugs. Bio-
chem Pharmacol. 2007;74(7):949–959.
http://www.ncbi.nlm.nih.gov/pubmed/17531957

898



CHAPTER 30  PATHOPHYSIOLOGY OF NEPHROTOXIC CELL INJURY 899

361. Liebler DC. The role of metabolism in the antioxidant function of vitamin 
E. Crit Rev Toxicol. 1993;23(2):147–169. 
362. Wang C, Salahudeen AK. Lipid peroxidation accompanies cyclosporine 
nephrotoxicity: effects of vitamin E . Kidney Int. 1995;47(3):927–934. 
363. Lash LH, Tokarz JJ, Woods EB. Renal cell type speci  city of cephalosporin-
induced cytotoxicity in suspensions of isolated proximal tubular and distal tubu-
lar cells . Toxicology. 1994;94(1–3):97–118. 
364. Weinberg JM. The cell biology of ischemic renal injury . Kidney Int.
1991;39(3):476–500.
365. Miller GW, Lock EA, Schnellmann RG. Strychnine and glycine protect 
renal proximal tubules from various nephrotoxicants and act in the late phase of 
necrotic cell injury . Toxicol Appl Pharmacol. 1994;125(2):192–197. 
366. Miller GW, Schnellmann RG. A putative cytoprotective receptor in the 
kidney: relation to the neuronal strychnine-sensitive glycine receptor.  Life Sci.
1994;55(1):27–34.
367. Sarang SS, Miller GW, Grant DF, et al. Expression and localization of 
the neuronal glycine receptor beta-subunit in human, rabbit and rat kidneys. 
Nephron. 1999;82(3):254–260. 
368. Nichols JC, Bronk SF, Mellgren RL, et al. Inhibition of nonlysosomal 
calcium-dependent proteolysis by glycine during anoxic injury of rat  hepatocytes.
Gastroenterology. 1994;106(1):168–176. 
369. Waters SL, Schnellmann RG. Examination of the mechanisms of action of 
diverse cytoprotectants in renal cell death . Toxicol Pathol. 1998;26(1):58–63. 
370. Rodeheaver DP, Schnellmann RG. Extracellular acidosis ameliorates 
metabolic-inhibitor-induced and potentiates oxidant-induced cell death in renal 
proximal tubules . J Pharmacol Exp Ther. 1993;265(3):1355–1360. 
371. Bonventre JV, Cheung JY. Effects of metabolic acidosis on viability of cells 
exposed to anoxia . Am J Physiol. 1985;249(1 Pt 1):C149–159. 
372. Weinberg JM. Oxygen deprivation-induced injury to isolated rabbit kidney 
tubules. J Clin Invest. 1985;76(3):1193–1208. 
373. Burnier M, Van Putten VJ, Schieppati A, et al. Effect of extracellular acidosis 
on 45Ca uptake in isolated hypoxic proximal tubules . Am J Physiol. 1988;254(6 
Pt 1):C839–846. 
374. Baumgart E, Vanhorebeek I, Grabenbauer M, et al. Mitochondrial  alterations
caused by defective peroxisomal biogenesis in a mouse model for Zellweger 
syndrome (PEX5 knockout mouse) . Am J Pathol. 2001;159(4):1477–1494. 
375. Isuzugawa K, Inoue M, Ogihara Y. Catalase contents in cells determine 
sensitivity to the apoptosis inducer gallic acid. Biol Pharm Bull. 2001;24(9):
1022–1026.
376. Li S, Wu P, Yarlagadda P, et al. PPAR alpha ligand protects during 
cisplatin-induced acute renal failure by preventing inhibition of renal FAO and 
PDC activity. Am J Physiol Renal Physiol. 2004;286(3):F572–580. 
377. Guan Y. Peroxisome proliferator-activated receptor family and its rela-
tionship to renal complications of the metabolic syndrome . J Am Soc Nephrol.
2004;15(11):2801–2815.
 378. Sato K, Sugawara A, Kudo M, et al. Expression of peroxisome proliferator- 
activated receptor isoform proteins in the rat kidney.  Hypertens Res. 2004;27(6):
417–425. 
 379. Portilla D, Dai G, McClure T, et al. Alterations of PPARalpha and its  coactivator 
PGC-1 in cisplatin-induced acute renal failure . Kidney Int. 2002;62(4):1208–1218. 
380. Guan Y, Zhang Y, Davis L, et al. Expression of peroxisome proliferator- 
activated receptors in urinary tract of rabbits and humans . Am J Physiol.
1997;273(6 Pt 2):F1013–1022. 
381. Reddy JK, Goel SK, Nemali MR, et al. Transcription regulation of per-
oxisomal fatty acyl-CoA oxidase and enoyl-CoA hydratase/3–hydroxyacyl-CoA 
dehydrogenase in rat liver by peroxisome proliferators.  Proc Natl Acad Sci U S A.
1986;83(6):1747–1751.
382. Zhu Y, Alvares K, Huang Q, et al. Cloning of a new member of the peroxi-
some proliferator-activated receptor gene family from mouse liver . J Biol Chem.
1993;268(36):26817–26820.
383. Zhu C, Qiu L, Wang X, et al. Involvement of apoptosis-inducing factor in 
neuronal death after hypoxia-ischemia in the neonatal rat brain.  J Neurochem.
2003;86(2):306–317.
384. Camp HS, Li O, Wise SC, et al. Differential activation of peroxisome 
proliferator-activated receptor-gamma by troglitazone and rosiglitazone.  Diabetes.
2000;49(4):539–547.
385. Chana RS, Lewington AJ, Brunskill NJ. Differential effects of  peroxisome 
proliferator activated receptor-gamma (PPAR gamma) ligands in proximal 
tubular cells: Thiazolidinediones are partial PPAR gamma agonists . Kidney Int.
2004;65(6):2081–2090.
386. Hashimoto T. Individual peroxisomal beta-oxidation enzymes.  Ann N Y 
Acad Sci. 1982;386:5–12. 
 387. Portilla D. Energy metabolism and cytotoxicity.  Semin Nephrol. 2003;23(5):
432–438. 

333. Jayaraman T, Marks AR. T cells de  cient in inositol 1,4,5–trisphosphate 
receptor are resistant to apoptosis . Mol Cell Biol. 1997;17(6):3005–3012. 
334. Bouvier N, Flinois JP, Gilleron J, et al. Cyclosporine triggers endoplasmic 
reticulum stress in endothelial cells: a role for endothelial phenotypic changes 
and death . Am J Physiol Renal Physiol. 2009;296(1):F160–169. 
335. Carlson MA, Condon RE. Nephrotoxicity of amphotericin B.  J Am Coll 
Surg. 1994;179(3):361–381. 
336. Kone BC, Kaleta M, Gullans SR. Silver ion (Ag   )-induced increases in cell 
membrane K    and Na    permeability in the renal proximal tubule: reversal by 
thiol reagents.  J Membr Biol. 1988;102(1):11–19. 
337. Kone BC, Brenner RM, Gullans SR. Sulfhydryl-reactive heavy metals 
increase cell membrane K    and Ca2    transport in renal proximal tubule.  J Membr 
Biol. 1990;113(1):1–12. 
338. Leaf A. Maintenance of concentration gradients and regulation of cell 
volume. Ann N Y Acad Sci. 1959;72(12):396–404. 
 339. Gullans SR, Brazy PC, Soltoff SP, et al. Metabolic inhibitors: effects on metabo-
lism and transport in the proximal tubule . Am J Physiol. 1982;243(2):F133–140. 
340. Miller GW, Schnellmann RG. Cytoprotection by inhibition of  chloride
channels: the mechanism of action of glycine and strychnine.  Life Sci. 1993;
53(15):1211–1215.
341. Miller GW, Schnellmann RG. Inhibitors of renal chloride transport do 
not block toxicant-induced chloride in  ux in the proximal tubule.  Toxicol Lett.
1995;76(2):179–184.
342. Reeves WB. Effects of chloride channel blockers on hypoxic injury in rat 
proximal tubules . Kidney Int. 1997;51(5):1529–1534. 
343. Choi YJ, Baranowska-Daca E, Nguyen V, et al. Mechanism of chronic 
obstructive uropathy: increased expression of apoptosis-promoting molecules .
Kidney Int. 2000;58(4):1481–1491. 
344. Messmer UK, Briner VA, Pfeilschifter J. Basic   broblast growth factor 
selectively enhances TNF-alpha-induced apoptotic cell death in glomerular 
endothelial cells: effects on apoptotic signaling pathways . J Am Soc Nephrol.
2000;11(12):2199–2211.
345. Strucutre and function of the cell. In: Seeley RR, Stephens TD, Tate P, eds. 
Anatomy and Phsiology, 6th ed. Boston: McGraw Hill; 1995:58–103. 
346. Borghoff SJ, Short BG, Swenberg JA. Biochemical mechanisms and 
pathobiology of alpha 2u-globulin nephropathy . Annu Rev Pharmacol Toxicol.
1990;30:349–367.
347. Lehman-McKeeman L. Male rat-speci  c light hydrocarbon nephropathy. 
In: Hook J, Golstein R, eds . Toxicology. of the Kidney. New York: Raven; 1993. 
348. Cuervo AM, Hildebrand H, Bomhard EM, et al. Direct lysosomal uptake of 
alpha 2–microglobulin contributes to chemically induced nephropathy . Kidney 
Int. 1999;55(2):529–545. 
349. Goldstein SM, Schnellmann RG. Toxic responses of the kidney. In:  Klaassen
CD, ed. Casarett and Doull’s Toxicology: The Basic Science of Poisons, 5th ed. New 
York: McGraw-Hill; 1996:471. 
350. Kosek JC, Mazze RI, Cousins MJ. Nephrotoxicity of gentamicin.  Lab Invest.
1974;30(1):48–57.
351. Kaloyanides GJ. Drug-phospholipid interactions: role in aminoglycoside 
nephrotoxicity.  Ren Fail. 1992;14(3):351–357. 
352. Yang C, Kaushal V, Shah SV, et al. Autophagy is associated with apoptosis 
in cisplatin injury to renal tubular epithelial cells . Am J Physiol Renal Physiol.
2008;294(4):F777–787.
353. Vina J.  Glutathione Metabolism and Physiological Functions. Boca Raton: CRC 
Press; 1990. 
354. Cummings BS, Lash LH. Metabolism and toxicity of trichloroethylene and 
S-(1,2–dichlorovinyl)-L-cysteine in freshly isolated human proximal tubular 
cells. Toxicol Sci. 2000;53(2):458–466. 
355. Lash LH, Tokarz JJ. Isolation of two distinct populations of cells from 
rat kidney cortex and their use in the study of chemical-induced toxicity.  Anal
 Biochem. 1989;182(2):271–279. 
356. Lash LH, Putt DA, Matherly LH. Protection of NRK-52E cells, a rat 
renal proximal tubular cell line, from chemical-induced apoptosis by over-
expression of a mitochondrial glutathione transporter . J Pharmacol Exp Ther.
2002;303(2):476–486.
357. Sauberlich HE. Pharmacology of vitamin C. Annu Rev Nutr. 1994;14:
371–391.
358. Nony PA, Nowak G, Schnellmann RG. Collagen IV promotes repair of 
renal cell physiological functions after toxicant injury . Am J Physiol Renal  Physiol.
2001;281(3):F443–453.
359. Nony PA, Schnellmann RG. Interactions between collagen IV and 
collagen-binding integrins in renal cell repair after sublethal injury . Mol Pharma-
col. 2001;60(6):1226–1234. 
360. Nony PA, Schnellmann RG. Mechanisms of renal cell repair and regenera-
tion after acute renal failure . J Pharmacol Exp Ther. 2003;304(3):905–912. 

 284.  Hassan S, Carraway RE. Involvement o  arachidonic acid metabolism and 
EGF receptor in neurotensin-induced prostate cancer PC3 cell growth. Regulatory 
Peptides. 2006;133(1–3):105–114.
http://www.ncbi.nlm.nih.gov/pubmed/16330112
 285.  Yellaturu CR, Rao GN. A requirement  or calcium-independent phospho-
lipase A2 in thrombin-induced arachidonic acid release and growth in vascular 
smooth muscle cells. J Biol Chem. 2003;278(44):43831–43837.
 286.  Beckett CS, Pennington K, McHowat J. Activation o  MAPKs in thrombin-
stimulated ventricular myocytes is dependent on Ca2+ -independent PLA2. Am J 
Physiol Cell Physiol. 2006;290(5):C1350–1354.
 287.  Cummings BS, Gelasco AK, Kinsey GR, et al. Inactivation o  endoplasmic 
reticulum bound Ca2+ -independent phospholipase A2 in renal cells during oxi-
dative stress.J Am Soc Nephrol. 2004;15(6):1441–1451.
 288.  Zhang L, Peterson BL, Cummings BS. The e  ect o  inhibition o  Ca2+-
independent phospholipase A2 on chemotherapeutic-induced death and phos-
pholipid pro les in renal cells. Biochem Pharmacol. 2005;70(11):1697–1706.
 289.  Kinsey GR, McHowat J, Patrick KS, et al. Role o  Ca2+-independent phos-
pholipase A2gamma in Ca2+-induced mitochondrial permeability transition. J 
Pharmacol Exp Ther. 2007;321(2):707–715.
http://www.ncbi.nlm.nih.gov/pubmed/17312185
 290.  Saavedra G, Zhang W, Peterson B, et al. Di  erential roles  or cytosolic and 
microsomal Ca2+-independent phospholipase A2 in cell growth and maintenance 
o  phospholipids. J Pharmacol Exp Ther. 2006;318(3):1211–1219.
http://www.ncbi.nlm.nih.gov/pubmed/16763094
 291.  Mancuso DJ, Kotzbauer P, Wozniak DF, et al. Genetic ablation o  calcium-
independent phospholipase A2Î3 leads to alterations in hippocampal cardio-lipin 
content and molecular species distribution, mitochondrial degeneration, au-
tophagy, and cognitive dys unction. J Biol Chem. 2009;284(51):35632–35644.
http://www.ncbi.nlm.nih.gov/pubmed/19840936
 292.  Dietrich HH, Abendschein DR, Moon SH, et al. Genetic ablation o  cal-
cium-independent phospholipase A2{beta} causes hypercontractility and mark-
edly attenuates endothelium-dependent relaxation to acetylcholine. Am J Physiol. 
Heart Circ Physiol. 2010;298(6):H2208–2220.
 293.  Sapirstein A, Spech RA, Witzgall R, et al. Cytosolic phospholipase A2 
(PLA2), but not secretory PLA2, potentiates hydrogen peroxide cytotoxicity in 
kidney epithelial cells. J Biol Chem. 1996;271(35):21505–21513.
 294.  Bonventre JV, Sapirstein A. Group IV cytosolic phospholipase A2 (PLA2) 
 unction: insights  rom the knockout mouse. Adv Exp Med Biol. 2002;507: 25–31.
http://www.ncbi.nlm.nih.gov/pubmed/12664560
 295.  Downey P, Sapirstein A, O’Leary E, et al. Renal concentrating de ect in 
mice lacking group IV cytosolic phospholipase A(2). Am J Physiol Renal Physiol. 
2001;280(4):F607–618.
 296.  Putz T, Ramoner R, Gander H, et al. Bee venom secretory phospholipase 
A2 and phosphatidylinositol-homologues cooperatively disrupt membrane in-
tegrity, abrogate signal transduction and inhibit proli eration o  renal cancer cells. 
Cancer Immunol Immunother. 2007;56(5):627–640.
http://www.ncbi.nlm.nih.gov/pubmed/16947021
 297.  Kambe T, Murakami M, Kudo I. Polyunsaturated  atty acids potentiate in-
terleukin-1–stimulated arachidonic acid release by cells overexpressing type IIA 
secretory phospholipase A2. FEBS Lett. 1999;453(1–2):81–84.
http://www.ncbi.nlm.nih.gov/pubmed/10403380
 298.  Petry C, Huwiler A, Eberhardt W, et al. Hypoxia increases group IIA phos-
pholipase A(2) expression under inf ammatory conditions in rat renal mesangial 
cells. J Am Soc Nephrol. 2005;16(10):2897–2905.
http://www.ncbi.nlm.nih.gov/pubmed/16135775
 299.  Sawada H, Murakami M, Enomoto A, et al. Regulation o  type V phospho-
lipase A2 expression and  unction by proinf ammatory stimuli. Eur J Biochem. 
1999;263(3):826–835.
http://www.ncbi.nlm.nih.gov/pubmed/10469147
 300.  Groves CE, Lock EA, Schnellmann RG. Role o  lipid peroxidation in renal 
proximal tubule cell death induced by haloalkene cysteine conjugates. Toxicol 
Appl Pharmacol. 1991;107(1):54–62.
 301.  Mandel LJ. Metabolic substrates, cellular energy production, and the regu-
lation o  proximal tubular transport. Annu Rev Physiol. 1985;47:85–101.
http://www.ncbi.nlm.nih.gov/pubmed/3888090
 302.  Weinberg JM, Harding PG, Humes HD. Mitochondrial bioenergetics 
during the initiation o  mercuric chloride-induced renal injury. I. Direct e -
 ects o  in vitro mercuric chloride on renal mitochondrial  unction. J Biol Chem. 
1982;257(1):60–67.
http://www.ncbi.nlm.nih.gov/pubmed/6458618
 303.  Weinberg JM, Harding PG, Humes HD. Mitochondrial bioenergetics dur-
ing the initiation o  mercuric chloride-induced renal injury. II. Functional altera-
tions o  renal cortical mitochondria isolated a ter mercuric chloride treatment. J 
Biol Chem. 1982;257(1):68–74.
http://www.ncbi.nlm.nih.gov/pubmed/6458619

 304.  Zalups RK, Knutson KL, Schnellmann RG. In vitro analysis o  the accu-
mulation and toxicity o  inorganic mercury in segments o  the proximal tubule 
isolated  rom the rabbit kidney. Toxicol Appl Pharmacol. 1993;119(2):221–227.
 305.  Schnellmann RG, Lock EA, Mandel LJ. A mechanism o  S-(1,2,3,4,4–pen-
tachloro-1,3–butadienyl)-L-cysteine toxicity to rabbit renal proximal tubules. 
Toxicol Appl Pharmacol. 1987;90(3):513–521.
http://www.ncbi.nlm.nih.gov/pubmed/3660416
 306.  Schnellmann RG, Cross TJ, Lock EA. Pentachlorobutadienyl-L-cysteine 
uncouples oxidative phosphorylation by dissipating the proton gradient. Toxicol 
Appl Pharmacol. 1989;100(3):498–505.
http://www.ncbi.nlm.nih.gov/pubmed/2551076
 307.  Hayden PJ, Stevens JL. Cysteine conjugate toxicity, metabolism, and bind-
ing to macromolecules in isolated rat kidney mitochondria. Mol Pharmacol. 
1990;37(3):468–476.
 308.  Gordon JA, Gattone VH II. Mitochondrial alterations in cisplatin-induced 
acute renal  ailure. Am J Physiol. 1986;250(6 Pt 2):F991–998.
 309.  Sa rstein R, Winston J, Goldstein M, et al. Cisplatin nephrotoxicity. Am J 
Kidney Dis. 1986;8(5):356–367.
http://www.ncbi.nlm.nih.gov/pubmed/3538859
 310.  Aleo MD, Wyatt RD, Schnellmann RG. The role o  altered mitochondrial 
 unction in citrinin-induced toxicity to rat renal proximal tubule suspensions. 
Toxicol Appl Pharmacol. 1991;109(3):455–463.
http://www.ncbi.nlm.nih.gov/pubmed/1853344
 311.  Chagas GM, Oliveira MA, Campello AP, et al. Mechanism o  citrinin-in-
duced dys unction o  mitochondria. IV-E  ect on Ca2+ transport. Cell Biochem 
Funct. 1995;13(1):53–59.
http://www.ncbi.nlm.nih.gov/pubmed/7720190
 312.  Chagas GM, Campello AP, Kluppel ML, et al. Citrinin a  ects the oxidative 
metabolism o  BHK-21 cells. Cell Biochem Funct. 1995;13(4):267–271.
http://www.ncbi.nlm.nih.gov/pubmed/8565147
 313.  Chagas GM, Oliveira MB, Campello AP, et al. Mechanism o  citrinin-in-
duced dys unction o  mitochondria. III. E  ects on renal cortical and liver mito-
chondrial swelling. J Appl Toxicol. 1995;15(2):91–95.
http://www.ncbi.nlm.nih.gov/pubmed/7782564
 314.  Moore JH, Truelove B. Ochratoxin A: inhibition o  mitochondrial respira-
tion. Science. 1970;168(935):1102–1103.
http://www.ncbi.nlm.nih.gov/pubmed/5441684
 315.  Aleo MD, Wyatt RD, Schnellmann RG. Mitochondrial dys unction is an 
early event in ochratoxin A but not oosporein toxicity to rat renal proximal tu-
bules. Toxicol Appl Pharmacol. 1991;107(1):73–80.
http://www.ncbi.nlm.nih.gov/pubmed/1987662
 316.  Tune B. The nephrotoxicity o  beta-lactam antibiotics. In: Hook J, Gold-
stein R, eds. Toxicology of the Kidney. New York: Raven Press; 1993.
 317.  Rush GF, Ponsler GD. Cephaloridine-induced biochemical changes and 
cytotoxicity in suspensions o  rabbit isolated proximal tubules. Toxicol Appl Phar-
macol. 1991;109(2):314–326.
http://www.ncbi.nlm.nih.gov/pubmed/2068729
 318.  Aleo MD, Rankin GO, Cross TJ, et al. Toxicity o  N-(3,5–dichlorophenyl) 
succinimide and metabolites to rat renal proximal tubules and mitochondria. 
Chem Biol Interact. 1991;78(1):109–121.
http://www.ncbi.nlm.nih.gov/pubmed/2009578
 319.  Groves CE, Hayden PJ, Lock EA, et al. Di  erential cellular e  ects in the 
toxicity o  haloalkene and haloalkane cysteine conjugates to rabbit renal proxi-
mal tubules. J Biochem Toxicol. 1993;8(1):49–56.
 320.  Lock EA, Schnellmann RG. The e  ect o  haloalkene cysteine conjugates on 
rat renal glutathione reductase and lipoyl dehydrogenase activities. Toxicol Appl 
Pharmacol. 1990;104(1):180–190.
http://www.ncbi.nlm.nih.gov/pubmed/2360207
 321.  Schnellmann RG. 2–Bromohydroquinone-induced toxicity to rabbit re-
nal proximal tubules: evidence against oxidative stress. Toxicol Appl Pharmacol. 
1989;99(1):11–18.
http://www.ncbi.nlm.nih.gov/pubmed/2727993
 322.  Schnellmann RG. Measurment o  oxygen consumption. In: Tyson CA, Fra-
zier JM, eds. Methods in Toxicology. Boca Raton: Academic; 1994.
 323.  Schnellmann RG, Griner RD. Mitochondrial mechanisms o  tubular injury. 
In: Goldstein RS, ed. Mechanisms of Injury in Renal Diseases and Toxicity. Boca 
Raton: CRC Press; 1994.
 324.  Weinberg JM, Venkatachalam MA, Roeser NF, et al. Mitochondrial dys unc-
tion during hypoxia/reoxygenation and its correction by anaerobic metabolism  
o  citric acid cycle intermediates. Proc Natl Acad Sci U S A. 2000; 97(6): 
2826–2831.
http://www.ncbi.nlm.nih.gov/pubmed/10717001
 325.  Weinberg JM, Venkatachalam MA, Roeser NF, et al. Anaerobic and aerobic 
pathways  or salvage o  proximal tubules  rom hypoxia-induced mitochondrial 
injury. Am J Physiol Renal Physiol. 2000;279(5):F927–943.

899



900 SECTION V  ACUTE KIDNEY INJURY

cytochrome P450 highly expressed in kidney . J Biol Chem. 1999;274(25):
17777–17788.
395. Wu S, Moomaw CR, Tomer KB, et al. Molecular cloning and expression 
of CYP2J2, a human cytochrome P450 arachidonic acid epoxygenase highly 
expressed in heart . J Biol Chem. 1996;271(7):3460–3468. 
396. Rodilla V, Benzie AA, Veitch JM, et al. Glutathione S-transferases in 
human renal cortex and neoplastic tissue: enzymatic activity, isoenzyme 
pro  le and  immunohistochemical localization. Xenobiotica. 1998;28(5):
443–456. 
397. Liu X, Godwin ML, Nowak G. Protein kinase C-alpha inhibits the repair of 
oxidative phosphorylation after S-(1,2–dichlorovinyl)-L-cysteine injury in renal 
cells. Am J Physiol Renal Physiol. 2004;287(1):F64–73. 
398. Zhuang S, Schnellmann RG, Zhougang S. H2O2–induced transactivation 
of EGF receptor requires Src and mediates ERK1/2, but not Akt, activation in 
renal cells . Am J Physiol Renal Physiol. 2004;286(5):F858–865. 
399. Zhuang S, Dang Y, Schnellmann RG. Requirement of the epidermal growth 
factor receptor in renal epithelial cell proliferation and migration . Am J Physiol 
Renal Physiol. 2004;287(3):F365–372. 

388. Sivarajah A, Chatterjee PK, Hattori Y, et al. Agonists of peroxisome- 
proliferator activated receptor-alpha (clo  brate and WY14643) reduce  renal 
ischemia/reperfusion injury in the rat.  Med Sci Monit. 2002;8(12):BR532–539. 
389. Rasbach KA, Schnellmann RG. Signaling of mitochondrial biogenesis 
following oxidant injury . J Biol Chem. 2007;282(4):2355–2362. 
390. Lock EA. Renal drug-metabolizing enzymes in experimental animals and 
humans. In: Goldstein RS, ed. Mechanisms of Injury in Renal Diseases and  Toxicity.
Boca Roton: CRC Press; 1994. 
391. Lohr JW, Willsky GR, Acara MA. Renal drug metabolism.  Pharmacol Rev.
1998;50(1):107–141.
392. Amet Y, Lucas D, Zhang-Gouillon ZQ, et al. P-450–dependent metabolism 
of lauric acid in alcoholic liver disease: comparison between rat liver and kidney 
microsomes.  Alcohol Clin Exp Res. 1998;22(2):455–462. 
393. Wu S, Chen W, Murphy E, et al. Molecular cloning, expression, and func-
tional signi  cance of a cytochrome P450 highly expressed in rat heart myocytes .
J Biol Chem. 1997;272(19):12551–12559. 
394. Ma J, Qu W, Scarborough PE, et al. Molecular cloning, enzymatic char-
acterization, developmental expression, and cellular localization of a mouse 

 326.  Arrington DD, Van Vleet T, Schnellmann RG. Ca2+-Induced mitochonrial-
dys unction is mediated by a calpain-like activity in renal cortical mitochondria. 
In: Biology of the Calpains in Health and Disease. Tucson, AZ; 2004.
 327.  Kagan VE, Tyurin VA, Jiang J, et al. Cytochrome c acts as a cardiolipin 
oxygenase required  or release o  proapoptotic  actors. Nat Chem Biol. 2005; 
1(4):223–232.
 328.  Liu H, Bowes RC III, van de Water, B et al. Endoplasmic reticulum chaper-
ones GRP78 and calreticulin prevent oxidative stress, Ca2+ disturbances, and cell 
death in renal epithelial cells. J Biol Chem. 1997;272(35):21751–21759.
 329.  Liu H, Light oot R, Stevens JL. Activation o  heat shock  actor by alkylating 
agents is triggered by glutathione depletion and oxidation o  protein thiols. J Biol 
Chem. 1996;271(9):4805–4812.
http://www.ncbi.nlm.nih.gov/pubmed/8617749
 330.  Halleck MM, Liu H, North J, et al. Reduction o  trans-4,5–dihydroxy-1, 
2–dithiane by cellular oxidoreductases activates gadd153/chop and grp78 tran-
scription and induces cellular tolerance in kidney epithelial cells. J Biol Chem. 
1997;272(35):21760–21766.
http://www.ncbi.nlm.nih.gov/pubmed/9268305
 331.  Nakagawa T, Zhu H, Morishima N, et al. Caspase-12 mediates endo-
plasmic-reticulum-speci c apoptosis and cytotoxicity by amyloid-beta. Nature. 
2000;403(6765):98–103.
http://www.ncbi.nlm.nih.gov/pubmed/10638761
 332.  Khan AA, Soloski MJ, Sharp AH, et al. Lymphocyte apoptosis: me-
diation by increased type 3 inositol 1,4,5–trisphosphate receptor. Science. 
1996;273(5274):503–507. 
http://www.ncbi.nlm.nih.gov/pubmed/8662540
 333.  Jayaraman T, Marks AR. T cells de cient in inositol 1,4,5–trisphosphate 
receptor are resistant to apoptosis. Mol Cell Biol. 1997;17(6):3005–3012.
http://www.ncbi.nlm.nih.gov/pubmed/9154798
 334.  Bouvier N, Flinois JP, Gilleron J, et al. Cyclosporine triggers endoplasmic 
reticulum stress in endothelial cells: a role  or endothelial phenotypic changes 
and death. Am J Physiol Renal Physiol. 2009;296(1):F160–169.
 335.  Carlson MA, Condon RE. Nephrotoxicity o  amphotericin B. J Am Coll 
Surg. 1994;179(3):361–381.
http://www.ncbi.nlm.nih.gov/pubmed/8069440
 336.  Kone BC, Kaleta M, Gullans SR. Silver ion (Ag+)-induced increases in cell 
membrane K+ and Na+ permeability in the renal proximal tubule: reversal by thiol 
reagents. J Membr Biol. 1988;102(1):11–19.
http://www.ncbi.nlm.nih.gov/pubmed/2456393
 337.  Kone BC, Brenner RM, Gullans SR. Sul hydryl-reactive heavy metals in-
crease cell membrane K+ and Ca2+ transport in renal proximal tubule. J Membr 
Biol. 1990;113(1):1–12.
http://www.ncbi.nlm.nih.gov/pubmed/2304068
 338.  Lea  A. Maintenance o  concentration gradients and regulation o  cell vol-
ume. Ann N Y Acad Sci. 1959;72(12):396–404.
http://www.ncbi.nlm.nih.gov/pubmed/13627925
 339.  Gullans SR, Brazy PC, Solto   SP, et al. Metabolic inhibitors: e  ects on  
metabolism and transport in the proximal tubule. Am J Physiol. 1982;243(2): 
F133–140.
 340.  Miller GW, Schnellmann RG. Cytoprotection by inhibition o  chloride 
channels: the mechanism o  action o  glycine and strychnine. Life Sci. 1993; 
53(15):1211–1215.
 341.  Miller GW, Schnellmann RG. Inhibitors o  renal chloride transport do 
not block toxicant-induced chloride inf ux in the proximal tubule. Toxicol Lett. 
1995;76(2):179–184.
http://www.ncbi.nlm.nih.gov/pubmed/7725349
 342.  Reeves WB. E  ects o  chloride channel blockers on hypoxic injury in rat 
proximal tubules. Kidney Int. 1997;51(5):1529–1534.
http://www.ncbi.nlm.nih.gov/pubmed/9150469
 343.  Choi YJ, Baranowska-Daca E, Nguyen V, et al. Mechanism o  chronic ob-
structive uropathy: increased expression o  apoptosis-promoting molecules. Kid-
ney Int. 2000;58(4):1481–1491.
http://www.ncbi.nlm.nih.gov/pubmed/11012883
 344.  Messmer UK, Briner VA, P eilschi ter J. Basic  broblast growth  actor 
selectively enhances TNF-alpha-induced apoptotic cell death in glomerular 
endothelial cells: e  ects on apoptotic signaling pathways. J Am Soc Nephrol. 
2000;11(12):2199–2211.
 345.  Strucutre and  unction o  the cell. In: Seeley RR, Stephens TD, Tate P, eds. 
Anatomy and Phsiology, 6th ed. Boston: McGraw Hill; 1995:58–103.
 346.  Borgho   SJ, Short BG, Swenberg JA. Biochemical mechanisms and 
pathobiology o  alpha 2u-globulin nephropathy. Annu Rev Pharmacol Toxicol. 
1990;30:349–367.
http://www.ncbi.nlm.nih.gov/pubmed/1693054
 347.  Lehman-McKeeman L. Male rat-speci c light hydrocarbon nephropathy. 
In: Hook J, Golstein R, eds. Toxicology. of the Kidney. New York: Raven; 1993.

 348.  Cuervo AM, Hildebrand H, Bomhard EM, et al. Direct lysosomal uptake o  
alpha 2–microglobulin contributes to chemically induced nephropathy. Kidney 
Int. 1999;55(2):529–545.
http://www.ncbi.nlm.nih.gov/pubmed/9987077
 349.  Goldstein SM, Schnellmann RG. Toxic responses o  the kidney. In: Klaas-
sen CD, ed. Casarett and Doull’s Toxicology: The Basic Science of Poisons, 5th ed. 
New York: McGraw-Hill; 1996:471.
 350.  Kosek JC, Mazze RI, Cousins MJ. Nephrotoxicity o  gentamicin. Lab Invest. 
1974;30(1):48–57.
 351.  Kaloyanides GJ. Drug-phospholipid interactions: role in aminoglycoside 
nephrotoxicity. Ren Fail. 1992;14(3):351–357.
http://www.ncbi.nlm.nih.gov/pubmed/1509168
 352.  Yang C, Kaushal V, Shah SV, et al. Autophagy is associated with apoptosis 
in cisplatin injury to renal tubular epithelial cells. Am J Physiol Renal Physiol. 
2008;294(4):F777–787.
 353.  Vina J. Glutathione Metabolism and Physiological Functions. Boca Raton: CRC 
Press; 1990.
 354.  Cummings BS, Lash LH. Metabolism and toxicity o  trichloroethylene and 
S-(1,2–dichlorovinyl)-L-cysteine in  reshly isolated human proximal tubular 
cells. Toxicol Sci. 2000;53(2):458–466.
http://www.ncbi.nlm.nih.gov/pubmed/10696794
 355.  Lash LH, Tokarz JJ. Isolation o  two distinct populations o  cells  rom rat 
kidney cortex and their use in the study o  chemical-induced toxicity. Anal Bio-
chem. 1989;182(2):271–279.
 356.  Lash LH, Putt DA, Matherly LH. Protection o  NRK-52E cells, a rat re-
nal proximal tubular cell line,  rom chemical-induced apoptosis by over-
expression o  a mitochondrial glutathione transporter. J Pharmacol Exp Ther. 
2002;303(2):476–486.
http://www.ncbi.nlm.nih.gov/pubmed/12388626
 357.  Sauberlich HE. Pharmacology o  vitamin C. Annu Rev Nutr. 1994;14:  
371–391.
http://www.ncbi.nlm.nih.gov/pubmed/7946525
 358.  Nony PA, Nowak G, Schnellmann RG. Collagen IV promotes repair o  
renal cell physiological  unctions a ter toxicant injury. Am J Physiol Renal Physiol. 
2001;281(3):F443–453.
 359.  Nony PA, Schnellmann RG. Interactions between collagen IV and colla-
gen-binding integrins in renal cell repair a ter sublethal injury. Mol Pharmacol. 
2001;60(6):1226–1234.
http://www.ncbi.nlm.nih.gov/pubmed/11723229
 360.  Nony PA, Schnellmann RG. Mechanisms o  renal cell repair and regenera-
tion a ter acute renal  ailure. J Pharmacol Exp Ther. 2003;304(3):905–912.
http://www.ncbi.nlm.nih.gov/pubmed/12604664
 361.  Liebler DC. The role o  metabolism in the antioxidant  unction o  vitamin 
E. Crit Rev Toxicol. 1993;23(2):147–169.
http://www.ncbi.nlm.nih.gov/pubmed/8329114
 362.  Wang C, Salahudeen AK. Lipid peroxidation accompanies cyclosporine 
nephrotoxicity: e  ects o  vitamin E. Kidney Int. 1995;47(3):927–934.
http://www.ncbi.nlm.nih.gov/pubmed/7752594
 363.  Lash LH, Tokarz JJ, Woods EB. Renal cell type speci city o  cephalosporin-
induced cytotoxicity in suspensions o  isolated proximal tubular and distal tubu-
lar cells. Toxicology. 1994;94(1–3):97–118.
http://www.ncbi.nlm.nih.gov/pubmed/7801333
 364.  Weinberg JM. The cell biology o  ischemic renal injury. Kidney Int. 
1991;39(3):476–500.
 365.  Miller GW, Lock EA, Schnellmann RG. Strychnine and glycine protect re-
nal proximal tubules  rom various nephrotoxicants and act in the late phase o  
necrotic cell injury. Toxicol Appl Pharmacol. 1994;125(2):192–197.
http://www.ncbi.nlm.nih.gov/pubmed/8171427
 366.  Miller GW, Schnellmann RG. A putative cytoprotective receptor in the 
kidney: relation to the neuronal strychnine-sensitive glycine receptor. Life Sci. 
1994;55(1):27–34.
http://www.ncbi.nlm.nih.gov/pubmed/8015346
 367.  Sarang SS, Miller GW, Grant DF, et al. Expression and localization o  
the neuronal glycine receptor beta-subunit in human, rabbit and rat kidneys. 
Nephron. 1999;82(3):254–260.
http://www.ncbi.nlm.nih.gov/pubmed/10395998
 368.  Nichols JC, Bronk SF, Mellgren RL, et al. Inhibition o  nonlysosomal cal-
cium-dependent proteolysis by glycine during anoxic injury o  rat hepatocytes. 
Gastroenterology. 1994;106(1):168–176.
http://www.ncbi.nlm.nih.gov/pubmed/8276179
 369.  Waters SL, Schnellmann RG. Examination o  the mechanisms o  action o  
diverse cytoprotectants in renal cell death. Toxicol Pathol. 1998;26(1):58–63.
 370.  Rodeheaver DP, Schnellmann RG. Extracellular acidosis ameliorates met-
abolic-inhibitor-induced and potentiates oxidant-induced cell death in renal 
proximal tubules. J Pharmacol Exp Ther. 1993;265(3):1355–1360.

900



 371.  Bonventre JV, Cheung JY. E  ects o  metabolic acidosis on viability o  cells 
exposed to anoxia. Am J Physiol. 1985;249(1 Pt 1):C149–159.
 372.  Weinberg JM. Oxygen deprivation-induced injury to isolated rabbit kid-
ney tubules. J Clin Invest. 1985;76(3):1193–1208.
http://www.ncbi.nlm.nih.gov/pubmed/4044830
 373.  Burnier M, Van Putten VJ, Schieppati A, et al. E  ect o  extracellular acidosis 
on 45Ca uptake in isolated hypoxic proximal tubules. Am J Physiol. 1988;254(6 
Pt 1):C839–846.
 374.  Baumgart E, Vanhorebeek I, Grabenbauer M, et al. Mitochondrial altera-
tions caused by de ective peroxisomal biogenesis in a mouse model  or Zellweger 
syndrome (PEX5 knockout mouse). Am J Pathol. 2001;159(4):1477–1494.
http://www.ncbi.nlm.nih.gov/pubmed/11583975
 375.  Isuzugawa K, Inoue M, Ogihara Y. Catalase contents in cells determine 
sensitivity to the apoptosis inducer gallic acid. Biol Pharm Bull. 2001;24(9): 
1022–1026.
 376.  Li S, Wu P, Yarlagadda P, et al. PPAR alpha ligand protects during cisplatin-
induced acute renal  ailure by preventing inhibition o  renal FAO and PDC activ-
ity. Am J Physiol Renal Physiol. 2004;286(3):F572–580.
 377.  Guan Y. Peroxisome proli erator-activated receptor  amily and its rela-
tionship to renal complications o  the metabolic syndrome. J Am Soc Nephrol. 
2004;15(11):2801–2815.
 378.  Sato K, Sugawara A, Kudo M, et al. Expression o  peroxisome proli erator-
activated receptor iso orm proteins in the rat kidney. Hypertens Res. 2004;27(6): 
417–425.
 379.  Portilla D, Dai G, McClure T, et al. Alterations o  PPARalpha and 
its coactivator PGC-1 in cisplatin-induced acute renal  ailure. Kidney Int. 
2002;62(4):1208–1218.
http://www.ncbi.nlm.nih.gov/pubmed/12234291
 380.  Guan Y, Zhang Y, Davis L, et al. Expression o  peroxisome proli erator-acti-
vated receptors in urinary tract o  rabbits and humans. Am J Physiol. 1997;273(6 
Pt 2):F1013–1022.
 381.  Reddy JK, Goel SK, Nemali MR, et al. Transcription regulation o  per-
oxisomal  atty acyl-CoA oxidase and enoyl-CoA hydratase/3–hydroxyacyl-CoA 
dehydrogenase in rat liver by peroxisome proli erators. Proc Natl Acad Sci U S A. 
1986;83(6):1747–1751.
 382.  Zhu Y, Alvares K, Huang Q, et al. Cloning o  a new member o  the peroxi-
some proli erator-activated receptor gene  amily  rom mouse liver. J Biol Chem. 
1993;268(36):26817–26820.
 383.  Zhu C, Qiu L, Wang X, et al. Involvement o  apoptosis-inducing  actor in 
neuronal death a ter hypoxia-ischemia in the neonatal rat brain. J Neurochem. 
2003;86(2):306–317.
 384.  Camp HS, Li O, Wise SC, et al. Di  erential activation o  peroxisome pro-
li erator-activated receptor-gamma by troglitazone and rosiglitazone. Diabetes. 
2000;49(4):539–547.
http://www.ncbi.nlm.nih.gov/pubmed/10871190
 385.  Chana RS, Lewington AJ, Brunskill NJ. Di  erential e  ects o  peroxisome 
proli erator activated receptor-gamma (PPAR gamma) ligands in proximal tu-

bular cells: Thiazolidinediones are partial PPAR gamma agonists. Kidney Int. 
2004;65(6):2081–2090.
http://www.ncbi.nlm.nih.gov/pubmed/15149321
 386.  Hashimoto T. Individual peroxisomal beta-oxidation enzymes. Ann N Y 
Acad Sci. 1982;386:5–12.
 387.  Portilla D. Energy metabolism and cytotoxicity. Semin Nephrol. 2003;23(5): 
432–438.
 388.  Sivarajah A, Chatterjee PK, Hattori Y, et al. Agonists o  peroxisome-proli -
erator activated receptor-alpha (clof brate and WY14643) reduce renal ischemia/
reper usion injury in the rat. Med Sci Monit. 2002;8(12):BR532–539.
 389.  Rasbach KA, Schnellmann RG. Signaling o  mitochondrial biogenesis  ol-
lowing oxidant injury. J Biol Chem. 2007;282(4):2355–2362.
 390.  Lock EA. Renal drug-metabolizing enzymes in experimental animals and 
humans. In: Goldstein RS, ed. Mechanisms of Injury in Renal Diseases and Toxicity. 
Boca Roton: CRC Press; 1994.
 391.  Lohr JW, Willsky GR, Acara MA. Renal drug metabolism. Pharmacol Rev. 
1998;50(1):107–141.
http://www.ncbi.nlm.nih.gov/pubmed/9549760
 392.  Amet Y, Lucas D, Zhang-Gouillon ZQ, et al. P-450-dependent metabolism 
o  lauric acid in alcoholic liver disease: comparison between rat liver and kidney 
microsomes. Alcohol Clin Exp Res. 1998;22(2):455–462.
http://www.ncbi.nlm.nih.gov/pubmed/9581653
 393.  Wu S, Chen W, Murphy E, et al. Molecular cloning, expression, and  unc-
tional signif cance o  a cytochrome P450 highly expressed in rat heart myocytes. 
J Biol Chem. 1997;272(19):12551–12559.
 394.  Ma J, Qu W, Scarborough PE, et al. Molecular cloning, enzymatic char-
acterization, developmental expression, and cellular localization o  a mouse cy-
tochrome P450 highly expressed in kidney. J Biol Chem. 1999;274(25): 17777–
17788.
 395.  Wu S, Moomaw CR, Tomer KB, et al. Molecular cloning and expression 
o  CYP2J2, a human cytochrome P450 arachidonic acid epoxygenase highly ex-
pressed in heart. J Biol Chem. 1996;271(7):3460–3468.
http://www.ncbi.nlm.nih.gov/pubmed/8631948
 396.  Rodilla V, Benzie AA, Veitch JM, et al. Glutathione S-trans erases in human 
renal cortex and neoplastic tissue: enzymatic activity, isoenzyme prof le and im-
munohistochemical localization. Xenobiotica. 1998;28(5): 443–456.
http://www.ncbi.nlm.nih.gov/pubmed/9622847
 397.  Liu X, Godwin ML, Nowak G. Protein kinase C-alpha inhibits the repair o  
oxidative phosphorylation a ter S-(1,2-dichlorovinyl)-L-cysteine injury in renal 
cells. Am J Physiol Renal Physiol. 2004;287(1):F64–73.
 398.  Zhuang S, Schnellmann RG, Zhougang S. H2O2-induced transactivation 
o  EGF receptor requires Src and mediates ERK1/2, but not Akt, activation in 
renal cells. Am J Physiol Renal Physiol. 2004;286(5):F858–865.
 399.  Zhuang S, Dang Y, Schnellmann RG. Requirement o  the epidermal growth 
 actor receptor in renal epithelial cell proli eration and migration. Am J Physiol 
Renal Physiol. 2004;287(3):F365–372.

CHAPTER 30  PATHOPHYSIOLOGY OF NEPHROTOXIC CELL INJURY 899

361. Liebler DC. The role of metabolism in the antioxidant function of vitamin 
E. Crit Rev Toxicol. 1993;23(2):147–169. 
362. Wang C, Salahudeen AK. Lipid peroxidation accompanies cyclosporine 
nephrotoxicity: effects of vitamin E . Kidney Int. 1995;47(3):927–934. 
363. Lash LH, Tokarz JJ, Woods EB. Renal cell type speci  city of cephalosporin-
induced cytotoxicity in suspensions of isolated proximal tubular and distal tubu-
lar cells . Toxicology. 1994;94(1–3):97–118. 
364. Weinberg JM. The cell biology of ischemic renal injury . Kidney Int.
1991;39(3):476–500.
365. Miller GW, Lock EA, Schnellmann RG. Strychnine and glycine protect 
renal proximal tubules from various nephrotoxicants and act in the late phase of 
necrotic cell injury . Toxicol Appl Pharmacol. 1994;125(2):192–197. 
366. Miller GW, Schnellmann RG. A putative cytoprotective receptor in the 
kidney: relation to the neuronal strychnine-sensitive glycine receptor.  Life Sci.
1994;55(1):27–34.
367. Sarang SS, Miller GW, Grant DF, et al. Expression and localization of 
the neuronal glycine receptor beta-subunit in human, rabbit and rat kidneys. 
Nephron. 1999;82(3):254–260. 
368. Nichols JC, Bronk SF, Mellgren RL, et al. Inhibition of nonlysosomal 
calcium-dependent proteolysis by glycine during anoxic injury of rat  hepatocytes.
Gastroenterology. 1994;106(1):168–176. 
369. Waters SL, Schnellmann RG. Examination of the mechanisms of action of 
diverse cytoprotectants in renal cell death . Toxicol Pathol. 1998;26(1):58–63. 
370. Rodeheaver DP, Schnellmann RG. Extracellular acidosis ameliorates 
metabolic-inhibitor-induced and potentiates oxidant-induced cell death in renal 
proximal tubules . J Pharmacol Exp Ther. 1993;265(3):1355–1360. 
371. Bonventre JV, Cheung JY. Effects of metabolic acidosis on viability of cells 
exposed to anoxia . Am J Physiol. 1985;249(1 Pt 1):C149–159. 
372. Weinberg JM. Oxygen deprivation-induced injury to isolated rabbit kidney 
tubules. J Clin Invest. 1985;76(3):1193–1208. 
373. Burnier M, Van Putten VJ, Schieppati A, et al. Effect of extracellular acidosis 
on 45Ca uptake in isolated hypoxic proximal tubules . Am J Physiol. 1988;254(6 
Pt 1):C839–846. 
374. Baumgart E, Vanhorebeek I, Grabenbauer M, et al. Mitochondrial  alterations
caused by defective peroxisomal biogenesis in a mouse model for Zellweger 
syndrome (PEX5 knockout mouse) . Am J Pathol. 2001;159(4):1477–1494. 
375. Isuzugawa K, Inoue M, Ogihara Y. Catalase contents in cells determine 
sensitivity to the apoptosis inducer gallic acid. Biol Pharm Bull. 2001;24(9):
1022–1026.
376. Li S, Wu P, Yarlagadda P, et al. PPAR alpha ligand protects during 
cisplatin-induced acute renal failure by preventing inhibition of renal FAO and 
PDC activity. Am J Physiol Renal Physiol. 2004;286(3):F572–580. 
377. Guan Y. Peroxisome proliferator-activated receptor family and its rela-
tionship to renal complications of the metabolic syndrome . J Am Soc Nephrol.
2004;15(11):2801–2815.
 378. Sato K, Sugawara A, Kudo M, et al. Expression of peroxisome proliferator- 
activated receptor isoform proteins in the rat kidney.  Hypertens Res. 2004;27(6):
417–425. 
 379. Portilla D, Dai G, McClure T, et al. Alterations of PPARalpha and its  coactivator 
PGC-1 in cisplatin-induced acute renal failure . Kidney Int. 2002;62(4):1208–1218. 
380. Guan Y, Zhang Y, Davis L, et al. Expression of peroxisome proliferator- 
activated receptors in urinary tract of rabbits and humans . Am J Physiol.
1997;273(6 Pt 2):F1013–1022. 
381. Reddy JK, Goel SK, Nemali MR, et al. Transcription regulation of per-
oxisomal fatty acyl-CoA oxidase and enoyl-CoA hydratase/3–hydroxyacyl-CoA 
dehydrogenase in rat liver by peroxisome proliferators.  Proc Natl Acad Sci U S A.
1986;83(6):1747–1751.
382. Zhu Y, Alvares K, Huang Q, et al. Cloning of a new member of the peroxi-
some proliferator-activated receptor gene family from mouse liver . J Biol Chem.
1993;268(36):26817–26820.
383. Zhu C, Qiu L, Wang X, et al. Involvement of apoptosis-inducing factor in 
neuronal death after hypoxia-ischemia in the neonatal rat brain.  J Neurochem.
2003;86(2):306–317.
384. Camp HS, Li O, Wise SC, et al. Differential activation of peroxisome 
proliferator-activated receptor-gamma by troglitazone and rosiglitazone.  Diabetes.
2000;49(4):539–547.
385. Chana RS, Lewington AJ, Brunskill NJ. Differential effects of  peroxisome 
proliferator activated receptor-gamma (PPAR gamma) ligands in proximal 
tubular cells: Thiazolidinediones are partial PPAR gamma agonists . Kidney Int.
2004;65(6):2081–2090.
386. Hashimoto T. Individual peroxisomal beta-oxidation enzymes.  Ann N Y 
Acad Sci. 1982;386:5–12. 
 387. Portilla D. Energy metabolism and cytotoxicity.  Semin Nephrol. 2003;23(5):
432–438. 

333. Jayaraman T, Marks AR. T cells de  cient in inositol 1,4,5–trisphosphate 
receptor are resistant to apoptosis . Mol Cell Biol. 1997;17(6):3005–3012. 
334. Bouvier N, Flinois JP, Gilleron J, et al. Cyclosporine triggers endoplasmic 
reticulum stress in endothelial cells: a role for endothelial phenotypic changes 
and death . Am J Physiol Renal Physiol. 2009;296(1):F160–169. 
335. Carlson MA, Condon RE. Nephrotoxicity of amphotericin B.  J Am Coll 
Surg. 1994;179(3):361–381. 
336. Kone BC, Kaleta M, Gullans SR. Silver ion (Ag   )-induced increases in cell 
membrane K    and Na    permeability in the renal proximal tubule: reversal by 
thiol reagents.  J Membr Biol. 1988;102(1):11–19. 
337. Kone BC, Brenner RM, Gullans SR. Sulfhydryl-reactive heavy metals 
increase cell membrane K    and Ca2    transport in renal proximal tubule.  J Membr 
Biol. 1990;113(1):1–12. 
338. Leaf A. Maintenance of concentration gradients and regulation of cell 
volume. Ann N Y Acad Sci. 1959;72(12):396–404. 
 339. Gullans SR, Brazy PC, Soltoff SP, et al. Metabolic inhibitors: effects on metabo-
lism and transport in the proximal tubule . Am J Physiol. 1982;243(2):F133–140. 
340. Miller GW, Schnellmann RG. Cytoprotection by inhibition of  chloride
channels: the mechanism of action of glycine and strychnine.  Life Sci. 1993;
53(15):1211–1215.
341. Miller GW, Schnellmann RG. Inhibitors of renal chloride transport do 
not block toxicant-induced chloride in  ux in the proximal tubule.  Toxicol Lett.
1995;76(2):179–184.
342. Reeves WB. Effects of chloride channel blockers on hypoxic injury in rat 
proximal tubules . Kidney Int. 1997;51(5):1529–1534. 
343. Choi YJ, Baranowska-Daca E, Nguyen V, et al. Mechanism of chronic 
obstructive uropathy: increased expression of apoptosis-promoting molecules .
Kidney Int. 2000;58(4):1481–1491. 
344. Messmer UK, Briner VA, Pfeilschifter J. Basic   broblast growth factor 
selectively enhances TNF-alpha-induced apoptotic cell death in glomerular 
endothelial cells: effects on apoptotic signaling pathways . J Am Soc Nephrol.
2000;11(12):2199–2211.
345. Strucutre and function of the cell. In: Seeley RR, Stephens TD, Tate P, eds. 
Anatomy and Phsiology, 6th ed. Boston: McGraw Hill; 1995:58–103. 
346. Borghoff SJ, Short BG, Swenberg JA. Biochemical mechanisms and 
pathobiology of alpha 2u-globulin nephropathy . Annu Rev Pharmacol Toxicol.
1990;30:349–367.
347. Lehman-McKeeman L. Male rat-speci  c light hydrocarbon nephropathy. 
In: Hook J, Golstein R, eds . Toxicology. of the Kidney. New York: Raven; 1993. 
348. Cuervo AM, Hildebrand H, Bomhard EM, et al. Direct lysosomal uptake of 
alpha 2–microglobulin contributes to chemically induced nephropathy . Kidney 
Int. 1999;55(2):529–545. 
349. Goldstein SM, Schnellmann RG. Toxic responses of the kidney. In:  Klaassen
CD, ed. Casarett and Doull’s Toxicology: The Basic Science of Poisons, 5th ed. New 
York: McGraw-Hill; 1996:471. 
350. Kosek JC, Mazze RI, Cousins MJ. Nephrotoxicity of gentamicin.  Lab Invest.
1974;30(1):48–57.
351. Kaloyanides GJ. Drug-phospholipid interactions: role in aminoglycoside 
nephrotoxicity.  Ren Fail. 1992;14(3):351–357. 
352. Yang C, Kaushal V, Shah SV, et al. Autophagy is associated with apoptosis 
in cisplatin injury to renal tubular epithelial cells . Am J Physiol Renal Physiol.
2008;294(4):F777–787.
353. Vina J.  Glutathione Metabolism and Physiological Functions. Boca Raton: CRC 
Press; 1990. 
354. Cummings BS, Lash LH. Metabolism and toxicity of trichloroethylene and 
S-(1,2–dichlorovinyl)-L-cysteine in freshly isolated human proximal tubular 
cells. Toxicol Sci. 2000;53(2):458–466. 
355. Lash LH, Tokarz JJ. Isolation of two distinct populations of cells from 
rat kidney cortex and their use in the study of chemical-induced toxicity.  Anal
 Biochem. 1989;182(2):271–279. 
356. Lash LH, Putt DA, Matherly LH. Protection of NRK-52E cells, a rat 
renal proximal tubular cell line, from chemical-induced apoptosis by over-
expression of a mitochondrial glutathione transporter . J Pharmacol Exp Ther.
2002;303(2):476–486.
357. Sauberlich HE. Pharmacology of vitamin C. Annu Rev Nutr. 1994;14:
371–391.
358. Nony PA, Nowak G, Schnellmann RG. Collagen IV promotes repair of 
renal cell physiological functions after toxicant injury . Am J Physiol Renal  Physiol.
2001;281(3):F443–453.
359. Nony PA, Schnellmann RG. Interactions between collagen IV and 
collagen-binding integrins in renal cell repair after sublethal injury . Mol Pharma-
col. 2001;60(6):1226–1234. 
360. Nony PA, Schnellmann RG. Mechanisms of renal cell repair and regenera-
tion after acute renal failure . J Pharmacol Exp Ther. 2003;304(3):905–912. 

(contd.)
900


