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ABSTRACT

Renal adverse drug reactions are an ever-present threat to the patients
receiving potentially nephrotoxic drugs. The mechanisms involved in drug-induced
renal damage require thorough investigation to be able to prevent or treat cases of
adverse drug reactions. In vitro, the endoplasmic reticulum (ER) has recently
emerged as an important cellular organelle during cell death after exposure to model
cytotoxic agents. Our goal was to investigate the involvement of the ER in druginduced renal toxicity. In a first set of in vitro experiments, ER stress preconditioning
usually conferred protection to four renal cell lines (LLC-PKl, MDCK, NRK-52E
and HEK293) against model and clinically-relevant nephrotoxic agents, such as
gentamicin, cisplatin and cyclosporine A. This study highlighted the importance of
the ER stress response in cells of renal origin exposed to toxicants. In a second set of
experiments, the occurrence of ER stress was demonstrated in kidneys of rats exposed
to cisplatin, gentamicin and jo-aminophenol, a metabolite of acetaminophen. XBPl
signalling, ER stress protein upregulation, caspase 12 activation and alteration of
calpain expression supported the hypothesis that disruption of the endoplasmic
reticulum and activation of ER-mediated cell death pathways were involved in the
tubular damage caused by some nephrotoxicants. In a final set of experiments, the
effect of ER stress preconditioning and calpain inhibition on the in vivo toxicity of paminophenol was explored. ER stress preconditioning proved to have no effect on paminophenol toxicity, but calpain inhibition resulted in a robust decrease of toxicity
and inhibition of caspase 12 activation, suggesting a new calpain-dependent pathway
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for /?-aminophenol toxicity. In contrast, /7-aminophenol-induced ER stress was not
modified by inhibition of calpain. This study revealed the significant involvement of
calpain in /?-aminophenol-induced renal failure. Overall, these findings support the
importance o f the ER in drug-induced toxicity and advance our ability to investigate
the role o f the ER in adverse drug reactions.
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1. GENERAL INTRODUCTION
1.1.

Overview

This thesis describes a series of experiments aimed at understanding the role of the
endoplasmic reticulum in drug-induced renal damage. The kidneys are important organs
for the excretion of xenobiotics through glomerular filtration or tubular secretion of drugs
and their metabolites, but they are also at risk for damage because of predisposing factors
such as high local concentrations of xenobiotics and potential for drug bioactivation.
Adverse drug reactions are often difficult to prevent, diagnose or cure, and are an ever
present threat for the patient. A large part of these difficulties comes from the lack of
understanding of the mechanisms of toxicity underlying the observed noxious effects.
Indeed, if toxic mechanisms are unknown, it is very unlikely that doctors or veterinarians
can prescribe an adapted therapy (or antidote) once an adverse effect occurs, but, maybe
even more importantly, it hampers our ability to assess the nephrotoxic potential of new
drugs. Therefore, research about adverse effects is essential because it can contribute to
human and animal health by improving how we develop and use drugs.
The endoplasmic reticulum has recently emerged as an organelle with an important
role in cell death (Faitova, 2006; Szegezdi, 2006). As a major organelle involved in
calcium homeostasis and protein synthesis, the endoplasmic reticulum may be an
important target for toxic chemicals and reactive metabolites. Any disruption of these
functions is associated with a state of “endoplasmic reticulum stress” whereby misfolded
proteins accumulate in the endoplasmic reticulum. This is followed by the activation of
specific signalling pathways and a complex response with anti- and pro-apoptotic
1
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components. With regard to renal toxicity, evidence is accumulating that the endoplasmic
reticulum can be involved in the toxic response and tubular cell death (Cribb, 2005).
However, to date, most o f the published studies have been performed in vitro with model
chemicals and it is important to explore the role of the endoplasmic reticulum with in
vivo studies with the use of clinically-relevant nephrotoxic compounds.
An in vitro study was performed to assess the effect of mild ER stress on the toxicity
of several nephrotoxic compounds and to compare this response among several renal
tubular cell lines. Then, in vivo experiments were performed to evaluate the presence of
ER stress markers in kidneys o f rats exposed to toxic concentrations of clinically-relevant
nephrotoxic drugs. Finally, an in vivo study was performed to explore the mechanism of
/)ura-aminophenol (a nephrotoxic metabolite of acetaminophen) toxicity.
All these experiments contribute to the understanding of the involvement of the
endoplasmic reticulum in drug-induced renal toxicity and may allow for therapeutic
strategies to prevent or treat them, as well as for screening procedures during drug
development. From a broader point of view, these data may be useful for the research
performed in study fields where the endoplasmic reticulum is involved, such as
toxicology, diabetes, neurodegenerative and cardiovascular diseases, or cell biology in
general.
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1.2.

Adverse Drug Reactions

An adverse drug reaction (ADR) is any noxious, unintended and undesirable reaction
to a drug used at appropriate dose (Cribb, 2006). In human medicine, ADR are reported
to occur in 5 to 10% of patients (Lazarou, 1998; Pirmohamed, 1998; Pirmohamed, 2003).
A recent study in Canada suggested that ADR could occur in as many as 16% of patients
discharged from the hospital (Forster, 2004). In veterinary medicine, the incidence of
ADR is very difficult to estimate as data are incomplete or simply missing. ADR
recognition is a challenge for veterinarians because of the lack of follow-up after therapy
initiation, limited knowledge of the potential adverse effects of drugs in animal species,
and lack of an efficient monitoring and reporting system.

1.2.1. ADR classification
Several ADR classifications are reported. Each o f them focuses on a specific aspect
of the ADR, such as clinical presentation or mechanisms of toxicity. As it is beyond the
scope of this introduction to list and describe all the different classifications and as
detailed mechanisms of toxicity are often unknown, only a classification based on dosedependence is presented.

Dose-dependent adverse drug reaction
Dose-dependent ADR are the most common ADR and are usually predictable, thus
avoidable. In this case, any dose increase results in more severe effects and/or in more
patients experiencing the ADR. They may also occur when a usually safe dose is
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administered to a patient, but results in higher systemic concentrations than expected
(because of altered pharmacokinetics) or greater effect than expected (in hypersusceptihle
patients). Therefore, they are more frequently encountered with drugs having narrow
therapeutic indexes. ADR can either result from the increased pharmacologic effect of the
drug (“pharmacological toxicity”; e.g. gastric ulcers and non-steroidal anti-inflammatory
drugs (NSAIDs)), or because the parent compound or one of its metabolites are toxic and
can injure tissues (“intrinsic toxicity”; e.g. acetaminophen and haemolytic anemia in cats)
(Pumford, 1997). Drug interactions may also lead to dose-dependent ADR. In this case,
adverse reactions

can

occur because of a modified pharmacokinetic profile

(pharmacokinetic interaction) or because of an altered effect of the drug on its target
(pharmacodynamic interaction).
A careful

study o f the patient’s characteristics,

of concomitant drug

administration and the use of therapeutic drug monitoring usually allows clinicians to
prevent this class of ADR. If they occur, discontinuation of the drug, supportive care and
administration of a specific counterbalancing drug if available (e.g. misoprostol against
NSAID-induced ulcers) is typically a successful course of action.

Dose-independent adverse drug reaction
Dose-independent ADR are rare, unpredictable, and usually remain undetected by
pre-clinical studies. It is only with the wide use of the drug that such an ADR will be
noticed. Their mechanisms are usually not related to the drugs’ therapeutic actions but
may involve immunologic processes. They can be related to genetic variation and
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therefore are sometimes called “patient-dependent ADR”. Two subcategories can be
identified.

■ Drug allergy
True drug allergy is an immediate hypersensitivity reaction and a previous
exposure is required. Any new exposure results in an acute IgE-mediated anaphylactic
response.

■ Idiosyncratic hypersensitivity reaction
Idiosyncratic hypersensitivity reactions typically occur in patients with drug
serum concentrations within the usual therapeutic range and with some delay after
initiation of therapy (7-14days). No previous exposure is required. In contrast to dosedependent ADR, increasing the dose does not usually result in increased incidence of
idiosyncratic hypersensitivity reactions, making them very difficult to study. Although
the mechanisms of some idiosyncratic reactions do not involve any immunological
process (e.g. malignant hyperthermia in pigs), it is believed that a majority of these
reactions are associated with immuno-pathological mechanisms.
There are three principal hypotheses describing how reactive metabolites might
induce an immune-mediated idiosyncratic reaction: the Hapten hypothesis, the Danger
hypothesis, and the Pharmacological Interaction hypothesis (Uetrecht, 2006). The Hapten
hypothesis states that the covalent binding of a chemically reactive drug or metabolite to
an endogenous macromolecular carrier results in the formation of an antigenic non-self
molecule which then triggers an immune response (Park, 1998). Newly synthesized
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antibodies can then target the patient macromolecules and explain the adverse clinical
signs (i.e. fever, cutaneous manifestation, hepatitis, nephropathy, aplastic anemia). The
Danger hypothesis states that idiosyncratic reactions are observed when the immune
system is stimulated by danger signals secreted from cells damaged by reactive
compounds. The Pharmacological Interaction hypothesis proposes that direct noncovalent
interactions between drugs and immune receptors mediate drug-induced hypersensitivity
(Gerber, 2006).

1.2.2. Main targets of ADR
The main organs where dose-dependent ADR occur are usually those with the
highest exposure to the drug, i.e. organs with high blood flow or that have the ability to
concentrate drugs, like kidneys and liver. Organs with high metabolic activity can also be
targets because they can be the site of toxicant generation (bioactivation) or because their
metabolism can easily be impaired by a toxic compound. The site of toxicity of doseindependent ADR can be the same as described above or may involve organs with
macromolecules that react with the toxicant like skin or blood-forming cells (Matousek,
2002 ).

1.2.3. Drug bioactivation and reactive intermediates

Biotransformation, or chemical modification of a xenobiotic within a living organism, is
usually a protective mechanism which results in the detoxification and elimination of a
foreign substance. However, biotransformation reactions can lead to drug bioactivation
when toxic metabolites or reactive and unstable compounds (reactive intermediates) are
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synthesized and therefore increase the toxicity of the parent compound. Reactive
intermediates can elicit toxicity through different mechanisms, such as redox cycling and
reactive oxygen (nitrogen) species formation, as well as covalent binding by nucleophilic
or electrophilic attacks (cf. section 1.2.4 “molecular mechanisms of toxicity” and Figure
1-1) (Erve, 2006; loannides, 2004).
The liver is quantitatively the most important organ for biotransformation and
bioactivation as it contains the largest quantity of drug-metabolizing enzymes.
Biotransformation reactions are usually classified as Phase I and Phase II reactions, also
named functionalization and conjugation phases respectively. Although Phase I reactions,
mostly performed by Cytochrome P450 enzymes, are well described as responsible for
most of the bioactivation steps. Phase II reactions can also give rise to toxic metabolites
and reactive intermediates (loannides, 2004).
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EXCRETION
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Figure 1-1: Mechanisms of toxicity of reactive intermediates. Modified from (loannides,
2004).
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Kidneys contain Phase I and Phase II enzymatic systems which can lead to
bioactivation in situ, but xenobiotic metabolites formed in the liver and other organs can
also target the kidneys by selective transport systems (Dekant, 2001). A good example of
the later mechanism is given by /?-aminophenol which is metabolised in the liver to a
benzoquinone imine and then conjugated with gluthatione. The resulting conjugates can
accumulate in the kidney cells by active uptake and are further oxidized to toxic
intermediates which covalently bind to cellular macromolecules (Figure 1-2) (Dekant,
2001). Bioactivation can be the sole or an additional mechanism of toxicity of a
xenobiotic. For example, cisplatin exercises its toxicity by direct covalent binding to
nucleophilic macromolecules, such as DNA, but is also bioactivated in the kidneys after
conjugation with gluthathione and formation of reactive thiols by a renal P-lyase (Figure
1-3) (Townsend, 2003; Zhang, 2003).

Reactive intermediates are often considered inherently dangerous because of their
potential to react with cellular macromolecules and modify them in a way that these
altered molecules are recognised as “non-self’ by the immune system of the host.
However, in some instances, reactive intermediates are required for a pharmacological
response, as it is the case with the proton pump inhibitor omeprazole (Erve, 2006).
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Figure 1-2: Suggested pathways of /7-aminophenol bioactivation and nephrotoxicity.
From (Dekant, 2001). GGT: gamma-glutamyl transferase. GSH: glutathione.

GGT

Dipeptidase

Pt-GSH ---- ► Pt-cys-gly

► Pt-cys
Renal cell
Pt-cys

Pt-GSH

Cysteine-SConjugate fi-lyase

GSH-transferase

cisplatin

cisplatin
D NA damage

Nucleus

Reactive thiols

Cell death

Figure 1-3: Bioactivation of cisplatin to a nephrotoxic S-conjugate in renal cells. From
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1.2.4. Molecular mechanisms of toxicity

Two primary molecular mechanism of toxicity have been described extensively in
the literature: covalent binding to cellular macromolecules and oxidative stress. The
association between drug-protein/DNA adducts and drug toxicity has been identified
since the 1940s with the study of bioactivated carcinogens, and has generated
considerable interest since the 1970s after the discovery of the covalent binding of the
acetaminophen hepatotoxic metabolite 7V-acetyl-/>-benzo-quinone imine (NAPQI) to
hepatic proteins (Zhou, 2005). The drugs associated with protein-drug adducts are often
non toxic themselves, but require a bioactivation step to be transformed to reactive
intermediates species which can react with molecular nucleophilic centers such as thiol
groups on proteins. Bioactivation is mediated by drug-metabolizing enzymes (phase I and
phase II enzymes) which can themselves be the target o f nucleophilic attacks (O'Brien,
2000; Glatt, 2000; van Bladeren, 2000; Ritter, 2000). Protein adducts can directly induce
cell death mechanisms by impairing the functions of the modified proteins or can trigger
a deleterious immunological response (cf. section 1.2.1). The endoplasmic reticulum has
a high concentration of drug-metabolizing enzymes and is therefore an important
organelle with regard to bioactivation. Drug adducts have been demonstrated on several
ER protein residents (Table 1-1 and (Lame, 2003)). Adducts formation by arylating
quinones has been shown to induce ER stress and is associated with cytotoxicity (Wang,
2006).

11
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Table 1-1: Examples of covalent binding of toxic compounds to ER proteins
Drug
Acetaminophen

Bromobenzene
Sulfonamides

Halothane

Cyclosporine A
Macrolides:
-Erythromycin
-Clarithromycin

ER targets
Glutathione ^transferase Pi,
Thioether 5-methyltransferase,
Calreticulin, thiol :protein disulfide
oxidoreductases.
GRP78, PDI, ERp29
GRP78, GRP94, PDI, unidentified
P450, other ER proteins.
protein disulfide isomerase,
microsomal carboxylesterase,
calreticulin, ERp72, GRP 78 and
ERp99
Microsomal proteins
CYP3A4

References
(Qiu, 1998)
(Zhou, 1996)

(Koen, 2002)
(Cribb, 1996)
(Cribb, 1997)
(Gut, 1993)

(Sadrieh, 1994)
(Zhou, 2005)

Oxidative stress is the disruption of the pro-oxidant / anti-oxidant balance of the
cell in favour of the former as a result of increased oxidant generation and/or decreased
anti-oxidant protection and/or failure to repair oxidative damage. Most of the pro-oxidant
molecules are reactive oxygen species (ROS), such as hydrogen peroxide, hydroxyl
radicals, superoxide anions or lipid hydroperoxides (Moldovan, 2004). During
physiological conditions, the presence of pro-oxidant molecules is counterbalanced by
protective enzymatic mechanisms, including superoxide dismutase and glutathione
peroxidase (Kimura, 2005). The main sources of ROS are aerobic respiration
(mitochondrial electron transport chain), NADPH oxidase, peroxisomal oxidation of fatty
acids, P450 metabolism of xenobiotics and activation of immune cells by pathogens or
endotoxins (Kimura, 2005; Thannickal, 2000). Oxidative stress induces cellular toxicity
by oxidative modification of proteins (inactivation of enzymes, activation of transcription

12
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factors, alteration of transmembrane transporters and ion channels) or lipid peroxidation
(oxidation o f phosphatidylserine, release of the toxic 4-hydroxy-2-3-trans-nonenal)
(Kimura, 2005). Although limited production of reactive oxygen species is thought to be
necessary for cell regulation (Thannickal, 2000), larger concentrations of ROS have
deleterious effects on cell physiology, resulting eventually in apoptotic or necrotic cell
death (Fiers, 1999). The ER lumen is an oxidative environment, as demonstrated by the
oxidized to reduced glutathione ratio that is higher in the ER than in the cytosol (30:1 to
100:1 vs. 1:1 to 1:3) (Hwang, 1992). This pro-oxidant environment is both required and
induced by the oxidative formation of disulfide bonds required for proper protein folding.
However, non-physiological oxidative stress in the ER is associated with the oxidative
modification of ER proteins, such as carbonylation of GRP78 (glucose regulated protein
78 kDa), calreticulin or protein disulfide isomerase (PDI), and is associated with ER
stress markers and induction of the unfolded protein response (England, 2006; Harding,
2003).

1.2.5. Molecular mechanisms of cell death

Drug-induced cell death is generally classified into two distinct phenomena,
primarily defined by their morphological features, i.e. apoptosis and necrosis (Kerr,
1972). However, reality is often more complex and these two pathways can coexist in the
same cell population and are not mutually exclusive (Fiers, 1999). Furthermore, a
toxicant may induce a particular type of cell death in one type of cell and the other one in

13

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

another cell type, depending on the expressed genetic background such as the presence of
endogenous inhibitors o f certain pathways (Fiers, 1999).
Necrosis, or oncosis, is traditionally defined as a type of cell death in which the
cell has no active role and is essentially accidental (for example, after exposure to a high
concentration of toxicant). Morphologically, necrotic cell death is characterized by
swelling of the cell and its organelles, rupture of the membranes and release of the
cellular content provoking a substantial inflammatory response. Mechanistically, necrosis
is generally thought to be an uncontrolled process, associated with rapid permeabilization
of the cell membrane. However, recent studies have shown that under certain protocols,
necrotic cell death can involve some regulated pathways and can be a normal
physiological process during development (Golstein, 2007; Proskuryakov, 2003). In some
cellular models, a programmed course of events occurring during necrosis has been
suggested and includes ATP depletion, ROS generation, mitochondrial swelling,
lysosomal rupture, as well as calpain and cathepsin activation (Goldstein, 2007).
Morphological features of apoptosis (Figure 1-4) include cell shrinkage and
rounding, dilation of the endoplasmic reticulum and vacuoles formation, chromatin
condensation and aggregation, and finally formation of apoptotic bodies (cell fragments
of various sizes embedded within a membrane) (Kerr, 1972; Lawen, 2003). As cell
membranes are not ruptured and apoptotic cells are engulfed and degraded by
neighbouring cells, apoptosis is not associated with the inflammation observed with
necrosis.

14
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Figure 1-4: Apoptotic figures in LLC-PKl cells after exposure to 100 pM of etoposide
(topoisomerase inhibitor) for 8 hours, a: apoptotic bodies, b: chromatin condensation, c:
cytosolic vacuolization.
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Apoptosis involves the activation of specific cascades of events, divided in two
main pathways, i.e. the extrinsic (or receptor-mediated) and the intrinsic (or
mitochondrial) pathways (Lawen, 2003). It is beyond the scope of this introduction to
detail the complex mechanisms triggered during the activation of these two pathways.
However, a summary of apoptotic mechanisms is provided hereafter, with a special focus
on the role of the endoplasmic reticulum, in order to understand the general scientific
environment in which our research was performed. In the extrinsic pathway, death
receptors, such as Fas and tumor-necrosis factor receptors are activated by their
respective ligands, which leads to the recruitment and activation of initiator caspases
(caspase-8 or -10). Initiator caspases later activate effector caspases (e.g. caspase 3) that
degrade cellular targets. By contrast, the intrinsic pathway does not require the binding of
ligand to specific receptors, but is activated by a wide variety of cellular stresses such as
oxidative stress or protein alkylation by cytotoxic chemicals. The early events occurring
during the activation of this pathway are unclear, but a major event is the release of
cytochrome c from the mitochondria. In the cytosol, cytochrome c binds to the apoptotic
protease activating factor-1 (Apaf-1) and procaspase-9 to form the apoptosome. The
initiator caspase-9 is activated and can then activate effector caspases. In addition to
cytochrome c, other pro-apoptotic molecules are also released by the mitochondria during
intrinsic apoptosis, such as the apoptosis-inducing factor(AEF) and smac/Diablo (Lawen,
2003). Although the mitochondrion is generally seen as a major player during the
intrinsic pathway of apoptosis, the endoplasmic reticulum has also a significant role, at
least with some experimental conditions. This latter subtype of intrinsic apoptosis is often
referred as ER stress-induced apoptosis or ER-mediated cell death (Boyce, 2006). In
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some instances, ER stress-induced apoptotic pathways have been demonstrated to be the
most significant events leading to cell death (Morishima, 2002; Rao, 2002), suggesting
that ER-mediated cell death may constitute a third pathway of programmed cell death, in
addition to the intrinsic and extrinsic pathways of apoptosis (Rao, 2004). Details of ERstress induced apoptotic mechanisms are provided in section 1.3.3 of this introduction.
Briefly, the ER can be involved in apoptosis though three main processes: 1) the release
of calcium from the ER into the cytosol with significant crosstalks with the mitochondria,
2) the activation of specific signalling apoptotic pathways (GADDI53, caspase 12) and
3) alteration o f the proapoptotic/antiapoptotic balance of BCL2 family proteins
(Breckenridge, 2003; Faitova, 2006).

1.2.6. ADR and kidneys
Large blood perfusion (approximately 25% of the cardiac output), ability to
concentrate compounds in the nephron lumen or in tubular cells, and capacity for drug
metabolism and bioactivation are three properties which can explain the vulnerability of
the kidneys and the relatively high frequency of ADR affecting the renal function.
Approximately 10 to 20% of acute renal failures are thought to be drug-related (Bemieh,
2004; Brivet, 1996) and one quarter of the 100 most used drugs in Intensive Care Units
have nephrotoxic potential (Taber, 2006). However, the true incidence of drug-induced
nephrotoxicity is difficult to determine as detection in clinical settings is only possible
when an overt change in renal function results in an increase in serum blood urea
nitrogen (BUN) and creatinine (Choudhury, 2006).
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Renal damage may result from hemodynamic alteration, direct cell injury,
inflammatory injury, and/or obstruction of renal excretion (Choudhury, 2006). The most
frequent drugs associated with renal toxicity are listed in Table 1-2. At the cellular level,
primary toxic events include covalent binding of reactive molecules to cellular
macromolecules and oxidative stress (Schnellmarm, 2001).

Table 1-2: List o f nephrotoxic drugs, classified by their main mechanism of toxicity.
Adapted from (Schnellmann, 2001) and (Choudhury, 2006).
Prerenal renal
failure

Renal
vasoconstriction

Crystalluria

Diuretics
Angiotensinconverting enzyme
inhibitors
Vasodilators
NSAIDs
Cyclosporin

NSAIDs
Radiocontrast
agents

Sulfonamides
Methotrexate

Cyclosporine A
Tacrolimus
Amphotericin B

Acyclovir
Triamterene
Protease inhibitors

Tubular toxicity

Endothelial injury

Glomerulopathy

Aminoglycosides
Cisplatin
Vancomycin
Radiocontrast
agents
Pentamidine

Cyclosporine A
Mitomycin C
Tacrolimus
Quinine

Gold
Penicillamine
NSAIDS
Captopril

5-fluorouracil

Interstitial
nephritis
NSAIDs
Sulfonamides
Omeprazole
Ciprofloxacin
Cephalosporins

Acetaminophen
Amphotericin B
Outdated
tetracycline

A detailed review of previously published nephrotoxic mechanisms for the
primary drugs used in our experiments is presented below.
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Aminoglycosides
Drugs such as gentamicin and amikacin belong to a family of highly potent
antibiotics called aminoglycosides. These drugs are very effective in treating lifethreatening infections, but their administration is associated with a significant risk of
nephrotoxicity. The incidence of nephrotoxic injury has been reported to be as high as
30% for human patients treated for more than 7 days. Aminoglycosides-induced
nephrotoxicity manifests clinically by a non-oliguric renal failure with hypoosmolar urine
and rise of the serum creatinine concentration after a few days of treatment.
Aminoglycosides administration results in a wide array of altered cellular
functions, summarized in Table 1-3, but there is much controversy regarding the primary
and clinically relevant toxic mechanism. Aminoglycosides are thought to be toxic at
multiple cellular sites resulting in impaired mitochondrial function with reactive oxygen
species generation, inhibition of protein synthesis, and lysosomal function disruption
(Mingeot-Leclercq, 1999).

Table 1-3: Main alterations observed in kidney cortical cells after aminoglycosides
administration. Adapted from (Mingeot-Leclercq, 1999).
At low doses (clinical dose or less than 20mg/kg of gentamicin)______________________
- accumulation of phospholipids in lysosomes, enlargement of lysosomes
- inhibition of lysosomal enzymes
- shedding o f brush-border enzymes or lysosomal enzymes
- focal necrosis and apoptosis
- decreased glomerular filtration and increased serum BUN and creatinine
At high doses_______________________________________________________________
- inhibition of brush-border and apical membrane transporters
- impairment of mitochondrial respiration, swelling of mitochondria
- inhibition o f protein synthesis and dilation of the endoplasmic reticulum

19

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Histopathological studies of kidneys exposed to aminoglycosides revealed that
damage is site-specific, as tubular cell necrosis is mainly observed in proximal tubular
cells, a known site o f aminoglycoside accumulation. Ultrastructural changes include
appearance of “myeloid bodies” (accumulation of polar lipids in a concentric lamellar
disposition) and are summarized in figure 1-5.
With regard to the endoplasmic reticulum, aminoglycosides can enter the cells as
a result of a retrograde movement through the secretory pathway and are therefore in
significant concentration in the endoplasmic reticulum (Sandoval, 2004). They can inhibit
the chaperone activity of protein disulfide isomerase (PDI) (Horihe, 2002; Horibe, 2001).
Gentamicin can also bind to calreticulin and inhibit its chaperone activity (Horibe, 2004).

/(

0 /

Figure 1-5: Cellular alterations observed in renal tubular cells exposed to
aminoglycosides.A) control; B) changes observed with low doses of aminoglycosides
(lysosomes enlargement, myeloid bodies); C) changes observed with high doses
(lysosomes rupture, mitochondriae and endoplasmic reticulum swelling, brush-border
shedding, apoptotic nucleus). Reproduced from (Mingeot-Leclercq, 1999)
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Cisplatin
Cisplatin, or cw-diamminedichloroplatinum II, is a platinum-containing complex
and has been used as a chemotherapeutic agent for the treatment o f solid tumors for more
than 30 years (Lehwohl, 1998). In aqueous solution, the chloride ligands of cisplatin are
replaced by water molecules generating a charged electrophile, which can react with
nucleophilic sites o f macromolecules and induce DNA, RNA, and protein damage. DNA
lesions are thought to be the key toxic lesions induced by cisplatin but cisplatin can
provoke apoptosis independently of DNA damage (Bemdtsson, 2007; Mandic, 2003).

Cisplatin ADRs include hone marrow suppression, ototoxicity, anaphylaxis and
nephrotoxicity (Lehwohl, 1998; Ries, 1986). Nephrotoxicity is the major dose-limiting
side-effect of cisplatin. Twenty-eight to 36% of human patients receiving an initial dose
of cisplatin develop acute renal failure with elevation of blood urea and creatinine, some
proteinuria and enzymuria and, in severe cases, the presence of cells and casts in the
urine. Patients may also present with a condition characterised by polyuria and renal
electrolyte wasting, especially hypomagnesaemia (Meyer, 1994). Histopathology of
human and experimental animals’ kidneys has shown some species-specific differences.
In the human kidney, focal tubular necrosis is primarily observed in the distal tubule and
collecting ducts, whereas in rat kidney, the onset of lesions is delayed and
histopathological alterations occur mainly in the pars recta of the proximal tubule (Lock,
1999) .The cellular events leading to nephrotoxicity are not well understood. It is thought
that decreased protein synthesis, membrane peroxidation, mitochondrial dysfunction and
DNA injuries are consequences of free radical generation. This assumption is supported
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by the protective role o f free radical scavengers, such as vitamin E, catalase and
glutathione (Davis, 2001; Tanaka-Kagawa, 1999). Cisplatin is taken up by renal tubular
cells, reaching its highest concentrations in the renal tubular cells of the proximal tubule
and thick ascending limb of Henle. However, toxicity can also be expressed in distal
convoluted tubules (Kroning, 1999). Cells from different portions of the nephron display
specific sensitivities to cisplatin, which are not fully correlated with differences in
cisplatin uptake (Kroning, 1999). Differences in expression of anti-apoptotic proteins or
in metabolism (bioactivation) have been proposed (Kroning, 1999; Townsend, 2003).
High concentrations of cisplatin were found to result in necrotic cell death in primary
culture of mouse tubular cells (Lieberthal, 1996) and in LLC-PKl cells (Okuda, 2000). In
contrast, low concentrations were associated with apoptotic cell death (Lieberthal, 1996;
Okuda, 2000) and induction of several caspases activities (Lau, 1999; Xiao, 2003).
Several pathways for apoptosis induction have been proposed, such as the release of
cytochrome c and subsequent caspases activation (Mandic, 2001; Mandic, 2002) or Caindependent phospholipase A] (Cummings, 2004).

Cisplatin has been demonstrated to increase the expression of GRP78 and to
trigger calpain-dependent activation of the ER-specific caspase 12 (Liu, 2005; Mandic,
2003). Because LLC-PKl cells transfected with anti-caspase 12 antibody showed a
marked decrease in apoptosis after cisplatin treatment, it was suggested that caspase 12
plays a pivotal role in cisplatin induced apoptosis (Liu, 2005). It was also proposed that
oxidative stress was the trigger of procaspase 12 activation and subsequent apoptosis(Liu,
2005). Cisplatin-induced GRP78 upregulation was not altered by the exposure to
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antioxidants (Mandic, 2003) and XBPl mRNA splicing, a marker of ER stress, was not
detected in cisplatin-treated 224 melanoma cells (Bemdtsson, 2007).

Acetaminophen and metabolites
The antipyretic and analgesic dmg acetaminophen is one of the leading causes of
overdose human deaths in western countries (Bromer, 2003). Although acetaminophen is
particularly well-known for its hepatotoxicity -involving its toxic metabolite NAPQI(Bromer, 2003), acute and chronic renal failure are also correlated with acetaminophen
exposure (Fored, 2001; Mour, 2005). While the mechanisms of hepatotoxicity have been
extensively explored (David Josephy, 2005), the molecular basis of acetaminopheninduced nephrotoxicity remains obscure and is believed to significantly differ from those
of hepatotoxicity. The involvement of ER stress in acetaminophen renal toxicity has been
proposed after the observation of caspase 12 cleavage and GADDI 53 (Growth arrest and
DNA-damage-inducible gene 153) upregulation in murine proximal tubular epithelial
cells exposed to the drug (Lorz, 2004). Covalent binding was observed on the
microsomal protein calreticulin after administration of radioactive acetaminophen to mice
and further support the hypothesis of ER homeostasis disruption (Zhou, 1996). Evidence
is accumulating that nephrotoxicity of acetaminophen is linked with one of its primary
metabolites />-aminophenol (pAP) and its derivatives after conjugation with glutathione,
whereas acetaminophen itself or its gluthathione conjugate are not directly toxic for renal
epithelial cells (Klos, 1992). pAP has been reported to be 5 times more potent as a
nephrotoxicant than acetaminophen in F344 rats (Newton, 1983; Newton, 1982). The
administration of pAP to rats results in necrosis of the S-3 segment of the renal proximal
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tubule (Figure 1-6) and is associated with induction of oxidative stress markers (Harmon,
2005). The current hypothesis to explain pAP toxicity involves its oxidation to a
benzoquinoneimine and bioactivation to toxic glutathione S-conjugates (Klos, 1992).
Toxic pathways of acetaminophen and pAP are summarized in figure 1-7.
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B

Figure 1-6: Renal histology 24h following pAP administration in rats (225 mg/kg IP)
showing acute tubular necrosis. A) Low magnification (25X); B) high magnification
(400x).
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Figure 1-7: Current understanding of acetaminophen pathways of bioactivation and
detoxification. NAPQI is the main metabolite responsible for hepatotoxicity, whereas
pAP is suggested as an important toxic metabolite for renal toxicity. NAPQI: Y-acetyl-pbenzo-quinone imine; p-AP: /?ara-aminophenol; GSH: glutathione.
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1.3.

ER stress and ER mediated cell death

1.3.1. Endoplasmic reticulum physiology

The endoplasmic reticulum is an extensive network of closed, flattened
membrane-bounded sacs (cistemae) and has several specialized functions, including the
storage and gated release of calcium, as well as the biosynthesis of lipids, membrane and
secretory proteins (Alberts, 2002; Gorlach, 2006). Rough and smooth endoplasmic
reticulum can be distinguished by the presence or absence of ribosomes bound to its
membranes. All eukaryotic cells contain both types of ER but smooth ER is more
abundant in specialized cells that require a large amount of biosynthetic enzymes, such as
hepatocytes, or in cells specialized in lipid metabolism, such as steroid-hormonesecreting cells (Alberts, 2002).

The lumen of the ER provides a unique compartment that contains a very high
concentration of calcium, which is maintained by the active import of calcium from the
cytosol by ER calcium ATPase, and an oxidizing environment critical for proper protein
folding. The concentration of calcium in the ER range from 100 pM to close to 1 mM,
whereas it is maintained at approximately 100 nanomolar in the cytosol (Gorlach, 2006;
Orrenius, 2003). ER calcium homeostasis is required for the proper activity of the
calcium-dependent protein chaperones, such as GRP94, GRP78 and calreticulin, and
calcium release from the ER pool is a major initiating event in programmed cell death
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(Orrenius, 2003). The relationships between ER, calcium and apoptosis are detailed
further below in section 1.3.3.
Two functions o f the ER, protein folding and modifications, allow the cell to
synthesise proteins with adequate tertiary and quaternary structure. Although denatured
proteins can spontaneously refold into their native state in vitro, such refolding requires
hours. In the ER lumen, newly synthesised proteins fold into their proper conformation
within minutes with the help of the sequential action of several resident proteins (Table
1-4).

Table 1-4: Folding assistants of the endoplasmic reticulum.
Disulfite
isomerases
PDI
ERp72
ERp58
Erolp

Dna-J-like

Immunophilins/
HSP70
prolyl
isomerases
FKBPI3
GRP78
FKPB65
Lhslp
S-cyclophilin
GRP 170
CCYLP
Cyclophilin B

Sec63p
Scjip

HSP90

GRP94

Lectins

Calnexin
Calreticulin

Disulfide bonds can be easily formed in the oxidizing environment of the ER and
severely restrict the available conformations for a given protein because of the strength of
their covalent links. Several luminal enzymes are able to form, resolve or rearrange
disulfide bonds. The most abundant ER disulfide isomerase is PDI, which can also act as
a molecular chaperone to facilitate protein folding (Noiva, 1999; Noiva, 1999).
Other important chaperones include GRP78 (Gething, 1999) and GRP94 (Argon,
1999), belonging respectively to the HSP70 and HSP90 family. They seem to recognise
different subsets o f peptides, allowing the chaperoning of different phases of the folding
process (Melnick, 1994). The immunophilin/petidyl proline isomerase family members
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can catalyze isomérisation of proline but their importance is poorly understood.
Calreticulin and calnexin are two lectins specific to the ER that bind glycoproteins. PDI,
GRP94, GRP78, calnexin and calreticulin are also all able to bind calcium and are
important for calcium homeostasis and storage in the ER.

1.3.2. ER stress signaling
Any physiological or biochemical stimulus which disrupts ER homeostasis leads
to a state of so-called “ER stress”, to the activation of specific signalling pathways and to
a subsequent cellular response known as the Unfolded Protein Response (UPR) (Shen,
2004). In mammals, three signalling pathways have been described: the IRE 1-XBPl
pathway, the PERK-eIF2a-ATF4 pathway and the ATF6 pathway. Their activation is
thought to be mainly regulated by the ER-resident protein chaperone GRP78 (Zhang,
2004).

IREl-XBPl signalling pathway
The importance of IRE 1 (inositol requiring enzyme 1) for ER stress signalling
was first demonstrated in the budding yeast Saccharomyces cervisiae (Cox, 1993; Mori,
1993). IREl protein is a transmembrane protein with an amino-terminal ER luminal
dimerization domain and a carboxy-terminal cytosolic moiety containing a kinase and an
endoribonuclease domain. ER stress results in IREl dimerization/oligomerization, transautophosphorylation via the cytosolic kinase domain, and activation of IREl
endoribonuclease activity. In yeast, IREl substrate has been identified as the basic
leucine zipper transcription factor H a d . Activated IREl removes an intron of 252
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nucleotides from the HACl mRNA (“spliceosome-independent splicing”) resulting in a
more potent and efficiently translated transcription factor (Mori, 2000). Unspliced HACl
mRNA is constitutively transcribed but is not translated because of long-range
interactions between the intron and untranslated regions (Ruegsegger, 2001). In yeast,
HACl induces the transcriptional upregulation of close to 400 genes. These genes encode
functions ranging from protein folding, protein translocation, and protein transport, to
protein degradation within the secretory pathway (Travers, 2000).
In mammals, two IREl homologues have been identified: IR E la and IREip
(Tirasophon, 1998; Wang, 1998). IR Ela is ubiquitously expressed and its deletion is
lethal during embryonic life in mice, whereas IREip expression is limited to intestinal
epithelial cells and its deletion is not lethal in mice. In a similar way as in yeast, ER stress
results in the activation o f the endonuclease activity of IR Ela and IREip. This activation
is believed to be controlled by the ER chaperone GRP78: upon ER stress, GRP78 is
pulled off IREl, which allows IREl dimerization and autophosphorylation (Zhang,
2004). X-box DNA-binding protein 1 (XBPl) mRNA has been identified as a substrate of
the mammalian IREl endoribonuclease (Gallon, 2002). Upon activation, IR E la splices a
26 nucleotides intron resulting in a translational frameshift and the translation of a potent
transcription factor (XBPl) (Shen, 2001; Yoshida, 2001). Spliced XBPl protein migrates
to the nucleus and binds to two consensus sequences: the ER stress response element
(ERSE; CCAATNpCCACG) and the unfolded protein response element (UPRE;
TGACGTGG/A), resulting in the transcriptional activation of genes involved in the UPR
(Yamamoto, 2004). A summary o f the IREl-XBPl signalling pathway is presented in
figure 1-8. In contrast to yeast, unspliced XBPl mRNA is translated (Gallon, 2002) and
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acts as repressor o f spliced XBPl protein (Lee, 2003). Furthermore, unspliced XBPl
protein can form a complex with spliced XBPl protein resulting in its exclusion from the
nucleus and rapid degradation (Yoshida, 2006). XBPl-null mice embryos are not viable
(Reimold, 2000), highlighting the critical importance of this pathway during
development.
Because PCR protocols can be elaborated to differentiate between unspliced and
spliced mRNA, spliced XBP-1 mRNA quantification has been advocated as a convenient
tool to monitor ER stress (Hirota, 2006)
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Figure 1-8: the IREl-XBPl signalling pathway in mammalian cells. Upon ER stress,
accumulation of misfolded proteins in the ER (1) results in GRP78 being pulled off IREl
(2) because of the higher affinity of GRP78 for abnormal proteins. IREl can then
dimerize, auto-phosphorylate and its endoribonuclease is activated (3). XBPl mRNA is
spliced by IREl (4), and translated to a potent transcription factor (5), which migrates to
the nucleus (6) where it binds to consensus sequences to upregulate the transcription of
responsive genes (7).
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PERK-eIF2a-ATF4 pathway
Alteration of ER calcium homeostasis results in a general protein synthesis inhibition and
is associated with phosphorylation of eIF2a (alpha-subimit of the eukaryotic initiation
factor 2) (Kimball, 1992). Phosphorylation of eIF2a is performed by PERK (double
stranded RNA-activated protein kinase-like ER kinase) under control of GRP78
(Bertolotti, 2000). Like for IREl, release of GRP78 upon ER stress promotes PERK
oligomerization, auto-transphosphorylation and activation of its kinase activity. PERK
can then phosphorylate eIF2a, resulting in a global inhibition of translation and cell cycle
arrest (Brewer, 2000; Harding, 2000b). Phosphorylated eIF2a inhibits translation by
decreasing assembly of ribosomal initiation complexes, resulting in lower rate of
translation initiation. However, at the same time, upregulation of the translation of some
specific mRNA, such as ATF4 (activating transcription factor 4) is observed (Harding,
2000a). Under normal growth conditions, ATF4 translation is repressed by the presence
of several small upstream open reading frames, whereas under stress, ATF6 translation is
de-repressed because of altered translation initiation patterns (Harding, 2000a). ATF4
signalling is associated with transcriptional upregulation of many genes involved in redox
homeostasis (Harding, 2003) and the pro-apoptotic transcription factor GADDI53
(Harding, 2000a). ATF4 also promotes the transcription of GADD34, a subunit of protein
phosphatase 1, which is able to dephosphorylate eIF2a, creating a negative feedback loop
(Novoa, 2001). A summary of the PERK-eIF2-ATF4 pathway is shown in figure 1-9.
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Figure 1-9: the PERK-eIF2-ATF4 signalling pathway. Upon ER stress, accumulation of
misfolded proteins in the ER (1) results in GRP78 release from PERK(2) which can
oligomerize and phosphorylate eIF2a (4). eIF2a phosphorylation results in a global
protein translation inhibition, but translation of some specific mRNA such as ATF4 is
upregulated (5). ATF4 translocates to the nucleus where it upregulates the transcription
of several genes such as GADDI 53 and GADD34 (6). GADD34 negatively regulates its
own activation pathway by promoting the dephosporylation of eIF2a (negative feedback
loop (7)).
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ATF6 pathway
ATF6 (activating transcription factor 6) was first identified as one basic leucine zipper
transcription factor able to bind to the ERSE consensus sequence in mammals (Yoshida,
1998). ATF6 is constitutively expressed as a 90kDa transmembrane protein localized in
the ER (Haze, 1999). In response to ER stress, ATF6 translocates to the Golgi apparatus
where it is processed to its active 50kDa form through sequential cleavage by site-1 and
site-2 proteases (SIP and S2P) (Ye, 2000). ATF6 translocation from the ER to the Golgi
is controlled by the dissociation of GRP78 from ATF6 luminal domain, unmasking ER
export signals and resulting in transport to the Golgi (Shen, 2002). After cleavage, the
active ATF6 moves to the nucleus and binds with high affinity to the ERSE consensus
sequence and therefore upregulates the transcription of ER protein chaperones mRNA,
such as GRP78 or GRP94, and also the transcription of XBPl unspliced mRNA
(Yamamoto, 2004; Yoshida, 2001). Two isoforms of ATF6 have been discovered:
ATF6a and ATF6|3. Although they share a similar processing pathway upon ER stress,
ATF6P is a poor transcriptional activator and inhibits the effects of ATF6a (Thuerauf,
2004). It is not known if these two isoforms can be regulated independently to exert
different effects on the cells. A summary of the ATF6 pathway is summarized is figure
1- 10 .
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Figure 1-10: the ATF6 signalling pathway. Upon ER stress, accumulation of misfolded
proteins in the ER (1) results in GRP78 being pulled off the 90kDa ATF6 (2). ATF6 can
then migrate to the Golgi (3 and 4), where it is cleaved by SIP and S2P to the active 50
kDa form (5). ATF6 is translocated to the nucleus (6) where it binds to ERSE consensus
sequence and ERSE-responsive genes (7).
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1.3.3. The unfolded protein response

Upon the activation of the three mammalian ER stress signaling pathways
described in the previous section (1.3.2), a set of cellular events constituting the unfolded
protein response (UPR) are triggered. When the ER stress is mild, pro-survival
mechanisms are activated to compensate and alleviate this stress. However, if ER stress is
too intense and too sustained, pro-apoptotic mechanisms are induced, promoting ERmediated cell death.

1.3.3.1. Compensatory response

Pro-survival events during UPR consist of three main mechanisms; 1) general
translation inhibition, 2) specific transcription and translation upregulation and 3)
increased activity o f the ERAD system (ER-associated degradation system).
The general protein translation inhibition is the consequence of elF2a
phosphorylation (cf. previous section) and promotes cell cycle arrest as the pool of the
short-lived G1 regulatory cyclin, cyclin D l, is rapidly depleted in the absence of mRNA
translation (Brewer, 1999). Inhibition of translation and cell cycle arrest provide cells
with a recovery period by decreasing the burden on the ER since there is less newly
synthesized protein to process, decreasing the energy demand because of a lower
translation rate, and allowing time for damage repair. The pro-survival effect of
translation block has been demonstrated in PERK -/- cells or cells unable to
phosphorylate eIF2a, which are more susceptible to ER-stress mediated apoptosis than
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control cells (Harding, 2000b; Harding, 2003). At the same time that general translation
is inhibited, transcription and translation of specific UPR-responsive genes are
upregulated. Among those genes, GRP78 upregulation plays a central role as GRP78
controls the activation of the three ER-stress signaling pathways (cf. previous section).
But GRP78 is only one of the proteins upregulated during ER stress, generally named
ER-stress proteins (ERSP) (Gething, 1999). ERSP members include GRP78, GRP94,
PDI, and calreticulin. Finally, misfolded protein degradation is promoted by the induction
of ERAD-related proteins, such as ER degradation-enhancing a-mannosidase protein
(EDEM), through IRE 1/XBPl and ATF6-dependent activation pathways (Yoshida,
2003). Increased degradation o f unfolded or misfolded proteins contributes to ER stress
alleviation and promotes the return to a normal ER status. A general scheme of UPR pro
survival pathways is presented in figure 1-11.
The protective effect of ERSP upregulation against challenge by various
cytotoxins has been demonstrated in in vitro experiments and, symmetrically, ERSP
downregulation has been associated with increased cell death upon cellular stress
(Chattel]ee, 1994; Liu, 1997; Liu, 1998; Reddy, 1999; van De Water, 1999). ER protein
chaperone upregulation can elicit a protective effect by preventing protein aggregation,
increasing protein folding capacity and inhibiting the activation of ER-stress signaling
pathways. In addition, ER stress proteins (especially calreticulin) can buffer disturbances
of intracellular calcium homeostasis and therefore prevent cell death (Liu, 1997; Liu,
1998). ATF4 also upregulates many genes involved in redox regulation and therefore can
compensate alteration of the ER redox status (Harding, 2003).
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Figure 1-11: Anti-apoptotic pathways of the Unfolded Protein Response activated upon
ER stress.

The anti-apoptotic effects of the UPR are further highlighted in experiments
demonstrating the protective effect of cellular preconditioning by induction of mild ER
stress (“ER stress preconditioning”) before exposure to cytotoxins (Bush, 1999; Halleck,
1997; Liu, 1997; Liu, 1998; van De Water, 1999). Cellular preconditioning can be
defined as a temporary change in cellular physiology with alteration of proximal events,
such as alteration of signaling pathways, and/or modification of distal end-effectors
(Yellon, 2003). Principle and effects of cellular preconditioning have been mostly studied
in the context of ischemia-reperfusion injury (Murry, 1986), but a similar principle can be
applied to ER stress preconditioning: a first injury (ischemia or mild ER stress) protects
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against subsequent injuries (new inschemia or toxic challenge). Exposure of LLC-PKl
cells to ER stress inducers (Table 1-5) prevented the cytotoxicity during subsequent
exposure to a model toxin o f covalent binding (iodoacetamide) and a model toxin of
oxidative stress (TBHP) (Halleck, 1997; Liu, 1997; Liu, 1998; van De Water, 1999).
However, the cytoprotection afforded by ER stress preconditioning seems to be
dependent on the cell type and may be toxicant specific, with the greatest effect
demonstrated in the pig renal cell line LLC-PKl (Bedard, 2004). In comparison,
cytoprotection was not observed after tunicamycin pretreatment in a rat hepatoma cell
line H4IIE nor in the human K562 lymphocyte cell line (Bedard, 2004). This latter study
raises the question of species or cell line differences in the ER stress response.
Furthermore, as LLC-PKl has been the most common cell line used to study the effect of
ER stress in renal cells but variability in the effects of ER stress preconditioning has been
clearly observed between cell lines, extrapolation of current results to other renal cell
lines and to humans is now uncertain.

Table 1-5: Typical compounds used as ER stress inducers and their mechanisms of
action. Adapted from (Cribb, 2005)
Name
A23187
Brefeldin A
DTT" and oxidized DTT"
Thapsigargin
Tunicamycin

Mechanism
Calcium ionophore
Inhibition of protein export from ER to Golgi
Redox status alteration
Inhibition of ER calcium ATPase pump
Inhibition of glycosylation

; dithiothreitol

Interestingly, protection of kidney cells by prior ER stress (“ER stress
preconditioning”) has been observed in vivo with rats pretreated with oxidized DTT
(DTTox) and then exposed to the nephrotoxicant S-(l,l,2,2,-tetrafluoroethyl)-L-cysteine
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(Asmellash, 2005). The agreement between the results of this study and in vitro
experiments using the same compounds in LLC-PKl cells suggests that data obtained
with LLC-PKl cells are relevant for rats for this nephrotoxicant (Halleck, 1997).
However, it is not clear yet how these results relate to humans.
Finally, most of the studies performed to demonstrate the protective effect of ER
stress preconditioning used model compounds. Although, these studies are necessary to
understand the mechanisms involved in this phenomenon, it seems now necessary to also
explore if ER stress preconditioning can decrease the toxicity of clinically-relevant
compounds in order to demonstrate the relevance of the findings for human and animal
health, and more especially to better understand some specific mechanisms of renal
adverse drug reactions.

1.3.3.2.

ER-mediated cell death

PERK, ATF6 and IREl signaling can trigger pro-apoptotic pathways if ER stress
is too massive or prolonged. The mechanisms involved in the shift from an initially pro
survival response to pro-apoptotic response are incompletely understood. Accumulation
of GADDI53, modification of Bcl-2 proteins, alteration of calcium homeostasis,
activation of pro-apoptotic kinases and caspases have all been implicated in ER-mediated
cell death (Szegezdi, 2006).
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GADDI 53/CHOP
Expression o f Growth-arrest- and DNA-damage-inducible gene 153 (GADDI 53),
also known as CHOP (CCAAT enhancer binding protein homologous protein), is
increased essentially as a consequence of ATF4 signaling (Figure 1-9), but XBPl and
ATF6 can also upregulate its transcription (Oyadomari, 2004). CHOP activity is also
modulated post-transcriptionaly as phosphorylation by p38 MAP kinases can increase its
activity (Oyadomari, 2004). As p38 MAP kinase activity is increased by ASKl, itself
recruited by the IRE1-TRAF2 complex during ER stress (Takeda, 2003), the combined
effect of PERK and IREl signaling is a significant increase in pro-apoptotic signals and
inhibition of anti-apoptotic molecules (Figure 1-12). GADDI53 expression results in
decreased transcription of Bcl2 (anti-apoptotic), increased expression of TRB3 (Tribblesrelated protein 3) which inhibits the pro-survival kinase Akt, and increased expression of
GADD34 which releases translational block initiated by phosphorylation of eIF2a
(Figure 1-9) (Szegezdi, 2006). Indeed, inhibition of eIF2a phosphatases (e.g. by
salubrinal) can reduce ER-mediate apoptosis (Boyce, 2005).
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Figure 1-12: CHOP and pro-apoptotic mechanisms during ER stress.

43

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Bcl2 family proteins and calcium homeostasis disruption
The study of the significance of calcium homeostasis disruption during ER stress
has been a matter o f considerable debate, as it is seen by some authors as a primary event
that will lead to ER-mediated cell death, and by some others as a secondary event
following more proximal mechanisms specific to ER stress (Demaurex, 2003). The
interpretation of experimental results is further complicated by the use of some ER stress
inducers, such as thapsigargin or A23187 (Table 1-5), directly altering ER calcium
balance. Whether or not these compounds mimic clinically-relevant mechanisms of ER
stress is an open discussion. Nevertheless, calcium is involved during cell death and is an
important mechanism of cross-talk between organelles, especially ER and mitochondria
(Figure 1-13) (Gorlach, 2006; Orrenius, 2003).
Bcl-2 proteins are important in the modulation of ER calcium pool, and their
involvement during ER stress is increasingly considered as an important mechanism of
ER-mediated death. As CHOP upregulation inhibits Bcl2 expression and JNK can
decrease its activity by phosphorylation, the balance between pro-survival Bcl2 proteins
(Bcl2) and pro-apoptotic Bcl2 proteins (Bax, Bak) is shifted to enhance apoptotic
signalling (Szegezdi, 2006). Interaction between Bax and Bak proteins could lead to the
formation of channels in the ER and mitochondrial membranes, resulting in the release of
calcium and cytochrome c into the cytosol, and finally executioner caspases activation in
a similar fashion as in the intrinsic pathway of apoptosis (Szegezdi, 2006). A summary of
calcium involvement during ER mediated cell death is shown in figure 1-13.
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Figure 1-13: Calcium and ER-mediated cell death
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ROS

Caspase 12 activation

Caspases are cysteine-dependent aspartate-specific proteases that are activated during
apoptotic cell death or inflammation. The observation that prolonged ER stress could
stimulate the activation of ER-localized pro-caspase 12 in a murine model (Nakagawa,
2000b) leads to the hypothesis that caspase 12 activation could be an important proximal
step during ER mediated cell death (Momoi, 2004), although caspase 12 independent ER
stress induced cell death has also been reported in several experimental models (Di Sano,
2006; Nakano, 2006; Obeng, 2005). Activation of caspase 12 (or caspase 12-like activity)
during apoptosis has been reported in mouse, rat, rabbit, cow and human cells (Szegezdi,
2003). Three mechanisms of activation have been suggested. First, calcium homeostasis
disruption may activate m-ealpain (ealcium-activated cysteine protease) which in turn
cleaves and activates pro-caspase 12 (Nakagawa, 2000a). Second, procaspase 12 could be
recruited into a complex ineluding IRE la and TRAF-2 (tumor necrosis factor-receptorassociated factor 2) which is formed during ER stress, homodimerize and be auto
activated (Yoneda, 2001). Third, caspase 12 could be activated by caspase 7-mediated
cleavage (Rao, 2001). Once activated caspase 12 can activate effector caspases to induce
apoptosis (Morishima, 2002). However, the significance of caspase 12 in human has been
seriously questioned as the human caspase 12 gene includes several deleterious mutations
(Fischer, 2002), and most humans lack a functional caspase 12 (Kachapati, 2006). Human
caspase 4, which is 48% homologous to murine caspase 12, has been proposed to play the
same role as the murine caspase 12 during ER stress but this hypothesis is still under
debate (Hitomi, 2004).
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1.3.4. Monitoring ER stress and UPR
ER stress induces a large array of cellular alterations, which can be monitored.
This section is not intended to discuss all the possibilities available for the researcher, but
rather to present the most common tools used to monitor ER stress with a special
emphasis on the techniques used during the PhD program associated with this thesis.
ER stress signalling pathways activation can be monitored through a variety of
techniques adapted to the mechanisms of each pathway (see section 1.3.2). Activation of
the IREl/XBPl pathway can be easily monitored by PCR as the amount of spliced XBPl
mRNA will increase during ER stress. Primers can be designed to amplify both unspliced
and spliced XBPl mRNA, and in this case differentiation between the two forms will be
done by gel electrophoresis (spliced XBPl has a slightly smaller MW). Otherwise,
primers can be designed to amplify only the spliced form. This approach is especially
useful when combined with real-time PCR with which quantitative assessment of XBPl
splicing is achievable (Hirota, 2006). XBPl-splicing can be monitored also in vivo in
transgenic mice by the fusion of XBPl with a green fluorescent protein gene (Iwawaki,
2004). The ATF6 pathway can be monitored by detection of ATF6 cleavage and ATF6
translocation from the ER to the Golgi (Shen, 2005a). Monitoring o f ATF6 or XBPl
activation by reporter genes is subject to caution as some discordance has been observed
by their activation of the level of target transcripts (Shang, 2004). The activation of the
PERK-eIF2a-ATF4 pathway can be monitored by measurement of inhibition of protein
synthesis (for example, labelling with [^^S]L-methionine), phosphorylation of eIF2a (by
antibodies specific for the phosphorylated form) and assessment of ATF4 mRNA levels
(Shang, 2005).
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The most common indicator of UPR activation is the increased expression of
ERSP, especially GRP78. GRP78 transcript levels and protein levels can he easily
monitored by standard techniques (Northern Blotting, PCR and Western blotting
respectively) (Lee, 2005). GRP94, calreticulin and PDI expression can also he assessed
with similar protocols. Alteration of calcium homeostasis disruption can he detected by
variation of ER and cytosolic calcium concentrations with the use of calcium-sensitive
fluorescent probes.
In addition to the usual markers of apoptosis (cytochrome c release, caspase 3
activation,

DNA

laddering...),

ER-mediated

cell

death

markers

such

as

GADDI 53/CHOP transcriptional upregulation can be monitored by PCR and northern
blotting, while caspase 12 activation can be monitored indirectly by the demonstration of
its cleavage and the appearance of cleavage products on immunoblots, and more directly
with fluorescent assays using caspase 12 catalytic activity. Calpain activation can he
assessed indirectly by its cleavage, cleavage of known substrates (such as alpha-spectrin)
or directly by fluorescent assays using calpain enzymatic activity.

48

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

1.3.5. Evidence of ER stress during exposure to toxic drugs

The endoplasmic reticulum can be involved in adverse drug reactions through
three possible mechanisms: the bioactivation o f drugs by ER enzymes, the targeting of
ER resident proteins by toxic compounds and finally the signalling of ER homeostasis
alteration and induction of ER-mediated cell death. Each of these three mechanisms is
treated separately below.

Bioactivation of drugs by ER enzymes
Enzymatic chemical transformation of a drug in a living organism, or
biotransformation, is a process which usually leads to drug elimination by converting
drugs

into

more-polar,

less

lipid-soluble

compounds.

In

some

instances,

biotransformation can lead to the formation of reactive toxic metabolites, i.e. drug
bioactivation. Several enzymes found in the ER can be responsible for bioactivation.
Cytochrome P450 enzymes, largely responsible for Phase I or functionalization reactions,
are found in large amounts in the ER and are known to be responsible for a variety of
bioactivation reactions. A typical example is the bioactivation of acetaminophen to its
hepatotoxic metabolite NAPQI (Figure 1-7) by

P450 enzymes, mainly CYP2E1

(Bromer, 2003). Other microsomal enzymes, such as carboxylesterases or uridine
diphosphate glucuronyl transferases can also lead to drug bioactivation (Ritter, 2000). If
cellular detoxification pathways are overwhelmed by reactive intermediates, toxicity can
be observed and is related to two mechanisms: covalent binding and oxidative stress (see
section 1.2.4).
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Targeting of ER resident proteins by toxic compounds
Because several bioactivation reactions require enzymes residing in the ER, it is
not surprising that reactive intermediates target ER molecules, such as P450 enzymes or
ER chaperones (Table 1-1). Reactive intermediates are often electrophilic compounds
which bind avidly to nucleophilic centers, such as thiols, on molecules in their vicinity
(Zhou, 2005). Binding o f reactive intermediates to P450 enzymes can be associated with
their inactivation, a phenomenon named mechanism-based inactivation. Furthermore,
binding to P450 and other ER stress proteins (GRP78, PDI) has been associated with
immune-mediated pathologies as modified proteins can be recognised as non-self by the
host (Cribb, 2005). But ER protein targeting is not solely observed with reactive
intermediates, as toxic compounds can directly affect ER molecule functions without the
requirement of covalent bonds. Several lines of evidence indicate that ER proteins are the
direct targets of nephrotoxic compounds, although it is difficult to assess the significance
of these findings for their overall toxic effect. Gentamicin and other aminoglycoside
antimicrobial dmg were reported to bind to PDI and to inhibit its chaperone activity
(Horibe, 2002; Horibe, 2001). Gentamicin can also inhibit calreticulin chaperone activity
(Horibe, 2004). Bacitracin, another nephrotoxic antimicrobial, is a known inhibitor of the
PDI isomerase activity (Mizunaga, 1990). ER protein activity inhibition is not limited to
nephrotoxic compounds. A recent study has demonstrated that many endocrine disrupting
chemicals (EDCs) can inhibit PDI activity (Okada, 2005). Although covalent binding of
hepatotoxins to ER proteins and P450 have been largely reported (Zhou, 2005), there is
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no published evidence of ER protein inhibition involving low-energy bonds by
hepatotoxic drugs.

ER homeostasis alteration and induction of ER-mediated cell death
Endoplasmic reticulum homeostasis disruption, or ER stress, triggers the
activation of a set o f signalling pathways that induce a cellular response named the
unfolded protein response (UPR). Several clinically important drugs or toxicants have
been associated with markers of ER stress and ER-mediated cell death, and therefore are
raising the question of the importance of ER stress in drug-induced toxicity (Cribb,
2005).
Among nephrotoxic compounds, cisplatin, acetaminophen or cyclosporine A
exposure has been associated with the induction of the pro-apoptotic transcription factor
GADD153, a marker o f ER-stress mediated cell death (Huang, 2001; Justo, 2003; Lorz,
2004). In human melanoma cells, cisplatin also induced upregulation of GRP78 and
calpain-dependent activation of caspase 12 (Mandic, 2003). Cyclosporine A was also
able to upregulate GRP78 in human HeLa cells, but there was no evidence of caspase 12
activation (Justo, 2003; Paslaru, 1994). Acetaminophen and its metabolites could alter ER
calcium homeostasis (Holownia, 2004; Stoyanovsky, 1999) and was associated with
GADDI53 upregulation and calpain-independent caspase 12 activation in renal cells
(Lorz, 2004). Sulfamethoxazole hydroxylamine caused induction of GRP78 and caspase
12 activation in renal cells in vitro (Ryan, 2005). The nephrotoxic mercury Hg(II)
induced a time- and dose-dependent accumulation in rat kidney medulla (Goering, 2000),
and ochratoxin A exposure was associated with GADDI53 upregulation in rats (Luhe,
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2003). Interestingly, in a model of membranous nephropathy, GRP78 and GRP94 were
upregulated in glomerular epithelial cells in vitro and in vivo (Cybulsky, 2002).
There is limited evidence of ER stress or ER-mediated cell death after exposure to
hepatotoxic drugs. Troglitazone, an antidiabetic agent associated with hepatotoxic
idiosyncratic reactions, was associated with GRP78 upregulation in two hepatoma cell
lines (Maniratanachote, 2005). GRP94 was induced in liver of rats exposed to cadmium
(Goering, 1993). Intragastric ethanol feeding led to increased expression of GRP78,
GRP94, GADDI53 and caspase 12 (Ji, 2003).

1.3.6. ER stress and calpains
Calpains are calcium-dependent proteases involved in a variety of cellular functions
such as signal transduction, cytoskeletal remodeling and apoptosis (Goll, 2003). Two
ubiquitous calpains have been described and named in accordance with the concentration
of calcium required to activate them in vitro: m-calpain (requires calcium concentration
in the millimolar range) and p-calpain (requires calcium concentration in the micromolar
range) (Suzuki, 1991). Although calpains proteolytic activity is largely calciumdependent, their regulation is multifactorial and involves endogenous inhibitory proteins,
such as calpastatin, or phosphorylation (Goll, 2003).
Inhibition o f apoptosis by calpain inhibitors demonstrated the important role of
calpains in various models of apoptosis although calpains involvement in apoptosis may
be cell type and/or stimuli-specific (Kidd, 2000). Calpains have been involved in renal
cell-death following different stimuli, such as ischemia-reperfusion injury, mitochondrial
toxins and nephrotoxic compounds (Chatteqee, 2005; Harriman, 2002; Lee, 2006;
Muruganandan, 2006).
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A relationship between ER stress and calpain activation is increasingly becoming
apparent. Calpain can cleave ER-related molecules, such as GRP94 (Reddy, 1999), and
activate caspase 12 (Nakagawa, 2000a), both involved in ER-mediated renal cell death
(Ryan, 2005). ER calcium release was correlated with calpain activity (Harriman, 2002),
suggesting a complex interplay between ER homeostasis disruption and activation of
calpain system. This hypothesis was validated in vitro as calpain inhibition prevented cell
death induced by the ER stress inducer tunicamycin and other model cytotoxins
(Muruganandan, 2006). Also, induction of GRP78, a hallmark of the ER stress response,
was prevented by calpain inhibition in cells exposed to model cytotoxins, suggesting a
contribution of calpain in the observed ER stress (Muruganandan, 2006).

1.4.

Hypothesis and specific aims

We hypothesized that the endoplasmic reticulum was involved in drug-induced
renal toxicity.
In a first step, we aimed to investigate the effect of ER stress proteins
upregulation on the toxicity o f model cytotoxins and clinically-relevant nephrotoxic
drugs in vitro. As differences may occur between renal cell lines and/or species, it was
elected to perform these experiments in four renal cell lines. We expected that ER stress
preconditioning would decrease the toxicity of model cytotoxins and nephrotoxic drugs
in all renal cell lines.
In a second step, we aimed to investigate in vivo the appearance of markers of ER
stress and ER-mediated cell death, such as caspase 12 and calpain activation, in kidneys
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of rats exposed to three well-known nephrotoxicants. We expected the appearance of
markers of ER stress in kidneys o f rats exposed to cisplatin, gentamicin and pAP.
In a final step, we investigated the relationship between ER stress, calpain and
renal toxicity in vivo. Specifically, we aimed to demonstrate the protective effect of prior
mild ER stress induction and calpain inhibition against drug-induced renal damage. We
expected that in vivo ER stress preconditioning and calpain inhibition would decrease the
nephrotoxicity o f pAP in rats.
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2.1.

Introduction

Drug-induced renal toxicity is a frequent adverse drug reaction with potentially
devastating consequences on patients’ health. Among the 100 most used drugs in
Intensive

Care

Units,

one-quarter have

nephrotoxic

potential

(Taber,

2006).

Approximately 10 to 20% of acute renal failures are drug-related (Bemieh, 2004; Brivet,
1996). A better understanding o f the mechanisms of toxicity is required to improve
prediction, risk assessment and to prevent or possibly treat the deleterious effects of
nephrotoxic drugs.
Mechanisms of renal toxicity are complex and one drug may have several toxic
mechanisms occurring at the same time or sequentially. Vascular, glomerular or tubular
cell injury, decrease in renal perfusion or interstitial injury are among the most commonly
cited mechanisms of renal toxicity (Choudhury, 2006; Schnellmann, 2001). At the
cellular level, intracellular calcium homeostasis disruption, protein alkylation and
oxidative stress have been described as early changes observed in renal cells exposed to
nephrotoxic compounds (Baliga, 1999; van de Water, 2006). Mitochondria, endoplasmic
reticulum, lysosomes, and the cell membrane have all been identified as targets (MingeotLeclercq, 1999; Servais, 2005; van de Water, 2006).
Evidence of the involvement of the endoplasmic reticulum (ER) during
nephrotoxicity is accumulating (Cribb, 2005). Alteration of ER protein activities and
induction of ER stress markers by nephrotoxic drugs, as well as cytoprotection of renal
cells exposed to toxic compounds by induction or overexpression of ER chaperones
support the hypothesis of the ER playing an important role for the fate of renal cells
during nephrotoxic insults (Cribb, 2005; Halleck, 1997; Horibe, 2004; Horibe, 2002;
Hung, 2003; Liu, 1997; Liu, 1998; Ryan, 2005). Induction or over-expression of ER
stress proteins, such as GRP78 and calreticulin, made cells more resistant to toxicant
exposure, whereas their down-regulation was associated with increased susceptibility
(Liu, 1997; Liu, 1998; van De Water, 1999). Induction of ER stress proteins by prior ER
stress (“ER stress preconditioning”) resulted in decreased toxicity of several model toxins
(Asmellash, 2005; Bedard, 2004; Bush, 1999; Liu, 1997; Liu, 1998; van De Water,
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1999). However, the relevance of these findings to clinically relevant nephrotoxins
remains unclear.
In a study with four cell lines, cytoprotection following ER stress preconditioning
with tunicamycin (a protein glycosylation inhibitor) was observed in the pig renal cell
line LLC-PKl, but cytoprotection was not consistently observed in a human hepatocyte
cell line HepG2 nor in the human K562 lymphocyte cell line (Bedard, 2004). This study
raised the question as to whether there are species or cell line differences in the ER stress
preconditioning response. The LLC-PKl cell line is probably the most commonly used
renal cell line for toxicity studies, but it is now unclear as to whether the findings in LLCPKl cell lines related to ER stress can be extrapolated to humans or other renal cell lines,
and if model compounds employed could be considered representative of clinically
relevant nephrotoxic drugs.
We hypothesized that the cytoprotection provided by ER stress preconditioning
was a common property of renal cell lines and would be effective with clinically-relevant
nephrotoxic drugs. First, we assessed the induction of GRP78 and GRP94 proteins in four
renal cell lines after exposure to known ER stress inducers. Having confirmed induction
of ER stress, we determined the effect of ER stress preconditioning on the toxicity of two
model toxins and a variety of clinically-relevant nephrotoxic compounds.
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2.2.

Materials and methods

Materials and cells
Pig LLC-PKl, rat NRK-52E, human HEK-293 and canine MDCK continuous
renal cell lines were obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA) and cultured in 75 cm^ flasks in Dulbecco’s modified Eagle’s
medium with 1% L-glutamine and 5% (LLC-PKl, NRK-52E) or 10% (HEK-293,
MDCK) foetal bovine serum (Causera, Etobicoke, ON, Canada) in 5% CO2 at 37° C,
unless otherwise noted. Cells were plated with a density of 7500 cells/cm^ (NRK-52E,
HEK-293) or 15000 cells/cm^ (LLC-PKl, MDCK). Cell culture materials and routine
chemicals were obtained from Sigma (Oakville, ON, Canada) or Fisher Scientific
(Nepean, ON, Canada). Primary antibodies were obtained from Stressgen (Victoria, ON,
Canada) unless otherwise stated.

Induction o f endoplasmic reticulum stress proteins
Cells were plated in 75 cm^ flasks and allowed to recover for 24 h. Tunicamycin,
thapsigargin, and oxidized dithiothreitol (also named trans-4,5-dihydroxy-1,2-dithiane)
were added in fresh media at the concentrations specified in the figure legends. Cells
were collected 24 h later by trypsinisation, washed in cold PBS (pH 7.4), and sonicated
on ice to disrupt cell membranes. The homogenate was centrifuged at 9000 g for 10 min
at 4 C and the supernatant (S9 fraction) frozen at -80 C until assayed. Total protein
concentration of the S9 fraction was determined using the Biorad D/C protein assay
(Biorad, Mississauga, ON, Canada).
Expression of endoplasmic reticulum stress proteins (ERSP) was assessed by
immunobloting following SDS-PAGE separation and semi-dry transfer to nitrocellulose
membranes. Membranes were blocked in 5% low-fat skim milk powder in phosphate
buffered saline, pH 7.4, for Ih at room temperature and exposed to the primary antibodies
anti-GRP94 (SPA-850) and anti-GRP78 (610978, BD Biosciences, Mississauga, ON,
Canada) at a dilution of 1:1000. Anti-P-actin antibodies (A 5441, Sigma) were used to
quantify actin expression as a control for variation in protein loading. After secondary
antibody exposure, antibody binding was revealed with an enhanced chemiluminescence
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detection kit (Amersham Life Sciences, Arlington, IL, USA). Signal intensity was
recorded with a digital camera (Kodak Image Station 440 CF, Eastman Kodak Company,
New Haven, CT, USA) and quantified using the associated software (Kodak ID Image
Analysis). All experiments were done in 3 replicates. Statistical analysis was performed
on the density scores normalized to P-actin.
In order to assess the toxicity of the ER stress inducers, the cell number 24 h after
exposure was estimated by measuring the total LDH content of remaining cells as
described below.

Assessment o f cytoprotection by ER stress preconditioning
Cells were plated in 96 wells plates at the density previously indicated. Following
a 24 h acclimatization period, cells were exposed for 24h to tunicamycin, thapsigargin or
oxidized dithiothreitol (DTTox) in fresh media at the concentrations indicated in the
figure legends. The media was removed and replaced with fresh media containing the
model cytotoxic chemicals and known nephrotoxic drugs at the concentrations indicated
in the figure legends. Iodoacetamide (IDAM, 24h exposure in full media) and tertbutylhydroperoxide (TBHP, 3h exposure in Hank’s balanced solution, followed by 21h of
full media) were used as model toxins for covalent damage and oxidative damage,
respectively. Gentamicin (GEN), paraquat (PQ), and glyoxylate (GLY, a metabolite of
ethylene glycol) were dissolved in full media. Cyclosporin A (CsA), cisplatin (CIS) and
/?ura-aminophenol (p-AP, a metabolite of acetaminophen) were first dissolved in DMSO
and then diluted in full media with a final DMSO concentration below 1%. At 72h post
plating (24 h cytotoxicant exposure), the number of remaining cells was estimated to
assess cell survival.
The number o f surviving cells was estimated by measuring the LDH content of
remaining cells. The supernatant of each well was removed and remaining attached cells
were lysed with 0.1% Triton X. The plate was centrifuged and the LDH content of an
aliquot of the supernatant was measured as an indication of remaining cell number, as
described below. Each experimental group consisted of 4 wells and all experiments were
repeated 3 to 5 times.
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Assay o f cellular LDH content.
LDH quantification was performed with a commercially available kit (Cytotox
96® Non-Radioactive Cytotoxicity Assay, Promega Corporation, Madison, WI, USA)
Following lysis o f the cells with Triton X, an aliquot of the supernatant (50 pi) from each
well is transferred to a 96-well plate. Briefly, the amount of LDH is measured with a 30minute coupled enzymatic assay, which results in the conversion of a tétrazolium salt into
a red formazan product. The amount of color formed is proportional to the number of
lysed cells (Nuss, 1996). Visible wavelength absorbance data (490nm) were collected
using a 96 well plate reader (SpectraMax Plus^*", Molecular Devices, Sunnyvale, CA,
USA). Cell survival is reported as the percentage of LDH retrieved from remaining cells
after toxic challenges compared to LDH retrieved from control cells. In all cases, the
appropriate control cells were included in each experiment.

Statistical analysis
Results are presented as mean ± standard error of the mean. All statistical
analyses were performed using GraphPad Prism version 3.03 (GraphPad Software, San
Diego, CA, USA). Data were analysed by one-way ANOVA and Dunnett or Bonferroni's
post-hoc tests. A /?-value lower than 0.05 was considered to reflect a statistically
significant difference.

2.3. Results
We wished to determine concentrations of tunicamycin, thapsigargin, and DTTox
that induced an ER stress response (ER stress preconditioning) while causing minimal
cell damage.

We therefore first determined the cytotoxicity of the three ER stress

inducers in the four different cell lines after 24 h exposure (Figure 2-1). DTTox
displayed low toxicity in all cell lines, whereas tunicamycin and thapsigargin
demonstrated cell-line specific toxicity. Treatment by tunicamycin produced similar cell
death percentages in NRK-52E and HEK293 cells, whereas it resulted in significantly
lower cell death in LLC-PKl and MDCK cells (p<0.05 at 0.01 pg/mL and p<0.001 at
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0.025 and 0.1 ng/mL). Thapsigargin displayed the greatest toxicity in HEK293 cells,
whereas LLC-PKl, NRK-52E and MDCK cells were more resistant (p<0.001 at 0.025
and 0.1 pM).
Tunicamycin, thapsigargin and DTTox resulted in a dose-dependent increase of
the amount of GRP78 and GRP94 in the four renal cell lines. There was however cell-line
differences in the relative magnitude of ERSP induction (Figure 2-2). In general,
tunicamycin and thapsigargin lead to greater induction of ERSP across the dose range
tested; they also displayed much greater toxicity than DTTox (Figure 2-1) at those
concentrations. However, there was not a clear association between the susceptibility of a
cell line to the toxicity o f an ER stress inducer and the relative induction of ERSP. Across
the cell lines, tunicamycin was the most consistent inducer of ERSP: at a 0.1 pg/mL
concentration, tunicamycin was associated with a statistically significant increase of
GRP78 and GRP94 expression in all cell lines (Figure 2-2). The highest concentration of
thapsigargin (0.1 pM) resulted in statistically significant increased expression of GRP78
in all cell lines but failed to significantly increase GRP94 expression in MDCK cells.
DTTox exposure resulted in a statistically significant increase of GRP78 in all cell lines
but no significant statistical difference was observed for GRP94 in any cell line.

72

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

125-1

—D—NRK
+
LLC-PK1
HEK293
-o -M D C K

75 50 25-

0.0025

0.01

0.1

0.025

tunicamycin (ng/mL)
125 -,

NRK
LLC-PK1
HEK293
-MDCK

w
8

5025-

0.0025

0.01

0.1

0.025

Thapsigargin (pM)
125 -,
«

NRK
LLC-PK1

100 -

>
3
w

75-

8

50-

HEK293
MDCK

25-

1

2.5

5

10

DTTox (mM)

Figure 2-1 ; Percentage o f surviving cells after 24h exposure to three ER stress inducers
(tunicamycin, thapsigargin and DTTox) in 4 renal cell lines: NRK (open square), LLCPKl (closed square), HEK293 (closed circle) and MDCK (open circle).
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LLC-PKl, NRK-52E, HEK293 and MDCK cells. L, N, H, M: p<0.05 (Dunnet’s test) for LLC-PKl, NRK-52E, HEK-293 and
MDCK data respectively at the concentration indicated below.

The ability of ER preconditioning to provide protection against the model
toxicants IDAM and TBHP was assessed across a range of ER stress inducers
(Figure 2-3). Following ER stress preconditioning for 24 h, cells were exposed to 10
pM IDAM in all four renal cell lines, 100 pM TBHP in NRK52E and HEK293 cells,
and 10 pM TBHP in LLC-PKl cells. As toxicity of TBHP in MDCK cells was not
consistent between replicates (data not shown), it was not possible to reliably study
the effect of ER stress preconditioning on the toxicity of TBHP in this cell line. All
three ER stress inducers led to significant cytoprotection against IDAM and TBHP
toxicity in LLC-PKl cells. Protection against IDAM toxicity in NRK-52E cells was
much greater with DTTox and tunicamycin than with thapsigargin. Cytoprotection
against TBHP was only achieved in LLC-PKl cells when preconditioning was
performed with tunicamycin or thapsigargin. DTTox lead to cytoprotection in all
three cell lines. In contrast, tunicamycin and thapsigargin pre-treatment of HEK-293
cells was associated with increased toxicity of TBHP (Figure 2-3).
There was no clear correlation between the extent of induction of GRP78 or
GRP94 and the observed cytoprotection against IDAM or TBHP across the cell lines.
Tunicamycin resulted in a robust increase of GRP78 expression in all four renal cell
lines but MDCK cells were not significantly protected against the toxicity of IDAM
and only LLC-PKl cells were protected against the toxicity of TBHP. In contrast,
induction of GRP78 by DTTox was lower in magnitude compared to the induction
observed with tunicamycin, but a cytoprotective effect was observed in all
preconditioned renal cells exposed to IDAM as well as to TBHP.
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(tunicamycin, thapsigargin and DTTox) and exposed to model toxins (EDAM and
TBHP), compared to cells not pre-treated by ER stress inducers. Cytotoxins
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(Dunnet’s test) for LLC-PKl, NRK-52E, HEK-293 and MDCK cells respectively.
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Because tunicamycin produced the greatest cytoprotection in LLC-PKl cells
and DTTox produced the most consistent cytoprotection, they were chosen for ER
stress preconditioning prior to exposure to clinically relevant nephrotoxicants.
Survival data of LLC-PKl, NRK-52E and HEK293 cells are shown in Table 2-1,
Table 2-2 and Table 2-3 respectively. MDCK cells were not used in this part of the
study. Overall, the combination of a pre-treatment by tunicamycin or DTTox and
exposure to various nephrotoxic compounds resulted in increased cell survival rate,
but noticeable variations occurred. Pre-treatment of LLC-PKl and HEK293 cells was
mainly associated with cytoprotection but no effect was observed in some
combinations of ER stress inducer/nephrotoxicant. Unexpectedly, in NRK-52E cells,
pre-treatment by tunicamycin and subsequent exposure to 150 pM p-AP resulted in a
decreased percentage of surviving cells. A similar effect was observed in DTTox pre
treated NRK-52E cells exposed to 250 pM cisplatin.

Table 2-1: Percentage (mean (se)) of surviving LLC-PKl cells after exposure to
various nephrotoxic compounds with or without pre-treatment by tunicamycin (0.1
pg/mL) and DTTox (lOmM).

Treatment

dose

Cisplatin
Paraquat
p-AP
Gentamicin
CsA
Glyoxylate

250 pM
200 pM
50 pM
10 mg/mL
50 pg/mL
25 mM

control
46.2 (3.9)
22.6 (9.2)
27.6 (2.7)
51.2(14.2)
22.5 (9)
28.9 (5.3)

pre-treatment
tunicamycin
control
69.1* (14.8)
51.6*** (8.8)
75.4* (15.1)
91.3* (36.9)
50.3** (12.3)
74.4*** (9.5)

37.4 (2.5)
15.6 (5.4)
5.3 (0.7)
29.2 (5.3)
38.0 (6.7)
30.9(17.3)

DTTox
45.0* (2.3)
29.4** (5.)
92.1*** (1.9)
109.8*** (4.9)
47.5 (2.7)
48.8* (8.4)

*, **, ***: percentage o f cell survival greater in pre-treated cells than in control cells with p<0.05,
<0.01, andp<0.001 respectively.
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Table 2-2: Percentage (mean (se)) of surviving NRK-52E cells after exposure to
various nephrotoxic compounds® with or without pre-treatment by tunicamycin (0.1
pg/mL) and DTTox (lOmM).

Treatment

dose

Cisplatin
Paraquat
p-AP
CsA

250 pM
800 pM
150 pM
50 pg/mL

control
13.7 (3.4)
45.1 (16.1)
26.9(12.5)
36.1 (1.4)

pre-treatment
tunicamycin
control
74.9*** (10.1)
99.7** (8.2)
8.9* (3.4)
29.6 (7.7)

19.6 (0.2)
43.7 (5.2)
43.3 (4.2)
29.3 (3.0)

DTTox
13.09* (1.5)
69.86* (2.4)
70.97** (1.7)
40.04* (2.7)

*, **, ***: percentage o f cell survival greater in pre-treated cells than in control cells with p<0.05,
<0.01, and p<0.001 respectively,
percentage o f cell survival lower in pre-treated cells than in control cells with p<0.05.
Gentamicin and glyoxylate were not toxic for NRK-52E cells at the tested concentrations

Table 2-3; Percentage (mean (se)) of surviving HEK-293 cells after exposure to
various nephrotoxic compoimds® with or without pre-treatment by tunicamycin (0.1
pg/mL) and DTTox (lOmM).

Treatment

dose

Cisplatin
Paraquat
p-AP
CsA
Glyoxylate

250 pM
800 pM
150 pM
50 pg/mL
25 mM

control
38.6 (3.6)
57.0 (3.1)
41.0 (3.5)
31.1 (2.0)
37.8 (4.3)

pre-treatment
tunicamycin
control
38.2 (5.4)
83.1** (6.7)
64.5** (11.8)
54.3*** (0.9)
53.4** (4.5)

27.7 (2.8)
31.4(4.8)
29.9 (19.2)
38.7 (4.3)
46.2 (3.3)

DTTox
32.2** (2.7)
59.3*** (2.5)
64.1* (3.8)
42.8 (3.5)
54.3(11.0)

*, **, ***: percentage o f cell survival greater in pre-treated cells than in control cells with p<0.05,
<0.01, andp<0.001 respectively.
Gentamicin was not toxic for HEK293 cells at the tested concentrations.
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2.4.

Discussion

Kidney cell lines are commonly used as tools for studying drug-induced
toxicity. Extended viability, ability for long-term storage and defined characteristics
which allow easier comparisons between different laboratories are definite
advantages compared to other in vitro cellular models (Li, 2003; Williams, 1989) but
immortalized cell lines have the potential to lose their differentiated state and
phenotype, therefore possibly impairing the relevance of some experimental results.
A typical example is the low levels of drug-metabolizing enzymes found in LLC-PKl
cells, which may be detrimental for study of drugs requiring enzymatic bioactivation
to display toxicity (Gonzalez, 2004). Nevertheless, LLC-PKl cells are probably the
most commonly used cell line to study nephrotoxicants.
Studies

in LLC-PKl

cell

lines have demonstrated that ER stress

preconditioning consistently protects cells against exposure to model toxicants
(Bedard, 2004; Bush, 1999; Hung, 2003; Liu, 2005; Liu, 1997; Liu, 1998; Ryan,
2005; van De Water, 1999), suggesting that the ER may be an important target in
renal toxicity. Recent studies (Liu, 2005; Lorz, 2004; Muruganandan, 2006; Ryan,
2005; van de Water, 2006) have also demonstrated that cytotoxins cause ER stress
and activate ER-related cell death pathways. These data suggest that at least in the
LLC-PKl cell line with model toxicants, the ER is an important player in the cell
death cascade.

However, we recently observed that effects of ER stress

preconditioning against model toxicants differs between cell lines of different origin
(Bedard, 2004). While the ER stress response has been investigated in other renal cell
lines (Chaabane, 2006; Hosokawa, 2001; Ichimiya, 1998; Kaneko, 2002), this
observation raised the question of whether the effects observed in LLC-PKl cell lines
reflect a general property of renal cells and the relevance of the findings with model
toxicants to clinically relevant nephrotoxicants.
We therefore assessed the cytoprotective effect of ER stress preconditioning
in four cell lines: LLC-PKl (pig), NRK-52E (rat), HEK-293 (human) and MDCK
(dog) cells. The rat cell line NRK-52E was chosen to study the cell response in a
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species which is suitable for subsequent in vivo studies and HEK-293 was a model
cell line to explore the relevance of our findings in humans.
In order to up-regulate the expression of ERSP, we used three known ER
stress inducers with different mechanisms of action (Liu, 1997). Tunicamycin is a # linked glycosylation inhibitor (Struck, 1976) that prevents post-translational protein
maturation; thapsigargin is an ER calcium ATPase inhibitor that disrupts ER calcium
homeostasis (Thastrup, 1990), and oxidized DTT alters ER redox status, disrupting
protein folding (Halleck, 1997). These compounds provided another mechanism to
probe differences in renal cell lines to ER stress and the effect of ER stress
preconditioning.
The first interesting observation was that there were marked differences
among cell lines in the responses to the different ER stress inducers. Not only were
there significant differences in the susceptibility to the toxic effects of the inducers
(Figure 2-1), but there were differences in the relative induction of ERSP (Figure 22). The response to ER stress is a balance between activation of protective ER stress
responses (e.g. induction of ERSP) and activation of ER-associated cell death
pathways. There are multiple signaling molecules involved in the regulation of both
of these pathways (Szegezdi, 2006; Zhang, 2004) and the relative activation of
signaling molecules is likely influenced by the mechanism of ER stress. It is worth
noting that there was not a consistent relationship between either the extent of ER
stress signaling, or between the extent of cytotoxicity and the extent of ERSP
induction (Shang, 2004). This likely reflects the complexity of the ER stress response
pathways. [Monitoring o f XBPI signaling by real-time PCR was performed in LLCPKl cells after exposure to three ER stress inducers. C f ANNEX 1],
In a first step to study the protective effect of ER stress preconditioning in
renal cells, we exposed renal cells to the previously studied model cytotoxins
believed to induce cell death primarily by covalent binding (IDAM) or oxidative
stress (TBHP). In LLC-PKl

cells, all three ER stress inducers provided

cytoprotection against IDAM and TBHP, in agreement with published studies (Liu,
1997; Liu, 1998), but only DTTox pretreatment effectively protected NRK-52E and
HEK-293 cells against IDAM and TBHP. It is worth noting that DTTox generally
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caused the least induction of GRP78 and GRP94. We know from previous
experiments (Liu, 1997; Liu, 1998; van De Water, 1999) that over-expression of
GRPs alone or down-regulation of GRPs alone is sufficient to alter susceptibility to
cytotoxicants. However, these data clearly demonstrate that ER stress preconditioning
is a complex process whose cytoprotective effects is dependent on factors other than
simple induction of GRPs. These data also demonstrate that while there are
differences between cell lines and ER stress inducers, the ability of ER stress
preconditioning to be cytoprotective is common to multiple renal cell lines from
different species.
We then explored the ability of ER stress preconditioning with tunicamycin
and DTTox to protect the renal cell lines against a panel of clinically relevant
nephrotoxicants. There were significant differences between the cell lines in their
susceptibility to the nephrotoxins but, in most of the cases, preconditioning was
protective against the nephrotoxic compounds (Table 2-1, Table 2-2, Table 2-3). The
cytoprotection offered by ER stress preconditioning was a general property in the cell
lines tested, but the apparent extent of cytoprotection varied with specific
nephrotoxins/cell line/ER stress inducer combinations. In some cases, there was even
an increased toxic effect (Table 2-1, Table 2-2, Table 2-3). Similar variations have
been observed in other cell lines where in some cases prior ER stress enhances
susceptibility (Kong, 1999; Noda, 1999).
The exact mechanism by which ER stress preconditioning evokes
cytoprotection is not known. It has been suggested that ER stress protein induction
provides a buffer against increased intracellular calcium concentration resulting from
a toxic insult (Liu, 1998; Yu, 1999), however increased calcium is not always
associated with toxicity in renal cells (Ryan, 2005) and this may not be a common
mechanism. Other suggested mechanisms include alterations in ER cell death
signaling pathways

or protection

against protein

dysfimction

(Ma,

2004;

Muruganandan, 2006; van De Water, 1999). The weak induction of GRP78, although
statistically significant, and the even weaker increased expression of GRP94 after
exposure to DTTox (Figure 2-1) may question the involvement of ERSP in the
protection afforded by DTTox. It has been demonstrated that DTTox can be reduced
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by LLC-PKl cells (Halleck, 1997) and therefore might provide protective sulfhydryl
scavenging moieties. However, it has also been determined that, in LLC-PKl exposed
to IDAM, the protection provided by DTTox was clearly dependent on the ability to
induce GRP78 (Halleck, 1997). It is therefore reasonable to hypothesize that the
general protection afforded by DTTox pre-treatment in the current study is, at least in
part, a consequence o f increased GRP78 expression rather than only a consequence of
the alteration o f intracellular thiol concentrations.
While our results highlight the difficulty in trying to choose a suitable
universal in vitro cell model to study ER stress and its consequences in renal
cytotoxicity, the common protection granted by up-regulation of ER stress proteins
support the proposal that the ER plays an important role in determining renal cell fate
after exposure to nephrotoxicants.
Further support for the involvement of the ER comes from accumulating in
vitro evidence that clinically-relevant nephrotoxic drugs are themselves targeting the
ER. Cisplatin induced increased expression of GRP78 and activation of caspase 12 in
two in vitro models (Liu, 2005; Mandic, 2003). Acetaminophen, the parent drug ofpaminophenol, induced caspase 12 activation and GADDI53 up-regulation in murine
renal tubular cells (Lorz, 2004). Cyclosporine A has been shown to induce GRP78
and GADDI53, but caspase 12 activation was not observed (Justo, 2003; Paslaru,
1994). Activity o f several ER protein chaperones was decreased by aminoglycosides
antibiotics (Horibe, 2004; Horibe, 2002; Horibe, 2001). Although the relationship
between the above-mentioned nephrotoxic compounds and ER-stress has not been
fully investigated,

the

combination of protection

afforded

by

ER

stress

preconditioning and evidence of altered ER function by nephrotoxins suggests a
significant relationship between the ER and cell death in renal cells.
It will be important to conduct in vivo studies to corroborate the suggested
involvement of the ER in renal cell death because of the clear differences in responses
in vitro with different cell lines demonstrated here. With our paradigm, LLC-PKl
cells were a sensitive cell line to induce GRPs and observe cytoprotection after
preconditioning. However, relevance of this model compared to in vivo veterinary
and human pathophysiology needs to be validated. Nevertheless, the widespread
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protection afforded by ER stress preconditioning prior to exposure to nephrotoxicants
suggests that the ER might play an important role in renal toxicity.
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2.6.

ANNEX 1

2.6.1.

Introduction

The endoplasmic reticulum (ER) is an organelle involved in a wide array of
physiological functions, such as storage and release of calcium, sterol biosynthesis, or
protein folding and maturation (Berridge, 2002). Any physiological or biochemical
stimuli which disrupt ER homeostasis lead to a state of ER stress, to the activation of
specific signalling pathways and a subsequent cellular response known as the
Unfolded Protein Response (UPR) (Shen, 2004). In mammals, three signalling
pathways have been described: the IREl-XBPl pathway, the PERK-eIF2a-ATF4
pathway and the ATF6 pathway. Their activation is thought to be regulated mainly by
the ER-resident protein chaperone GRP78 (Zhang, 2004). With regard to the IRElXBPl pathway during ER stress, GRP78 is released from IREl monomers resulting
in IREl dimerization/oligomerization, trawi'-autophosphorylation, and activation of
IREl endoribonuclease activity. X-box DNA-binding protein 1 (XBPl) mRNA has
been identified as a substrate of the IREl endoribonuclease, which splices out a 26 bp
intron resulting in the translation of a potent transcription factor (XBPl) (Shen, 2001;
Yoshida, 2001). XBPl binds to two consensus sequences (the ER stress response
element (ERSE) and the unfolded protein response element (UPRE)) that regulate
UPR gene expression. Because PCR protocols can be elaborated to differentiate
between unspliced and spliced mRNA, spliced XBP-1 mRNA quantification has been
advocated as a convenient tool to monitor ER stress (Hirota, 2006).
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In the past decade, the importance of the ER has grown noticeably because
evidence has accumulated that the ER was involved in cell death mechanisms after
toxic insult or in diseased states, such as neurodegenerative (Lindholm, 2006) and
renal diseases (Inagi, 2005; Miyata, 2005) or diabetes (Lipson, 2006). Our group and
others have focused their research on the involvement of the ER in renal cell damage
after exposure to toxic compounds (Asmellash, 2005; Bedard, 2004; Cribb, 2005;
Hung, 2003; Liu, 1997; Ryan, 2005; van De Water, 1999). The hypothesis of the ER
being an important player in nephrotoxicity is supported by three main lines of
evidence recently reviewed (Cribb, 2005): 1) ER stress protein chaperone activity can
be impaired by nephrotoxic dmgs, 2) ER stress and ER-mediated cell death markers
are induced during exposure to nephrotoxic drugs and 3) increased expression of ER
stress proteins is protective when renal cells are exposed to a wide array of toxins,
such as iodoacetamide (IDAM), tert-butyl-hydroperoxide (TBHP), hydrogen
peroxide, nephrotoxic cysteine conjugates, menadione, or sulfamethoxazolehydroxylamine. Although a large majority of in vitro experiments to study ER stress
in renal cells have been performed with the pig renal cell line LLC-PKl, XBPl
splicing has not been investigated and it is not known if XBPl splicing can be
induced by typical model toxicants, such as IDAM and TBHP.
In this study, we identified the mRNA sequence coding for XBPl in pigs and
developed a real-time PCR protocol to assay XBPl mRNA splicing in LLC-PKl
cells. In a second step, we exposed LLC-PKl cells to known ER stress inducers
(tunicamycin (TUN), thapsigargin (THAP) and oxidized dithiothreitol (DTTox)) to
validate our protocol as a tool to monitor ER stress. In a last step, we exposed LLC-
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PKI cells to EDAM and TBHP to determine if ER stress signalling through XBPl
splicing was activated with these compounds.
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2.6.2.

Materials and Methods

Materials and chemicals
Cell culture materials and routine chemicals were obtained from Sigma
(Oakville, ON, Canada) or Fisher Scientific (Nepean, ON, Canada). Thapsigargin
(THAP) was purchased from A.G. Scientific (San Diego, CA, USA), all other
chemicals were purchased from Sigma (Oakville, ON, Canada), unless otherwise
specified.

Cell culture and exposure to toxicants
LLC-PKl continuous cell line was obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA) and cultured within 75 cm^ flasks or 6 wells
plates in Dulbecco’s modified Eagle’s medium with 1% L-glutamine and 5% foetal
bovine serum (Causera, Etobicoke, ON, Canada) in 5% CO2 at 37 C. Cells were
plated with a density of 15000 cells/cm^. To monitor the transcription and splicing of
XBPl mRNA after treatments, cells were plated in 6 well plates, allowed to recover
for 24 hours, and were exposed to various concentrations of ER stress inducers (TUN,
THAP, and DTTox) or model toxicants (IDAM and TBHP) for the next 24 hours.

Total RNA Isolation
Total RNA was extracted with TRIzol (Invitrogen, Burlington, ON, Canada)
as recommended by the manufacturer. RNA was quantified using UV spectroscopy
on a Shimadzu UV-1601 PC spectrophotometer (Mandel Scientific, Guelph, ON,
Canada). After dilution with a lOmM Na2HP 0 4 buffer, total RNA concentration and
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purity were assessed by measuring absorbencies at 260run and determining the
A260/A280 ratio respectively. Gel electrophoresis was used to document the absence
of RNA degradation.

Porcine XBPl mRNA sequence identification and primer design
The

human

XBPl

mRNA

splicing

site

sequence

GTCTGCTGAGTCCGCAGCACTCAGACTACGTGCACCTCTGCAGCAGGTGC
AGGCCC (Yoshida et al., 2001) and full-length human XBPl mRNA sequence (GI:
14110394) were compared to the pig ESTs database using NCBI BLAST (National
Center for Biotechnology Information - Basic Local Alignment Search Tool)
(Altschul, 1997) to identify ESTs with a perfect match on the splicing site and high
percentage of similarity over the full sequence.
Primers for semi-quantitative PCR (Table 2.4) were based on primers
previously published (Tardif, 2004) and amplify cDNA synthesized from both spliced
and unspliced XBPl mRNA. Real-Time PCR primers (Table 2.4) were modified
from primers published by Back (Back, 2005) and only amplify cDNA synthesized
from spliced XBPl mRNA. Briefly, the forward primer is designed to span over the
splicing site in order to prevent its binding to unspliced sequences and subsequent
amplification. Both sets of primers were compared to the pig EST matches to validate
homology.
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Semi-Quantitative Reverse Transcriptase Polymerase Chain Reaction (RT-PCR)
Total RNA (0.5jxg) was reverse transcribed using the Thermoscript RT-PCR
System (Invitrogen, Burlington, ON, Canada) kit and protocol in a GeneAmp PCR
System 9700 thermocycler (Applied Biosystems, Toronto, ON, Canada). Synthesized
single-strand cDNA (lOpL) was amplified in a reaction volume o f 50pL using 0.4pl
of DDPOL DNA Polymerase (ID Labs, London, ON, Canada), 5 pi of its lOX reaction
buffer and MgS 0 4 , Ipl of lOmM dNTPs (Invitrogen, Burlington, ON, Canada) and
0.4pl of lOpM sense and anti-sense XBPl primers (BioCorp, Montreal, PQ, Canada).
Amplification was done in a PTC-200 Thermal Cycler by MJ Research (Waltham,
MA, USA) with the following cycling sequence: 1 min at 94°C; 40 cycles of 15 s at
94°C, 30 s at 55°C and 1 min at 72°C, followed by 5 min at 72°C. PCR products were
analysed by electrophoresis in 2% agarose gels and Sybrsafe® staining (Molecular
Probes, Invitrogen, Burlington, ON, Canada), and their identity was confirmed by
DNA sequencing (ACGT Corp., Toronto, ON, Canada). Restriction enzyme digestion
by PSTl was also performed on samples for more accurate determination of the
amount o f spliced XBPl mRNA. The enzyme PSTl (New England Biolabs,
Pickering, ON, Canada) cleaves DNA at a sequence embedded within the spliced
sequence, therefore it can cleave unspliced XBPl mRNA but not digest the spliced
variant (Hirota, 2006). Two pi of lOx NEB buffer 3, 7.3pi of sterile water, 0.2pl of
0.1% BSA, 10 U of PSTl enzyme and lOpl of sample DNA were used per reaction.
The samples were incubated at 37°C for 1.5 hours to allow digestion, and then ran on
2.5% agarose gel with Sybersafe®.

Semi-quantitative analysis was performed by

image densitometry using the Kodak ID v. 3.5.3 program and a Kodak Digital
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Sciences Image Station 440CF (Perkin Elmer, Woodbridge, ON, Canada). 18S
ribosomal RNA (Ambion, Austin, XX, USA) was used as an internal control.

Real-Time PCR
cDNA was synthesized as described in the previous paragraph. Platinum
Sybergreen qPCR SuperMix-UDG with ROX was used as recommended by the
manufacturer (Invitrogen, Burlington, ON, Canada) in a Rotor Gene RG-3000
(Corbett Research, Montreal Biotech Inc., Kirkland, PQ, Canada) with the pig XBPl
real-time primers, published pig GRP78 primers (Esfandiari, 2005) or 18S primers.
The cycle sequence for XBP1/GRP78/18S quantitative PCR was 2 min at 50°C, 2
min at 95°C; 50 cycles of 15 s at 95°C, 30 s at 55°C, 30 s at 72°C, 15 s at 83°C,
followed by 2 min at 72°C and a melt curve for quality analysis.

Results were

measured in terms o f Cycles to Threshold. Serial dilutions of samples were performed
and analyzed to ensure a linear response with Real-Time PCR.

Statistical analysis
A minimum of three replicates per treatment was used for each experimental
procedure. The results are presented as mean ± standard error of the mean. All
statistical analyses were performed using GraphPad Prism version 3.03 (GraphPad
Software, San Diego, CA, USA). Treatment effect was analysed by ANOVA and
Dunnett’s post-hoc tests. Correlation coefficient for real-time PCR linearity was
determined by linear regression analysis. Ap-value lower than 0.05 was considered to
reflect a statistically significant difference.
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2.6.3.

Results

Porcine XBPl mRNA sequence identification and primers design
Fourteen sequences of the pig ESTs database demonstrated 100% similarity
with the human XBPl splicing site and high percentage of similarity (88-94%) with
the human full-length XBPl gene (GI: 14110394). These 14 sequences were highly
similar among themselves (93-100% similarity). Modifications of previously
published primers resulted in the design of new sets of primers that matched
sequences within the 14 pig ESTs with 100% similarity. Primers sequences are shown
in Table 2.4. Serial cDNA dilution demonstrated a parallel linear amplification of
XBPl, spliced XBPl mRNA, GRP78 mRNA and 18S mRNA, allowing the use of
deltaCT method of gene quantification (Figure 2.4).

Monitoring of XBPl splicing during exposure to known ER stress inducer
In order to validate the new primers, LLC-PKl cells were exposed for 24
hours to known ER stress inducers (TUN 1 pg/ml, THAP 0.1 pM, and DTTox 10
mM) and their mRNA were reverse transcribed to perform XBPl semi-quantitative
and real-time PCR. All three ER stress inducers resulted in a significant induction of
spliced XBPl mRNA (Figure 2.5, A and B). To further confirm the activation of the
UPR, GRP78 mRNA expression was determined with real-time PCR. A robust
induction was observed with all three ER stress inducers (Figure 2.5, C).
A dose-response experiment was performed with the exposure of LLC-PKl
cells to increasing concentrations of DTTox (0.5 to lOmM) to monitor total and
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spliced XBPl mRNA levels, as well as GRP78 mRNA expression. Total XBPl
mRNA increased approximately 2 fold between ImM and lOmM (Figure 2.6, A).
The percentage o f spliced XBPl determined by semi-quantitative PCR increased
from 3% (control cells) to 80% (10 mM DTTox), and spliced XBPl mRNA
concentrations determined by real-time PCR were approximately 5 times higher
compared to control when cells were exposed to 5 and 10 mM DTTox (Figure 2.6, A
and B). GRP78 mRNA induction assessed by real-time PCR mimicked closely the
spliced XBPl induction observed with real-time PCR (Figure 2.6, B).

Induction of XBPl splicing by model toxicants in LLC-PKl cells
Exposure to ID AM (10 pM) increased significantly the concentration of
spliced XBPl mRNA in LLC-PKl cells (Figure 2.7). TBHP (10 pM) increased the
mean spliced XBPl mRNA concentration by approximately 11 fold but the difference
with control cells failed to achieve statistical significance because of a large
variability (Figure 2.7).
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2.6.4.

Discussion

Stress of the endoplasmic reticulum leads to the unfolded protein response
(UPR) by activation o f three signalling pathways: the IREl-XBPl pathway, the
PERK-eIF2a-ATF4 pathway and the ATF6 pathway (Zhang, 2004). Several semiquantitative methods have been described to monitor events of the UPR, like
Northern blots o f GRP78 mRNA, Western blots of ATF6 and GRP78, or RT-PCR of
XBPl mRNA (Shang, 2005). More recently, real-time PCR of spliced XBPl mRNA
has been proposed as a convenient method to monitor ER stress, and a validated
protocol in human monocytic leukemia cell line has been published (Hirota, 2006).
As the pig renal cell line LLC-PKl is the most common cell line used in studies of
the involvement o f the ER in nephrotoxicity (Bedard, 2004; Hung, 2003; Liu, 2005;
Liu, 1997; Liu, 1998; Muruganandan, 2006; Ryan, 2005; van De Water, 1999), it
appeared important to develop a quantitative PCR method to assess XBPl splicing in
cells of porcine origin.
To date, the pig gene coding for the XBPl protein has not been identified,
therefore we decided to look for potential sequence candidates within the available
pig expressed sequence tags (ESTs) library. Fourteen sequences with 100% similarity
with the published human XBPl mRNA splicing site (Yoshida, 2001) had a high
percentage (88-94%) o f similarity with the full-length human XBPl mRNA
sequence. All 14 sequences were highly similar, allowing the design of primers
homologous for sequences shared among all the fourteen ESTs. In order to validate
our protocol, real-time PCR results were compared with semi-quantitative PCR of
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XBPl mRNA (spliced and unspliced) data. Northern blots were performed with
samples incubated with the restriction enzyme PstI to increase the sensitivity of
spliced XBPl detection (Hirota, 2006).
In order to induce ER stress, three well known ER stess inducers were
used: i) tunicamycin (TUN), an inhibitor of glycosylation, ii) thapsigargin (THAP), a
ER calcium pump inhibitor, and iii) oxidized DTT (DTTox), a redox status modifier.
All three ER stress inducers resulted in a significant increase of spliced XBPl after
24h exposure (Figure 2.5). Dose-response curve was performed for DTTox and
XBPl splicing seemed to plateau around 5 fold induction. Exposure to thapsigargin
(0.1 pM) resulted in a higher induction (approximately 7.5 fold). Higher
concentrations of thapsigargin or tunicamycin resulted in the same magnitude of
induction (plateau around 8 fold, data not shown), which is similar to that reported in
the human monocytic leukemia cell line PHT-1 exposed to various ER stress inducers
(Hirota, 2006). An apparent discrepancy in the magnitude of spliced XBPl induction
was observed between semi-quantitative PCR data (approximately 50 fold induction
with 10 mM DTTox (Figure 2.6, A) and real-time PCR data (5 fold induction (Figure
2.6, B). This difference may be attributed to the limitations of semi-quantitative PCR
measurement, such as lower sensitivity and deviance of Sybersafe® response from
linearity. Control spliced XBPl concentration might also be under-evaluated with
semi-quantitative PCR because of the very low number of copies, resulting in weak
fluorescent band which density is close to the background density.
Real-time PCR of spliced XBPl is a convenient tool to monitor ER stress
signalling but it is important to appreciate that the IREl-XBPl pathway is only one of
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three described UPR signalling pathways. Therefore, the magnitude if XBPl splicing
is only one o f the parameters when comparing ER stress signalling, as different
toxicants may not activate all three pathways in a similar fashion. For example,
dithiothreitol (2mM, 20min exposure) was able to induce a 53% cleavage of ATF6
and a 63% splicing of XBPl in human dermal fibroblasts, but in comparison, ATF6
cleavage was not observed with castanospermine (200 pg/ml, 2h exposure) despite
17% of spliced XBPl (Shang, 2005). As ATF6, ATF4 and XBPl do not have the
same transcription targets, it seems important to monitor all signalling pathways when
detailed analysis is to be performed. This hypothesis is supported by a microarray
study in C elegans, which demonstrates dissimilar targets between ER stress
signalling pathways (Shen, 2005b). Furthermore, differences in transcriptional targets
were also altered whether ER stress was induced by tunicamycin or as a consequence
of larval development (Shen, 2005b).
IDAM and TBHP are two chemical toxicants used as model of covalent
binding and oxidative stress respectively. Exposure of LLC-PKl cells to IDAM or
TBHP has been associated with increased expression of GRP78 and GRP94,
suggesting the activation of the Unfolded Protein Response (Muruganandan, 2006).
This assumption is validated by our data demonstrating that XBPl signalling is
activated after exposure to IDAM and TBHP (Figure 2.7). The exact mechanism
leading to ER stress elicited by IDAM and TBHP is unknown, but it can be
speculated that these two toxicants alter the ER function, such as alteration of protein
folding or oxidative damage of the ER membrane. Several studies have shown that
increased expression of ER stress proteins is protective against the toxicity of IDAM
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and TBHP (Bedard, 2004; Liu, 1997; Liu, 1998). Therefore, ER stress protein
overexpression may buffer the toxic damage elicited by IDAM and TBHP. More
detailed investigations are required to study the toxic mechanisms of TBHP and
IDAM and how they trigger ER stress.
In conclusion, the pig ESTs database allowed the design of primers tailored to
the porcine spliced XBPl mRNA sequence. XBPl real-time PCR was an adequate
tool to monitor ER stress in LLC-PKl cells exposed to ER stress inducers and model
toxicants. IDAM and TBHP exposure was associated increased XBPl mRNA
splicing, suggesting that these two toxicants are inducing an Unfolded Protein
Response through XBPl signalling.
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Table 2.4: XBPl primer sequences used for semi-quantitative and real-time PCR in
LLC-PKl cells.
________ Identification___________________________ Sequence_______________
Semi-quantitative, forward
5’-CTTGTAGTTGAGAACCAAGG-3’
Semi-quantitative, reverse
3’-GGGGCTTTGTATATACGTGG-5’
Real-time, forward
5 '-CCGCAGCAGGTGCAGG-3 '
Real-time, reverse_____________ 3 ’-GAGTCAACACCGTCAG-5 ’
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Figure 2.4: Relationship between cDNA concentrations (serial dilution) and Cycle to
Threshold of real-time PCR for XBPl spliced mRNA (open triangle), GRP78 mRNA
(open circle) and 18S mRNA(closed triangle).
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Figure 2.5: Spliced XBPl and GRP78 mRNA induction in LLC-PKl exposed during
24h to DTTox (10 mM), THAP (0.1 pM) or TUN (1 pg/ml). A: spliced XBPl mRNA
induction determined by image analysis after semi-quantitative PCR and PSTl
enzyme digestion. B: spliced XBPl mRNA induction determined by real-time PCR.
C: GRP78 mRNA induction determined by real time PCR. 18S rRNA was used as an
internal control in all PCR protocols. Statistical analysis was performed with one-way
ANOVA and Dunnett’s psot-hoc test. * p<0.05, ** p<0.01
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XBPl by semi-quantitative PCR.B: XBPl and GRP78 mRNA induction determined
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Statistical analysis was performed with one-way ANOVA and Dunnett’s post-hoc
test. * p<0.05.
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Figure 2.7: spliced XBPl mRNA concentration determined by real-time PCR in
LLC-PKl cells after 24 hours exposure to iodoacetamide (IDAM, 10 pM) or tertbutyl-hydroperoxide (TBHP, 10 pM).
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3. CISPLATIN, GENTAMICIN, AND p-AMINOPHENOL
INDUCE MARKERS OF ENDOPLASMIC RETICULUM
STRESS IN THE RAT KIDNEYS
Submitted as:
Peyrou M., Hanna P.E., Cribb A.E. Cisplatin, gentamicin and p-aminophenol
induce markers of endoplasmic reticulum stress in the rat kidneys. Toxicological
Sciences.
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3.1.

Introduction

Drug-induced renal toxicity is a frequent adverse drug reaction with
potentially devastating consequences on patients’ health. Approximately ten to twenty
percent o f acute renal failures are thought to be drug-related (Brivet, 1996) and one
quarter of the 100 most used drugs in Intensive Care Units have nephrotoxic potential
(Taber, 2006). Mechanisms of renal damage are numerous, resulting in ischemic or
chemically-induced injury with endothelial, glomerular, tubular, papillary or
interstitial lesions (Schnellmann, 2001). At the cellular level, renal damage has been
linked to covalent binding of reactive molecules to cellular macromolecules and
oxidative stress (Schnellmann, 2001).
Evidence is accumulating that the endoplasmic reticulum (ER) is one of the
subcellular target o f toxic compounds and may play an important role in xenobioticinduced nephrotoxicity (Cribb, 2005). Initial support was provided by in vitro
experiments performed primarily with the porcine renal proximal tubular cell line
LLC-PKl. Increased expression of ER stress proteins, a hallmark of ER stress,
provided cytoprotection against model toxicants causing oxidative stress and protein
alkylation in LLC-PKl cells (Bedard, 2004; Halleck, 1997; Liu, 1997; Liu, 1998;
Peyrou, 2007; Ryan, 2005; van De Water, 1999). The protective effect of prior ER
stress was also substantiated in vivo in kidneys of rats exposed to the nephrotoxicant
5'-( 1,1,2,2,-tetrafluoroethyl)-L-cysteine (Asmellash, 2005). Model cytotoxins and
some clinically relevant nephrotoxins have also been associated with disruption of the
endoplasmic reticulum and subsequent induction of ER stress proteins in in vitro
systems (Huang, 2001; Justo, 2003; Lorz, 2004; Mandic, 2003; Muruganandan, 2006;
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Ryan, 2005). Additional in vitro evidence of the involvement of the ER in druginduced renal toxicity came from the activation of enzymes associated with ERmediated cell death, such as calpain and caspase 12, in renal cells exposed to
nephrotoxins (Lame, 2003; Liu, 2005; Lorz, 2004; Mandic, 2003; Muruganandan,
2006; Ryan, 2005; Szegezdi, 2006). Calpains have been shown to trigger plasma
membrane degradation and loss of integrity of renal cells (Liu, 2003) and calpain
inhibition was protective against model toxicants in LLC-PKl cells (Muruganandan,
2006).
In order to support the in vitro observations suggesting the involvement of the
ER in renal cell death following exposure to nephrotoxins, we examined markers of
ER stress and ER-mediated cell death after in vivo administration of three clinicallyrelevant nephrotoxicants: cisplatin (CIS), gentamicin (GEN) and /?-aminophenol
(PAP), a metabolite of acetaminophen. After validation of the doses, monitoring of
ER stress was performed by assessing XBPl signaling, ER stress proteins expression,
as well as calpain and caspase 12 expression and activation in rat kidney tissue. This
study provides in vivo evidence of the involvement of the ER in drug-induced renal
toxicity.
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3.2.

Materials and methods

Chemicals and materials
Cisplatin, gentamicin and /7-aminophenol were purchased from Sigma-Aldrich
Canada Ltd. (Oakville, ON, Canada). Sterile drug solutions were prepared in PBS and
pH was adjusted to 7.4. Sterile materials were purchased from VWR International
(Mississauga, ON, Canada). Routine chemicals were obtained from Sigma or Fisher
Scientific (Nepean, ON, Canada).

Animal, treatment and sample collection
The protocol of this study was approved by the Atlantic Veterinary College
Animal Care Committee and followed the regulations of the Canadian Council on
Animal Care.
Male Sprague-Dawley rats of 175-250 g body weight were purchased from
Charles River Laboratories Inc. (Wilmington, MA, USA) and allowed one week of
acclimatization upon arrival. All animals were housed in group of 4 or 5 animals, at a
temperature o f 22 ± 2 °C with a relative humidity of 45 ± 10%, and submitted to a
light cycle from 6 am to 6 pm. Animals had free access to food (Purina Rodent Chow
diet #5001) and water at all time during the experiments. Doses of clinically-relevant
nephrotoxic compounds were selected from the current literature to result in
significant toxicity based on histological examination and biochemical markers
(Amin, 2004; Newton, 1982). Cisplatin and gentamicin were injected ip once a day
for 2 (CIS D2, GEN D2) and 7 days (CIS D7, GEN D7) at daily doses of 5 mg/kg and
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160 mg/kg, respectively. Twenty-four hours after the last injection, rats were
anesthetised with pentobarbital for sample collection and euthanized by pentobarbital
overdose. /?-Aminopbenol was given by a single ip injection for a dose of 225 mg/kg,
and samples were collected 6 b (PAP H6) and 24 b (PAP H24) after administration.
Intracardiac blood samples and urine samples were obtained via laparotboracotomy. One kidney was removed and placed in formalin after longitudinal
section for bistopatbological examination. The other kidney was removed and cut to
obtain two kidney poles and two transversal kidney slices. One kidney slice was snapfrozen in liquid nitrogen and kept at -80°C until mRNA extraction (see below). The
other slice was placed on ice in a ealpain extraction buffer for calpain activity assay
(see below). One kidney pole was kept on ice in Tris-KCl buffer (pH=7.4) and
homogenised with a tissue tearer (Polytron PT3000, Kinematica Inc., Newark, NJ,
USA) within 15 minutes.

Differential centrifugation was used to obtain the 89

fraction (9000 g, 20 min, 4°C), cytosolic and microsomal fractions (100 000 g, lb,
4°C). The other kidney pole was kept on ice in caspase lysis buffer for caspase 12
activity assay (see below). Protein concentrations were determined with a modified
Lowry protocol (DC Protein Assay, Bio-rad Laboratories, Mississauga, ON, Canada).

Biochemistry and bistopatbological examination
Serum creatinine and blood urea nitrogen (BUN) concentrations were assayed
by spectrophotometry in a Roche Hitachi 917 analyser (Roche Diagnostics,
Indianapolis, IN, USA; Cat. No. 11875418 and 11729691). Formalin-fixed tissues
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were embedded in paraffin, sectioned and stained with haematoxylin-eosin prior to
light microscopic evaluation of the extent of tissue damage.

Immunoblotting
Cell fraction proteins (30 to 100 pg per lane) were resolved by SDS-PAGE
with 10% polyacrylamide gels and transferred onto a nitrocellulose membrane for
Western blotting. The following anti-bodies were used: anti-m-calpain (RPl-calpain2; 1/1000; Triple Point Biologies, Forest Grove, OR, USA), anti-XBP-1 (sc-7160;
1/500; Santa Cruz Biotechnology, CA, USA), anti-caspase 12 (C7611; 1/500; SigmaAldrich Canada), anti-GRP78 (#610979; 1/1000; BD Biosciences, Mississauga, ON,
Canada), anti-GRP94 (SPA-850; 1/5000; Sigma-Aldrich Canada). All secondary
antibodies were purchased fi’om Sigma-Aldrich Canada, p-actin was used as an
internal loading standard.

Itnmunohistochemistry
Kidney sections were deparaffinised and submitted to heat-induced antigen
retrieval in citrate buffer (tribasic sodium citrate 10 mM, 0.05% Tween 20, pH=6) for
20 min at boiling temperature. A rabbit anti-XBPl antibody (1/100; Santa-Cruz
Biotechnology) was used as primary antibody with an overnight incubation, followed
by incubation with a fluorescent secondary antibody Alexa Fluor 594 goat anti-rabbit
(1/200; 1 h; Invitrogen, Burlington, ON, Canada).
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Activity assays
Calpain and caspase 12 fluorometric activity assay kits were purchased from
Biovision (Cat. No. K240 and K139, Mountain View, CA, USA). Calpain and
caspase 12 assays are based on detection of cleavage of a specific substrate, ac-LLYAFC and ATAD-AFC respectively. When the substrate is cleaved, free AFC (7amino-4-trifluorometbyl coumarin) emits a yellow-green fluorescence which can be
quantified by a fluorometer. For the calpain assay, one millimiter wide kidney slices
were incubated 30 min at 4°C with mild shaking in the calpain extraction buffer
provided in the assay kit and centrifuged (9000 g, 10 min, 4°C). The supernatants
were processed according to the manufacturer protocol, with lOOpg of extracted
protein employed per reaction well. For the caspase 12 assay, S9 fractions of total
kidney samples in lysis buffer were processed according to the manufacturer’s
protocol, with 200 pg of protein employed per reaction well.

RNA Isolation
Total RNA was extracted from approximately 50-100 mg of tissue with
TRIzol reagent according to the manufacturer’s directions (Invitrogen, Burlington,
ON, Canada).

RNA was quantified using UV spectroscopy on a Sbimadzu UY-

1601 PC spectrophotometer (Mandel Scientific, Guelph, ON, Canada) on samples
diluted in Na 2 ? 0 4 buffer (10 mM).
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Reverse Transcription and Real-Time Polymerase Chain Reaction (PCR)
Total RNA (0.5 pg) was used along with Thermoscript RT-PCR Systems kit
following the manufacturer’s directions (Invitrogen) to produce cDNA for PCR
reactions, using a GeneAmp PCR System 9700 thermocycler (Applied Biosystems,
Toronto, ON, Canada).

Platinum Sybergreen qPCR Supermix-UDG with ROX

(lOpl) (Invitrogen) was used to amplify 4pl of sample cDNA in a 20pl reaction
containing 0.4pl of lOpM sense (5 ’-AAACAGAGTAGCA GCGCAGACTGC-3’)
and anti-sense (3’-GATCTCTAAAACTAGAGGCTTGGTG-5’) rat XBPl primers
(BioCorp, Montreal, PQ, Canada) and 5.2pl of sterile DD-H2 O.

Real-time

amplification of XBPl was performed with a Rotor Gene RG-3000 (Corbett
Research, Montreal Biotech Inc., Kirkland, PQ, Canada) under the following
conditions: 50°C for 2 min, 95°C for 2 min; 45 cycles of 95°C for 15 sec, 55°C for 30
sec, 72°C for 30 sec, 83 for 15 sec; then 72°C for 5 min. IBS ribosomal RNA
(Ambion, Austin, TX, USA) was used as an internal control and followed the same
amplification cycling as XBPl. Relative quantification was determined by cycles to
threshold, adjusted for IBS ribosomal RNA expression
GRP7B levels were assessed using the same reverse transcription process.
Real-time PCR primers were purchased from SuperArray (RT^ PCR primer set for rat
GRP7B; Cat. No. PRR45224A; Cerdarlane, Hornby, ON, Canada). RT^ Real-Time
SYBR Green PCR Master Mix (lOpl) (SuperArray, Cerdarlane) was used in a 20pl
reaction, along with 4pl of sample cDNA, O.Bpl of lOpM GRP78 rat primer pair and
5.2pl of sterile DD-H2 O. Amplification cycling for GRP7B was: 95°C for 10 min; 50
cycles of 95 for 15 sec, 55°C for 30 sec, 72°C for 30 sec, then 72°C for 2 min.
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Statistical analysis
A minimum of three rats per treatment group was used for each experimental
procedure. The results are presented as mean ± standard error of the mean. All
statistical analyses were performed using GraphPad Prism version 3.03 (GraphPad
Software, San Diego, CA, USA). Data were analysed by one-way ANOVA and
Dunnett’s post-hoc tests. A /?-value lower than 0.05 was considered to reflect a
statistically significant difference.
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3.3.

Results

In order to confirm the kidney damage resulting from the exposure to the three
nephrotoxic drugs (CIS, GEN and PAP), we assessed serum creatinine (GREAT) and
blood urea nitrogen (BUN) concentrations 24h after the last injection. Increased
GREAT concentrations were observed after CIS and PAP administration (Figure 31). The rise of BUN concentration was robust after seven days of CIS administration,
but failed to achieve statistical significance for the other treatments. GEN
administration resulted in a mild and non-statistically significant increase of BUN or
GREAT (Figure 3-1), although it was associated with tubular necrosis in individual
rats after 7 days of administration (Figure 3-2B). Histological examination did not
reveal any alterations after administration CIS and GEN for 2 days (data not shown).
GIS-treated rats had extensive acute tubular necrosis within a narrow zone along the
corticomedullary junction after seven days of treatment. Most tubules in this region
were dilated with tubular lumina containing sloughed necrotic or degenerating
epithelial cells (Figure 3-2C). Some scattered tubules contained proteinaceous casts.
The PAP-treated rats had extensive coagulative necrosis of tubular epithelium in the
inner cortical region at 6 and 24 h post administration. Additionally, the lumina of
many tubules in other areas were filled with proteinaceous casts (Figure 3-2D). GIS
administration was associated with significant adverse clinical signs starting at day 4
(altered behaviour, anorexia, dehydration). PAP and GEN were not associated with
any noticeable clinical signs.

116

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

200

r

I control

S

GEN D2

IH

GEN D7

^ C IS
100

D2

m m CIS D7

-

^

PAP H6

■ ■ PAP H24

creatinine ( |amol/l)

BUN (mmol/i)

Figure 3-1: Serum creatinine (|imol/L) and BUN (mmol/L) concentrations after
gentamicin (GEN, 160 mg/kg IP q24h for 7 days), cisplatin (CIS, 5 mg/kg IP q24h for
7 days) and p-aminophenol (225 mg/kg IP once) administration. Blood samples were
collected 24h after the last injection. Statistical analysis was performed with ANOVA
and Dunnett’s post-hoc test. **: p<0.01
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Figure 3-2: Histologie sections of renal cortex from rats 24h after the last
administration of PBS (A), Gentamicin (B), Cisplatin (C) and p-aminophenol (D).
Gentamicin-induced coagulation necrosis of tubular epithelial cells (black arrows,
panel B). Cisplatin administration was associated with extensive tubular necrosis and
dilated tubular lumina with sloughed epithelium and necrotic debris (black arrows,
panel C). P-aminophenol was associated with extensive coagulation necrosis of
tubular epithelium in the inner cortical region (black arrows, panel D). Hematoxylin
and eosin. 250 X. Bar = 50 pm
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XBPl mRNA splicing and protein expression were monitored by real-time
PCR and immunoblotting, respectively. XBPl spliced mRNA was increased in
kidney tissue o f rats treated for seven days with GEN and CIS, but not in rat kidneys
24 h after PAP treatment (Figure 3-3). XBPl protein expression was not significantly
altered after 2 days o f CIS or GEN treatment, but was increased 2-3 fold in kidney S9
fraction of rats treated for seven days (Figure 3-3).
Immunohistochemistry revealed increased XBPl antigenicity in the cortex of
rat treated for 7 days with GEN (Figure 3-4), but no changes were observed after 2
days of treatment (data not shown). CIS treatment was not associated with a specific
pattern o f increased antigenicity (Figure 3-4). XBPl protein expression was
significantly increased 24 hours after PAP administration, whereas it was only
slightly increased 6 hours post-administration (Figure 3-3B). Increased XBPl
antigenicity was observed at 6 and 24 h but with a marked change in its localisation
with time. Six hours after PAP administration, XBPl antigenicity matched perfectly
the area of acute tubular necrosis whereas it was found in tubular cells of dilated
tubules by 24 hours after PAP administration (Figure 3-4) and was no longer seen in
areas of significant cellular necrosis.
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Figure 3-3: Effect of GEN, CIS and PAP on XBP-1 mRNA splicing and protein
expression in rat kidneys. A: induction of XBPl mRNA splicing as determined by
real-time PCR. B: XBP-1 protein expression in S9 fractions of rat kidneys. Statistical
analysis was performed with ANOVA and Dunnett’s post-hoc test. *, **, ***:
p<0.05, p<0.01, p<0.001
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Figure 3-4; Hematoxylin-eosin staining (left) and XBPl immunohistochemistry
(right) on rat kidney slices. Kidneys were collected on control rats (CONTROL), after
7 days of gentamicin (GEN D7) and cisplatin (CIS D7) administration, and 6 hours
(PAP H6) or 24 hours (PAP H24) after PAP administration.
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GRP94 protein expression was significantly induced following 7 days of GEN
and PAP treatment, but not after CIS administration (Figure 3-5). GRP78 was
significantly induced in GEN treated rats. GRP78 was also induced in individual
animals following PAP treatment, but there was greater variability between animals
and the changes failed to achieve statistical significance despite the same trend as for
GRP94 (Figure 3-5). GRP78 mRNA expression was significantly increased in kidney
of rats treated for seven days with GEN, but was unchanged after CIS and PAP
administration (Figure 3-5).
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Figure 3-5: A) GRP78 and GRP94 protein expression in kidney S9 fractions from
rats treated with GEN, CIS and PAP. B) Fold induction of rat GRP78 mRNA
determined by real-time PCR on kidney samples from rats treated with GEN, CIS and
PAP. Statistical analysis was performed with ANOVA and Dunnett’s post-hoc test.
**: p<0.01
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To explore the possible involvement of m-calpain in ER stress during
nephrotoxic drug administration, m-calpain activation was monitored indirectly hy
immunoblotting o f kidney S9 fractions and directly with a fluorometric assay
performed on kidney tissue extracts. On immunoblots, the amount of 80kDa calpain
(uncleaved large subunit) was greatly decreased 6 and 24b after PAP administration.
CIS treatment resulted in a decreased expression of calpain after 2 days and in a mild
but significant increase of calpain expression after 7 days of treatment (Figure 3-6A).
GEN was associated with decreased calpain expression after 2 days of treatment but
no change was observed after 7 days (Figure 3-6A). With the activity assay, both CIS
and PAP administration resulted in significant reduction of calpain activity, but GEN
decrease failed to achieve statistical significance (Figure 3-6B).
All three drugs were associated with increased caspase 12 cleavage products
on immunoblots (Figure 3-7). CIS exposure also significantly increased the amount
of uncleaved caspase 12 (Figure 3-7B). No drugs achieved statistically significant
alteration of caspase 12 activity, although CIS and PAP samples mean activities were
slightly decreased (data not shown).
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Figure 3-4: Effect of GEN, CIS and PAP administration on calpain in rat kidneys. A:
Typical immunoblot of calpain in S9 fraction of treated rats and bar graph of data
observed in N=4 rats. B: Bar graph of calpain activity in rat kidney slices extract.
Statistical analysis was performed with ANOVA and Dunnett’s post-hoc test. **;
p<0.01
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Figure 3-5: Effect o f GEN, CIS and PAP administration on caspase 12 in rat kidneys.
A: Typical immunoblot of caspase 12 (pro-enzyme and cleaved products) in S9
fraction of treated rats and bar graph of data observed in N=4 or 5 rats. B; Bar graph
of caspase 12 activity in rat kidney slices extract. Statistical analysis was performed
with ANOVA and Dunnett’s post-hoc test. *: p<0.05.
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3.4.

Discussion

The role of the endoplasmic reticulum (ER) in xenobiotic toxicity has been under
increasing scrutiny since ER stress and ER-mediated cell death markers were
observed in various in vitro models of toxicity (Cribb, 2005). Three main lines of
evidence support the involvement of the ER following exposure to nephrotoxic drugs.
First, ER proteins can be direct targets of nephrotoxic compounds.
Aminoglycosides, such as gentamicin, have been reported to alter the chaperone
activity of ER-resident proteins (Horibe, 2004; Horibe, 2002). In the case of
gentamicin, it bound to GRP94 and calreticulin (CRT), and inhibited CRT chaperone
activity in vitro (Horibe, 2004).
The second line of evidence is the induction of ER stress markers in renal cell
lines after exposure to toxic compounds. Model toxicants, such as iodoacetamide
(IDAM) , tert-butyl-hydroperoxide (TBHP), or menadione (MEN) were all able to
induce ER stress proteins in the pig renal cell line LLC-PKl (Ryan, 2005). Cisplatin
and cyclosporine A have been both associated with GRP78 induction in non-renal cell
lines (Mandic, 2003; Paslaru, 1994). Increased calpain and caspase 12 cleavage have
also been observed in LLC-PKl cells following exposure to model cytotoxins
(Muruganandan, 2006; Ryan, 2005).

Cisplatin and acetaminophen were also

associated with markers of ER-mediated cell death like caspase 12 activation or
GADDI53 expression in vitro (Lorz, 2004; Mandic, 2003).
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The third line o f evidence that supports the hypothesis of ER stress
involvement in nephrotoxic drug exposure is the altered toxicity observed after
modification o f the ER stress protein content or signaling pathways. Preconditioning
of LLC-PKl cells by mild ER stress induced by tunicamycin or oxidized
dithiothreitol (DTTox) resulted in decreased toxicity of ID AM, TBHP, MEN,
hydrogen

peroxide,

sulfamethoxazole

hydroxylamine,

N-acetyl-p-

benzoquinoneimine, cisplatin, gentamicin, and PAP (Bedard, 2004; Halleck, 1997;
Hung, 2003; Liu, 1997; Liu, 1998; Peyrou, 2007). In vivo renal injury by the
nephrotoxicant 5-(l,l,2,2,-tetrafluoroethyl)-Z-cysteine was also prevented by prior
administration of DTTox in rats (Asmellash, 2005). Inhibition of calpain, a calciumdependent protease implicated in ER-mediated renal cell death, was associated with
decreased cell death after ID AM, TBHP and MEN exposure in LLC-PKl cells
(Muruganandan, 2006) or after model toxicants and nephrotoxic compounds exposure
in renal proximal tubule suspensions (Harriman, 2000; Schnellmann, 1998). These
studies further support the hypothesis that ER-mediated cell death may be a major
player in drug-induced renal toxicity.
Despite the in vitro evidence implicating the involvement of the ER in renal
cell death, very little in vivo data exists. To confirm the involvement of ER stress
during exposure to nephrotoxic drugs, we administered three clinically-relevant
nephrotoxic compounds to Sprague-Dawley rats. CIS and GEN require repeated
injections to cause renal damage, while a single PAP injection is generally sufficient
(Amin, 2004). Gentamicin administration results in a wide array of cellular
dysfunctions (Mingeot-Leclercq, 1999). Interestingly, it can enter the cells as a result
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of a retrograde movement through the secretory pathway and therefore be in
significant concentration in the endoplasmic reticulum (Sandoval, 2004), where it can
bind to calreticulin and inhibit its chaperone activity (Horibe, 2004). With water,
cisplatin generates a charged electrophile, which can react with nucleophilic sites of
macromolecules and induce DNA, RNA, and protein damage. DNA lesions are
thought to be the key toxic lesions but cisplatin can provoke apoptosis independently
of DNA damage (Bemdtsson, 2007; Mandic, 2003). Cisplatin induced increased
expression of GRP78 and calpain-dependent activation of the ER-specific caspase 12
(Liu, 2005; Mandic, 2003). Because LLC-PKl cells transfected with anti-caspase 12
antibody showed a marked decrease in apoptosis after cisplatin treatment, it was
suggested that caspase 12 plays a pivotal role in cisplatin induced apoptosis (Liu,
2005). It was also proposed that oxidative stress was the trigger of procaspase 12
activation and subsequent apoptosis (Liu, 2005). Surprisingly, cisplatin-induced
GRP78 upregulation was not altered by the exposure to antioxidant (Mandic, 2003)
and XBPl mRNA splicing was not detected in cisplatin-treated 224 melanoma cells
(Bemdtsson, 2007). PAP is a metabolite of acetaminophen and has been reported to
be 5 times more potent as a nephrotoxicant than acetaminophen in F344 rats (Newton,
1982). PAP administration results in necrosis of the S-3 segment of the renal
proximal tubule in rats and is associated with induction of oxidative stress markers
(Harmon, 2005).
To uncover the presence of ER stress in kidneys after administration of
nephrotoxic drugs, we first elected to assess the expression of the transcription factor
XBPl which is enhanced following ER stress (Back, 2005; Gallon, 2002). Upon ER
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stress,

GRP78

is

pulled

off

IREl

monomers,

resulting

in

IREl

dimerization/oligomerization, truM^-autophosphorylation, and activation of IREl
endoribonuclease activity. A 26 bp intron of the XBPl pre-mRNA is thereafter
spliced, resulting in its translation to a potent transcription factor (XBPl) (Yoshida,
2001). XBPl binds to two consensus sequences (the ER stress response element
(ERSE) and the unfolded protein response element (UPRE)), which regulate UPR
genes expression. Quantitative real-time PCR can be used to monitor XBP-1 splicing
(Hirota, 2006). CIS and GEN administration for 7 days resulted in a 1.9 and 2.6 fold
increase of spliced XBPl mRNA, respectively. PAP administration was not
associated with increased XBPl mRNA splicing at 24 hours but XBPl protein was
found in greater amount than in control kidney S9 fraction, as for GEN and CIS
samples (Figure 3-3). These results are consistent with activation of ER stress
pathways. Failure to observe increased XBP-1 spliced mRNA 24 hours after PAP
administration may have been related to the single time point chosen or to the use of
total renal mRNA in which changes in a small injured area may be masked by normal
tissue. Immunohistochemisty data suggested a correlation between cellular damage
and XBPl expression. GEN administration was associated with cortical damage
(Figure 3-2 and (Mingeot-Leclercq, 1999)) in accordance with increased XBPl
antigenicity observed in the cortex (Figure 3-4). With PAP administration, XBPl
expression was first increased in the area of acute tubular necrosis and later in tubular
cells of dilated tubules (Figure 3-4)
In a second step, to confirm that the activation of the IREl-XBPl signaling
pathway was associated with upregulation of UPR related genes, we assessed the
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expression of GRP94 and GRP78 proteins and upregulation of GRP78 mRNA.
GRP94 and GRP78 proteins and GRP78 mRNA were increased in kidneys of rats
treated with GEN for seven days, supporting the activation of ER stress pathways
following treatment with GEN.
ER stress following PAP administration was supported by increased GRP94
and GRP78 protein expression, although GRP78 mRNA was not increased. As
previously hypothesized for XBPl, GRP78 mRNA expression may have returned to
baseline at 24h post-administration despite an earlier induction which leads to the
higher protein expression on immunoblots.
CIS did not alter the expression of GRP78 or GRP94 protein, nor GRP78
mRNA. The absence of GRP78 mRNA or protein upregulation with CIS treatment
was unexpected as cisplatin treatment of the human melanoma cell line 224 had been
demonstration to increase its expression (Mandic, 2003) and it did increase XBP-1
mRNA splicing and protein expression. Further studies would be required to
understand the apparent uncoupling between XBPl and GRP78/GRP94 upregulation.
m-Calpain and p-calpain are calcium-dependent proteases that have been
implicated in cell death following renal ischemia/reperfiision injury and exposure to
toxicants or reactive chemicals (Harriman, 2002; Liu, 2001). Recently, calpain
activation has been shown to be an important event in vitro for LLC-PKl cells
undergoing toxicant-induced ER stress and ER-related cell death (Muruganandan,
2006). To investigate a potential role of calpains in vivo for CIS, GEN, and PAP
nephrotoxicity, m-calpain immunoblotting of kidney 89 fraction was performed. CIS
and GEN administration for 2 days, as well as PAP treatment resulted in a significant
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decrease o f the immunoreactive band (around 80kDa). After 7 days of treatment with
CIS and GEN, m-calpain expression was respectively slightly increased or
unchanged.

No

cleavage

products

were

observed

with

any

drugs.

The

immunoreactive band associated with PAP administration (Figure 3-6) appears to
have a slightly lower molecular weight, which may reflect the appearance of the
active (autolyzed) 78 kDa calpain (Goll, 2003). Validation of this hypothesis would
require protein sequencing as SDS-PAGE may not be sensitive enough to
differentiate with certainty between the 80kDa and the 78 kDa form. Furthermore, the
absence of autolyzed m-calpain does not indicate the absence of activity as full length
calpain may display catalytic activity without cleavage (Goll, 2003). We have
previously observed that tunicamycin and thapsigargin, known inducers of ER stress,
can lead to an activation of calpain associated with a decrease in calpain expression
without the appearance of immunoreactive bands (Muruganandan, 2006). Moreover,
we have observed that the appearance of calpain cleavage products and increases or
decreases in parent calpain expression are very time and concentration dependent
after exposure of renal cells to cytotoxins (Muruganandan, 2006). The apparent loss
of calpain activity following CIS and PAP may be indicative of the consumption of
calpain during the earlier course of toxicity. Thus, decreases or increases of parent
calpain expression, whether accompanied by the appearance of cleavage products,
might be reflective o f activation of calpain system.
Caspase 12 cleavage and activation is one of the hallmarks of ER-mediated
cell death and has been observed in vitro following exposure of LLC-PKl cells to
cytotoxicants (Muruganandan, 2006; Ryan, 2005). Caspase 12 cleavage products
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were increased after all three treatments, although the increase was not statistically
significant for GEN (p=0.07). The relative small number o f animals (4 rats per group)
used in this experiment may explain the failure to achieve statistical significance. CIS
was associated with increased amount of procaspase 12. These findings are all
consistent with activation of caspase 12 dependent pathways. In an attempt to directly
assess caspase 12 activity, S9 fractions of kidney tissues were assayed with a
commercial capsase-12 fluorometric assay kit. No significant changes were observed,
but we also had no positive control for activation of caspase 12 pathways.
The fact that GEN administration did not result in significant changes in
caspase 12 activation markers might be partly explained by the lower kidney toxicity
observed with the GEN dose used in this study (160 mg/kg) compared to PAP and
CIS associated toxicity. At this GEN dose, although ER cellular physiology is altered
as supported by ER stress markers induction, ER-mediated cell death mechanisms
might not be significantly activated. It can be hypothesized that a stronger and more
sustained ER stress would be required to induce cell death mechanisms, such as
caspase 12 activation. Therefore, it would be important to determine in a subsequent
study if a higher dose and/or a longer time of GEN administration would result in ERmediated cell death markers as determined with CIS and PAP.
The results of this study indicate that three clinically-relevant nephrotoxic
drugs (CIS, GEN, and PAP) are associated with changes in markers of ER stress and
ER-mediated cell death signaling pathways. ER stress markers and ER-mediated cell
death signaling pathways were not always altered to the same extent, but this is
consistent with in vitro results and may in part reflect the choice of a single dose to
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assess changes in these pathways (Muruganandan, 2006; Ryan, 2005). This is the first
description of the involvement of XBPl splicing, GRP protein upregulation, calpain
and caspase 12 activation during in vivo toxicity of clinically-relevant drugs. These
results warrant further investigation to determine the roles and relationship of the ER,
the calpain system and caspase 12 in renal cell death following exposure to
nephrotoxic drugs.
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4. INVOLVEMENT OF CALPAIN AND ER STRESS IN
THE NEPHROTOXICITY OF pAP IN RATS
Submitted as:
Peyrou M., Hanna P.E., Cribb A.E. Calpain inhibition but not endoplasmic
reticulum stress preconditioning protects rat kidneys from /7-aminophenol toxicity.
Toxicological Sciences
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4.1.

Introduction

/»ara-Aminophenol (pAP) is a nephrotoxic metabolite of acetaminophen (APAP),
inducing proximal tubular damage and elevated blood urea nitrogen concentration
within 24 h o f administration to rats (Newton, 1982; Peyrou, unplublished
observations; Shao, 1996). Glutathione depletion, mitochondrial dysfunction and
covalent binding of pAP to renal proteins have been reported since the late 1970s
following pAP exposure (Crowe, 1977; Crowe, 1979). It was later proposed that pAP
was bioactivated by oxidation and glutathione (GSH) conjugation leading to oxidative
stress and covalent binding (Harmon, 2005; Klos, 1992). We recently demonstrated
that pAP administration to Sprague-Dawley rats was associated with induction of
markers of endoplasmic reticulum (ER) stress, evidence of caspase 12 activation and
calpain expression alteration (Peyrou, unpublished observations). The involvement of
the ER in pAP toxicity was also supported in vitro by the protective effect of ER
stress preconditioning against subsequent exposure of renal cells to pAP (Peyrou,
2007). This protective effect was observed in LLC-PKl and HEK293 renal cell lines,
but not in the rat NRK52E cell line for which the toxicity was increased. The role of
calpain in drug-induced toxicity remains unclear, but it has been recently shown that
calpain inhibition protected LLC-PKl cells from the toxicity of several model
toxicants and of the ER stress inducer tunicamycin, suggesting its involvement in
drug-induced cell death (Muruganandan, 2006). Furthermore, calpain inhibition
prevented the induction of GRP78, a marker of ER stress, after exposure to model
toxicants, suggesting a link between calpain and ER stress (Muruganandan, 2006).
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To determine the involvement of the endoplasmic reticulum and the calpain
system in pAP nephrotoxicity, we studied the effect of ER stress preconditioning and
calpain inhibition on the nephrotoxicity of pAP in Sprague-Dawley rats. We
hypothesized that ER stress preconditioning and calpain inhibition would protect the
rat kidneys from pAP toxicity and that calpain inhibition would decrease pAPinduced ER stress.

4.2.

Ma terial and methods

Chemicals and materials
jpara-Aminophenol, tunicamycin (TUN) and oxidized dithiothreitol (DTTox)
were purchased from Sigma-Aldrich Canada Ltd. (Oakville, ON, Canada). A sterile
solution of pAP (lOOmg/mL) was prepared in PBS with 10%DMSO and pH was
adjusted to 7.4. Calpain inhibitor PD150606 was purchased from VWR CANLAB
(Mississauga, ON, Canada) and diluted (Img/mL) in PBS with 10% DMSO. TUN
and DTTox were prepared in PBS with pH adjusted to 7.4. Sterile materials were
purchased from VWR. Routine chemicals were obtained from Sigma or Fisher
Scientific (Nepean, ON, Canada).

Animals, treatments and samples collection
The protocol of this study was approved by the Atlantic Veterinary College
Animal Care Committee and followed the regulations of the Canadian Council on
Animal Care. Male Sprague-Dawley rats of 175-250 g body weight were purchased

140

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

from Charles River Laboratories Inc. (Wilmington, MA, USA) and allowed one week
of acclimatization upon arrival. All animals were housed in group of 4 or 5 animals,
at a temperature o f 22 ± 2 °C with a relative humidity of 45 ± 10%, and submitted to
a light cycle from 6 am to 6 pm. Animals had free access to food (Purina Rodent
Chow diet #5001) and water at all time during the experiments.
Pre-treatment with PD 150606 and ER stress inducers (TUN and DTTox) was
administered 30 min and 24 h, respectively, before pAP (225 mg/kg) intraperitoneal
injection. Control rats were injected with the equivalent volume of PBS with 10%
DMSO if required. Six and 24 h after pAP administration, rats were anesthetised with
pentobarbital for sample collection and euthanized by pentobarbital overdose.
Intracardiac blood samples and urine samples were obtained via laparothoracotomy. One kidney was removed and placed in formalin after longitudinal
sectioning for histopathological examination. The other kidney, the liver and brain
were kept on ice in Tris-KCl buffer (pH=7.4) and homogenised with a tissue
homogenizer (Polytron PT3000, Kinematica Inc., Newark, NJ, USA) within 15
minutes. Differential centrifugation was used to obtain the S9 fraction (9000 g, 20
min, 4°C), cytosolic and microsomal fractions (100 000 g, Ih, 4°C). Protein
concentrations were determined with a modified Lowry protocol (DC Protein Assay,
Bio-rad Laboratories, Mississauga, ON, Canada).
Biochemistry and histopathology
Serum creatinine and blood urea nitrogen (BUN) concentrations were assayed
by spectrophotometry in a Roche Hitachi 917 analyser (Roche Diagnostics,
Indianapolis, IN, USA; Cat. No. 11875418 and 11729691). Formalin-fixed tissues
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were embedded in paraffin, cut and stained with haematoxylin-eosin prior to light
microscopic evaluation of the extent of tissue damage

Immunoblotting
Cell fraction proteins (30 to 100 pg per lane) were resolved by SDS-PAGE
with 10% gels and transferred onto a nitrocellulose membrane for Western blotting.
S9 fractions were blotted with anti-m-calpain (RPl-calpain-2; 1/1000; Triple Point
Biologies, Forest Grove, OR, USA) and anti-caspase 12 (C7611; 1/500; Sigma).
Microsomal fractions were used with anti-GRP78 (#610979; 1/1000; BD Biosciences,
Mississauga, ON, Canada) and anti-GRP94 (SPA-850; 1/5000; Sigma). All secondary
antibodies were purchased from Sigma-Aldrich Canada. P-actin was used as an
internal loading standard.

Statistical analysis
A minimum o f three rats per treatment group was used for each experimental
procedure. The results are presented as mean ± standard error of the mean. All
statistical analyses were performed using GraphPad Prism version 3.03 (GraphPad
Software, San Diego, CA, USA). Data were analysed by one-way ANOVA and
Dunnett’s post-hoc tests. A /»-value lower than 0.05 was considered to reflect a
statistically significant difference.
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4.3.

Results

pcra-Aminophenol administration with a single 225mg/kg dose resulted in
increased concentrations o f BUN and creatinine in rat blood samples, indicating a
drug-induced renal failure (Figure 4-1). Renal tubular epithelial damage was
confirmed by light microscopic examination: pAP exposure was associated with
extensive coagulation necrosis of tubular epithelium, with many dilated tubules filled
with proteinaceous contents (Figure 4-2B).
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Figure 4-1: Blood urea nitrogen (BUN) and creatinine (CREAT) concentrations in
blood samples o f rats injected with control vehicle (C), and p-aminophenol (P, 225
mg/kg) with or without pre-treatment by tunicamycin (T, 25pg/kg) and oxidized
dithiothreitol (D, 200mg/kg).
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Figure 4-2: Histological sections of renal cortex from rats 24h after administration of
vehicle control (A), p-aminophenol only (B) and p-aminophenol with pretreatment by
calpain inhibitor PD 150606 (C) or tunicamycin (D). Without pretreatment (B), paminophenol was associated with extensive coagulation necrosis of tubular
epithelium (arrows) and tubules filled with proteinaceous contents (stars). With
pretreatment by PD 150606 (C), p-aminophenol administration resulted in focal areas
of coagulation necrosis. Tunicamycin pretreatment did not alter histological damage
induced by p-aminophenol (D). Hematoxylin & eosin. 250 X. Bar = 50 pm.
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To determine appropriate in vivo doses of TUN and DTTox that increase the
expression of ER stress proteins in the kidneys without inducing systemic toxicity, a
pilot study was performed and a dose of 25 pg/kg and 200 mg/kg for TUN and
DTTox respectively was chosen for further assessment. Using these doses, TUN and
DTTox did not result in any clinical signs, increased BUN or creatinine, or significant
alterations of other biochemistry markers (ALT, AST, GGT, SDH, and ALKP) (see
data in Annex 1). There was no significant change of the haematology parameters
(WBC and differential counts, RBC, hematocrit, platelets count) (see data in Annex
1). There was a trend to observe lower counts of leucocytes and granulocytes after
tunicamycin exposure (see data in Annex 1) but the values stayed within normal
limits. ER stress was assessed by the induction of GRP78 and GRP94 in microsomal
fractions of kidney, liver and brain at 24 and 72 h after administration of TUN or
DTTox. GRP78 and GRP94 were strongly induced in kidney microsomal fraction
(Figure 4-3A) with both ER stress inducers, but no significant induction was
observed in the liver tissue with the same doses (Figure 4-3B). In the brain
microsomal fractions, TUN resulted in 2.3 and 2.5 fold induction of GRP94 and
GRP78 respectively but DTTox failed to increase either protein expression (Figure
4-3C). Twenty-four h after TUN or DTTox administration, pAP was injected and
kidney ftmction was assessed 24 h later. TUN and DTTox pre-treatment did not alter
the rise of BUN and creatinine concentrations after pAP administration (Figure 4-1),
nor did it cause histological damage (Figure 4-2D).
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Figure 4-3: Bar graphs of density analysis data from Western blots of kidney (A) and
liver (B) microsomal fractions of rats exposed to tunicamycin (TUN, 25pg/kg) and
oxidized dithiothreitol (DTTox, 200 mg/kg), 24 and 72 h post administration. Brain
samples (C) have been collected 24 h post TUN and DTTox administration. *,**:
p<0.05 and <0.01 respectively.
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The calpain inhibitor PD 1506060 was administered at the dose of 3 mg/kg
(Chattel] ee, 2005). It had no significant effect on any of the biochemistry and
haematology parameters (see Annex 2). There was no effect of PD 150606 pre
treatment on BUN and creatinine concentrations 6 h post pAP administration (Figure
4-4A). However, PD 150606 administration resulted in a decrease in the BUN and
creatinine concentrations 24 h after pAP administration, so that values were not
significantly different than in control rats (Figure 4-4B). Light microscopic
examination revealed that PD 150606 pre-treatment before pAP administration was
associated with milder damage to the tubular cells, with small focal areas of
coagulation necrosis and no dilated tubules (Figure 4-2C) at 24 h.
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Figure 4-4; Blood urea nitrogen (BUN) and creatinine (CREAT) concentrations in
blood samples of rats injected with control vehicle (C), or p-aminophenol (pAP, 225
mg/kg) with or without pre-treatment by PD 150606 (PD, 1 mg/kg) at 6 h (panel A)
and 24 h (panel B) post pAP administration. *^**^***; p<0.05, p< <0.01 and p<0.001
respectively.
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To determine the effect o f PD 150606 administration on the induction of ER stress, we
first examined the expression o f the transcription factor XBPl. XBPl expression was
increased to the same extent after pAP administration with or without pre-treatment
with calpain inhibitor (Figure 4-5A). GRP78 and GRP94 expression was increased
after pAP administration alone, but induction was not significantly different from
control with PD 150606 pre-treatment (Figure 4-5B). Finally, we determined
indirectly the activation o f caspase 12 by Western blotting with appearance of
cleavage products. There was both a significant decrease in the expression of
cleavage products and in the upregulation of procaspase 12 in PD 150606 pre-treated
animals compared to animals without pre-treatment prior pAP administration (Figure
4-6).
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Figure 4-5: Markers of endoplasmic reticulum stress and ER-mediated cell death 24
h after pAP administration, with or without pre-treatment by PD 150606. XBPl
expression was induced similarly with or without pre-treatment (A). Without pre
treatment, pAP administration resulted in a significant increased expression of
GRP94 (B). Prevention of GRP94 increase by PD 150606 pretreatment failed to
achieve statistical significance (B). *: p<0.05 respectively.
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4.4.

Discussion

/)ara-Aminophenol is a metabolite of acetaminophen and produces acute tubular
necrosis similar to that caused by acetaminophen in rats, suggesting that
acetaminophen nephrotoxicity was due to pAP or one o f its derivatives (Tarloff,
1989). Several authors have proposed that pAP nephrotoxicity is, at least in part,
linked with the formation o f toxic glutathione conjugates leading to oxidative stress
and covalent binding (Harmon, 2005; Klos, 1992). We recently observed that
administration of pAP in rats resulted in induction of markers of ER stress, namely
increased expression of XBPl and GRP94 and evidence of caspase 12 activation, as
suggested by appearance of caspase 12 cleavage products (Peyrou, unpublished
observation). Furthermore, we observed a decrease of the SOkDa m-calpain band that
may demonstrate the activation or consumption of m-calpain during pAP toxicity
(Peyrou, unpublished observation). Additional evidence of involvement of the ER in
pAP toxicity comes from in vitro experiments. Pre-treatment of LLC-PKl and
HEK293 cells (porcine and human renal cell line, respectively) with tunicamycin and
oxidized dithiothreitol to increase the expression of GRP78 and GRP94 resulted in
decreased toxicity o f pAP (Peyrou, 2007). However, this cytoprotective effect was
not observed with the rat renal cell line NRK-52E (Peyrou, 2007). Therefore, it
appeared important to complete in vivo experiments in order to study the involvement
of the ER and its relationship with calpain activation in the toxicity of pAP.
We chose to determine first if ER stress preconditioning could decrease the
toxicity o f pAP at a dose of 225 mg/kg ip, with a similar experimental design to that
used in previous in vitro studies (Peyrou, 2007). At this dose, pAP causes kidney
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damage without evidence o f liver damage (Tarloff, 1989). ER stress preconditioning
was achieved by pre-treatment with HR stress inducers, tunicamycin or DTTox, 24 h
prior to pAP injection, at doses that increased expression o f GRP78 and GRP94 in the
kidney tissues without evidence of systemic toxicity (Figure 4-3). Despite a
significant induction o f GRP94 and GR78 in rat kidney microsomal fractions,
tunicamycin and DTTox pre-treatments did not protect against pAP-induced renal
failure, as demonstrated by histological examination and a similar increase in
creatinine and blood urea nitrogen with or without ER stress preconditioning (Figure
4-1). These data demonstrated that increased GRP78 and GRP94 expression, with our
rat experimental model, was not sufficient to afford protection to renal cells against
pAP toxicity, in accordance with in vitro results obtained in NRK52E cells.
Interestingly, pre-treatment of rats with DTTox at the same dose resulted in decreased
toxicity of the nephrotoxicant 5-(l,l,2,2,-tetrafluoroethyl)-Z-cysteine (Asmellash,
2005). This previous study suggests that the dose of DTTox employed is sufficient to
induce a protective response under some circumstances. These differences are not
dissimilar to what is observed in vitro:

pre-treatment of NRK cells resulted in

protection against some toxicants and not other (Peyrou, 2007). Therefore the failure
to observe protection in vivo does not rule out the involvement of the ER or damage
to the ER in pAP-induced nephrotoxicity in rats or other species.
Previous experiments demonstrated indirect evidence of calpain and caspase
12 activation after pAP administration (Peyrou, unpublished observations) and
calpain is known to cleave caspase 12 and promote caspase 12 activation during ER
stress-induced apoptosis (Nakagawa, 2000a; Tan, 2006) and is reported to be
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involved in renal cell death (Muruganandan, 2006; Tan, 2006). In LLC-PKl renal
cells, we have observed a clear link between calpain activation and cell death
following exposure to cytotoxic agents targeting the ER (Muruganandan, 2006).
There is evidence that calpain activation may also lead to increased ER stress
(Muruganandan, 2006). We therefore hypothesized that calpain inhibition would
decrease pAP nephrotoxicity and would interfere with pAP-induced ER stress.
Calpain inhibition was achieved by ip administration of the selective
nonpeptide cell permeable calpain inhibitor PD 150606, thirty minutes prior pAP
administration (Chatteqee, 2005; Wang, 1996). Kidney failure was not significantly
different with or without PD 150606 pre-treatment at 6 h post pAP administration
(Figure 4-4A), but was significantly improved at 24 h (Figure 4-4B). Therefore,
calpain inhibition did not prevent the acute toxic effect of pAP, but appeared to
significantly reduce long term renal damage mechanisms.
In order to assess the relationship of calpain activation with ER stress, we
determine the effect of PD 150606 pre-treatment on various markers of ER stress and
ER-mediated cell death. During ER stress, XBPl unspliced mRNA is spliced and
translated to a potent transcription factor which upregulates ER stress genes,
including GRP78 and GRP94. We observed that XBPl expression was not altered by
administration o f PD 150606 (Figure 4-5A); although GRP94 and GRP78 increased
expression was not significantly prevented by PD 150606 pre-treatment (Figure
4-5B), the mean band densities were lower after pre-treatment by PD 150606. The
small group size may explain in part the failure to achieve statistical significance.
These later results would suggest that ER stress signalling is stronger and more
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sustained with pAP alone. In that case, the discrepancy with XBPl result may be due
to the unique time point used to asses XBPl induction and which may not reflect the
overall magnitude of XBPl signalling over 24 h
As calpains promote caspase 12 cleavage and activation, we expected calpain
inhibition to result in a lower concentration of caspase 12 cleavage products in kidney
tissue. Indeed, cleavage products appearance was completely prevented by PD 150606
treatment before pAP administration (Figure 4-6). PD 150606 also resulted in the
prevention of procaspase 12 upregulation during pAP toxicity (Figure 4-6). These
results suggest that protection by PDl 506060 might be afforded, at least in part, by
inhibition of calpain-dependent caspase 12 activation.
Overall, the general picture suggested by these experiments is that 1) calpains
are important mediators of medium-term toxicity in pAP-induced renal failure but are
not important in the initial acute toxicity of pAP; 2) ER stress triggered by pAP
administration is largely independent of calpain activation, but calpain activation does
enhance the degree of GRP78 and GRP94 induction, suggestive of increased ER
stress; and 3) caspase 12 activation is calpain-dependent during pAP toxicity. These
results suggest that the cell death mechanisms involved in the immediate and acute
damage of pAP are different from the mechanisms resulting in on-going cell death at
24 h; the former are calpain-independent, while the latter are significantly dependent
on calpain.
The mechanism o f calpain activation remains to be elucidated. The fact that
early cell death is not ameliorated by calpain inhibition suggests that calpain is not
directly activated by pAP or its immediate covalent binding/oxidative stress effects.
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While it was not directly assessed here, the knowledge that ER stress can lead to
calpain activation and subsequent caspase 12 activation suggests that calpain
activation is a downstream signalling event, possibly triggered by calcium release
from the ER (Goll, 2003).
Evidence is accumulating that the endoplasmic reticulum is an important
player during drug-induced renal failure (reviewed by (Cribb, 2005)). Cisplatin,
gentamicin and pAP are three clinically-relevant nephrotoxic compounds that have
been associated with markers of ER stress in vitro and/or in vivo (Mandic, 2003;
Peyrou, submitted), however the in vivo significance of suggested ER stress-mediated
pro-apoptotic mechanisms (caspase 12 and JNfC activation, GADDI53 upregulation)
in cell death remains unclear (Szegezdi, 2006). In this study, we have shown that
calpain activity was important in medium-term renal damage following pAP exposure
and was required for caspase 12 cleavage. These data also highlight a putative
relationship between calpain activation and increased ER stress. It seems now
important to study the role of calpain with other nephrotoxicants, such as cisplatin or
gentamicin, to determine if calpain activation is a common step of drug-induced renal
failure.
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4.6.
ANNEX 1: Effects o f low doses o f tunicamycin and
oxidized dithiothreitol in rats

4.6.1. Introduction

In vitro pretreatment of renal cells prior to challenge with a toxicant has been
widely used for the study o f role of the ER in renal cell death (reviewed by (Cribb,
2005). However, at the time o f our study, there was only one in vivo study using a
known ER stress inducer, DTTox, to increase ER stress protein expression before
administration of a nephrotoxicant to rats (Asmellash, 2005). Before injecting a large
number of rats with tunicamycin and DTTox, we elected to perform a preliminary
study to determine a suitable dose of DTTox and tunicamycin. It was judged
important to determine if the induced ER stress was limited to the kidneys or was a
widespread feature after ER stress inducer injection, as hepatic ER stress, for
example, could alter drug metabolism and therefore toxicity. We proceeded in two
steps: in a first experiment (“pilot study”), a small number of rats were injected with a
large concentration range of tunicamycin and DTTox to determine their general
toxicity and rough estimates of GRP78 and GRP94 induction at 24 and 72 h post
administration. In a second step (“dose validation study”), a larger number of rats was
injected with putative suitable doses to validate them and perform statistical analysis.
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4.6.2. Materials and methods
As materials and methods are mostly similar in the pilot study and the dose
validation study, they are presented together in the section below. Whenever
necessary, differences have been indicated in specific subsections.

Materials and Chemicals
/?-Aminophenol, tunicamycin (TUN) and oxidized dithiothreitol (DTTox)
were purchased from Sigma-Aldrich Canada Ltd. (Oakville, ON, Canada). A sterile
solution of pAP (lOOmg/mL) was prepared in PBS, its pH was adjusted to 7.4, and
was kept on ice until administration. Routine chemicals were obtained from Sigma or
Fisher Scientific (Nepean, ON, Canada).

Animals, treatments and samples collection
The protocol of this study was approved by the Atlantic Veterinary College
Animal Care Committee and followed the regulations of the Canadian Council on
Animal Care. Male Sprague-Dawley rats of 175-250 g body weight were purchased
from Charles River Laboratories Inc. (Wilmington, MA, USA) and were housed in
the same condition than previously described (cf. section 4.2).
Eight, 24 or 72 h after ER stress inducer administration, rats were anesthetised
with pentobarbital for sample collection and euthanized by pentobarbital overdose.
Intracardiac blood samples and urine samples were obtained via laparo-thoracotomy.
One kidney was removed and placed in formalin after longitudinal cut for
histopathologieal examination. The other kidney, the liver and one brain hemisphere
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were kept on ice in Tris-KCl buffer (pH=7.4) and homogenised with a tissue tearer
(Polytron PT3000, Kinematica Inc., Newark, NJ, USA) within 15 minutes.
Differential centrifugation was used to obtain the 89 fraction (9000 g, 20 min, 4°C),
cytosolic and microsomal fractions (100 000^, Ih, 4°C). Protein concentrations were
determined with a modified Lowry protocol (DC Protein Assay, Bio-rad Laboratories,
Mississauga, ON, Canada).
a) Pilot study
Three DTTox doses were tested, i.e. 100, 200 and 400 mg/kg. Four doses of TUN
were used: 25, 50, 100 and 400 pg/kg. Sixteen rats were euthanized in total, i.e. 1 rat
per treatment and per time point (24 and 48 h), with one control rat at 24h and another
control rat at 48 h.
b) Dose validation study
Three doses were further assessed for ER stress protein induction: tunicamycin at 10
and 25 pg/kg, and DTTox at 200 mg/kg. This study required 52 rats, i.e. 4 rats per
treatment and per time point (8, 24 and 72h), including 4 control rats at 0, 8, 24 and
72h.

Biochemistry, hematology and histological examination
Biochemistry analysis [blood urea nitrogen(BUN), creatinine (CREAT),
alkaline

phosphatases

(ALKP),

alanine

aminotransferase

(ALT),

aspartate

aminotransferase (AST), y-glutamyl-transferase (GGT), sorbitol dehydrogenase
(SDH), glucose, and protein concentrations] was performed by spectrophotometry in
a Roche Hitachi 917 analyser (Roche Diagnostics, Indianapolis, IN, USA).
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Haematology was performed by flow cytometry with a Cell-Dyn 3500 (Abbott
Diagnostics, Santa Clara, CA, USA). Formalin-fixed tissues were embedded in
paraffin, cut and stained with haematoxylin-eosin prior to light microscopic
evaluation o f the extent of tissue damage
Immunoblotting
Cell fraction proteins (30 to 100 pg per lane) were resolved by SDS-PAGE
with 10% polyacrylamide gels and transferred onto a nitrocellulose membrane for
Western blotting. The following anti-bodies were used: anti-GRP78 (#610979;
1/1000; BD Biosciences, Mississauga, ON, Canada) and anti-GRP94 (SPA-850;
1/5000; Sigma). All secondary antibodies were purchased from Sigma-Aldrich
Canada. P-actin was used as an internal loading standard.

Statistical analysis
The results are presented as mean ± standard error of the mean. All statistical
analyses were performed using GraphPad Prism version 3.03 (GraphPad Software,
San Diego, CA, USA). Data were analysed by one-way ANOVA and Dunnett’s posthoc tests. A />-value lower than 0.05 was considered to reflect a statistically
significant difference.
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4.6.3. Results
a) Pilot study
DTTox administration was associated with depression and difficulty to move
after a few minutes post ip injections. All clinical signs resolved within 6 h without
apparent sequelae. Serum biochemistry (Figure 4-7) revealed no significant effect of
DTTox on renal parameters (BUN and CREAT). Tunicamycin administration was
associated with higher than normal BUN concentrations in some rats but GREAT
values stayed within normal limits and there was no distinct dose-response
relationship. ALT and ALKP concentrations were in the upper range or above normal
reference values for control and treated rats, but no obvious association with one
treatment was observed. AST concentrations were above the reference range for all
rats, most likely due to the muscle damage associated with the sampling procedure
(thoraco-laparotomy, intra-cardiac blood withdrawal). Two rats, treated with 50 pg/kg
of tunicamycin and 100 mg/kg of DTTox respectively, had very high SDH and AST
serum concentrations, indicating liver damage. A focal discoloration of the liver of
these rats was noted and was compatible intra-hepatic drug administration.
Many urine samples were not available for analysis as many rats had an empty
bladder at collection time. Data are presented in Figure 4-8. Overall, there was a
large variability between rats and interpretation was not possible. There was no
obvious pattern in the change of the WBC and neutrophils counts, but some
tunicamycin-treated rats had very low neutrophils and lymphocytes counts.
Tunicamycin was associated with a dose-dependent increase of GRP78 and
GRP94 in kidney S9 fraction at 24h, but the reverse relationship was observed at
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T72h (Figure 4-10). A milder induction was observed with DTTox at all doses (2-3
fold induction

more than 10 fold with tunicamycin) (Figure 4-10). ERSP

induction in liver S9 was not noticeable except with TUN at 72h ( Figure 4-1T).
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Figure 4-7: Serum biochemistry of pilot study rats. Dotted line = upper limit of the
AVC rat reference range (not available for GGT). n=l per treatment and per time
point.
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b) Dose validation study
No adverse clinical signs were observed during this experiment. In particular,
DTTox administration did not result in the neurological signs observed during the
pilot study. At T=8 h post injection, there was a significant decrease in BUN and
CREAT concentrations with TUN administration at 25 pg/kg compared to control
rats (Figure 4-12). This effect was not observed at T= 24 h post injection (Figure
4-13). Other biochemistry data were very similar to the results of the pilot study and
were not remarkable. No rat with high SDH and ALT activities had macroscopic
evidence o f liver damage. There was a significant increase of SDH activities with 200
mg/kg DTTox at T=72 h, but the values remains within the reference range (Figure
4-14).
A slight, non-statistically significant, decrease of WBC, neutrophils and
lymphocytes counts was observed with TUN at T= 24 and 72 h (Figure 4-15, Figure
4-16). Urinalysis was non-remarkable and no treatment effect was observed (Figure
4-17, Figure 4-18). However, many rats had no urine sample (no urine in the
bladder).
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Figure 4-12: Serum biochemistry of the dose validation study rats at T=8h post
administration. Dotted line = upper limit of the A VC reference range (not available
for GGT). n=4 per treatment and per time point. 110= tunicamycin 10 pg/kg; T25=
tunicamycin 25 pg/kg and D200= DTTox 200 mg/kg.
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Figure 4-18: Urinalysis of the dose validation scale study rats at T= 72 h.
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Increased expression of GRP78 and GRP94 was observed in kidney
microsomal fraction with both ER stress inducers at T= 24 h and GRPs expression
was back to values close to control animals at T= 72 h (Figure 4-19).
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Figure 4-19: GRP78 and GRP94 expression in kidney microsomal fraction 24 and 72
h after administration of TUN (25 pg/kg) or DTTox (200 mg/kg).

At the administered doses, GRP78 and GRP94 expression was not
significantly modified by DTTox and TUN injections in liver microsomal fractions
(Figure 4-20).
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Figure 4-20: GRP78 and GRP94 expression in liver microsomal fraction 24 and 72 h
after administration of TUN (25 pg/kg) or DTTox (200 mg/kg).
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In the brain microsomal fractions, TUN at 25|xg/kg resulted in 2.3 and 2.5 fold
induction of GRP94 and GRP78 respectively but DTTox failed to increase either
protein expression (Figure 4-21)
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Figure 4-21: GRP78 and GRP94 expression in brain microsomal fraction 24 b after
administration o f TUN (10 and 25 pg/kg) or DTTox (200 mg/kg).
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4.6.4. Discussion
In the pilot study, DTTox administration was associated with neurological
signs that quickly resolved. These signs were not observed in the dose validation
study, suggesting a problem with the drug preparation (i.e. abnormal pH) rather than a
direct toxic effect o f DTTox. As DTTox did not alter any biochemistry or
haematological parameters, but increased the expression of GRP78 and GRP94, it
was acknowledged that the proposed doses were suitable for further validation. A
DTTox dose o f 200 mg/kg was chosen for further study, as it was also used in a
published reference (Asmellash, 2005). Tunicamycin at the proposed doses was not
associated with any major toxicity, but some suspicious data (high BUN, neutropenia)
led us to choose two low doses for further assessment, i.e. 10 and 25 pg/kg. Two rats
probably had an intra-hepatic drug injection (high SDH and ALT serum
concentrations, focal liver discoloration), suggesting that intra-peritoneal injections
needed to be performed in a more distal part of the rat abdomen. One of these rats
may have had an infection (e.g. intra-hepatic abscess secondary to injection) as high
leucocytes, neutrophils and lymphocytes counts were observed.
In the dose validation study, no remarkable effect of TUN or DTTox was
observed on the biochemistry and haematology data, confirming that the proposed
doses were not associated with any major toxicity. Western blotting revealed a
significant induction of GRP78 and GRP94 in kidney microsomal fraction (Figure
4-19) but not in the liver samples (Figure 4-20). Several hypotheses can be done to
explain this phenomenon. TUN and DTTox may accumulate in the kidney, resulting
in higher concentrations locally and a more robust ER stress. Unfortunately, TUN and
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DTTox pharmacokinetics and metabolism has not been determined to confirm or
refute this proposition. Renal cells may also be more susceptible to the effects of
TUN and DTTox. Some indirect evidence might be found in the literature of the latter
assumption. In particular, when comparing the effect of ER stress preconditioning
among different cell lines (from different tissues), it was demonstrated that
cytoprotection was achieved against various toxicants in LLC-PKl cells (porcine
renal tubular cell line), but cytoprotection was erratic in hepatocytes and lymphocytes
(Bedard, 2004). Although a species-effect could not be ruled out, these latter
experimental results, in conjunction with the very low concentration of TUN and
DTTox required in vitro to induce ER stress (Peyrou, 2007), suggest that renal cell
are very sensitive to ER stress inducers.
As ER stress has been associated with alteration of drug-metabolizing
enzymes expression (Gilmore, 2004; Horikawa, 2006), hepatic ER stress may be a
concern for further in vivo experiments because some of the nephrotoxic drugs have
toxic metabolites, therefore a change in toxic metabolites biosynthesis may affect
renal toxicity. As the proposed doses of TUN and DTTox were not associated with a
significant alteration of GRP78 and GRP94, the elicited hepatic ER stress was
considered also non significant. However, it can be argued that enzymes expression
may be modified with lower doses than those required for GRPs upregulation.
Hepatic drug-metabolizing enzyme expression was not studied in our experimental
protocol, but this issue should be addressed for a better understanding of the in vivo
pharmacodynamics of TUN and DTTox. Furthermore, renal cells have also drug-
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metabolizing capacity and it would be highly desirable to document any effect of
TUN and DTTox on renal cells as well.
GRPs expression was assessed in brain microsomal fraction to document the
effects o f TUN and DTTox (Figure 4-21). With a 25 pg/kg TUN dose, there was a
significant induction o f GRP78 and GRP94 in hrain tissue but a lower dose of TUN
or DTTox failed to achieve any change in GRPs expression. These data may provide
researchers a starting point for in vivo studies in the field of neurology. It should be
noted that GRPs induction in brain tissue was not assessed with higher doses of
DTTox and therefore it can not be concluded that DTTox is not a suitable ER stress
inducer for brain studies.
Despite the above-mentioned limitations, TUN at 25 pg/kg and DTTox at
200mg/kg were judged to result in satisfactory GRP78 and GRP94 upregulation in the
kidneys without overt toxicity. Therefore, these doses have been used for the next
part of our in vivo studies.
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4.7.

ANNEX 2: Effects o f PD150606 administration in

rats
4.7.1.

Introduction

The calpain system is a complex group of molecules comprising two wellcharacterized and ubiquitously expressed calcium-dependent cysteine proteases (mcalpain and p-calpain), a inhibitor polypeptide (calpastatin) and several illcharacterized calpain-like molecules expressed in specific tissues (Goll, 2003)'. The
ubiquitous calpains are activated by high calcium concentration. In vitro, m-calpain
activity requires calcium at the millimolar range, whereas p-calpain requires
micromolar calcium concentrations (Goll, 2003). The involvement of calpains in cell
death mechanisms has been suggested since they can cleave several pro- and antiapoptotic molecules, such as p53 (Pariat, 1997), Bcl2 family proteins (Gil-Parrado,
2002), and several caspases (Chua, 2000; Nakagawa, 2000a). In particular, caspase 12
is a substrate o f calpains which promote its activation during ER stress induced
apoptosis (Nakagawa, 2000a; Tan, 2006). As pAP administration to rats was
associated with evidence of caspase 12 activation and alteration of calpain expression
(cf. Chapter 3), the involvement of calpain in pAP toxicity was deemed a reasonable
assumption. Furthermore, in a recent study, calpain activity was important in vitro for
the toxicity of reactive chemicals in renal cells (Muruganandan, 2006).
In order to asses the in vivo effects of PDl 50606, we performed a preliminary
study to explore the consequences on biochemical and hematological parameters, as
well as to control the absence of histopathologieal alterations after its administration
to rats.
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4.7.2.

Materials and methods

Chemicals and materials
The calpain inhibitor P D l50606 was purchased from VWR CANLAB
(Mississauga, ON, Canada) and diluted (Img/mL) in PBS with 10% DMSO.

Animals, treatments and samples collection
The protocol of this study was approved by the Atlantic Veterinary College
Animal Care Committee and followed the regulations of the Canadian Council on
Animal Care. Male Sprague-Dawley rats of 175-250 g body weight were purchased
from Charles River Laboratories Inc. (Wilmington, MA, USA) and were housed in
the same condition than previously described (cf. Chapter 4).
The selective calpain inhibitor P D l50606 was administered intraperitonealy at
the dose 3mg/kg, thirty minutes before pAP administration. Eight and 24 h after pAP
administration, rats were anesthetised with pentobarbital for sample collection and
euthanized by pentobarbital overdose.

Biochemistry and histopathology
Biochemistry parameters were determined by spectrophotometry in a Roche
Hitachi 917 analyser (Roche Diagnostics, Indianapolis, IN, USA). ). Haematology
was performed by flow cytometry with a Cell-Dyn 3500 (Abbott Diagnostics, Santa
Clara, CA, USA). Formalin-fixed tissues were embedded in paraffin, cut and stained
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with haematoxylin-eosin prior to light microscopic evaluation of the extent of tissue
damage.
Statistical analysis
A minimum of three rats per treatment group was used for each experimental
procedure. The results are presented as mean ± standard error o f the mean.
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4.7.3.

Results

The calpain inhibitor PD l 506060 had no significant effect on any of the biochemistry
and haematology parameters (Figure 4-22, Figure 4-23, Figure 4-24 and Figure
4-25). Light microscopy did not reveal any damage to kidneys after P D l50606
administration.

30-,

PBS/DMSO
P D l50606
20 -

10

BUN (mmol/L)

Creatinine ( nmol/L)

Figure 4-22: BUN and CREAT serum concentrations 6 h after treatment with
P D l50606 (3mg/kg).
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Figure 4-23: BUN and GREAT serum concentrations 24 h after treatment with
PDl 50606 (3mg/kg).
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Figure 4-24: Biochemistry parameters at 6 and 24 h after P D l50606 (3mg/kg)
administration
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Figure 4-25: Hematology parameters at 6 and 24 h after P D l50606 (3mg/kg)
administration.
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4.7.4.

Discussion

In this preliminary study, we have shown that the calpain inhibitor P D l50606
was not associated with significant toxicity, as suggested by the absence of alterations
of the haematological and biochemical parameters, as well as histological
examinations. These results allowed the use of P D l50606 to further study the
involvement of calpain in drug-induced renal toxicity.
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5. CONCLUSION AND FUTURE DIRECTIONS
The main objective of the reported investigations was to explore the involvement
of the endoplasmic reticulum in drug-induced renal toxicity. In a first set of in vitro
experiments, it was demonstrated that ER stress preconditioning in four renal cell
lines (LLC-PKl, MDCK, NRK-52E and HEK293) provided cytoprotection against a
majority o f model cytotoxic agents and clinically-relevant nephrotoxicants. Although
variability was observed between cell line/ER stress inducer/toxicant combinations,
the fact that ER stress preconditioning was usually protective highlights the
importance o f the ER stress response (also called Unfolded Protein Response) in cells
of renal origin exposed to toxicants.
Previously published experiments studying the effect of ER stress preconditioning
or ER stress protein upregulation have used model toxicants such as iodoacetamide
and TBHP and have been primarily limited to the LLC-PKl cell lines. These two
chemicals were also tested in this study but it was important to expand these
observations to clinically-relevant nephrotoxicants in order to help ascertain the
clinical relevance o f these observations. The results observed here strongly supported
further investigation in vivo of the role of the ER in nephrotoxicity.
Since the response of commonly used renal cell lines has now been characterized,
if further in vitro work was proposed, the next step would be to use more complex in
vitro models such as primary cultures of renal cells, or ex-vivo models, such as kidney
slices. These models would allow mechanistic investigations in experimental settings
closer to the in vivo environment.
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One particular avenue o f investigation that would be interesting would be to
further explore the effects of DTTox. DTTox was very effective in protecting renal
cells against nepbrotoxicant although it induced only mildly ER stress proteins
compared to tunicamycin or thapsigargin. It would be very useful to determine if the
protective effects of DTTox were due to differences in its interaction with the ER
stress/UPR signalling pathways or reflected activation of unrelated protective
pathways.
There are two sides to the protective effect of ER stress proteins. One side is
the protection observed as a result of ER stress preconditioning. The second side is
the implication of this observation. That is, if ER stress preconditioning is protective,
then this suggests that nephrotoxicants may be directly or indirectly targeting the ER.
Previous work by Stevens (Liu, 1997; Liu, 1998) has suggested that nephrotoxicants
disrupt ER calcium homeostasis, directly or indirectly.

However, there is

considerable evidence now demonstrating that disruption of calcium does not account
for all or even the majority of toxicant effects at the level of the ER. Recent work
(Muruganandan, 2006; Ryan, 2005) has shown that model toxicants dismpt the ER,
as evidenced by ER stress protein induction, destruction of GRP94, and activation of
calpains and caspase 12. In vitro work in LLC-PKl cells suggests that toxicants first
activate calpains that subsequently lead to ER stress (Muruganandan, 2006). In vivo
studies should therefore explore both the induction of ER stress and the protective
effects of ER stress protein induction.
In vivo experiments demonstrated the occurrence of ER stress in kidneys of
rats exposed to three nephrotoxicants: the chemotherapeutic drug cisplatin, the
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antimicrobial gentamicin, and /?-aminophenol, a metabolite of acetaminophen. For all
drugs, markers o f ER stress (XBPl signalling activation, upregulation of ER stress
proteins) were found. We also demonstrated the presence of ER-mediated cell death
markers, such as caspase 12 activation and alteration o f calpain expression. This
study supports the hypothesis, generated from the previous in vitro studies, that
disruption o f the ER and subsequent activation of ER related cell death pathways is
involved in the cellular damage produced by at least some nephrotoxicants. These
results suggested the involvement of calpains and ER-associated apoptotic pathways
(caspase 12).
In a final set of experiments, the effect of ER stress preconditioning and calpain
inhibition on the in vivo toxicity of p-aminophenol was explored. We chose to use
this compound as we observed that calpain expression was dramatically decreased in
kidneys of rats following exposure. The main objective was to document the
importance of the unfolded protein response and calpain in p-aminophenol toxicity.
ER stress preconditioning proved to have no effect on p-aminophenol toxicity, in
accordance to our previous in vitro results obtained with the rat cell line NRK-52E.
However, calpain inhibition significantly reduced the nephrotoxicity of paminophenol. Inhibition of calpain by PD150606 resulted in a robust decrease of paminophenol toxicity associated with prevention of caspase 12 activation. This is the
first in vivo demonstration of calpain-dependent caspase 12 activation. Our data
allowed us to propose a new working model for p-aminophenol toxicity (Figure 5-1).
We believe that these important findings highlight further the importance of ER-
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mediated cell death pathways in />-aminophenol toxicity. Similar studies with other
nephrotoxicants must be carried out to know if this mechanism can be generalized.
In a recently published smdy (Asmellash, 2005), ER stress preconditioning was
effective in rats to protect renal cells from the toxicity of j"-( 1,1,2,2,-tetrafluoroethyl)Z-cysteine. It is unclear if this difference is the result of differences between the
nephrotoxicants or if it is the result, for example, of differences in the extent of
toxicity induced by the nephrotoxins. It will be important to try and understand the
observed differences if we are to fully appreciate the role of the ER in nephrotoxicity.
As the cellular mechanisms involved in the induction of ER stress by
clinically-relevant nephrotoxins remains unknown, systematic experiments to explore
the molecular events involved are required. Both the nature of the interactions with
the ER (e.g. direct vs. indirect; covalent binding vs. oxidative damage) and the
activation of the full range of ER stress signalling pathways (ATF6, ATF4...) are
required. Many of these studies can only be carried out in vitro, but the studies
carried out so far well illustrate the potential pitfalls. Further in vivo experiments are
therefore an important component of any investigations.
In the future, experiments could be performed with another animal model, such as
mini-pigs, to determine if ER stress could be effective in vivo with another species, as
it was in vitro with porcine LLC-PKl cells. These data may help us to understand in
what circumstances the unfolded protein response is protective and when it is not.
The findings presented in this thesis support the important role of the ER in druginduced nephrotoxicity and advance our ability to investigate the role of the ER in
drug-induced nephrotoxicity.
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Figure 5-1: Working model of pAP toxicity with involvement of calpain activation
and ER stress.
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