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ABSTRACT 
 

11-Deoxy-16,16-dimethyl prostaglandin E2 (DDM-PGE2) protects renal proximal 

tubular epithelial cells (LLC-PK1) against oncotic cell death induced by 2,3,5-

tris(glutathione-S-yl)hydroquinone (TGHQ).  Cytoprotection is associated with the up-

regulation of several proteins including actin, heat shock protein 27 (Hsp27) and retinol 

binding protein (RBP).  This dissertation reveals the induction and phosphorylation of 

Hsp27 by TGHQ treatment and DDM-PGE2 pretreatment.  Treatment with TGHQ results 

in a dose-dependent disruption of the actin cytoskeleton that correlates with a decrease in 

cell viability, increased generation of reactive oxygen species, and the induction of Hsp27 

nuclear translocation and co-localization with actin.  Moreover, DDM-PGE2 

pretreatment, but not co-treatment, prevents both TGHQ generation of ROS and actin 

cytoskeletal damage.  DDM-PGE2 results in the enhanced induction and phosphorylation 

of nuclear Hsp27 that likely contributes to the inhibition of early effects of TGHQ 

induced ROS generation on the actin cytoskeleton.  In correlation, we identify site 

specific phosphorylation of Hsp27 (p-Hsp27) at human Ser82 that negatively regulates 

cell survival, and p-Hsp27 at Ser15 associated with cell survival.  We provide evidence 

that the TP receptor dependent increase in RBP expression is based on the ability of 

DDM-PGE2 to recruit the retinoid signaling pathway through activation of the RAR/RXR 

nuclear receptor heterodimers.  All-trans retinoic acid (AtRA) pretreatment recapitulates 

the protective effects of DDM-PGE2 through a mechanism independent of TP receptor 

activation and the cytoprotective effects of AtRA were also investigated using an in vivo 

model.  Finally, the ability of DDM-PGE2 to increase the cells antioxidant response, 

important in its cytoprotection against ROS is described.  Taken together, these studies 

contribute to the mechanism of protection and will give insight into the affects of novel 

therapeutics in the modulation of chemical induced nephrotoxicity.   
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CHAPTER 1: INTRODUCTION 
 

I. GENERAL COMMENTS 

Kidneys function to maintain the body’s physiological conditions including the 

excretion of chemicals and their metabolites.  As a result of this function, there is an 

increased exposure to a variety of concentrated chemicals and their metabolites.  The 

kidneys are capable of chemical bioactivation ultimately generating more toxic reactive 

intermediates that often times results in progressive renal failure causing irreversible 

glomerular disease generally leading to the life threatening requirement for dialysis 

and/or transplantation.  Therefore, identification into the mechanisms involved in 

chemical induced nephrotoxicity and its associated protection becomes valuable 

information.   

Several chemicals are capable of inducing the generation of reactive oxygen 

species (ROS).  These studies utilize the nephrotoxicant, 2,3,5-tris(glutathione-S-

yl)hydroquinone (TGHQ) as a model toxicant of chemical induced ROS generating 

adverse effects in the kidneys.  Previous studies have shown that pretreatment of LLC-

PK1 cells with prostaglandins (PGs), specifically PGE2, is cytoprotective against TGHQ 

induced toxicity (Jia 2004).  The identification of the signaling pathway associated with 

the stable analogue of PGE2, 11-deoxy-16, 16-dimethyl prostaglandin E2 (DDM-PGE2), 

pretreatment has been extensively investigated and indicates the importance of protein 

synthesis in its protection.  Therefore, these studies further investigate transcriptional and 

translationally regulated proteins that may be involved in PGE2 mediated cytoprotection.  

Specifically, the contribution of these select proteins in the protective effects against 
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chemical induced nephrotoxicity may provide valuable information towards the 

advancement of novel renal therapeutics.   

II. HYDROQUINONES 

A. Exposure Sources 

Hydroquinone (HQ; 1,4-benzenediol; C6H4(OH)2; CAS Registry Number:  123-

31-9) is the simplest quinol (reduced quinone) and can be rapidly absorbed through 

ingestion, inhalation, and to a lesser degree through absorption.  This compound is either 

found naturally in free and/or conjugated forms or can be found synthesized for use in 

several products.  Industrially, HQ is used for a variety of purposes including non-filtered 

cigarettes, film developer, rubber manufacturing, food preservation, and in some 

cosmetics and hair dyes (Varagnat 1981; CIR 1986; IPCS 1994).  Exposure levels to HQ 

and its metabolites vary.  However, the highest prevalence has been associated with 

persons working in the chemical manufacturing industry in addition to increased 

exposure found in persons working as hair dressers, cosmetologists, photo processors, as 

well as photographic developer manufacturers (Key 1977; NIOSH 1978).   

B. Absorption, Distribution, Metabolism, Excretion 

HQ distribution is dependent on the route of exposure.  Studies using oral 

administration of radioactive labeled HQ (14C-HQ) (200 mg/kg) resulted in a 

heterogeneous distribution of the compound in most tissues in rats with the highest 

concentrations found in both the liver and kidney (Divincenzo 1984).  Intraperitoneal 

injection (i.p.) of 14C-HQ in mice (75 mg/kg) resulted in accumulation of the compound 
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in the liver and kidney, in addition to increased concentrations in the blood and bone 

marrow (Greenlee 1981; Subrahmanyam 1990).   

The proposed metabolic pathway of HQ is illustrated in Figure 1.1.  Adverse 

effects associated with exposure to hydroquinone are dependent on their metabolic 

properties.  Following absorption, HQ is metabolized in the liver mainly through phase II 

metabolism to hydrophilic conjugates.  Urinary excretion of HQ metabolites from Fischer 

344 (F-344) rats included only a small amount of p-benzoquinone, and large amounts of 

hydroquinone-monoglucuronide (HQ-glucuronide) and hydroquinone-monosulfate (HQ-

sulfate).  Additionally, mercapturic acid conjugates of HQ were also traceable by HPLC 

in small amounts indicating that the glutathione conjugate of HQ is generated as an in 

vivo metabolic intermediate (Divincenzo 1984; English 1988; Deisinger 1996).   

Urinary excretion accounts for approximately 90% of HQ’s hydrophilic 

metabolites.  Investigation into the urine excretion patterns following varying doses of 

HQ (25 mg/kg and 350 mg/kg) resulted in differential excretion patterns that suggest the 

elimination of HQ is saturated beyond a specific dose-range (English 1988).  

Bioavailability of HQ with regard to plasma concentrations results in elimination 

saturation at higher doses and possibly enterohepatic recycling based on a double peak of 

HQ found in blood indicating the importance of first pass gastrointestinal (GI) tract 

metabolism (Corley 2000).   
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Figure 1. 1.  Metabolic pathway of hydroquinone. 
 
Glucuronide and sulfate conjugates of HQ represent the major products from HQ hepatic 
metabolism.  However, the relatively small amount of multi-GSH HQ conjugates is of 
toxicological significance, contributing to HQ mediated nephrotoxicity.  (1). Glucuronyl 
transferase; (2), Sulfotransferase; (3), CYP450.   
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C. Adverse Effects of Hydroquinone 

HQ is a metabolite of benzene (Parke 1953) which is a known human carcinogen 

(HSDB 1999).  Because of the known adverse effects related to benzene, a multitude of 

studies have been conducted in an attempt to identify the toxicity associated with HQ and 

its substituted analogs (IPCS 1994; HSDB 1999).  Increasing evidence suggests that it is 

the metabolites of HQ that account for the majority of the in vivo and in vitro 

toxicological effects.  In general, acute exposure to HQ results in immediate central 

nervous system (CNS) toxicity, depigmentation, minor irritation, sensitization, 

inflammatory changes, and thickening of the epidermis in skin tests (IPCS 1994).   

The main adverse effects related to HQ exposure include hematological, CNS, 

and nephrotoxicological depending on the route of exposure. Following oral, dermal, and 

intratracheal exposure, glucuronide and sulfate conjugation result in rapid excretion while 

a small portion of these glutathione conjugates account for the formation of activated 

metabolites.  Intravenous and i.p. administration predominantly results in the formation 

of HQ derivatives including 1,4-benzoquinone and 1,2,4-trihydroxybenzene (IPCS 1994) 

and the toxicity is believed to be the result of oxidative stress and covalent binding 

possibly involving both the oxidized hydroquinone and the thiol-conjugated 

hydroquinone.     

Embryotoxicity and teratogenic studies related to HQ have also been conducted 

and subchronic oral toxicology studies identified adverse effects in  the reproductive and 

developmental systems including reduced weight gain and feed consumption, increased 

resorptions, and malformation of limbs, tail, and urogential system (Telford 1962; 
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Kavlock 1990; IPCS 1994).  Additional evidence of embryotoxicity and teratogenicity of 

HQ was seen following subcutaneous doses of HQ in rats inducing reduced fertility and 

decreased DNA content in sperm heads (Rosen 1955).   

HQ exposure also adversely affects the bone marrow.  Reduced cell counts in 

bone marrow and spleen with subsequent immunosuppressive potential were seen in both 

in vitro and in vivo assays.  Benzene is both hematotoxic and leukemogenic in humans 

and causes a decrease in the numbers of circulating blood cells following occupational 

exposure (Snyder 1993) resulting in aplastic anemia, myelodysplastic syndrome, and 

acute myelogenous leukemia (Snyder 1993).  The toxicity associated with benzene is 

dependent upon P450 metabolism indicated by the increased sensitivity of mice to 

benzene-mediated hematotoxicity than rats, based on the difference in concentrations of 

quinone-thioethers in the bone marrow of these two species (Bratton 1997).  

Interestingly, TGHQ reproduces this benzene induced erythrotoxicity in vivo (Bratton 

1997).   

F-344 rats treated with HQ showed toxic nephropathy in a 13 week National 

Toxicology Program (NTP) study and enhanced chronic nephropathy in both 15 months 

and two-year NTP studies (Shibata 1991).  Site-specific HQ induced necrosis and cell 

proliferation occurred in the S3 segment of the proximal tubules in the kidneys of F-344 

rats (Peters 1997).  HQ is classified as a category 3 (not classifiable carcinogen) in 

humans by the International Agency for Research on Cancer (IARC) because of the lack 

of relevant human data (1986).  In contrast, HQ is classified as a known or suspected 
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animal or human carcinogen by the US Occupational Safety and Health Administration 

(OSHA) and is based on the two-year NTP study. 

Finally and of importance to these studies, HQ induced nephrotoxicity is mediated 

by the formation of GSH-HQ and has been identified as a metabolite of HQ both in vitro 

and in vivo (Hill 1993). GSH conjugates of polyphenols (quinone-thioethers) are 

nephrotoxic in Sprague Dawley and F-344 rats (Bolton 2000) and TGHQ is 

nephrocarcinogenic in the Eker rat (Lau 2001).  The susceptibility of the kidneys to 

nephrotoxicity is related to the relatively high levels of γ-glutamyl transpeptidase (γ-GT) 

and dipeptidase activity present in the brush border membrane of the kidneys proximal 

tubules.  The activity of these enzymes result in the formation of cysteinyl conjugates of 

polyphenols, which are capable of being transported into renal cells via the L-amino acid 

transporter system (Monks 1997; Monks 1998).   

III. TOXICOLOGY OF QUINOL-THIOETHERS  

A. Biological Reactivity 

The term quinone is used to describe the structurally diverse groups of aromatic 

compounds that are ubiquitously found in natural sources, endogenous biochemical’s, 

and as a product of HQ or catechol metabolism.  They are both oxidants and electrophiles 

that are biologically reactive and exert their effects through enzymatic and non-enzymatic 

redox cycling with semiquinone radicals resulting in the generation of ROS and 

alkylation of DNA and proteins (Monks 1998; Bolton 2000).   

The major cellular non-protein sulfhydryl group in the reducing pool is GSH (γ-

glutamyl-L-cysteinylglycine).  GSH binds to electrophilic xenobiotics and prevents the 
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covalent binding with other essential macromolecules.  This function is generally 

considered a detoxification mechanism in cellular defense against xenobiotics and 

oxidants, however, these bioactivated products of quinone, quinol-thioethers, contribute 

to the ability of redox cycling and nucleophility and in some instances exhibit an even 

greater biological reactivity than their parent compound (Monks 1997; Monks 1998).   

HQ conjugated with GSH readily oxidizes to a semiquinone intermediate before it 

is fully oxidized to form GSH conjugated 1,4-benzoquinone (BQ).  Quinones are capable 

of repeatedly undergoing either spontaneous or enzymatically-catalyzed oxidation-

reduction cycles, termed redox cycling, and is the major basis for the toxicity associated 

with many quinones (Monks 1997).  Enzyme systems capable of oxidizing HQ include 

several members of the cytochrome P450 family (CYP450; 1A1, 2E1, and 3A4) (Hill 

1993), myeloperoxidase (Subrahmanyam 1990), and prostaglandin H synthase (Lau 

1987; Schlosser 1989).   

The two electron reduction of BQ by NAD(P)H quinone:oxidoreductase (DT-

diaphorase) is generally considered a detoxification reaction since it bypasses the 

semiquinone radical, and subsequently superoxide formation.  However, one electron 

reduction of a quinone by CYP450 reductase can produce a semiquinone and contribute 

to its redox cycling (Monks 1992).  Basically, the complete two electron oxidation of HQ 

to BQ, via a semiquinone intermediate, in the presence of molecular oxygen, is reduced 

to two superoxide anion radicals (O2
.-).  Enzymatic or spontaneous dismutation of 

superoxide anion radical forms hydrogen peroxide (H2O2), and in the presence of iron can 

generate the highly toxic oxidant hydroxyl radical (HO·).   
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Toxicity associated with polyphenolic-thioethers account for many of the 

toxicities of polyphenols and exerts these effects on several target organs.  Toxicity in the 

CNS is illustrated by the toxic effects of 3,4-(±)methylenedioxyamphetamine (MDA) and 

3,4-(±)methylenedioxymethamphetamine (MDMA) also known as ecstasy (Commins 

1987; Ricaurte 2000).  This street drug is abused around the world causing mild to severe 

acute adverse effects  including convulsions, hyperthermia, rhadomyolysis, acute liver 

failure, and renal failure (Henry 1992).  However, direct administration into the brain had 

no effect on toxicity indicating that in vivo metabolism was required for its associated 

toxicities.  2,5,-bis(glutathione-S-yl)methyldopamine (MeDA) is the GSH conjugated 

metabolite of MDA and mimics the effects of MDA and MDMA after 

intracerebroventricular injection.  This further indicates that the thiol-ether metabolites of 

MDA and MDMA participate in the toxic effects of these compounds (Miller 1995; Bai 

1999).   

In addition, hematotoxicity and leukemogenicicity have been reported in humans 

following benzene exposure (Snyder 1993).  The multi-substituted reactive quinone-

thioethers were identified in the bone marrow of rats and mice following exposure to HQ 

and phenol combination (Bratton 1997).  Two reactive metabolites of HQ and phenol 

include TGHQ and 2,6-bis-(glutathione-S-yl)hydroquinone (respectively) and reproduced 

toxicity suggesting a role in the quinol-thioethers in benzene mediated hematotoxicity 

(Bratton 1997).   
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B. Nephrotoxicity and Nephrocarcinogenicity 

TGHQ is a selective and potent nephrotoxic (Peters 1997), nephrocarcinogenic, 

and redox active metabolite of HQ (Lau 2001); the most potent nephrotoxicant of all the 

multi-GSH conjugated HQ metabolites (Lau 1988).  Quinol-thioethers have been 

implicated in the nephrotoxic mechanisms of a number of toxic compounds in rodent 

species (Monks 1985; Lau 1988; Lau 1988; Klos 1992; Peters 1996; Butterworth 1998).  

Nephrotoxicity associated with TGHQ is related to its metabolism with the exception of 

the fully substituted GSH-HQ, increasing GSH substitution of 1,4-benzoquionone  

correlates with increased toxicity (Lau 1988) and the proposed bioactivation pathway for 

TGHQ is illustrated in Figure 1.2.   

Liver enzymatic GSH conjugation is the most important source for quinol-

thioethers bioactivation (Rushmore 1993).  GSH conjugates are exported into the 

systemic circulation and selectively target the kidney. γ-GT is present in the brush border 

membrane of the proximal tubular epithelial cells at high levels (Darbouy 1991).  TGHQ 

toxicity in F-344 rats targets of the S3 portion of the proximal tubules where the highest 

abundance of γ-GT is present resulting in sustained regenerative cellular proliferation 

(Peters 1997).  The active site of γ-GT faces the tubular lumen and following hydrolysis 

and transpeptidation reactions, catalyzes the cleavage of the γ-glutamyl group from the 

GSH conjugate.  Cysteinylglycine dipeptidase, another brush border membrane enzyme, 

cleaves glycine from the γ-GT derived cysteinylglycine conjugate and produces the 

cysteine conjugate, which can be transported into the epithelial cells via the amino acid 

transport system (Monks 1997).  Nephrotoxicity of TGHQ requires its metabolism.   
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Figure 1. 2.  Bioactivation of TGHQ.   
 
TGHQ cysteine conjugate forms by γ-GT and dipeptidase metabolism which can either 
go through the β-lyase pathway and generate the active thiol conjugate of HQ or generate 
ROS via redox cycling between quinine and semiquinone.  On the other hand, the 
cysteine conjugate can bind to protein causing macromolecular arylation contributing to 
cytotoxicity.   
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Treatment with γ-GT inhibitor, acivicin (AT-125), diminishes TGHQ and other quinone-

thioethers mediated nephrotoxicity, providing evidence that metabolism of TGHQ by γ-

GT is necessary for toxicity (Lau 1988; Monks 1988; Klos 1992).  Interestingly, γ-GT is 

not the only reason for TGHQ susceptibility as both mice and guinea pigs have similar 

levels of γ-GT activity in the kidney however, only the guinea pigs are susceptible to 

TGHQ mediated nephrotoxicity.  This may be explained by the differential N-

deacetylation:N-acetylation ratio found between guinea pigs and mice (Lau 1995).  

Single tail vein administration of TGHQ of 7.5 µmol/kg significantly increased blood 

urea nitrogen levels, urine glucose levels, and urinary enzyme leakage including γ-GT, 

alkaline phosphatase (ALP), and glutathione S-transferase (GST) (Peters 1997).  TGHQ 

also induced histone H3 phosphorylation that lead to premature chromatin/chromosomal 

condensation and oncotic/necrotic cell death  (Tikoo 2001).    

Eker rats are a strain of the Long-Evans rat that bears a germ-line mutation in one 

of the tuberous sclerosis 2 (Tsc-2) gene alleles predisposing them to spontaneous tumor 

formation in the kidneys, spleen, pituitary, and uterus (Kobayashi 1995; Yeung 1995).  

TGHQ induces sustained regenerative hyperplasia, loss of tumor suppressor gene 

function, and elevations in dysplasias, adenomas, and renal cell carcinomas localized at 

the site of TGHQ-induced necrosis in Eker rats chronically treated with TGHQ.  The 

increased mutation frequency observed following incubation of the supF gene with 

TGHQ followed by transfection and replication in both human and bacterial cells (Jeong 

1999) and the observation that a single treatment of TGHQ (100 µM, 4 hr) transformed 
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Eker rat primary epithelial cells (Yoon 2001), suggests that TGHQ may be a complete 

carcinogen. 

TGHQ also causes an increased incidence of atypical tubule and hyperplasia in 

the Eker rats in a four-month tumor bioassay conducted in the Eker rat and a three-fold 

increased incidence of renal cell carcinoma following 10 months of TGHQ treatment 

(Lau 2001).  TGHQ mediated nephrotoxicity and nephrocarcinogenicity may be a result 

of oxidative stress and sustained hyperplasia with regenerative cellular proliferation (Lau 

1996).  Both HQ and TGHQ selectively induced cytotoxicity and cell proliferation in the 

S3 region of the proximal tubule in Fischer-344 rats and the localization of cell 

proliferation at the site of necrosis is important since this suggests that potential 

nephrocarcinogenic mechanisms are likely the result of sustained regenerative 

hyperplasia instead of a non-specific mitogenic stimuli (Peters 1997).   

Finally, both mitogen-activated protein kinases (MAPK) and ROS play critical 

roles in TGHQ mediated toxicity (Towndrow 2000).  TGHQ induces cell death and can 

be blocked by treatment with both catalase and deferoxamine (Towndrow 2000).  

Because of the significant renal induced toxicity associated with TGHQ treatment, this 

HQ metabolite has been utilized as a model toxicant to study chemical induced toxicity 

and the studies described here investigate the cytoprotective effects of prostaglandins.  

LLC-PK1 cells are an epithelial, non-tumorgenic cell line derived from the minipig (Hull 

1976) and exhibit the functions of the proximal renal tubule in culture.  These cells have 

a high abundance of γ-GT enzymatic activity, important in TGHQ induced toxicity, and 

were selected for use in mechanistic studies of PG mediated cytoprotection.    
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IV. PROSTAGLANDINS AND CYTOPROTECTION 

A. Renal Metabolism and Physiology 

Eicosanoids are a family of lipid mediators and are cyclooxygenase (COX) and 

lipoxygenase derivatives of arachidonic acid (AA) that are found in several different 

areas of the body.   In the kidney, the major eicosanoids synthesized are products of COX 

and are key rate-limiting enzymes involved in the conversion of AA to prostaglandin H2 

(PGH2) the precursor of a variety of compounds including mainly prostacyclin (PGI2), 

prostaglandin E2 (PGE2), F2α (PGF2α), and thromboxane A2 (TXA2).  

These 20 carbon fatty acid metabolite subclasses of eicosanoids technically 

encompass both the prostaglandins (PGs) and thromboxanes (TXs) and are referred to by 

the generic term prostanoids, although the term prostaglandin is also used 

interchangeably.  PGs all share in their chemical structure the cyclopentane (PGs) or 

cyclohexane (TXs) ring, a C-13→ C-14 trans double bond, and a C-15 hydroxyl group.  

They can be further divided into subcategories depending on the composition of their 

cyclopentane rings with assignment of letters (A-J).  The additional and final numerical 

subscripts refer to the total number of double bonds present in their side chains.   

PGs are ubiquitously present in very low amounts and are synthesized according 

to three major biosynthetic steps illustrated in Figure 1.3.  COX, also known as 

prostaglandin H synthase (PGHS), catalyzes the first two steps in the biosynthesis of the 

PGs from the substrate AA.  AA is oxidized to the hydroperoxy endoperoxide PGG2 and 

its subsequent reduction to the hydroxyl endoperoxide PGH2.  PGH2 is then transformed 

by a range of enzymes and non-enzymatic mechanisms into the primary prostanoids, 
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PGE2, PGD2, PGF2α, PGI2, or TXA2 activity (Venuto 1982; Vane 1998; Alique 2006).  

The localization of each of these prostanoids in the kidney depend on the location of the 

corresponding synthetic and biodegradative enzymes (Venuto 1982) and results in 

differential physiological effects of PGs within the kidney itself.   

There are at least two known isoforms of COX, COX-1 and COX-2.  The 

constitutively expressed COX-1 isoenzyme is responsible for the maintenance of 

homeostasis including the integrity of the gastric mucosa.  COX-2, on the other hand, is a 

highly inducible immediate-early response gene whose normal undetectable expression is 

rapidly induced in response to a variety of pro-inflammatory agents and cytokines (Cheng 

2002).  The two isoforms of COX have differential biological functions in immediate 

(COX-1) and delayed (COX-2) PG synthesis in response to stimuli (Scott 1999).   

Non-steroidal anti-inflammatory drugs (NSAID) are synthetic inhibitors of COX 

enzymes and have been used clinically to treat gastropathy, acute liver failure, liver 

transplantation, and chronic liver disease (Collins 1990; Wallace 1992; Wallace 1992; 

Quiroga 1993; Gazarian 1995; Hawkey 1996; La Corte 1996; Peltekian 1996).  There are 

substantial side-effects associated with use of NSAIDs and therefore, the discovery of 

these COX isoforms has proved interesting in the development of COX-2 specific 

inhibitors as an alternate treatment.  Adverse and beneficial effects of NSAIDs treatment 

are in response to their inhibition of PG synthesis, important to note, homeostasis is 

attributed to COX-1 expression while COX-2 expression is dependent on inflammation 

and disease processes.  Therefore, chronic use of NSAIDs likely disrupts normal 



36 

 

 

physiological processes associated with PGs, particularly in the gastrointestinal tract and 

kidney.   

PGE2 is the major metabolite of AA in mammalian kidneys and regulates renal 

metabolism, sympathetic nerve activity, hemodynamics, and water and ion transport 

(Hebert 1993).  Renal PGE2 production increases in response to vasopressin, renin, 

bradykinin, sympathetic nerve activity, and angiotensin-induced vasoconstrictor stimuli 

(Venuto 1982; Moore 1985; Schlondorff 1986).  PGE2 plays an important role in 

maintaining homeostasis in renal physiology, including the regulation of vascular smooth 

muscle tonus, glomerular filtration, rennin release, and tubular salt and water transport 

exerting its biological effects through the 4 receptor subtypes, EP1 through EP4 

(Suganami 2003).   

B. PGs and Cell Signaling 

There are currently four known PGE receptor subtypes (EP), EP1, EP2, EP3, and 

EP4, whose signal transduction mechanisms differ between one another (Piomelli 1993).  

PGE2 has an affinity for all four subtypes in addition to other PG receptors including DP, 

thromboxane (TP), FP, and prostacyclin (IP) receptors (Narumiya 1999).  These receptors 

belong to the G-protein coupled receptor (GPCR) family and contain seven trans-

membrane spanning hydrophobic domains.  Molecular and pharmacological 

characteristics of these receptors have been extensively investigated and EP receptors 

have been cloned providing specific agonist and antagonists contributing to the further 

identification of the signaling pathways related to each EP receptor subtype. 
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Figure 1. 3.  Arachidonic acid cascade.   
 
Adapted from (Vane 1998) 
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TXA2 binds the TP receptor with high affinity and the short half-life (30-40 sec) 

leads to rapid degradation into the inactive TXB2 in the presence of water.  Other 

endogenous ligands for the TP receptor include lysophosphatidylcholines, 8-epi-PGF2α, 

and 8-epi-PGE2 (Takahashi 1992; Morrow 1994).  Downstream signaling of TP includes 

phospholipase activation, increased IP3 generation, and increased intracellular Ca++ level 

and PKC activation.  The lung, kidney, and heart are the predominant location of TP 

receptor in addition to the thymus and spleen (Namba 1992).  Functional activation of TP 

receptor leads to platelet aggregation and thrombosis, bronchoconstriction, and 

thymocyte differentiation and development (Ushikubi 1993).  Therefore, treatment with 

TP receptor antagonists have a therapeutic advantage against thrombosis (Armstrong 

1995).   

TP receptor expression has been identified within the kidney and more 

specifically in the glomerular, proximal tubule, distal tubule, thick ascending limb of 

Henle, and collecting ducts (Bresnahan 1996; Takahashi 1996) and is the focus of studies 

described in this dissertation as the stable analogue of PGE2 , DDM-PGE2 mediated 

cytoprotection is dependent on TP receptor activation.  Kidney TXA2 expression 

decreases blood flow, glomerular filtration rate (GFR), and modulates renal 

hemodynamics including metabolism of water and electrolytes (Coffman 1985; Kelley 

1986).  Consistent with our studies on TP receptor activation in PGE2 mediated 

cytoprotection in LLC-PK1 proximal tubule epithelial cells, immunocytochemistry 

identified expression of the TP receptor in multiple sections of the kidney including the 

base of the brush border membrane of the proximal tubules (Takahashi 1998).   
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Figure 1. 4.  Structure of PGE2 and DDM-PGE2. 
 

Image depicts the molecular structure of PGE2 and its stable analog 11-deoxy-16,16-
dimethyl PGE2 (DDM-PGE2). 
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C. PG Mediated Cytoprotection 

Prostaglandins (PGs) play important and diverse roles in mammalian cell 

signaling including cellular homeostasis, differentiation, proliferation, stress response 

signaling pathways, inflammation, apoptosis, and carcinogenesis.  A number of PGs and 

their analogues are also capable of protecting cells against various toxic, ischemic, and 

infectious insults. The protective effects of PGs is termed cytoprotection and was first 

described in 1976 when Robert et. al.  discovered that pretreatment of rats with a non-

anti-secretory dose of PG can protected against gastric mucosal injury (Robert 1976).  

This result suggested that the mechanism of protection may be independent of acid 

secretion.  Since then, a multitude of studies have been conducted in several systems  

while the majority have been conducted in the gastrointestinal tract and liver (Robert 

1979; Robert 1983; Quiroga 1993; Peltekian 1996; Kokoska 1998).  Despite these 

aggressive studies, the underlying molecular mechanisms by which PGs afford 

cytoprotection remain elusive.  In particular, very little is known about PG mediated 

protection in the kidney (Paller 1992).  

Several proposed mechanisms of prostanoid mediated cytoprotection in the 

kidney include changes in blood flow, increased membrane stability, alteration of 

toxicant metabolism, regulation of tight junctions, inhibition of spontaneous apoptosis, 

and the enhancement of tissue regenerative capacity (Ruwart 1986; Maesaka 2001; 

Tsutsumi 2002).  Cytoprotection equivalently observed both in vivo and in cultured renal 

epithelia cells indicates that the cytoprotective effects may occur at the cellular level, 
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independent of the effects on the inflammatory response, blood flow, or neural 

innervations (Ruwart 1985).   

Numerous studies have been conducted in our laboratory revealing that 

pretreatment of LLC-PK1 with either PGE2 or 11-deoxy-16, 16-dimethyl prostaglandin 

E2 (DDM-PGE2), a stable analog of PGE2 (Figure 1.4), can protect against TGHQ 

induced nephrotoxicity.  Our current understanding of the mechanism by which DDM-

PGE2 is cytoprotective is illustrated in Figure 1.5 and is based on published work from 

our laboratory.  Evidence implicates that cytoprotection is mediated by interaction with a 

receptor that is pharmacologically distinct from currently know PGE2 receptor subtypes.  

DDM-PGE2 interacts with the TP receptor that subsequently activates AP-1 and NF-κB  

transcription factors (Weber 1997; Weber 2000).  DDM-PGE2 mediated cytoprotection is 

reproduced following pretreatment with TP receptor agonist (U46619) and is inhibited 

using TP receptor antagonist (SQ29,548) (Weber 2000).  The cytoprotective response of 

DDM-PGE2 was not dependent on de novo TXA2 biosynthesis as there was no protection 

using COX (aspirin, indomethacin) or thromboxanes synthase (sulfasalazine) inhibitors.  

More recently, we have discovered differential cytoprotection associated with DDM-

PGE2 showing protection in renal epithelial cells against necrotic/oncotic cell death but 

not from apoptotic cell death (Jia 2002).   

 



42 

 

 

  

 
 

 

Figure 1. 5.  Proposed mechanism of DDM-PGE2 mediated cytoprotection. 
 
The flow chart illustrates the current understanding of the mechanism of cytoprotection 
elicited by DDM-PGE2 following chemical induced toxicity.  This model is based on 
published work from our laboratory (Weber 1997; Towndrow 2000; Weber 2000; Jia 
2002; Towndrow 2003). 
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V. THE ACTIN CYTOSKELETON 

A. Overview 

The cytoskeleton functions to maintain the support and organization of the 

cellular components so that it can attain appropriate arrangement and control of cellular 

movements.  The major components making up the eukaryotic cytoskeleton contain a 

variety of cytoplasmic fibers, classified into three major categories, microtubules, 

microfilaments, intermediate filaments, and the mircrotrabecular lattice.  These different 

parts are structurally linked and functionally coordinated providing integrated functions 

for the cell that are essential for the maintenance of normal cell function.  Equilibrium of 

the cytoskeletal network, including assembly and disassembly, is tightly regulated to 

ensuring normal function and tremendous amounts of research indicates that oxidant-

induced cellular damage is due to alterations in this equilibrium.    

Actin is one member of the mircrofilament family and is a highly conserved and 

ubiquitous cytoskeletal protein essential for cytokinesis, cell locomotion, cell motility, 

cell morphology, cell growth and other crucial events (Wada 1998).  The organization of 

the cytoskeleton is crucial but even more important, the elements are quite sensitive to 

perturbations as the actin cytoskeletal network is one of the most sensitive and earliest 

targets of damage (MacFarlane 1999; Rosado 2002).  Disruption of the actin cytoskeletal 

network as a result of ROS is characterized by the fragmentation and patching of F-actin 

filaments (Dalle-Donne 2001).  This cytoskeletal damage also includes a collapse of the 

threadlike actin filaments into large perinuclear aggregates, reorganization of the 

cytoplasmic network, relocalization of actin-containing fibers around the nucleus, and 
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disruption of microtubules and the mitotic spindle (Benjamin 1998).  Decreased actin 

dynamics induce cell death through the production of ROS from the mitochondria and 

increasing actin dynamics reduces production of ROS and increases cell viability 

(Gourlay 2004).   

B. PGs and the Actin Cytoskeleton 

Morphological changes and other functional modulation are regulated by PGs and 

thromboxanes (Nagata 1992; Torti 1993; Yamakura 2001).  Studies using a synthetic 

analogue of PGE2, 16,16-dimethyl PGE2 (dm-PGE2), protected intestinal cells against 

damaged caused by ethanol and specifically, protection against microtubule and 

cytoskeletal damage (Banan 1998; Banan 2000; Miller 2000).   Ethanol induced injury to 

the actin cytoskeleton can also be protected by endogenous treatment of known 

stabilizers of the cytoskeleton and studies addressed in Chapter 3 are directed toward the 

association of DDM-PGE2 cytoprotection and the stabilization of the actin cytoskeleton 

in renal epithelial cells.   

VI. HEAT SHOCK PROTEINS 

A. Introduction 

Stress or heat shock proteins (Hsps) were first identified as a set of highly 

conserved proteins whose expression was induced in the presence of increased heat 

(Parcellier 2003).  Heat stress up-regulates the rapid synthesis of a multigene family of 

proteins referred to as the heat shock response (Ritossa 1996) and the name “heat shock” 

is somewhat misleading based on the original discovery of Ritossa where he found that 

heat chock produced chromosomal puffs of salivary gland cells in Drosophila (Ritossa 
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1996).  It was subsequently confirmed that many other stresses could induce the 

expression of these proteins.  These families include the Hsp100 family, the Hsp90 

family, the Hsp70 family, the Hsp60 family, Hsp40 family, and the low molecular weight 

Hsps (sHSP) including Hsp27, and are essential for cell survival (Landry 1989; Huot 

1991; Mehlen 1993; Mehlen 1995; Garrido 1997; Kregel 2002). Hsps comprise a group 

of highly conserved, abundantly expressed family of proteins with diverse functions 

including the assembly and sequestering of multi-protein complexes, transportation of 

nascent polypeptide chains across cellular membranes, and the regulation of proper 

protein folding.  Hsps are categorized into six different families according to their 

respective molecular weights ranging size from 10 to 150 kDa.   

Functionally, Hsps are generally induced by stress and contribute to cell survival 

by permitting cells to successfully adapt to environmental stress.  They function to 

maintain proteins in their three-dimensional structures and regulate the intracellular 

compartmentalization of these proteins by binding with nascent proteins.  This also 

allows Hsps to minimize aggregation of damaged proteins and then direct them for 

degradation (Feder 1999).   

B. Small Heat Shock Protein Family 

The low molecular weight family is more heterogeneous in their molecular 

weights than are other members of the Hsp family.  They encompass at least nine 

members in mammals including Hsp10, Hsp20, Hsp27, Hsp32, and Hsp40 and all contain 

a conserved C-terminal α-crystalline domain of about 90 amino acids (Verschuure 2002).  

One member of the sHsp family in particular, Hsp27 (Hsp25 in rodents), is a 
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constitutively expressed cytoplasmic protein whose expression is induced following 

injury, differentiation, neoplastic transformation, and in drug resistant cells.  Heat, 

cytokines and hormones are among other factors that stimulate the induction of Hsp27.  

One intriguing aspect of Hsp27 biochemistry is the ability of these proteins to become 

phosphorylated in response to a large variety of stimuli.  This characteristic suggests that 

in addition to their expression levels, the level of phosphorylation can modulate their 

function in cellular physiology.  Several studies predating the characterization of Hsp27 

described a 27-KDa protein as being a major early substrate of phosphorylation in 

response to growth factors (Chambard 1983).   

Later this protein was identified as Hsp27 and has since shown to be 

phosphorylatable in the human sequence at Ser15, Ser78, and Ser82 corresponding to the 

porcine (LLC-PK1 cells) sequence at Ser15, Ser80, and Ser84, respectively.  Hsp27 exists 

as either a phosphorylated or unphosphorylated protein that forms large mulitmeric 

aggregates of ~ 140 to > 800 kDa.  Phosphorylation promotes the dissociation of these 

complexes into smaller tetrameric complexes.  Phosphorylation is catalyzed by the 

MAPKs including p38 MAPK which is activated in response to ROS and leads to an 

increased MAPKAP kinase 2 activities that ultimately phosphorylates Hsp27 (Rouse 

1994).    This modification of the protein may be important in the protective effects or for 

the interaction with various proteins whose function can be altered dramatically.  Studies 

using non-phosphorylatable mutant Hsp27 where designated serine residues have been 

mutated to alanines (S to A) and compare to phospho-mimetic mutant Hsp27 where the 
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mutation of serine to glutamic acid (S to D) may assist in identifying the function of the 

modified protein.   

C. Hsp27 and Cytoprotection 

Hsps have cytoprotective functions that allow cells to adapt to gradual changes in 

their environment and to survive in otherwise lethal conditions.  The heat shock response 

is one well-characterized mechanism involving the restoration of physiological stresses 

that result in misfolded or damaged proteins. The different pathways by which Hsps 

modulate cell death are only now beginning to be understood.  The phenomenon that 

prior sublethal heat stress transiently increases the ability of a cell to withstand an 

otherwise lethal subsequent heat challenge has launched studies investigating the 

association of the heat shock response and protection against either simulated hypoxia or 

ischemia (Benjamin 1998).  However, the exact mechanisms underlying the 

cytoprotective effects have yet to be elucidated.   

Several properties of Hsp27 provide insight into its potential cytoprotective 

effects.  First, Hsp27 can regulate intracellular ROS and GSH content when present as 

large, non-phosphorylated aggregates (Mehlen 1997).  Second, Hsp27 is capable of 

functioning as a molecular chaperone (Jakob 1993) and finally, Hsp27 may regulate actin 

filament dynamics stabilizing microfilaments upon dissociation from large to small 

aggregates when phosphorylated by p38 MAPK-activated MAPKAP-2/3 (Huot 1996). 

D. Hsp27 and the Actin Cytoskeleton 

Hsp27 (Hsp25 in mice and Hsp27 in humans) was first discovered as an inhibitor 

of actin polymerization and since been demonstrated to play a major role in actin filament 
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dynamics in diverse cell types (Miron 1991).  Hsp27 seems to participate in the actin 

polymerization/depolymerization process and may modulate both the assembly of 

intermediate filament proteins, and inhibit aggregation of tubulin (Beck 2000).  The 

mechanism of action of Hsp27 at the level of actin remains unknown yet evidence 

suggests that such modulation of microfilament stability by Hsp27 is phosphorylation 

dependent (Head 2000; Dalle-Donne 2001; Mounier 2002; Parcellier 2003).  p38 MAPK 

phosphorylation of Hsp27 has previously shown to mediate H2O2-dependent 

reorganization of the actin cytoskeleton (Guay 1997; Huot 1997).  In human endothelial 

cells, inhibition of p38 MAPK activation abolishes Hsp27 phosphorylation and 

concomitant actin polymerization (Rousseau 1997).  Over-expression of Hsp27 in 

Chinese hamster cells increase the F-actin content and protection against heat shock 

(Lavoie 1993; Lavoie 1993; Lavoie 1995).  Inhibition of Hsp27 phosphorylation using a 

mutant form of Hsp27 results in resistance to H2O2-induced actin fragmentation and cell 

death (Huot 1996) and antisense inhibition of Hsp27 expression results in actin 

cytoskeletal disorganization (Mairesse 1996).   

Available evidence places the p38 MAPK as an upstream activator of stress-

inducible Hsp27 phosphorylation which underlies the effect of p38 MAPK on the 

reorganization of filamentous actin and accumulation of stress fibers (Huot 1997).  It has 

been documented that this putative stress-activated actin-associated protein, is recruited 

to sites of cell-cell adhesions during ATP depletion of renal epithelial cells (Shelden 

2002).  The connection between Hsp27 and the remodeling of actin filaments is also 

supported here where over-expression of Hsp27 has been shown to increase stability of 
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actin arrays in cells subject to a variety of injuries (Shelden 2002).    Moreover, 

artificially increasing the expression of Hsp27 in cells by gene transfection resulted in 

increased resistance of actin stress fibers to disaggregation by hyperthermia and 

cytochalasin D (CD) (Lavoie 1993).   

Actin polymerization/depolymerization is regulated by a number of mechanisms 

that involve proteins who affect the concentration of free actin monomers, the number of 

nucleation sites, the GDP-GTP exchange on G-actin , and the affinity of G-actin for 

barbed ends (Guay 1997).  CD interacts with both F-actin and G-actin and reduces 

polymerization activities.  Hsp27 as an unphosphorylated protein behaves as an F-

capping protein and inhibits polymerization (Miron 1991), Therefore, cells expressing 

high levels of Hsp27 may function to maintain equilibrium between polymerization and 

depolymerization.  Phosphorylation of Hsp27 following activation of p38 may modify the 

equilibrium in favor of polymerized actin contributing to the maintenance of the actin 

cytoskeleton.   

E. PGE2 and Hsp27  

In osteoblasts, PGs, including PGE2, induces Hsp27 expression via PKC 

dependent activation of distinct downstream MAPK pathways (Kozawa 1999; Kozawa 

2001; Tokuda 2002; Tokuda 2004).  Likewise, DDM-PGE2 activates the TP receptor and 

downstream PKC.  Therefore, studies described here in Chapter 3 attempt to identify the 

contribution of DDM-PGE2 selective induction of Hsp27 in the role of cytoprotection in 

LLC-PK1 cells at the level of the actin cytoskeleton.  In addition, Chapter 4 will seek to 
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investigate the affects of site specific phosphorylation with both DDM-PGE2 and TGHQ 

in the protective effects against chemical induced toxicity.     

VII. RETINOIDS 

A. Retinoid Biosynthesis 

Retinoids are derivatives of retinol (vitamin A) that exert a wide variety of 

profound effects on vertebrate development, cellular differentiation, and homeostasis 

(Leid 1992).  Based on extensive research in the field of vitamin A deficiency, it has long 

been established that vitamin A (retinol) is an essential component of our diet and must 

be acquired from the diet as either preformed vitamin A (primarily retinyl esters and 

retinol from animal sources) or provitamin A carotenoids (such as β-carotene from 

plants), which are subsequently converted in the body to the biologically active retinoids, 

retinal and all-trans retinoic acid (AtRA) (Chung 2004).   

Provitamin A carotenoids are cleaved to retinal which can then be reduced to 

retinol within the small intestine.  Newly synthesized serum retinol binding protein 

(RBP) binds retinol and this RBP-retinol complex is then secreted into circulation where 

it is transported to the target tissues to meet tissue vitamin A needs (Chung 2004).  

Within the cells, cellular retinol binding protein types I & II (CRBP-I/II), cytosolic 

proteins that bind retinol but not retinoic acid, function to concentrate and store retinol 

for later oxidation to retinoic acid derivatives.   Stored retinol can then be converted to 

the active metabolites of vitamin A, retinals and retinoic acids illustrated in Figure 1.6.  

The conversion of retinol to retinal is reversible where as the conversion of retinal to 

AtRA is irreversible (Blaner 1989).   
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Briefly, CRPB-II subsequently esterifies stored or circulating retinol to retinyl 

esters through the action of lecithin: retinol acyltransferase (LRAT).  These retinyl esters 

are then packaged along with other dietary lipids into chylomicrons and secreted into the 

lymphatic system.  Following internalization of the retinyl esters in the liver by the 

hepatocytes, retinol binds to cellular retinol binding protein, type I (CRBP-I) (Chung 

2004).   

Vitamin A metabolites or analogues, such as AtRA, are necessary for normal 

growth, vision, maintenance of numerous tissues, reproduction, and overall survival 

(Chambon 1993).  Two major principle RA metabolites contribute to the biological 

activity of RA, AtRA and 9-cis RA.  AtRA is the carboxylic acid form of vitamin and its 

major metabolite (Alique 2006) that is metabolized intracellular via a series of oxidative 

and isomerization reactions that can activate nuclear retinoic acid receptors. These 

metabolites vary by their ability to bind and contribute to the biological functions by 

associating with different receptors.  In addition to the main metabolites, the metabolite 

3,4-dihydroxy retinoic acid (DHR) plays an important role in retinoid signaling during 

vertebrate development as its concentration is six fold greater than that of AtRA in the 

developing chick limb buds (Leid 1992).  Illustration of these retinol metabolites are 

shown in Figure 1.6.    

B. Retinol Binding Protein and Receptor Signaling 

Retinoids are insoluble and must therefore be bound to proteins in an aqueous 

environment (Chung 2004) that have been identified both intracellular and extracellular.  

Intracellular binding proteins include CRBP-I and CRBP-II as well as cellular retinoic 
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acid-binding proteins (CRABP-I) and CRABP-II.  Extracellular binding proteins 

encompass RBP, transthyretin (TTR) and interphotoreceptor retinoid binding protein 

(IRBP) which is an important protein involved with vision.   

RBP, the 21 kDa plasma retinol binding protein, is a prototypical lipocalin 

(Newcomer 2000) first described in 1968 (Kanai 1968).  This protein functions as a 

specific transport protein for retinol in circulation and its main function is to deliver 

retinol to tissues.  RBP is mainly synthesized in the liver, however, the kidney has also 

been shown to be a significant site of synthesis of the binding protein (Soprano 1994).  

RBP is found almost always bound to TTR, the 51 kDa tetramer abundant serum protein 

composed of four 14-kDa monomers and is found in 1:1 association with RBP.  This 

association prevents the glomerular filtration of retinol (Newcomer 2000).  Upon arrival 

of this complex to the cell membrane, retinol is then transferred to CRBP inside the cell 

where it can then be metabolized to the functional retinoic acid metabolites of retinol.   

Biologically active retinoids, such as AtRA and 9-cis RA, exert their biological 

effects generally by binding to and activating retinoid nuclear receptors.  These act as 

ligand-regulated transcription factors by binding as heterodimers to retinoic acid response 

elements located in the regulatory regions of target genes (Balmer 2002).  The retinoic 

acid receptors (RARs), belong to the superfamily of ligand-inducible transcriptional 

regulatory factors that include steroid hormone, thyroid hormone, and vitamin D3 

receptors (Chambon 1993).    Retinoic acid (RA) signal is transduced through two 

families of receptors, retinoic acid receptors (RARs) and/or retinoid X receptors (RXRs).  
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Each family has three isotypes, α, β and γ.  The RARs are activated by both 9-cis RA and 

AtRA, whereas the RXRs are activated exclusively by 9-cis RA (Chambon 1993).   

Retinoids have also been shown to affect the activities of various protein kinases, 

including protein kinase C (PKC) (Aggarwal 2006), protein kinase A (PKA), and 

mitogen-activated protein kinases (MAPKs) extracellular signal-regulated kinase 1/2  

(ERK1/2) (Hong 2001), p38 and jun N-terminal kinase (JNK).  Therefore, the increased 

expression of RBP following DDM-PGE2 pretreatment suggests that the retinoid 

signaling pathway is likely involved in its cytoprotection.   

C. Clinical Use of Retinoids 

There is a widespread use of retinoids with clinical implications ranging from 

treatment of acne to experimental treatments in cancer.  In fact, retinoids have perhaps 

been the most actively studied family of natural agents in the field of cancer (Schrader 

2004).  They exhibit numerous sites and mechanisms of action and research has shown 

positive therapeutic effects in inhibition of sebum production, anti-keratinization, cellular 

differentiation, anti-inflammatory effects, immunomodulation, suppression of ornithine 

decarboxylase, alteration of the organization and stabilization of the cellular membrane, 

and posttranslational glycosylation.  There are currently three generations of retinoid 

therapeutics.  The first generation is composed mainly of natural metabolites of vitamin 

A that were created through chemical manipulation of the polar end group and polyene 

side chain (1).  Included in these compounds is isotretinoin (13-cis retinoic acid or 

Accutane) that was first synthesized in the 1950s and later approved as the first vitamin A 

derivative for use in cystic acne.  This compound has the ability to inhibit sebum 
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production by sebaceous glands.  By replacing the cyclic end group of the vitamin A 

molecule, second generation Etritinate was synthesized and utilized in the treatment of 

psoriasis.  Finally, the third generation retinoids are beneficial in their ability to require 

lower doses with fewer side-effects than both the first and second generation retinoids.   

Retinoic acids are natural metabolites of circulating vitamin A and are essential 

for maintaining the normal pathway of epithelial tissues differentiation (Ahuja 2003).  

Investigation into the beneficial effects of vitamin A derivatives continues to expand, and 

is clinically used in experimental trials for the use of various cancer treatments.  Natural 

and synthetic retinoids are also effective in preventing a variety of cancers in animals and 

in reversing pre-neoplastic lesions in humans.  A large-scale study of the cancer 

chemopreventive role of retinoic acids in humans has shown that retinoids exhibit a high 

degree of specificity in cancer chemoprevention.  The major retinoids responsible for the 

transcriptional regulation of many processes in the development and differentiation are 

AtRA and 9-cis RA that affect the important biological processes due to their interaction 

and activation of the nuclear receptors (Ahuja 2003).  In addition, retinoids have 

successfully been used in the treatment of hematological malignancies such as acute 

promyelocytic leukemia (APL) and myelodysplasia (Warrell 1991).  Retinoids are also 

effective in the treatment of patients with laryngeal papillomatosis as well as oral 

leukoplakia, and prevented the development of second primary malignancies in patients 

with head and neck cancer in a significant proportion of patients (Hong 1990).  However, 

the role of retinoids for therapeutic uses in advanced disease remains unclear and the 

contradictory results of early clinical studies merit further investigation (Schrader 2004).   
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Figure 1. 6.  Structure of retinol metabolites. 
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Finally, specific retinoids have proven to be effective in the treatment of 

squamous cell carcinoma (Lippman 1992), AIDS related Kaposi’s sarcoma (Walmsley 

1999), and cutaneous T cell lymphoma (Duvic 2001).  Use of the traditional retinoids 

such as AtRA, 9-cis RA and 13-cis RA have demonstrated significant toxicity profiles 

that limit their uses due to the impaired quality of life of the patients and precludes long 

term treatment.  However, newer retinoid derived products are being developed with 

better toxicity profiles.  Common side effects include dry skin, mucosal dryness, 

dermatitis, prorates, diminished dark adaptation, lacrimation and conjunctivitis (Schrader 

2004).  Other toxic manifestations occur less frequently and include neurological and 

gastrointestinal symptoms such as dyspepsia, nausea, abdominal pain, and diarrhea 

(Schrader 2004).   

D. Retinoids and PGs 

Studies using DDM-PGE2, retinol, and its precursor β-carotene have additionally 

shown cytoprotective properties in the GI tract indicating similarities in the biological 

response to what we know of PGE2 and retinol (Bero 1984; Patty 1984; Toth 1984; Suto 

1989; Vincze 1989; Vincze 1990; Mozsik 2001; Mozsik 2001).  However, very little is 

currently known about the interactions between these two important signaling pathways 

and studies described in Chapter 5 seeks to identify the importance of the selective 

induction of RBP protein and a functional mechanism that may be contributing to the 

cytoprotective effects of DDM-PGE2. 
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VIII. CELL SIGNALING 

A. MAPK Overview 

The human genetic code provides the necessary information to sustain a normal 

life and functionality of this code requires RNA translation and subsequent expression of 

proteins.  Protein function encompasses a dynamic network of fine-tuned signaling 

pathways, predominantly altered by phosphorylation and dephosphorylation of the 

proteins whose balance is controlled by protein kinases and phosphatases.  Kinases are 

generally categorized according to their substrate specificity: tyrosine kinase, 

serine/threonine kinase, and serine/tyrosine kinase.  The mitogen activated protein 

kinases (MAPK) are a family of evolutionary conserved serine/threonine kinases that 

require phosphorylation of a tyrosine and threonine motif (TxY) localized in the 

activation loop and is phosphorylated by a cascade of upstream kinases (Cobb 1999).   

MAPKs respond to various extracellular stimuli transducing signals from the cell 

surface via a cascade of phosphorylation events illustrated in Figure 1.7.  The cascade of 

MAPK module includes MAPK kinase kinase (MKKK), MAPK kinase (MKK or MEK), 

and MAPK.  MAPKKKs activate MAPKKs, and MAPKKs subsequently activate 

MAPKs.  MAPK signaling is involved in many vital functions such as the modulation of 

gene transcription, protein synthesis, cell cycle control, cell death, survival, and 

differentiation.  The function and regulation of MAPKs has become highly investigated 

and is an important target in the design of new drugs (Johnson 2002).   

Multiple MAPK signaling pathways are activated by distinct stimuli and the cross 

talk between parallel signaling cascades adds even more complexity to the network.  The 
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MAPK family consists of at least four major subfamilies classified as extracellular signal-

regulated kinases (ERKs), ERK5/big MAP kinase 1 (BMK1), c-jun NH2-terminal 

kinase/stress activated protein kinases (JNK/SAPK), and p38 MAPK; each subfamily 

also containing different isoforms such as α, β1, β2, and γ.  The ERKs are the prototypic 

MAPKs and are activated by a variety of mitogenic stimuli as well as involvement in the 

uncontrolled cell proliferation seen in tumors.  The JNK/SAPKs are activated by 

environmental stress and mitogens and are considered critical regulators of transcription 

and inhibition of JNKs are considered a potential candidate in the drug design for 

rheumatoid arthritis treatment.  The p38 MAPK is activated by inflammatory 

environmental stress and cytokines while inhibition of p38 MAPK is under evaluation for 

use as anti-inflammatory agent.  p38 MAPK is also involved in PG mediated 

cytoprotection described herein.   

B. p38 MAPK 

The p38 MAPK family includes four different isoforms including p38α, p38β, 

p38γ, and p38δ with differential tissue expression.  They are activated by various 

environmental stresses, including heat, osmotic and oxidative stresses, ionizing radiation, 

ischemia-induced vasoactive stresses, and inflammatory factors (New 1998).  This 

MAPK family is involved in apoptosis, cell motility, transcription and chromatin 

remodeling (Ono 2000).  There is preferential activation of the subfamilies of p38 MAPK 

determined by their upstream kinases and the variability within these upstream kinases 

indicate the possibility of different downstream signaling.  The major isoforms, p38 α and 

β, are responsible for activation of the MAPK activated protein kinase-2/3 (MAPKAPK-
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2/3, or MK-2/3). In addition, inhibitors of p38 MAPK belong to the category of pyridinyl 

imidazole derivatives, which bind and inhibit p38 MAPK α and β (Lee 1999), and use of 

these inhibitors, such as SB203580, have helped delineate the wide variety of cellular 

functions of this pathway.  Following stress-stimulation, activated p38 and MK2 form a 

complex in the nucleus of the cell, and p38 and MK2 are exported to the cytoplasm.  

Cytoplasmic substrates of MK2 include Hsp27 whose physiological functions are 

described here in both Chapter 3 and 4 of this dissertation.   
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Figure 1. 7.  MAPK signaling pathways. 
 
Adapted from Cell Signaling. 
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IX. DISSERTATION AIMS 

Prostanoids are endogenous signaling molecules ubiquitously expressed 

throughout the body.  The various functions of these PGs depend on the location of tissue 

expression and their protection is one of the important functions of the prostanoid E 

series.  Numerous studies have been conducted examining the protective effects related to 

PGE2 especially in the GI tract and liver.  In the kidney, PGs play an essential role in the 

maintenance of renal blood flow and metabolism of water and electrolytes, however, the 

beneficial effects of PGs have yet to be fully elucidated.   

Kidneys main function is to maintain the body’s physiological concentrations, 

including extretion of concentrated chemicals and their metabolites.  The kidney’s are 

also capable of bioactivating these chemicals making them vulnerable to chemical 

induced injury.  GSH conjugation to hydroquinone accounts for the renal selectivity of 

polyphenolic GSH conjugates due to the high affinity of enzymes that further metabolize 

GSH-conjugates of quinines and which facilitate the uptake of the metabolites into target 

cells.  These quinol-thioethers are capable of redox cycling making them extremely toxic 

to cells and likely the reason for their reactive biological properties.  TGHQ is 

metabolized by γ-GT and dipeptidase to generate a cysteine conjugate of hydroquinone, 

which can be transported into cells by the L-amino acid transporter.  TGHQ generates 

ROS both exogenously and endogenously, providing a useful tool in the study of the 

mechanisms of chemical induced cytotoxicity.   

The studies described in this dissertation are designed to shed insight into the PG-

mediated cytoprotective mechanisms in the kidney against TGHQ induced toxicity using 
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both in vitro and in vivo methods.  Preliminary data show that maximum cytoprotection 

of DDM-PGE2 requires a 24 hr pretreatment indicating the importance of gene regulation 

in the cytoprotective response.   

DDM-PGE2 induces protein synthesis of specific proteins.  Therefore, it is likely 

that regulation of protein expression is important in the cytoprotection.  In order to 

identify DDM-PGE2 selectively induced proteins and their potential role in the 

cytoprotective response, the pattern of protein induction following DDM-PGE2 

pretreatment was analyzed using 35S metabolic labeling and 1D and 2-D gel 

electrophoretic separation coupled to mass spectrometric protein sequencing.  This 

analysis identified several proteins that were selectively induced including, actin, heat 

shock protein 27 (Hsp27), and retinol binding protein (RBP) (Towndrow 2003) (Jia 

2004).   

Hsp27 is a known modulator of the actin cytoskeleton network via a signaling 

pathway that involves p38 MAPK and pMAPKAPK-2.  Since these proteins are 

associated with the cytoskeleton and/or protein synthetic processes, we hypothesized that 

DDM-PGE2 mediated cytoprotection likely involves changes in cytoskeletal organization 

with regard to protein synthesis that combine to protect cells from stress by either 

preventing injury, or facilitating the repair of cellular injury. In addition, DDM-PGE2-

mediated selective induction of RBP implicates retinoid signaling may be engaged during 

DDM-PGE2-mediated cytoprotection. The studies described in this dissertation seek to 

further examine the mechanism by which these specific proteins contribute to DDM-
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PGE2 mediated cytoprotection against chemical induced injury.  Figure 1.8 illustrates the 

basis for each specific aim in this dissertation.  

Chapter 3 investigates the contribution of an enhanced induction and 

phosphorylation of Hsp27 following pretreatment with DDM-PGE2 to the maintenance 

and protection of actin cytoskeletal integrity in response to chemical induced ROS 

generation.  Results demonstrate a positive relationship between Hsp27 phosphorylation 

and DDM-PGE2 mediated cytoprotection.  Chapter 4 further analyzes the patterns of 

Hsp27 phosphorylation as they relate to DDM-PGE2 protection and identify a site 

specific phosphorylation important in the regulation of cell survival.   

Chapter 5 includes studies related to the selective induction of RBP and the 

importance of this carrier protein in cytoprotection.  We hypothesized that the retinoid 

signaling pathway is recruited following DDM-PGE2 pretreatment and provides a 

fundamental knowledge as to the extent to which TP receptor and retinoid receptor 

signaling pathways are coupled.  Because AtRA pretreatment also recapitulates the 

cytoprotective effects of DDM-PGE2 in vitro, Chapter 6 describes preliminary 

investigations into the ability of AtRA to also protect against chemical induced toxicity in 

vivo by mechanisms identified in the in vitro model.  Finally, Chapter 7 begins to explore 

the mechanism by which DDM-PGE2 is protective against both chemical and non-

chemical induced toxicity through an enhanced antioxidant defense system.  It is 

hypothesized that DDM-PGE2 pretreatment increases the cells antioxidant response and 

studies described sets the stage for future in vivo investigations.  Collectively, the 

significance of these studies is therefore in their potential to enhance our understanding 
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of PG and retinoid mediated cytoprotection at the molecular and cellular level and 

provide insight into potentially novel therapeutic strategies that may be effective in 

clinical interventions. 
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Figure 1. 8. Dissertation outline. 
 
Illustration of specific aims and rationale for studies described within each chapter of this 
dissertation including previous studies.  Chapter 3 explores the effects of Hsp27 
phosphorylation on DDM-PGE2 protection against the actin cytoskeleton.  Chapter 4 
describes a functional site specific phosphorylation of Hsp27 as it relates to DDM-PGE2 
cytoprotection against TGHQ toxicity.  RBP induction and the involvement of the 
retinoid signaling pathway in cytoprotection is discussed in Chapter 5, preliminary 
investigations of in vivo cytoprotection can be found in Chapter 6, and the cytoprotective 
mechanism of DDM-PGE2 as an inducer of the antioxidant defense system is described in 
Chapter 7.   
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CHAPTER 2:  MATERIAL AND METHODS 

I. MATERIALS 

A. Chemicals and Reagents 

2,3,5-tris(glutathione-S-yl)hydroquinone (TGHQ) was synthesized and purified 

according to established protocols (Lau 1988) using at least 98% purity.  DDM-PGE2, 

SB202190, SQ29,548, and U46619 were purchased from Cayman Chemical (Ann Arbor, 

MI).  All-trans retinoic acid (AtRA) and 9-cis retinoic acid were both purchased from 

Sigma Aldrich (St. Louis, MO).  HPLC-grade solvents were purchased from EM Science 

(Cincinnati, OH) and all other chemicals were purchased from Sigma (St. Louis, MO) or 

Fisher Scientific (Houston, TX), and of the highest grades available.   

B. Antibodies 

Primary antibodies and associated manufacturers are listed as follows: caspase-3, 

RBP, and GAPDH (BD transduction laboratories, San Jose, CA), heat shock protein 27 

(Hsp27; Stressgen Biotechnologies, Victoria, BC, Canada), phospho-HSP27: 

ser15,TOPOI, Nrf2, HO-1, and NQO1 (Santa Cruz Biotechnologies, Santa Cruz, CA), 

ser78 (Stressgen Biotechnologies), ser82 (Cell Signaling Technology, Beverly, MA, USA).  

With the exception of the secondary antibodies: Alexa 488 Phalloidin and Alexa 647 goat 

anti-rabbit IgG (Molecular Probes, Eugene, OR), all of the secondary antibodies were 

purchased from Santa Cruz Biotechnologies.  
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II. METHODS 

A. Synthesis and Purification of TGHQ 

TGHQ was freshly synthesized and purified according to established protocols 

(Lau 1988).  Briefly, 200 mM of GSH in 50 mL water was added drop wise to 1,4-

benzoquinone (200 mM in 50 mL water) while stirring.  The mixture was stirred at room 

temperature for additional 30 minutes, and was extracted twice with 3 volumes of ethyl 

acetate (HPLC grade) to remove residual 1,4-benzoquionone and hydroquinone formed 

by the reduction.  The organics in the aqueous phase were removed with a roto-

evaporator.  The extraction was then frozen on dry ice in acetone, and lyophilized.  The 

resulting crystals were dissolved in 1% acetic acid, and injected onto a Beckman 

Ultrasphere ODS reverse phase column.  Fractions of TGHQ were collection, pooled, 

frozen, and lyophilized.  The purity of TGHQ was examined by HPLC, and had identical 

HPLC retention times and exhibited characteristic UV absorption spectra when compared 

to previously synthesized authentic standards.   

B. Cell Culture and Treatment Conditions 

Renal proximal tubule epithelial cells (LLC-PK1) were obtained from American 

Type Culture Collection (Rockville, MD) and derived from the New Hampshire Mini-

Pig.  Cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) with 4.5 

g/l glucose (GIBCO-BRL, Grand Island, NY) and supplemented with 10% fetal bovine 

serum (FBS; Atlanta Biological, Atlanta, GA) in a 37°C/5% CO2 humidified incubator.  

Media was changed every two days and cells were sub-cultured every 4-6 days at 90% 

confluence.  All assays were conducted with cells plated in 24-well, 12-well, 6-well, or in 
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100 mm dishes, as needed, and grown to 3-5 days post confluence before treatments in 

triplicate at least three times (N=9).  Cells were then washed and treated in various agents 

in DMEM containing 25 mM HEPES.  Following treatment, cells were subsequently 

washed three times with DMEM containing 25 mM HEPES and subjected to various 

analyses.   

TGHQ was dissolved in distilled and deionized water for various time points 

using a dose that caused 50%- 60% cell death in cell culture.  Stock DDM-PGE2 was 

dissolved in 100% ethanol (ETOH), Cytochalsin D (CD) dissolved in DMSO, and TNFα 

dissolved in 1% BSA in PBS.  All other toxicants were dissolved in distilled and 

deionized water.   

C. Experimental Procedures 

1. Neutral Red Cell Viability Assay 

Cell viability following treatment with various toxicants was measured using the 

neutral red lysosomal uptake assay as previously described (Mertens 1995).  Briefly, cells 

were grown in 24-well plates and allowed to grow to post confluence (3-5 days) prior to 

treatments.  At the end of each experiment, cells were washed and then incubated with 

0.25 mg/mL neutral red solution for 1 h at 37°C/5% CO2.  The neutral red solution was 

then removed, cells washed, and cells fixed in 1% formaldehyde/1% CaCl2 solution.  This 

was followed by extraction using 1% glacial acetic acid/50% ethanol solution for 15 min 

at room temperature in the dark to remove excess neutral red dye.  The amount of neutral 

red dye accumulation in lysosomes was assessed by determining the absorbance at λ=540 

nm. 
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2. Western Blot Analysis 

Following various treatment conditions, cells were washed in ice cold PBS and 

lysed with 1X cell lysis buffer (Cell Signaling Technology, Inc., Beverly, MA) 

containing 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% 

Triton, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na3VO4, 1 

µg/mL leupeptin, and 1 mM PMSF.  Cell lysates were clarified by centrifugation at 

10000 x g for 10 min, and supernatants containing total protein were collected and stored 

at -80°C.    Protein concentrations were measured using the Bio-Rad DC protein assay kit 

(Bio-Rad Laboratories, Hercules, CA, USA).  Aliquots of 10-30 µg protein lysates were 

separated on 7-12% denaturing polyacrylamide gels (SDS-PAGE) and transferred to a 

PVDF membrane by electroblotting.  The membranes were blocked in 5% non-fat dry 

milk in tris-buffered saline (TBS) with 0.1% Tween-20 (TBST) for 1 hour and then 

incubated with primary antibodies overnight at 4°C or for 1 hour at room temperature in 

blocking solution.  Secondary antibodies, goat anti-rabbit or goat anti-mouse IgGs 

conjugated to HRP were diluted to 1:2000 in blocking solution (5% non-fat dry milk in 

TBS containing 0.1% Tween-20), and incubated with the membranes for 1 hour at room 

temperature.  Blots were finally developed with the ECL (enhanced chemiluminescence), 

and exposed to Hyper film (Amersham Pharmacia Bitech, UK).   

3. Two-Dimensional Polyacrylamide Gel Electrophoresis (2-D PAGE) 

TGHQ treated and control cells were lysed and subjected to two-dimensional (2-

D) PAGE according to established protocols (Liu 2003).  Briefly, samples were lysed in a 

modified RIPA buffer  (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% 
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sodium deoxycholate, 0.5% Triton X-100, 10 mM EDTA).  Equal amounts of protein 

were loaded on an 11-cm focusing tray.  2-D SDS-PAGE was performed using a 

PROTEAN IEF cell (Bio-Rad, Hercules, CA).  Pre-cast IPG strips were actively 

rehydrated with protein sample for 16 hrs at 50 V in the PROTEAN IEF Cell.  Isoelectric 

focusing was carried out automatically using IPG strips (11 cm, pH 5-8) under the 

following conditions: 250 V for 15 min, 250 V to 5,000 V for 2.5 hrs, and final focusing 

at 8,000 to 55,000 V for 1 hour.  Strips were equilibrated using buffer (150 mM Tris-HCl, 

6 M urea, 30% glycerol, 2% SDS with 2.5% DTT followed by 2% iodacetamide).  SDS-

PAGE was carried out using a precast Criterion 12% gel (Bio-Rad) in a Criterion Cell, at 

20 V for 10 min, and then at 200 V for 45-55 min.  The gels were stained with SYPRO 

Ruby and 2-D images were captured using Investigator Pro Pic (Genomics Solutions, 

Ann Arbor, MI) and analyzed using Phoretix 2-D expression (NonLinear Dynamics).  

The differentially expressed protein spots were excised and subject to in-gel tryptic 

digestion based on modification of standard protocols (Rosenfeld 1992).   

4. In-Gel Protein Tryptic Digestion  

Gels were stained with coomasie and destained in distilled and deionized water.  

Proteins of interest were identified by autoradiography and matched with proteins stained 

with Coomasie on duplicate gels.  In-gel tryptic digestion was based on a modification of 

previously described method (Shevchenko 1996).  Protein bands were cut from gels and 

stored at -80°C in a 5% acetic acid solution.  Prior to digestion, protein bands were 

further cut into 1 mm pieces and destained.  After destaining, gel slices were dehydrated 

with acetonitirile (ACN) and residual ACN was evaporated using a SpeedVac.  Gel slices 
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were then reduced with 10 mM dithiothreitol (DTT; in 100 mM NH4HCO3) at room 

temperature for 1 hour.  Residual DTT was removed and gel slices were alkylated with 

50 mM iodoacetamide (in 10 mM NH4HCO3) for 1 hour.  After removing residual 

iodoacetamide, gel slices were subject to washing and dehydration (100 mM NH4HCO3, 

10 min.; twice ACN, 5 min.; 100 mM NH4HCO3, 10 min.; twice ACN, 5 min.).  Gels 

were dried for 2-3 min in a SpeedVac and rehydrated on ice with 20 ng/µL Promega 

Sequencing Grade Modified Trypsin (Promega, Madison, WI; in 50 mM NH4HCO3) for 

10-15 min.  Excess trypsin was removed, 20 µL 50 mM NH4HCO3 added, and gel slices 

digested overnight at 37°C.  After in-gel digestion, peptides were extracted twice in 75 

µL 5% formic acid / 50% ACN, evaporated to a volume < 25 µL, and subjected to LC-

MS/MS analysis. 

5. MALDI-TOF Analysis 

Selected spots were cut out of the gel and subjected to in-gel digestion, and 

analyzed on a Voyager DePRO MALDI-TOF MS system (Applied Biosystems, Foster 

City, CA).  The samples were mixed with matrix at 1:1 ratio on a 100-well steel MALDI 

target for analysis, with 1 mL of total volume.  The α-cyano-4-hydroxy cinnamic acid 

matrix was prepared at 2 mg/mL in 50% ACN/0.3% trifluoroacetic acid solvent.  

Samples were analyzed in the positive ion mode with delayed extraction.  The co-

crystallized target spot was ionized with a UV nitrogen laser (337 nm) at 20 Hz, 

accelerated at 20 kV and analyzed in the reflector mode.  Each sample mass spectrum is 

the average of 200 laser shots.  Instrumental parameters used were as follows: in size – 

0.5 nsec, delay time – 100 nsecs, mass range – 800-3200 Da, low mass gate 750 Da, grid 
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– 78.4% of accelerating voltage, guide wire – 0.005% of accelerating voltage.  

Automated database search was performed on the Proteomic Solution 1 data station 

(Applied Biosystems, Foster City, CA).  Peptide mass lists were filtered to remove 

trypsin autolysis peaks.  The mass list for each sample was entered in the search program 

MS-Fit 3.3.1, in the Protein Prospector suite.  The Swiss-PROT database was searched 

using a 15 ppm peptide mass tolerance for tryptic digest and a maximum of 3 missed 

cleavages and carbamidomethylation of the cysteines.   

6. Tandem mass spectrometry coupled to liquid chromatography 

Excised coomassie-stained protein following 2-D SDS-PAGE were digested in 

trypsin (10 µg/mL) at 37oC overnight.  LC-MS/MS analyses of in-gel trypsin digested 

(Shevchenko 1996) protein were carried out using a linear quadrupole ion trap 

ThermoFinnigan LTQ mass spectrometer (San Jose, CA) equipped with a Michrom 

Paradigm MS4 HPLC, a SpectraSystems AS3000 autosampler, and a nanoelectrospray 

source. Peptides were eluted from a 15 cm pulled tip capillary column (100 um I.D. x 360 

um O.D; 3-5 um tip opening) packed with 7 cm Vydac C18 (Hesperia, CA) material (5 µ, 

300Å pore size), using a gradient of 0-65% solvent B (98% methanol/ 2% water/ 0.5% 

formic acid/ 0.01% triflouroacetic acid) over a 60-min period at a flow rate of 350 

nL/min. The LTQ electrospray positive mode spray voltage was set at 1.6 kV, and the 

capillary temperature at 180°C. Dependent data scanning was performed by the Xcalibur 

v 1.4 software (Andon 2002) with a default charge of 2, an isolation width of 1.5 amu, an 

activation amplitude of 35%, activation time of 30 msec, and a minimal signal of 100 ion 

counts. Global dependent data settings were as follows, reject mass width of 1.5 amu, 
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dynamic exclusion enabled, exclusion mass width of 1.5 amu, repeat count of 1, repeat 

duration of 1 min, and exclusion duration of 5 min.  Scan event series included one full 

scan with mass range 350 – 2000 Da, followed by 3 dependent MS/MS scan of the most 

intense ion.  Tandem MS spectra of peptides were analyzed with TurboSEQUEST v 

3.1, a program that allows the correlation of experimental tandem MS data with 

theoretical spectra generated from known protein sequences. Peak lists (dta files) for the 

search were generated by Bioworks 3.1. Parent peptide mass error tolerance was set at 

1.5 amu and fragment ion mass tolerance was set at 0.5 amu during the search. The 

criteria that were used for a preliminary positive peptide identification are the same as 

previously described, namely peptide precursor ions with a +1 charge having a Xcorr 

>1.8, +2  Xcorr > 2.5 and +3 Xcorr > 3.5. A dCn score > 0.08 and a fragment ion ratio of 

experimental/theorical  >50% were also used as filtering criteria for reliable matched 

peptide identification (Cooper 2003; Qian 2005). All matched peptides were confirmed 

by visual examination of the spectra. All spectra were searched against a sus scrofa 

database created from the latest version of the non-redundant protein database 

downloaded July 7, 2006, from NCBI. At the time of the search the sus scrofa protein 

database from NCBI contained 26020 entries.  

7. Induction of Hypoxia 

Chemical hypoxia was induced using a combination of glucose deprivation and 

mitochondrial electron transport inhibitor as previously described (Hagar 1996).  Briefly, 

LLC-PK1 cells were rinsed twice in DMEM without serum, glutamine, pyruvate, 

nonessential amino acids, or glucose, containing 3.7 g/L NaHCO3 and 20 mM N-2-
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hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES) at pH 7.4 prior to incubation 

in the same media with or without antimycin A (10 µM).   

8. Ischemia-Reperfusion in vivo 

Ischemic renal injury was conducted in vivo according to an established protocol 

(Lien 2006).  Briefly, mice were anesthetized with a combination of ketamine (100 

mg/kg body weight) and xylazine (5 mg/kg body weight). After a midline abdominal 

incision, both renal arteries were surgically clamped for 60 minutes using a non-traumatic 

microvascular clamp (Roboz Surgical Instruments, Gaithersburg, MD, USA).  Animals 

were kept on a warm heating pad to maintain internal body temperature. The kidneys 

turned uniformly dark within 2 min of administering the clamp, and retunred to normal 

color once the clamps were released and the recovery of blood flow.  Subsequently, the 

incision was closed and mice were allowed to recover for given periods of time for 

toxicological examination.  Acute renal failure was assessed by measurement of serum 

blood urea nitrogen (BUN) values before and after ischemia.  Pretreatment of animals 

with various compounds is described in detail in Chapter 7.   

9. Confocal Microscopy Imaging of Hsp27 and F-actin 

LLC-PK1 cells were grown on microscope cover slips to three days post-

confluence and pretreated with 2 µM DDM-PGE2 for 24 hrs followed by treatment with 

350 µM TGHQ, as described above.  After 2 hours, cells were fixed in 3.7% 

formaldehyde in PBS, dehydrated in acetone, and permeabilized with 0.1% triton X-100 

in PBS for 10 min.  Cells were blocked using 10% normal goat serum in 1% BSA/PBS.  

In order to achieve double staining for total HSP27 and F-actin, cells were incubated with 
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anti-HSP27 antibody (Stressgen, Victoria, BC, Canada) and incubated for 1 hr.  

Following wash with ice-cold PBS, cells were incubated with 1% BSA/PBS solution 

containing two reagents, secondary Alexa 488 Phalloidin (Molecular Probes, Eugene, 

OR, USA), and Alexa 647 goat anti-rabbit IgG (Molecular Probes).  Cells were then 

washed and mounted using vectashield (Vector Laboratories, Burlingame, CA) mounting 

medium with DAPI.  The slides were imaged using a 63X oil immersion plan-

apochromat objective on a LSM 510 multiphoton/confocal laser-scanning microscope 

(Carl Zeiss, Inc., Thornwood, New York).   

10.   Microscopic Evaluation of ROS Generation 

Determination of reactive oxygen species in cell culture was evaluated using 

confocal microscopy as previously described (Eblin 2006).  Briefly,   LLC-PK1 cells 

were grown three days post-confluence on Delta T dishes (Bioptech, Butler, PA) and 

pretreated with various chemicals at 37°C/5% CO2.  Following pretreatment, ROS 

indicator, CM-H2DCFDA (Molecular Probes/Invitrogen, Carlsbad, CA) was added to 

cells for 30 minutes.  Plates were attached to a Delta TC3 temperature controller 

(BiopTechs, Butler, PA) in order to maintain 37°C during experimentation and mounted 

on the microscope stage.  Cells were imaged using a Zeiss LSM 510 confocal microscope 

(Carl Zeiss Microimaging Inc., Thornwood, NY) with a 40× “dipping” lens.  Cells were 

washed with PBS and treated with various toxicants.  Images were visualized using 

differential interference contrast and the fluorescence generated from CM-H2DCFDA.  

CM-H2DCFDA was excited at 488 nm and emission was collected with a 515-nm-long 

pass filter. Images were acquired every 10 min for a total of 120 min following 
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administration of TGHQ. Post-acquisition analysis included the use of the physiology 

software available with the Zeiss confocal microscope (Carl Zeiss, Inc., Thornwood, NY) 

which demonstrates the changes in the CM-H2DCFDA fluorescence intensity over time.  

11.   Propidium Idodide Analysis 

The percentage of apoptotic cells was determined according to the manufacturer’s 

protocol using FITC kit and an EPICS XL-MCL (Coulter, Miami, FL) flow cytometer. 

12.   Transient Transfection 

LLC-PK1 cells were seeded in 24-well plates or onto coverslips in 6-well plates 

and grown for 24 hours, followed by transient transfection with either empty vector 

pcDNA3, dominant negative mutant Hsp27 (Hsp27.3A), dominant positive mutant Hsp27 

(Hsp27.3D), or pcDNA3.1.RBP depending on assay. Transfections were performed using 

Lipofectamine™ 2000 (Invitrogen) according to the manufacturer's protocol. 

13.   Retinoic Acid Determination 

Analytes were separated via HPLC, using an HP/Agilent 1050 pumping system 

(Hewlett Packard/Agilent Technologies, Germany) equipped with a SupelcosilTM LC-

ABZ analytical column 25 cm x 4.6 cm, 5 µm (SUPELCO, Bellefonte, PA). The samples 

were injected using HP 1050 autosampler (Hewlett Packard/Agilent). HP 1050 Variable 

Wavelength Detector (Hewlett Packard/Agilent) inline with HPLC was followed by the 

Finnigan MAT TSQ 7000 triple quadrupole mass spectrometer (ThermoElectron, San 

Jose, CA).  

Mobile phase A consisted of acetonitrile/methanol/water/formic acid 

(55:30:15:0.1, v/v/v/v).  Mobile phase B consisted of acetonitrile/methanol/water/formic 



77 

 

 

acid (40:30:30:0.1, v/v/v/v).  A linear gradient was generated at 1 ml/min: 0 to 5 min, 

100% A to 100% B; 5 to 19 min, 100% B; 19 to 24 min, 100% B to 100% A; 24 to 44 

min, equilibrate with 100% A.  The injection volume was 10 µl. UV detection was 

performed at 350 nm. The LC separation was developed using retinoic acid and 9-cis-

retinoic acid as standards from Sigma. Analysis of samples was accomplished using 

atmospheric pressure chemical ionization (APCI) at a vaporizer temperature – 4000C and 

corona discharge current – 4.0 µÅ. Ions were introduced into the mass spectrometer 

through a heated metal capillary maintained at 2500C. Initial screening of the samples 

was performed in positive mode in the first quadrupole based on full MS measurements 

between 100-500 m/z only (Q1 MS mode).  Following the Q1 MS scan, MS analysis in 

SIM mode was performed. The center mass for both compounds was 301.1 with a 

mass/charge width value 1.0 and 1.7 ng of retinoic acid could be detected and is above 

the detection limit.  

14.   Cellular Fractionation 

Nuclear and cytosolic fractions were separated using a commercially available kit 

according to manufacturer’s protocol (Pierce; Rockford, IL).  Briefly, cells were scraped 

for collection and centrifuged at 800g for 5 min. at 4°C.  Resulting pellet was resolved in 

cytosolic extraction reagent I (CERI) and incubated for 10 min. at 4°C.  After addition of 

CERII buffer and further incubation for 1 min at 4°C, samples were centrifuged for 5 min 

at 16,000g for 5 min at 4°C.  The resulting supernatant contained the cytosolic fraction.  

Pellet was re-suspended in nuclear extraction reagent (NER) and incubated for 60 min at 

4°C.  After centrifugation for 15 min at 16,000g at 4°C, the resulting supernatant was 
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obtained as the nuclear fraction.  Enrichment was confirmed using GAPDH (cytosolic) 

and TOPOI (nuclear).   

15.   Electrophoresis Mobility Shift Assay 

Double-stranded oligonucleotides were 5´- or 3´ end-labeled with the Klenow 

fragment of [ -32P] dATP. Labeled DNA (0.05 ng) was incubated at 20°C for 15 min 

with 10 µg of nuclear extracts in the presence of 2-5 µg of poly(dI-dC) in a final volume 

of 20 µl, containing 20 mM HEPES, 4% Ficoll, 40 mM KCl. Antibody supershift 

experiments were performed with polyclonal antibodies raised to synthetic peptides 

derived from unique sequences of the RAR  and RXR  (Santa Cruz Biotechnology, 

Santa Cruz, CA). The antibodies were added to the standard electrophoresis mobility shift 

assay (EMSA) mixture and incubated at 4°C overnight. The DNA-protein complexes 

were analyzed by electrophoresis on a 5% polyacrylamide gel in 0.25 × Tris borate-

EDTA buffer at 4°C, and the gel was dried and autoradiographed at 80°C. 

16.   Kidney Tissue Slices 

Tissues were excised from rats, and immediately placed into oxygenated Krebs  

bicarbonate slicing buffer (pH 7.4, 4°C, 95:5 O2:CO2).  Kidneys were removed 

decapsulated and placed directly into the tissue slicer using a 5-mm insert.  Tissue slices 

(250 µm thick) were generated with a Brendel/Vitron tissue slicer (Vitron, Tucson, AZ).  

From a single rat, approximately 20-30 slices could be prepared.  Slices were placed onto 

titanium mesh rollers, into scintillation vials containing 1.7 mL of Dulbecco’s Modified 

Eagle medium/F-12 (2.24 g/L sodium bicarbonate, 50 µg/mL gentamicin) and allowed to 

pre-incubate for 1 hr in 95:5 O2:CO2 at 37°C to allow sloughing of cells damaged during 
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slice preparation.  Slices were then dosed with the respective compound following the 

pre-incubation period.  Test compounds were added to the media and allowed to incubate 

for various time courses.   

17.   K+/DNA Determination of Kidney Tissue Slice Viability 

Slices were collected at the assigned time points by placing them in 1 mL of 

ddH2O.  Tissues were disrupted by sonication for 10 sec using a Kontes Micro Ultasonic 

Cell Disrupter (Vineland, NJ) at power lever 8.  Slice homogenate (400 µL) was added to 

a 10 mm x 100 mm plastic tube.  To this, 50 µL bovine serum albumin (5 mg/mL) and 20 

µL concentrated perchloric acid were added.  Tubes were briefly vortexed and 

centrifuged at 3,000 rpm in swinging bucket centrifuge (RT6000 Refrigerated Centrifuge, 

Savant Instruments Inc., Farmingdale, NY).  Standard  curves of both potassium (range: 0 

- 2 µM K+) and digested calf thymus DNA (range: 0 – 10 µg) were prepared in ddH2O 

and treated identically to samples.  Potassium concentrations were measured by analyzing 

supernatants with a Cole-Parmer model 2655-00 Digital Flame Analyzer.  Standards were 

plotted using linear regression analysis tool in Microsoft Excel.  The concentrations of 

the samples were then extrapolated from this curve.   

 To standardize the potassium values between tissue slices, the DNA pellet from 

the aforementioned spin down was precipitated using 4 mL of ice-cold ethanol with 

hydrochloric acid (3.65 mL ETOH with 0.1 mL HCl).  After 30 minutes of shaking the 

pellet to dissociate any salts, the tubes were placed in a -20°C freezer to precipitate the 

DNA which was collected by centrifugation at 3000 rpm for 15 min.  The supernatant 

was decanted and the pellets were dried overnight.   
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 One hundred microliters of 3,5-diaminobenzoic acid (DABA) dihydrochloride (3 

g/10 mL ddH2O) was added to each tube, and then heated for 30 min at 72°C to allow for 

intercalation of the DABA into the DNA strands.  After incubation, 200 µL of 1 N HCl 

was added to each tube.  Two hundred microliters of this mixture was added to one well 

of a 96 well black and the fluorescence was determined using a fluorescent plate reader 

(Molecular Devices, Sunnyvale, CA) with the excitation wavelength set at 410 nm and 

emission 500 nm.  Data is presented as nmoles of potassium per µg of DNA.   

18.   Animal Treatment and Tissue Preparation 

Male Fischer 344 rats (Harlan Sprague-Dawley, Indianapolis, IN; 2-4 months old) 

were utilized for these in vivo studies.  Detailed description of treatment regimens are 

described in Chapter 6.  Animals were housed individually in metabolism cages equipped 

for the separation of urine and feces.  Urine was collected for the duration of the 

treatment over ice and protected from light.  Following euthanization, kidneys were 

removed and dissected longitudinally.  Half of the kidney was preserved in 10% formalin 

in PBS, 0.01 M, pH 7.4.  The outer stripes of the outer medulla (OSOM) were excised 

from the remaining kidney section and immediately snap frozen in liquid nitrogen for 

western blot analysis.    

19.   In Vivo Toxicity Measurements 

Indexes of renal toxicity using multiple endpoints were measured in urine samples 

following in vivo experimentation that include total protein, glucose, alkaline phosphatase 

(ALP), γ-glutamyl transpeptidase (γ-GT), and glutathione-S-transferase (GST) according 

to established protocols (Peters 1996).  Urine excretion of alkaline phosphatase (ALP) 
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and γ-glutamyl transpeptidase (γ-GT) were used as indicators of brush border membrane 

damage. The activity of γ-GT was determined as described in Sigma Technical Bulletin 

545 using γ-glutamyl-p-nitroanilide as a substrate.  ALP was measured using Sigma 

Diagnostic Kit 245-50 with p-nitrophenol formed per minute at 25°C.  Glucose (Sigma 

Bulletin 12) was used as an index of renal function and the urinary excretion of GST as 

an indicator of the loss of membrane integrity.   

III. STATISTICAL ANALYSIS 

Values are expressed as the mean +/- SEM.  All experiments were performed in 

triplicate at least three times.  For individual comparisons, statistical analysis was 

performed using Student-Newman-Keul’s post hoc analysis and one-way ANOVA.  

General acceptance level of significance was p < 0.05.   
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CHAPTER 3:  11-DEOXY-16,16-DIMETHYL PROSTAGLANDIN E2 
ENHANCED HEAT SHOCK RESPONSE CONTRIBUTES TO 

CYTOPROTECTION OF CHEMICAL INDUCED ACTIN CYTOSKELETAL 
DISRUPTION 

 
I. INTRODUCTION AND RATIONALE 

Prostaglandins (PGs) play an important role in various mammalian cell signaling 

processes including participation in cellular homeostasis, differentiation and proliferation, 

in addition to activation of stress response signaling pathways in response to 

inflammation, apoptosis, and carcinogenesis (Schlondorff 1986).  The diverse effects of 

PGs also maintain cell and tissue specific mechanisms.  Extensive investigations into PG 

mediated cytoprotection have been conducted within the gastrointestinal tract and liver, 

however, the exact molecular mechanism underlying protection remains elusive (Robert 

1983; Peltekian 1996).  In particular, little is known about the PG mediated 

cytoprotective effects in the kidney (Paller 1992).    

PGE2, a major metabolite of arachidonic acid in mammalian kidneys, regulates 

renal metabolism and water and ion transport (Jia 2004).  Studies have shown that PGE2 

is cytoprotective in the kidney with several proposed mechanisms including changes in 

blood flow, protection of target cells against various toxic, ischemic, and infectious 

injuries, as well as increased membrane stability (Ruwart 1981).  The  cytoprotection 

associated with PGE2 in the kidney occurs at the cellular level, and is independent of its 

effects on the inflammatory response, blood flow, or factors of neural innervation (Jia 

2004).   

In addition, studies in our laboratory have shown that pretreatment of porcine 

renal proximal tubule epithelial cells, LLC-PK1 cells, with either PGE2 or 11-deoxy-16, 
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16-dimethyl prostaglandin E2 (DDM-PGE2), a stable synthetic analog of PGE2, protects 

against 2,3,5-tris(glutathione-S-yl)hydroquinone (TGHQ) mediated cytotoxicity (Weber 

1997; Weber 2000; Jia 2004).   TGHQ is a selective and potent nephrotoxicant (Lau 

1988; Lau 1988; Peters 1997) and nephrocarcinogenic metabolite of hydroquinone (Lau 

2001).  Toxicity of quinol-thioether in LLC-PK1 cells induces ROS dependent DNA 

damage, growth arrest associated with the inhibition of DNA synthesis and concomitant 

decrease in histone mRNA expression, increased expression of gadd153 and hsp70 

mRNA (Jeong 1996; Jeong 1997), and finally oncotic cell death (Tikoo 2001).  The 

ability of TGHQ to redox cycle results in rapid generation of reactive oxygen species 

(ROS), however, the mechanism of PG mediated cytoprotection against chemical induced 

toxicity has yet to be determined.     

DDM-PGE2 pretreatment selectively induces actin and several other cytoskeletal 

related proteins (Towndrow 2003).  Actin is the principle protein in the cell cortex 

localized immediately inside the plasma membrane and represents a key structural 

component of the cytoskeleton (Banan 2000).  This filamentous cytoskeletal protein is 

essential for the maintenance of cellular integrity and for normal cellular functions and is 

also one of the most sensitive and earliest targets of oxidative stress (Banan 2000).     

Heat shock protein 27 (Hsp27) belongs to the highly conserved small heat shock 

protein family and is inducible under stressful situations including oxidative stress (Polla 

1996).  Enhanced expression of Hsps has been shown to promote cell survival against a 

variety of stresses, including heat shock, cytotoxic agents, modulating the ability of cells 

to respond to oxidative stress (Landry 1989; Huot 1991; Head 2000).  Studies have 
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suggested possible mechanisms including the ability of HSP27 to regulate intracellular 

ROS and glutathione (GSH) (Mehlen 1997), mechanisms involving its molecular 

chaperone capabilities (Jakob 1993), in addition to the potential of Hsp27 to regulate 

actin filament dynamics and stabilization of microfilaments when phosphorylated by p38 

MAPK-activated MAPKAP 2/3 (Jakob 1993).  TGHQ involves activation of the p38 

MAPK pathway resulting in generation of ROS and ultimately oncotic cell death in LLC-

PK1 cells.  In addition, DDM-PGE2 pretreatment also selectively induced Hsp27 and 

therefore, it is likely that enhanced expression of Hsp27 in LLC-PK1 cells pretreated with 

DDM-PGE2 assists in the maintenance and protection of the actin cytoskeletal integrity in 

response to chemical induced ROS generation.   

The purpose of the present study was to investigate the hypothesis that DDM-

PGE2 protects against chemical induced toxicity with TGHQ by enhancing the p38 

mediated stress response.  The actin cytoskeletal effects as well as the modification, 

localization, and the association of Hsp27 with the actin cytoskeleton were compared in 

TGHQ treated LLC-PK1 cells to that of cells pretreated with DDM-PGE2.     

Results indicate that TGHQ treatment results in the induction of ROS with the 

concomitant disruption of the actin cytoskeleton and decreases in cell viability.  

Treatment with TGHQ also increased the phosphorylation of Hsp27, induced co-

localization of Hsp27 with the actin cytoskeleton, and translocated Hsp27 to the nucleus.  

Pretreatment of cells with DDM-PGE2 prevented the effects of TGHQ on the generation 

of ROS, the actin cytoskeleton, and cell viability.  Induction, phosphorylation, and 
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nuclear translocation of Hsp27 was enhanced during pretreatment and is a function that 

likely contributes to the cytoprotective effects against TGHQ on the actin cytoskeleton. 
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II. RESULTS 

A. TGHQ induces a dose-dependent disruption of actin cytoskeleton. 

Actin is both essential to the maintenance of cellular integrity and cell shape as 

well as one of the earliest targets of reactive oxygen species (ROS) (Banan 2000).  

Treatment of LLC-PK1 cells with TGHQ results in the increased generation of ROS 

(Towndrow 2000), therefore, the effects of TGHQ on disruption of the actin cytoskeleton 

were investigated.  Post-confluent LLC-PK1 cells were treated for 2 hrs with increasing 

doses of TGHQ (100 – 600 µM).  Following treatment, cells were immediately fixed and 

stained using FITC-tagged phalloidin in order to visualize the integrity of the F-actin 

cytoskeleton by confocal laser scanning microscopy.   

Untreated control cells exhibit an abundance of visible stress fibers that transverse 

the cytosolic portion of the cell (Figure 3.1).  Intact cytoskeletal network is indicated by a 

ruffling appearance and ubiquitous staining of the cytosol (Huot 1997; Banan 2000).  

Treatment with increasing doses of TGHQ induced an obvious dose-dependent disruption 

of the F-actin stress fibers indicated of diffuse cytosolic staining, redistribution and 

localization of these fibers to the plasma membrane of the cell.  These effects were 

evident at even the lowest concentration of 100 µM (Figure 3.1).   

In concert with both the morphological disruption of the F-actin stress fibers and 

reorganization, TGHQ treatment resulted in a concomitant dose-dependent decrease in 

cell viability when assessed using the neutral red lysosomal uptake assay (Figure 3.2).  

Statistical significance was first identified following treatment with 350 µM TGHQ.  

These data support actin as the primary target of ROS generation with treatment of LLC-
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PK1 cells with TGHQ directly affecting the integrity of the F-actin cytoskeleton 

corresponding to it effects on cell viability. 

B. DDM-PGE2 protects against TGHQ induced F-actin cytoskeletal disruption. 

Chemical induced toxicity, shown with TGHQ, affects the cellular dynamics 

including the structure and organization of the cytoskeleton.  DDM-PGE2 pretreatment 

protects LLC-PK1 cells against TGHQ induced toxicity.  Therefore, the effects of DDM-

PGE2 on protection against TGHQ induced actin cytoskeletal disruption were examined. 

Untreated control cells and cells pretreated for 24 hrs with 2 µM DDM-PGE2 were 

treated for 2 hours with 350 µM TGHQ.  Following treatment, cells were immediately 

fixed and stained with FITC-tagged phalloidin and examined using confocal laser 

scanning microscopy to visualize changes in the F-actin cytoskeleton (Figure 3.3).   

 Pretreatment of cells with DDM-PGE2 protected the cells against TGHQ induced 

disruption and reorganization of the F-actin cytoskeleton (Figure 3.3).  Interestingly, the 

enhanced expression of actin stress fibers localizaed around the plasma membrane that is 

seen following treatment with TGHQ was also evident following DDM-PGE2 

pretreatment.  However, this reorganization was in addition to the ubiquitous cytosolic F-

actin stress fibers maintained following DDM-PGE2 pretreament with and without TGHQ 

and be important in its protection against chemical induced F-actin cytoskeletal 

disruption.   
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Figure 3. 1.  Dose-dependent F-actin disruption as a result of TGHQ treatment.   
 
Control LLC-PK1 cells were treated with TGHQ for 2 hrs with either 100 µM, 350 µM, 
or 600 µM TGHQ.  Immediately following treatment, cells were fixed, detergent 
permeabilized, and stained for F-actin with FITC-conjugated phalloidin.  The 
microfilaments were visualized by confocal laser scanning microscopy and images 
represent twenty-three apical sections compiled for maximal projection. 
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Figure 3. 2.  Dose-dependent decrease in cell viability following TGHQ mediated 
cytotoxicity in LLC-PK1 cells.   
 
Post-confluent cells were exposed to a range of TGHQ concentrations (0 – 600 µM) for 2 
hrs.  Cell viability was determined by neutral red uptake assay.  *P<0.05 compared to the 
control with TGHQ treatment.  N = 6 per group. 
 



90 

 

 

C. DDM-PGE2 pretreatment prevents TGHQ generated ROS.  

 Actin is the target of chemical induced ROS and TGHQ induced disruption of the 

actin cytoskeleton is prevented with pretreatment of cells with DDM-PGE2.  Therefore, it 

is possible that the protective effects are a result of inhibition of ROS as opposed to a 

direct protective effect on the F-actin cytoskeleton.  In order to confirm the protective 

effects of DDM-PGE2 were directly associated with protection on F-actin cytoskeletal 

integrity, examination of ROS generation was measured by fluorescence of DCFDH 

using live cell imaging.  Untreated control cells and cells pretreated with 2 µM DDM-

PGE2 for 24 hrs were incubated for 30 min with DCFDH.  Using confocal laser scanning 

microscopy, the generation of ROS was examined every 20 min for a total of 2 hrs 

following treatment of with TGHQ (350 µM).  In addition, cells were co-treated with 

both DDM-PGE2 and TGHQ and compared to those cells pretreated for 24 hrs.     

Results show an increased generation of ROS in response to TGHQ indicated by a 

significant induction in fluorescence (Figure 3.4).  This increase in fluorescence was 

evident approximately 20 min post-TGHQ exposure and was maintained throughout the 

two hr treatment.  Cells pretreated for 24 hrs with DDM-PGE2 (DDM(24) + TGHQ) 

completely prevented TGHQ induced ROS generation. However, co-treatment of cells 

with both DDM-PGE2 and TGHQ (DDM(0) + TGHQ) had no effect on prevention of 

TGHQ mediated ROS generation and correlates with the necessity of a 24 hr 

pretreatment for maximal protection of DDM-PGE2 against TGHQ induced toxicity.  In 

addition, quantification of these data correlate with the increase in fluorescence that was  
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Figure 3. 3.  DDM-PGE2 pretreatment protects the actin cytoskeleton.   
 
Untreated control LLC-PK1 cells were pretreated with 2 µM DDM-PGE2 for 24 hrs and 
compared to cells treated with 350 µM TGHQ and to those treated in combination.  Cells 
were immediately fixed, detergent permeabilized, and stained with phalloidin for 
visualization of F-actin cytoskeleton.  Images were visualized using confocal laser 
scanning microscopy and represent twenty-three apical sections combined for maximum 
projection.    
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seen using confocal microscopy and further support the ability of DDM-PGE2 

pretreatment to diminish TGHQ generated ROS (Figure 3.5).   

Taken together, these data indicate the ability of DDM-PGE2 to prevent the 

TGHQ induced ROS generation and likely the associated downstream effects on the actin 

cytoskeleton.  In addition, the necessity of a 24 hr pretreatment with DDM-PGE2 where 

pretreatment, but not co-treatment, prevents TGHQ induced ROS generation supports an 

important role for protein induction and regulation the mechanism of DDM-PGE2 

mediated cytoprotection.   

D. TGHQ treatment results in nuclear translocation of Hsp27 and co-localization 

with the actin cytoskeleton.  

Prevention of TGHQ induced ROS requires a 24 hr pretreatment with DDM-

PGE2 and therefore supports an important function of protein induction in its 

cytoprotective effects.  DDM-PGE2 pretreatment results in the selective induction of 

Hsp27 whose increased expression has high affinity for the F-actin cytoskeleton (Jia 

2004).  In addition, TGHQ activates the p38 MAPK pathway, a known pathway in the 

induction and phosphorylation of Hsp27, and this induction has been shown to associate 

with the actin cytoskeleton in an attempt to protect the cell from damage.  Therefore, 

confocal laser scanning microscopy was used to examine the relationship of Hsp27 and 

actin in response to treatment with TGHQ.   

Untreated control cells and cells treated for 2 hrs with TGHQ (350 µM) were 

immediately fixed and double stained with both FITC-tagged phalloidin to visualize the 

F-actin filaments and fluorescently labeled total Hsp27 antibody that recognizes both  
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Figure 3. 4.  TGHQ generated ROS is diminished following pretreatment with 
DDM-PGE2.   
 
LLC-PK1 cells were either co-treated (DDM(0) + TGHQ) or pretreated with either 
vehicle control (control) or 2 µM DDM-PGE2 for 24 hrs (DDM-PGE2) and then treated 
with 350 µM TGHQ (DDM(24) + TGHQ).  Generation of fluorescence by CM-
H2DCFDA, a marker of ROS, was monitored every 20 min for 2 hrs and control cells 
generated baseline levels of fluorescence using confocal microscopy.   
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Figure 3. 5.  Quantification of DDM-PGE2 prevention of TGHQ generated ROS.       
 
LLC-PK1 cells were either co-treated (DDM(0) + TGHQ) or pretreated with either 
vehicle control (control) or 2 µM DDM-PGE2 for 24 hrs (DDM-PGE2) and then treated 
with 350 µM TGHQ (DDM(24) + TGHQ).  Generation of fluorescence by CM-
H2DCFDA, a marker of ROS, was monitored every 20 min for 2 hrs and control cells 
generated baseline levels of fluorescence using confocal microscopy and quantified as a 
measure of relative units of fluorescence.  * Significantly different than control untreated 
cells.  ŧ Significantly different than TGHQ treated cells.  p < 0.05. 
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phosphorylated and un-phosphorylated Hsp27 protein.  Actin and Hsp27 were analyzed 

individually to examine changes in response to TGHQ in addition to association of the 

two with images overlaid (Figure 3.6).   

Treatment with TGHQ shows a clear disruption of the F-actin cytoskeleton as 

well as the induction of Hsp27 expression.  The dual-labeled overlaid images 

demonstrate a mainly cytosolic staining for Hsp27 and following treatment with TGHQ, 

the two patterns of immunofluorescence co-localize with each other in close proximity to 

the plasma membrane.  In addition, treatment of TGHQ exhibits a clear pattern of Hsp27 

nuclear translocation with intensive staining inside the nuclei (Figure 3.6).  These data 

provide evidence that chemical induced toxicity results in the co-localization of Hsp27 

with actin preferentially around the cells plasma membrane and nuclear translocation of 

the Hsp27 protein.     

E. DDM-PGE2 pretreatment enhances cytosolic and nuclear Hsp27.   

In order to confirm the cellular localization of Hsp27 in response to TGHQ, cells 

were treated for 2 hrs with 350 µM TGHQ and fractionated into nuclear and cytosolic 

fractions and analyzed by western blot using anti-Hsp27 antibodies.  It is likely that 

DDM-PGE2 mediated cytoprotective effects are a result of an enhanced reorganization of 

Hsp27 therefore, cells were also pretreated for 24 hrs with 2 µM DDM-PGE2 followed by 

TGHQ treatment and cellular fractions were compared to that of controls.   

Untreated control cells exhibited constitutive expression of Hsp27 protein in the 

cytosolic fraction that was increased in response to TGHQ (Figure 3.7).  In addition, 

expression of Hsp27 in the nuclear fraction following TGHQ treatment correlates with 
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that seen by confocal microscopy.  Interestingly, cells pretreated with DDM-PGE2 

showed enhanced expression of Hsp27 in both the cytosolic and nuclear fractions of the 

cell and increased in response to TGHQ treatment (Figure 3.7).   
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Figure 3. 6.  TGHQ induces nuclear translocation of Hsp27 and co-localization with 
the actin cytoskeleton 
 
Untreated control LLC-PK1 cells and cells treated for 2 hrs with 350 µM TGHQ were 
fixed, detergent permeabilized, and immediately double stained for F-actin with 
phalloidin and total Hsp27 using anti-Hsp27 antibody recognizing both un-
phosphorylated and phosphorylated protein.  DAPI containing mounting medium was 
used to stain nuclei and overlaid images are depicted.  Views were obtained by confocal 
laser scanning microscopy.  Images represent a single apical section from a series of z-
plane projection images.  Arrows depict areas of Hsp27 nuclear translocation in addition 
to co-localization of actin and Hsp27.     
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Figure 3. 7.  DDM-PGE2 pretreatment enhances the induction of cytosolic and 
nuclear Hsp27 protein.   
 
LLC-PK1 cells were pretreated with 2 µM DDM-PGE2 for 24 hrs (DDM-PGE2) followed 
by a 2 hr challenge with 350 µM TGHQ (TGHQ).  Total cell lysates were isolated and 
fractionated into nuclear (Nuc) and Cytosolic (Cyt) fractions.  Western blot analyses of 
cellular extracts were examine for total Hsp27 using anti-Hsp27 antibody recognizing 
both un-phosphorylated and phosphorylated protein.  Topoisomerase I (TopoI) and 
GAPDH were used as loading controls for nuclear and cytosolic fractions, respectively.  
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III. DISCUSSION 

The actin cytoskeleton is the primary target of ROS generation and chemical 

treatment causes a severe disruption of the microfilaments characterized by fragmentation 

and patching of the F-actin filaments (Polla 1996).  Quinone-thioethers, including TGHQ, 

generates increased levels of ROS (Towndrow 2000) and it is therefore not surprising 

that we revealed a dose-dependent fragmentation and reorganization of the F-actin 

cytoskeleton with a concomitant loss in cell viability following treatment of LLC-PK1 

cells with TGHQ.   

Several investigators have sought to identify the mechanism of PG mediated 

cytoprotection in various organ systems, yet little remains known about the mechanisms 

involved in the kidney (Jia 2004).  In the present work, we provide evidence that 

pretreatment of LLC-PK1 cells with DDM-PGE2 is cytoprotective against TGHQ 

induced F-actin cytoskeletal disruption enabling the preservation of the normal 

morphology and integrity of cellular architecture.   

In order to distinguish between the protective effects of DDM-PGE2 as a direct 

result of ROS inhibition versus a mechanism involving the actin cytoskeleton, confocal 

laser scan microscopy using live cell imaging was utilized.  TGHQ increased the 

generation of ROS that was sustained throughout the 2 hr treatment period and is 

completely abolished in cells pretreated for 24 hrs with DDM-PGE2.  However, co-

treatment of cells with both DDM-PGE2 and TGHQ had no effect on the inhibition of 

ROS.  These data combined with the fact that maximum protection of DDM-PGE2 
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requires 24 hr pretreatment and further supports the importance of protein regulation in 

the mechanism of DDM-PGE2 cytoprotection (Weber 1997; Weber 2000; Jia 2004).   

2D- PAGE gel and mass spectral proteomic analysis of cells pretreated with 

DDM-PGE2  determined that several proteins were selectively induced including Hsp27 

and actin (Towndrow 2003).  The heat shock response involves the induction and 

synthesis of proteins, sometimes referred to as homeostatic proteins or heat shock 

proteins, based on their ability to protect and maintain normal cellular functions in 

response to chemical or heat induced stress (Vigh 1997).  Hsp27 is capable of increasing 

the activity of endogenous scavengers of ROS, such as catalase or superoxide dismutase 

(Polla 1996) and have been implicated in protecting cells against ROS generation by 

decreasing the intracellular levels of ROS and increasing its chaperone activity thereby 

favoring degradation of oxidized proteins (Merendino 2002).    

Hsp27 has also been shown to behave in vitro as an F-actin cap-binding protein, 

and phosphorylation of Hsp27 has been proposed as a key determinant in modulating 

actin microfilament dynamics (Miron 1991; Benndorf 1994; Huot 1996).  In addition, 

Hsp27 has a high expression level in the kidney epithelia and is the downstream effector 

protein of the p38 MAPK pathway capable of interacting with the actin cytoskeleton 

(Sarto 2004).  TGHQ generated ROS also leads to a cascade of activation including 

MAPKAP kinase-2 that sequentially activates p38 MAPK and downstream 

phosphorylation of Hsp27 (Jia 2004).  The importance of the p38 MAPK in its 

deleterious or protective effects are likely related to the cellular concentrations of Hsp27 

protein in a system (Huot 1997) and therefore, it is likely that the protective effects of 
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DDM-PGE2 on the actin cytoskeleton and the inhibition of ROS is the result of an 

enhanced heat shock response.   

The plasma membrane and nucleus are early targets of quinol-thioether induced 

nephrotoxicity and loss of the brush border membrane, margination of heterochromatin, 

and endoplasmic reticulum reorganization and aggregation (Rivera 1994).  These events 

are followed by dramatic nuclear effects, including DNA fragmentation, loss of 

chromatin staining, and breakdown of the nucleus (Rivera 1994).  We show the co-

localization of Hsp27 with the actin cytoskeleton mainly around the cells plasma 

membrane as a result of TGHQ treatment and nuclear translocation of Hsp27.  DDM-

PGE2 pretreatment enhanced the expression and nuclear translocation of Hsp27 and 

increased expression may play a role in increasing the cellular recovery from nuclear 

protein aggregation.   

Hsp27 in the un-phosphorylated form exists as a large oligomer and upon 

phosphorylation, this large multimeric complex dissociates into smaller oligomers 

encompassing a tetramer complex (Rogalla 1999).  Phosphorylation likely induces a 

transition from large oligomers to smaller tetrameric rod-like particles capable of easily 

translocating to the nucleus and once inside, may form large oligomers that increase the 

chaperone function of sHsps.  Phosphorylation of Hsp27 induced by TGHQ may 

facilitate this stress-dependent nuclear translocation and assist in the chaperoning 

functions within the nucleus and therefore, it would be interesting to examine the ability 

of DDM-PGE2 pretreatment to phosphorylated Hsp27 and the extent of phosphorylated 

Hsp27 expression in the nucleus.   
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Cells treated with TGHQ increase the expression of Hsp27 yet are unable to 

associate and protect against the effects on the actin cytoskeleton.  Disruption of this 

critical cellular structure following TGHQ induced p38 activation and concomitant 

increased generation of ROS likely exceeds the critical threshold of Hsp27 protection. It 

has also been reported that prior heat shock activates p38 mediated Hsp27 induction in 

the S3 proximal tubular cells of the outer stripe of the outer medulla, which are 

particularly sensitive to oxidative damage, and protects against remote ischemia (Park 

2002).  Pre-conditioning cells with increased expression of Hsp27 results in reduced 

phosphorylation of p38 following ischemia and confers protection against oxidative stress 

(Park 2002).   

Preconditioning or enhanced expression of Hsp27 may protect the cell from 

detachment of actin filaments from membrane scaffolding proteins, disruption of actin 

filaments, and their depolymerization induced by cytochalasin D (Pivovarova 2005).  

Hyperthermic preconditioning, or prior heat stress has been shown to attenuate all of the 

heat induced cellular changes to a subsequent severe heat challenge creating a cross 

tolerance to varying types of physiological stress following pretreatment (Benjamin 

1998). Therefore, early and strong induction of Hsp27 by preconditioning of LLC-PK1 

cells with DDM-PGE2 may very well be triggering an adaptive response to TGHQ 

induced stress at the level of the actin.   

In summary, we have shown that TGHQ induces oxidative stress in LLC-PK1 

cells with a concomitant disruption of the actin cytoskeleton that is mediated by the p38 

MAPK pathway.  DDM-PGE2 pretreatment prevented both ROS generation and 
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disruption of the F-actin cytoskeleton.  Preservation of the cellular architecture following 

chemical toxicity is likely the result of a cellular increase in the expression of Hsp27 and 

its associated affinity for the actin cytoskeleton.  In addition, DDM-PGE2 enhanced the 

heat shock response with increased Hsp27 accumulation in both the cytosol and nucleus 

that was capable of manifesting an improved state of the cytoskeleton and the integrity of 

the cell monolayer in response to TGHQ treatment.  DDM-PGE2 pretreatment primes the 

cells with an enhanced Hsp27 forming a reservoir of folding intermediates that can either 

utilize the abundance of chaperones for proper refolding or be passed to the proteasome 

for degradation (Pivovarova 2005).  

Taken together, these studies provide further contribution to the growing field of 

investigations on the association of Hsp27 and the actin cytoskeleton.  There is a great 

therapeutic advantage of identifying compounds such as derivatives of PGs that are 

clinically safe and able to induce the accumulation of Hsps in patients with chronic 

disorders such as diabetes mellitus, heart disease, or kidney failure (Vigh 1997).  We 

provide evidence that stimulation of upstream regulators such as p38 from exogenous 

prostanoid exposure results in an enhanced expression and nuclear translocation of Hsp27 

and consequential modulation of the actin cytoskeleton that all contribute to the 

cytoprotective mechanisms of DDM-PGE2 against chemical induced nephrotoxicity.   
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CHAPTER 4:  SITE SPECIFIC PHOSPHORYLATION OF HEAT SHOCK 
PROTEIN 27 (HSP27) REGULATION OF ACTIN FILAMENT DYNAMICS 

 
I. INTRODUCTION AND RATIONALE 

Stress or heat shock proteins (HSPs) are highly conserved proteins whose 

expression is induced or enhanced in response to a wide variety of environmental and 

physiological stresses (McClaren 1994).   HSPs can be classified according to their 

molecular weight into four major families, the small, low molecular weight HSP (sHSP) 

family, the HSP60, HSP70, and HSP90 families.  One member of the sHSP family in 

particular, Hsp27, is an abundantly expressed HSP that is localized in many cell types 

and tissues including the kidney and its ATP-independent function protects cells from 

protein aggregation (Beck 2000; Parcellier 2003).   

Hsp27 has cytoprotective functions that enables cells to adapt to changes in their 

environment and to survive in otherwise lethal conditions (Parcellier 2003).  Induction 

and accumulation of Hsp27 has been correlated with increased tolerance to stress 

representing a biologically important cellular response to external stress.  Artificially 

increasing Hsp27 expression in mammalian cells by gene transfection is thermoprotective 

and confers a drug-resistant phenotype (Landry 1989).   

Protein modification represents an interesting property of Hsp27 whereby the 

protein is rapidly phosphorylated in response to stress and obtains the ability to form 

insoluble structures within the nucleus (Mehlen 1994).  In addition, protein 

phosphorylation can modulate enzyme activity, alter affinity for other proteins, and 

transmit signals through kinase cascades that often are branched and interactive (Zhang 

1998).  It has been suggested that post-translational modification of Hsp27 through 
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phosphorylation may be responsible for modulating its protective effects (Landry 1992).  

The amino acid sequence of Hsp27 contains approximately nineteen percent of potential 

phosphorylation sites (Hickey 1986) including three occurrences of the characteristic 

sequence motif RXXS as the putative recognition site for several kinases (Gaestel 1991).  

Phosphorylation of Hsp27 following chemical insult or heat shock in humans occurs on 

Ser15, Ser78, and Ser82 corresponding to the porcine Hsp27 sequence at Ser15, Ser80, and 

Ser84, respectively. 

We have previously reported that the selective induction and phosphorylation of 

Hsp27 in porcine renal epithelial cells (LLC-PK1) following pretreatment with 11-deoxy-

16,16-dimethyl PGE2 (DDM-PGE2) is cytoprotective against chemical induced toxicity 

caused by a potent nephrotoxicant and nephrocarcinogen quinone-thioether that exhibits 

both oxidant and electrophilic properties, 2,3,5-tris(glutathione-S-yl) hydroquinone 

(TGHQ) (Jia 2002; Jia 2004).  Quinol-thioether produces ROS dependent DNA damage, 

growth arrest associated with the inhibition of DNA synthesis, and concomitant decreases 

in histone mRNA expression, increased expression of gadd153 and hsp70 mRNA, and 

finally oncotic cell death (Jeong 1996; Jeong 1997).  TGHQ cytotoxicity is mediated by 

the p38 MAPK pathway, a known pathway in the induction and phosphorylation of 

Hsp27 (Stokoe 1992).  Therefore it is not surprising that the concentration of Hsp27 

increases in response to a variety of stresses including TGHQ (Jia 2004).     

  Pretreatment of LLC-PK1 cells with DDM-PGE2 selectively increases the 

induction of cytosolic and nuclear Hsp27 protein expression.  In addition, DDM-PGE2 

pretreatment increases the association of Hsp27 with the actin cytoskeletal protein and is 
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likely contributing to its cytoprotective effects against TGHQ induced ROS effects on the 

cytoskeleton.  In addition to an enhanced induction of the heat shock response, 

phosphorylation of Hsp27 is likely playing a significant role in the protective effects and 

a site specific differential phosphorylation of Hsp27 may be important in regulation of 

actin cytoskeletal integrity.   

With regard to the cytoprotective effects of DDM-PGE2 against chemical induced 

renal injury, the present study examined the induction, phosphorylation, and 

reorganization of Hsp27 in response to DDM-PGE2 and TGHQ treatments.  Data 

supports a functional role of site specific differential phosphorylation important in the 

regulation of cell survival and cell death at the level of the actin cytoskeleton.   
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II. RESULTS 

A. Detection of differential Hsp27 protein expression  

The heat shock response is recruited in response to chemical induced renal 

proximal tubular epithelial cell injury and following DDM-PGE2 pretreatment.  It has 

been suggested that the association of Hsp27 protein with the actin cytoskeleton is 

dependent on the phosphorylation state of the protein (Huot 1997).  Hsp27 undergoes 

phosphorylation at three different serine residues therefore, the induction and 

modification of Hsp27 protein expression between both TGHQ and DDM-PGE2 

pretreatment were examined using 2D-PAGE analysis to compare the changes in 

expression and migration of the Hsp27 protein.   

Untreated control cells, and cells either pretreated for 24 hrs with DDM-PGE2 (2 

µM), treated with TGHQ for 2 hrs (350 µM), or the combination of both were stained 

using coomassie blue and imaged.  The pI variants of Hsp27 that were identified in each 

sample are illustrated in Figure 4.1.  Each spot (circled and numbered) were selected, 

digested, and positively identified as Hsp27 using mass spectrometric analysis (data not 

shown).  Control and DDM-PGE2 pretreated 2D gel images identified 2 pI variants of 

Hsp27 with pI 7.9 (spot 1) and 7.4 (spot 2) with increased expression of both spots in 

response to DDM-PGE2.  In contrast, TGHQ treated 2D gels identified 4 pI variants of 

Hsp27 with more acidic migration to pI 6.7 (spot 3) and pI 6.4 (spot 4) that is indicative 

of protein modification by phosphorylation.  TGHQ treatment also decreased the 

abundance of spot 1 with a concomitant increase in the abundance of spot 2.  Similar to 
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TGHQ treated cells alone, cells pretreated with DDM-PGE2 followed by treatment with 

TGHQ also identified 4 pI variants.   

B. Effects of inhibition and over-expression of Hsp27 phosphorylation on cell 

viability and actin cytoskeletal integrity 

To further investigate the functional role of Hsp27 phosphorylation in the 

regulation of cell death, we examined the effects of transient transfection with either 

human wt-Hsp27 or various mutant forms of the human Hsp27 protein on cell viability in 

response to TGHQ.  Inhibition of phosphorylation following mutation of the Hsp27 

protein in which the three known serine phosphorylation residues were mutated to 

alanines (Hsp27.3A) were used to compare the effects of cell viability in response to 

TGHQ treatment to that of overexpression of phosphorylation following mutation of the 

serine residues to aspartic acids (Hsp27.3D).    

Cells were transiently transfected with each mutant form of the protein and treated 

for 2 hrs with increasing doses of TGHQ.  Cell viability was assessed using the neutral 

red lysosomal uptake assay and identified no change toxicity profiles with either 

overexpression or inhibition of Hsp27 protein phosphorylation when compared to empty 

vector control cells (Figure 4.2).   

However, we have previously reported that the cellular dynamics including 

changes in the structure and organization of the actin cytoskeleton are affected by ROS 

generated by TGHQ treatment.  In addition, Hsp27 associates directly with the 

cytoskeletal structures in an attempt to protect against cellular injury and both DDM-

PGE2 and TGHQ results in the induction of differential expression of Hsp27.  Therefore 
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using confocal microscopy, the effects of overexpression or inhibition of Hsp27 

phosphorylation on TGHQ induced actin cytoskeletal disruption were investigated.   

Cells were transiently transfected with either Hsp27.3A or Hsp27.3D mutant proteins 

followed by treatment for 2 hrs with 350 µM TGHQ.  Cells were immediately fixed, 

stained with FITC-labeled phalloidin to visualize the F-actin filaments, and examined 

using confocal laser scanning microscopy (Figure 4.3).  Overexpression of 

phosphorylation (Hsp27.3D) showed no protective effects against TGHQ induced 

morphological damage to the actin cytoskeleton when compared to empty vector control 

cells.  However, inhibition of phosphorylation at all three known sites of phosphorylation 

(Hsp27.3A) attenuated the toxic effects of TGHQ on the actin cytoskeleton that is seen in 

empty vector control cells.  Transfection of the cells did not affect their cell shape and 

cells transfected with human wt-Hsp27 showed an intact F-actin cytoskeletal structure 

consistent with naïve cells (control).  These data were compared to naïve cells showing 

disruption of the F-actin cytoskeletal network in response to TGHQ treatment that is 

protected following pretreatment with DDM-PGE2.   

These data would indicate that although there are no effects on cell viability 

following overexpression or inhibition of Hsp27 phosphorylation at all three known sites, 

phosphorylation appears to negatively regulate the effects of TGHQ on the level of the 

actin cytoskeleton.  However, because both TGHQ and DDM-PGE2 increase the 

induction and phosphorylation of Hsp27, we hypothesize that DDM-PGE2 protection 

involves a site specific phosphorylation of Hsp27 that is responsible for the regulation of 

cell survival and cell death.  
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Figure 4. 1.  2-D PAGE analysis of TGHQ and DDM-PGE2 treated cells 
 
Identification of Hsp27 pI variants following 2D PAGE analysis of total protein in LLC-
PK1 cells.  Cells were either untreated (control & TGHQ) or pretreated for 24 hrs with 2 
µM DDM-PGE2 (DDM-PGE2).  Cells were subsequently challenged with toxicant 
exposure of 350 µM TGHQ (TGHQ & DDM-PGE2 + TGHQ).  Cells were lysed total 
protein subjected to 2D-PAGE, coomassie stained, and representative images are 
depicted.  The circles represent spots that were positively identified as Hsp27. 
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Figure 4. 2.  Cell viability following over-expression or inhibition of Hsp27 
phosphorylation has no difference. 
  
Cells were transfected with mutant forms of Hsp27, either S → A (inhibit 
phosphorylation) or S → D (mimics the phosphorylation) at all three known sites of 
phosphorylation (S15, S80, S84) and then treated for 2 hrs with 350 µM TGHQ.  Cell 
viability was determined by neutral red uptake assay and compared to empty vector 
control cells. (N=6). 
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Figure 4. 3.  Overexpression of non-phosphorylatable Hsp27 mutant protein 
protects against TGHQ induced F-actin cytoskeletal disruption 
 
Cells were transfected with mutant forms of Hsp27, either (A) S → A (inhibit 
phosphorylation) or (B) S → D (mimics the phosphorylation) at all three known sites of 
phosphorylation (S15, S80, S84) and then treated for 2 hrs with 350 µM TGHQ. Cells 
were immediately fixed and stained with phalloidin to visualize F-actin filaments.  
Images were obtained by confocal laser scanning microscopy and represent a single 
apical section from a series of z-plane projection images.  Arrow indicates area of loss in 
actin stress fibers.   
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C. Identification of a site specific differential phosphorylation of Hsp27 protein 

Hsp27 can be phosphorylated at three known serine residues within the human 

sequence of the protein at either Ser15, Ser78, or Ser82.  Sequence comparison of the 209 

amino acid sequence of the human Hsp27 protein indicates 88% sequence homology with 

the sequence of Hsp27 in the pig (Figure 4.4).  Therefore, sequence alignment identified 

the three known sites of phosphorylation in the human Hsp27 sequence and their 

corresponding sites of phosphorylation in the porcine sequence of Hsp27 protein 

(underlined) at either Ser15, Ser80, or Ser84, respectively.   

2D-western blot analysis was conducted to further identify the relationship of the 

differential expression patterns of Hsp27 as it relates to phosphorylation at these specific 

serine residues.  2D-gels were transferred to PVDF membranes and immunostained with 

anti-Hsp27 antibody that recognizes both the phosphorylated and unphosphorylated form 

of the protein (total Hsp27).  Consistent with the commassie stained 2D-gels, all spots 

circled and identified in Figure 4.1 also showed expression following incubation with 

anti-Hsp27 antibody (Figure 4.5).  In addition, phospho-specific antibodies (p-Hsp27) 

that recognize each specific known site of phosphorylation were utilized to further 

identify the site specific differential phosphorylation.  Across all treatment groups, spot 1 

was consistently confirmed as the unmodified, non-phosphorylated isoform of Hsp27 

protein lacking positive p-Hsp27 staining at any of the three serine residues.   

In addition, western blot analysis also showed control cells constitutively 

expressed phosphorylated Hsp27 with positive expression at spot 2 at both Ser15 and 

Ser84.  This pattern of expression was consistent in cells pretreated with DDM-PGE2 with  
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Figure 4. 4.  Hsp27 protein sequence comparison   
 
Alignment of the 209-amino acid human Hsp27 sequence shows a high degree of identity 
with pig (88 %).  Sequences within the boxes (□) indicate potential phosphorylation sites.  
GenBank accession numbers are P04792 (human) and Q5S1U1 (pig).  Alignment 
determined by the CLUSTAL program.  *Amino acid identity; periods (.), similarity. 
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increased expression at both residues.  However, treatment of cells with TGHQ altered 

this pattern of p-Hsp27 expression with positive expression at Ser80 and at Ser84 at spots 2 

through 4 and had no expression of p-Hsp27 at Ser15.  Finally, DDM-PGE2 pretreated 

cells and treated with TGHQ showed positive expression of p-Hsp27 at all three serine 

residues with decreased expression of p-Hsp27 at Ser80 and Ser84 in addition to expression 

of p-Hsp27 at Ser15 not seen in TGHQ treated cells alone.  These data implicate a site 

specific differential phosphorylation of Hsp27 in the regulation of cell survival and cell 

death more specifically a role for p-Hsp27 at Ser80 and Ser84 in the regulation of toxicity 

and p-Hsp27 in regulation of homeostasis.   

D. Mass spectrometric characterization of Hsp27 variants  

Spot 2 corresponding to Hsp27 in TGHQ treated cells (Figure 4.1) was used for 

identification by peptide mass mapping as the SWISS-PROT entry HSP27_PIG  (data not 

shown).  All sequence designations refer to the pig sequence since assays were conducted 

in LLC-PK1 cells.  The spot was cut, glyC digested, and analyzed by LC-MS/MS for the 

positive identification of the protein, fragmented peptides, and site specific 

phosphorylation status.   

The MS spectra of TGHQ treated cells identified peptides that are expected from 

glyC digestion of Hsp27 and account for 61.8% of the total protein sequence (Figure 4.6).  

There were two specific peptides identified, the first corresponding to residues 13-20 

(13SPSWDPFR20) in HSP27_PIG which contains phosphorylation site (Ser15) and a 

second corresponding to residues 82-96 (82QLSSGVSEIQQTADR96) in HSP27_PIG 

that contains known phosphorylation site (Ser84).  Consistent with 2D western blot  
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Figure 4. 5.  2D-western blot analysis of site specific Hsp27 phosphorylation 
 
Western blot analysis corresponding to 2D-PAGE gels illustrated in Figure 4.1.  
Following 2D-PAGE, gels were transferred and blotted using antibodies specific to either 
total Hsp27 or phosphorylated Hsp27 specific to each known site of phosphorylation.  
Representative images are depicted.     
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analysis where treatment of cells with TGHQ showed no expression of p-Hsp27 at Ser15, 

MS analysis also failed to identify phosphorylation at this serine residue and revealed one 

major peak at m/z 850 corresponding to the doubly charged peptide + 80 corresponding 

to p-Hsp27 at Ser84 (Figure 4.7).  This procedure allowed for the identification of site 

specific phosphorylation of Hsp27 and these data further support the possibility of a dual 

role for Hsp27 both with protective and cytotoxic phenotypes dependent upon the 

specific site of phosphorylation. 

E. Site specific Hsp27 phosphorylation affects actin cytoskeletal integrity 

 In addition to investigating the effects of cell viability and actin cytoskeletal 

integrity by over-expressing mutant Hsp27 protein where phosphorylation is either 

inhibited or mimicked at all three known sites of phosphorylation (Figures 4.2 & 4.3), 

effects on site specific phosphorylation was also investigated.  Cell viability was assessed 

by neutral red lysosomal uptake assay following transient transfection with Hsp27 mutant 

protein where each individual serine residue was mutated to either alanine 

(Hsp27.S15A/S80A/S84A) or to aspartic acid (Hsp27.S15D/S80D/S84D).  Data is 

consistent with both Hsp27.3A and Hsp27.3D mutants showing no change in toxicity 

profiles (Figure 4.8), however, there were site specific differential effects on F-actin 

cytoskeletal integrity (Figure 4.9).   

 Proteomic analysis implicated a functional role of p-Hsp27 at Ser84 in toxicity.  

Consistent with these data, inhibition of Hsp27 phosphorylation at Ser84 protected cells 

against TGHQ induced F-actin cytoskeletal disruption (Figure 4.9A).  In contrast, TGHQ 

significantly disrupted the F-actin cytoskeleton after increasing the expression of  
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Figure 4. 6.  Site specific phosphorylation of Hsp27 following TGHQ treatment 
 
Sequence coverage map of single digested peptide derived from (A) Control, (B) TGHQ 
(350 µM), or (C) DDM-PGE2 treated LLC-PK1 cells (spot 2, Figure 4.1).  Mass spectral 
analysis resulted in 37.7%, 61.8% , and 43% coverage respectively with either 5, 11, or 5 
unique peptides depending on the treatment.  Amino acids in bold represent peptides that 
were recovered, highlighted amino acid represents site of identified phosphorylation, and 
amino acid circled represents known site of phosphorylation.   
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Figure 4. 7.  Identification of phospho peptide on Hsp27 using de novo sequencing 
  
MS/MS analysis of single peptide derived from TGHQ (350 µM) treated LLC-PK1 cells 
(spot 2, Figure 1).  The GPM program, PMod, and de novo sequencing all identified this 
peptide, specifically amino acid (Ser84) as the phosphorylated form of Hsp27 protein.  
850 is doubly charged peptide +80 and theoretical ions were created using 
http://prospector.ucsf.edu. 
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phosphorylated Hsp27 at Ser84 (Figure 4.9B).  In fact, cells transfected with Hsp27.S84D 

showed signs of decreased F-actin integrity in the absence of TGHQ when compared to 

control cells.  TGHQ had no effect on the actin cytoskeleton following transfection with 

either S15D or S80D further supporting a role for p-Hsp27 at Ser84 in toxicity.  Because 

p-Hsp27 at Ser15 was only identified in control and DDM-PGE2 pretreated cells and this 

expression was greatest in cells pretreated and challenged with TGHQ.  Therefore, it was 

also likely that Ser15 phosphorylation has a functional role in protecting the F-actin 

cytoskeleton.  Consistent with this hypothesis, inhibition of Hsp27 phosphorylation at 

Ser15 increased damage to the actin cytoskeleton in response to TGHQ whereas increased 

phosphorylation prevented these effects.   Site specific phosphorylation of Hsp27 is 

important in DDM-PGE2 mediated cytoprotection, specifically on the prevention of 

chemical induced disruption of the F-actin cytoskeleton.   

F. DDM-PGE2 pretreatment enhanced the induction of site specific p-Hsp27 in 

both the cytosol and nuclear fraction of LLC-PK1 cells. 

  Data has suggested that p-Hsp27 at Ser84 is regulating toxicity and that p-Hsp27 

at Ser15 may be housekeeping.  In addition, treatment of cells with TGHQ results in the 

co-localization of Hsp27 with the actin cytoskeleton around the plasma membranes and 

nuclear translocation.  This suggested that the heat shock response is recruited to the 

nucleus in an attempt to protect the cell from nuclear degradation.  Therefore, it is likely 

that enhanced induction with DDM-PGE2 also recruits a site specific phosphorylation and 

nuclear translocation of Hsp27 that is assisting in the cytoprotective effects on the actin 

cytoskeleton.   
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Figure 4. 8.  Site specific Hsp27 phosphorylation has no effect on cell viability in 
response to TGHQ induced toxicity. 
 
Cells were transfected with mutant forms of Hsp27, either (A) S → A (inhibit 
phosphorylation) or (B) S → D (mimics the phosphorylation) individually at each of the 
three known sites of phosphorylation (S15, S80, S84) and then treated for 2 hrs with 350 
µM TGHQ.  Cell viability was determined by neutral red uptake assay and compared to 
empty vector control cells. 
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Figure 4. 9.  Hsp27 protection against TGHQ induced F-actin cytoskeletal 
disruption is a result of site specific differential phosphorylation 
 
Cells were transfected with mutant forms of Hsp27, either (A) S → A (inhibit 
phosphorylation) or (B) S → D (mimics the phosphorylation) individually at each of the 
three known sites of phosphorylation (S15, S80, S84) and then treated for 2 hrs with 350 
µM TGHQ.  Cells were immediately fixed and stained with phalloidin to visualize F-
actin filaments.  Images were obtained by confocal laser scanning microscopy and 
represent a single apical section from a series of z-plane projection images.  Arrows 
represent areas of actin cytoskeletal disruption.  
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Untreated control cells and cells pretreated with DDM-PGE2 for 24 hrs were 

fractionated and analyzed by western blot for identification of site specific 

phosphorylation using phospho-specific antibodies that recognize the three known 

phosphorylation sites of the porcine Hsp27 protein (ser15, ser80, ser84).   Western blot 

analysis revealed that p-Hsp27 in untreated control cells showed minimal constitutive 

expression in the cytosol and nucleus (Figure 4.10).  TGHQ treatment caused an 

increased cytosolic p-Hsp27 expression at all three residues and nuclear expression at 

Ser80 and Ser84 (Figure 4.10) and cells pretreated with DDM-PGE2 showed enhanced p-

Hsp27 in both the cytosol and nucleus with decreased expression in the nuclear fraction 

of p-Hsp27 at Ser84.  These data support a role for phosphorylation of Hsp27 at Ser84 in 

the regulation of cell toxicity.       

G. Cytochalasin D disruption of the actin cytoskeleton is independent of ROS 

generation and is maintained in the presence of DDM-PGE2 pretreatment  

 To further support the direct association of DDM-PGE2 on the actin cytoskeleton, 

cytochalasin D (CD), a known disruptor of the actin cytoskeleton, was used as a positive 

control.  CD has long been known to inhibit elongation at the fast growing (or barbed) 

end of actin affecting the rate of actin polymerization (Goddette 1986).  LLC-PK1 cells 

were treated for 1 hr with 1 µM CD and immediately fixed and stained with FITC-

conjugated phalloidin for actin visualization using confocal laser scanning microscopy 

and compared to untreated control cells (Figure 4.11A).  The patches and speckles of F-

actin inside the cells provide evidence of disruption caused by CD.  Cells pretreated with 

2 µM DDM-PGE2 for 24 hrs prevented CD induced F-actin cytoskeleton and cell 
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viability, although no change following one hr treatment, does result in a decreased cell 

viability following treatment with CD for 24 hrs.  In contrast to TGHQ, CD treatment has 

no affect on the generation of ROS in LLC-PK1 cells (Figure 4.12).  Taken together, 

these data support the role of DDM-PGE2 in protection against chemical induced toxicity 

on the actin cytoskeleton and implicates protein expression important in its protection. 
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Figure 4. 10.  DDM-PGE2 pretreatment enhances the induction of p-Hsp27 in both 
the cytosol and nuclear fraction of LLC-PK1 cells.   
 
Control untreated (C) and LLC-PK1 cells were pretreated for 24 hrs with 2 µM DDM-
PGE2 (D) were treated with 350 µM TGHQ (T) and (DT) and immediately isolated and 
fractionated into nuclear (Nuc) and Cytosolic (Cyt) fractions.  Western blot analyses of 
extracts were examine for p-Hsp27 using antibodies that recognize the different sites of 
phosphorylation.



126 

 

 

 
 
 
 
 
Figure 4. 11.  Cytochalasin D disruption of the actin cytoskeleton is maintained in 
the presence of DDM-PGE2 pretreatment 
 
Control LLC-PK1 cells (B) and cells pretreated with 2 µM DDM-PGE2 for 24 hrs (C) 
were challenged with 1 µM CD and compared to untreated control cells (A).  Cells were 
immediately fixed, detergent permeabilized, and double stained with phalloidin for 
visualization of F-actin.  Views were obtained by confocal laser scanning microscopy and 
images represent a single apical section from a series of z-plane projection images.     
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Figure 4. 12.  Cytochalasin D cytoskeletal disruption is independent of ROS.   
 
LLC-PK1 cells were treated with either vehicle control or 1 µM CD.  Generation of 
fluorescence by CM-H2DCFDA, a marker of ROS, was monitored every 10 min for 1 hr 
and control cells generated baseline levels of fluorescence using confocal microscopy.  
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III. DISCUSSION 

Posttranslational modification of proteins leads to changes in both their structure 

and function and regulates biological functions.  In addition, TGHQ treatment increases 

the activity of p38 kinase, an upstream kinase in the pathway of Hsp27 phosphorylation 

(Huang 1999; Jia 2002).  Previous studies have attempted to define Hsp27 

phosphorylation as either “active” (phosphorylated) or “inactive” (not phosphorylated) 

(White 2006).  These studies describe the contribution of DDM-PGE2 selective induction 

and phosphorylation of Hsp27 to the mechanisms associated with its cytoprotective 

effects.  We show evidence that Hsp27 undergoes site specific differential 

phosphorylation in response to either TGHQ or DDM-PGE2 and this specificity of site 

specific phosphorylation is important in the regulation of cell survival and cell death.   

The question still remains as to the importance of Hsp27 phosphorylation 

functioning as a protective protein during injury or a non-specific stress response.  Some 

suggest that Hsp27 in the unphosphorylated form exists as a large oligomer and following 

phosphorylation, this large multimeric complex dissociates into smaller oligomers 

encompassing a tetramer complex (Rogalla 1999) and it is the large oligomer, or 

unphosphorylated protein, that provides the protection (Rogalla 1999).  Others report 

phosphorylation is necessary for cytoprotection where transfection of mutant forms of 

Hsp27 that are non-phosphorylatable lost their resistance to H2O2-induced actin 

fragmentation and cell death (Huot 1996) and modulation of microfilament stability by 

Hsp27 is phosphorylation dependent (Head 2000; Dalle-Donne 2001; Mounier 2002; 

Parcellier 2003).  Our studies show that Hsp27 mutant protein, mutated at all three known 
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sites of phosphorylation to either over-express the phosphorylated Hsp27 or inhibit 

phosphorylation of Hsp27, confers near identical cytotoxicity profiles compared to that of 

wild-type cells in response to TGHQ.   

Previous reports suggest that Hsp27 maintains a dual function where 

constitutively expressed unphosphorylated Hsp27 maintains the levels of glutathione and 

scavenges against the induction of ROS (White 2006).  In addition, stress activated 

protein kinases leads to the Hsp27 phosphorylation leading to changes in the oligomeric 

organization of Hsp27 to smaller monomers that are thought to be involved in the 

regulation of actin dynamics capable of protecting against cytoskeletal breakdown in 

response to oxidative stress (Lavoie 1993; Lavoie 1993; Landry 1995; Lavoie 1995; Huot 

1996; Sarto 2004).   

Under normal circumstances, this would mean that unphosphorylated Hsp27 

diminishes and allows the TGHQ induced ROS generation to cause oxidative damage to 

the actin cytoskeleton eventually resulting in cell death.  However, pretreatment with 

DDM-PGE2 increased expression of phosphorylated Hsp27 therefore binding to the actin 

cytoskeleton prior to oxidative damage.  In order to examine the effects of Hsp27 

phosphorylation on the actin cytoskeleton, cells were transfected with Hsp27 mutant 

protein that inhibit or (3A) over-express phosphorylation (3D) at all the three serine 

residues. Indeed, inhibition of phosphorylation at all three serine residues through mutant 

Hsp27 transfection resulted in a protective effect against TGHQ on the actin cytoskeleton 

whereas, phospho-mimetic Hsp27 transfected cells had no effect on preventing TGHQ 

induced actin cytoskeletal damage.  This is in agreement with the finding that 
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nonphosphorylatable mutants of Hsp27 forms large oligomers and protects against 

oxidative stress in NIH 3T3-Ras and L929 cells (Mehlen 1995).  Maintaining the 

presence of large oligomers of Hsp27 may be important in protection of cells against 

ROS-induced cytotoxicity through their chaperoning function.  In addition, over-

expression of NIH 3T3-Ras cells with the 3D mutant cannot increase intracellular GSH 

levels (Gao 1995).   

Phosphorylation patterns between TGHQ and DDM-PGE2 were significantly 

different.  Utilizing a proteomics approach, Hsp27 phosphorylation was characterized in 

LLC-PK1 cells and identified Hsp27 constitutively expressed at two different isoforms 

with decreasing pI.  Treatment of cells with TGHQ increased the number of pI variants 

appearing at more acidic pI indicative of phosphorylation.  Both DDM-PGE2 alone and 

DDM-PGE2 with TGHQ followed similar expression patterns to that of their respective 

controls with increased expression of the phosphorylated isoforms of the Hsp27 protein.   

Based on the proteomic data showing differential phosphorylation patterns, it was 

possible that rather than overall phosphorylation, site specific phosphorylation of Hsp27 

is important in the regulation of cell death. Therefore, we hypothesized that the fate of the 

cell depends on a site specific phosphorylation of Hsp27 making the mechanism of 

protection even more complex.  Because the porcine Hsp27 sequence contains 

phosphorylation sites identical to known MAPKAP kinase-2 phosphorylation sites in the 

human Hsp27 protein, we utilized phospho-specific antibodies that recognize these 

individual serine residues.   
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Control cells constitutively express p-Hsp27 at Ser15 and Ser84.  Following 

treatment with TGHQ, p-Hsp27-Ser15 was dephosphorylated and Hsp27 phosphorylated 

at Ser80 (human Ser78) was the major site of phosphorylation.  In support of our 

hypothesis, cells pretreated for 24 hrs with DDM-PGE2 identified Ser15 and Ser84 

phosphorylations at increased expression to that of control with no p-Hsp27-Ser80.  

Following TGHQ, DDM-PGE2 pretreatment identified phosphorylation at all three 

known serine residues and decreased the expression of p-Hsp27 at both Ser80 and Ser84, 

however.  These data implicate a site specific phosphorylation contributing to the 

outcome of the cell.   

De novo sequencing was also conducted in order to confirm these data.  This 

method is time consuming, yet reliable, and sequence analysis enables the report of site 

specific protein modifications as a result of various conditions.  The specific differences 

seen between control and TGHQ treated cells involve phosphorylation at Ser84.  In 

support of p-Hsp27 at ser84 as a signal of toxicity, previously reported data showed that 

transfection of mutants in which only Ser15 mimicked phosphorylation, protected cells 

against TNFα and H2O2 induced cell death whereas over expression of phosphorylation at 

all three serine residues had no affect on toxicity (Rogalla 1999).   

This theory was investigated where each individual phosphorylation site of Hsp27 

was mutated with either alanine (inhibit phosphorylation; S→A) or aspartic acid (mimic 

phosphorylation; S→D).  Indeed, when cells were transfected with mutant Hsp27.S80D, 

cells could not confer protection against TGHQ induced cytoskeletal disorganization as 

did phospho-mimetic mutations at either Ser15 or Ser84.  Also, could cells transfected with 
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mutant Hsp27.S15A, where phosphorylation was inhibited at Ser15 could not prevent 

TGHQ induced damage to the actin cytoskeleton as S80A and S84A had complete 

protection against TGHQ induced actin toxicity.  Interestingly, TGHQ mediated toxicity 

is inhibited by the p-38 MAPK inhibitor, SB-203580 (data not shown) and also inhibits 

the phosphorylation of Hsp27 at Ser84 (human Ser82) (Dong 2004). 

CD also disrupts the F-actin cytoskeletal network, phosphorylates Hsp27 at all 

three phosphorylation sites (data not shown), but has no affect on the generation of ROS.   

However, DDM-PGE2 pretreatment did reduce the CD induced disruption of the F-actin 

cytoskeleton further implicating the importance of an enhanced heat shock response as a 

mediator contributing to DDM-PGE2 cytoprotective effects on the actin cytoskeleton.   

We have proposed in our studies that the phosphorylation of Hsp27 mediates both 

cytotoxic and protective functions of cell viability that is dependent on the site specific 

phosphorylation of Hsp27. We report a novel identification of the site specific 

phosphorylation of Hsp27 and the functional role in regulation of cytotoxicity at human 

Hsp27-Ser78.  TGHQ treatment activates stress kinase and induction of p-Hsp27-Ser80 

and Ser84.  Because constitutively expressed p-Hsp27-Ser15 is bound to actin prior to 

toxic exposure, it can be dephosphorylated and therefore work to prevent ROS induction.  

In the absence of pretreatment, TGHQ increase in phosphorylated Hsp27 may actually 

contribute to TGHQ induced toxicity by decreasing the pool of p-Hsp27-Ser15 preventing 

cells from protecting against ROS generation.   It is also possible that in untreated control 

cells, Hsp27 functions as a chaperone to assist in protein folding and phosphorylation at 

Ser15 promotes formation of small oligomers that have affinity for the actin cytoskeleton 
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and maintain its structure.  DDM-PGE2 increases this phosphorylation and increases F-

actin polymerization by increasing small oligomer formation.  However, in response to 

chemical injury, Hsp27 is phosphorylated at Ser78 and completely inhibits formation of 

large oligomers.   

There is great complexity in the regulation of phosphorylated Hsp27 as it relates 

to chemical induced cytotoxicity within the stress response.  Molecular chaperoning as a 

function of Hsp27 is not clear, however it has been proposed that sHsps bind unfolded 

proteins and facilitate their transfer to ATP-dependent chaperones, such as Hsp70, and 

subsequently assist in misfolded proteins (Ehrnsperger 1997), or direct them for 

ubiquitination and degradation (Parcellier 2003).  It is possible that phosphorylation of 

Hsp27 at either human Ser78 or Ser82 releases the unfolded proteins and inhibits the 

transfer to Hsp70 for proper folding and/or degradation.   

In conclusion, many factors determine the functional role of Hsp27 and its 

subsequent modification that contributes to various contradicting reports of Hsp27 as a 

function of cytotoxicity and protection.  2-D PAGE and LC-MS/MS identify the site 

specific phosphorylation of Hsp27 associated with TGHQ induced toxicity at Ser84 and 

inhibition of this site protects against the deleterious effects on the actin cytoskeleton.   

Decreased nuclear expression of p-Hsp27 at Ser84 following pretreatment with DDM-

PGE2 provides a mechanistic insight into the functional role of differential Hsp27 

modifications participating in DDM-PGE2 mediated cytoprotection in addition to effects 

on chemical induced toxicity at the level of the actin cytoskeleton.   



134 

 

 

CHAPTER 5:  DDM-PGE2 RECRUITS THE RETINOID SIGNALING 
PATHWAY CONTRIBUTING TO ITS CYTOPROTECTION 

 
I. INTRODUCTION AND RATIONALE 

Retinol is the major circulating naturally occurring retinoid (vitamin A 

compound) which in vivo supports the visual, reproductive, and systemic functions of 

vitamin A.  The liver is the major storage site of retinyl esters, however, extrahepatic 

tissues including the kidneys are also significantly enriched with concentrations of esters 

that exceed those of free retinol (Napoli 1986).  Retinoic acid was originally synthesized 

as an analog of retinol and supports the systemic functions of vitamin A and retinol 

(Dowling 1960).  In fact the functional mechanisms related to retinol are more sensitive 

to retinoic acid than is to retinol, therefore the conversion into retinoic acid may underlie 

the beneficial activity of retinol (Williams 1985).  Although great advances to the studies 

of retinoids have recently been made, including the characterization of their biological 

structures and corresponding nuclear receptors, their exact mechanism of action in cells 

remains elusive (Atzpodien 2004).   

Vitamin A is known to support cellular differentiation and despite the apparent 

significance, little is known about the effects of retinoic acid on cytoprotection.  This 

report identifies the selective induction of retinol binding protein (RBP) following DDM-

PGE2 pretreatment.  The aim of the present work was to confirm the selective induction 

of RBP with DDM-PGE2 pretreatment and to examine the mechanisms involved in this 

effect including the ability of DDM-PGE2 to recruit the retinoid signaling pathway as a 

mechanism of its cytoprotection.   
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Data indicates that both AtRA and DDM-PGE2 pretreatment provides protection 

against TGHQ toxicity.  We found that AtRA and DDM-PGE2 exhibit similar kinetics 

involved in the cytoprotective effects and both have the ability to activate the retinoic 

acid nuclear receptor heterodimers. It is likely then that AtRA pretreatment in LLC-PK1 

cells encompasses a cytoprotective component of chemical induced nephrotoxicity 

similar to that of DDM-PGE2.  Studies into the mechanism of protection will help to 

understand the effects of promising agents in the modulation of chemical induced 

nephrotoxicity.   
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II. RESULTS 

A. DDM-PGE2 selectively induces TP receptor dependent RBP expression. 

LLC-PK1 cells under normal conditions do not express retinol binding protein 

(RBP), however proteomic analysis using 2-D PAGE analysis showed the selective 

induction of RBP expression following pretreatment of cells with DDM-PGE2 (Figure 

5.1).  Induction of RBP was confirmed using western blot analysis (Figure 5.2) yet the 

role of this selective induction as a function of DDM-PGE2 mediated cytoprotection is 

unclear. Treatment using the ligand to the retinoic acid nuclear receptor (RAR), All-trans 

retinoic acid (AtRA), showed a similar RBP induction to that of cells pretreated with 

DDM-PGE2 (Figure 5.2).  DDM-PGE2 cytoprotection is TP receptor mediated whose 

activation is coupled to the AP-1 and NF-kB transcription factors.  Therefore, utilizing 

pharmacological manipulation of the TP receptor allowed us to further investigate this 

signaling pathway.  Cells treated with TP receptor selective agonist (U46619) 

recapitulated the cytoprotective effects of DDM-PGE2 (data not shown) and likewise, the 

induction of RBP was also evident following treatment of LLC-PK1 cells with U46619 

(Figure 5.2).  In contrast, co-treatment of cells with DDM-PGE2 and the TP receptor 

antagonist, SQ 29,548, blocked DDM-PGE2 selective induction of RBP (Figure 5.2) as 

well as its cytoprotection (data not shown).   

Interestingly, TGHQ treatment has no effect on the expression or induction of 

RBP indicating the expression is independent of chemical induced ROS generation 

(Figure 5.2).  In order to further investigate this finding, cells were co-treated with TGHQ   
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Figure 5. 1.  DDM-PGE2 selectively induces retinol binding protein 
 
LLC-PK1 cells were pretreated for 24 hours with either vehicle control, DDM-PGE2 (2 
µM).  Following pretreatment, 250 µg total protein from cell lysates were extracted and 
separated by 2–dimensional polyacrylamide gel electrophoresis (PAGE).  Protein extracts 
were first separated by isoelectric point (pI) using strips 5-8 as the first dimension and 
then by molecular weight (MW).  Proteins were stained using coomasie staining and the 
resolving RBP was positively identified by MALDI peptide mass mapping.   
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Figure 5. 2.  Western blot analysis of RBP expression 
 
LLC-PK1 cells were pretreated for 24 hours with either vehicle control, DDM-PGE2 (2 
µM), AtRA (25 µM), U46619 (10 µM), SQ29,548 (1 µM) or co-treatment with 
SQ29,548 (1 µM) and DDM-PGE2 or AtRA.  Following pretreatment, designated cells 
were treated with TGHQ (350 µM) for 2 hrs.  Western blot analysis represents 30 µg 
total protein from cell lysates using GAPDH as a loading control.   
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Figure 5. 3.  Western blot analysis of ROS generation on RBP induction  
 
LLC-PK1 cells were pretreated for 24 hours with either vehicle control, DDM-PGE2 (2 
µM), or co-treatment with catalase (10 µM) and DDM-PGE2.  Following pretreatment, 
designated cells were treated with TGHQ (350 µM) for 2 hrs.  Western blot analysis 
represents 30 µg total protein from cell lysates using GAPDH as a loading control.   
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and antioxidant enzyme, catalase for 2 hrs.  Western blot analysis found that the 

induction of RBP following pretreatment with DDM-PGE2 had no affect with co-

treatment of catalase (Figure 5.3) further supporting the hypothesis that expression of 

RBP is independent of chemical induced ROS generation and there is a lack of a RBP 

compensatory response to TGHQ mediated cytotoxicity. 

B. RAR/RXR agonists recapitulate DDM-PGE2-mediated cytoprotection. 

 Manipulations that modulate DDM-PGE2 mediated cytoprotection have 

corresponding effects on RBP expression.  Because the relationship between RBP and 

cytoprotection remains correlative, experiments were designed to determine whether or 

not RBP and retinoid signaling are active participants in the cytoprotective response to 

DDM-PGE2.  We hypothesized that RBP induction is regulated by RAR and/or retinoid x 

receptor (RXR) activity, and in turn modulated by DDM-PGE2 through TP receptor 

dependent activation.   

Cells were treated with increasing doses of AtRA (5-100 µM) for 24 hours 

followed by treatment with 350 µM TGHQ for 2 hrs.  Cell viability was measure using the 

Neutral red lysosomal uptake assay and revealed a dose-dependent increase in 

cytoprotection against TGHQ (Figure 5.4).  The lowest effective dose was seen following 

pretreatment with a dose 25 µM AtRA and therefore was chosen for future mechanistic 

studies.   

Cells were pretreated with a dose of 25 µM AtRA for various times ranging from 1 

to 24 hrs pretreatment followed by treatment with TGHQ for 2 hrs.  Cell viability was 

measured using Neutral red lysosomal uptake assay and indicated that initiation of AtRA  
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Figure 5. 4.  Dose-dependent increase in cytoprotection following retinoic acid 
pretreatment 
 
Post-confluent LLC-PK1 cells were exposed to a range of increasing doses of AtRA for 
24 hrs followed by toxicant challenge, TGHQ (350 µM) for 2 hrs. Cell viability was 
determined by neutral red uptake assay.  *P<0.05 compared to control.  N=12 per group. 
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Figure 5. 5.  DDM-PGE2 and AtRA have identical cytoprotective kinetics   
 
Post-confluent LLC-PK1 cells were pretreated for increasing time points up to 24 hrs with 
either 2 µM DDM-PGE2 (A) or 25 µM AtRA (B).  Cell viability was assessed using the 
neutral red lysosomal uptake assay.  *These data are significantly different from TGHQ 
treatment alone.  
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cytoprotection required approximately 12 hr pretreatment (Figure 5.5).  Maximum 

cytoprotection was observed following a 24 hr pretreatment with AtRA (Figure 5.5).  This 

biphasic mode of AtRA induced cytoprotection was identical to that seen with DDM-

PGE2 (Weber 1997) and further suggested a link between DDM-PGE2 and AtRA 

cytoprotection supporting the hypothesis that RAR agonists recapitulate the cytoprotective 

effects of DDM-PGE2.   

C. RBP induction kinetics is identical to that of DDM-PGE2. 

Because the cytoprotective kinetics of cells treated with either DDM-PGE2 or 

AtRA was identical to one another, we wanted to further investigate the induction 

kinetics of RBP as it might relate to cytoprotection.  LLC-PK1 cells were pretreated with 

either DDM-PGE2 (2 µM), TP agonist U46619 (10 µM), or AtRA (25 µM) for increasing 

time (0-24 hrs).  Cells were lysed and analyzed by western blot for expression of RBP.  

Pretreatment will all three agents maintained the same induction kinetics of RBP (Figure 

5.6).  Initiation of RBP becomes apparent following 4 hr pretreatment and is maximal by 

12 hrs.  Interestingly, these data coincide with the cytoprotective kinetics seen in Figure 

5.5 where initiation of cytoprotection was first evident at this 12 hr pretreatment time 

point.  Following pretreatment for 24 hrs, RBP expression levels return to basal levels 

when maximal cytoprotection was observed (Figure 5.5).  This suggests that retinoid 

signaling is important for cytoprotection and the maximal induction of RBP precedes the 

maximal cytoprotective effects of both DDM-PGE2 and AtRA.  Therefore, cells were co-

treated with both RBP and AtRA and the kinetics of cytoprotection was investigated.  

Maximum protection was achieved at 12 hrs rather than 24 hrs when treated with AtRA  
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Figure 5. 6.  Western analysis of RBP induction kinetics 
 
Post-confluent LLC-PK1 cells were pretreated with either vehicle control, AtRA (25 
µM), DDM-PGE2 (2 µM), or U46619 (10 µM) for increasing time points.  Protein 
extracts were analyzed for RBP induction using western blot analysis. GAPDH was used 
as a loading control.  
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Figure 5. 7.  RBP and AtRA co-treatment reduce cytoprotective kinetics   
 
Post-confluent LLC-PK1 cells were pretreated with either AtRA (25 µM) or in 
combination with RBP (10 mg) for either 12 or 24 hrs and subsequently challenged with 
350 µM TGHQ for 2 hrs. Cell Viability was assessed using neutral red lysosomal uptake 
assay.  *Data are significantly different from the control group. ŧ data are significantly 
different from TGHQ treatment alone. 
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alone (Figure 5.7) further supporting the hypothesis that transcriptional and translational 

activation of RBP is necessary to achieve maximal cytoprotection.  

D. RBP protein alone does not protect against TGHQ induced toxicity. 

Pretreatment of cells with either DDM-PGE2 or AtRA induced the expression of 

RBP corresponding with its cytoprotective kinetics. Based on these, we hypothesized that 

induction of RBP following this pretreatment was required for cytoprotection.  In order to 

further identify the role of RBP protein in DDM-PGE2 mediated cytoprotection, a 

plasmid was constructed using pcDNA6.1 vector with the RBP gene cloned into the 

BamHI/XhoI sites, in frame with C-terminal myc and His tags (Figure 5.8A) and was 

transiently transfected into LLC-PK1 cells.  Positive transfection of this plasmid was 

confirmed by western blot analysis (Figure 5.8B).  Following transfection, cells were 

exposed to TGHQ (350 µM) for 2 hrs and examined for cell viability using flow 

cytometry analysis.  Results indicate that over-expression of RBP protein alone had no 

cytoprotective effects against TGHQ induced toxicity (Figure 5.8C).  In addition, cells 

transfected with the RBP protein were challenged with TGHQ and cell viability was 

analyzed using Neutral red lysosomal uptake assay (Figure 5.9).  Together, these data 

indicate that RBP alone has no beneficial effects against chemical induced toxicity and 

that there are other factors that contribute to the functional mechanism of RBP in 

cytoprotection.   
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Figure 5. 8.  RBP plasmid preparation, transfection, and cytoprotection analysis 
 
RBP plasmid was constructed in pcDNA6.1 vector with the RBP gene cloned into the 
BamHI/XhoI sites, in frame with C-terminal myc and His tags.  DNA (3 µg) was used 
with Lipofectamine 2000 (Invitrogen) according to manufacturers recommendations to 
transiently transfect RBP into LLC-PK1 cells (A).  Cells were from control, empty vector 
control (pcDNA6.1) and transfected cells (pcDNA6.1-RBP) were isolated and analyzed 
by western blot for confirmation of transfection (B).  In addition, flow cytometry was 
used following treatment of cells with 350 µM TGHQ for 2 hrs to assess protection (C).   
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Figure 5. 9.  Over-expression of RBP cytoprotection analysis 
 
RBP plasmid was constructed in pcDNA6.1 vector with the RBP gene cloned into the 
BamHI/XhoI sites, in frame with C-terminal myc and His tags.  DNA (3 µg) was used 
with Lipofectamine 2000 (Invitrogen) according to manufacturers recommendations to 
transiently transfect RBP into LLC-PK1 cells.  Cells were from control, empty vector 
control (pcDNA6.1) and transfected cells (pcDNA6.1-RBP) were treated with 350 µM 
TGHQ for 2 hrs and cell viability assessed using Neutral red lysosomal uptake assay.   
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E. DDM-PGE2 synthesis of AtRA.  

RBP is a secretory protein and it is thus postulated that the newly synthesized 

RBP is likely secreted, binds with retinol, and then recycles into cells via the putative 

plasma membrane receptor (Sundaram 1998; Sundaram 2002) where retinol is 

metabolized to retinoids (Noy 2000).  Data indicate that increased expression of RBP 

protein has no effect on cytoprotection (Figure 5.8C & Figure 9).  However, based on the 

induction and cytoprotective kinetics we further hypothesized that DDM-PGE2 results in 

an increased synthesis of AtRA and in turn activates the RAR nuclear receptors 

responsible for cytoprotection.  Cells were pretreated for 24 hrs with DDM-PGE2 and 

both the cell lysate and cell media were analyzed for synthesis of AtRA by HPLC (Figure 

5.10).  First, 9-cis RA and AtRA were identified by mass spectral analysis (Figure 5.10A) 

and minimum level of detection was determined to be at 566 µmol/mL.  In addition, the 

ability of identifying AtRA following the extraction procedure was tested and found that 

the extraction had no effect on recovery of AtRA (Figure 5.10B).  At the detectable 

range, results would then indicate that DDM-PGE2 has no effect on the synthesis of 

AtRA synthesis in either the cell lysate (Figure 5.10C) or cell media (Figure 5.10D) 

following pretreatment.  Without regard to the fact that the minimum levels of detection 

were quite high, these data would further implicate DDM-PGE2 cytoprotection as a 

mechanism independent of AtRA synthesis.  This is also consistent with data shown in 

Figure 5.2 with RBP induction by DDM-PGE2 TP receptor dependent versus AtRA 

induction of RBP is independent of TP receptor activation.  Co-treatment of cells with 

DDM-PGE2 and the TP receptor antagonist, SQ29,548 antagonizes the induction of RBP 
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whereas, RBP induction following AtRA pretreatment showed no effect when cells were 

co-treated with both AtRA and SQ29,548 (Figure 5.2).   

To further analyze these results of an independent cytoprotective mechanism 

between DDM-PGE2 and AtRA,  cell viability was examined following TGHQ treatment 

(350 µM) for 2 hrs in LLC-PK1 cells pretreated with either DDM-PGE2 (2 µM), AtRA 

(25 µM), or in combination with SQ29,548 (1 µM) for 24 hrs.  Both DDM-PGE2 and 

AtRA showed significant cytoprotection against TGHQ induced toxicity (Figure 5.11).  

Protection was inhibited following co-treatment of DDM-PGE2 and SQ29,548, however, 

TP receptor inhibition had no effect on AtRA induced cytoprotection (Figure 5.11) and 

further supports an independent role of DDM-PGE2 and AtRA in their cytoprotective 

mechanisms.   

F. AtRA and DDM-PGE2 activate RAR/RXR nuclear receptors. 

RAR and RXR are expressed in wild-type LLC-PK1 cells and agonists to the 

RAR nuclear receptor recapitulates DDM-PGE2 mediated cytoprotection as well as 

induction kinetics of RBP suggests that they are likely involved in the cytoprotection.  

Therefore, it was important to identify the possibility that DDM-PGE2 and AtRA were 

capable of activating these nuclear receptors following pretreatment regimens.  Cells 

were pretreated with DDM-PGE2 (2 µM) for various times (0 to 12 hrs) based on the 

induction kinetics of RBP shown in Figure 5.6.  Cellular fractionation isolated the nuclear 

extracts and they were subsequently subjected to gel shift analysis.  This was in an 

attempt to identify nuclear receptor activation and DNA primers that recognize the RARE 

and/or RXRE response elements were used.  DDM-PGE2 pretreatment resulted in the 
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activation of the RAR/RXR nuclear receptor heterodimers with binding starting after 4 

hrs pretreatment (Figure 5.12).  This nuclear receptor activation was sustained throughout 

the 12 hr pretreatment period.   

Further support that the DDM-PGE2 and AtRA have independent cytoprotective 

mechanisms was identified in Figure 5.13.  Cells were exposed of to either DDM-PGE2, 

AtRA (25 µM), U46619 (10 µM), or in combination with TP receptor antagonist 

SQ29,548 for 24 hrs.  Data indicates that DDM-PGE2, AtRA, and U46619 results in the 

activation of the RAR/RXR heterodimers.  However, TP receptor inhibition prevented 

the nuclear receptor activation with DDM-PGE2 but in support of our hypothesis, had no 

effect on AtRA induced RAR nuclear receptor activation.   
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Figure 5. 10.  DDM-PGE2 synthesis of AtRA in cell media and cell lysate 
 
Cells were pretreated for 24 hrs with 2 µM DDM-PGE2 and AtRA was extracted and 
analyzed according to procedures previously described (Chapter 2).  Positive controls 
using 9-cis RA and AtRA were first identified (A) followed by recovery of AtRA 
following extraction procedure (B).  Cell lysates were analyzed (C) as well as the cell 
media (D).   
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Figure 5. 11.  Determination of TP receptor dependence by DDM-PGE2 and AtRA 
in its cytoprotection 
 
Post-confluent LLC-PK1 cells were pretreated with either DDM-PGE2 (2 µM), AtRA (25 
µM), U46619 (10 µM) or in combination with SQ29,548 (1 µM) for 24 hrs and 
subsequently challenged with 350 µM TGHQ for 2 hrs. Cell Viability was assessed by 
lysosomal neutral red uptake assay.  *These data are significantly different from the 
control group, and ‡ these data are significantly different from TGHQ treatment alone. 
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Figure 5. 12.  Gel shift analysis identifies activation of RAR/RXR nuclear receptor 
heterodimers following pretreatment with DDM-PGE2 
 
Post-confluent LLC-PK1 cells were pretreated for increasing time points with either 
vehicle control (C) or 2 µM DDM-PGE2 (D).  Nuclear extracts were isolated gel shift 
analysis were conducted using DNA primers that recognize either RAR response element 
(RARE) or  the RXR response element (RXRE) of the retinoic acid nuclear receptors.  
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Figure 5. 13.  DDM-PGE2 activation of RAR/RXR nuclear receptor heterodimers is 
TP receptor mediated  
 
Post-confluent LLC-PK1 cells were pretreated for 24 hrs with either vehicle control, 2 
µM DDM-PGE2, 25 µM AtRA, 10 µM U46619, or in combination with 1 µM SQ29,548.  
Nuclear extracts were isolated and gel shift analysis were conducted using DNA primers 
that recognize either RAR response element (RARE) of the RAR/RXR nuclear receptors.   



156 

 

 

III. DISCUSSION 

In the present study, we have demonstrated that DDM-PGE2 stimulated the 

selective induction of RBP as determine by 2D- gel electrophoresis and western blot 

analysis.  In addition, induction of RBP expression with DDM-PGE2 pretreatment is TP 

receptor mediated, independent of chemical induced ROS generation in LLC-PK1 cells.  

Retinoic acid is an active metabolite of vitamin A and regulates a wide range of 

biological processes including cell proliferation, differentiation, and morphogenesis 

(Moreno-Manzano 1999).  It has been considered as a potential therapeutic agent for 

malignant diseases based on the pharmacological potential of AtRA to induce growth 

arrest, cellular differentiation, and apoptosis (Moreno-Manzano 1999).  We have also 

demonstrated here that like DDM-PGE2, AtRA is also cytoprotective against TGHQ 

induced toxicity.  In addition, pretreatment with AtRA induced RBP and showed 

cytoprotective kinetics identical to those of DDM-PGE2 pretreatment.  The cytoprotective 

kinetics of AtRA were decreased following co-treatment of cells with both RBP protein 

and AtRA further supporting a role for RBP in DDM-PGE2 and AtRA mediated 

cytoprotection.    

Steroid hormones such as thyroid hormone, vitamin D3, estrogen, and retinoic 

acid consist of the steroid hormone receptor superfamily of ligand-inducible transcription 

factors (Napoli 1999).  It is also well known that the effects of the steroid hormones are 

exerted via binding to specific intracellular receptors and subsequently activating the 

expression of gene network (Napoli 1999).  The effects of endogenous RAs are achieved 

primarily by two types of RA isomers (all-trans RA [AtRA] and 9-cis RA), which are 
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synthesized from the retinalaldehyde precursor, a derivative of vitamin A, and are 

mediated by two classes of nuclear receptors, retinoic acid receptors (RARα, β, and γ) 

and their heterodimeric counterparts, retinoid X receptors (RXRα, β, and γ) (Osanai 

2007). AtRA has marked effects on proliferation and differentiation in a variety of cells 

and the receptors for AtRA have been demonstrated to exist in renal cells such as LLC-

PK1 cells (Napoli 1999).    

RARs are activated by both AtRA and 9-cis RA, but RXRs are selectively 

activated by 9-cis RA.  These nuclear hormone receptors function as transcriptional 

regulators and exert their biological functions via binding to particular cis response 

elements, retinoic acid response elements.  We also demonstrate here for the first time the 

ability of DDM-PGE2 pretreatment to activate the RAR/RXR nuclear receptor 

heterodimers independent of AtRA synthesis.  Studies described herein cannot conclude 

that DDM-PGE2 cytoprotective effects are directly related to activation of the RAR/RXR 

nuclear receptor heterodimers.  However, our observations may support future 

investigations using the inhibition of these receptors in order to identify a direct 

relationship.  Studies described in Chapter 3 do show the ability of DDM-PGE2 to protect 

against the actin cytoskeletal disruption and may be a result of this activation as 

published data reports that RARα activation is an important determinant for the epithelial 

integrity (Osanai 2007).   

AtRA has been reported to inhibit AP-1 activation and previous studies indicate 

that the effects of AtRA on AP-1 pathway vary from cell type to cell type.  For example, 

AtRA inhibits the expression of c-fos and c-jun in synovial fibroblasts (Schroen 1996) 
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and in human bronchial epithelial cells, growth factor-induced activation of JNK is also 

inhibited by AtRA (Lee 1998).  Our data shows the ability of both DDM-PGE2 and AtRA 

to activate the RAR nuclear receptor.  In addition, DDM-PGE2 cytoprotective 

mechanisms are mediated through AP-1 activation (Weber 2000).  In support of the 

differential actions of AtRA and DDM-PGE2, it has been reported that the biological 

actions of retinoids are mediated by RARs and RXRs and inhibition of AP-1 by AtRA 

occurs independent of retinoic acid response elements (Nagpal 1995).  Other possible 

mechanisms of cytoprotection from AtRA against chemical induced toxicity may be due 

to the antioxidant activity of retinoids (Moreno-Manzano 1999).  The cytoprotective 

action of AtRA against TGHQ induced toxicity might simply be via the scavenging of 

chemical induced ROS generation and also the possible induction of endogenous 

antioxidant enzymes.  Reports indicate that AtRA can increase the expression of both 

catalase activity and reduced GSH expression (Moreno-Manzano 1999).   

In summary, data presented here indicates that AtRA and DDM-PGE2 protect 

LLC-PK1 cells against chemical induced toxicity and can both activate the retinoic acid 

nuclear receptor heterodimers.  In order to distinguish between the two pathways, 

proposed cytoprotective pathways are illustrated in Figure 5.17.  AtRA, following 

activation of the RARE, has been shown to increase the expression of COX-2 and 

ultimately the production of PGE2 in glomerular mesangial cells (Alique 2006).  

Interestingly, it is thought that COX-2 produces a pro-inflammatory response however; 

data reported here suggests that increased expression associated with increased 

production of PGE2 could be protective.  The fact that AtRA up-regulates COX 
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expression and increased production of PGE2 indicates the association of these two 

mechanisms of cytoprotection and highlights the importance of the retinoic acid nuclear 

receptors in the beneficial effects of both DDM-PGE2 and AtRA.  Exogenous 

pretreatment with DDM-PGE2 also activates the RARE and mimics the cytoprotective 

outcome.   
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Figure 5. 14.  Proposed correlation between AtRA and DDM-PGE2 
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CHAPTER 6:  RETINOIC ACID MEDIATED CYTOPROTECTION IN VIVO 
 

I. INTRODUCTION AND RATIONALE 

Cytoprotection was first identified in vivo using exogenous treatment of  

prostaglandins where Robert et al. reported that use of non-antisecretory doses in the 

protection against chemical induced injury (Robert 1976; Robert 1979; Robert 1979).  

PGs have since been found to protect against a variety of chemical agents, infections, and 

ischemic injuries in various organs.  Extensive research has continued to be examined 

with exogenous treatment of the different prostanoid isoforms in an attempt to identify 

the direct cytoprotective effects in target organs (Stachura 1981; Robert 1983; Robert 

1983; Robert 1986; Ruwart 1986).  The majority of these in vivo studies were conducted 

in the gastrointestinal tract (GI) and liver and the cytoprotective effects of exogenous PG 

treatment in the kidney have yet to be elucidated (Takeuchi 2001; Takeuchi 2002).  

Clinically, several PGs and their analogues have been used including Misoprostol, a 

synthetic analogue of PGE1 used for peptic ulcer treatment (Ballinger 1994; Yang 1996).  

In addition, PGs are used in the treatment of NSAID induced GI side effects and renal 

insufficiency as well as in acute liver failure and chronic liver disease (Scheiman 1996).  

The E series PGs have been shown to be the most effective in cytoprotection.  For 

example, PGE1 protected against the prolonged normothermic ischemia in pig liver.  Also 

16,16-dimethyl prostaglandin E2 (dm-PGE2) is the most frequently studied PG analogue 

and shows protection in several organs.  dm-PGE2 protects both isolated hepatocytes and 

rat liver against acute toxicity of CCl4 (Ruwart 1985), a prototypical liver toxicant and 

against the chronic hepatic toxicity of CCl4 (Stachura 1981).   
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Precision cut tissue slices offer an alternate model of investigation and was first 

described in 1923 by Otto Warburg.  This method has since advanced with widespread 

uses allowing the identification of mechanisms of toxicity in single systems, while 

retaining the effects of a valuable in vitro system.  In cell culture systems, cells are 

isolated from all other functional systems that are found in vivo, and tissue slices provide 

an additional model where architecture is maintained along with cellular interaction and 

cellular heterogeneity, however, remains isolated from the other systems of the body and 

maintains the ability of a direct comparison of animal based models in toxicology.  Slices 

have been used in a number of experiments where determination of histological impact, 

cell specific responses, enzyme leakage, and metabolic outcomes have been identified, 

and more recently, tissue slices have been used in both microarray and confocal 

microscopy studies.  We utilized the tissue slice model in an attempt to investigate the 

mechanism of cytoprotection against chemical induced toxicity. 

Identical to studies associated with TGHQ mediated toxicity, paraminophenol 

(PAP) mediated toxicity is a target of renal damage in the S3 segment of the proximal 

tubule. Pretreatment of cells with AtRA protects against TGHQ mediated cytotoxicity in 

vitro. Therefore, we utilized a known nephrotoxicant for use in identifying in vivo the 

effects of AtRA on cytoprotection.  Preliminary data supports a protective effect of AtRA 

pretreatment in rats followed by PAP-induced nephrotoxicity. These data indicate that the 

signaling pathways identified in vitro may also be engaged in vivo following either 

DDM-PGE2 or AtRA pretreatment.  The studies described in this chapter are first 

designed to identify the potential use of the kidney tissue slices as an alternate in vivo 
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model and second, to examine the in vivo effects of retinoic acid against chemical 

induced nephrotoxicity.   
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II. RESULTS 

A. TGHQ does not induce toxicity in renal slices. 

TGHQ results in a dose-dependent decrease in cell viability when investigated 

using LLC-PK1 cells.  The use of the tissue slice model was utilized for purposes of 

identifying those mechanisms identified in vitro with the potential of similar signaling 

pathways in vivo.  Treatment of renal slices with increasing doses of TGHQ for 2 hrs had 

no effect on tissue viability as assessed by the ratio of K+/DNA (Figure 6.1).  Because 

toxicity of TGHQ requires functional γ-GT activity, we examined the same dose-

response of renal slices with TGHQ parent compound HQ.  Treatment with increasing 

doses of HQ did show a dose-dependent decrease in tissue viability, however, in a 

toxicity range that would be insignificant (Figure 6.2). 

Because we were unable to identify a strong correlation between dose and toxicity 

with the two compounds of interest, we incorporated the use of a positive control, HgCl2, 

which is a widely used chemical known to induce toxicity.  Following tissue slice 

generation, slices were incubated with increasing doses of HgCl2 for 2 hrs and assessed 

for viability as a ration of K+/DNA (Figure 6.3).  The data indicate a steep dose-response 

curve and suggest that the use of this model as a alternative to in vivo assays is not viable 

due to the collapse of tubules, resulting in a non-functional γ-GT in the proximal tubule 

epithelial, and therefore the inability to induce toxicity.   

B. PAP treatment results in a dose-dependent toxicity in F-344 rats. 

Because the alternate model for use an in vivo studies was unsuccessful, we 

utilized Fischer 344 (F-344) rats in order to identify the signaling pathways associated 
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with DDM-PGE2 in vivo.  TGHQ toxicity is similar to that of PAP and therefore, PAP 

toxicity was evaluated in F-344 rats.  Animals were treated with a single injection of 

either vehicle control, 50 mg/kg, or 150 mg/kg and urine was collected at 6 and 24 hrs 

post-treatment.  Five renal toxicity indexes were analyzed including brush border 

enzymes, ALP and γ-GT, cytosolic enzyme GST, and urinary glucose and protein.  These 

urinary renal toxicity indexes are known sensitive biomarkers for nephrotoxicity that 

correlate with TGHQ induced renal toxicity (Peters 1997).  Treatment with 50 mg/kg 

PAP resulted in a significant increase in all indices that were evaluated (Figure 6.4).  

However, use of 150 mg/kg failed to increase toxicity parameters because the dose 

exceeded toxicity in animals treated with this high dose and there was little to no urine 

output for examination.     

C. AtRA pretreatment protects against PAP induced nephrotoxicity. 

Because protection with AtRA was evident in previous in vitro studies, we 

utilized AtRA to investigate the cytoprotective effects in vivo following treatment with 

50 mg/kg PAP.  Animals were pretreated with a subcutaneous dose of either vehicle 

control or 10 mg/kg AtRA every 24 hours for three days and subsequently given a single 

dose of PAP (50 mg/kg).  Urine was collected at 6 and 24 hrs following PAP treatment 

and analyzed for renal urinary toxicity parameters (Figure 6.5).  AtRA pretreatment 

protected against PAP induced toxicity of all five urinary parameters at 6 hrs.  In 

addition, protection was evident at 24 hrs post-treatment, however, not statistically 

significant.   
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Figure 6. 1.  Dose-response of TGHQ in rat kidney slices  
 
Effects of exogenous treatment of increasing doses of TGHQ for 2 hrs and uptake in 
renal cortical slices.  Results are shown as mean ± SEM.  Four slices/animal for each 
treatment group.
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Figure 6. 2.  Dose-response of hydroquinone in rat kidney slices 
 
Effects of exogenous treatment of increasing doses of hydroquinone for 2 hrs and uptake 
in renal cortical slices.  Results are shown as mean ± SEM.  Four slices/animal for each 
treatment group.



168 

 

 

 
 
 
 
Figure 6. 3.  Dose-response of mercuric chloride in rat kidney slices 
 
Effects of exogenous treatment of increasing doses of HgCl2 for 2 hrs and uptake in renal 
cortical slices.  Results are shown as mean ± SEM.  Four slices/animal for each treatment 
group.  
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Figure 6. 4.  Dose-response of PAP treated Fischer 344 rats 
 
Male Fischer rats (n=5) were treated (i.p.) with either vehicle control or PAP (50 mg/kg 
or 100 mg/kg).  Urine samples were collected at 6 and 24 hrs following treatment and 
urine was immediately analyzed for alkaline phosphatase (A), protein (B), γ-glutamyl 
transpeptidase (C), glucose (D), and GST (E).  * Significantly different from control 
untreated animals.   
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Figure 6. 5.  Protective effects of AtRA on urinary enzymes of PAP treated animals 
 
Male Fischer rats (n=5) were treated (i.p.) with either vehicle control or 10 mg/kg AtRA 
Rats were subsequently given a single dose of PAP (50 mg/kg).  Urine samples were 
collected at 6 and 24 hrs following treatment.  Urine was immediately analyzed for 
alkaline phosphatase (A), protein (B), γ-glutamyl transpeptidase (C), glucose (D), and 
GST (E).  Rats were treated with three single doses of AtRA (10 mg/kg/day, i.p.) 
followed by a single dose of PAP (50 mg/kg, i.p.). Nephrotoxicity was determined at 6 
and 24 hrs following PAP. Urinary proteins, glucose, γ-GT and GSH S-transferase were 
determined. Values represent the mean ± SEM (n = 4).  * Significantly different from 
control untreated animals.  ŧ Significantly different from PAP treated animals.  p < 0.05. 
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III. DISCUSSION 

In these studies, we attempted to identify an alternate model of in vivo toxicity to 

investigate the effects of DDM-PGE2 on chemical induced toxicity as determined in the 

in vitro model.  One of the negative effects of tissue slices is the problematic collapse of 

the tubules during the slicing.  As a result, the proximal tubules are not functional and 

lose the enzymatic activity that would normally exist in a cell culture or whole animal 

model.  TGHQ toxicity requires the enzymatic activation with γ-GT that results in the 

redox sensitive metabolite.  Because the abundance of this enzyme in the renal proximal 

tubule epithelium, and also because that is the target of TGHQ induced nephrotoxicity, 

lack of functional γ-GT following renal slices inhibits the use of the tissue slices for 

purposes of our investigations.   

Acetaminophen (APAP) is a widely used drug for the treatment of pain and fever.  

Therapeutic doses of this drug are safe, however overdose of this drug is known to cause 

hepatic necrosis and renal failure (Tarloff 1996). APAP is mostly metabolized through 

sulfation and glucuronidation when given at pharmacological doses.  Small amounts of 

APAP are metabolized by cytochromes P450 2E1, 1A2 and 3A4, where this metabolic 

pathway produces a reactive metabolite, N-acetyl-p-benzoquinone imine (NAPQI). 

NAPQI can subsequently undergo deacetylation to form p-aminophenol (PAP), a potent 

nephrotoxicant (Mugford 1997; Ruepp 2002).  

Two suggested pathways have been proposed for the mechanism of PAP-

mediated nephrotoxicity. One pathway is the conjugation of PAP to GSH in the liver, 

forming 4-amino-3-S-glutathionylphenol (PAP-GSH), and subsequent accumulation of 
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these toxic compounds in the kidney (Hallman 2000). An additional pathway for the 

mechanisms of PAP toxicity is through oxidation of PAP to an aminophenoxy radical and 

benzoquinonimine (Harmon 2005).  The redox cycling of PAP produces oxidative stress 

and cellular damage.  PAP and PAP-GSH can also covalently bind to various intracellular 

target renal proteins resulting in dysregulation of a variety of cellular processes and 

produce ROS, resulting in lipid peroxidation, protein oxidation, and DNA degradation 

(Cohen 1997; Mugford 1997).  

Formation of PAP-GSH conjugates is of particular interest because the conjugates 

are more potent nephrotoxicants than PAP itself (Fowler 1994; Hallman 2000). These 

PAP-GSH conjugates are metabolized to the corresponding cysteine conjugates by γ-

glutamyltranspeptidase (γ-GT) and dipeptidase.  The cysteine conjugates are recognized 

by renal amino acid transporters, facilitating their accumulation into tubular epithelial 

cells and subsequent toxicity.  An inhibitor of γ-GT, acivicin (AT-125) reduces the 

nephrotoxicity of PAP and  PAP-GSH compounds suggesting PAP-GSH is responsible 

for PAP observed nephrotoxicity (Fowler 1993; Fowler 1994).  Similar mechanisms have 

been observed with TGHQ (Peters 1997) following acivicin (AT-125) treatment 

indicating that these compounds likely produce toxicity via similar pathways.  

Tissue constituents of the kidney and urogential tract leak into the urine as a 

consequence of physiological cell turnover or cell damage and can therefore be used to 

theoretically detect site-specific renal damage.  For instance, both γ-GT and ALP are 

enzymes that reside in the brush border membrane of the renal tubular cells and shed into 

the urine follow renal tubular injury and can used as an index of renal toxicity (Peters 
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1997).  PGE2 has been shown to activate the PKC pathway in the kidney and this 

activation is related to protein shedding.  As a result, this shedding may be an effect of 

DDM-PGE2 induced PKC activation.  Contrary to this, GST is a cytosolic enzyme whose 

increase represents a loss of membrane integrity and is a marker of necrotic cell death.  

The protection shown here with AtRA pretreatment on PAP induced toxicity indicates the 

in vivo protective effects of DDM-PGE2.  In addition, the urinary glucose as a marker of 

kidney function and its increase following AtRA pretreatment suggests that AtRA 

protects against chemical induced renal function.    

These results support the contention that the signaling pathways identified in vitro 

may also be engaged in vivo following either DDM-PGE2 or AtRA pretreatment and 

provide a rationale for proceeding with future examination into the mechanisms of 

protection in vivo.     
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CHAPTER 7:  ANTIOXIDANT EFFECTS OF DDM-PGE2 AGAINST 
CHEMICAL AND NON-CHEMICAL INDUCED REACTIVE OXYGEN SPECIES 

 
I. INTRODUCTION AND RATIONALE 

Reactive oxygen species (ROS) are generated intracellularly and extracellularly 

through a variety of processes including byproducts of normal aerobic metabolism, as 

second messengers in various signal transduction pathways, taken up directly by cells, 

and/or produced as a consequence of environmental exposure insult (Martindale 2002).  

For all living organisms ROS is not only continuous, but unavoidable.  Phenotypic 

influences can impact the particular outcome varying with respect to particular agent, cell 

type, and amount of exposure.  Even minor increases in ROS result in the activation of 

stress signaling pathways and thus changes in the patterns of gene expression.  ROS 

negatively effects the cell with changes reflected in proliferation, growth arrest, 

senescence, and cell death while excessive generation is linked to a number of human 

diseases, redox-chemical induced toxicities, aging, and severe damage to DNA and 

proteins (Bolton 2000; Martindale 2002).   

In healthy aerobic organisms, production of ROS is approximately balanced by its 

antioxidant defense system that has evolved to combat the accumulation of ROS.  

Included in these systems are non-enzymatic molecules such as glutathione, vitamins A, 

C, and E, and flavenoids) as well as enzymatic scavengers including superoxide 

dismutase (SOD), catalase, and glutathione peroxide (Martindale 2002).  The fate of the 

cell in the presence of ROS is therefore determined by the ability of cells to prevent 

oxidative stress or to repair cellular damage through temporal activation of subsequent 

signaling pathways (Schlessinger 2000).   
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Quinol-thioethers induce rapid p38 MAPK mediated ROS-dependent DNA 

damage, growth arrest, histone H3 phosphorylation, and cell death (Mertens 1995; Jeong 

1996; Jeong 1997; Jeong 1997; Ramachandiran 2002).  2,3,5-tris(glutathione-S-

yl)hydroquinone (TGHQ) is one quinol-thioether that directly contributes to HQ-

mediated nephrotoxicity by maintaining the cells ability to redox cycle resulting in the 

excessive generation of ROS (Lau 1988; Towndrow 2000; Lau 2001).  LLC-PK1 cells 

are particularly sensitive to oxidative stress induced damage (Towndrow 2000; Weber 

2001).  Pretreatment of LLC-PK1 cells with DDM-PGE2 protects against chemical 

induced nephrotoxicity caused by both TGHQ and H2O2 (Weber 1997; Weber 2000; 

Weber 2001).  In addition, Chapter 3 illustrates the ability of DDM-PGE2 pretreatment to 

attenuate TGHQ induced ROS as well as protect against the deleterious effects of 

chemical induced ROS on the actin cytoskeleton; a primary target of ROS that plays a 

critical role in the  maintenance of cell membrane structure and function (Smoyer 2000). 

Ischemia is among one of the most common causes of acute renal failure (ARF) 

affecting approximately 5% of all hospitalized patients and has a mortality rate greater 

than 50% (Alkhunaizi 1996).  In addition to chemical induced renal injury, considerable 

evidence has incriminated ROS in the pathogenesis of disease as a result of hypoxic 

injury (Noiri 2001).  Ischemia induced ROS ultimately results in the disruption of the 

actin cytoskeleton (Smoyer 2000).  Despite increased mortality rates associated with 

ARF, there is currently no specific treatment available although an enhanced defense 

against ROS is likely to be an effective treatment option.  The hypothesis that free radical 

scavengers can ameliorate oxidative damage caused by hypoxia is being pursued by 
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many.  Over-expression of catalase, SOD, or glutathione peroxidase is protective against 

oxidative stress (Benjamin 1998).  Therefore, the development of a novel antioxidant 

therapeutic agent may prove beneficial in the prevention or treatment of ARF.    

DDM-PGE2 selectively induces several proteins including actin and Hsp27, 

thereby increasing the cells heat shock response prior to insult.  Several studies have 

reported that upregulation of stress proteins correlates with increases in the enzymatic 

activity of catalase (Benjamin 1998) supports a role for DDM-PGE2 in the protection 

against oxidative damage.  Studies described in the chapter seek to investigate the ability 

of DDM-PGE2 to protect against both chemical and hypoxia induced nephrotoxicity and 

the basis for these studies is illustrated in Figure 7.1.  We hypothesize that DDM-PGE2 

protection involves the selective induction of several antioxidant defense systems, 

including the heat shock response, and is protective against ROS at the level of the actin 

cytoskeleton.  DDM-PGE2 selective protein accumulation as they relate to ROS 

generation, the actin cytoskeleton, and acute renal failure, as well as AP-1 regulated 

antioxidant enzymes involved in scavenging free radicals are examined.   
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II. RESULTS 

A. DDM-PGE2 and catalase effects of TGHQ on the F-actin cytoskeleton.   

In chapter 3, we show evidence that pretreatment of LLC-PK1 cells with DDM-

PGE2 for 24 hrs protects against chemical induced cytotoxicity and the effects on the 

actin cytoskeleton (Figure 3.3).  TGHQ generated ROS negatively affects the 

organization of F-actin cytoskeleton which is protected when cells are pretreated with 

DDM-PGE2.  The fact that DDM-PGE2 also prevents the generation of ROS by TGHQ, it 

was likely that cytoprotection involved an increased antioxidant response.  Therefore, we 

compared the effects of a known scavenger of free radicals to that of DDM-PGE2 on 

TGHQ induced toxicity.  Catalase was used as a positive control and was treated in 

combination with TGHQ to visualize the effects on the actin cytoskeleton.  Post-

confluent LLC-PK1 cells were treated for 2 hrs with 350 µM TGHQ, 10 µM catalase, or 

in combination and cells were immediately fixed and stained with fluorescently labeled 

phalloidin for visualization of F-actin cytoskeletal fibers.  Effects on the actin 

cytoskeleton were compared using confocal microscopy (Figure 7.2).  TGHQ induced 

disruption of the F-actin cytoskeleton identified by decreased stress fibers and patching of 

the F-actin when compared to both untreated control cells and cells treated with catalase 

alone.  Cells co-treated with catalase and TGHQ prevented TGHQ induced F-actin 

cytoskeletal damage similar to that of DDM-PGE2 alone (Figure 7.2).  Therefore, DDM-

PGE2 mediated cytoprotection on the actin cytoskeleton may involve effects of 

preconditioning on enhancing the induction of the cells antioxidant system.     
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Figure 7. 1.  Proposed rationale for future investigations into DDM-PGE2 mediated 
cytoprotection and the induction of antioxidant response. 
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Figure 7. 2.  Catalase prevents TGHQ induced F-actin disruption. 
 
Untreated control LLC-PK1 cells, cells treated with catalase (10 µM), and cells treated 
either alone for 2 hrs with 350 µM TGHQ or in combination with catalase were fixed, 
detergent permeabilized, and immediately stained with phalloidin to visualize F-actin 
polymerization.  Views were obtained by confocal laser scanning microscopy.  Images 
represent a single apical section from a series of z-plane projection images. 
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B. Hypoxia increases the expression of heat shock response 

The heat shock response has previously been identified as an important function 

related to DDM-PGE2 mediated cytoprotection.  The changes in protein expression of 

two important heat shock proteins that are known to participate in antioxidant defense, 

Hsp27 and Hsp32 (heme-oxygenase-1; HO-1) were examined by western blot analysis.  

Control cells and cells treated with TGHQ showed comparable expression levels of HO-

1, whereas pretreatment with DDM-PGE2 for 24 hrs showed significant increased 

expression of the heat shock response (Figure 7.3).   

C. DDM-PGE2 protective effects against hypoxia induced toxicity. 

TGHQ generates increased levels of ROS and ultimately a dose-dependent 

decrease in cell viability.  In addition, hypoxia is also a known inducer of ROS.  In order 

to directly compare the effects of chemical induced toxicity to that of hypoxic injury, cell 

viability was examined in cells exposed to hypoxia using the neutral red lysosomal 

uptake assay.  Hypoxia was induced in LLC-PK1 cells using 10 µM antimycin A in 

glucose-free media.  Toxicity was detected at various time points ranging from 0 – 120 

minutes hypoxia.  Consistent with dose-dependent toxicity caused by chemical exposure, 

hypoxia resulted in a time-dependent toxicity profile (Figure 7.4).  Decreased cell 

viability was evident as early as 10 min of hypoxic exposure with a continual decrease 

throughout the 2 hrs. 
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Figure 7. 3.  DDM-PGE2 induction of HO-1 protein expression. 
 
LLC-PK1 cells were pretreated with 2 µM DDM-PGE2 for 24 hrs (DDM-PGE2) followed 
by a 2 hr challenge with 350 µM TGHQ (TGHQ).  Western blot analyses were examined 
for HO-1 protein expression.  GAPDH was used as loading control.  
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Figure 7. 4.  Time course of chemical hypoxia induced toxicity. 
 
Post-confluent LLC-PK1 cells were exposed to antimycin A induced chemical hypoxia 
(10 µM) from 0 - 2 hrs.  Cell viability was determined by neutral red uptake assay.  
N = 6 per group.  * Significantly different than control untreated cells.  p < 0.05. 
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D. DDM-PGE2 protects against hypoxia induced toxicity 

The ability of DDM-PGE2 pretreatment to protect against hypoxia induced 

toxicity was examined and compared to the protection against TGHQ.  LLC-PK1 cells 

were pretreated for 24 hrs with 2 µM DDM-PGE2 followed by treatment with increasing 

doses of TGHQ and cell viability was determined using the neutral red lysosomal uptake 

assay (Figure 7.5).  TGHQ induced significant toxicity with 300 µM TGHQ and 

pretreatment with DDM-PGE2 attenuated toxicity.  Induction of chemical hypoxia using 

10 µM antimycin A in glucose-free media for various time points between 5 – 60 min 

also resulted in a dose-dependent decrease in cell viability.  Pretreatment of cells with 

DDM-PGE2 also prevented toxicity at all time points examined and the level of 

protection was comparable to that of TGHQ (Figure 7.6).     

Post-confluent LLC-PK1 cells were then exposed to chemical induced hypoxic 

injury and time-dependent induction of these stress proteins were investigated up to 60 

min hypoxic exposure.  Results indicate a time-dependent increase in the expression of 

HO-1 protein (Figure 7.7).  HO-1 protein expression continued to increase up to 30 min 

hypoxia.  Prolonged exposure as early as 60 min resulted in reduced HO-1 protein levels 

compared to 20 min exposure although the level still exceeded that of the control.  In 

contrast, there was no effect on the expression level of Hsp27 protein in response to 

hypoxia.   
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Figure 7. 5.  DDM-PGE2 protects against TGHQ induced toxicity.   
 
Untreated control cells and cells pretreated with 2 µM DDM-PGE2 for 24 hrs were 
challenged with increasing doses of TGHQ from 0 – 400 µM for 2 hrs.  Cell viability was 
determined by neutral red uptake assay and compared to untreated control cells. * 
Significant compared to control. ŧ Significantly different than control with TGHQ 
treatment.  N = 6 per group. p < 0.05.
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Figure 7. 6.  DDM-PGE2 protects against hypoxic injury.   
 
Untreated control cells and cells pretreated with 2 µM DDM-PGE2 for 24 hrs were 
challenged with antimycin A induced chemical hypoxia (10 µM) from 0 – 60 min.  Cell 
viability was determined by neutral red uptake assay and compared to untreated control 
cells. *P<0.05 compared to control. ŧ significantly different than control with hypoxia 
treatment.  N = 6 per group. 
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Figure 7. 7.  Hypoxia induced time- dependent increase in stress response.   
 
The effect of increased time of hypoxia on protein expression levels of Hsp27 and HO-1 
was examined.  LLC-PK1 cells were subjected to chemical induced hypoxia for 0 - 60 
minutes and equal amounts of protein from each lysate was subjected to SDS-PAGE 
followed by immunoblotting using specific antibodies specific to either Hsp27 or HO-1.  
Representative western blots are shown.    
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E. Protein induction in response to ischemia-reperfusion injury. 

In order to study the effects of DDM-PGE2 pretreatment on I/R injury in the kidney, a 

mouse model with transient bilateral clamping of the renal pedicles was used and 

nephrotoxicity measured by elevated serum creatinine and BUN levels according to 

established protocols (Lai 2007) (Figure 7.8).  Mice underwent transient bilateral 

clamping for 30 minutes to induce hypoxic injury.  Protein extracts from kidney tissues 

following 4 and 24 hrs reperfusion were analyzed by western blot and compared to sham 

operated control animal tissues (Figure 7.9A).  Consistent with in vitro data, HO-1 

protein expression was significantly induced following 4 hrs reperfusion and sustained 

throughout the 24 hr reperfusion period.  In contrast to in vitro hypoxic injury, Hsp27 

protein expression levels were slightly increased following 24 hrs reperfusion.  Proteins 

identified by western blot analysis correlate with evaluation of gene induction using 

microarray technology (Figure 7.9B).   
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Figure 7. 8.  Induction of acute renal failure following ischemia/reperfusion injury. 
 
Induction of acute renal failure following induction of hypoxia by ischemia-reperfusion 
injury was analyzed by measuring plasma concentrations of creatinine and BUN 
following 24 hrs post-reperfusion.  Mice underwent bilateral ischemia for 30 min. and 
were compared to sham operated control animals.  Analysis of plasma was conducted and 
specific values are shown in terms of mg/dL values.    
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Figure 7. 9.  Ischemia/reperfusion induced heat shock response in vivo. 
 
The effect of increased time of hypoxia from ischemia-reperfusion injury on both gene 
induction and protein expression levels of Hsp27 and HO-1 were examined in vivo.  Mice 
underwent bilateral ischemia for 30 min. and compared to sham operated control animals.  
*(A) Microarray analysis of inducible genes following 4 hrs reperfusion were analyzed 
and minimal data represented here.  (B) In addition, equal amounts of protein from each 
lysates were subjected to SDS-PAGE followed by immunoblotting using specific 
antibodies specific to either Hsp27 or HO-1.  Representative western blots are shown.    
 
*Data provided by Dr. Liwen Lai, University of Arizona, College of Medicine.   
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III. DISCUSSION 
 

Oxidative stress as a result of chemical or hypoxic injury from ischemia 

reperfusion (I/R) plays a central role in the injury of vital organs including the brain, 

kidney, and heart (Venkatakrishnan 2006).  Since the 1970’s, the hypothesis that free 

radical scavengers can ameliorate oxidative damage during I/R has been pursued 

extensively by both clinicians and researchers (Benjamin 1998).  Regulation of gene 

expression by oxidants, antioxidants, and the cellular redox state is now well established, 

and involves the participation of at least three well-defined transcription factors, AP-1, 

NF-κB and NF-E2-related factor-2 (Nrf-2) (Dalton 1999; Nguyen 2003), all of which are 

responsive to the redox state.   

Published data from our laboratory indicate DDM-PGE2 mediated cytoprotection 

is mediated by activation of AP-1 and NF-κB transcription factors (Weber 2000).  AP-1 

activation involves the induction of free radical scavengers including catalase, 

glutathione peroxidase, superoxide dismutase (SOD), and hemeoxygenase 1 (HO-1).  

Increased expression levels of these antioxidants can lead to increased protection against 

the deleterious effects of endogenous and exogenous inducers of toxicity.  Therefore, we 

hypothesized that the selective induction of AP-1 mediated antioxidant defense system 

plays a crucial role in DDM-PGE2 mediated cytoprotection.   

DDM-PGE2 pretreatment selectively induces several proteins including actin and 

Hsp27 (Jia 2004).  Induction and accumulation of Hsps have been associated with 

tolerance and protection from various stresses including chemical stress, hypoxia, and or 

ischemia and therefore represents a biologically important cellular response to external 
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stress (Kacimi 2000).  Hsp27 is known to function in maintaining the actin cytoskeleton 

and studies detailed in chapter 3 illustrate the ability of DDM-PGE2 to protect against 

chemical induced actin disruption through increased expression of Hsp27 protein 

phosphorylation.   

In addition to the effects of Hsp27 on the actin cytoskeleton, this sHsp may also 

play a role in regulating intracellular levels of ROS.  Increased expression of Hsp27 has 

been shown to decrease intracellular ROS as well as increase reduced glutathione in 

conjunction with protection against TNF-α induced cell death (Mehlen 1995).  

Maintenance of reduced glutathione levels may occur from the decreased cellular iron 

levels mediated by Hsp27 that is normally responsible for catalyzing free radical 

formation (Arrigo 2005).   

DDM-PGE2 pretreatment is protective against TGHQ mediated toxicity whose 

toxicity is mediated by the ability to redox cycle generating an increase in ROS 

(Towndrow 2000).  ROS negatively effects the organization of the F-actin cytoskeleton.  

Chapter 3 also illustrates the ability of DDM-PGE2 to not only protect against TGHQ 

induced F-actin cytoskeletal disruption but also the ability to inhibit TGHQ induced ROS 

generation.  In concert, co-treatment of cells with catalase and TGHQ prevents F-actin 

disruption caused by chemical induced ROS generation further supporting a functional 

role of DDM-PGE2 in the induction of antioxidants.   

 Heme Oxygenase (HO-1) is the rate-limiting enzyme in the degradation of heme 

that cleaves heme to form to biliverdin (a potent antioxidant), molecular iron, and carbon 

monoxide (Benjamin 1998).  There are two single-copy genes that encode HO, the 
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constitutive form (HO-2) and HO-1, the inducible bonafide 32 kDa (Hsp32) stress 

protein.  Like Hsp27, Hsp32 is a member of the sHsp family whose induction is also 

increased in response to a variety of biological stresses including hypoxia, I/R, and 

chemical stress.  Although the exact mechanism of HO-1 is not fully understood, reports 

show that over-expression of HO-1 in several cell types protects against oxidative stress 

and cell damage (Lee 1996; Motterlini 1996).  In the present study, we compared the 

relationship of Hsp27 protein expression and HO-1 expression in response to changes in 

redox balance.  Western blot analysis revealed low levels of basal HO-1 and substantial 

constitutive Hsp27 protein expression in vitro.  Chemical induced hypoxic injury 

significantly increased HO-1 protein expression while hypoxia had no effect on steady 

state Hsp27 protein expression, although these data indicate Hsp27 protein levels are 

unchanged in response to hypoxia.  It is likely that similar to TGHQ, hypoxia also 

modifies the phosphorylation status of Hsp27 implicating the importance of the heat 

shock response.  This would support our hypothesis that increased expression of Hsp27 

phosphorylation with DDM-PGE2 is important in its protection.   

I/R injury activates certain defense mechanisms including Hsps in order to protect 

cells against damage (Smoyer 2000).  In addition to in vitro data on hypoxia induced 

protein expression, we also reveal that both HO-1 and Hsp27 protein expression levels 

are increased in response to hypoxic injury caused by I/R injury in vivo.  In concert, gene 

expression regulation analyzed by microarray also supported these data showing 

increases in both HO-1 and Hsp27 in samples from animals following 24 hrs of 

reperfusion.   
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There is a time-dependent increase in cell death following hypoxic exposure with 

toxicity beginning after approximately 20 min of hypoxia.  Data showing an increase of 

HO-1 protein levels during hypoxia begin as early as 5 min without evidence of cell 

death and provides evidence that HO-1 may be cytoprotective against hypoxia induced 

stress.  Increased time of hypoxic exposure in cells causes a complete loss in cell viability 

correlating with a decreased expression of HO-1.  This supports HO-1 as a defense 

mechanism that becomes overwhelmed with excessive exposure to hypoxic conditions.  

Therefore, like many endogenous defense systems, this stress protein is also limited by 

the severity of the stress.  It is likely then that our hypothesis that DDM-PGE2 mediated 

cytoprotection involves the induction and accumulation of stress proteins, including 

Hsp27 and HO-1.  Indeed, DDM-PGE2 pretreatment protects against cell toxicity caused 

by both TGHQ and hypoxia in a dose-dependent or time-dependent manner and 

pretreatment of cells for 24 hrs with DDM-PGE2 increased the expression of HO-1.   

In summary, nephrotoxicity as a result of an imbalance in redox status exhibits a 

differential pattern of Hsp expression with both transcriptional and post-translational 

regulation.  In vitro HO-1 was induced by hypoxia while Hsp27 maintained a constitutive 

expression, however in vivo, both HO-1 and Hsp27 expression levels were increased in 

response to hypoxia.  DDM-PGE2 increased expressions of these stress proteins and post-

translational modification of Hsp27 provides additional information to our current 

understanding of the mechanisms involved in cytoprotection.  
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CHAPTER 8:  CONCLUDING REMARKS 

I. SUMMARY  

PGs are endogenous fatty acids that are found in nearly all organs across most 

species and are involved in the regulation of many fundamental physiological processes.  

PGs have been shown to regulate cellular homeostasis, differentiation, proliferation, and 

stress response signaling pathways including inflammation, apoptosis, and carcinogenesis 

(Schlondorff 1986).  The actions of PGs are differentially regulated depending on the 

tissue and cellular type and have short half-lives that limit their functional location.  

Extensive studies have been conducted to identify the mechanistic role PGs play in the 

development of potential therapeutics and studies described within this dissertation seek 

to advance the identification of PG mediated cytoprotective mechanisms against chemical 

induced nephrotoxicity.  Figure 8.1 summarizes the conclusions that were made during 

the course of these investigations and provides an illustration of the potential directions 

of investigations into DDM-PGE2 mediated cytoprotection.  

Studies in our laboratory have shown that both PGE2 and DDM-PGE2 can protect 

against TGHQ induced toxicity in LLC-PK1 cells.  DDM-PGE2 cytoprotection is 

mediated by the TP receptor which activates the AP-1 and NF-κB transcription factors.  

Maximal protection requires pretreatment for 24 hrs indicating a functional significance 

of gene expression regulation that is essential for protection.  Investigation into 

selectively induced proteins identified a multitude of proteins that can be functionally 

grouped including cytoskeletal proteins such as actin, ER chaperone proteins like Grp78, 

and elongation factor proteins which are essential for the protein synthetic machinery.   
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Further studies identified Hsp27 and RBP as selectively induced proteins.  With 

respect to actin and Hsp27, we hypothesized that DDM-PGE2 mediated cytoprotection 

involves cytoskeletal manipulation.  Hsp27 was significantly induced following DDM-

PGE2 pretreatment and its induction has been shown to be cytoprotective against heat 

shock, ROS, and chemical induced injury (Landry 1989; Mounier 2002).  In addition, 

Hsp27 protein has been shown to function as a molecular chaperone that is capable of 

regulating the intracellular ROS and glutathione levels.  More importantly, Hsp27 

undergoes modification by phosphorylation and this phosphorylated protein is thought to 

have affinity for the actin cytoskeleton.  Because actin is the most abundant cytoskeletal 

protein and one of the most sensitive and early targets of ROS, also selectively induced 

following DDM-PGE2 pretreatment, investigation into the ability of increased Hsp27 

phosphorylation to associate with the actin cytoskeleton and protect against chemical 

induced ROS generation by TGHQ is described in Chapter 3.  In addition, Hsp27 protein 

is phosphorylated and translocated into the nucleus where it may function to repair 

damaged nuclear proteins from aggregation as well as protection against damage to 

nuclear histones.   

There is continued controversy as to the effects of Hsp27 phosphorylation and the 

fate of cells in response to stress.  Human Hsp27 protein is capable of phosphorylation at 

three serine residues, Ser15, Ser78, and Ser82 which correspond to Ser15, Ser80, and Ser84 of 

the pig sequence.  Therefore, studies were conducted in LLC-PK1 cells to examine the 

site specific differential phosphorylation of Hsp27 protein in response to DDM-PGE2 

pretreatment and TGHQ treatment.  Results described in Chapter 4 indicate that the site 



196 

 

 

specific phosphorylation of Hsp27 at Ser80 negatively regulates cell survival, and that 

Hsp27 phosphorylation at Ser15 may be associated with cell survival.  

DDM-PGE2 also selectively induced the expression of RBP independent of ROS 

generation.   Like DDM-PGE2 mediated cytoprotection, induction of RBP appears to be 

TP receptor dependent however contrary to the selective induction of Hsp27, RBP 

induction is independent of chemical induced ROS.  Retinoids function through 

activation of their nuclear receptors, RAR and RXR, and serve as transcription factors 

regulating a multitude of genes that contain the retinoic acid response element (RARE) in 

their promoter region.  The ability of DDM-PGE2 to recruit the retinoid signaling 

pathway is discussed in Chapter 5.   

In Chapter 6, we attempted to identify an alternate model of TGHQ induced 

toxicity that would be beneficial to the investigations of DDM-PGE2 mediated 

cytoprotection.  Contrary to our expectations, the use of this kidney slice model was 

insufficient for investigations due to TGHQ’s necessity of a functional brush border 

membrane in its toxicity profile.  Preliminary investigations were conducted in vivo 

attempting to identify the protective effects of AtRA against paraminophenol (PAP) 

induced toxicity.  These studies provided a groundwork necessary for future studies that 

will identify the in vivo affects of DDM-PGE2 mediated cytoprotection. 

Finally, oxidative stress has been shown to cause or contribute many diseases 

including different forms of renal disease such as acute real failure, rhabdomyolysis, 

obstructive nephropathy, hyperlipidemia, glomerular damage, chronic renal failure, and 

hemodialysis.  Studies described in Chapter 7 seek to identify a functional role of DDM-
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PGE2 as an inducer of the antioxidant response pathway.  Prostaglandins may offer an 

alternative therapeutic strategy, and therefore studies on the mechanism by which this PG 

confers cytoprotection could have important therapeutic implications. 

II. FUTURE DIRECTIONS 

Overall, this dissertation has provided mechanistic insight into the continued 

investigations in our laboratory on the cytoprotective effects of DDM-PGE2 against 

chemical induced toxicity.  Although these studies have added to our understanding of 

protective mechanisms, further studies are necessary to define the exact function of the 

described proteins in DDM-PGE2 mediated cytoprotection.  First, Hsp27 was found to be 

differentially phosphorylated and we proposed that site specific phosphorylation at Ser80 

has a negative effect on cell viability.  Further evaluation into the function of this 

particular modification would be beneficial.  Also, having identified for the first time the 

ability of DDM-PGE2 to recruit the retinoid signaling pathway by activating the retinoic 

acid nuclear receptors is striking.  The idea that pretreatment of cells with AtRA was also 

protective against TGHQ induced toxicity and the toxicity was not TP receptor dependent 

is promising.  Based on the negative therapeutic effects of TP thromboxane receptor 

activation, future insight into the role that retinoids play in protection as compared to 

DDM-PGE2 would be useful.   

Majority of these studies have been examined in vitro, therefore, further studies 

should also be conducted to assess the ability of DDM-PGE2 to protect against TGHQ 

induced nephrotoxicity in vivo.  Identify the mechanism of protection and how they relate 

to those identified in our in vitro model.  Finally, Chapter 7 has unveiled a promising new 
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direction into the functional mechanism of DDM-PGE2 mediated cytoprotection and the 

ability to protect against the deleterious effects of ROS generation.  Not only from 

chemical induced ROS, but also that of more clinically relevant hypoxia induced ROS.  

Much attention should be made identifying those antioxidant pathways induced in 

response to DDM-PGE2 contribution to its cytoprotection.  An understanding of the 

factors regulating the cellular response to ROS and the molecular mechanisms by which 

DDM-PGE2 contributes to these interactions with cellular constituents will be important 

for the advancement of clinical therapeutics and the fundamental goals of biomedical 

research. 

In summary, this dissertation contributes to our current understanding of PG-

mediated protein induction and modification. The signaling pathways involved and the 

mechanisms associated with protection against both chemical and clinically relevant 

nephrotoxic outcomes.  Evidence supports a role for DDM-PGE2 in modulating the actin 

cytoskeleton and the protection against the deleterious effects caused by ROS and the 

induction and site specific phosphorylation of the heat shock response is important 

machinery that contributes to its protection.  The expansion of these studies will enhance 

the understanding of PG and retinoid mediated cytoprotection at the molecular and 

cellular level and ultimately provide insight into novel therapeutic strategies effective for 

clinical intervention following chemical induced tissue injury or hypoxia induced injury.  

PGs may offer an alternative therapeutic strategy, and therefore studies on the mechanism 

by which this PG confers cytoprotection could have important therapeutic implications.  
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Figure 8. 1.  Summary of DDM-PGE2 mediated cytoprotection. 
 

 



200 

 

 

REFERENCES 
 
, I. A. f. R. o. C. (1986). "IARC Monographs on the Evaluation of Carcinogenic Risks of 
Chemicals to Humans." Tobacco Smoking 38: 389-394. 

Aggarwal, S., S. W. Kim, et al. (2006). "Nonclassical action of retinoic acid on the 
activation of the cAMP response element-binding protein in normal human bronchial 
epithelial cells." Mol Biol Cell 17(2): 566-75. 

Ahuja, H. S., A. Szanto, et al. (2003). "The retinoid X receptor and its ligands: versatile 
regulators of metabolic function, cell differentiation and cell death." J Biol Regul 
Homeost Agents 17(1): 29-45. 

Alique, M., V. Moreno, et al. (2006). "Kinase-dependent, retinoic acid receptor-
independent up-regulation of cyclooxygenase-2 by all-trans retinoic acid in human 
mesangial cells." Br J Pharmacol 149(2): 215-25. 

Alkhunaizi, A. M. and R. W. Schrier (1996). "Management of acute renal failure: new 
perspectives." Am J Kidney Dis 28(3): 315-28. 

Andon, N. L., S. Hollingworth, et al. (2002). "Proteomic characterization of wheat 
amyloplasts using identification of proteins by tandem mass spectrometry." Proteomics 
2(9): 1156-68. 

Armstrong, R. A. and N. H. Wilson (1995). "Aspects of the thromboxane receptor 
system." Gen Pharmacol 26(3): 463-72. 

Arrigo, A. P., S. Virot, et al. (2005). "Hsp27 consolidates intracellular redox homeostasis 
by upholding glutathione in its reduced form and by decreasing iron intracellular levels." 
Antioxid Redox Signal 7(3-4): 414-22. 

Atzpodien, J., H. Kirchner, et al. (2004). "Interleukin-2- and interferon alfa-2a-based 
immunochemotherapy in advanced renal cell carcinoma: a Prospectively Randomized 
Trial of the German Cooperative Renal Carcinoma Chemoimmunotherapy Group 
(DGCIN)." J Clin Oncol 22(7): 1188-94. 

Bai, F., S. S. Lau, et al. (1999). "Glutathione and N-acetylcysteine conjugates of alpha-
methyldopamine produce serotonergic neurotoxicity: possible role in 
methylenedioxyamphetamine-mediated neurotoxicity." Chem Res Toxicol 12(12): 1150-
7. 

Ballinger, A. (1994). "Cytoprotection with misoprostol: use in the treatment and 
prevention of ulcers." Dig Dis 12(1): 37-45. 



201 

 

 

Balmer, J. E. and R. Blomhoff (2002). "Gene expression regulation by retinoic acid." J 
Lipid Res 43(11): 1773-808. 

Banan, A., G. S. Smith, et al. (2000). "Role of actin cytoskeleton in prostaglandin-
induced protection against ethanol in an intestinal epithelial cell line." J Surg Res 88(2): 
104-13. 

Banan, A., G. S. Smith, et al. (1998). "Protection against ethanol injury by prostaglandin 
in a human intestinal cell line: role of microtubules." Am J Physiol 274(1 Pt 1): G111-21. 

Beck, F. X., W. Neuhofer, et al. (2000). "Molecular chaperones in the kidney: 
distribution, putative roles, and regulation." Am J Physiol Renal Physiol 279(2): F203-15. 

Benjamin, I. J. and D. R. McMillan (1998). "Stress (heat shock) proteins: molecular 
chaperones in cardiovascular biology and disease." Circ Res 83(2): 117-32. 

Benndorf, R., K. Hayess, et al. (1994). "Phosphorylation and supramolecular organization 
of murine small heat shock protein HSP25 abolish its actin polymerization-inhibiting 
activity." J Biol Chem 269(32): 20780-4. 

Bero, T., A. Nemeth, et al. (1984). "The effect of gastric cytoprotective drugs (atropine, 
cimetidine, vitamin-A) on the indomethacin induced intestinal ulcers in rats." Acta 
Physiol Hung 64(3-4): 343-7. 

Blaner, W. S. (1989). "Retinol-binding protein: the serum transport protein for vitamin 
A." Endocr Rev 10(3): 308-16. 

Bolton, J. L., M. A. Trush, et al. (2000). "Role of quinones in toxicology." Chem Res 
Toxicol 13(3): 135-60. 

Bratton, S. B., S. S. Lau, et al. (1997). "Identification of quinol thioethers in bone marrow 
of hydroquinone/phenol-treated rats and mice and their potential role in benzene-
mediated hematotoxicity." Chem Res Toxicol 10(8): 859-65. 

Bresnahan, B. A., G. C. Le Breton, et al. (1996). "Localization of authentic thromboxane 
A2/prostaglandin H2 receptor in the rat kidney." Kidney Int 49(5): 1207-13. 

Butterworth, M., S. S. Lau, et al. (1998). "2-Hydroxy-4-glutathion-S-yl-17beta-estradiol 
and 2-hydroxy-1-glutathion-S-yl-17beta-estradiol produce oxidative stress and renal 
toxicity in an animal model of 17beta-estradiol-mediated nephrocarcinogenicity." 
Carcinogenesis 19(1): 133-9. 

Chambard, J. C., A. Franchi, et al. (1983). "Growth factor-stimulated protein 
phosphorylation in G0/G1-arrested fibroblasts. Two distinct classes of growth factors 
with potentiating effects." J Biol Chem 258(3): 1706-13. 



202 

 

 

Chambon, P. (1993). "The molecular and genetic dissection of the retinoid signalling 
pathway." Gene 135(1-2): 223-8. 

Cheng, J., H. Imanishi, et al. (2002). "Inhibition of the expression of alpha-smooth 
muscle actin in human hepatic stellate cell line, LI90, by a selective cyclooxygenase 2 
inhibitor, NS-398." Biochem Biophys Res Commun 297(5): 1128-34. 

Chung, S. S. and D. J. Wolgemuth (2004). "Role of retinoid signaling in the regulation of 
spermatogenesis." Cytogenet Genome Res 105(2-4): 189-202. 

CIR (1986). "Cosmetic ingredient review. Final report on the safety assessment of 
hydroquinone and pyrocatechol." J Am Coll Toxicol 5(3): 123-165. 

Cobb, M. H. (1999). "MAP kinase pathways." Prog Biophys Mol Biol 71(3-4): 479-500. 

Coffman, T. M., W. E. Yarger, et al. (1985). "Functional role of thromboxane production 
by acutely rejecting renal allografts in rats." J Clin Invest 75(4): 1242-8. 

Cohen, S. D. and E. A. Khairallah (1997). "Selective protein arylation and 
acetaminophen-induced hepatotoxicity." Drug Metab Rev 29(1-2): 59-77. 

Collins, P. W. (1990). "Misoprostol: discovery, development, and clinical applications." 
Med Res Rev 10(2): 149-72. 

Commins, D. L., G. Vosmer, et al. (1987). "Biochemical and histological evidence that 
methylenedioxymethylamphetamine (MDMA) is toxic to neurons in the rat brain." J 
Pharmacol Exp Ther 241(1): 338-45. 

Cooper, B., D. Eckert, et al. (2003). "Investigative proteomics: identification of an 
unknown plant virus from infected plants using mass spectrometry." J Am Soc Mass 
Spectrom 14(7): 736-41. 

Corley, R. A., J. C. English, et al. (2000). "Development of a physiologically based 
pharmacokinetic model for hydroquinone." Toxicol Appl Pharmacol 165(2): 163-74. 

Dalle-Donne, I., R. Rossi, et al. (2001). "The actin cytoskeleton response to oxidants: 
from small heat shock protein phosphorylation to changes in the redox state of actin 
itself." Free Radic Biol Med 31(12): 1624-32. 

Dalton, T. P., H. G. Shertzer, et al. (1999). "Regulation of gene expression by reactive 
oxygen." Annu Rev Pharmacol Toxicol 39: 67-101. 

Darbouy, M., M. N. Chobert, et al. (1991). "Tissue-specific expression of multiple 
gamma-glutamyl transpeptidase mRNAs in rat epithelia." Am J Physiol 261(6 Pt 1): 
C1130-7. 



203 

 

 

Deisinger, P. J., T. S. Hill, et al. (1996). "Human exposure to naturally occurring 
hydroquinone." J Toxicol Environ Health 47(1): 31-46. 

Divincenzo, G. D., M. L. Hamilton, et al. (1984). "Metabolic fate and disposition of 
[14C]hydroquinone given orally to Sprague-Dawley rats." Toxicology 33(1): 9-18. 

Dong, J., S. Ramachandiran, et al. (2004). "EGFR-independent activation of p38 MAPK 
and EGFR-dependent activation of ERK1/2 are required for ROS-induced renal cell 
death." Am J Physiol Renal Physiol 287(5): F1049-58. 

Dowling, J. E. and G. Wald (1960). "The role of vitamin A acid." Vitam Horm 18: 515-
41. 

Duvic, M., K. Hymes, et al. (2001). "Bexarotene is effective and safe for treatment of 
refractory advanced-stage cutaneous T-cell lymphoma: multinational phase II-III trial 
results." J Clin Oncol 19(9): 2456-71. 

Eblin, K. E., M. E. Bowen, et al. (2006). "Arsenite and monomethylarsonous acid 
generate oxidative stress response in human bladder cell culture." Toxicol Appl 
Pharmacol 217(1): 7-14. 

Ehrnsperger, M., S. Graber, et al. (1997). "Binding of non-native protein to Hsp25 during 
heat shock creates a reservoir of folding intermediates for reactivation." Embo J 16(2): 
221-9. 

English, J. C., P. J. Deisinger, et al. (1988). "Toxicokinetics Studies with Hydroquinone 
in Male and Female Fischer 344 Rats: Part I." R&D report pf Eastman Kodak Co., 
Rochester, NY. 

Feder, M. E. and G. E. Hofmann (1999). "Heat-shock proteins, molecular chaperones, 
and the stress response: evolutionary and ecological physiology." Annu Rev Physiol 61: 
243-82. 

Fowler, L. M., J. R. Foster, et al. (1993). "Effect of ascorbic acid, acivicin and probenecid 
on the nephrotoxicity of 4-aminophenol in the Fischer 344 rat." Arch Toxicol 67(9): 613-
21. 

Fowler, L. M., J. R. Foster, et al. (1994). "Nephrotoxicity of 4-amino-3-S-
glutathionylphenol and its modulation by metabolism or transport inhibitors." Arch 
Toxicol 68(1): 15-23. 

Gaestel, M., W. Schroder, et al. (1991). "Identification of the phosphorylation sites of the 
murine small heat shock protein hsp25." J Biol Chem 266(22): 14721-4. 



204 

 

 

Gao, Y. and J. Lenard (1995). "Multimerization and transcriptional activation of the 
phosphoprotein (P) of vesicular stomatitis virus by casein kinase-II." Embo J 14(6): 
1240-7. 

Garrido, C., P. Ottavi, et al. (1997). "HSP27 as a mediator of confluence-dependent 
resistance to cell death induced by anticancer drugs." Cancer Res 57(13): 2661-7. 

Gazarian, M., M. Berkovitch, et al. (1995). "Experience with misoprostol therapy for 
NSAID gastropathy in children." Ann Rheum Dis 54(4): 277-80. 

Goddette, D. W. and C. Frieden (1986). "Actin polymerization. The mechanism of action 
of cytochalasin D." J Biol Chem 261(34): 15974-80. 

Gourlay, C. W., L. N. Carpp, et al. (2004). "A role for the actin cytoskeleton in cell death 
and aging in yeast." J Cell Biol 164(6): 803-9. 

Greenlee, W. F., E. A. Gross, et al. (1981). "Relationship between benzene toxicity and 
the disposition of 14C-labelled benzene metabolites in the rat." Chem Biol Interact 33(2-
3): 285-99. 

Guay, J., H. Lambert, et al. (1997). "Regulation of actin filament dynamics by p38 map 
kinase-mediated phosphorylation of heat shock protein 27." J Cell Sci 110 ( Pt 3): 357-
68. 

Hagar, H., N. Ueda, et al. (1996). "Role of reactive oxygen metabolites in DNA damage 
and cell death in chemical hypoxic injury to LLC-PK1 cells." Am J Physiol 271(1 Pt 2): 
F209-15. 

Hallman, M. A., R. Tchao, et al. (2000). "Effect of antioxidants on para-aminophenol-
induced toxicity in LLC-PK1 cells." Toxicology 156(1): 37-45. 

Harmon, R. C., M. V. Terneus, et al. (2005). "Time-dependent effect of p-aminophenol 
(PAP) toxicity in renal slices and development of oxidative stress." Toxicol Appl 
Pharmacol 209(1): 86-94. 

Hawkey, C. J. (1996). "Non-steroidal anti-inflammatory drug gastropathy: causes and 
treatment." Scand J Gastroenterol Suppl 220: 124-7. 

Head, M. W. and J. E. Goldman (2000). "Small heat shock proteins, the cytoskeleton, and 
inclusion body formation." Neuropathol Appl Neurobiol 26(4): 304-12. 

Hebert, R. L., H. R. Jacobson, et al. (1993). "Evidence that separate PGE2 receptors 
modulate water and sodium transport in rabbit cortical collecting duct." Am J Physiol 
265(5 Pt 2): F643-50. 



205 

 

 

Henry, J. A., K. J. Jeffreys, et al. (1992). "Toxicity and deaths from 3,4-
methylenedioxymethamphetamine ("ecstasy")." Lancet 340(8816): 384-7. 

Hickey, E., S. E. Brandon, et al. (1986). "Sequence and organization of genes encoding 
the human 27 kDa heat shock protein." Nucleic Acids Res 14(10): 4127-45. 

Hill, B. A., H. E. Kleiner, et al. (1993). "Identification of multi-S-substituted conjugates 
of hydroquinone by HPLC-coulometric electrode array analysis and mass spectroscopy." 
Chem Res Toxicol 6(4): 459-69. 

Hong, H. Y., S. Varvayanis, et al. (2001). "Retinoic acid causes MEK-dependent RAF 
phosphorylation through RARalpha plus RXR activation in HL-60 cells." Differentiation 
68(1): 55-66. 

Hong, W. K., S. M. Lippman, et al. (1990). "Prevention of second primary tumors with 
isotretinoin in squamous-cell carcinoma of the head and neck." N Engl J Med 323(12): 
795-801. 

HSDB (1999). "(Hazardous Substance Data Bank) Internet entry for benzene." National 
Library of Medicine, Bethesda. 

Huang, Q., S. S. Lau, et al. (1999). "Inhibition of the MAPK pathway blocks quinone-
thioether mediated cytotoxicity, but not growth arrest, in LLC-PK1 cells." The 
Toxicologist 48: 1340. 

Hull, R. N., W. R. Cherry, et al. (1976). "The origin and characteristics of a pig kidney 
cell strain, LLC-PK." In Vitro 12(10): 670-7. 

Huot, J., F. Houle, et al. (1997). "Oxidative stress-induced actin reorganization mediated 
by the p38 mitogen-activated protein kinase/heat shock protein 27 pathway in vascular 
endothelial cells." Circ Res 80(3): 383-92. 

Huot, J., F. Houle, et al. (1996). "HSP27 phosphorylation-mediated resistance against 
actin fragmentation and cell death induced by oxidative stress." Cancer Res 56(2): 273-9. 

Huot, J., G. Roy, et al. (1991). "Increased survival after treatments with anticancer agents 
of Chinese hamster cells expressing the human Mr 27,000 heat shock protein." Cancer 
Res 51(19): 5245-52. 

IPCS (1994). Hydroquinone. (Environmental Health Criteria; 157), World Health 
Organization. 

Jakob, U., M. Gaestel, et al. (1993). "Small heat shock proteins are molecular 
chaperones." J Biol Chem 268(3): 1517-20. 



206 

 

 

Jeong, J. K., E. Dybing, et al. (1997). "DNA damage, gadd153 expression, and 
cytotoxicity in plateau-phase renal proximal tubular epithelial cells treated with a quinol 
thioether." Arch Biochem Biophys 341(2): 300-8. 

Jeong, J. K., Q. Huang, et al. (1997). "The response of renal tubular epithelial cells to 
physiologically and chemically induced growth arrest." J Biol Chem 272(11): 7511-8. 

Jeong, J. K., J. L. Stevens, et al. (1996). "Quinone thioether-mediated DNA damage, 
growth arrest, and gadd153 expression in renal proximal tubular epithelial cells." Mol 
Pharmacol 50(3): 592-8. 

Jeong, J. K., G. N. Wogan, et al. (1999). "Quinol-glutathione conjugate-induced mutation 
spectra in the supF gene replicated in human AD293 cells and bacterial MBL50 cells." 
Cancer Res 59(15): 3641-5. 

Jia, Z., Monks, T.J., and Lau, S.S. (2002). "11-deoxy-16, 16-dimethyl prostaglandin E2 
mediated cytoprotection against oncotic but not apoptotic cell death in renal epithelial 
cells." Abstract in 2002 Society of Toxicology annual meeting. 

Jia, Z., M. D. Person, et al. (2004). "Grp78 is essential for 11-deoxy-16,16-dimethyl 
PGE2-mediated cytoprotection in renal epithelial cells." Am J Physiol Renal Physiol 
287(6): F1113-22. 

Johnson, G. L. and R. Lapadat (2002). "Mitogen-activated protein kinase pathways 
mediated by ERK, JNK, and p38 protein kinases." Science 298(5600): 1911-2. 

Kacimi, R., J. Chentoufi, et al. (2000). "Hypoxia differentially regulates stress proteins in 
cultured cardiomyocytes: role of the p38 stress-activated kinase signaling cascade, and 
relation to cytoprotection." Cardiovasc Res 46(1): 139-50. 

Kanai, M., A. Raz, et al. (1968). "Retinol-binding protein: the transport protein for 
vitamin A in human plasma." J Clin Invest 47(9): 2025-44. 

Kavlock, R. J. (1990). "Structure-activity relationships in the developmental toxicity of 
substituted phenols: in vivo effects." Teratology 41(1): 43-59. 

Kelley, V. E., S. Sneve, et al. (1986). "Increased renal thromboxane production in murine 
lupus nephritis." J Clin Invest 77(1): 252-9. 

Key, M. M., A. F. Henschel, et al. (1977). Hydroquinone. Occupational diseases. A guide 
to their recognition. Washington, DC, US Department of Health, Eduacation and 
Welfare: 249-250. 

Klos, C., M. Koob, et al. (1992). "p-aminophenol nephrotoxicity: biosynthesis of toxic 
glutathione conjugates." Toxicol Appl Pharmacol 115(1): 98-106. 



207 

 

 

Kobayashi, T., M. Nishizawa, et al. (1995). "cDNA structure, alternative splicing and 
exon-intron organization of the predisposing tuberous sclerosis (Tsc2) gene of the Eker 
rat model." Nucleic Acids Res 23(14): 2608-13. 

Kokoska, E. R., G. S. Smith, et al. (1998). "Indomethacin increases susceptibility to 
injury in human gastric cells independent of PG synthesis inhibition." Am J Physiol 
275(4 Pt 1): G620-8. 

Kozawa, O., T. Otsuka, et al. (2001). "Mechanism of prostaglandin D(2)-stimulated heat 
shock protein 27 induction in osteoblasts." Cell Signal 13(8): 535-41. 

Kozawa, O., H. Tokuda, et al. (1999). "Involvement of p42/p44 mitogen-activated 
protein kinase in prostaglandin f(2alpha)-stimulated induction of heat shock protein 27 in 
osteoblasts." J Cell Biochem 75(4): 610-9. 

Kregel, K. C. (2002). "Heat shock proteins: modifying factors in physiological stress 
responses and acquired thermotolerance." J Appl Physiol 92(5): 2177-86. 

La Corte, R., M. Caselli, et al. (1996). "Therapy of NSAIDs-induced gastropathy." Ital J 
Gastroenterol 28 Suppl 4: 37-41. 

Lai, L. W., K. C. Yong, et al. (2007). "A sphingosine-1-phosphate type 1 receptor agonist 
inhibits the early T-cell transient following renal ischemia-reperfusion injury." Kidney Int 
71(12): 1223-31. 

Landry, J., P. Chretien, et al. (1989). "Heat shock resistance conferred by expression of 
the human HSP27 gene in rodent cells." J Cell Biol 109(1): 7-15. 

Landry, J. and J. Huot (1995). "Modulation of actin dynamics during stress and 
physiological stimulation by a signaling pathway involving p38 MAP kinase and heat-
shock protein 27." Biochem Cell Biol 73(9-10): 703-7. 

Landry, J., H. Lambert, et al. (1992). "Human HSP27 is phosphorylated at serines 78 and 
82 by heat shock and mitogen-activated kinases that recognize the same amino acid motif 
as S6 kinase II." J Biol Chem 267(2): 794-803. 

Lau, S. S., B. A. Hill, et al. (1988). "Sequential oxidation and glutathione addition to 1,4-
benzoquinone: correlation of toxicity with increased glutathione substitution." Mol 
Pharmacol 34(6): 829-36. 

Lau, S. S., H. E. Kleiner, et al. (1995). "Metabolism as a determinant of species 
susceptibility to 2,3,5-(triglutathion-S-yl)hydroquinone-mediated nephrotoxicity. The 
role of N-acetylation and N-deacetylation." Drug Metab Dispos 23(10): 1136-42. 



208 

 

 

Lau, S. S., M. G. McMenamin, et al. (1988). "Differential uptake of isomeric 2-
bromohydroquinone-glutathione conjugates into kidney slices." Biochem Biophys Res 
Commun 152(1): 223-30. 

Lau, S. S. and T. J. Monks (1987). "Co-oxidation of 2-bromohydroquinone by renal 
prostaglandin synthase. Modulation of prostaglandin synthesis by 2-bromohydroquinone 
and glutathione." Drug Metab Dispos 15(6): 801-7. 

Lau, S. S. and T. J. Monks (1988). "The contribution of bromobenzene to our current 
understanding of chemically-induced toxicities." Life Sci 42(13): 1259-69. 

Lau, S. S., T. J. Monks, et al. (2001). "Carcinogenicity of a nephrotoxic metabolite of the 
"nongenotoxic" carcinogen hydroquinone." Chem Res Toxicol 14(1): 25-33. 

Lau, S. S., M. M. Peters, et al. (1996). "Linking the metabolism of hydroquinone to its 
nephrotoxicity and nephrocarcinogenicity." Adv Exp Med Biol 387: 267-73. 

Lau, S. S., H. S. Yoon, et al. (2001). "Mutagenicity and carcinogenicity of biological 
reactive intermediate's derived from a "non-genotoxic" carcinogen." Adv Exp Med Biol 
500: 83-92. 

Lavoie, J. N., G. Gingras-Breton, et al. (1993). "Induction of Chinese hamster HSP27 
gene expression in mouse cells confers resistance to heat shock. HSP27 stabilization of 
the microfilament organization." J Biol Chem 268(5): 3420-9. 

Lavoie, J. N., E. Hickey, et al. (1993). "Modulation of actin microfilament dynamics and 
fluid phase pinocytosis by phosphorylation of heat shock protein 27." J Biol Chem 
268(32): 24210-4. 

Lavoie, J. N., H. Lambert, et al. (1995). "Modulation of cellular thermoresistance and 
actin filament stability accompanies phosphorylation-induced changes in the oligomeric 
structure of heat shock protein 27." Mol Cell Biol 15(1): 505-16. 

Lee, H. Y., G. L. Walsh, et al. (1998). "All-trans-retinoic acid inhibits Jun N-terminal 
kinase-dependent signaling pathways." J Biol Chem 273(12): 7066-71. 

Lee, J. C., S. Kassis, et al. (1999). "p38 mitogen-activated protein kinase inhibitors--
mechanisms and therapeutic potentials." Pharmacol Ther 82(2-3): 389-97. 

Lee, P. J., J. Alam, et al. (1996). "Overexpression of heme oxygenase-1 in human 
pulmonary epithelial cells results in cell growth arrest and increased resistance to 
hyperoxia." Proc Natl Acad Sci U S A 93(19): 10393-8. 

Leid, M., P. Kastner, et al. (1992). "Multiplicity generates diversity in the retinoic acid 
signalling pathways." Trends Biochem Sci 17(10): 427-33. 



209 

 

 

Lien, Y. H., K. C. Yong, et al. (2006). "S1P(1)-selective agonist, SEW2871, ameliorates 
ischemic acute renal failure." Kidney Int 69(9): 1601-8. 

Lippman, S. M., D. R. Parkinson, et al. (1992). "13-cis-retinoic acid and interferon alpha-
2a: effective combination therapy for advanced squamous cell carcinoma of the skin." J 
Natl Cancer Inst 84(4): 235-41. 

Liu, J. W., J. J. Shen, et al. (2003). "Annexin II expression is reduced or lost in prostate 
cancer cells and its re-expression inhibits prostate cancer cell migration." Oncogene 
22(10): 1475-85. 

MacFarlane, N. G., S. Takahashi, et al. (1999). "Effects of reactive oxygen species on 
myofilament function in a rabbit coronary artery ligation model of heart failure." Pflugers 
Arch 438(3): 289-98. 

Maesaka, J. K., T. Palaia, et al. (2001). "Prostaglandin D(2) synthase induces apoptosis in 
pig kidney LLC-PK1 cells." Kidney Int 60(5): 1692-8. 

Mairesse, N., S. Horman, et al. (1996). "Antisense inhibition of the 27 kDa heat shock 
protein production affects growth rate and cytoskeletal organization in MCF-7 cells." 
Cell Biol Int 20(3): 205-12. 

Martindale, J. L. and N. J. Holbrook (2002). "Cellular response to oxidative stress: 
signaling for suicide and survival." J Cell Physiol 192(1): 1-15. 

McClaren, M. and R. R. Isseroff (1994). "Dynamic changes in intracellular localization 
and isoforms of the 27-kD stress protein in human keratinocytes." J Invest Dermatol 
102(3): 375-81. 

Mehlen, P. and A. P. Arrigo (1994). "The serum-induced phosphorylation of mammalian 
hsp27 correlates with changes in its intracellular localization and levels of 
oligomerization." Eur J Biochem 221(1): 327-34. 

Mehlen, P., J. Briolay, et al. (1993). "Analysis of the resistance to heat and hydrogen 
peroxide stresses in COS cells transiently expressing wild type or deletion mutants of the 
Drosophila 27-kDa heat-shock protein." Eur J Biochem 215(2): 277-84. 

Mehlen, P., E. Hickey, et al. (1997). "Large unphosphorylated aggregates as the active 
form of hsp27 which controls intracellular reactive oxygen species and glutathione levels 
and generates a protection against TNFalpha in NIH-3T3-ras cells." Biochem Biophys 
Res Commun 241(1): 187-92. 

Mehlen, P., C. Kretz-Remy, et al. (1995). "Intracellular reactive oxygen species as 
apparent modulators of heat-shock protein 27 (hsp27) structural organization and 



210 

 

 

phosphorylation in basal and tumour necrosis factor alpha-treated T47D human 
carcinoma cells." Biochem J 312 ( Pt 2): 367-75. 

Mehlen, P., X. Preville, et al. (1995). "Constitutive expression of human hsp27, 
Drosophila hsp27, or human alpha B-crystallin confers resistance to TNF- and oxidative 
stress-induced cytotoxicity in stably transfected murine L929 fibroblasts." J Immunol 
154(1): 363-74. 

Merendino, A. M., C. Paul, et al. (2002). "Heat shock protein-27 protects human 
bronchial epithelial cells against oxidative stress-mediated apoptosis: possible implication 
in asthma." Cell Stress Chaperones 7(3): 269-80. 

Mertens, J. J., N. W. Gibson, et al. (1995). "Reactive oxygen species and DNA damage in 
2-bromo-(glutathion-S-yl) hydroquinone-mediated cytotoxicity." Arch Biochem Biophys 
320(1): 51-8. 

Miller, R. T., S. S. Lau, et al. (1995). "Metabolism of 5-(glutathion-S-yl)-alpha-
methyldopamine following intracerebroventricular administration to male Sprague-
Dawley rats." Chem Res Toxicol 8(5): 634-41. 

Miller, T. A., G. S. Smith, et al. (2000). "Cytoskeleton as a target for injury in damaged 
intestinal epithelium." Microsc Res Tech 51(2): 149-55. 

Miron, T., K. Vancompernolle, et al. (1991). "A 25-kD inhibitor of actin polymerization 
is a low molecular mass heat shock protein." J Cell Biol 114(2): 255-61. 

Monks, T. J., R. P. Hanzlik, et al. (1992). "Quinone chemistry and toxicity." Toxicol 
Appl Pharmacol 112(1): 2-16. 

Monks, T. J. and S. S. Lau (1988). "Reactive intermediates and their toxicological 
significance." Toxicology 52(1-2): 1-53. 

Monks, T. J. and S. S. Lau (1997). "Biological reactivity of polyphenolic-glutathione 
conjugates." Chem Res Toxicol 10(12): 1296-313. 

Monks, T. J. and S. S. Lau (1997). "Glutathione-quinone conjugates. Coupling 
metabolism to toxicity. Invited review." Chem. Res. Toxicol. 10: 1296-1313. 

Monks, T. J. and S. S. Lau (1998). "The pharmacology and toxicology of polyphenolic-
glutathione conjugates." Annu Rev Pharmacol Toxicol 38: 229-55. 

Monks, T. J., S. S. Lau, et al. (1985). "Glutathione conjugates of 2-bromohydroquinone 
are nephrotoxic." Drug Metab Dispos 13(5): 553-9. 



211 

 

 

Moore, P. K. (1985). Prostanoids and the kidney. Prostanoids: Pharmacological, 
Physiological and Clinical Relevance. P. K. Moore. New York, Cambridge University 
Press: 173-199. 

Moreno-Manzano, V., Y. Ishikawa, et al. (1999). "Suppression of apoptosis by all-trans-
retinoic acid. Dual intervention in the c-Jun n-terminal kinase-AP-1 pathway." J Biol 
Chem 274(29): 20251-8. 

Morrow, J. D., T. A. Minton, et al. (1994). "Free radical-induced generation of 
isoprostanes in vivo. Evidence for the formation of D-ring and E-ring isoprostanes." J 
Biol Chem 269(6): 4317-26. 

Motterlini, R., R. Foresti, et al. (1996). "NO-mediated activation of heme oxygenase: 
endogenous cytoprotection against oxidative stress to endothelium." Am J Physiol 270(1 
Pt 2): H107-14. 

Mounier, N. and A. P. Arrigo (2002). "Actin cytoskeleton and small heat shock proteins: 
how do they interact?" Cell Stress Chaperones 7(2): 167-76. 

Mozsik, G., B. Bodis, et al. (2001). "Mechanisms of action of retinoids in gastrointestinal 
mucosal protection in animals, human healthy subjects and patients." Life Sci 69(25-26): 
3103-12. 

Mozsik, G., O. Karadi, et al. (2001). "The key-role of vagal nerve and adrenals in the 
cytoprotection and general gastric mucosal integrity." J Physiol Paris 95(1-6): 229-37. 

Mugford, C. A. and J. B. Tarloff (1997). "The contribution of oxidation and deacetylation 
to acetaminophen nephrotoxicity in female Sprague-Dawley rats." Toxicol Lett 93(1): 15-
22. 

Nagata, T., Y. Uehara, et al. (1992). "Regulatory effect of thromboxane A2 on 
proliferation of vascular smooth muscle cells from rats." Am J Physiol 263(5 Pt 2): 
H1331-8. 

Nagpal, S., J. Athanikar, et al. (1995). "Separation of transactivation and AP1 antagonism 
functions of retinoic acid receptor alpha." J Biol Chem 270(2): 923-7. 

Namba, T., Y. Sugimoto, et al. (1992). "Mouse thromboxane A2 receptor: cDNA 
cloning, expression and northern blot analysis." Biochem Biophys Res Commun 184(3): 
1197-203. 

Napoli, J. L. (1986). "Retinol metabolism in LLC-PK1 Cells. Characterization of retinoic 
acid synthesis by an established mammalian cell line." J Biol Chem 261(29): 13592-7. 



212 

 

 

Napoli, J. L. (1999). "Interactions of retinoid binding proteins and enzymes in retinoid 
metabolism." Biochim Biophys Acta 1440(2-3): 139-62. 

Narumiya, S., Y. Sugimoto, et al. (1999). "Prostanoid receptors: structures, properties, 
and functions." Physiol Rev 79(4): 1193-226. 

New, L. and J. Han (1998). "The p38 MAP kinase pathway and its biological function." 
Trends Cardiovasc Med 8(5): 220-8. 

Newcomer, M. E. and D. E. Ong (2000). "Plasma retinol binding protein: structure and 
function of the prototypic lipocalin." Biochim Biophys Acta 1482(1-2): 57-64. 

Nguyen, T., P. J. Sherratt, et al. (2003). "Regulatory mechanisms controlling gene 
expression mediated by the antioxidant response element." Annu Rev Pharmacol Toxicol 
43: 233-60. 

NIOSH, Ed. (1978). Criteria for a recommended standard ... Occupational exposure to 
hydroquinone. Cincinnati, Ohio, US National Institute for Occupational Safety and 
Health. 

Noiri, E., A. Nakao, et al. (2001). "Oxidative and nitrosative stress in acute renal 
ischemia." Am J Physiol Renal Physiol 281(5): F948-57. 

Noy, N. (2000). "Retinoid-binding proteins: mediators of retinoid action." Biochem J 348 
Pt 3: 481-95. 

Ono, K. and J. Han (2000). "The p38 signal transduction pathway: activation and 
function." Cell Signal 12(1): 1-13. 

Osanai, M., N. Nishikiori, et al. (2007). "Cellular retinoic acid bioavailability determines 
epithelial integrity: Role of retinoic acid receptor alpha agonists in colitis." Mol 
Pharmacol 71(1): 250-8. 

Paller, M. S. and J. C. Manivel (1992). "Prostaglandins protect kidneys against ischemic 
and toxic injury by a cellular effect." Kidney Int 42(6): 1345-54. 

Parcellier, A., S. Gurbuxani, et al. (2003). "Heat shock proteins, cellular chaperones that 
modulate mitochondrial cell death pathways." Biochem Biophys Res Commun 304(3): 
505-12. 

Parcellier, A., E. Schmitt, et al. (2003). "HSP27 is a ubiquitin-binding protein involved in 
I-kappaBalpha proteasomal degradation." Mol Cell Biol 23(16): 5790-802. 

Park, K. M., C. Kramers, et al. (2002). "Prevention of kidney ischemia/reperfusion-
induced functional injury, MAPK and MAPK kinase activation, and inflammation by 
remote transient ureteral obstruction." J Biol Chem 277(3): 2040-9. 



213 

 

 

Parke, D. V. and R. T. Williams (1953). "Studis in detoxication 54.  The metabolism of 
benzene. (a) The Formation of phenyglucuronide and phenylsulphuric acid from [14 
C]benzene (b) The metabolism of [14 C]phenol." Biochem 55(337-340). 

Patty, I., F. Tarnok, et al. (1984). "A comparative dynamic study of the effectiveness of 
gastric cytoprotection by vitamin A, De-Nol, sucralfate and ulcer healing by pirenzepine 
in patients with chronic gastric ulcer (a multiclinical and randomized study)." Acta 
Physiol Hung 64(3-4): 379-84. 

Peltekian, K. M., L. Makowka, et al. (1996). "Prostaglandins in liver failure and 
transplantation: Regeneration, immunomodulation, and cytoprotection. Prostaglandins in 
Liver Transplantation Research Group." Liver Transpl Surg 2(3): 171-84. 

Peters, M. M., T. W. Jones, et al. (1997). "Cytotoxicity and cell-proliferation induced by 
the nephrocarcinogen hydroquinone and its nephrotoxic metabolite 2,3,5-(tris-glutathion-
S-yl)hydroquinone." Carcinogenesis 18(12): 2393-401. 

Peters, M. M., S. S. Lau, et al. (1996). "Metabolism of tert-butylhydroquinone to S-
substituted conjugates in the male Fischer 344 rat." Chem Res Toxicol 9(1): 133-9. 

Peters, M. M., M. I. Rivera, et al. (1996). "Glutathione conjugates of tert-butyl-
hydroquinone, a metabolite of the urinary tract tumor promoter 3-tert-butyl-
hydroxyanisole, are toxic to kidney and bladder." Cancer Res 56(5): 1006-11. 

Piomelli, D. (1993). "Arachidonic acid in cell signaling." Curr Opin Cell Biol 5(2): 274-
80. 

Pivovarova, A. V., V. V. Mikhailova, et al. (2005). "Effects of small heat shock proteins 
on the thermal denaturation and aggregation of F-actin." Biochem Biophys Res Commun 
331(4): 1548-53. 

Polla, B. S., S. Kantengwa, et al. (1996). "Mitochondria are selective targets for the 
protective effects of heat shock against oxidative injury." Proc Natl Acad Sci U S A 
93(13): 6458-63. 

Qian, W. J., T. Liu, et al. (2005). "Probability-based evaluation of peptide and protein 
identifications from tandem mass spectrometry and SEQUEST analysis: the human 
proteome." J Proteome Res 4(1): 53-62. 

Quiroga, J. and J. Prieto (1993). "Liver cytoprotection by prostaglandins." Pharmacol 
Ther 58(1): 67-91. 

Ramachandiran, S., Q. Huang, et al. (2002). "Mitogen-activated protein kinases 
contribute to reactive oxygen species-induced cell death in renal proximal tubule 
epithelial cells." Chem Res Toxicol 15(12): 1635-42. 



214 

 

 

Ricaurte, G. A., J. Yuan, et al. (2000). "(+/-)3,4-Methylenedioxymethamphetamine 
('Ecstasy')-induced serotonin neurotoxicity: studies in animals." Neuropsychobiology 
42(1): 5-10. 

Ritossa, F. (1996). "Discovery of the heat shock response." Cell Stress Chaperones 1(2): 
97-8. 

Rivera, M. I., T. W. Jones, et al. (1994). "Early morphological and biochemical changes 
during 2-Br-(diglutathion-S-yl)hydroquinone-induced nephrotoxicity." Toxicol Appl 
Pharmacol 128(2): 239-50. 

Robert, A. (1979). "Cytoprotection by prostaglandins." Gastroenterology 77(4 Pt 1): 761-
7. 

Robert, A. (1983). "Cytoprotection of the gastrointestinal mucosa." Adv Intern Med 28: 
325-37. 

Robert, A. (1986). "Cytoprotection and prostaglandins." Klin Wochenschr 64 Suppl 7: 
40-3. 

Robert, A., J. E. Nezamis, et al. (1983). "Mild irritants prevent gastric necrosis through 
"adaptive cytoprotection" mediated by prostaglandins." Am J Physiol 245(1): G113-21. 

Robert, A., J. E. Nezamis, et al. (1979). "Cytoprotection by prostaglandins in rats. 
Prevention of gastric necrosis produced by alcohol, HCl, NaOH, hypertonic NaCl, and 
thermal injury." Gastroenterology 77(3): 433-43. 

Robert, A., J. R. Schultz, et al. (1976). "Gastric antisecretory and antiulcer properties of 
PGE2, 15-methyl PGE2, and 16, 16-dimethyl PGE2. Intravenous, oral and intrajejunal 
administration." Gastroenterology 70(3): 359-70. 

Rogalla, T., M. Ehrnsperger, et al. (1999). "Regulation of Hsp27 oligomerization, 
chaperone function, and protective activity against oxidative stress/tumor necrosis factor 
alpha by phosphorylation." J Biol Chem 274(27): 18947-56. 

Rosado, J. A., A. Gonzalez, et al. (2002). "Effects of reactive oxygen species on actin 
filament polymerisation and amylase secretion in mouse pancreatic acinar cells." Cell 
Signal 14(6): 547-56. 

Rosen, F. and N. Millman (1955). "Anti-gonadotrophic activities of quinones and related 
compounds." Endocrinology 57(4): 466-71. 

Rosenfeld, J., J. Capdevielle, et al. (1992). "In-gel digestion of proteins for internal 
sequence analysis after one- or two-dimensional gel electrophoresis." Anal Biochem 
203(1): 173-9. 



215 

 

 

Rouse, J., P. Cohen, et al. (1994). "A novel kinase cascade triggered by stress and heat 
shock that stimulates MAPKAP kinase-2 and phosphorylation of the small heat shock 
proteins." Cell 78(6): 1027-37. 

Rousseau, S., F. Houle, et al. (1997). "p38 MAP kinase activation by vascular endothelial 
growth factor mediates actin reorganization and cell migration in human endothelial 
cells." Oncogene 15(18): 2169-77. 

Ruepp, S. U., R. P. Tonge, et al. (2002). "Genomics and proteomics analysis of 
acetaminophen toxicity in mouse liver." Toxicol Sci 65(1): 135-50. 

Rushmore, T. H. and C. B. Pickett (1993). "Glutathione S-transferases, structure, 
regulation, and therapeutic implications." J Biol Chem 268(16): 11475-8. 

Ruwart, M. J. (1986). "Protection of the liver against various damaging agents." In 
Biological Protection with Prostaglandins (Cohen, M.M., Ed.): pp. 229-243. 

Ruwart, M. J. (1986). Protection of the liver against various damaging agents. Biological 
Protection With Prostaglandins. M. M. Cohen. Boca Raton, CRC Press: 229-243. 

Ruwart, M. J., N. M. Nichols, et al. (1985). "16,16-Dimethyl PGE2 and fatty acids 
protect hepatocytes against CCl4-induced damage." In Vitro Cell Dev Biol 21(8): 450-2. 

Ruwart, M. J., B. D. Rush, et al. (1981). "Protective effects of 16,16-dimethyl PGE2 on 
the liver and kidney." Prostaglandins 21 Suppl: 97-102. 

Sarto, C., C. Valsecchi, et al. (2004). "Expression of heat shock protein 27 in human 
renal cell carcinoma." Proteomics 4(8): 2252-60. 

Scheiman, J. M. (1996). "NSAIDs, gastrointestinal injury, and cytoprotection." 
Gastroenterol Clin North Am 25(2): 279-98. 

Schlessinger, J. (2000). "Cell signaling by receptor tyrosine kinases." Cell 103(2): 211-
25. 

Schlondorff, D. (1986). "Renal prostaglandin synthesis. Sites of production and specific 
actions of prostaglandins." Am J Med 81(2B): 1-11. 

Schlondorff, D. and R. Ardaillou (1986). "Prostaglandins and other arachidonic acid 
metabolites in the kidney." Kidney Int 29(1): 108-19. 

Schlosser, M. J., R. D. Shurina, et al. (1989). "Metabolism of phenol and hydroquinone to 
reactive products by macrophage peroxidase or purified prostaglandin H synthase." 
Environ Health Perspect 82: 229-37. 



216 

 

 

Schrader, A. J., R. von Knobloch, et al. (2004). "Application of retinoids in the treatment 
of renal cell carcinoma--a futile effort?" Anticancer Drugs 15(9): 819-24. 

Schroen, D. J. and C. E. Brinckerhoff (1996). "Inhibition of rabbit collagenase (matrix 
metalloproteinase-1; MMP-1) transcription by retinoid receptors: evidence for binding of 
RARs/RXRs to the -77 AP-1 site through interactions with c-Jun." J Cell Physiol 169(2): 
320-32. 

Scott, K. F., K. J. Bryant, et al. (1999). "Functional coupling and differential regulation of 
the phospholipase A2-cyclooxygenase pathways in inflammation." J Leukoc Biol 66(4): 
535-41. 

Shelden, E. A., J. M. Weinberg, et al. (2002). "Site-specific alteration of actin assembly 
visualized in living renal epithelial cells during ATP depletion." J Am Soc Nephrol 
13(11): 2667-80. 

Shevchenko, A., M. Wilm, et al. (1996). "Mass spectrometric sequencing of proteins 
silver-stained polyacrylamide gels." Anal Chem 68(5): 850-8. 

Shibata, M. A., M. Hirose, et al. (1991). "Induction of renal cell tumors in rats and mice, 
and enhancement of hepatocellular tumor development in mice after long-term 
hydroquinone treatment." Jpn J Cancer Res 82(11): 1211-9. 

Smoyer, W. E., R. Ransom, et al. (2000). "Ischemic acute renal failure induces 
differential expression of small heat shock proteins." J Am Soc Nephrol 11(2): 211-21. 

Snyder, R., G. Witz, et al. (1993). "The toxicology of benzene." Environ Health Perspect 
100: 293-306. 

Soprano, D. R., W. S. Blaner, et al. (1994). The Retinoids, Biology, Chemistry, and 
Medicine. New York, Raven Press. 

Stachura, J., A. Tarnawski, et al. (1981). "Prostaglandin protection of carbon 
tetrachloride-induced liver cell necrosis in the rat." Gastroenterology 81(2): 211-7. 

Stokoe, D., K. Engel, et al. (1992). "Identification of MAPKAP kinase 2 as a major 
enzyme responsible for the phosphorylation of the small mammalian heat shock 
proteins." FEBS Lett 313(3): 307-13. 

Subrahmanyam, V. V., P. Doane-Setzer, et al. (1990). "Phenol-induced stimulation of 
hydroquinone bioactivation in mouse bone marrow in vivo: possible implications in 
benzene myelotoxicity." Toxicology 62(1): 107-16. 



217 

 

 

Suganami, T., K. Mori, et al. (2003). "Role of prostaglandin E receptor EP1 subtype in 
the development of renal injury in genetically hypertensive rats." Hypertension 42(6): 
1183-90. 

Sundaram, M., A. Sivaprasadarao, et al. (1998). "The transfer of retinol from serum 
retinol-binding protein to cellular retinol-binding protein is mediated by a membrane 
receptor." J Biol Chem 273(6): 3336-42. 

Sundaram, M., D. M. van Aalten, et al. (2002). "The transfer of transthyretin and 
receptor-binding properties from the plasma retinol-binding protein to the epididymal 
retinoic acid-binding protein." Biochem J 362(Pt 2): 265-71. 

Suto, G., M. Garamszegi, et al. (1989). "Similarities and differences in the cytoprotection 
induced by PGI2 and beta-carotene in experimental ulcer." Acta Physiol Hung 73(2-3): 
155-8. 

Takahashi, K., T. M. Nammour, et al. (1992). "Glomerular actions of a free radical-
generated novel prostaglandin, 8-epi-prostaglandin F2 alpha, in the rat. Evidence for 
interaction with thromboxane A2 receptors." J Clin Invest 90(1): 136-41. 

Takahashi, N., K. Takeuchi, et al. (1996). "Immunolocalization of rat thromboxane 
receptor in the kidney." Endocrinology 137(11): 5170-3. 

Takahashi, S., N. Odani, et al. (1998). "Localization of a cyclopentenone prostaglandin to 
the endoplasmic reticulum and induction of BiP mRNA." Biochem J 335 ( Pt 1): 35-42. 

Takeuchi, K., H. Araki, et al. (2001). "Adaptive gastric cytoprotection is mediated by 
prostaglandin EP1 receptors: a study using rats and knockout mice." J Pharmacol Exp 
Ther 297(3): 1160-5. 

Takeuchi, K., Y. Ogawa, et al. (2002). "Gastric ulcerogenic responses following barrier 
disruption in knockout mice lacking prostaglandin EP1 receptors." Aliment Pharmacol 
Ther 16 Suppl 2: 74-82. 

Tarloff, J. B., E. A. Khairallah, et al. (1996). "Sex- and age-dependent acetaminophen 
hepato- and nephrotoxicity in Sprague-Dawley rats: role of tissue accumulation, 
nonprotein sulfhydryl depletion, and covalent binding." Fundam Appl Toxicol 30(1): 13-
22. 

Telford, I. R., C. S. Woodruff, et al. (1962). "Fetal resorption in the rat as influenced by 
certain antioxidants." Am J Anat 110: 29-36. 

Tikoo, K., S. S. Lau, et al. (2001). "Histone H3 phosphorylation is coupled to poly-
(ADP-ribosylation) during reactive oxygen species-induced cell death in renal proximal 
tubular epithelial cells." Mol Pharmacol 60(2): 394-402. 



218 

 

 

Tokuda, H., O. Kozawa, et al. (2002). "Mechanism of prostaglandin E2-stimulated heat 
shock protein 27 induction in osteoblast-like MC3T3-E1 cells." J Endocrinol 172(2): 
271-81. 

Tokuda, H., M. Niwa, et al. (2004). "Involvement of stress-activated protein kinase 
(SAPK)/c-Jun N-terminal kinase (JNK) in prostaglandin F2alpha-induced heat shock 
protein 27 in osteoblasts." Prostaglandins Leukot Essent Fatty Acids 70(5): 441-7. 

Torti, M., G. Ramaschi, et al. (1993). "Association of the low molecular weight GTP-
binding protein rap2B with the cytoskeleton during platelet aggregation." Proc Natl Acad 
Sci U S A 90(16): 7553-7. 

Toth, G. (1984). "Determination of vitamin A, vitamin A precursors and cytoprotective 
carotenoids in animal and human blood." Acta Physiol Hung 64(3-4): 319-24. 

Towndrow, K. M., Z. Jia, et al. (2003). "11-deoxy,16,16-dimethyl prostaglandin e(2) 
induces specific proteins in association with its ability to protect against oxidative stress." 
Chem Res Toxicol 16(3): 312-9. 

Towndrow, K. M., J. J. Mertens, et al. (2000). "Stress- and growth-related gene 
expression are independent of chemical-induced prostaglandin E(2) synthesis in renal 
epithelial cells." Chem Res Toxicol 13(2): 111-7. 

Tsutsumi, S., R. Haruna, et al. (2002). "Effects of prostaglandins on spontaneous 
apoptosis in gastric mucosal cells." Dig Dis Sci 47(1): 84-9. 

Ushikubi, F., Y. Aiba, et al. (1993). "Thromboxane A2 receptor is highly expressed in 
mouse immature thymocytes and mediates DNA fragmentation and apoptosis." J Exp 
Med 178(5): 1825-30. 

Vane, J. R., Y. S. Bakhle, et al. (1998). "Cyclooxygenases 1 and 2." Annu Rev 
Pharmacol Toxicol 38: 97-120. 

Varagnat, J. (1981). Hydroquinone, resorcinol, and catechol. Grayson Med. Kirk-Othmer 
encyclopedia of chemical technology, John Wiley & Sons: 39-69. 

Venkatakrishnan, C. D., A. K. Tewari, et al. (2006). "Heat shock protects cardiac cells 
from doxorubicin-induced toxicity by activating p38 MAPK and phosphorylation of 
small heat shock protein 27." Am J Physiol Heart Circ Physiol 291(6): H2680-91. 

Venuto, R. C. and T. F. Ferris (1982). Prostaglandins and Renal Function. Prostaglandins 
organ- and tissue-specific actions. S. Greenberg, P. J. Kadowitz and T. f. Burks. New 
York, NY, Marcel Dekker, Inc.: 131-151. 



219 

 

 

Verschuure, P., Y. Croes, et al. (2002). "Translocation of small heat shock proteins to the 
actin cytoskeleton upon proteasomal inhibition." J Mol Cell Cardiol 34(2): 117-28. 

Vigh, L., P. N. Literati, et al. (1997). "Bimoclomol: a nontoxic, hydroxylamine derivative 
with stress protein-inducing activity and cytoprotective effects." Nat Med 3(10): 1150-4. 

Vincze, A., M. Garamszegi, et al. (1990). "Biochemical background of beta-carotene-
induced gastric cytoprotection in rats treated with HCl." Acta Physiol Hung 75 Suppl: 
293-4. 

Vincze, A., M. Garamszegi, et al. (1989). "The free radical mechanisms in beta-carotene 
induced gastric cytoprotection in HCl model." Acta Physiol Hung 73(2-3): 351-5. 

Wada, A., M. Fukuda, et al. (1998). "Nuclear export of actin: a novel mechanism 
regulating the subcellular localization of a major cytoskeletal protein." Embo J 17(6): 
1635-41. 

Wallace, J. L. (1992). "Non-steroidal anti-inflammatory drug gastropathy and 
cytoprotection: pathogenesis and mechanisms re-examined." Scand J Gastroenterol Suppl 
192: 3-8. 

Wallace, J. L. (1992). "Prostaglandins, NSAIDs, and cytoprotection." Gastroenterol Clin 
North Am 21(3): 631-41. 

Walmsley, S., D. W. Northfelt, et al. (1999). "Treatment of AIDS-related cutaneous 
Kaposi's sarcoma with topical alitretinoin (9-cis-retinoic acid) gel. Panretin Gel North 
American Study Group." J Acquir Immune Defic Syndr 22(3): 235-46. 

Warrell, R. P., Jr., S. R. Frankel, et al. (1991). "Differentiation therapy of acute 
promyelocytic leukemia with tretinoin (all-trans-retinoic acid)." N Engl J Med 324(20): 
1385-93. 

Weber, T. J., Q. Huang, et al. (2001). "Differential regulation of redox responsive 
transcription factors by the nephrocarcinogen 2,3,5-tris(glutathion-S-yl)hydroquinone." 
Chem Res Toxicol 14(7): 814-21. 

Weber, T. J., T. J. Monks, et al. (1997). "PGE2-mediated cytoprotection in renal 
epithelial cells: evidence for a pharmacologically distinct receptor." Am J Physiol 273(4 
Pt 2): F507-15. 

Weber, T. J., T. J. Monks, et al. (2000). "DDM-PGE(2)-mediated cytoprotection in renal 
epithelial cells by a thromboxane A(2) receptor coupled to NF-kappaB." Am J Physiol 
Renal Physiol 278(2): F270-8. 



220 

 

 

White, M. Y., B. D. Hambly, et al. (2006). "Ischemia-specific phosphorylation and 
myofilament translocation of heat shock protein 27 precedes alpha B-crystallin and 
occurs independently of reactive oxygen species in rabbit myocardium." J Mol Cell 
Cardiol 40(6): 761-74. 

Williams, J. B. and J. L. Napoli (1985). "Metabolism of retinoic acid and retinol during 
differentiation of F9 embryonal carcinoma cells." Proc Natl Acad Sci U S A 82(14): 
4658-62. 

Yamakura, K., H. Watanabe, et al. (2001). "Ultrastructural changes in calvarial osteoblast 
cytoskeleton after prostaglandin E2 administration in rats." Anat Histol Embryol 30(5): 
301-7. 

Yang, C. W., S. H. Lee, et al. (1996). "Prevention of posttransplant peptic ulcer by 
misoprostol." Nephron 74(1): 131-5. 

Yeung, R. S., G. H. Xiao, et al. (1995). "Allelic loss at the tuberous sclerosis 2 locus in 
spontaneous tumors in the Eker rat." Mol Carcinog 14(1): 28-36. 

Yoon, H. S., T. J. Monks, et al. (2001). "Transformation of kidney epithelial cells by a 
quinol thioether via inactivation of the tuberous sclerosis-2 tumor suppressor gene." Mol 
Carcinog 31(1): 37-45. 

Zhang, X., C. J. Herring, et al. (1998). "Identification of phosphorylation sites in proteins 
separated by polyacrylamide gel electrophoresis." Anal Chem 70(10): 2050-9. 
 
 


