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ABSTRACT

Ischemiareperfusion (IR) is amajor causeof acute kidney injury (AKI).AKI is often
associated with dysfunction of remote organs also known aantistgan injury.Previous
clinical and animalstudieshave identified that oxidative stress and inflammatawa main
pathological componentsa renal IR injury However, the roles and regulatorgnechanismsn
distant orgasare not well understoodliver is a keymetabolicorganfor redox balance, immune
regulation and detoxification. Liver function is often compromised A¥l. The general
objective of my research was to investigdite mechanism by whictenalischemiareperfusion
led to oxidative stres and inflammatory responses in the livEne left kidney of Sprague
Dawley rats was subjected to 45min ischemia followedlhyor 6h of reperfusion. Renal
ischemiareperfusion impaired kidney and liver functi@s indicated byncreased plasma
creatinire andaminotransferaskevels.A decrease in glutathione lewghs observeth the liver
and plasmaalong withincreased hepatic lipid peroxidati@nd plasma homocysteine leyeds
indicabrs of oxidative stressRenal ischemiseperfusion caused a sifjoant decrease in mMRNA
and protein levels of hepatenzymecystathionineglyase which regulate the transsulfuration
pathway A decrease in gene expression of glutarcgiteine ligase subunifer glutathione
biosynthesiswas mediated through inhilmh of the transcription factor Nrf2Renal IR also
caused a significant increase in proinflammatory cytokine (MCPNFU , -1b and IL-6)
protein levels in the liver, kidney and plasma. Activation of nuclear transcription factor kappa B
(NF-kB) was detected in the liver at 1h and 6h after renal IR. Whais accompanied with a
significant increase in the mRNA levels of proinflammatory cytokines in the Wreelevation
of myeloperoxidase activity and inflammatory foci were detected in the liver at 6h after renal IR,

indicating neutrophil infiltrationln conclusionresults fromour researchhavedemonstrated that



renal IR can induce acute liver injury. We have identified that during renal IR,-ckuation
of hepatic Nrf2/glutathione production and-rggulation of NFkB/cytokine expression are
respomsible for increased oxidative stress and inflammatory response, ,whidhrn, exert

detrimental effects to distant organs.
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Chapter I. Introduction



1.1Physiological role of kidney

The kidneys are important organs that can extract waste blood, balance fluid and
electrolyte, form urine, control pH and aid in other metabolic functions of the body. The basic
functions ofthe kidney include: 1) regulation of extracellular fluid volume and osmolarity, 2)
regulation of ion concentrationsié pH, 3) excretion of wastes and toxins and 4) production of
hormones such asythropoietinand renin to stimulate red blood cell synthesis, and help control

salt and water balance, respectively.

The kidneys are bean shaped organs that residesaghe back muscles in the upper
abdominal cavity and sit on either side of the spiieere are three major regioimsthe kidney,
including renal cortex, medulla and pelvis. The outer, granulated layer is the renal cortex. The
inner radially striged layer is the renal medulla, whidontainsconeshaped tissumass called
renal pyramids, separated by renal columns. The ureters are continuous with the renal pelvis and

atthe very center of the kidnéiader, 2003

Three main processes enable the kidney to fildood, which include: 1) glomerular
filtration, where fluid such as water and nitrogenous waste in the blood iedilecross the
capillaries of the glomerulus, and nonfilterable components such as cells and serum albumins
will exit via anarteriole.The force of hydrostatic pressure is the driving force that pushes filtrate
out of the capillaries and into the slitstire nephron2) tububr reabsorption, where molecules
and ionsis removed from the tubular fluid aneabsorbed into the circulatory systefhe
mechanisms ahis procesinclude: @ssive diffusionpassing through plasma membranes of the
kidney epithelal cells by concentration gradientstave transporby usingATPase pumps such
as NB'/K* ATPase pumpsvith carrier proteins; ando-transport to reabsorb wate3) tububr

secretion, where substances suchyayogen ions, creatininérugsand ureaareremoved from



the blood through the peritubular capillary network into the collecting dirate is theend
productof these processes, which is a collection of substances that has not been reabsorbed
during glomerular filtration or tubulareabsorptionUrea is one of the main components in the
urine, which is a highly soluble molecule composed of ammonia and carbon dioxide, and

provides a way fonitrogenremoval from the bod{Mader, 2003.

1.2 Acute kidney injury (AKI)

Acute kidney injury (AKI) is also known as acute renal failure (AR#)ichis a sudden
episode ofkidney function deterioratiothat happens within a few houos a few daysAKI
causes wastaccumulationn the blood and disrupthe balance of the body fluidhus, AKI
can inducea broad range of complicatiorisom less severe forms of injury such as subtle
biochemical and structural changes, to more advangady that requiresrenal replacement
therapy (RRT)YLewington and Kanagasundaram, 2P1i can also affect other organs such as
the brain, heart, liver, intestine and lung&l is common in patients who are in the hospital, in

intensive care units, and especially in older adults.

1.2.1 Classification

To standardize AKtlassification and definitiorthe Acute Dialysis Quality Initiativ@ADQI)
grouppublished the risk of renal failure, injury to the kidney, failure of kidney function, loss of
kidney function, and endtage renal failure (RIFLE) critexiin 2004 It classified AKI into three
categories (risk, injury, and failure) according to the status of serum creatinine (SCr) and urine
output(UO). In 2007, a modified version of the RIFLE classification was published by the AKI
Network (AKIN) working group, and is also known as the AKIN classificat{pehta et al.,
2007 Lin and Chen, 2012 In AKIN stagel, a smléer change within 48 h in SCr of over 0.3

mg/dL (O 26.2 emol /L) was .PBatiegtgreceivirdRRTweret he t

3
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classified as AKIN stag8. Furthermore, tb loss and endtage kidney disease categories were
eliminated in the AKIN d@ssification. BotRIFLE and AKIN classifications have been proven
to be useful for diagnosing and classifying the severity of AKI in critical pat{emtsand Chen,
2012. More recently,the Kidney Disease Improving Global Outcomes (KDIGO) group
published a clinical practice guideline for acute kidney injury, whiombinedthe RIFLE
criteria and the AKIN definitionThe criteria of RIFLE, AKIN and KDIGCarelisted in Table
1.1 (Khwaja, 2012 Singbartl and Kellum, 2032 StandardizedAKI classification serves as a
useful tool in estimating the incidencef AKI, improving the specificity of diagnosis
determining the appropriate participants and helping clinicians to conduct evioEsex:

clinical practice.



Table 11 Classification schemes for acute kidney injury (AKI) definedby RIFLE, AKIN

and KDIGO™
Urine Output (UO)
SCr* or GFR? Criteria
Criteria
Injury |9¥ S C R.0xBaseline oZ G F R50% UO <0.5 ml/kg/h x12 h
Failure | § S C1B.0xBaselineor ¢ SCr | (868.6 UO <0.3 mlikg/h x24 K
RIFLE® '
e mo lorfZIGR 75% or anuria x12 h
Loss Complete loss of renal function for >4 weeks
ESKD* | Complete loss of renal function for >3 months
Stagel|Same as RI FLE Ri sk Same as AALE Risk
(26.4 emol /1)
AKIN ®° | Stage 2| § S C £.0xBaseline Same as RIFLE Injury
Stage 3| Same as RIFLH-ailure plus initiation ofrenal Same as RIFLE Loss
replacement therapRRT)
Stagel/y SCr O1. 51 Basel i ne w SameasRIFLE Risk
mg/ dl (26.4 emol /1)
KDIGO ® | Stage 2| § S C £.0xBaseline Same as RIFLE Injury
Stage3(y SCRB. 0l Baseline or ¢ SameasRIFLE Loss

emol /') plus initiat

" Table adapted frorihwaja (20129, Lin and Chen(2012), and Singbartl and Kellun{2012).
SCr: Seruncreatinine? GFR: Glomerular filtration rate® RIFLE: Risk of renal failure, injury
to the kidney, failure of kidney function, loss of kidney function, andstade renal failure®
ESKD: Endstage kidney diseasgAKIN: Acute Kidney hjury Network;® KDIGO: the Kidney
Disease Improving Global Outcomes



1.2.2 Pathophysiology artiagnosisof AKI
1.2.2.1 Pathophysiology of AKI

Ischemia, hypoxia and nephrotoxicity are the primary causes for R&ticularly AKI
features a rapidatline in GFR, which is usually associated vatdecreasa renal blood flow.
Furthermore, inflammation represents an important component of, Ad€ding to an

exacerbatiomf theinjury (Basile et al., 2012

Clinically, AKI can be conveniently grouped into three primary etiologies: prerenal, renal
(intrinsic), and postrenglBasile et al., 201,2Singbartl and Kellum, 20)2Prerenal azotemia is
characterized by a decrease in GFR due to a decrease in renal perfusion pressure without damage
to the renal panchyma which can be caused by 1) hypovolemia réasglfrom hemorrhage,
vomiting, diarrhea, poonutrition intake, burns, excessive sweating, renal losses; 2) impaired
cardiac output resuitg from congestive heart failure or decreased cardiac outpt#ssta)
decreased vascular resistance resyltfrom sepsis, vasodilator medications, autonomic
neuropathy, or anaphylaxisand 4) renal vasoconstriction from hypercalcemia or
vasoconstrictive medicatiorfBadr and Ichikawa, 1988Intrinsic renal etiologies of AKI can be
induced by 1) tubular damage caused by ischemic or nephratoxie tubular necrosis (ATN)

2) glomerular damage caused by acute glomerulonephritis (GN); 3) interstitial damage result
from acute interstitial nephritis due to an allergic reaction to infectind4) vascular damage

from injury to intrarenal vessels which decreases renal perfusion and diminisheP&&Rnal

causes of AKI are characterized by acute obstruction of yriflaww. The urinary tract
obstruction increases intratubular pressure and thus decreases GFR. Acute urinary tract
obstruction can also lead to impaired renal blood flow and inflammatory processes which also

decrease GFfBasile et al., 2012 The etiology of AKI issummarizedn Figure 11.



Prerenal: sudden andl
severe drop in blood
pressure or interruption
of blood flow.

Cause hypotension,
decreased cardiac
output, decreased
vascular resistance, reng
vasoconstriction

Intrinsic: direct
damage to the kidneys by
inflammaiton, toxins,
drugs, infection, or
reduced blood supply.

Cause acute tubular
necrosis(85%),acute
interstitial nephritis
(10%),acute
glomerulonephritig5%).

Postrenal: sudden
obstriction of urine flow
due to obstruction of the
urinary tract.

Cause enlarged
prostate, kidney stones,
bladder tumor.

Figure 1.1 The etiology of acute kidney injury(AKI) .



The mechnisms involvedn the etiology of AKI includel) endothelial injury from vascular
perturbations with the loss of ability to regulat@scular toneand elevated endothelial injury
markers;2) abolishment of renal autoregulation with elevated intraceltddrium levels from
tubular damagecausing increased sensitivitg vasoconstrictarand renal nerve stimulation
which increasg tubuloglomerular feedbagk3) production of inflammatory mediatorsnd
oxygen radicals such as tumor necrosis factor (TNE)interleukin (IL)}18, intercellular
adhesion molecule (ICAM} and reactive oxygen species (ROSiggered by inflammatory
cytokines, as well as immune cell attachment and migrationdjadidect effect of nephrotoxins

(Lattanzio and Kopyt, 20Q09The mechanism of AKI iglustratedin Figure 1.2.



Nephrotoxins

Vascular Renal
Effects Autoregulation Inflammation
y endothelial ¥ cytosolic
injury cat
y inflammatory
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vascular tone ¥y stimulation of y neutrophil
¥ endothelial renal nerves adhesion
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Impair y oxygen
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Z Glomerular filtration rate (GFR)

y Acute kidney injury

Figure 1.2 The mechanisms oficute kidney injury (AK1)

(*TNF-U tumor necrosis facted , -18: ibterleukinl18,ICAM-1: intercellular adhesion moleculg




1.2.2.2 Diagnosis of AKI

The diagnosis of AKIis traditionally based on functional parametsugh as amncrease in

serum creatininkevel asa surogate for impaired GFRphysical examination such as assessment

of intravascularolume status and skin manifestationsracatorsof systemic illnessreview of

medical history for possible nephrotoxic insults, such as exposure to contrast materials,

medications, or hypotensiorpmplete blood counyrinalysis,serial measurement of blood urea

nitrogen, and electrolyte levels including fractional excretion of sodiumyJFBnd renal

ultrasonographyto identify obstruction (Bellomo et al., 2004Rahman et al.,, 20)2The

diagnosis tests are listed in Table 1.2.

Table 1.2 Diagnosis testdor acute kidney injury (AKI)

Test Function

Urine output measurement

Measurement of the amount of uri
excretion to determine the cause of AKI

Urinalysis To determine abnormalities suggested
kidney failure.
Blood tests Measurehelevels of creahine, urea nitroger

phosphorus potassium glomerular filtration
rate (GFR) and proteinlevel to determine
kidney function.

Imaging tests

Imaging tests such as ultrasound ¢
computerized tomography to see abnorme
of the kidneys

Kidney biopsy

To remoe a small sample of kidney tissue 1
lab microscopy.

Creatinine is currently the most wigelised marker of renal function. Howevestimation

of GFR with creatinines often inaccurate due to poor predictive accuracy for early stage AKI

and chaging determinants such as nutrition, medication and serum vo{Beltomo et al.,

2004). Furthermoresignificantrenal impairment could occur withnly a subtle change of serum

creatininedependson the reserved and/or increasedeatininelevel in the kdney. Therefore,
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there is great interest identifying earlybiomarkers that are elevatddringischemia and within
hours of theAKI event. Neutrophil glatinaseassociated lipocalifNGAL), kidney injury
moleculel (KIM-1), IL-18, cystatin C andiver-type fatty acid binding protein (EBP) are
among thébiomarkers thahave showmpromising preliminary resudt Further validation of these

new biomarkers needs to be conducted in order to improve the accuracy and efficiency for AKI
diagnosis(Bellomo et al., 2004McDougal, 2005 Parikh et al., 2005Portilla et al., 2008

Thurman and Parikh, 20D8

1.2.3 Predlence andurrent treatmendf AKI

1.2.3.1 Prevalence of AKI

AKI is a complication that oegs frequently in hospitalized patients, with a reported
incidence of 2% to 5%and accoustfor approximately 2 million deaths every year worldwide.
The incidence of AKI in hospitalized patients also shows an increase of 11% péXyeat al.,
2006. In addition,AKI has a poor prognosusith a mortality rate of 50%60%, depending on
associated organ dysfunctions and comorbidity. FBoevivors face marked increases in
morbidity and prolonged hospitalizatioand around 5-20% of the patients remain dialysis

dependent at hospital dischafgtoste and Schurgers, 2008

Many studies havanalyzedthe incidenceand mortalityof AKI at an intensive care unit
(ICU). In amultinational,multicenter trialthe overall hospital mortajitwas 60.3% and dialysis
dependence at hospital discharge was 13.8% for suryidiisng the study period from
September2000 to December 200chino et al., 2006 There has been an increase in the
incidence of AKI treated with RRT oveinte (Hoste ad Schurgers, 2008Between 1996 and
2003, the incidence of nettialysis dependingAKI increased from 0.32% to 0.52% annually,

whereas the dialysidependingAKI increasedl10 per million peopleperyear(Hsu et al. 2007)
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The incidence is also greaterinen compared with woméHisu et al., 2007 Patients on RRT
or thosewho already have chronic kidy disease have higher incidence in developing end
stage kidney diseask Canada, 22% of surviving patients developed-&ade kidney disease.
The annual mortality rate was $8rmillion populationwith the highest rates among males over
65 years bage(Bagshaw et al. 2005)'he 1 month, 3nonths and 1 year fatality rates were
51%, 60%, and 64%, respectivdBagshaw et al., 2005Similarly, studiesn Swedenreported
that8.3% of patients on continuous RRT and 16.5% of patients on intermittent RRT developed
endstage kidney diseas@ell et al., 200Y. In addition, patients who have chronic kidney
dysfunction (53%) are more prone to the developmdnermistage kidney disease when
compared to patients with normabselinekidney function (13%)(Prescott et al., 2007
Emerging data of thkigh incidence and mortalityateof AKI should encourage researchers and
medical providers to findeasible preventiorapproachesgarly diagnosisand management

strategies foits complications.

1.2.3.2Treatmenbf AKI

Treatment of AKI is mostly suppehbiased, includingudjustment of medications, avoidance
of nephrotoxins, nutritional support,correction of volume statusncluding hyperkalemia
hypovolemiaand acidosismanagement oblood pressure and fluidcand dialysis to remove
toxins (Bellomo et al., 2004 However,because the kidneys are very vulnerable to the toxic
effects of different chemical$o date, no therapeutic agents have sh@ifficacy in treating the

condition(Rigatto et al., 2013

For patients with AKI, prescrign and norprescripion medicationsshould be carefully
examined to avoidpotentially nephrotoxic components Some nephrotoxic agents include

aminoglycosides, amphotericin, nonsteroidal -arftammatory drugs (NSAIDs), angiotensin
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converting enzyme (ACE) inhibitors, cisplatin, ifosfamided derbal remedieg€Choudhury and
Ahmed, 200% If endogenous nephrotoxicity is diagnosed at an early point, it can often be
reveised with urinaryelkalinisationto prevent kidney failure andninimize the need for dialysis
(Rahman et al., 20)2Nutritional support isecommendedor balancing the protein and energy
level to alleviate negative protenegy wasting effectsn AKI patients. Due to the loss of
homeostatic functionf the kidneyspatients with AKI are prone tbavecomplications such as
hypeglycemia, hypertriglyceridemia arftliid retention It has been suggested ti#gI patients

on RRTshould receive at least 1.5 g/kg/dafyprotein, andess tharBO kcal norprotein calories
(Fiaccadori and Cremaschi, 2009Maintaining adequate renal perfusion is the key to
managementAn increasein urine output should be attemptég hydrating the patient with
saline and a loop diuretio lower the risk ofvolume overload as well dsypervolemia and
hyperkalemiaMeasurement of intravascular volume status or central vepr@ssures may be
helpful for thecorrectionof volume statugRahman et al., 20)2Correction ofelectrolyte
imbalances such as hyperkalemia, hyperphosphatemia, hypermagnesemia, hymnatrem
hypernatremia, and metabolic acidosis is impor(Rathman et al., 20}2Calcium gluconate is
often used to stabilize th@asmamembrane and reduce the risk of arrhythmias whempaients
displaysymptoms of hyperkalemia. Dietary intake of potassium should be rest&cigobrtive
therapies such as renal replacement therfipig therapy, acute dialysis therapyechanical
ventilation, glycemic control, and anemia management sladsidbe considerg@ellomo et al.,

2004 Rahman et al., 20)2
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1.24 Animal models of AKI

1.2.4.1 Implicatias for humasa

Animal models provide aynamic and inegrative gstem for the understandingof
pathophysiologyand theyare fundamental for the study of humaiseasesAnimal models of
AKI are wellestablishedandallow us to study the response ire tbontext of the whole kidney
and the whole organisnCurrently, thregypes ofanimal models are in use f&KI research
which include:1) ischemiareperfusion (IR)inducedby clampingthe renal artery or the pedicle
unilaterally or bilaterallyto introducea period(307 60 min)of cold or warm ischemjdollowed
by reperfusionestablished for minutes to days before kidney harvesBhdgoxins and sepsis
models,induced by toxins such as endotoxin, bactenidipopolysaccharides (LP$)fusion and
polymicrobial sepsis due to cecal ligation and puncture; andh&micals and radiocontrast
media, such as glycerol, gentamicin, cisplatin, NSAIDs, radiocontrast media and some other
chemicals to induce metabolic reactions such as nephrotoxicity, apopseasissis and oxidative
stress, leading to renal failu(Bellomo et al., 2004Singh et al., 2012 Table 1.3 ammarized

the list of animal models for the study of acute kidney injury.

There are limitations associated witking animal modelsef AKI on human sitations. For
example: hypotension and shock may lead to hypoperfusion of the kidneys and rieshknmc
tubular necrosis. However, hypotension in rats doesypatally induce renal injuryOn the
contrary, renal IR in humans leads to subtle and focal histological changes, whereas in rats it
may result in extensive necrosis of the proximal tub(f#sen Olsen et al., 198%ap and Lee,
2012. Despite all the challengeanimal models are often simpledareproducible. fie major
mechanisms and outcomeSAKI in the animals are similar angredictivefor humang which

include increased injurelated biomarkers, ugegulated inflammatory immune responses
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elevated oxidative stresstc (Heyman et al., 200%6hanks et al., 2009Furthermore, sithe
animalmodelsallow us to investigate the organism as a whdley tan be used to demonstrate

that AKIl is not an isolated event and it can lead to rarlfjan injury(Yap and Lee, 2012

1.2.42 Implications fornon-humansubjects

Acute kidney injury also occurs small and domestianimalsand has been documentiad
cats and dogs due to a sudden and major insult in the kidneys. Thecenggesof AKI in the
animalsarenephraoxins from the diets and environmentich asnycotoxins,ethylene glycol,
heavy metalsaminoglycoside antibiotics, hemoglobinuria, melariganuric acid lily plant,
grapes or raisingnvenomation (g., snake, bee, wasp, bull ants)d NSAIDs;ischemia from
disseminated intravascular coagulatigrsevere prolonged hypoperfusjand infection such as
pyelonephritis leptospirosis and borrelios{Ross, 2011 The pathophysiology and mechanisms
of AKI in the animals are similar to that of humans, which include increasady-glated
biomarkers, inflammation, oxidative streasd tissue necrosighe use of laboratory animal
modelscan also mimic the disease condition of the domestic aniarasthus it can help

develop effective treatmestrategis for veterinary uses.

15



Table 1.3 List of animal models for the study of acute kidney injury (AKI)

Mechanisms

Inflammation

Medullary

Ischemia
reperfusion (IR)

Acute tubular necrosis

with flattened epithelia an
tubular dilation and cast
formation.

45 min ischemia followed b
24 h reperfusion is mor
commonly used for th
induction of AKI (Lieberthal
and Levine, 1996Singh et
al., 2012

Toxins and sepsis

Endotoxin

Nephrotoxicity

Bacterial infusion

Intravenous or intraperitones
infusion of
lipopolysaccharide (LPS).

Sepsis

Cecal ligation and puncture
induced polynicrobial sepsis
(Yang et al., 200P

Chemicals and
radiocontrast
media

Glycerol

Tubular nephrotoxicity
caused by myoglobin, and
resembles clinical
rhabdomyolysigKaram et
al., 1999.

Gentamicin

Polycationic aminoglycoside
gentamicin bind to acidic
phospholipids, causing the
production of metabolites.

It also alters mitochondrial
respiration(Mingeot
Leclercq and Tulkens, 1999
Wargo and Edwards, 2014

Cisplatin

Direct tubular toxicity in the
form of apoptosis and
necrosis, reactive

oxygen species (ROS)
production, calcium overloag
phospholipase activation,
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depletion of reduced
glutathione, inhibition

of mitochondrial respiratory
chain function, and ATP
depletion(Miller et al.,
2010.

NSAIDs® Causerenal failurejnduce
oxidative s$ress (e.g.
acetaminophen, and
diclofenac sodium{Singh et
al., 2013.

Other chemicals | Induce nephrotoxicy,
oxidative stresgubular
epithelial injury(e.g.
Uranium, Mercuric chloride
(HgCl,), Potassium
dichromateFerric
nitrilotriacetate, bipyridyls,
etc.)(Singh et al., 2012

Radiocontrast Deleterious reduction of ren
arteriolar blood flow and
glomerular filtration, direct
renal tubular toxicity,
generation of free radicals,
inflammatory mediators, + + +
alteraion of antioxidant
defense systems and
development of apoptosis
(Brown and Thompson,
2010.

'8+6 Indicates the mrsence of a given featur&é indicates only the partial presence of that
feature; and the absence of any sign indicates the lack of such a f8a&aéDs, Nonsteroidal

antrinflammatory drugs.
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1.25 Kidney ischemiareperfusion injury: causes andtcomes

Ischemiareperfusion (IR) injury is caused by a sudden impairment of the blood flow to an
area or organ, followed by a restoration of perfusion arakygenation(Hesketh et al., 2014
Malek and Nematbakhsh, 2015Renal IR injury mayresult in AKI and remote organ
impairment in patientdeading to many clinical situations such as RREhal transgntation and
sepsis.Renal IR injury often leagto high mortality and morbidity, and currently there is no

specific treatment availab(élesketh et al., 2034

IR injury is a pathological condition that is usually associated with both innate and adaptive
immune responsegalong withanoxidative stress response to hypoxia and reperfuBienallR
injury triggers a cascade of inflammatory responsetuding activation of chemokines and
prainflammabry cytokinessuch adl-6 and TNFU, activation ofJanus kinas/signal transducer,
activation of the transcription (JAK/STAT) pathwayactivation of complement systsnand
releaseof biologically activecomgementssuch as C4a, C3a, and CHacreasd adhesion
molecule expression, and leadyte infiltration(Patel et al., 20Q5rang et al., 2008Valek and
Nematbakhsh, 20}5The damaged tissueom IR injury produce excessiveamountsof free
radicalsincludingROS and reactive nitrogen species (RN#8pughpartial reduction of oxygen,
lipid membrane peroxidatioand suppressemitochondrial oxidate phosphorylationThese
products furthemduce oxidativestress,increase intracellular calcium lev@alcium overload)
impair ATP synthesis, diminiskactivity of cellular energyglependent processasd causelipid
peroxidation and eventually contriies to apoptosis and cell deéBonventre, 1993LIoberas
et al., 2002 In the meantime, IR injury alsdecreasethe production oEndogenous antioxidant
enzyme including catalase, superoxide dismutase (SOD), and glutathione perofitizeauret

et al., 2014Malek and Nematbakhsh, 2015yperhomaysteinemia, reduced hydrogen sulfide
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generation, increased oxidative stress, and elevated inflammation of the kidney have been
previously reportedby our lab using aat IR model(Prathapasinghe et al., 2Q04u et al., 2009

Wu et al., 2010Wang et al., 201,3Vang et al., 2014

1.3 Distant organ injury

Pathophysiological factors associated with AKI are also implicatetie failure of other
organs AKI is often part of a multiple organ failure syndronkmown as distant organ injury
(Grams and Rabb, 201Pane et al., 201,3Druml, 2014 Dépret et al., 200)7 Today, awareness
and attentiorto multiple organ failure has been increds@mong cliniciansAnimal models of
AKI areshown to cause injury of multiple organs including brain, heart, intestine, hamg
marrow and liver(Grams and Rabt2012 Druml, 2014 Ologunde et al., 2034Among these
organs, pulmonary and cardiovascular dysfunstibave been studied the modifferent
pathway are associated wittistant organ manifestations of AKI, which include induction of
remote oxidatie stress, systemic inflammation aapoptotic pathway activatio(Kelly, 2003
Hassoun et al., 200logunde et al., 20)4However, mechanisms of AKhduced distant
organ injury are not well understootlhe ineraction betweeAKI and distant organ injury is

summarized in Figure 1.3.
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Figure 1.3 The impact of acute kidney injury (AKI) on distant organs
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1.3.1AKI and lunginjury

The remote effect®f AKI on pulmonary functions are characterizedibgreased vascular
permeability,increased leukocyte infiltratiomcreased concentration oftokines such asNF-
U a n&| dowrkregulation ofthe sodiumpotassium pump and water channalsgolar edema
formation and tissue migratiofRabb et al., 20Q3Yap and Lee, 2012Druml, 2014.
Histological changessuch as enhanced pulmonary endothelial and epithelial cell apoptosis can

also befoundin the lungs after rendR (Hassoun et al., 2009

Animal modelsof sham surgery, unilaterR, bilateral IR, and bilateral nephrectorfBNXx)
have been used to study the distant effects of AKI on the luimga.rat model of bilateral renal
IR injury, increased lung vascular permeabil@jong with interstitial edema and alveolar
hemorrhagevere observedat 24 and 48 h posschemia(Hoke et al., 200)/ Another studyin
rats subjected taunilateral IR, bilateal IR and BNx surgerglemonstrated that renal Bown
regulated pulmonary epithelial sodium chanfigNaC) Na, K-ATPase and aquapork (AQP-
5), andincreased pulmonary vascular permeability mediated in part by macrophage activation
(Rabb et al., 2003 Pulmorary inflammation and druptionin salt and water balanaae the
direct results from AKIThe upregulation of cytokines and circulating leukocytes are indicators
of the pathogenesis of lung inju@logunde et al., 2034Cytokinesincluding IL-6, ICAM-1,
IL-1b, IL-12, and GCSF are shown to mediatéung injury in AKI through the activatiorof
chemokines, adhesion molecuéesd neutrophilgDeng et al., 2004Hoke et al., 200,/0logunde
et al., 2014 Both IR and BNXx reslted in increased H6 and IL-1b with pulmonary vascular
congestion and neutrophil infiltratidiim et al., 2006Hoke et al., 200/ Administratian of IL-
10, an antinflammatorycytokine,showeda protectve effect byreducing inflammatory markers,

such aspraonflammatory cytokine productions, bronchoalveolar lavage fluid total protein,
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pulmonary myeloperoxidag@PO) activity, and chemokine macrbage inflammatory protein
(Hoke et al., 200 It also showea positive effectfor improving lung histology (Hoke et al.,
2007. The kidneys play an important role in the eliminationsgétemiccytokines through
proximal tubule rgulation and in the case of AKI, impairmeat cytokine regulation may lead
to increased levelof TNF-U a n-@, which in turn, result in the reduction of pulmonary

expression of AQR andUJ-EnaC (Ma and Liu, 2013

1.3.2AKI and cardiovascular diseagVD)

AKI and cardiovascular disease is oftdraracterized as cardiorenal syndrome, meaning that
the acuteor chronic pathophysiological disorder of one organ may induce acute or chronic
dysfunction in the other orggRonco et al., 2008 Cardiorenal syndromes typecharacterizes
thatthe acute dysfunctiorof the heart induces abrupt wseming ofthe renal function whereas
cardiorenal syndrome type 3 descalibat the acute dysfunction of kidney worsens the heart
function(Grams and Rabb, 201Roi and Rabb, 20)6For pdients with congestive heart failure,
around 2630% will reach stage 1 AKWith increased mortalityand for those who have AKI,
cardiac failure is a common cause of de@amman et al., 2009Grams and Rabb, 20112
Epidemiologicstudies have also demonstrated that the risk of progressive chronic kidney disease
(CKD) is increased after AKI, and thus CKD further aolmiites to cardiovascular diseases and

mortality (Ishani et al., 201, Bucaloiu et al., 201,2Doi and Rabb, 2016

Several mechanisms are related to cardiac dysfunction after AKI, including increased preload
secondary to Akinduced salt and water retention, fluid overload contributing to pulmonary
edema, myoadial damage due to neutrophil trafficking, arrhythmias due to hyperkalemia,
myocyte apoptosisn response to oxidative stresgecreased myocardial contractilithye to

decreased influx of calciunendothelial dysfunctionncreased mitochondrial fragmeatibnand
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elevated level of inflammatory cytokines {I, IL-6,and TNFU) from i ncreased pr
impaired clearancéKelly, 2003 Ronco et al., 2008Yap and Lee, 2012Shiao et al., 2015

Dépret et al., 2007

In a mouse modebf AKI, increasednRNA level of immunoreactive TNRJ, IL-1 and
ICAM-1 were observed along with increasliPO activity in the heartTreatment with anti
TNFFU anti body attenuat e Kellg 2003) inoadudjtianc sjghifeantly ap o p t
increased left ventricular diastolic aggstolic diameter and decreased fractional shortening were
observed by echocardiograpfi$elly, 2003. A bilateral renal IR injury irtransgenic sicklenice
showed marked cardiac vascular congestion and increased serum d@¥gdoigponent, which is
equivalent to @eactive protein (CRP) in humsiNath et al., 2005Grams and Rabb, 2012
Heme oxygenaseHQ)-1"" knockoutmice showedanincreased level of H6 mMRNA expression
in the heart and lungs after AKdndthe level of renal dysfunction waeduced after applying
IL-6 neutralizing antibody{Tracz et al., 2007 In contrast, nid renal IR injury hadeen found to
have protectve effects against myocardial ischemiaA 15 minute brief renal ischemia under
hypothermic conditions decreasedarction size at the relative myocardial area subjected to
coronary artery occlusiofGho et al., 1996 These remote ischemic preconditioning effects on

myocardial ischemic protectiomay be due toa systemic antinflammatory and aniapoptotic

respons€Yap and Lee, 2012

1.3.3AKI and liverinjury
1.3.3.1 The liver

The liver is the largest gldnin the body, which lies in the upper right section of the
abdominal cavity and under the diaphragm. The main rolthefiver is to help maintain

metabolichomeostasis,which include: 1) removng and detoxiying poisonous substance®)

23



storing iron ard fatsoluble vitamins A, D, E and K; 3) mialgy plasma proteins from amino acids
and produces urea after bkesg down amino acids; 4) siog glucose as glycogen and break
down of glycogen to maintain glucose concentration after or before meals, redgediv
regulaing blood lipids leve$ (cholesterol, triglycerides, lowensity lipoprotein (LDL), high
density lipoprotein (HDL), etc.)and 6) remomng bilirubin, derivedfrom the breakdown of
hemoglobinand excrang it in the liver producedile (Mader, 2003 Liver plays an important
role in the detoxification ofxenobioticsand the production ofantioxidants against oxidative
stress (Klaassen and Reisman, 2Q010mpairment & liver function can be acute or chronic,
involving a progressive destruction and regeneration of the liver parenchyma, and it can lead to
fibrosis and cirrhosisAn increased ratio ahe liver enzymes aspartate aminotransferase (AST)
to alanine aminotransfesa (ALT) has been used as an indicator of liver inf@hannini et al.,
2005.
1.3.3.2 Distant effects of AKI on the liver

The distant effects of AKbn the liverinclude alteredevel of liver enzymes, increased
leukocyte influx,increased vascular permeability which leads to nebitr@nd T-lymphocyte
infiltration (Grams and Rabb, 2012ane et al., 20130logunde et al., 2034 elevated
inflammatory cytokine concentrations (such as TMIF -6land 1-17A), increasedapoptosis
and markers of oxidative stres&Golab et al., 2009Park et al.,, 20L1Lane et al., 2013
decreased levslof total glutathiond GSH)and increased malondialdehy@DA), an index of
lipid peroxidation (Golab et al., 2009Kadkhodaee et al., 20R9Pre-treatment withGSH
(pentobarbital sodium) showed improved liver histology anelduced level ofMDA (Golab et
al., 2009. AKI may also affect liver function by alterations of lipidetabolism(Lane et al.,

2013. As both kidney and liver play critical raden the detoxification of metabolites and
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exogenous drugshe remote effect of AKI can be further complicated in the setting of rfeultip
organ failure, and thus contributes to higher morté@itppgunde et al., 2034

The effect of liver disease on kidney damag@ep@torenal syndrome) is well studied,
however knowledge of AKI on hepatic dysfunction is lackinew animal studies have
investigated the effect of AKI on hepatiesponsesA significant increase aderum anchepatic
TNF-U | evel was oObserved after 6 iarmfdsuldettedio of r
IR injury and BNx The expression of liver ALT, as an indicator of hepatic injury was
significantly increased 6 h after AKI. Hepatocyte apoptosis isex@@4 h after nephrectomy.
Early leucocyte infiltrationand congestion, increased oxidative stress (MDA), and decreased
GSH levelswere also foundGolab et al., 2009 Shorter reperfusion time (45 min of ischemia
followed by 60 min reperfusion) also causadsignificant reduction of liver GSH and
significant increase of TNE  a n-H0 cdntentration¢Kadkhodaee et al., 20p9Treatment
with antioxidant and scavenger melatonin reduoephtic inflammation and decreased the levels
of oxidants and MDAFadillioglu et al., 2008 Similar results were observed in mice studiBs.
injury elevatedhepaticIL-6, chemokine (€X-C motif) ligand (CXCL)1, IL-1 band TNFU
expressionwithin 6 h of ischemic AKI(AndrésHernando et al., 2031A minimum of 30 min
ischemia and 1 h of reperfusion is enough to produce remote effects on the liver from renal IR
injury (Serteser et al., 20p2Hepdic TNFFU and MPO activity as an i
recruitment, are found to be significantly increased. Decreased tfh\attioxidant enzymes and
GSH, and increased levels diiobarbituric acid reactive substanc€EBARS) and protein
carbonylswere indicabrs of oxidative stress upon 60 mof ischemia and 1 lof reperfusion

injury (Serteser et al., 20D2R injury and BNx in mice also increased ALT andrbbin levels,

elevated perportal hepatocyte necrosis, vacuolization, neutrophil infiltration, ancegplated
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the mRNA expressions gbroinflammatory TNFU, -6) dnd 1-:17A (Park et al., 2011
Another study reported that increased accumulations of neutrophilsytotdxic T cells were
observed irboth kidney and livertal to 3 hours after renal ischenfMiyazawa et al., 2002A
study in dogs with bilateral renal IR reported an impairmentf tiepatic oxdative drug
metabolism along with elevated serum FNF a n-@l levéld(Gurley et al., 1997 In a recent
swine renal IR study, the authors obsersgphificant, shorterm (24h reperfusion) increment of
hepatic enzymes, as noted by increa8&1: ALT ratio, an indicator obcute liver damage.
However, no changes ofhistopathology, edema, apoptosts, immune cell infiltration were
observed in the short anoing term(Gardner et al., 2036

The studies listed above have examined the outcomes bindlKced liver injuryhowever,
the mechanismsf these distant effects are still wakvn. It is essential to understaritie
regulations and mechanismBAKI induced oxidative stress and inflammatory responses in the
liver, in orderto find therapeuticargets to ameliorate local and systemic injuries.
1.4 Oxidative stress

Oxidative stress is commonly defined as an imbalance between the production of free
radicles including reactive oxygen species (ROS) as well as reactive nitrogen species (&NS), a
the ability of the body to detoxify or to repair their harmful effects thraargioxidant defense
mechanisra At low or moderate levels, ROS and RNS exert beneficial effects on cellular
responses and immune function. On the contrary, at high concamitathese free radis
induce oxidative stress, a deleterious process that can damage cell components, including nucleic
acids, proteins, carbohydrates and lipids. Endogenous and exogenous antioxidants act as free
radical scavengers by preventing anpaieng damage caused by ROS and RNS, and therefore

enhance the immune defense and lower the risk of degenerative diseases an@aagazral.,
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2002 Halliwell, 2007, PhamHuy et al., 2008Lobo et al., 2010Ray et al., 2012 However,
when free radicals overwhelm the cellular antioxidant defense system through either an increase
in the level ofreactive species or a decrease in the cellular antioxidant capacity, oxidative stress

occurs.Theredox imbalances demonstrated in Figure4l.
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Figure 14 The redox imbalance

Oxidative stress occurs when therarsincrease ithe level offree radical&and or a decrease in
cellular antioxidants.The atioxidants are categorizethto enzymatic and neanzymatic
antioxidants. Some of thmajor enzymatic antioxidants include supeide dismutase (SOD),
catalaseand glutathione peroxidase (GPXyome of the nomnzymatic antioxidants such as
glutathione GSH) can be produced in theotly, whereas other micronutrients such as the
mineral and vitamin groups have to be supplied in the Brete radicalsare categorized into
reactive oxygen species (ROS) and reactive nitrogen species (BWN®g highly reactive
radicals are hydroxyl radial (OHA), superoxide anion ), nitrogen oxide (NO), nitrogen

dioxide (NOZ) and lipid peroxyl radical (LO@.
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1.4.1 Reactive free radicals

Free radiels are molecules that have an unpaired electron in an atomic ¢Rated et al.,
2002 Lobo et al., 201D Due to the presence ain unpaired electron, these molecules are
unstable and highly reactiy®¥alko et al., 200Y. ROS and RNS are collective terms for reactive
chemical species that consist of radical andramlical species formed lilye partial reduction of
oxygen (Uttara et al., 2009Ray et al., 2012El-Hosseiny et al., 2036 Some highly ractive
radicals are hydroxyl radical (Of){ superoxide anion ), nitrogen oxide (NO), nitrogen
dioxide (&NOZ), nitric monoxide (Nd andthe lipid peroxyl radical (LO(§. Other norradical
species such as hydrogen peroxideQhl, ozone (Q), singlet oxygen’loz), hypochlorous acid
(HOCI), nitrous acid (HN@), dinitrogen trioxide (NOs), lipid hydroperoxide (LOOH)and
peroxynitrite (ONOQ can beeasily generatedrom free radicaldGilgun-Sherki et al., 2001
Uttara et al., 200%Ray et al., 2012 The reactive species are mainly generated endogenously as
a result of aerobic metabolism such as mitochondrial oxidatiespbtorylation, or they may
arise from interactions with xenobiotic compounds, cytokines and bacterial inyBaiog et al.,

2002 PhamHuy et al., 2008Ray et al., 201 Formation of ROS and RNS can occur in two
ways: enzymatic and neenzymatic reactions. Enzymatic reactions generate free radicals
including thoseinvolved in the respiratory chain, phagocytosis, prostaglandin synthesis and the
cytochrome P450 syste(Halliwell, 1995 Genestra, 20QAalko et al., 2007/PhamHuy et al.,

2008 Lobo et al., 201p Nonerzymatic reactions occur during oxidative phosphorylation in the
mitochondria as well as from namzymatic reactions of oxygen with organic compounds
(Genestra, 207, PhamHuy et al., 2008 These reactive specidbat aregeneratedattack

important macromolecules leading to oxidative damage and homeostatic dis(upboret al.,
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2010. Lipids, nucleic acids, and proteins are the major targets of free radheals et al., 2002

Valko et al., 2007Lobo et al., 201

1.4.2Antioxidants: enzymatic and nenzymatic

To defend againghe generationof free radicalsantioxidants are producdd prevent the
consumption of oxygeand to inhibit the oxidation of other moleculémtioxidants are stable
molecules that can donate an electron to a free radical and neutralize it, thursgreglgative
damage(Halliwell, 1995 Lobo et al., 201D These antioxidants are furtheategorized into
enzymatic and noeenzymatic antioxidantsSome of the enzymatic antioddts include
superoxide dismutase (SOD), catalase, glutathione reductase, glutathicaresf&ase and
glutathione peroxidas@Px) (Fang et al., 20Q2Jttara et al., 2009 Someof the non-enzymatic
antioxidants such aSSH, ubiquinol and uric acid can be produced during normal metabolism in
the body, especially in the liver for detoxification, whereas other mitrents such ashe
mineral and vitamin groups have to be supplied in the(taio et al., 201 Both enzymatic
and norrenzymatic antioxidants exist in the int@nd extra cellular envionment to scavenge

free radicals.

1.4.2.1 Enzymatic antioxidants
The enzymatic antioxidants includsuperoxide dismutase (SOD), catalase ahd

glutathione systems (glutathione reductase, glutathietnenSferase and glutathione peroxidase).

Superoxide dismutase (SOD) catalythe breakdownof superoxide anioiO,’) to oxygen
(O,) andhydrogen peroxideH,0O,). Based on the metal €actors, SOD can be categorized into
three families: 1) Cu/ 450D or SOD1 which binds with both copper arihc, and are found

in the cytoplasm 2) Mn-SOD or SOD2 which bing with manganese presents in the
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mitochondria and 3) SO3, which exiss as a copper and zireontaining tetramerand is

exclusivelyrestrictedio extracellular spacéZelko et al., 200R

Catalase is a common enzyme that catalyze the decomposition bfdrogen peroxide
(H20,) to water H,0) and oxygen (). Nearly all living organisms utilize catalase, and in

animals high catalase concentration is found in the lif@aetani et al., 1996

Glutathine systems contain enzymes such as glutathione reductase, glutathrmmsfe3ase
and glutathione peroxidase (GPx). GSH reduatadaces GSSG back to GSH dadilitates the
recycling of GSHGlutathione Sransferase has high activity witipid peroxidaseand provides
protection against lipid peroxidatiofNauseef, 2014 Glutathione peroxidase contairfisur
selenium(Se) co-factors and it catalyses the breakdosirhydrogen peroxide (#D,) and lipid
hydroperoxides (LOOH)Fang et al., 2002 Different types of GPx exhibit tissugpecific
functions (Marcus, 195Y. These GSH related enzymesare at high levels in the liver for
detoxification metabolism and playital role in maintaining cellular redox status by

counteracting oxidants anuieventing oxidative damages.

1.4.2.2 Norenzymatic antioxidants
Non-enzymatic antioxidants can be synthesized endogenouslgrmedexogenously from
dietary sourcs. The major norenzymatic antioxidants include GSH, vitamins (vitamin C, E and

B), minerals]ipids (omega3) and phytochemats.

GSH is one of the most important cellul@antioxidans due to is central roleand high
abundancen regulatingredox balancélLobo et al., 2010Shelton et al., 20331t is a thiot
containing substanciat can bele novosynthesized from glutamate, cysteine and glycore

absorbed in the small intestifidm the diet The synthesis of GSH will be rewed in section

31



1.5.12. GSH oxidation formglutathione radicalQSﬁ), a prooxidant radical which can react

with another G&to yield oxidized glutathione (GSSG). GS#gulates redox dependant cell
signaling by modifying the oxidation state of proteirsteyne residugegpreventingoxidation of

SH groups, and reducing disulfide bonds indubgdoxidative stresgLu, 1999. It directly
scavenges ROS (e.g. hydroxyl radical, peroxynitrite, lipid peroxyl radical and singlet oxygen),
and indirectly detoxifies hydrogen peroxide and lipid peroxides through enzymatic reactions
Furthermoreit canregenerate other antioxidargschasVitamins C andg, back to their active
forms and can modulate criccellular processes such as DNA synthesis and immune function

(Fang et al., 2002

Vitamins are able to directly scavenge free radicals and upregulate the activities of
antioxidant enzyme@~ang et al., 2002 Among them, vitamin E -docopherol)and vitamin C
(ascorbic acid) are two important antioxidants. Vitamin E inhibits @8ced lipid peroxyl
generation and protects cells frahre peroxidation ofpolyunsaturated fatty acid®JFAs) in
membrane phospholipid#\ dietary defigency of vitamin E reduces the activities of hepatic
catalase GPx and glutathione reductase, induces liver lipid peroxidation, as well amgaus
neurologic and cardiovascular disordé@how et al., 1973Fang et al., 2002 Vitamin C is a
watersoluble vitamin that also exhibits protective effects against oxidative damage. Vitasin C
a reducing agent, tan workas an immunomodulator which has antioxidant,-atiterogenic
and anticarcinogenic propertig®hamHuy et al., 2008 Vitamin B groups such as vitamin;,B
By (folic acid) and B, are cofactors for methionine synthasétamin B1,), cystathionineb-
synthase (CBSjvitamin Bg), cygathionineglyase (CSE)(vitamin Bg) and as a substrate-(5
methyltetrahydrofolate) in homocysteine metaboliSinese vitaminsare also essential for the

methylation of DNA and proteinf~ang et al., 20Q2Sanchezavioreno et al., 2009 Because
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homocysteine contributes to oxidative stress, these vitamins help to reduceskhef ri
hyperhomocysteemia inducedxidative stress, especially in cardiovascular dise¢g&aschez

Moreno et al., 2009

Several minerals have been reported to play a role as antioxidants. Magnesium (Mg) is a
cofactor for glucos®&-phosphate dehydrogenase arph®sphogluconate dehyiyenase, which
catalyze the production @iicotinamide adenine dinucleotide phosphattuced NADPH) from
NADP+. Magnesium deficiency reduces glutathione reductase activity and results in-radical
induced protein oxidation and marked lesions in skeletelche, brain and kidney&ock et al.,

1995 Fang et al., 2002 Copper (Cu), zinc (Zn) and manganese (Mn) aresputisable metals

for Cu, Zn-SOD and MRSOD activities. Dietary deficiencies of these minerals result in
peroxidative damage, mitochondrial dysfunction, lipid peroxidation and infe(fiang et al.,

2002. Selenium (Se) has been identified as an essential cofactor for selenoproteins, which are
important for seleniurdependant enzymes such as glutathione peroxidase. ayddtficiency

of Se decreases tissue glutathione peroxidase activity by 90% and results in peroxidative damage
and mitochondrial dysfunctiofXia et al., 198% It also exhibits antioxidant, antarcinogenic

andimmunomodulatiorfunctions(Fang et al., 200ZPhamHuy et al., 2008

Fish oil contains omega and omeg® PUFAS, and it has been reported to have beneficial
effects towards reducing CVD risk in humans. This effect is partially due tohdition of
lipogenesis andeductionof fatty acidb-oxidation in the live(Fang et al., 2002However, like
other PUFAs, fish oil can beeroxidisedto form hydropergides and result iroxidation
Although no adverse effetias been reported clinicallthe oxidized lipids may interfere with
the intended biological benefifslason and Sherratt, 20l Therefore it is necessary to monitor

the oxidation level of the fish ofCamerorSmith et al., 2016 Furthernore, it is alsoimportant
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to maintain an appropriate balance of om8gand omeg® in the diet. For humans, a healthy

diet should consist of-2 times more omega fatty acidsthan omegs fatty acid{PhamHuy et

al., 2008. Omega3 fatty acids are inhibitors for free radical gestion and inflammation. They

can upregulate the expressions of antioxidant and lipid catabolism genes in the liver, and at the
same time inhibitinducible nitric oxide synthaseiNOS) expression andNOS synthess by
cytokineactivated macrophagé®hata et al., 199makahashi et al., 20020mega6 fatty acids

can induce inflammation but with appropriataldnce it can improve diabetic neuropathy,

rheumatoid arthritis and aid in cancer treatn{®mamHuy et al., 2008

Dietary phytochemical antioxidants from plant sources are rich in phenolic and polyphenolic
compounds, such as flavonoids and catechin, which are capablavweihgmg free radicals
(Fang et al., 2002 Flavonoids have potent antioxidant activity tbahprevent or delageveal
chronic or degenerative diseases suchas cagv®, ar t hri ti s, aging, and
The main natural sources of flavonoids include green tea, grapes (red wine), cocoa (chocolate),
onion and broccol{PhamHuy et al., 2008 Car ot e n o-calbtene argl lyooperisans b
plant algae and bacterial sour@so have antioxidant properties. Betaotene can react with
peroxyl radicals to form a stabilized carboentered radical within its conjugated alkyl structure,
therdoy inhibiting the chain propagation effect of R(Fang et al., 2002 Lycopene possesses
antioxidant and antiprolifative properties, and was found to be protective towards prostate

cancer(PhamHuy et al., 2008

1.4.3Regulation of redox balance

Redox reaction is anxalation-reductionreaction,in which one reactant is oxidized and one
reactant is reduced simultaneoudRedox balances disturbed by either an increase in free

radicals or a decrease in the activity of antioxidant sys{dal&o et al., 200y. The production
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of reactive free radals createsan imbalance in the redox reactioAntioxidantscan add an
appropriate number of water molecules to balance the oxygen atoms,” addsHo balance
hydrogen atoms, anddd enough electrons {eto the more positive sid® make the charge

equal. This methodn organicchemistryis referred as the half equation metl{dtarcus, 195Y.

There are three levels of defence mechanisms against free radical indigztve stress, which

are: 1)preventive mechanisms, to suppress the formation of free radicals such as decomposition
of hydroperaides and fidrogen peroxide; 2scavenge mechanisms, to suppress the chain
initiation or break the chain propagation reactions deavengingradicak, and 3) repair
mechanisms, to remove oxidatively modified proteins and prevent the accumulation of oxidized

proteins(Cadenas, 199¥alko et al., 2007Lobo et al., 201p

The productiorandthe scavenging of free radicatsillustrated in Figure 1.5. In brief,
nitric oxide (NO) is formed from {arginine by one of the three NO synthase (NG8jarms:
NNOS, INOS or eNOS The superoxide anion radical {Dis generatedrom O, by multiple
pathways including NADPH oxidation by NADPH oxidase, tkéme oxidation by xanthine
oxidase, autoxidation ahonoaminesand oneelectron reduction of £by cytochrome RI50 or
NOS Further, Superoxide dismutaseéSQD) converts @ to hydrogen peroxide @#D.),
which is then reducetb H,O by either glutathione peroxidasesPx) with GSH asthe electron
donor or catalase The oxidized GSSG is reduced back to GSH by glutathione reductase,
which use NADPH as an electron donor Hydrogen peroxide breaks down to reaetiv
hydroxyl radicas (OHL) by the Fenton reaction with transition metals (e.¢f 'FEU"). When both
O, and NO are synthesizetlose to each other NO can react with © or H,O, to form
peroxynitrite (ONOO. The free radials OH'and ONOO can abstract an electron from

polyunsaturated fatty acid (LH) to form a carbmentred lipid radical (ﬁ. LA further
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interact with O, to generate a lipid peroxyl radical (L@O LOO abstract a hydrogn atom
from nearby fatty acidso form a lipid hydroperoxide (LOOH), LOOH decompsse yield a
alkoxyl radical (LCf), thuspropagates lipid peroxidation chain reaction LOO" canalso be
reducedto LOOH by vitamin E with vitanin C or GSHas reducing agentand LOOHis then
reducedto dioxygen and alcohol (LOH)y GPxwith GSH as the electron donfffang et al.,
2002 Valko et al., 200Y. Specific mechanismaf oxidative damage of nucleic acids, lipids and

protein are reviewed in the following section 1.4.4.
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Figure 15 The production and the scavenging of free radicals.
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1.4.4 Biomarkers of oxidative stress

Oxidative stress can be measured through three approaches: 1) determination of esdogeno
antioxidant levels by examinirthe concentrations of antioxidants (e.g. G8itmin C, vitamin
E, carotenoidsand minerals), antioxidant enzyme activities (e.g. SOD, cata@Bg, GSH
reductase), and/or measurement of GSH to GSSG ratio; 2) direct detection of free radicals by
electron spin resonance technology; and 3) measuresheridizedproducts, which include the
three major targets of the free radicals: nucleic acids, lipids and p(Bteig et al., 200R The
mechanisms of oxidewe damage and biomarkers of these molecules are reviewed in the

following sections.

1.4.4.1 Nucleic acids

Many studies have provided evidence that DNA and RNA are susceptible to oxidative
damage. DNA oxidtion occurs most readily at guanine residues due to a high oxidation
potential of its base compare cytosine, thymine or adenine. It has been reported that DNA, in
particular mitochondrial DNA, is a major target in the case of aging and c@vel&o et al.,
2004 Genestra, 2007 Oxidative damage to DNA may promote microsatellite instability, inhibit
methylaion and acceleratielomereshorteningLobo et al., 2010 Oxidative DNA damage also
produces a series of modifications in the DNA structure including base and sugar lesions, strand
breaks, DNA-protein crosdinks and baséree sites (PhamHuy et al.,, 2008 Oxidative
nucleotids such as &ydroxyguanine, -dydroxydeoxyguanosine {&odG) and 8
hydroxyguanosine (8xoG)areincreased during oxidative damage to DNA and RNA under UV
radiation or free radicaxposurelt has been suggested thab8dG can be used adiological
marker for oxidative stress and it is frequently associated with carcinogenesis and disease

(Hattoriet al., 1996Valavanidis et al., 2013
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1.4.4.2 Lipids

Lipid peroxidation refers tthe oxidative degradation of lipids. It features a free radical chain
mechanism, by which a freearboncentred lipidradical (Lﬂ) reacts rapidly with molecular
oxygen, creating a peroxyatty acid radica(LOOﬁ. This radical extrasta hydrogen atom from
a nearby unsaturatefatty acidproducing a lipid hydroperoxide (LOOH) and a new fatty acid
radical. The LOOH decomposes to form a lipid alkoxyl radical ﬁ_CDhe continuous production
of lipid peroxyl and alkoxyl radicals propagsatée lipid peroxidatiorchain reactiorfFang et al.,
2002. Similar tothe other reactions, lipid peroxidation consists of three major steps: initiation,
propagation, and termination. The radical reaction terminates when two radicals r@act an
produce a nomadical species, only when the concentration of these radical species is high
enough to have a probability of collision. Human or animal bodies can utilize antioxidants to
speed up the termination process by neutralizing free radicalshamefore, protecting the cell
membrane. Polyunsaturated fatty acids (PUFA), whiehlocatedin the cell membranes, are
mostly affected byaradical chain reaction, because they contain multiple double bonds and hav
methylene bridges -CH,-) that posses highly reactive hydrogen atoms. During lipid
peroxidation, compounds such raslordialdehyde(MDA), and isopretanes are formed. These
compounds can be used as markers iipid peroxidation assay and have been verifaed
presentin many diseases suas neurogenerative diseases, ischemic reperfusion injury, and
diabeteqFang et al., 2002.0bo et al., 201 In addition, oxidized LDL has been found to be a

predictive biomarker for coronary artery disease (CAD@isinger et al., 2005

1.4.4.3 Proteis
Protein oxidation is defined as the covalent modification of a protein induced either by the

direct reactions with free radis or indirect reactions with sewdary byproducts of oxidative
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stresgZhang et al., 2013 Proteins oxidation can occur in three walsoxidative modification

of specific ammo acid;2) free radical mediated peptide cleavaged 3) formation of protein
crosslinkages due toa reaction with lipid peroxidation produc{Berlett and Stadtman, 1997
Stadtman and Berlett, 1998hang et al., 2013 Peroxyl radica are one of thefree radical
speciesproduced from thexidation of proteingLobo et al., 201D Although all amino acids

can be modified by free radicals, cysteine and methionine contain sulfuisgr@igre the most
susceptible to oxidative damage. Oxidative modificatiohproteins can change their physical
and chemical properties, including conformation, structure, solubility, heat stability, proteolysis
susceptibility, signal transductidanctionand enzyme activitied.obo et al., 2010Zhang et al.,
2013. For assessing protein oxidation, the production of protein carbonyls (loss of free thiol
groups in proteins) and nitrotysine (nitration of proteibound tyrosine residues) are commonly

used as stable markdisang et al., 2002

1.4.5 Oxdative strese renal IRand distant organ injury

Oxidative stress often ressiih oxidative injuriesm both local and distant orgaischemia
reperfusion injury can introduce massive amewfitROS back to the organ during reperfusion,
which inturn canlead to tissue injury and causing serious complications in organ transplantation,
stroke, and myocardial infarctiqiKasparova et al., 200%alko et al., 200Y. During ischemia,
anaerobic glycolysis produces acidositich leads toH" accumulation anda decreasen
intracellular pH. Once perfusion is rested, H is transportecextracellulaly through Na'/H*
exchangein theexchangef Na' to normalize the pHschemic damagehangesheelectrolytes
homeostasiby causingdysfunction ofthe Na'/ K* pumpthatis responsible folNa" entry and
downregulatingthe enzymatic function oNa'/K*-ATPasewhich hasNa'-regulating capacity

through its activation/ deactivatignresulting in an increased intracellular "Neoncentration
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(Fekete et al., 2004 The increasedhtracellular N& in turn activates the N&C&* exchanger,
resulting inexchange of intracellar N& with extracellular C&, and eventually leading to
calcium C&™") overload(Frank et al., 2012 Calcium overloadfurther inducesmitochondrial
dysfunction and hypercomittureeventuallyleading to cell deatiGarciaRuiz and Fernandez
Checa, 2006 Increased ATP consumption leads to accumulation of purine catabolites
hypoxanthine and xanine, which are later metabolized by xanthinedase to produce
superoxide radical peroxynitriteand hydrogen peroxide upon reperfusion with oxygéako

et al.,2007, Malek and Nematbakhsh, 201%Vith the restoration of blood flow, reperfusion of
the ischemic tissue leads to a cascade of oxidative damage. The following evéiptd of
peroxidation and ROS pradtion result intubular cell damagegendothelial cell damage and
impaired endothelial functigreventually leading to DNA and protein damage and apoptosis
(Bonventre, 1993 Gloire et al., 2006Malek and Nematbakhsh, 2012\t the same time, down
regulation of the antioxidant enzyme system could also contributiee pathophysiology of
renal IRinjury (Wang et al., 2014Malek and Nematbakhsh, 201%yperhomocysteinemia
condition of elevated homocysteine (Hcy) level along with reduced activity of cystathimnine
synthasg CBS), a key enzyme for Hcy metabolism has been previously reported by our lab to
showdetrimental effedin renal IR injury due to oxidative stre@@rathapasinghe et al., 2007
The severity of oxidative stress is closely associated with inflammation and apdpeosaiR
injury downregulated the transsulfuration pathway thesdingto a decrease in endogenous
hydrogen sulfide and5SH production Thesereductions increasegroinflammatory cytokine
expressions in the kidney and tubular cé¢ang et al., 2014 In addition, an alteration of

transcriptional factors AR, SR1,NF-a B  &ri2chas been reported to induce oxidative stress
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in renal ischemia reperfusion injufgung et al., 20Q2Gloire et al., 2006Wu et al., 2010
Shelton et al., 2023

Limited studies have reportecidative stress in distant orgampon renallR injury. As
reviewed in section 1.3.3.2edreased levaldf antioxidantssuch as totaGSH, increasedevels
of MDA as an indicator of lipid peroxidatipmcreased protein carbonyls and increased oxidants
werereported in the live(Serteser et al., 200%o0lab et al., 2009Kadkhodaee et al., 20P9
Treatmerg with the antioxidans GSH and melatonin havbeen shown to be effectiven
decreamg the levels of oxidants and MDA in the liv@fadillioglu et al., 2008Golab et al.,

2009.

1.5Regulation of glutathione homeostasis

1.5.1 Role of transsulfuration pathway

1.5.1.1 Transsulfuration pathway

The transsulfuration pathway is a metabolic pathwaich is involved in the conversion of
homocysteingo cysteine through cystathionine. It is the only sourcedef novosynthesized
cysteine in mammalian celland it allows the utilization of methionine for GSH synthesis
(Mosharov et al., 20Q@McBean, 2012Lu, 2013. Cysteine is an essential precursor @&8H
biosynthesisHcy can be converted twysteine through a twenzyme proces£ystathionineb-
synthase(CBS, EC 4.2.1.22) catalyzes the initial reactioith pyridoxal5-phosphate (PLP,
activated form ofvitamin Bs) by condensing homocysteine with serine to form chigiatne.
Cystathionine is subsequently metabolized to cysteine by another enzyme cystatihlpagsee
(CSE, EC 4.4.1.1)n the transsulfuration pathway, CBS is the 4lateting enzyme, while CSE
is the most abundant enzyme that is particularly activeepatocytegLu, 2013. CBS and CSE

are also responsible rfohydrogen sulfide (H,S), a gasotransmittegeneration through
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desulfurzation reactiongHourihan et al., 201,3Nang et al., 2014 A schematic illustration of
the transsulfuration pathway;SH biosynthesiand desulfurization reactias shown in Figure

1.6.
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1.5.1.2 Glutathione biosynthesis

Glutathione g-L-glutamytL-cysteinylglycine is a thiolcontainng tripeptidethat defends
against both physiologically and pathologically generated oxidative Si@em®iaRuiz and
FernandexCheca, 2006 GSH isalsothe key and mostbundantendogenous neanzymatic
antioxidantproduced in the bod{DelLeve and Kaplowitz, 1991.u, 1999. The lver has high
GSHolevels due to its efficiency in synthesfku, 1999 Lu, 2013, andabout 50% otysteinein
GSH isderived from methionine via transsulfuratipfitvitsky et al., 2004.

GSH is synthesized by tw@TP-requiring enzymes: glutamateysteine ligase Gcl, EC
6.3.2.2) and ghathione synthaseGS, EC 6.3.2.3)(Lu, 2013. As shown in Figure 1.6, Gcl
catalyzes the ratiimiting reaction by converting cysteine and glutamateg-ghutamykcysteine,
whereasGS catalyzes the reaction @fglutamy-cysteine and glycine to fim GSH Gcl is
composed of two subunits: a heavy catalytic subunit Gclc, which has full catalytic capacity and
can be inhibited by GSH feedback mechanismd a light modifier subunit Gelm, which is
enzymatically inactive but is important in the regulatidrGelc and GSHHuang et al., 1993
GSis composed of two identical subunits, asdmportantin the determination obverall GSH
synthetic capacity free from feedback inhibition by GSHLu, 2013. Under normal
physiological conditions, more th&©% ofthe cellular GSH pool is in the reduced form (GSH)
and less than 10% is in the oxidized (disulfide) form (GS3Byut 8385% of the cellular GSH
is in the cytosol, 145% is in the mitochondria and the rest is in the endoplasmic reticlituen.
GSH structure is unique due to the fact that the glutamate and cystesm®nd throughg
carboxyl group, and the only enzyrtteat can hydrolyze this bond igglutamyltranspeptidase
(GGT), which makes GSH resistant to intracellular degradation andrdgibe metabolized

extracellularly bycell surface enzym&GT (Lu, 1999 Lu, 2013.
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1.5.2 Transcriptional regulation ofugathione production: role dirf2

1.5.2.1 Regulation of Nrf2

Nuclear factor erythroid -elated factor2 (Nrf2) is a key transcription factor involved in
cellular responses against oxidative st{&ss and Vaziri, 2010Kim et al., 2010Wakabayashi
et al., 201D Undernormal physiologicatonditions,Nrf2 is keptin the cytoplasniby binding to
the repressor protein Kelelike ECHassociated protein 1 (KeaplWwhich targetsNrf2 for
proteasomal degradatigiensler et al., 2007 Uponstressstimulation,Nrf2 is disso@ated from
Keapl and translocaénto the nucleus where it binds to the promoter regions of target genes
(Kim and Vaziri, 2010 Kobayashi et al., 201Xudoh et al., 2014Niture et al., 201} Nrf2
forms heterodimers with small Maf (MafG, MafK and MafF) ahah (eJun, JurD, and JurB)
proteins to bind toantioxidant response elememdRE) ), and activates antioxidant and
detoxifying gene productiofLu, 2013. The KeapiNrf2 signaling pathway is one of the most
important defense and survival pathways on fundamental cellular process such as proliferation,
apoptosis,angiogenesis and metastasispiovides protective effects and adaption strategies
against various stress conditions including specific diseases such as cancer anduded)
toxicities, making it a major therapeutic tar@@aird and DinkoveKostova, 2011Copple, 2012
Jaramillo and Zhang, 201® 6 Connel | a n).dA déhmonyseasion oftie KdaplNrf2

stress response system is shown in Figure 1.7.
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Figure 1.7 Keapl and Nrf2stress response system.

Under unstresed conditions, Nrf2 is bond to a repressor protein Kldkeh ECH-associated
protein 1 (Keapl), which targets Nrf2 for ubiquitination and degradation. Upon stress stimulation,
Nrf2 is dissociated from Keapl and translocated into the nucleus where itteteredimers

with small Maf (sMaf) andhen binds to the antioxidant response element (ARE), actiyat
antioxidant and detoxifying gene productiqidapted fromKobayashi et al. (2033 open
access ahsubject to the Creative Commons Attribution License, which permits unrestricted use,

distribution, and reproduction
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1.5.2.2 The function of Nrf2

Activation of Nrf2 induces gene expression of cytoprotective enzymes including those that
are resposible for GSH synthesis such asCSE, Gd and Gpx and those that detoxify
electrophiles and ROS, such as heme oxygehafido-1), glutathioneS-transferases and
NAD(P)H:quinone oxidoreductase 1 (Ngdqlpee and Johnson, 200Reisman et al., 200&im
and Vaziri, 2010Kim et al., 2010 Wakabayashi et al., 201.0The cytoprotectivefunction of
Nrf2 includes: 1) it directly activatesantioxidants production; 4} activates enzymes that can
directly inactivateglectrophiles anaxidants; 3)it increase GSH synthesis and regeneration; 4)
it stimulatss NADPH synthesis; 5)it assis$ in toxin export through mukilrug response
transporters; 6)t improves the recognition, repair and removal of damaged nucleotidds a
proteins; 7)t regulats other transcription factors, growth factors and receptors; andnBijbits
cytokinemediated inflammatiorf\WWakabayashi et al201Q Baird and DinkovaKostova, 2011
Copple, 2012 Deficiency ofNrf2 leads to increased oxidative stress, renal and hepatic damage
and inflammatoy responsegrurthermore Nrf2 knockout mice exhibited lower GSH levels and
are more susceptible to liver injuf@han et al., 20Q1Shelton et al., 201 Xudoh et al., 2014
1.5.2.3 Nrf2 in renal IR injury

Nrf2 has an important role for the protection of kidney against oxidative damage upon renal
IR injury. It has been reported that hyperactivation of Nrf2 inghwy phase otrenal IRinjury
prevents the progression BDSmediated tubular damage by inducing antioxidant enzymes and
NADPH synthesigNezu et al., 201)7 Up-regulation of Nrf2 during reoxygenation mediates
cytoprotective gene expression in IR injury, whereas applying antioxidaatdetytcysteine
results in inhibition of Nrf2 activatiofLeonard et al., 2006Nrf2 is downregulatedin longer

reperfusion time (45min ischemia and 24h reperfusion) in mice kidney(Ryan and Majno,
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1977). Nrf2 deficiency increasesusceptibility to both ischemic and nephrotoxic AKI and the
severity of renal IR injury is exacerbated by the losslid2 (Liu et al., 2009. Treatment with

the antioxidants Nacetytcysteine oiGSHto Nrf2 knockout mice, opretreatmentwvith a small
molecularweight Nrf2 induce to wild-type animals showedn improvementin their renal
function (Yoon et al., 2008Liu et al., 2009 Wu et al., 2011Shelton et al., 2093 The Nrf2
inducer methyP-cyane3,12dioxooleanel,9-dien28-oate (CDDGMe, also known as
bardoxolone methyl) igen afte 24h of renal IR, upegulated Nrf2 activity and altered 2561
transcripts and 240 proteins in the kidneys of Nrf2 knockout mice, making Nrf2 a potential
therapeutic targefNoel et al., 2015Shelton et al., 20)5However,the mechanism for the

protective effect of Nrf2 on distant organ injury is not weaiberstood

1.61schemiareperfusion and inflammatory response

1.6.1 Inflammatory response

1.6.1.1 Acute and chronic inflammation

Inflammation is a bodyobs riransupeo stiswdus. Itt is a reaction ofthe
microcirculation characterized by the movement hfidf and cells from blood into the
extravascula compartmentAbbas and Léhtman, 2012 The inflammatory responsean be
causedby different stimuli including pathogens such &scteria, virus parasitesand fungis
injuries caused by foreign objectstoxins, chemicals or radiation, or disease conditions such as
bronchitis, @rmatitis and cystitigMader, 2003 The damaged cells release chemicals including
proinflammatory cytokines, histamine and prostamling which cancauseswelling through

fluid leakage from thélood vesselmto the tissues.

The nflammatory response can be categorized into two groups: acute and chronic
inflammation.Acute inflammation is a short response to injury or intectwhich occurs within
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seconds to minute§he duration of acute inflammation is also relatively short, ranging from
hours to days.The main pocessesinclude: increased blood flow and edema, increased
permeability of capillariesaccumulation of Ibid ard protein, activation of plateletand
migration ofleukocytes, predominantly neutrophiGhronic inflammation, on the other hand, is

not a part of the body's natural healing procelisis often caused byersistentinfections,
prolonged exposure to fagm objects, toxic agents or autoimmunit&bbas and Lichtman,

2012. Chronic inflammation is o& longer duration compared with acute inflammatiirmay

last from weeks to monthgctive inflammation, tissue destruction and repair are proceeded
simultaneously during chroninflammation. The pesenceof lymphocytes, macrophages,
plasma cells, granulation tissue, proliferation of blood vessels and fibrosis are associated with the

chronic inflammatior(Abbas and Lichtman, 20).2

1.6.1.2Innate and adaptive immune response

There are two types of imma responsesn the immune system: innate and adaptive
immune responseThe innate immune responsgists before infection and plays an important
role asthefirst line of the deferse. It reacts fasfwithin days)but nonspecifially to the foreign
antiens The innate immunity is composed: df) barriers such as epithelial layers (skin),
defensins andhtraepithelial lymphocytes; 2) effector celfecluding neutrophils, macrophages,
natural killer (NK) cellsinnate lymphoid cells and platele® cytoknesand chemokinesand 4)
effector proteins such as complementsre@ctive protein and mannebading lectin. The
mechanisms othe innate immune response include phagocytosis by macrophages, dendritic
cells and neutrophils, cytotoxicity by NK cellscanell mediated production of cytokinéRyan
and Majno, 1977Abbas and Lichtman, 2@). In addition, innate immunityctivates adaptive

immunity in which innate immune cells participate at both priming and effector phases of the
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adaptive immunitylt alsogenerates moleculesich as cytokinewhich act as secondary signals

for T and Bcell activation(Abbas and.ichtman, 2012 The aaptiveimmune responsen the

other hand, is a specific defense system mediated by B and T lymphocytes after exposure to
foreign antigenslt lasts for a longer duration (within months or yearahd exhibitshigh
specificity and nemory in response to recurrent ampersistentinfections Types of adaptive
immune responseinclude humoral immunity, where B cells produce antibodies, and cell
mediated immunity, where T cells directly eliminate antigens through cytotowicitydirectly

through cytokinegAbbasand Lichtman, 2012 Acute kidney injury, as an example, involves in
acute inflammation and innate immune resporis®yeverif AKI progresse to CKD, the

chronic inflammation and adaptive immune respemgl actasthe maindefensive mechanisms.

1.6.2Regulation of inflammatory response

1.6.2.1 Mediators in inflammation

Many biochemical mediators are released during inflammailiblese mediators include
cytokines, chemokines, complemeodmplement derived peptides (C3a, C3b and ddains,
histamine,serotonin lipid mediators (leukotrienes and prostaglandins), matrix metalloproteases
endothelialleukocyte adhesion moleculesd free radical gasitric oxide (NO)(Ryan and
Majno, 1977. Inflammatory cytokines play important roles in ploysgical and pathological

processes and are reviewed in this section.

Cytokines including interleukins1-37 (IL 1-37), tumor necrosis factdd ( JUNF and
interferono (- NFare produced predomi nant(Molisebay, macr o
2006. They are importanh mediating the innate immune respanbBeese cytokines are further
categorized toproinflammatory and ardinflammatory cytokines.Major proinflammatory

cytokines include L1, IL-6 and TNFU In acute inflammationthey promote cytotoxicity by
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mobilizing and activating leukocytes, enhancing B and T cells proliferation, and are involved in
the biologic response to endotoxinB chronic inflammation, excess/e production of
inflammatory cytokines contributes to inflammatory diseases such as atherosclerosis and cancer.
In addition,these cytokines can activate fibroblasts and osteoblasts, which further cause cartilage
and bone resorptio(Ryan and Majno1977). Major antiinflammatory cytokines include 4,

IL-10, and 1L:13. Anti-inflammatory cytokineswork with specific cytokine inhibitors and
soluble cytokine receptors to inhibit the synthesispaoiinflammatory cytokines(Opal and
DePalo, 200p A balance btween proinflammatory and aniinflammatory cytokines is

necessary to maintain health.

1.6.2.2Transcriptional regulation of inflammatioRole of NFa B

Nuclear factor kappa B (N& Bi¥ an important trascription factor that plays ccial roles in
a number of cellular processesludinginflammation, cell proliferation and apopto¢iSloire et
al., 200§. The NFaB pathway has been well recognized as anfleonmatory signaling
pathway, which is responsible for the activation of various cytokines such as IL1 anth TNF
chemokines and adhesion molecules in inflammati@awrence, 2000 NF-e B has al so b
reported to have important relen the pathophysiology of renal IR injurit activates a variety
of physiologicaly important molecules such as Ik1 b, -6, 111-8, TNFU, monocyt e
chemoattractant proteibh (MCP-1), interferon invasive ptein-10 (IP-10), angiotensin Il,and
inducible nitric oxide synthase (iINOS)awrence 2009) This makes NF-a Ban important

therapeutic targdor renal diseases

NFFeB i s composed of five prot eiBily:, pPpPHEE® amd
precursor p100 (NFe B 2 ) p 6Rel aRkERelBThurman, 200 NF-e B i s nmnam mal | vy

inactivate staten the cytoplasmboundby an i nhi bi t or Yponpstinmlaten, n c¢ al
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| @BU i s r api dangubiguitirated) dndlegnadedh ha@rdteasomeleading tothe

releaseof NF-a B . The r-2B erataesthcatdlifto the nucleusand activate the
transcription of several target gendsvo NFe B acti vati on pathways ar
classical and alternative pathvgayThe classical Nf Bactivating pathway is induced by

immune mediators such aslltlike receptors (TLRs)rainflammatory cytokines such as TNF,

IL-1 and antigen receptors ligatiorgsulting inthe activation ofl a-Bnase (IKK) complex

composed of IKK |, | KKU and | KKb kinases. Phosphoryl
p65/RelA conplex, which regulates the expression pfoinflammatory and cell survival genes

(Gloire et al., 2006 The alternatve N6 B acti vati ng p atcklvaetiyatings act |
factor (BAFF), CD40 ligand and lymphotoxf but notTNF-U . It results in th
RelB/p52 complex through the activation of 8B i nduci ng kliKnkals ed e(pNel nkd)a n
phosphorylation and processing of p100 into p52. Thenatwe pathway is related to adaptive

immunity which regulates genes required for lyagsganogenesis and B cell activati@bloire

et al., 2006Lawrence, 200P

1.6.3 Inflammationin renal IR and distant organ injury

Inflammation plays a major role ithe progression oAKI. Studies have reported that
variety of inflammatory reactionsre induced ¥ renal IR injury,including the production of
proinflammatory cytokines (It1, IL-6, TNF-U and transforming growth factér ( @G F
chemokines (MCH. and epithelial neutroph#ctivating protein 78 (ENA8)), keratinocyte
derived chemokine (H8), fibrinogen, Pselectin,adhesiormolecules ICAM-1) and Greactive
proteinwithin the renaparenchymay tubular epithelial cellandbr leukocytegSegerer et al.,
200Q Kapper et al., 200ZBonventre and Zuk, 200Molls et al., 2006 Thurman, 200¥. The

release of these inflammatory medis activates thenflammationpathwaysandenhancegell
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injury. Ischemiareperfusion injuryalso causes infiltration of neutrophils in the kidney.
Myeloperoxidas€MPO) activity is elevatedat the early stagafter ischemic insult ang most
abundantlyexpressed imeutrophils(Nauseef, 2014 At a later stageMPO can be produced
from macrophages and T cell infiltration, whipersiss into the recovery phag@aller, 1989

De et al., 1998Thurman, 200). Tissue injurycan beamelioratedf neutrophil accumulation is
preventedPaller, 1989Bonventre ad Zuk, 2004 A few mechanisms have been proposed on
the activation othe inflammatory response upon renal IR injury, which include: 1) release of
cellular factors such as N& Bwhich translocate intahe nucleusin response to hypoxia or
reperfusion(Sung et al., 2002 2) ATP depletioinducedapoptosis or necrosis, which further
induces TNFU production and | euk cindycedeiNOS rpfoduttiony at i or
which exacerbagetubular injury; 4) recognition of altered or ingd protein or cell structures;
and 5) impaired production of antiffammatory factors by injured cell§Thurman, 200y
Inflammation n the kidney tissue is closely related to glomerular and tubulointerstitial lesions,
which in turn, greatly affects kidney functidiliromura et al., 1998 Targeting on different

inflammatory pathways may serve as a potential pharmacologic intervention for renal IR injury.

Inflammation is also reported in ren&-induceddistant organ injry. These distant organs
include heart, brain, lungs, intestine and liver. Cytokisesh aslL-1 b , -6, IL112, IL17A,
ICAM-1, TNFU a n@SF kBave been reported to be elevated in distant o(@serg) et al.,
2004 Park et al., 2011Park et al., 2012 Increased MPO activity, as an indicator of neutrophil
infiltration is found in the heart and lun@selly, 2003 Hoke et al., 200)f Distant organs may
respond to systemic inflammation induced by rena) kRwever it is possible that the
inflammatory signalsire generatedn a tissue specific mannéfhurman, 200y, For a detailed

review of AKI on distant organ injury please refer to section 1.3.
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1.7 Oxidative stress and inflammation crosstalk

Crosstalk between oxidative stress anflammation is an areaf increa®d interest.
Oxidative stress is a biochemical dysregulation of the redox status, whereas inflammation is the
biological response to aXative stress that initiates the production of proteins, enzymes and other
compounds to restore homeostgSitefanson and Bakovic, 2014
1.7.1 Crosstalk between transcriptional factors Mdrfd NFa B

The transcriptional factors Nrf2 and NFB r egul at e oxi dative stres
synergistic manneand coordinate the final fate of innate immune cébBellezza et al., 2010
Wakabayashi et al., 201CQuadrado et al., 20)4The Nrf2 pathway regulates the transcription
of antioxidant genes and detoxification genes in order to maintain calddakhomeostasis and
eliminate toxins before damagéloire et al., 2006Stefanson and Bakovic, 2014’ he NF-2 B
pathway regulates cellular immune responsesinfection and hypoxiaand coordinats
pronflammatory responseby releasing mediators such as cytokines and chemdgkitaise et
al., 2009. Different levels of oxidative stress activate different redeensitive transcription
factors and coordinate a variety of cellular respor{Betlezza et al., 20)0A mild level of
oxidative stress induces Nrf@&hich then activates the transcription of antioxidamisereasan
intermediateamount of ROS triggers an inflammatory response through the activation@fBNF
(Stefanson and Bakovic, 2014n extremely high level of oxidative stress induces perturbation
of the mitochondrial permeability transition pore and disruption of electron traasfér
adivates AP-1, thereby resulting impoptosis or necrosi&loire et al., 2006Bellezza et al.,
2010. The dfect of different levels of oxidative stress on cellulasponses is shown in Figure

1.8
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Figure 1.8 Effect of different levels of oxidative stress on cellar responses
A low level of oxidative stress induces Nrihich activates the production of antioxidants. An
intermediate amount of oxidative stress triggers the activation ofo BF |l eading

proinflammatory cytokine production anmflammation. A high level of oxidative stress

activates APL, resulting in apdpsis or necrosis.
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1.7.2 Activation and inhibition between Nrf2 and-NFB

The repressor proteikeapl may act as an coordinating factor between the activation and
inhibition of Nrf2 and NFe B(Stefanson and Bakovic, 2014Jnderbasal conditionsNrf2 is
bound with Keapl by an ETGE motif in the gytasm(Tong et al., 2006 Similarly, NFe B 1 s
restrained in the cytldsol KKy tidnfdgigiitessomialo Bpr ot
degradation and releasd NF-e B f or t rirdontisel noctewst ildKrKb al so cont
ETGE motif, which can binevith Keapl and be targeted for ubiquitination, thus inmgiiNF-
8 B act(Lee attal., @009Kim et al., 2010. When Nrf2 is activated by oxidative stress,
there is an increase in the unbound wkKieghahpl ava
turn, inhibits the translocation and activation of NFEStefanson and Bakovic, 2014#owever,
beyonda critical intracellular ROShreshold, Nrf2 may amplify oxidative stress via induction of
transcriptionby Kruppeltlike factor 9 KIf9), which can #er the expression of sena genes
involved in ROS clearance, leading Kif9-dependanROS productionBellezza et al., 2010
Stefanson and Bakovic, 201Zucker et al., 2014 Underan intermediate tdigh oxidative
stress situation, Keapl is unable to revert to a normal protein binding conformdtama
| KKb to phosphoryl ate -aiB BfUgr amulc |teffRade é¢rabal nesal soi cr
2004 Stefanson and Bakovic, 2014An activated NFe Bhas been known tinhibit Nrf2
activity (Kim and Vaziri, 2010Kim et al., 2010Stefanson and Bakovic, 2014 he p65 subunit
of NFe B r epr es s-ARE pathivay athl trdnsriptional levelby 1) competitive
interaction with the CHKIX domain of CREB binding ptein (CBP) fromNrf2, whichresults
in Nrf2 inactivation and 2) p65acilitates the interactioof a corepressor histone deacetylase 3
(HDAC3) with either CBP or MafK at the AREvhich results inocal histone hypoacetylation

(Liu et al., 2008 These process lead to the transition point from oxidative stress to
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inflammation. If NFe B me dreaetibnse thilto restore homeostasis and oxidative stisss
continuouslyincreasedo extreme levels, AR mediated apoptosis is trigger@m and Vazir,
2010 Kim et al., 2010Stefanson and Bakovic, 2014 schematic illustration dlrf2 activation

andNFe B i nhi bi t i osshowmioRguehl.9Ke ap 1
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Figure 1.9 Nrf2 activation and NFe B i n h thdughtKeapln
Under basal condition®rf2 is inhibited by Keapl. When Nrf2 is activated by oxidative stress,

the unbound Keapl captures intracellular KK i nhi bits the tran-sl ocat
aB. U n chiermediate tchigh oxidative stress situation, Keapl is unable to revert to a
nor mal protein binding conformation, all owing

NF-a B(Adaptedfrom Stefanson and Bakovic (2014pen access and subject to the Creative

Commons Attribution License, which permits unrestricted use, distribution, and repooylu
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The Nrf2 and NFe B p a alsowmtzrgct atmultiple points to control the transcription of
downstream target genes or proteins. Nrf2 activation induces intracghaductsthat can
modulate NFe B a c t i wice vefsa. Foaexample, Nrf2 regulate® thene expressions of
HO-1 and thioredoxin(\Wakabayashi et al., 200L.0HO-1 has been shown to modulate -NB
activation through free iron and bilirubipresr e n t phosphoryl ation of R
degradatior{Alam et al., 1999Jun et al., 2006Seldon et al., 2007 Thioredoxin regulates NF
9B activation through t he caebdulate p50 indiogftotley st e i
DNA in the nucleus and bl oc k a(ylieotaetfal.,, 1989Bas,d e gr a d
200). On the other hand, the p65 subunit of-BIB supresses tha Nrf?2
transcriptionallevel, and overexpressing p68at antagonizes the Nrf2 transcriptional activity
and further inhibg HO-1 production(Liu et al., 2008. A schematic explanation of crosstalk

betweenNrf2andN® B acti vati on bas aescshoemnFgarelrl@cel | ul ar
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Green lines: induced eventsed lines: inhibitory eventsHO-1, Heme oxygenasg; Nqol,

NAD(P)H: quinone oxidoreductase 1; ARE, antioxidant response element.
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2.1 Rationale and hypotheses

Acute kidney injury (AKI) conmory occursin hospitalized patientsvhich promotes the
development of chronic kidney disease (CKD) aadiss endstage renal disease. AKlso
often leads to muklorgan dysfunction known as distasrigan injury(Grams and Rabb, 2012
Yap and Lee, 20021t has been shown in animal models that AKI can cause injury of multiple
organs including brain, heart, intest| lung and liver(Kelly, 2003 Hassoun et al., 20QLiu et
al., 2008 Grams and Rabb, 2012ane et al., 2013Druml, 2014 Ologunde et al., 2034
However, mechanisms of AKhduced distant organ injury are not well understood

Ischemiareperfusion (IR) is one of the common causesA#i, which occurs in many
clinical situations such as surgical procedureenal transplantatiprvascular diseaser as
comorbidity in critically ill patientThadhani et al., 1996Viehta et al., 2004Lameire et al.,
2005. Previous findings from our laboratory have reported baal IR inducesxidative stress
andinflammatory responses in the kidnggung et al., 20QZrathapasinghe et al., 2Q0¥ang
et al., 201% Howeve, the mechanismdor damage tahe distant orgaare unknown.lt is
essential to understamdnal IR-inducedoxidative stress anithfflammationin the distant organs,
andto further identify therapeutic targets for thmelioraion of local and systemimjuries.An
in vivo model has been employed in our laboratdoy study renal IRThe renal IRwill be
induced in $ragueDawley (SD)rats by the clamping of the left renal pedicles 45 minutes to
induce ischemigfollowed bydifferent times ofeperfuson.

The lver is a major or@n for metabolism It also plays important rolein redox balance,
immune regulation and detoxificatioimpaired liver function and metabolism has been reported
in patients with AKI and renal IR modaf animals which ncludes induction of systemic

inflammation, increased proinflammatory cytokines, increased oxidative saregsbnormal
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liver histology and apoptos{®ehta, 2002Golab et al., 2009Abbas and Lichtman, 201Park
et al.,, 2012Lane et al., 201,3Doi and Rabb, 2006 The mechanism of ren#iR-inducedliver
injury needs to be further investigated.

Oxidative stressccurs when there is an increaséree radical®or a ceaease in antioxidants.
Glutathione is a major endogenous antioxidant against oxidative @eissve and Kaplowitz,
1991 Lu, 1999. The honeostasis ofGSH is modulated by the transsulfuration pathway and
GSH biosynthesis. Transsulfuration enzymes catalyzedth@ovosynthesis of cysteine, which
serves as a precursofor the synthesis ofGSH The lver has ahigh capacity forGSH
biosynthesis Nuclear factor erythroid izelated factor 2 (Nrf2) is a key transcription factor
involved in cellular responses against oxidative stfless2013 Kudoh et al., 2014 Activation
of Nrf2 induces gene expression aftioxidants andenzymes that are responsible f66H
synthesigLee and Johnson, 2004im and Vaziri, 2010Wakabayashi et al., 20L@®ur recent
study has shown that IR waregulates the expression of transsulfuration enzymes in the kidney
leading to increased oxidative stress and inflammatory respiW&eng et al., 2014 A few
studies have reportedenal IR-inducedoxidative strese the liver, however, the mechanism by
which renal IR impairs hepat8 SH production is not well understood.

An inflammatoryresponse plays a critical role in IR inju(fhurman, 200). It has been
reported thatnflammation occurs both locally in thddney andsystemically inthe distant
organsupon renal IR.The inflammatoryresponseis mediated byseveral proinflammatory
mediators,such ascytokines, chemokines and inflammatory signaling pathwae. remote
inflammatory responses oknal IR may beinduced by increased influx of cytokines and
infiltration of immune cells tahe distant organéLee et al., 2011 However, the origis of

increased cytokines in the liveponrenal IR hae not been well identified. Nuclear factor
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kappa B (NFeB) is one of the key transcription factors that regulates the expression of
proinflammatory cytokines arehimmune respons@.awrerce, 2009. Early stage upegulation

of MCP-1 expression through the activation of-dB in the kidneyhasbeen previously reported

in our laboratorySung et al., 2002Vang et al., 201)3 However,the activation oNF-aB and

the stimulation of proinflammatorgytokineproductionin the liveris unknown Furtherresearch

is warrantedto identify regulatorymechanismdor the hepaticinflammatory response during

renal IR.

In our studies, we hygthesized thatenal IR induces liver oxidative stress and inflammatory
responses through) downregulation ofthe transsifuration pathwayand inhibition of GSH
production through Nrf2 pathway; andl &tivation ofNF-HuBand increased cytokirexpression

in the liver
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2.2 Objectives
The general objective aghy researctwas to investigate the mechanismswhich renal IR

caused liver injury with increased oxidative stress and inflammatory responses.

Specific objectivesof study |- Downregulaion of glutathione biosynthesis contributes to

oxidative stress and liver dysfunction in acute kidney injury

(1) To investigatehe change®f transsulfuration pathway and glutathione synthesis in the
liver upon renal IR.
(2) To investigate the role of transciigm factor Nrf2on antioxidant gene expression in renal

IR-induceddistant organ injury.

Specific objectives of study HKidney ischemiareperfusion elicitsa hepatic inflammatory

response andepaticdysfunction

(1) To investigatehe changesn proinflammatory markerdoth systemically and locally at
different stages in the liverpon renal IR
(2) To investigate the regulation of proinflammatory cytokines via transcription fBiétor

HB in the |iver upon renal | R.

66



Chapter Ill. Study |

67



Manuscript I: Downregulation of glutathione biosynthesis contributes to oxidative

stress and liver dysfunction in acute kidney injury

Oxidative Medicine and Cellular Longevity, 2016(10)3

Yue Shan§?”, Yaw L. Siow**Cara K. Isaak®and Karmin &%3

!St. Boniface Hospital Research Centre, Winnipeg, Canada
“Department of Animal Science, University of Manitoba, Canada
3Department of Physiology and Pathophysiology, University of Manitobzadza

“Agriculture and Agri Food Canada,

* Yue Shang contributed taath curationanimal trials, cell culture, laboratoanalysis,

statistical analysis, ethodologyyalidation manuscript writig

68



3.1 Abstract

Ischemiareperfusion is a common cause fmute kidney injury and can lead to distant organ
dysfunction. However, the mechanisms of distant organ injury are not well understood.
Glutathione is a major endogenous antioxidant and its depletion directly correlates to ischemia
reperfusion injury. Thdiver has a high capacity for producing glutathione and is a key organ in
modulating local and systemic redox balance. Liver function is often compromised by acute
kidney injury. In the present study, we investigated the mechanism by which kidney ischemia
reperfusion led to glutathione depletion and oxidative stress. The left kidney of Spagley

rats was subjected to 45min ischemia followed by 6h reperfusion. Renal isaleperiusion
impaired kidney and liver function. This was accompanied by a aseiie glutathione levels in

the liver and plasma, increased hepatic lipid peroxidation and plasma homocysteine levels. Renal
ischemiareperfusion caused a significant decrease in mMRNA and protein levels of hepatic
glutamatecysteine ligase (catalytic anehodifier subunits) which regulates the Frétriting
reaction in glutathione biosynthesis. A decrease in gene expression of glutgsiaiee ligase
subunits was mediated through inhibition of a transcription factor Nrf2. Renal isehemia
reperfusion alsonhibited hepatic expression ofstathionineylyase, an enzyme responsible for
producing cysteine (an essential precursor for glutathione synthesis) through the transsulfuration
pathway. These results suggest that inhibition of glutaateine ligase>gression and the
transsilfuration pathway lead to reduced hepatic glutathione biosynthesis and elevation of
plasma homocysteine levels, which, in turn, may contribute to oxidative stress and distant organ

injury during renal ischemieeperfusion.
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3.2Introduction

Ischemiareperfusion (IR) is one of the common causes for acute kidney injury (AKI)
(Thadhani et al., 199®/ehta et al., 2004.ameire et al., 2005 AKI often leads to multbrgan
dysfunction known as distant organ injugrams and Rabb, 201¥ap and Lee, 20)2 Renal
IR occurs in many clinical situations such as surgical procedures, renal transplantation or as
comorbidity in critically ill patientsHowever, mechanisms of AKhduced distant organ injury
are not well understood. Clinically, distant organ injury potentiates the already high rate-of AKI
associated morbidity and mortalifievy et al., 1996Bagshaw et al., 2005In animal models,

AKIl is shown to cause injury of multiple organs including brain, heart, intestine, lung and liver
(Kelly, 2003 Hassoun et al., 200Tiu et al.,, 2008 Grams and Rabb, 201Rane et al., 2013
Druml, 2014 Ologunde et al., 2034

The pathogenesis of IR injury is multifaceted and oxidative stress is considered one of the
important mechanisms responsible for local as well as distant organ injury. Impaired antioxidant
defense and/or overproduction of reactive oxygen specieS)YRén lead to oxidative stress.
Glutathione is a thietontaining tripeptide that serves as a major endogenougmaymatic
antioxidant against oxidative strggelLeve and Kaplowitz, 1991.u, 1999. The liver has high
glutathione levels due to its efficient synthedelLew and Kaplowitz, 199100khtens and
Kaplowitz, 1998 Lu, 1999 Chen et al., 201,3.u, 2013. Impaired liver function and metabolism
have been found in animal models with ischemic ABé&rteser et al., 200%olab et al., 2009
Kadkhodaee et al., 200®%vang et al., 2010 It has been shown that renal IR causeégpaletion
of hepatic glutathione while administration of this antioxidant effectively attenuates oxidative
stress and improves liver functiq@olab et al., 2009 However, the mechanism by which

ischemic AKI elicits hepatic glutathione depletion is not well understood. Glutathione is
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synthesized by two enzymes, namely, glutarcgtteine ligase (EC 632) and glutathione
synthase (EC 6.3.2.3) (Figu@11) (Lu, 2013. Glutamatecysteine ligase is composed of a
catalytic subunit@clc) and a modifier subunitGclm). This enzyme catalyzes the ritaiting
reaction by converting cysteine and glutamategglutamylcysteine. The second enzyme,
glutathione synthse catalyzes the reaction @fglutamylcysteine and glycine to form
glutathione. Nuclear factor erythroid r2lated factor 2 (Nrf2) is a key transcription factor
involved in cellular responses against oxidative stress. It regulates the expression of many
antioxidant proteins and enzymé¢kim and Vaziri, 2010 Lu, 2013 Kudoh et al., 2014
Activation of Nrf2 induces gene expression of cytoprotective enzymes including those that are
responsible for glutathione synthefi®e and Jonson, 2004Kim and Vaziri, 2010Kim et al.,
2010 Wakabayashi et al., 20L0Under normal contions, Nrf2 is retained in the cytoplasm
through binding to a repressor protein named Ké&leh ECH-associated protein 1 (Keapl).
Upon stimulation, Nrf2 is dissociated from Keapl and translocated into the nucleus where it
binds to the promoter regions tife target gene&im and Vaziri, 2010 Kudoh et al., 2014
Nuclear translocation of Nrf2 can be stimulated pyrbgen sulfide through-Sulfhydration of
Keapl(Hourihan et al., 201,3rang et al., 2018 It has been shawthat deficiency of Nrf2 leads
to increased oxidative stress, renal and hepatic damages and inflammatory re@fionsesl
Vaziri, 2019 Kim et al., 2010 Kudoh et al., 2014 Although the potective effect of Nrf2
through upregulation of antioxidant enzymes against IR or toxin induced organ injury has been
implicated (Chan et al., 20QZFEnomoto et al., 200Kudoh et al., 204), its role in distant organ
injury is not clear.

The availability of cysteine is another important determinant in modulating glutathione

homeostasis as this suloontaining amino acid is an essential precursor for glutathione

71



biosynthesis. Asie from dietary intake or endogenous protein degradation, the transsulfuration
pathway is the only source de novosynthesized cysteine in mammalian cells (FigBudd)
(Mosharov et al., 20QMcBean, 2012Lu, 2013. In the transsulfuration pathwagystathionine
b-synthase¢BS EC 4.2.1.22 catalyzes the itial reaction in which homocysteine is condensed
with serine to form cystathionine. Cystathionine is subsequently metabolized to cysteine by
another enzymecystathionine glyase CSE EC 4.4.1.1 By generating cysteine, the
transsulfuration pathway prales the rate limiting amino acid for cellular glutathione
biosynthesigStipanuk and Beck, 1983tipanuk 1986 Finkelstein, 2000Mosharov et al., 2000
Brosnan and Brosnan, 2006This may beparticularly important in the liver as 50% of the
cellular glutathione pool in hepatocytes is derived from the transsulfuration pafbwe}999.

The transsulfuration pathway enzymes are widely present in mammalian tissues such as liver,
kidney, intestingheart, aorta, brain, lungs and intestine, with liver having the highest enzyme
activities of CBS and CSE (Stipanuk and Beck, 198&tipanuk, 1986Lu, 1999 Finkelstein,

200Q Mosharov et al., 20Q@rosnan and Brosnan, 2Q@osado et al., 20070ur recent study

has shown that IR downregulates the expression of transsulfuration enzymes in the kidney
leading to increased oxidative stress and inflammatory resgféveseg et al., 2014 Although

liver oxidative stress has been reported in ischemic AKI, the mechanism by which renal IR
impairs hepatic glutathione production is not well understood. As glutathione is the major
erndogenous antioxidant and the liver is the key organ for its generation, its depletion could lead
to local and systemic oxidative stress. In the present study, we investigated the mechanism by

which renal IR caused downregulation of hepatic glutathioneg/ibesis and oxidative stress.
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The transsulfuration pathway metabolizes homocysteine to cystéinethis pathway,
cystathionine b-synthase ©BS) catalyzes the initial reaction in which homocysteine is
condensed with serine to form cystathionine. Cystathionine is subsequently metabolized to
cysteine by the second enzyme, cystathiogihy@se CSE). Both CBS and CSE are pyridoxal

5 phosphate (PLPJependent enzymes. The -peptide glutathione is synthesized from
glutamate, cysteine and glycine. Glutameysteine ligase GCL) catalyzes the ratiemiting
reaction by converting cysteine and glutamaiegglutamylcysteine. The second enzyme,
glutathione synthaseGE) catalyzes the reaction afglutamykcysteine and glycine to form
glutathione. The equilibrium between reduced (GSH) and oxidized (GSSG) glutathione reflects
the redox potential of a givarssue, with lowelGSH: GSSGatios being indicative of oxidative
stress. Alternatively, CBS and CSE also mediate the dezalfion reactions which lead to

hydrogen sulfide (b5) synthesis.
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3.3 Materials and methods

SpragueDawley male rats (Z5300g, 78 weeks old) were fed a commercial diet (Pr8lab
RMH 3000, 5P00xontaining 0.40% of cysteine and 0.58% of methionine (LabDiet, St. Louis,
MO) prior to surgery. Rats were anesthetised by 3% isoflurane/oxygen gas. Renal ischemia was
induced by cleping the left kidney pedicle for 45 min as described in our previous studies
(Prathapasinghe et al., 2Q@Wu et al., 2010Wang et al., 2013vrang et al., 20183 At the end of
ischemia, the rats were subjected to 6h of reperfusion by removal of the clamtand
nephrectomy. During the surgerythe rats were kept on a héay pad and 2%
isoflurane/oxygen gas was maintained via inhalation. As a control {shamated), rats were
subjected to the same surgical procedure without inducing ischemia and wéreedaat the
corresponding time point. A blood sample was colleétech the portal veirand centrifuged at
30009 for 20 min for plasma preparation. Plasma creatinine, alanine aminotranséezegate
aminotransferasend homocysteine levelwere meaured using the Cobas C111 Analyzer
(Roche, Laval, QC). All procedures were performed in accordance with the Guide to the Care
and Use of Experimental Animals published by the Canadian Council on Animal Care and

approved by the University of Manitoba Proab Management and Review Committee.

3.3.1 Biochemical analyses

Reduced (GSH) and oxidized (GSSG) glutathione in the plasma and liver were measured by
a spectrophotometric detection meth{@aderson, 1985Sarna et al., 201MHwang et al., 2013
Wang et al.2014). A ratio of GSH and GSSG was determined as an indicator of redox potential.
The degree of lipid peroxidation in the liver tissue was determined by measuring
malondialdehyde (MDA) levels with thiobarbituric acid reactive substances (TBARS) assay

(Ohkawa et al., 197%5ung et al., 2002 Cystkine content in the livewas measurethy ion
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exchange chromatograe methodaccording to the Official Methods of Analysis (982.30,
AOAC, 1984). Briefly, approximately 100 mg of each sample was subjected to performic acid
oxidation for 20 h at 4 °C and digested in 4 mL of 6 N HCI for 16 h at 110 °C, followed by
neutraliation with 2 mL of 25% (wt/vol) NaOH and cooling to room temperature. The mixture
was then equalized to a-B0L volume with sodium citrate buffer (pH 2.2) and analyzed using an
amino acids analyzer (Sykam, Eresing, Germaiiy)e obtained cysteine contentasv first
equalized with the totabxidized amino acids content and compared between Sham and IR
groups. Hydrogen sulfide (BS) production was measured based on a spectrophotometric
detection method of Stipanuk and Bd&ipanuk and Beck, 1982as described in our previous
studieg(Xu et al., 2009Hwang et al., 201,3Vang et al., 2014
3.3.2 Transfection of HepG2 cells with Nrf2 siRNA

HepG2 cells (American Type Culture Collection, MA, a cell line derived from human
hepatoblastoma) eve transfected with Nrf2 siRNA oligonucleotides (Life Technologies,
Carlsbad, CA) or RNAIi negative control consisting of scrambled oligonucleotides using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA) as transfection reagent. After 6h incubation, the
mediimm was replaced with HyCloneE Dulbec<co's
cystine 2HCI 62.57mg/L and-imethionine 30.00mg/L) supplemented with 10% fetal bovine
serum and incubated for another 48h. The mRNA of Nrf2 and glutesysteine ligase subunits
(Gcle, Gelm) was determineddepG2 cells are from an establishaadman hepatoblastonzzll
line, which sharemany featuresof hepatocytes and are widely used physiological and
pharmacological studig¥Vilkening et al., 2003Sarna et al., 20)6HepG2 cells are susceptible

to free radicals and many studies have ubedHepG2 cell line to investigatmitochandrial

76



toxicity and oxidative stress respon&etzer et al.,, 200ngeles et al., 201Bavania et al.,

2015 Sarna et al., 2016

3.3.3 Realtime polymerase chain reaction (PCR) analysis

Total RNAs were isolated from the liver tissue with Trizol eag(Invitrogen, Carlsbad,
CA). The mRNA of glutamatecysteine ligase catalytic subuniG¢lc) and modifier subunit
(Gclm), glutathione synthase, enzymes in the transsulfuration patlf®&§, CSE) and Nrf2
was determined by retime PCRanalysisusing theiQ5 reattime PCR detection system (Bio
Rad) and normalized with-actin (Wu et al., 201pHwang et al., 201,3Nang et al., 2014 The
primers (Invitrogen) used for rat mRNA measurement we@lc ( 12 4 bp) , 5
GCCCAATTGTTATGGCTTTG3 6 (forwar AABTCCI@TCTCCIGCCGTGR 6
(reverse) (GenBankTM accession number NM&IL); Gclm (114 bp) , 5
CGAGGAGCTTCGAGACTGTAT-3 06 ( f or waACIQCATGHB@ACAT&GGTACA-3 6
(reverse) (GenBankTM accession number NM_017:
ACAACGAGCGAGTTGGGAT3 6 a A TIGAGAGGAAGAGCGTGAATGS3 6 (reverse
(GenBank™ accession number NM_ _012962) ;- rat
TCGTGATGCCAGAGAAGATG3 6 (for warTdEGGCGATTACGTHIWG TCAG3 6
(reverse) (GenBankTM accession number N M
GTATGGAGGCACCAACAGGT3 6 (f or wa-GOTNGGGETT dGTCG&BEGTGTTTE3 6
(revese) (GenBankTM accession number NM_017074); ana cdt i n (198 bp)
ACAACCTTCTTGCAGCTCCTC3 6 ( f or wa GAQCCAIACLCAB@A TCACA3 6
(reverse) (GenBankTM accession number NM_031144). Primers (Invitrogen) used for human
MRNA measurement were as follaws Nr f 2 ( -IAGBGGATLCTGCCAAGTACTGS3 6

(for war d CATGTACGAAACGGGAATGTCTG-36 (reverse) (GenBank
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number NM_006164)clc( 1 05 HBIrAGAGTTBEAGGCCAACATGG3 6 (forward) a
CTTGTTAAGGTACTGGGAAATG AAG3 6 (reverse) (sdive nnBrabark T M a
NM_001197115)Gcim( 1 0 2 HQI)JCAGTEGTTGGAGTTGCACA3 6 (forward) a
CCCAGTAAGGCTGTAAATGCTCG3 6 (reverse) (GenBankTM access
and Bactin ( 9-5 AGATEAAGATCABTIGCTCCTCCT -3 0 (forwayry d) an

GATCCACATCTGCTGGAASG-30 (reverse) (GenBankTM accessi

3.3.4 Western immunoblotting analysis

The protein levels of hepatic glutamatgsteine ligase catalyti€sclc) and modifier Geclm)
subunits, glutathione synthase and enzymes in the transsioliupathway CBS, CSE were
determined by Western immunoblotting analysis. Total proteins (10ug) everacted using
lysis buffer (20mM Tris, 150mMNaCl, 1ImM EDTA, 1mM EGTA, 2.5mM Na pyrophosphate,
1 mM -glgcerophosphate, 1ImM Na orthocanadate and 10%nTX-100) and wereseparated
by electrophoresis in 10% SDS polyacrylamide gels. Proteins in the gel were transferred to a
nitrocellulose membrane. The membrane was prob#drabbit antiGclc monoclonal (1:2000,
Abcam Inc., Toronto, Canada), rabbit a@tim monoclonal (1:2000, Abcam Inc., Toronto,
Canada), rabbit anglutathione synthase monoclonat @,00Q0 Abcam Inc., Toronto, Canada),
mouse antiCBS monoclonal (1:4000, Abnova Corporation, Taipei, Taiwan) or rabbitGBE
monoclonal antibodies (1000, GeneTex, Irvine, CA) for total liver proteins. Nuclear proteins
(90ug) wereextracted using buffers containing HEPES, EDTA, EGTA, KCI and NaCl, and were
used to determine Nrf2 protein with angibbit Nrf2 monoclonal antibodies (1:500, Abcam.nc
Toronto, Canada). HRPonjugated amntimouse or artrabbit IgG antibodies (Cell Signaling
Technology, Danvers, MA) were used as the secondary antibodies (1:2000). The corresponding

protein bands were visualized using enhanced chemiluminescence reagkaislyzed with a
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gel documentation system (Biad Gel Doc1000). To confirm the equal loading of proteins for
each sample, the same membranes were probed with mougeaatiti monoclonal antibodies
(1:5000, Cell Signaling Technologyanvers, MA) or abbit ant-Histone H3 monoclonal

antibodies (1:500, Santa Cruz Biotechnology Inc., Santa Cruz, CA).

3.3.5 Statistical analysis
Results were analyzed using a ttedled Student's-test. P values less than 0.05 were
considered statistically significant.

3.4Results

3.4.1 Renal ischemiareperfusion impaired kidney and liver function

Renal IR (45 min ischemia followed by 6h reperfusion) resulted in a significant elevation of
plasma creatinine lev&(Figure 3.12A), indicating that kidney function was iraped. Renal IR
also caused a marked increase in plasma alanine aminotransferase (ALT) and aspartate
aminotransferase (ASTévels (Figure3.12B, 3.12C), suggesting that IR not only impaired renal
function but also caused liver injuriRenal IR significaly decreased the reduced glutathione
(GSH) levels (Figure 33A) while did not change oxidized glutathione (GSSG) levels (Figure
3.13B), leadingto a low ratio of GSH to GSSG in the plasma (Figurt8@). There was a

significant elevation of plasma homotsige level in rats subjected to renal IR (FigutSB).
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Figure 3.12 Effect of kidney ischemiareperfusion on kidney and liver function
The left kidney of rats was subjected to 45 min ischemiavi@tl by 6 h reperfusion (IR). As a
control, rats were subjected to a shaperation without inducing ischemia (Sham). Plasma
creatinine (A), alanine aminotransferase (ALT) (B) and aspartate aminotransferase (AST) (C)
were measured. Results are expresseghean + SE (n = 4 for each groupp £ 0.05 when

compared with the value obtained from the staparated group.
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Figure 3.13 Effect of kidney ischemiareperfusion on glutathione and homocysteine levels
in the plasma

Plasma reduced glutathione (GSH) (Axidized glutathione (GSSG) (B), ratio of reduced
glutathione (GSH) toxidized glutathione (GSSGL] and plasma homocysteifidcy) (D) were
measured in rats subjected to reisgahemiareperfusion injury IR) or sharmoperation. Results
are expressed as mean = SE (n = 4 for each gropp.0:05 when compared with the value

obtained from the shawwperated group.
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3.4.2 Renal ischemiareperfusion reduced glutathione synthesis and induced oxidative

stress in the liver

Renal IR resulted in a significant decrease in GSH levels and a low ratio of GSH to GSSG in the
liver (Figure3.14A, 3.14B, 3.14C). The level ofMDA, a biomarker fotipid peroxidation was
significantly increased in the liver of rats subjected to renaginécating oxidative streg§igure

3.14D). To investigate whether low level of glutathione in the liver upamal IR was due to a
decrease in glutathione biosynthesis, we examined the expression of the enzymes that were
responsible for its synthesis. Renal IR resulted in a significant decrease in the expression of
glutamatecysteine ligase subunit$s¢lc and Gdm) mRNA and protein in the liver (Figure
3.15A, 3.15B, 3.15C, 3.15D). However, the expression of glutathione synthase in the liver was
not significantly altered by renal IR (FiguBel5E, 3.15F). The protein level of a transcription
factor Nrf2 in the nuleus was significantly lower in the liver of rats subjected to renal IR than

that in the sharoperated rats (Figui216).
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Figure 3.14 Effect of kidney ischemiareperfusion on glutathione levels and lipid
peroxidation in the liver

Liver reduced glutathione (GSH) (Apxidized glutathione (GSSG) (B)a ratio of reduced
glutathione (GSH) to oxidized glutathione (GSSG)and liver malondialdehyde (MDA) levels
(D) were measured in rats subjected to reswemiareperfusion injury IR) or sharroperation.
Results are expressed mean = SE (n = 4 for each group).< 0.05 when compared with the

value obtained from the shamperated group.
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Figure 3.15 Expression of glutathione synthetic enzymes in the liver

Liver glutamatecysteine ligase catalytisubunit Gclc) mRNA (A) and protein (B), glutamate
cysteine ligase modifier subuniG¢lim) mMRNA (C) and protein (D), and glutathione synthase
(GS mRNA (B and protein (F) were measured in rats subjected to it@@miareperfusion
injury (IR) or shamoperation. Resultare expressed as mean + SE (n = 4 for each gropp). *

0.05 when compared with the value obtained from the shf@amated group.
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Figure 3.16 Expression of Nrf2 protein in the liver

The Nrf2 protein was determined MWestern immunoblotting analysis of the liver nuclear
fraction of rats subjected to renathemiareperfusion injuryIR) or shamoperation. Results are

expressed as mean = SE (n = 4 for each groypx 9.05 when compared with the value

obtained from thehamoperated group.
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3.4.3 Renal ischemiareperfusion inhibited the transsulfuration pathway in the liver

The transsulfuration pathway provides cysteine as an essential precursor for glutathione
synthesis. To investigate whether renal IR affected thieway in the liver, the expression of

two enzymes(CBS and CSE) was examined. The mRNA and protein levelsG8E were
significantly decreased in the liver of rats subjected to renal IR (FRLTé, 3.17B). However,

the mRNA and protein levels @BS were not significantly changed (FiguBl7C, 3.17D). In
accordance with a decreased expressioRSE in the transsulfuration pathway, the level of
hepatic cysteine was significantly lower in rats subjected to renal IR than those in the sham
operated groupFigure3.18A). The production of hydrogen sulfide was significantly reduced in

the liver of rats subjected to renal IR (FigGt&8B).
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Figure 3.17 Expression of transsulfuration pathway enzymes in the liver
Cystathionineg-lyase CSE) mRNA (A) and protein (B), and cystathionibbesynthase ¢BS)
MRNA (C) and proteinD) were determined in the liver samples of rats subjected to renal
ischemiareperfusion injury IR) or shamoperation. Results are expressed as mean + SE (n =4
for each group). p < 0.05 when compared with the value obtained from the si@erated
group
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Figure 3.18 Hepatic cysteine content and hydrogen sulfide production
The cysteine content (A) and hydrogen sulfidegSHproduction were measured in the liver of
rats subjected to renelchemiareperfusia injury (IR) or sharmoperation. Results are expressed
as mean * SE (n = 4 for each group <0.05 when compared with the value obtained from the

shamoperated group.
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3.44 Regulation of glutathione synthesis in HepG2 cells

To further investigate whieér downregulation of hepati€SE expression contributed to
decreased glutathione synthesis, experiments were conducted in HepG2 cells. Treatment of cells
with a CSE inhibitor (DL-propargylglycine, PAG)(Xu et al., 2009 Wang et al., 2014
significantly reduced intracellular glutathione level (Fig@®8A). Furthermorewe verified
whether an inhibition of Nrf2 gtesson could contribute to adecreasen Gcl expressioras
observed in vivoOur results showed thasansfection of HepG2 cells with Nrf2 siRNA not only
inhibited Nrf2 expression (Figurg.19B), but also significantly reduced mRNA expression of
glutamate cystine ligase subunitsGgclc and Gclm) (Figure 3.19C, 3.19D). These results
suggested that the transsulfuration pathway and Nrf2 played an important role in regulating

glutathione synthesis in hepatocytes.
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Figure 3.19 Glutathione measurement and siRNA transfection in HepG2

Cells were incubated in the absence (contioPresence of Dipropargylglycine (PAG) for 16h

and total glutathione was measured (A). Cells were transfected with Nrf2 siRNA or scrambled
siRNA (control). The mRNA of Nrf2 (B) and glutamatgsteine ligase subunitclc (C) and

Gclm (D) were determinedResults are expressed as mean = SE (n = 4 for each grpsy).05

when compared with the value obtained from control cells.
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3.5Discussion

In the present study, renal IR caused local and distant organ wificix was accompanied
by a marked derease in plasma and hepatic glutathione levels. Depletion of glutathione, a major
endogenous neanzymatic antioxidant might compromise the ability of the body to cope with
oxidative stress locally and systemically. Our study, for the first time, hadgifigenthat
decreased expression of glutarmeysteine ligase, a key enzyme for glutathione biosynthesis as
well as reduce€ SEmediated cysteine production through the transsulfuration pathway may be
responsible for hepatic glutathione depletion upon IrdRa This, in turn, dampens the

antioxidant defense mechanism and contributes to reradiied oxidative stress.

Glutathione serves as a major endogenous antioxidant against oxidative stress. Under
physiological conditions, more than 90% of telular glutathione pool is in the reduced form
(GSH) and less than 10% is in the oxidized (disulfide) form (GSSG). In the present study, the
ratio of reduced (GSH) to oxidized (GSSG) glutathione in the liver was markedly decreased in
rats subjected toenal IR. The equilibrium between reduced (GSH) and oxidized (GSSG)
glutathione reflects the redox potential of a given tissue. Lower GSH to GSSG ratio observed in
the liver and plasma indicated that oxidative stress occurred in the distant organs as well a
systemically upon renal IR. This was accompanied by increased hepatic lipid peroxidagon. T
liver plays an important role in regulating glutathione homeostasis due to its high capacity for
glutathione synthesiddowever, renal IR caused a significaetduction in hepatic glutathione
levels and impaired liver function, which was in line with findings by other investigé&misb
et al., 2009 Kadkhodaee et al., 20D9Further investigation revealed that renal IR caused a

significant decrease in the expression of hepatic glutaoyateine ligase, a key enzyme
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responsible for glutathione synthesis. Nrf2 is ajomdranscription factor that induces the
expression of antioxidant enzymes including those responsible for glutathione synthesis.
Activation of Nrf2 has been implicated as a potential therapeutic target in kidney disease

al., 2014 Noel et al., 2015Shelton et al., 20)5In the present study, renal IRsulted in a
significant decrease in Nrf2 protein level in the nucleus. Transfection of hepatocytes with Nrf2
SsiRNA led to a marked reduction of glutamaissteine ligaseGclc, Geclm) expression. It is
plausible that renal IR might impair NHependent gitamatecysteine ligase expression, which,

in turn, led to a decrease in hepatic glutathione synthesis upon renal IR. However, the
mechanism by which renal IR leads to a decrease in hepatic nuclear Nrf2 protein remains to be

investigated.

The avdability of cysteine is another important determinant in modulating glutathione
homeostasis as this amino acid is a precursor for glutathione biosyrithesi®99 Chen et al.,
2013 Lu, 2013. The transsulfuration pathway catalyzed by two enzy@8§ and CSE,is the
major source ofle novosynthesized cysteine in mamahan cells.Relative to other organ§&BS

andCSEare highly expressed in the liver. It has been estimated in murine live $tgirotein

levels may be 60 fold higher tha@BS protein (Kabil et al., 201} The | ivero6s hi

transsulfuration @ivity may contribute to its high capacity for glutathione biosynthesis,
compared to other orgafisu, 1999. Our resul suggested that lower expression of hega8&
upon renal IR could lead to a decreasdemovocysteine production, which, in turn, limited the
availability of cysteine and hence decrehsglutathione biosynthesis in the liver.
Downregulation of CSE expression impaired homocysteine metabolism through the

transsulfuration pathway, which, in turn, led to a significant elevation of homocysteine levels in
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the plasma, a condition known as hyperhomocysteinemia. Hyperhomocysteinemia is regarded as
a risk facte for cardiovascular disease due to its association with vascular endothelial
dysfunction andatherosclerosi¢Clarke et al., 1991McCully, 1996 Edirimanne et al., 2007
Prathapasinghe et al., 200We have demonstrated that elevation of homiaays levels in the
kidney due to downregulation of the transsulfuration pathway directly linked -todiRed
kidney injury (Prathapasinghe et al., 2Q0”7rathapasinghe et al., 2008 he transsulftation
pathway serves as the sourcedefnovosynthesized cysteine in mammalian cells while cysteine

is a precursor for glutathione synthesis. Intitioi of CBS and/or CSE in the transsulfuration
pathway by renal IR can affect cysteine biosynthesis and subsequently glutathione generation. It
is plausible that elevated homocysteine levels together with redigcadvocysteine synthesis

and glutathiongeneration may act synergistically in the development of AKI and multiple organ
dysfunction. It has been reported that administration e&cétylcysteine is effective in
improving renal function in rats with acute kidney failiMari et al., 1997 Conesa et al.,

2001, Mehta et al., 2002 Future studies are wanted to examine the effect of-N
acetylcysteine/cysteine administration on distant organs and homocysteine metabolism in AKI.
Aside frommetabolizing homocysteine to cysteine through the transsulfuration pat@B&y,
andCSEare also responsible for hydyen sulfide production througtesulfurizaion reactions.

In accordance with the low level o€SE expression, hydrogen sulfide production was
significantly reduced in the liver isolated from rats subjected to renal y&ragen sulfide is a
potent gasotmsmitter that has multifaceted effects under both physiological and
pathophysiological processes includiagtioxidant,antrinflammatory effect and protection of

myocardial IR injury(Kimura and Kimura, 2004Vhiteman et al., 20Q%Irod et al., 200,/Lee
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et al.,, 2014. Renal IRinduced oxidative stress, hyperhomocysteinemia and low hydrogen

sulfide generation may pose adverse effect to the cardiovascular system.
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Ischemia

& Reperfusio

Figure 3.20 Proposed mechanism of kidney ischemieeperfusion inducedreduction of
hepatic glutathione biosynthesis
Renal ischemigeperfusion (IR) inhibits glutathione biosynthesis in the liver through (1) a
decrease in the expressionaystathionineglyase(CSE) in the transsulfuration pathway which
elevates homocysteirzs well as reducete novocysteine production and hydrogen sulfide$H
generation; and (2) a decrease in the expression of glutaysigne ligaseGCL) which is a

key enzyme responsible for glutathione biosynthesis.
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