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Summary

Oxidative stress and apoptosis are proposed mestharof cellular injury in studies
of xenobiotic hepatotoxicity. This study is focusad addressing the mutual relationship and
early signals of these mechanisms in the D-Galaoto®e and lipopolysaccharide (D-
GalN/LPS) hepatotoxicity model, with the help orstlard liver function and biochemistry
tests, histology, and measurement of gene expreb§i®RT-PCR. Intraperitoneal injection of
400 mg/kg D-GalN and 50g/kg LPS was able to induce hepatotoxicity in ratsgvidenced
by significant increases in liver enzymes (ALT, ASand raised bilirubin levels in plasma.
Heme oxygenase-1 and nitric oxide synthase-2 gepeegsions were significantly increased,
along with levels of their products, bilirubin andrite. The gene expression of glutathione
peroxidase 1 remained unchanged, whereas a decreasgoeroxide dismutase 1 gene
expression was noted. Furthermore, the signifidantease in the gene expression of
apoptotic genes Bid, Bax and caspase-3 indicatg &etivation of apoptotic pathways, which
was confirmed by histological evaluation. In costrathe measured caspase-3 activity
remained unchanged. Overall, the results have lededifferential oxidative stress and

apoptotic responses, which deserves further inyegsdins in this hepatotoxicity model.
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Introduction

Liver is vulnerable to cellular damage, due to éstensive exposure to high
concentrations of xenobiotics. Fulminant hepatidufa (FHF) can be induced by viral
infection or xenobiotic injury and its incidence population is low: however, unless a liver
transplantation is carried out the rates of mdstare high (Chamt al. 2009). Combination
of D-Galactosamine and lipopolysaccharide (D-Gam8l. is a well established experimental
model for studies of FHF (Fergjal. 2007, Silverstein 2004Administration of D-GalN/LPS
causes cytokine release that contributes to ineteasidative stress and formation of reactive
oxygen species, which are fatal to the cell andltes hepatocyte death (Liat al. 2008,
Oberholzeret al. 2001). In addition, D-GalN inhibits mRNA and pristesynthesis as it
depletes the uridine triphosphate pool (Stachlewttal. 1999). The exact mechanism of
cellular damage in FHF remains unclear. Identifyiogel and sensitive early markers in this
model of hepatotoxicity that can be used to compleintonventional liver function tests is
still needed.

Furthermore, the oxidative stress causes a mist@lan pro-oxidant/antioxidant
steady state due to generation of increased anodundidants resulting in cellular damage as
manifested by apoptosis and/or necrosis (Hetng. 2009). Oxidative stress can be induced
by toxins and it causes accumulation of reactivggenr/nitrogen species, by activation of
inducible nitric oxide synthase (NOS-2) (Diesen #&ub 2010). Heme oxygenase-1 (HO-1),
superoxide dismutase 1 (SOD1), glutathione per@edh (Gpxl) and catalase are major
antioxidant enzymes, which along with the reactithreg they catalyze, play important roles
in defense against oxidative stress induced bynsoxiFarombi and Surh 2006, Mati al.
2009, Valdiviaet al. 2009). Oxidative stress can induce a TiNFaediated apoptosis that
involves the activation of executive caspases ardriembers of Bcl-2 family proteins BH3

interacting domain death agonist (Bid) and Bcl-&sexiated X protein (Bax) (Morgast al.



2010, Van Herreweghet al. 2010). Clarifying the steps involved in the conxpieteraction
between the oxidative stress and apoptotic meamsnis of great value in identifying early
markers of cell injury.

One of the approaches to methods in toxicity rete#ltat has gained popularity in
recent decades is study of toxicogenomics, whatudes on gene and protein activity
responses to toxic substances (Gatzidoal. 2007). Real time PCR analysis is one of the
methods that has been proven reliable in verificatif gene expressions in this field. As well,
this method in combination with histopathology abtchemistry provides a further
mechanistic approach to research in toxicology I(Hand Rusyn 2008). Our previous
research work addressed the mutual cross talk dHOEL and NO/NOS-2 systems in the D-
Galactosamine (D-GalN)/Lipopolysaccharide (LPS)dtefoxicity (Farghalet al. 2009) with
the use of these three before mentioned methodsairh of this study is to provide further
insight into the mechanisms of cellular injury list model, by focusing on involvement of
several other major antioxidant enzymes and apiepteediators. By analysis of their gene
expressions we will attempt to address potentidy essgnals of cell injury and existence of a
relationship between conventional liver dysfunctioarkers and the select gene expression

responses.

Materials and Methods

Animals and experimental design

This study was performed on male Wistar rats o300 g body weight obtained
from Velaz-Lysolaje, Czech Republic. They were giveater and standard granulated diet ad
libitum and were maintained under standard conalititight (i.e. 12 h light and 12 h dark);

temperature (22 + 2°C); relative humidity (50 + J0%| rats received humane care



according to the general guidelines and approvéi@Ethical Committee of the First Faculty
of Medicine, Charles University in Prague. Ratthiea D-GalN/LPS group were injected
intraperitoneally with a dose of 400 mg/kg D-GaGalactosamine hydrochloride) and 50
ug/kg LPS (Lipopolysaccharide from Escherichia ¢6l235) dissolved in dimethyl sulfoxide
(DMSO), the control group received the equal volwheehicle only. Eight animals of each
group were killed at twenty four hours after injentunder light ether anasthesia, after which
the blood samples were collected. Following thigrk were excised quickly and perfused for
morphological evaluation, preserved in liquid nigga for RT-PCR studies, and homogenized

for biochemical study.

Measurements of liver enzymes and bilirubin

Determination of plasma alanine aminotransferadd JAvas carried out using
Fluitest® GPT ALT kit and/or BioLATest® ALT UV Liqgu 500 tests. Fluitest® GOT AST
kit by Analyticon and/or BioLATest® AST UV Liquid® tests were used in determination
of aspartate aminotransferase (AST) plasma leVelsl bilirubin in plasma was measured

using Fluitest® BIL-Total Kit.

Determination of NO,/NOs , reduced glutathione (GSH) and catalase levels

Assessment of plasma NINO3 was carrried out using a nitrate/nitrite
colourimetric assay kit of Cayman Chemical Compgky Arbor, MI) and a microplate
reader according to manufacturer’s instructionshart, this method is based on a
colourimetric conversion of nitrate (NQto nitrite (NQ)) by nitrate reductase. The addition
of the Griess reagent (1% sulfanilamide, 0.1% ndetitylendiamine, 2.5% H3PO4) converts
nitrite into a coloured azo compound. Spectrophetoital measurement of absorbance at

540 nm determines the nitrite concentration, usiiregappropriate standard curve. Assessment



of reduced gluathione in homogenate was basedeométhod that depends on a reaction
between thiol group with 5,5-dithio-2-nitrobenzaicd (DTNB) which can be measured
spectrophotometrically (Sedlak and Lindsay 1968 measurement of catalase in plasma
was performed according to the reaction betwegd, ldnd molybdenium ammonium as

previously reported (Aebi 1984).

Lipid peroxidation: The thiobarbituric acid reacting substances (TBARS) and conjugated
dienes (CD) measurement

D-GalN/LPS lipid peroxidation of the rat liver wassayed by the thiobarbituric acid
(TBARS) method, and the spectrofluorometric assaybnjugated dienes (CD) was carried
out as described earlier (Yokodeal. 1988). The results were expressed in nmol/mgtaf t

protein.

Select gene expression measur ements with the use of real-time PCR method

Twenty-four hours following drug administrationgthver samples were obtained to
be used for total RNA isolation according to thenofacturer’s instructions of the Qiagen®
RNeasy plus kit (Bio-Consult Laboratories). Foliog/total RNA isolation, the reverse
transcription from total RNA to cDNA was proces$sduniversal kit GeneAmp® RNA PCR
using a murine leukemia virus (MuLv) reverse trgmease (RT). Reverse transcription
included the following three phases: 10 min at 26f(RT enzyme activation, 30 min at 48°C
for PCR amplification and 5 min at 95°C for denatiam.

Expressions of select genes were evaluated usathgimee polymerase chain
reaction (RT-PCR) of cDNA originating from total RINwith the help of ABI PRISM 7900,
and TagMan ® Gene Expression master mix (Appliegbtems). Total of eight genes were

evaluated using the TagMan ® Gene Expression Adsaysnitric oxide synthase-2 (NOS-



2), heme oxygenase-1 (HO-1), glutathione peroxidagepx1), superoxide dismutase 1
(SOD1), BH3 interacting domain death agonist (BRbl-2 -associated X protein (Bax),
caspase 3 (Casp 3)- as genes of interest (targespand glyceraldehyde 3-phosphate
dehydrogenase (Gapdh) gene as a control (endogenbosisekeeping) gene, using the FAM
coloured primes and probes. Housekeeping genessipn was stable and constant during
the experiment and was used in comparison witletaygne-expression. Thermal cycling
conditions for primer and probes optimization wg&@emin at 90-95 °C for Tag polymerase
activation, followed by 15 s at 95-99 °C for DNAnd&uration and 1 min at 60 °C for
annealing. The obtained Ct values were used itivelguantification of gene expression
measurements relative to the endogenous gene c@tneeasurements, and the relative gene

expression was calculated using #&Ct method. (Arochet al. 2006).

Measurement of caspase 3 activity and morphological evaluation

Cell lysates were prepared according to the instms of Sigma-Aldrich (Prague,
Czech Republic) fluorometric caspase 3 assay ki rEésults were expressed as percentage of
caspase 3 activity in the treated group relativéhéocontrol. The protein concentration in the
supernatant was determined using an Bio-Rad prassay kit according to the
manufacturer’s instructions.

Morphological evaluation of hepatocytes at thetligincroscopical level was done
on semithin epon sections (1 @ thick) stained by toluidine blue using Leica KB

program for digital recording and measurements.

Satistical examinations



All experiments were performed in two groups ofeigats with the reported results
stated as * standard error of mean. The statigitalysis was performed using unpaired T-

test with Welch correction. The p-values less &% were considered significant.

Results

Effects of D-GalN/LPS treatment on liver function, lipid peroxidation and oxidative stress
parameters

The combination D-GalN/LPS treatment in rats haxlpced hepatic failure, which
can be seen by highly significant (p< 0.001) inse=ain levels of aminotransferases in
plasma. A two hundred fold increase in AST level ane hundred fold increase in ALT level
compared to those of the control group was obseifeable 1). The extent of lipid
peroxidation as measured by formation of thiobarimtacid reactive substances (TBARS)
and conjugated dienes (CD) did not show any sieist significant differences between the
two groups (p > 0.05). Furthermore, Table 1 shoighlf significant (p < 0.001) increase in
antioxidant enzyme catalase (CAT) in plasma of DNAZ2PS treated rats compared to
control: however, there was no measurable changesitevel in homogenate (data not
shown). There was no significant (p > 0.05) differe between the two groups in the
measurement of reduced glutathione (GSH) levebmdygenate.

Fig. 1 further demonstrates changes in the geneession of selected antioxidant
enzymes as measured by the RT-PCR method. Glutaethperoxidase 1 (Gpx1l) and
superoxide dismutase 1 (SOD1) gene expressions neklted to Gadph as the endogenous
control, and measured in both D-GalN/LPS and thetrob groups. The increase of Gpx1

gene expression in the treated group is non saamfias p > 0.05: however, D-GalN/LPS



treatment has caused a highly significant decrefS®©D1 gene expression in comparison to
the untreated control group.

The extent of heme catabolism as shown in the Fg.illustrates significantly
higher levels of bilirubin in plasma of D-GalN/LP&eated rats compared to that of the
control group. The same trend is observed in thedible HO-1 gene expression (Fig. 2b)
relative to the Gapdh, where the seven fold in&aasthe D-GalN/LPS treated group is
highly significant. In comparison to the untreatmhtrol animals, D-GalN/LPS treatment
induced simultaneous statistically significant gase in both plasma NUOevels (Fig. 3a)

and NOS-2 expression relative to Gapdh as endogsreamtrol (Fig. 3b).

Effects of D-GalN/LPStreatment on apoptotic markers and morphological findings

Measurements of selected apoptotic parameterdlaseated in the Fig. 4. Caspase
3 activity, although slightly increased in the DH&&.PS group, is not significantly different
from the control group (Fig. 4a): however, the egsion of Casp 3 gene did show a
significant increase. The same trend is also olkseirvthe expressions of Bid and Bax genes,
where the increase in the D-GalN/LPS treated gmap statistically significant. Bax gene
expression was more than two-fold and thus thedsigbf the three apoptotic genes that were
measured.

The morphological evaluation has shown the wels@need cytological features of
the control liver tissues. Specifically, the pergdl region of the central vein lobules consists
of radially arranged cords of hepatocytes with nmrkess comparable cytological features,
such as stainability of the cytoplasm and distidgoubf cell organelles (Fig. 5a). The
administration of D-GalN/LPS has significantly affed morphological parameters of the rat
livers. Even at the lower magnification (Fig. 5bjleng necrotic lesions can be observed in

the peripheral and intermediate regions of theraémein lobules. Typical changes and



aggregation of heterochromatin near the nucleaglepe confirm the occurence of apoptosis
in some hepatocytes (Fig. 5¢). At the periphergiare of some injured lobules transitional
change of aponecrosis can be detected and thenpeesEpycnotic nuclei is clearly visible

(Fig. 5d).

Discussion

Understanding the exact mechanism of xenobiotiatwpxicity is one of the major
challenges hepatologists are faced with today. Rexdvances in the studies of
toxicogenomics have been useful in elucidating isd\Bfferent pathways of hepatotoxicity.
Further research is needed to confirm these reasiligell to gain a mechanistic
understanding of toxic changes that occur in therliAs before mentioned, combination of
D-GalN/LPS is a useful model for hepatotoxicityaach that resembles fulminant hepatic
failure. In this study, the administration of D-GALPS significantly increased the levels of
ALT and AST, which are indicative of failing livéanction and are a cardinal feature in the
FHF. The impairment of biliary function has beerrsey the raised levels of bilirubin in the
D-GalN/LPS treated animal$¥he present study revealed that the extent of [yeicbxidation
in this model seems to be non significant, sineg¢lels of conjugated dienes and the
measured TBARS in plasma of D-GalN/LPS treated atswere not different from those of
the control group.

Heme oxygenase -1 is the inducible isoform thatts/ated in response to cellular
stress, playing a main role in degradation of harteecarbon monoxide, free iron and
biliverdin. In turn, the enzyme biliverdin reduatasonverts biliverdin into bilirubin, a
powerful antioxidant with cytoprotective capabédsdithat has been linked to increased heme

oxygenase activity (Baranambal. 2002, Clarket al. 2000) As well, the other heme
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degradation pathway products, biliverdin and canm@moxide, play a protective role against
oxidative stress which may explain the observedeim®e in HO-1 expression (Lehmamhe
al. 2010, Zhuwet al. 2008). One of the ways lipopolysaccharide exéstsiaflammatory action
is by stimulation of production of pro-inflammatacytokine TNFe by the Kupffer cells.
(Lichtmanet al. 1994). The cooperative action of biliverdin/hilsin and CO was reported to
be responsible for the prolonged survival of mic¢hie D-GalN/LPS model of hepatotoxicity
due to cytokine reduction, specifically TNHSasst al. 2004). This is relevant to the
observed parallel increase in both HO-1 expresamwhbilirubin levels in this experiment.
Oxidative stress causes an increase in producfiaiir@w oxide, a molecule which
plays a complex role in both oxidative stress agltideath responses. The activity of NO in
this study was reflected in the measurement aixidation end product nitrite in plasma,
which has been significantly increased in paralli¢h the gene expression of NOS-2 enzyme
in the D-GalN/LPS group. One of the important iefhges of NOS-2 enzyme is that once it is
induced by increased levels of TNik-it produces nitric oxide that in turn stimulates
additional production of TNFa resulting in inflammatory injury (Sassal. 2001).
Furthermore, nitric oxide is thought to play a du@é in apoptosis acting as both pro-
apoptotic and anti-apoptotic mediator dependingamous cellular conditions and cell types
(Chunget al. 2001, Brune 2005). Some studies have shown thsinithucible isoenzyme in
certain cell types contributes to cell death byeasing caspase 3 activity due to increased
cytokine levels such as TNE-(Obaraet al. 2010) Earlier studies on hepatocytes however
have shown that nitric oxide exerts anti-apoptatiton through direct inhibition of caspase
activity by S-nitrosylation, resulting in prevemtiof Bcl-2 cleaveage and cytochrome C
release (Let al. 1997, Kimet al. 1998). Although we have not been able to obsamye
significant change in Caspase 3 activity in D-GalR& treated animals, there was a

significant increase in Casp 3 and NOS-2 gene ssmmrs. Furthermore, some studies have
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shown that the induced HO-1 enzyme exerts its egteptive action through inhibition of
inflammatory NOS-2 induction, decrease in levelsyibkines and decreased Caspase 3
activity (Sasst al., 2003, Weret al. 2003). Therefore, the last reports support ousge
findings in so far as the relationship between H@nd billirubin from one hand and NOS-2
and Casp 3 gene expresion on the other hand.

It is well established that interdependence of memsbf Bcl-2 pro-apoptotic and
antiapoptotic proteins plays a major role in apopteell death, through their action on
mitochondrial permeability pores, cytochrome C askeand activation of caspases (Garcia-
Saezet al. 2010, Chipuk and Green 2008) . The increases asured gene expressions of
Bcl-2 pro-apoptotic members, Bid and Bax, as weliheat of Casp 3 gene expression signify
an early initiation of the apoptotic pathways. thermore, the morphological evaluation of
D-GalN/LPS treatead rats has shown the presenggcobtic nuclei, which in those cells
support a classification of running apoptotic psscdn addition, the simultaneously marked
disintegration of their cytoplasm shows a necrotintinuation, apparently, following process
of apoptotic cell death. Typical changes and aggreqg of heterochromatin near the nuclear
envelope testify an occurence of apoptosis in soapatocytes. These findings support the
concept of the presence of apoptosis which wasvi@t by necrotic changes, in other words
aponecrotic cell death.

Reduced glutathione (GSH) is a powerful antioxidhat protects cells from
oxidative injury by scavenging reactive oxygenken species and a homeostatic decrease
in the GSH pool can make cells more vulnerableitthér damage by toxins (Ballatatial.
2009). In this study, the GSH levels were similetween the control and D-GalN/LPS group,
indicating that the GSH pool has remained intacaddition to antioxidant action of GSH,
the antioxidant enzymes SOD1, Gpx1 and catalask wwgether to counteract the oxidation

of proteins, lipids and DNA, by removing ROS fronetcell (Yuan and Kaplowitz 2008).
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Specifically, SOD reduces superoxide into hydrogeroxide, which is further reduced to
water by the action of catalase and glutathionexpdase (Valdiviaet al. 2009).1t is

noteworthy that within the present experimentaldsbons gene expression of SOD1
decreased significantly, while that of the Gpx1 agmed unchanged. Catalase was
significantly induced by D-GalN/LPS as was seemsigyificantly increased levels in plasma.
It might be expected that under the present expariah conditions, the responses of these
three parameters would be increased in parall@gker, under D-GalN/LPS toxicity the
expected mutual relationship of these antioxidaaymes was not seen. Differential response
of these enzymes may be dependent on the dictadihdar needs in fight against increased
levels of reactive oxygen species in induced oxrdagtress states (Djordjevetal. 2010).

In summary, D-GalN/LPS induced hepatotoxicity hasutted in a differential
oxidative stress response as reflected by the asites in expressions of certain
oxidant/antioxidant genes, while the expressioltbers remained unchanged. Even though
our findings were not able to confirm a direct telaship between the oxidative and
apoptotic parameters that were tested, a parall@ionship between selected enzymes' gene
expressions and their respective biochemical markeas seen. Thus, the real time PCR
analysis of certain genes, which according to ttesgnt conditions is extremely sensitive,
combined with conventional biochemical markers araphology is potentially a very useful

tool in understanding various steps involved in BINBLPS induced fulminant hepatic injury.
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Legend to Figures

Fig. 1. Effect oflipopolysaccharide-induced hepatitis in D-Galactoisee sensitized rats (D-
GalN/LPS) on Gpx1 and SOD1 gene expressions rel&ivsapdh as the endogenous control
24h after injection. Control: saline injection on-GalN/LPS: D-Galactosamine 400 mg/kg
with lipopolysaccharide 50 pug/kg; Values are me&EM., n = 8; *ns* non-significant

value compared to the negative control group (@ngr> 0.05; ** value significant

compared to Control g 0.01**,

Fig. 2. Effect oflipopolysaccharide-induced hepatitis in D-Galactoisee sensitized rats (D-
GalN/LPS) on plasma bilirubin (a) and on HO-1 gerpression relative to Gapdh as the
endogenous control (b) 24h after injection. Consaline injection only; D-GalN/LPS: D-
Galactosamine 400 mg/kg with lipopolysaccharidgiffkg; Values are mean £ S.E.M., n =

8; *,** value significant compared to Controkp0.05*, p< 0.01**,

Fig. 3. Effect oflipopolysaccharide-induced hepatitis in D-Galactoisee sensitized rats (D-
GalN/LPS) on plasma NO(a) and on NOS-2 gene expression relative to Gapdhe
endogenous control (b) 24h after injection. Consaline injection only; D-GalN/LPS: D-
Galactosamine 400 mg/kg with lipopolysaccharidgiffkg; Values are mean £ S.E.M., n =

8; * value significant compared to Controk®.05*.

Fig. 4. Effect oflipopolysaccharide-induced hepatitis in D-Galachosee sensitized rats (D-

GalN/LPS) on Caspase 3 activity (a) and on Bid, Badt Casp 3 gene expressions relative to

Gapdh as the endogenous control (b) 24h aftertinfedControl: saline injection only; D-
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GalN/LPS: D-Galactosamine 400 mg/kg with lipopoby&@aride 50 pg/kg; Values are mean
+ S.E.M., n = 8; *ns* non-significant value compare the negative control group (Control)

p > 0.05; *** value significant compared to Casitp < 0.05*, p< 0.01**

Fig. 5. Light microscopy morphological findings of ratéivof control and D-GalN/LPS
treated samples: a) control hepatocyte liver- ferigl region of the central vein lobule;
trabecular arrangement of polyhedral hepatocytasdstrates well preserved cytological
features; bar 5Qm. b) the effect of D-GalN/LPS treatment (low mdgaition)- striking
necrotic lesions can be seen in the peripheralraednediate (arrows) regions of a central
vein lobule of the liver; many transparent pseudowtes are visible; bar 1Q0n; c) the

effect of D-GalN/LPS treatment (higher magnificadioincreased number of neutral lipid
droplets, increased distribution of dark granulzuenulations in the cytoplasm and activated
lysosomal apparatus of injured hepatocytes are $ganal changes of demilunar apoptotic
heterochromatin arrangement in the nucleus areateti by an arrow; bar 30n; d)

peripheral region of injured lobule- some transitibstages of aponecrosis can be detected;
presence of pycnotic nuclei (arrows); marked degrdition of the cell cytoplasm; bar ffh;

All samples prepared by semithin epon sectionjdaole blue.
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Table 1 Effects of lipopolysaccharide-induced hepatitisDrGalactosamine sensitized rats
(D-GalN/LPS) on levels of alanine aminotransferd®é.T), aspartate aminotransferase
(AST), catalase (CAT), conjugated dienes (CD), ceduglutathione (GSH) and formation of
thiobarbituric acid reactive substances (TBARS) a#tér injection.

CONTROL D-GalN/LPS
ALT
Plasma 0.8225 £ 0.05 166.948 + 12.42***
AST
Plasma 2.016 £0.09 254.802 + 4.85***
CAT
Plasma 51.24 + 6.55 156.00 + 1.88 ***
CD
Homogenate 2.45 +0.57 2.94 +0.54 *ns*
GSH
Homogenate 458.36 £ 19.35 513.06 + 49.89 *ns*
TBARS
Homogenate 197.84 + 22.24 261.12 +6.10 *ns*

CONTROL: negative control group receiving vehicldyo D-GalN/LPS: D-Galactosamine
400 mg/kg with lipopolysaccharide 50 pg/kg; Unikd:T and AST pcat/l; CAT- umol/ml;
CD and TBARS- nmol/mg protein; GSidmol/mg protein; Values are mean £ S.E.M., n = 8;
*ns* non-significant value compared to the negatweatrol group (CONTROL) p > 0.05; *,
** % yalue significant compared to CONTROL $ 0.05*, p< 0.01**, p< 0.001***,
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Fig. 2.
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Fig. 3.
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Fig. 4.
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