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Abstract

Gadolinium chiloride (GdCl;) was known to block
Kupffer cells and generally its toxicity study based
on blocking these cells. Therefore, GdCl; frequently
used to study toxic mechanisms of hepatotoxicants
inducing injury through Kupffer cells. We also tried
to investigate the effect of GdCl; on CCl, toxicity,
typical hepatotoxicants. Administration of GdCl; to
mice significantly suppressed AST (asparatate ami-
no transferase), ALT (alanine amino transferase)
levels which were increased by CCl, treatment.
However, GdCl; didn’t inhibit the phagocytotic acti-
vity of Kupffer cells. Malondialdehyde (MDA) is a
good indicator of the degree of lipid peroxidation. In
this study, MDA increased by GdCl; administration
not by CCl,. To understand the toxicity of GdCls;, we
analyzed global gene expression profile of mice liver
after acute GdCl; injection. Four hundred fifty two
genes were differentially expressed with more than
2-fold in at least one time point among 3 hr, 6 hr, and
24 hr. Several genes involved in fibrogenesis regula-
tion. Several types of pro-collagens (Col1a2, Col5a2,
Col6a3, and Col13a1) and tissue inhibitor of metal-
loproteinase1 (TIMP1) were up regulated during all
the time points. Genes related to growth factors,
chemokines, and oxidative stress, which were known
to control fibrogenesis, were significantly changed.
In addition, GdCl; induced abnormal regulation be-
tween lipid synthesis and degradation related genes.
These data will provide the information about in-
fluence of GdCI; to hepatotoxicity.
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Gadolinium chloride (GdCls), a rare earth metal,
has been frequently used to block the activity of
Kupffer cells in in vivo models'. Kupffer cell, the
resident macrophage of the liver, has been linked to a
pathological role in liver injury induced by hepato-
toxicants, such as carbon tetrachloride (CCly). When
activated, Kupffer cells can synthesize and release a
variety of immunomodulating and inflammatory me-
diators capable of causing hepatic injury, such as
oxygen-derived free radicals, nitric oxide, lipid meth-
ators, and cytokines. However, inhibition of Kupffer
cells with GdCl; prevented acute or chronic liver
damage induced by CCl4*3. In vivo experiment, treat-
ment with GdCl; prevented CCls-induced increase in
transforming growth factor-beta (TGF-B) expression
that stimulate production of collagen in stellate cells®.
Moreover, treatment with GdCl; prevented malondi-
aldehyde (MDA), a good indicator of the lipid peroxi-
dation which is one of CCly-induced liver injury me-
chanism?*, However, despite this interest it is not
clear whether GdCl; actually cause depletion of
Kupffer cells or not. Cynthia, J. et al. demonstrated
that treatment with GdCl; didn’t inhibit the phago-
cytotic activity of Kupffer cells®. Furthermore, there
is not enough information on the toxicity of GdCls.
GdCl; is known to inhibit the function of the mono-
nuclear phagocytic system, induce mineralization in
the liver and have an anticoagulant effect by inhibi-
ting clotting reactions’. This study is, therefore, de-
signed to investigate as follows; i) the effect of acute
dose of GdCl; on the Kupffer cell and liver and ii) the
effect of GdCl; on CCly-induced injury. In this study,
we investigated gene expression by using microarray
technique.

Effect of GdCI; Pretreatment on CCl -induced
Hepatotoxicity

Injury to the liver, whether acute or chronic, even-
tually results in an increase in serum concentrations
of aminotransferases. Aminotransferases are highly
concentrated in the liver. AST is also diffusely repre-
sented in the heart, skeletal muscle, kidneys, brain,
and red blood cells, and ALT has low concentrations
in skeletal muscle and kidney®; an increase in ALT
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serum levels is, therefore, more specific factor for
liver damage. In this study, ALT level shown more
changeable than AST level did. At 3 hr, the level of
AST and ALT after GdCl; treatment significantly
increased (AST: 66.00+14.73, ALT: 65.00+18.08).
Increased AST and ALT levels were recovered at 24
hr in a dose dependent manner (AST: 52.67+1.53,
ALT: 18.6716.81). At 24 hr after CCl, treatment, the
level of AST and ALT significantly increased (AST:
83.00+11.53, ALT: 125.00+46.68). At same time,
co-treatment of mice with GdCl; and CCl, didn’t
show increases in AST and ALT (AST: 55.33+1.53,

100 - % 200 1
A B Control
180 1 3 GdCl, o
30 : 160 - 3 GdCl,+CCl,
. CCl,
~ 140
=
S 60 120 1
&
é 100 "
I 40 - 80 -
;%3
75}
60 -
20 i 40 |
201
Y 0

ALT: 36.33+4.16) (Fig. 1).

Histopathological evaluation of liver animals treat-
ed with GdClj; at all time points showed minimal sub-
capsular inflammation and necrosis. Based on bio-
chemical data (Fig. 1), we expected co-treatment of
mice with GdCl; and CCl, would prevent CCl, induc-
ed toxicity. However, at 24 hr after treatment, in both
group showed minimal and mild subcapsular inflam-
mation and necrosis (Fig. 2).

Phagocytotic activity in liver was determined by
uptake of carbon particles. Pretreatment of mice with
GdCl; didn’t inhibit phagocytotic activity at all con-

3hr 6hr 24 hr

Fig. 1. (A) AST and (B) ALT activities in the sera of chemicals treated mice. Each value represents the mean=+SD. *p <0.05,

**p<0.01, vs. control, and +p<0.05, vs. CCl,.

Fig. 2. H&E stained liver sections
from mice liver at 24 hr after chemi-
cals treatment. ( X 200) (A) Control
(B) GdCl; (C) GdCl;+CCl, (D) CCl,.
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Fig. 4. Malondialdehyde (MDA) content from liver homo-
genates. Each value represents the mean £SD. **p <0.01,
vs. control.

centration compared to control group (Fig. 3).

Lipid peroxidation is a well-known mechanism of
CClg-induced liver injury, and MDA is one of its end
products®>*. Thus, MDA is a good indicator of the
severity of lipid peroxidation. Unlike our expectation,
treatment with CCl, didn’t cause an increase of MDA
level. Although, treatment with GdCl; induced signi-
ficantly in MDA level (Fig. 4).

In this experimental model, GdCl; didn’t inhibit
phagocytotic activity and didn’t also prevent CCly-
induced toxicity except biochemical data. Thus, we
progressed an experiment to understand effects of
GdCl; on liver by using microarray technique.
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o . Fig. 3. Evaluation of phagocytotic acti-
L vity after GdCl; treatment. (A) Control
S (B) GdCl; 10 mgrkg (C) GdCl; 20 mgrkg
(D) GdCl; 30 mg/kg.
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Fig. 5. Genetree image gained through hierarchical clus-
tering. Genes were selected through one way ANOVA (p<
0.05) considering time parameters as described in methods.
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Table 1. Significantly up and down regulated genes by GdCl; treatment (p < 0.05).

Genebank ID 3hr 6 hr 24 hr Name Title
Extracellular matrix
NM_053192 0.12 0.14 0.22 Uccl Ependymin related protein 1 (zebrafish)
NM_010577 0.19 0.25 0.34 Itgas Integrin alpha 5 (fibronectin receptor alpha)
NM_008438 0.34 0.36 0.59 Kera Keratocan
NM_008605 2.87 8.54 58 Mmpl12 Matrix metalloproteinase 12
NM_010809 0.25 0.21 044 Mmp3 Matrix metalloproteinase 3
NM_015784 2.12 1.48 0.8 Postn Periostin, osteoblast specific factor
NM_007743 1.83 2.05 4.22 Colla2 Procollagen, type I, alpha 2
NM_007737 1.38 1.9 3.13 Col5a2 Procollagen, type V, alpha 2
BC005491 2.22 2.94 1.86 Col6a3 Procollagen, type VI, alpha 3
NM_007731 2.38 227 1.24 Coll3al Procollagen, type X111, alpha 1
NM_009262 2.13 1.8 1.84 Spockl Sparc/osteonectin, proteoglycan 1
NM_011593 247 3.36 229 Timpl Tissue inhibitor of metalloproteinase 1
Cytoskeleton organizatin and biogenesis
BC003232 232 1.58 1.06 Actnl Actinin, alpha 1
NM_007678 2.29 2.34 1.45 Cebpa CCAAT/enhancer binding protein, alpha
NM_019682 1.72 1.64 242 Dnclcl Dynein, cytoplasmic, light chain 1
J03458 0.17 0.14 0.17 Flg Filaggrin
BC003325 0.1 0.11 0.27 Krt1-14 Keratin complex 1, acidic, gene 14
NM_019962 0.19 0.21 0.6 Kif21b Kinesin family member 21B
NM_008442 0.08 0.1 0.11 Kif2a Kinesin family member 2A
NM_052976 0.11 0.1 0.17 Ophnl Oligophrenin 1
NM_011521 2.04 1.84 1.18 Sdc4 Syndecan 4
NM_016667 0.29 1.86 1.68 Sntbl Syntrophin, basic 1
NM_011526 2.38 1.47 1.57 Tagln Transgelin
Cell adhesion molecule activity
NM_007663 2.05 1.38 1.53 Cdh16 Cadherin 16
NM_007643 2.12 1.39 1.07 Cd36 CD36 antigen
NM_017383 0.13 0.13 0.13 Cntn6 Contactin 6
NM_018762 227 1.56 1.58 Gp9 Glycoprotein 9 (platelet)
NM_008737 2.01 2.44 1.08 Nrpl Neuropilin 1
Cytokines related gene/Cytokine receptors
NM_009757 0.34 0.27 0.37 Bmpl5 Bone morphogenetic protein 15
NM_011333 6.28 6.28 6.6 Cel2 Chemokine (C-C motif) ligand 2
NM_019577 243 292 1.46 Ccl24 Chemokine (C-C motif) ligand 24
NM_009914 0.18 0.15 0.52 Cer3 Chemokine (C-C motif) receptor 3
NM_008176 8.41 6.26 1.06 Cxcll Chemokine (C-X-C motif) ligand 1
NM_021274 2.1 1.82 1.47 Cxcll0 Chemokine (C-X-C motif) ligand 10
NM_019932 2.57 3.84 4.53 Cxcl4 Chemokine (C-X-C motif) ligand 4
AKO013765 0.79 0.48 1.4 Ecgfl Endothelial cell growth factor 1 (platelet-derived)
NM_020013 4.44 3.97 2.13 Fgf21 Fibroblast growth factor 21
NM_008109 0.23 0.23 0.56 Gdf5 Growth differentiation factor 5
NM_008380 1.19 1.49 2.81 Inhba Inhibin beta-A
NM_010560 1.48 1.37 2.02 116st Interleukin 6 signal transducer
AK003861 2.14 1.89 1.38 Tgfbr2 Transforming growth factor, beta receptor I1
NM_009403 0.07 0.09 0.17 Tnfsf8 Tumor necrosis factor (ligand) superfamily, member 8
Lipid metabolism
NM_134066 0.11 0.12 0.23 Akrlcl8 Aldo-keto reductase family 1, member C18
NM_016668 0.16 0.15 0.63 Bhmt Betaine-homocysteine methyltransferase
BC003954 2.01 1.99 1.18 Cyp4f13 Cytochrome P450, family 4, subfamily f, polypeptide 13




Table 1. Continued.
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Genebank ID 3hr 6 hr 24 br Name Title
NM_010046 0.19 0.15 0.17 Dgatl Diacylglycerol O-acyltransferase 1
AKO016135 0.28 0.3 0.52 Etnk1 Ethanolamine kinase 1
X13135 1.13 1.24 2.31 Fasn Fatty acid synthase
NM_033134 1.29 0.93 0.26 Inpp5e Inositol polyphosphate-S-phosphatase E
AF209926 1.08 1.45 2.2 Iemt Isoprenylcysteine carboxyl methyltransferase
D26047 0.4 0.34 0.54 Piga Phosphatidylinositol glycan, class A
NM_008969 2.01 1.48 0.89 Ptgsl Prostaglandin-endoperoxide synthase 1
NM_011315 2.05 1.43 1.47 Saa3 Serum amyloid A 3
AB016248 0.49 0.39 1.1 Sc5d Sterol-C5-desaturase homolog (S. cerevisae)
NM_011674 0.32 0.31 0.47 Ugt8 UDP glucuronosyltransferase 8
Oxidative stress
NM_013602 332 6.36 0.57 Mtl Metallothionein 1
NM_013603 0.97 7.36 0.96 Mt3 Metaliothionein 3
Cell death
NM_013479 0.14 0.16 0.28 Bei2lt0 Bel2-like 10
NM_007610 0.28 1.4 1.42 Casp2 Caspase 2
AKO013476 0.2 0.14 0.25 Faim2 Fas apoptotic inhibitory molecule 2
NM_010370 0.22 0.18 0.18 Gzma Granzyme A
NM_008655 2.03 2.06 1.78 Gadd45b Growth arrest and DNA-damage-inducible 45 beta
NM_008109 0.23 0.23 0.56 Gdfs Growth differentiation factor 5
NM_021451 0.15 0.14 0.18 Pmaipl Phorbol-12-myristate-13-acetate-induced protein 1
NM_009403 0.07 0.09 0.17 Tnfst8 Tumor necrosis factor (ligand) superfamily, member 8
NM_011785 1.88 2.21 1.29 Akt3 Thymoma viral proto-oncogene 3
Detense immunity protein activity
NM_009841 2.98 428 3.44 Cdl4 CD14 antigen
NM_007643 2.12 1.39 1.07 Cd36 CD36 antigen
NM_007653 2.31 2.6 3.13 Cd63 Cd63 antigen
NM_007851 0.12 0.17 0.29 Defcrs Defensin related cryptdin 5
AKO021160 0.35 0.35 0.73 Lbal Lupus brain antigen 1
NM_008479 0.28 0.27 0.62 Lag3 Lymphocyte-activation gene 3
AKO014535 2.13 1.33 1.08 Sema3d Sema domain, immunoglobulin domain (Ig)
NM_032542 0.14 0.25 0.36 Sval2 Seminal vesicle antigen-like 2
NM_020047 2.54 1.55 1.23 ~Tacstd2 Tumor-associated calcium signal transducer 2

Note: Genes presented in shadows were described in this

Gene Expression Analysis

To visualize gene expression change at each time
points after treatment with GdCl;, Genetree image
gained through hierarchical clustering was shown at
Fig. 5. Gene expression pattern among groups were
almost similar. However, 24 hr group showed a little
different pattern compared to the others. This result
coincided with biochemical results that the level of
aminotransferase recovered at 24 hr. As described
previously, 452 changed genes more than 2 fold in at
least one time point was selected and classified by
function (Table 1). These selected genes were also
subjected to Kyoto Encyclopedia of Genes and Geno-
mes (KEGG) pathway analysis.

As shown at Table 1, extracellular matrix (ECM)

and cytoskeleton organization/biogenesis related
genes were changed. Though, the reasons for this
result were not known, GdCls-induced toxicity seem
to activate stellate cells. These cells which are nor-
mally quiescent, on activation, produce ECM includ-
ing collagens type I and III, and then, this promotes
fibrosis. In current study, several types of pro-colla-
gens (Colla2, Col5a2, Col6a3, and Coll3al) and
tissue inhibitor of metalloproteinasel (TIMP1) were
up-regulated during all the time points. An increase
of TIMP1 led a diminishment of protease activity,
and therefore caused to more matrix accumulation®.
This matrix accumulation reflects changes in ECM
degradation as well as synthesis. In other words, an
overall increase of ECM accompanied by a shift from
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the normal low density basement membrane like
matrix containing non-fibrilforming collagens (i.e.
types IV and VI) to one rich in fibril-forming colla-
gens (i.e. types I and II). In present study, matrix
metalloproteinase 3 (Mmp3, also called ‘stromelysin
or transin’) was decreased but matrix metallopro-
teinase 12 (Mmp12, also called ‘elastase’) was in-
creased. Function of these two enzymes degraded
basement membrane collagen (non-fibrilforming)
type IV. Contradict, it is reported that Mmp3 also
decreased production of fibril forming collagens type
I11'°. In previous study, TIMP1 and Mmp12 that were
both up-regulated, were identified as fibrosis-specific
genes'!.

Effects of ECM are largely mediated by signaling
through cell membrane receptors. Integrins are dyna-
mic cell surface receptors that provide a physical link
between the extracellular matrix and the cell cyto-
skeleton'?, Integrin expression is modified at early
stages during liver fibrosis'*.

Fibrogenesis is under the control of several growth
factors, chemokines, products of oxidative stress and
other soluble factors'*. TGF-f3, primarily a fibrogenic
cytokine, is known to play a key role in the fibro-
genic response of stellate cell”. TGF-B1 can activate
hepatic stellate cell and enhance the production of
inhibitors of ECM degrading enzymes'®. At 6 hr after
treatment, TGF-B1 was 1.7 fold increased (data not
shown). Other growth factor, fibroblast growth factor
(FGF) also required for the development of fibrosis'’
and it is coincided with our result that this gene was
up regulated during all the time points. Several
chemokine ligands (CCL2, CCL24, CXCL1, CXCL4,
CXCL10) were up regulated. These chemokines con-
tribute to the formation of the inflammatory infiltra-
tion. Fibrosis is close relationship with inflamma-
tion'®. Among them, Chemokine ligand 2 (CCL2,
also called ‘MCP-1"), a chemoattractant and activator
for circulating monocytes and T lymphocytes, was
increased during active hepatic fibrogenesis'?.

GdCls-induced toxicity considered to link to oxida-
tive stress. Several hepatic fibrosis models were
accompanied with oxidative stress®. Our model, met-
allothioneins (Mtl and Mt3), a gene known to play
protective roles to oxidative stress, were highly ex-
pressed. Further, an increase of lipid peroxidation
products (MDA) can be clear evidence as oxidative
stress marker. As a mechanism of MDA production,
prostaglandin H2 (PGH2) can be breakdown to
MDA. PGH2 synthesis catalyzed by prostaglandin
endoperoxide H synthases (Ptgs, also called ‘cyclo-
oxygenases’). It is reported, under oxidative stress,
MDA in plasma partially inhibited by inhibitors of
this enzyme?!. In current study, prostaglandin endo-

peroxide synthase 1 was up-regulated and thus sus-
pected to induce MDA production.

GdCl; led abnormality between lipid synthesis and
degradation. Fatty acid synthase (Fasn) was up
regulated. It is expected to increase fatty acid that can
be a substrate for prostaglandin or MDA productions.
On the other hand, most of gene related to lipid
synthesis as follows down-regulated; Diacylglycerol
O-acyltransferase 1 (Dgatl)-catalyzes the terminal
step in triacylglycerol synthesis. Ethanolamine kinase
1 (Etnk1)-functions in the first committed step of the
phosphatidylethanolamine (one of major class of
phospholipids) synthesis pathway. UDP glucuro-
nosyltransferase 8 (Ugt8)-catalyzes the synthesis of
galactocerebroside (one of a subclass of sphingoli-
pid). phosphatidylinositol glycan class A (Piga)-takes
part in the synthesis of the first intermediate in the
biosynthetic pathway of GPI anchor. Sterol-C5-desa-
turase (Sc5d)-is a critical enzyme in cholesterol syn-
thesis, catalyzing the conversion of lathosterol into 7-
dehydrocholesterol* .

Discussion

In conclusion, GdCl; demonstrated to cause a typi-
cal fibrogenesis. This metal changed genes inducing
ECM accumulation and encoding several cytokines
influenced on fibrosis. GdCls-induced fibrosis was
considered to accompany with inflammation and oxi-
dative stress. Genes related lipid homeostasis was
affected, as well. For this study, the application of
¢DNA microarray technique provided as a powerful
tool in identifying and characterizing changes in gene
expression associated with toxicity.

Methods

Animal Treatment

Specific pathogen-free male balb/c (11 weeks old)
mice were used and acclimated for a week to a 12 hr
light/dark cycle in a humidity and temperature-con-
trolled, pathogen-free environment. Five animals per
each group were selected. In group 1, GdCl; was
injected (30 mg/kg in saline, i.p.) to cause inactivation
of Kupffer cells and then after 24 hr, corn oil was
administered. In group 2, GdCly was injected, in the
same amount as in group 1 and was treated with CCl,
(0.007 mg/ml in corn oil, i.p.) after 24 hr. In group 3,
animals received saline and after 24 hr, CCl; was
injected. In group 4, control animals received saline
and after 24 hr, corn oil. All mice were sacrificed by
anesthetizing diethyl ester after 3 hr, 6 hr and 24 hr



after administration. Liver tissues were immediately
harvested and submerged in an appreciate volume of
RNAlater (Qiagen, U.S.A.). Liver samples in RNA-
later were kept at 4°C for overnight and then discard-
ed the reagent, and kept at —80°C until further
processing.

Assessment of Liver Injury

Hepatotoxicity was assessed using both biochemi-
cal and histological technique. Blood samples drawn
from caudal vena cava were used to measure AST
(asparatate amino transferase), ALT (alanine amino
transferase) activity which is indicative of paren-
chymal cell damage using Fuji Automated Clinical
Chemistry Analyzer (Fujifilm, Japan). Liver sections
taken at the same time as blood collections were
fixed in 10% neutrally buffered formalin and paraffin
embedded. Deparaffinized sections (4 pm) were stain-
ed with hematoxylin and eosin (H&E), and analyzed
by light microscopy.

Evaluation of Phagocytotic Function

GdCl; was injected (10, 20, 30 mg/kg in saline, i.v.)
1 day prior to 10% Pilot ink (or saline) treatment (10
ml/kg, i.v.). After 4 hr, the livers were removed and
stained with H&E.

Malondialdehyde (MDA) Content

Lipid peroxidation was measured using the MDA-
586 assay system (OxisResearch™, U.S.A) according
to the manufacturer’s instructions. Briefly, livers
were homogenized in ice-cold 20 mM Tris-HCI (pH
7.4) containing BHT. After centrifuging, protein con-
tents were determined using the Biorad protein assay
system (Bio Rad, U.S.A). A 200 pL quantity of sam-
ple was assayed for MDA and absorbance was mea-
sured at 586 nm.

RNA Extraction

Livers were homogenized in TRI reagent (Mole-
cular Research Center, Inc., U.S.A) for RNA isola-
tion. Total RNA was further purified using the RNe-
asy Mini Kit (Qiagen, U.S.A.). Final products yielded
260/280 nm ratios of 1.8-2.1, 230/260 nm ratio > 2.0.
RNA quality was checked by bioanlayzer 2100
(Agilent, U.S.A)).

Microarray Experiments

Mouse Oligo 10 K chips, composed of 9850 known
genes, were purchased from Genomic Tree Inc.,
Korea. Microarray experiments were performed
according to the manufacturer’s standard protocol.
Briefly, the RNA from the 5 mice in control group
was pooled using equal amounts from each mouse to
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make a total of 100 ug of RNA and the RNA from the
3 mice in treatment group was individually prepared.

These sample was labeled with Cy3 (for control) or
Cy5 (for treatment) dye coupling with dUTP by a
reverse-transcription reaction using reverse transcrip-
tase and the oligo (dT) primer. The fluorescently
labeled cDNAs were mixed and hybridized to the
oligo chip. After the washing procedure, the DNA
chips were scanned using GenePix 4000B (Axon
Instrument, Inc., U.S.A.).

Data Analysis

Data analyses were performed using the Gene-
Spring 7.2 (Silicon Genetics, U.S.A.). To generate the
relative intensity (ratio) value, each gene’s measured
intensity was divided by its control value in each
sample. To correct for dye-related artifacts resulting
from nonlinear rates of dye incorporation and incon-
sistencies in the relative fluorescence intensity bet-
ween the red and green dyes, we used an intensity-
dependent LOWESS normalization. Then data were
filtered using the control signal, a control value cal-
culated using the Cross-Gene Error Model based on
replicates. Genes with higher control signal are relati-
vely more precise than genes with lower control sig-
nal. Genes that didn’t reach this value were discard-
ed. To identify differentially expressed genes, all
genes are filtered on t test p<<0.05 using Filtering on
Contfidence. And then, we selected up or down re-
gulated genes more than 2 fold changes in at least
one time point. We used hierarchical clustering algo-
rithms to divide genes into groups that have similar
expression patterns considering time parameters
(ANOVA, p<0.05). The GenBank accession number
and the full annotation gene name for each gene were
incorporated and classified by function. KEGG map

-analysis enabled visualization of gene expression by

microarray data on maps representing biological path-
ways and groupings of genes (http://www.genome.

Jp/kegg/).

Statistical Data Analysis

Significant differences to the controls were cal-
culated using one way ANOVA with post test (Dun-
nett Multiple Comparisons Test). To compare statisti-
cal significance between two groups, two-tailed, un-
paired t test was performed.
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