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Fig. 2. Changes in the mRINAs of genes induced by NF. Free
radicals produced during NF metabolism may lead to
immediate early genes such as c-jun, c-myc, and possibly
TNF-x. This results in the priming of hepatocytes which have
now acquired competence for cell growth. These events are
followed by proliferative stimulation by TNF-«, or TGF-2, or
both. The expression of ¢-Ha-ras, in concert with other genes,
including cyclin E, may conceivably allow hepatocytes to pass
through the restriction point and enter the S phase of the cell
cycle, finally culminating in DNA synthesis.

be seen whether the inhibition of the above genes is an
indirect result of free radical scavenging, eliminating the
trigger itself and interrupting the cascade at the root, or a
direct inhibitory effect on each step of the cascade by
NAC, or even both, although the former is more likely
considering the two-fold antioxidant action of NAC.

It is intriguing that a substantial portion of the
changes associated with proliferation is shared among
diverse, chemically unrelated substances acting as
mitogens. Although the relative importance of each
gene is yet to be elucidated, further studies, including
changes at the protein level and activation of various
transcription factors, should contribute to a better
understanding of the process.
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Summary

Rat strain differences in the early development of
porcine serum (PS)-induced hepatic fibrosis were histolog-
ically and immunohistochemically examined using Brown
Norway (BN), Sprague Dawley (SD) and Wistar rats. They
were injected i.p. with 0.5ml sterile PS twice a week for 4
and 8 weeks. In addition, rats treated with physiological
saline in the same way served as controls. At 4 weeks, hep-
atic fibrosis accompanying fibrous septa mainly composed
of type 111 collagens developed in BN and SD rats but not
in Wistar rats. In addition, the numbers of eosinophils,
CD3-positive cells and ED-1-positive cells significantly in-
creased in BN and SD rats, that of CD45RA-positive cells
in BN rats, and that of 0-smooth muscle actin (SMA)-posi-
tive cells in SD rats, respectively. Such differences in the
number of inflammatory cells may be related with the ab-
sence of hepatic fibrosis in Wistar rats at 4 weeks. At 8
weeks, hepatic fibrosis with formation of many small-sized
pseudolobules was observed in all strains at almost similar
degree, and the numbers of infiltrating cells increased in all
strains of rats with some exception. In addition, the main
location of inflammatory cells was different, suggesting a
different role of each inflammatory cell in the process of
hepatic fibrosis.

Introduction

In human hepatic fibrosis and cirrhosis, it has been re-
ported that fat-storing cells, i.e. Ito’s cells, are activated
by mediators released from injured hepatocytes, result-
ing in hepatic fibrosis (MARTINEX and MARTINEZ 1991),
but detailed fibrogenic process and mechanisms of hep-
atic fibrosis are still obscure. To elucidate these points,
many animal models have been developed as follows:

models induced by carbon tetrachloride (AKIYOSHI and
TERADA 1998; ARMBRUST et al. 1997), radiation (GERACI
et al. 1992; PeNG et al. 1994), diethyl nitrosamine
(STEINHOFF 1975; XU et al. 1994), bile duct resection
(Rioux et al. 1996; SUGIHARA et al. 1999) and porcine
serum (BALLARDINI et al. 1988; BHUNCHET et al 1996;
BHUNCHET and Fuliepa 1993; BHUNCHET and WAKE
1992; KITAMURA et al. 1984; NAKANO 1986; SENOO and
WAKE 1985; SHicA et al.1997). Differing from many
post-necrotic fibrosis models, porcine-serum-induced
hepatic fibrosis in rats is characterized by accompanying
little hepatocyte damage (BHUNCHET and FuJIEDA 1993;
BHUNCHET and WAKE 1992; FURWARA et al. 1988; IsHIDA
et al. 1991). However, there are few reports of rat strain
differences in the carly development of porcine-serum-
induced hepatic fibrosis. The present study was carried
out to clarify this point using 3 strains of rats, i.e. Brown
Norway, Sprague-Dawley and Wistar rats. Brown Nor-
way rats are well known to show high immunoreactivi-
ties (HAczku et al. 1995; Uvama et al. 1995), and
Sprague Dawley and Wistar rats are frequently used in
toxicologic studies. The protocol of this study was ap-
proved by the Animal Care and Use Committee of Grad-
uate School of Agricultural and Life Sciences, the Uni-
versity of Tokyo.

Materials and methods

Animals: Twenty 5-week-old male rats each of Brown
Norway (BN/Crj) (BN) (90 + 10g). Sprague-Dawley
(Crj:CD(SD)IGS) (SD) (140 + 10g) and Wistar strains
(Crj:Wistar) (140 + 10g) were purchased from Charles
River Japan Co., Kanagawa. The animals were housed
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2-3 per cage using an isolator caging system (Niki Shoji
Co., Tokyo) in an animal room (temperature: 23 + 2 °C, rel-
ative humidity: 55 x 5%, and 12 hr-light and 12 hr-dark
cycle) and fed commercial pellets (MF, Oriental Yeast Co.,
Tokyo) and water ad libitum. The animals were subjected
to the experiment after acclimation for one week.

Treatments: The rats of each strain were divided into
two groups. One group was intraperitoneally (i.p .) injected
with 0.5ml/rat of sterile porcine serum (PS) (COSMO BIO
Co., Ltd) twice a week, and the other group was treated
with sterile physiological saline (S) in the same way and
served as controls. At4 and 8 weeks, five rats of each group
were killed by blood sampling from abdominal aorta under
ether anesthesia at 24 hours (hrs) after the last PS injection.

Body and organ weights: The rats were weighed every
other week. At necropsy, the liver, spleen and kidneys of
each rat were also weighed, and the ratio of organ weight to
body weight (relative organ weight) (g%) was calculated.

Histopathology: The liver, spleen and kidneys were
fixed in 10% neutral buffered formalin. Four-pm paraffin
sections were stained with hematoxylin and eosin (HE),

(a 5 ¢

g% 3

Wistar BN sD Wistar

8 weeks

BN sD

4 weeks

(b) 04

03 r

g% 0.2 |

0.1 |

Wistar BN sD

Wistar

4 weeks 8 weeks

Fig. 1. Changes in the relative liver (a) and spleen (b)
weights. *P < 0.05, **P < 0.01; Significantly different from
Saline group.
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toluidine blue (TB) or Masson’s trichrome (MT), and sub-
jected to histopathological examination. The numbers of
eosinophils and mast cells in randomly selected 10 fields
per rat were counted on HE- or TB-stained section under
light microscopy with magnification X400, and an average
number per {ield was calculated for each rat.

Immunohistechemistry: For immunohistochemical ex-
amination of infiltrating cells, paraffin sections of the liver
were stained by labeled streptavidin biotinylated antibody
(LSAB) method. The primary antibodies used were anti-rat
CD3 and CD45RA (Pharmingen, San Diego, CA, USA),
anti-human alpha-smooth muscle actin (-SMA) (DAKO,
Kyoto, Japan) and anti-rat ED-1 mouse monoclonal anti-
bodies (BMA Biochemical Ltd., Switzerland). In addition,
for immunohistochemical examination of extracellular ma-
trices, anti-rat type I collagen, anti-bovine type IlI collagen,
anti-bovine fibronectin and anti-mouse laminin rabbit poly-
clonal antibodies (LSL, Tokyo, Japan) were used. Positive
signals were visualized by treating with 3,3’-diaminobenzi-
dine tetrahydrochloride and counterstain was done with
hematoxylin.

The number of positive cells for each antibody was cal-
culated as those of eosinophils and mast cells.

Statistical analysis: The body weight, relative organ
weights of the liver, spleen and kidney, and the numbers of
inflammatory cells were presented as mean + standard
error (SE) of 5 rats. Statistical analysis was done between
PS and S groups and among 3 strains of PS group using the
Student’s -test.

Results

Changes in body and organ weights

The change in body weight was similar between PS
and S groups in all 3 strains of rats. The relative liver
weight of PS group was significantly higher than that of
S group at 8 weeks in SD rats (fig. 1a). The relative
spleen weight of PS group was significantly higher than
that of S group except for than in SD and Wistar rats at 4
weeks (fig. 1b). On the other hand, the relative kidney
weight showed no significant difference between PS and
S groups in all 3 strains of rats.

Histological findings

The liver of S group showed no histopathological
changes. In PS group, at 4 weeks, hepatic fibrosis oc-
curred in BN and SD rats, but not in Wistar rats. Hepatic
fibrosis was somewhat severer in SD rats than in BN rats
at 4 weeks (fig. 2). At 8 weeks, hepatic fibrosis with for-
mation of many small-sized pseudolobules developed in
rats of all strains at almost the similar degree (fig. 3).
Positive stainabilities for type I collagen, type LI colla-
gen, fibronectin and laminin were detected in the portal
tract and around the central vein, but fibrotic septa
showed positive stainability only for type III collagen
(fig. 4).
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Fig. 2. Liver of a BN {a), SD (b) and Wistar
rat {€), at 4 weeks. Hepatic fibrosis is seen in
BN and SD rats but not in Wistar rat. HE, x56.

s,

Fig. 3. Liver of a BN (a), 8D (b) and Wistar
: rat (¢) at 8 weeks. HE, Hepatic fibrosis with
e o many small-sized pseudolobules. x56.
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In and arcund the portal tract, around the central vein
and along the fibrous septa, infiltration of mast cells,
eosinophils, and mononuclear round-shaped and spindle-
shaped cells were seen in the liver of PS group except for
Wistar rats at 4 wecks (fig. 5). The majority of spindle-
shaped cells in the fibrous septa were positive for SMA
{fig. 6), and the number of H-SMA-positive cells signifi-
cantly increased only in SD rats at 4 weeks, and it signif-
icantly increased in all strains of rats at 8 weeks (fig. 7).

The number of mast cells showed a slight but signifi-
cant increase in all strains at 4 weeks, and it increased
prominently at 8 weeks (fig. 8a). The rate of increase in
number was highest in BN rats. Except for Wistar rats at
4 weeks, the number of eosinophils significantly in-
creased in the liver of PS group in all strains at 4 and 8
weeks (fig. 8b). Mast cells and eosinophils were mainly
localized in and around the portal tract (fig. 5 Inset). The
number of CD45R A-positive cells began to significantly
increase at 4 weeks and it was more elevated at 8 weeks
in BN rats. In Wistar rats, it increased significantly at 8
weeks (fig. 9a). Except for Wistar rats at 4 weeks, the
numbers of CD3-positive cells (fig. 9b) and ED-1 posi-
tive cells (fig. 9c) significantly increased in the liver of
PS group of all strains at 4 and 8 weeks. CD45RA-,
CD3- and ED1-positive cells were observed in the whole
area of the hepatic lobule (fig. 10).

There were few injured hepatocytes noticed through-
out the experimental period.

The lymphoid follicles in the spleen of PS group
showed slight hyperplasia, but the kidney showed no his-

tological changes even in PS group of ail strains through-
out the experimental period.

Discussion

In the present study, rat strain differences in the early
stage of PS-induced hepatic fibrosis were examined
among BN, 8D and Wistar rats. As a result, the progres-
sion of hepatic fibrosis was somewhat different among
these strains. For example, hepatic fibrosis started at 4
weeks in BN and SD rats while it developed at § weeks
in Wistar rats. In addition, hepatic fibrosis at 4 weeks
was somewhat severer in SD rats than BN rats.

Among body and organ weights, the relative spleen
weight, except for that in SD rats at 4 weeks, was signifi-
cantly higher in PS group than in S group. The increased
relative spleen weight seems to be related with hyperpla-
sia of lymphoid follicles, suggesting antibody production
against PS as supposed in the previous reports (IMAOKA
et al. 1986). Further study on immunological responses
following PS-treatments is now under progress.

Hepatic {ibrosis was considered to start in and around
the portal tract as well as around the central vein, and
then occurred in the Disse’s space, resulting in formation
of fibrous septa and further establishment of pseudolob-
ules (KITAMURA et al. 1984). Immunohistochemically, fi-
brous septa were mainly composed of type III collagen
probably produced by o~SMA-positive cells, ie. acti-
vated fat-storing cells.

x350.
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Fig. 4. Liver of a BN rat at 4 weelks. Fibrous
septa ave positive for type HI collagen. Im-
munostaining, X56.

Fig. 5. Liver of a SD rat at 4 weeks. Many in-
flammatory cells are seen around the portal tract
and along the fibrous septa. HE, x204. Inset: In-
filiration of mast cells in the portal tract. TE,

Fig. 6. Liver of a BN rat at 8 weeks. Infiltration
of 0~SMA-positive cells along the fibrous
septa. Immunostaining, x231.
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Fig. 7. Kinetics of 0-SMA-positive cells in the liver of BN,
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group. *P < 0.05, **P < 0.01; Significantly different from S
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Fig. 9. Kinetics of CD45RA-positive cells (a), CD3-posi-
tive cells (b) and ED-1-positive cells (¢) in the liver of BN,
SD and Wistar rats. See the footnote of fig. 7.

< Fig. 8. Kinetics of mast cells (a) and eosinophils (b) in the
liver of BN, SD and Wistar rats. See the footnote of fig.7.
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Fig. 10. Liver of a BN rat at 8weeks. ED1-positive cells are
found in the whole area of hepatic lobule. Immunostaining,
x231.

The main location of each infiltrating cell in the liver
differed from each other. For example, eosinophils and
mast cells were localized mainly in and around the portal
tract, fibroblasts in and around the portal tract as well as
around the central vein, macrophages and B and T lym-
phocytes in the whole area of hepatic lobule, and
o~-SMA-positive cells in the fibrous septa, respectively.
Such difference suggests that they may play a different
role in the development of PS-induced hepatic fibrosis.

In contrast to those in the liver of BN and SD rats, in
the liver of Wistar rats, the numbers of eosinophils,
macrophages and B and T lymphocytes did not signifi-
cantly increased at 4 weeks. This may be related with the
absence of hepatic fibrosis in Wistar rats at 4 weeks. In
addition, this also suggests that inflammatory celis may
be related in the early development of PS-induced hepat-
ic fibrosis. Further studies on immunopathological
events which are supposed to be responsible for the initi-
ation and progression of PS-induced hepatic fibrosis are
NOW i1l Progress.

In conclusion, there were some rat strain differences
in the early stage of PS-induced hepatic fibrosis among
BN, SD and Wistar rats, and such differences may be re-
lated to the severity of inflammatory cell infiltration in
the liver.
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Abstract

Streptozotocin (SZ) is known to exert toxic effects not only on pancreatic islet beta cells but also on other organs
including liver. For analyzing changes in genes expression associated with SZ toxicity, we performed DNA microarray
analyses on the liver obtained from SZ-treated mice. Eight-week-old male ICR mice were treated i.p. with 200 mg/kg of
SZ, and the blood and liver were taken at 6, 24 and 48 h after the treatment. Labeled cRNA prepared from total] RNA
of the liver was hybridized to the GeneChip Murine Genome U74A V.2 (Affymetrix). The number of the probe sets,
which were clearly up-regulated or down-regulated, were over 100 at 6 and 24h after the SZ-treatment, and it
decreased at 48 h after the treatment. Many of the up-regulated genes were categorized into cell cycle/apoptosis related
genes, immune/allergy related genes and stress response/xenobiotic metabolism related genes. On the other hand, genes
related to glucose, lipid and protein metabolisms were down-regulated. These changes started prior to the elevation of
the serum glucose levels, indicating the direct action of SZ on the liver rather than the secondary effect of diabetes.
This may be related with the previously reported hepatic changes such as lipid peroxidation, mitochondrial swelling
and inhibition of hepatocyte proliferation observed before the development of hyperglycemia (Exp. Toxic Pathol. 55
(2004) 467)
© 2004 Elsevier GmbH. All rights reserved.
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useful tool for the induction of diabetes mellitus and its
complications in laboratory rodents (Sibay et al.. 1971;
Steffes and Mauer, 1984; Kume et al., 1992) because of

Introduction

Although streptozotocin (SZ), an extract from Strep-

tomyces achromogenes, was originally developed as an
antibiotic and/or antitumor agent (Vavra et al., 1960;
‘White, 1963), it has been attracting a great attention as a
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its toxic action on islet 8 cells. We have previously
reported the details of SZ-induced hepatic lesions in the
acute (6-48h after the treatment) and the subacute
(4-12 weeks after the treatment) phase (Kume et al.,
1994a.b; Doi et al, 1997, Kume et al., 2004). Those
studies characterized the pathological changes such as
the appearance of oncocytic hepatocytes, cytomegalic
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hepatocytes and bile duct hyperplasia in the subacute
phase. In addition, it was also clarified that several
hepatic changes including lipid peroxidation, mitochon-
drial swelling, peroxisome proliferation and inhibition
of hepatocyte proliferation occurred before the elevation
of the serum glucose levels, which indicated that those
changes were attributable to the direct effects of SZ on
hepatocytes rather than the secondary effects of diabetes
or hyperglycemia (Kume et al., 2004).

Several reports have focused on the molecular genetic
effects associated with SZ-induced diabetes (Wada et al.,
2001; Dhahbi et al.. 2003; Susztak et al., 2004); however,
no researchers reported the changes in genes expression
in SZ-treated animals before they showed hyperglyce-
mia. This study, using the Affymetrix GeneChip,
revealed molecular genetic changes in the liver before
(6 and 24 h after the treatment) and after (48 h after the
treatment) the induction of hyperglycemia.

Materials and methods

The study was approved by the Ethical Committee at
Tanabe Seiyaku Co., Ltd. and all efforts were made to
minimize animal suffering.

Animals and treatments

Eighteen 8-week-old male Crj:CD-I(ICR) mice
(Charles River Japan Inc., Kanagawa, Japan) were
used. The animals were housed in polycarbonate cages
in a barrier system animal room under controlled
conditions (temperature: 23+2°C, humidity: 55+ 5%,
12h light/dark cycle) and fed CRF-1 pellets (Oriental
Yeast Co. Ltd. Tokyo, Japan) and tap water ad libitum
throughout the experimental period. Half of the animals
(three groups of three mice) were injected intraperito-
neally with 200 mg/kg b.w. of SZ (Sigma, St. Louis, MO,
USA) at around 9:00 a.m. SZ was dissolved in 0.05M
citrate buffer solution (pH 4.5) just before used. At 6, 24
and 48%h after SZ-injections, whole blood was taken
from the aorta abdominalis of the three mice in each
group under ether anesthesia. After that, the livers were
removed and the small pieces of the left lateral lobe of
the liver were quickly frozen. The other nine mice, which
were given vehicle alone and killed in the same way,
served as vehicle controls.

RNA extraction

Total liver RNA was isolated from the frozen tissue
fragments using ISOGEN reagent (Nippon Gene,
Tokyo, Japan). The RNA fractions from the three mice
in each group were pooled for GeneChip analysis.
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Affymetrix GeneChip analysis

Pooled total RNA from each group was labeled as
described in the GeneChip Expression Analysis Techni-
cal Manual (Affymetrix, Santa Clara, CA). mRNA was
reverse-transcribed into c¢cDNA using SuperScript
Choice system (Invitrogen Life Technologies) and T7-
(dT) 24 primer (Amersham Biosciences, Piscataway,
NI). The cDNA was converted to labeled cRNA using
Bioarray HighYield RNA Transcript Labeling Kit
(Affymetrix), which was purified using RNeasy Mini
Kit (QIAGEN, Valencia, CA). The labeled cRNA was
hydrolyzed in fragmentation buffer (40 mM Tris-acetate
pHS8.1, 100mM KOAc, 30mM MgOAc) to a size of
approximately 35-200 nucleotides.

Ten microgram of the fragmented cRNA was hybri-
dized with the Murine Genome U74AV2 array (Affyme-
trix) in hybridization cocktail (0.05 ug/ul cRNA, 50pM
control oligonucleotide B2, 1.5pM bioB, SpM bioC,
25pM bioD, 100 pM cre, 0.1 mg/mL herring sperm DNA,
0.5mg/mL acetylated BSA, 100mM MES, 1M Na+,
20mM EDTA, 0.01% Tween20). Hybridization was
carried out overnight (16h) at 45°C, followed by washing,
and staining with streptavidin-phycoerythrin (SAPE,
Molecular Proves, Eugene, OR). Hybridization assay
procedures including preparation of solutions were carried
out as described in the Affymetrix GeneChip Expression
Analysis Technical Manual. The distribution of fluores-
cent material on the array was determined using a
confocal laser scanner (GeneArray Scanner, Affymetrix).

Array data processing

Signal quantification, background adjustment, judg-
ment of detection call and other analysis were performed
using the Microarray Suite (MAS) ver. 5.0 (Affymetrix).
All arrays were globally scaled to a target value of 200.
Genes were only considered for further analysis, if their
corresponding probe sets had a signal intensity over 300
and their detection call was P (present). Pair-wise
comparison analysis was performed between SZ-treated
mice and control mice. The signal log ratio (SLR) was
calculated for each probe set using the following
formula: log, (signal intensity in SZ-treated mice/that
in control mice). Probe sets with SLR greater or equal to
1.0 was judged as ‘up-regulated’. On the other hand,
probe sets with SLR less or equal to —1.0 was judged as
‘down-regulated’.

Annotation information on the probe sets on the
U74A V.2 array was downloaded from the NetAffyx
provided by Affymetrix. The probe sets judged as ‘up-
regulated’ or ‘down-regulated” were categorized accord-
ing to the annotation information and protein informa-
tion from Protein Knowledgebase provided by Swiss
Institute of Bioinformatics {Swiss-Prot).
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Signal transduction relationship between the up- or
down-regulated genes was looked over and graphically
displayed, using a database TransPath (BioBase, Wol-
fenblittel Germany) accessorily. That analysis was
performed exploratory without regard for the SLR.

Reverse transcription-polymerase chain reaction
{(RT-PCR)

The expressions of 10 genes were examined by RT-
PCR to confirm the results of the GeneChip analysis.
For GADD 45, Mdm2, Bcl2l, Wigl, Bax, Cdknla,
Ppara, Srebfl, Hmges2 and Trp53, samples from 6h
after the treatment were used, and samples from 24h
after the treatment was used for Scdl, according to the
results of the GeneChip analysis.

Frozen livers were thawed on ice, and total RINA was
isolated using ISOGEN reagent. The quality of the
isolated RNA was assessed by electrophoresis on RNA
6000 Nano kit (Agilent Tech.) based on the integrity of
288 and 18S bands.

The forward and reverse primers were designed using
Primer Express software version 1.5 (Applied Biosys-
tems) from the mouse mRNA sequence. The mRNA
sequences were obtained from nr (All GenBank + Ref-
Beq Nucleotides+EMBL +DDBJ+PDB  sequences
(but no EST, STS, GSS, or phase 0, 1 or 2 HTGS
sequences). No longer “non-redundant”). Each primer
was homology searched by NCBI BLAST search to
ensure that it was specific for the target mRNA
transcript. The primers were synthesized by QIAGEN
K.K. (Tokyo, Japan).

RT-PCR were conducted in one step using the
SYBR® Green RT-PCR Kit in a ABI PRISM 7700
Sequence Detector system (Applied Biosystems) accord-
ing to the manufacturer’s protocol.

Samples were deemed positive at any given cycle when
the value of the emitted fluorescence was greater than
the threshold value calculated by the instrument’s
software (Sequence Detector Ver.1.6.3). The threshold
cycle, which is defined as the cycle at which PCR
amplification reaches a significant value (i.e., usually 15
times the standard deviation of the baseline), is given as
a mean value.

The data are expressed as the ratio of target mRNA
to GAPDH mRNA, and the data are then shown as a
fold change relative to control at each time point.

Results

Comparison analysis of the expression profiles was
performed between SZ-treated mice and control mice
from the GeneChip data. Fig. | shows the number of the
up-regulated (SLR>1.0) or the down-regulated

[6nr ?43] - 6hr: 113

Svccerian

124 hr: 100

148 hr: 55

Up regulated genes Down regulated genes

Tig. 1. Up- or down-regulated probe sets in the liver of the SZ-
treated mice. Condition: Up regulation: signal log, ratio to
control groupzx1, signal intensity >300. Down regulation:
signal log, ratio to control group<—1, signal intensity of
control group > 3G0.

Fold Change
-4 -2 0 2 4 6 8

Mdm2
Bel-xl
Wig1
Bax
Cdinta
Trps3

Ppara RT-PCR

GeneChip

Srebf1

Hmges2
Scd?

Fig. 2. Validation of the GeneChip data with RT-PCR. The
expression of 11 genes was analyzed using GeneChip and RT-
PCR. The changes in the expression of these genes were similar
in the direction and the magnitude between the two techniques.

(SLR < —1.0) probe sets in the liver of SZ-treated mice.
The number of probe sets, which were clearly up-
regulated or down-regulated, was over 100 at 6 and 24h
after the SZ-treatment, and it decreased at 48 h after the
treatment. There were only a small number of genes
which showed similar changes among the time points
examined.

Probe sets, of which SLR was over 1.5 or was
under —1.5, were picked up and tabulated in Table 1.
Genes corresponding to those probe sets were categor-
ized according to the information mainly from the
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Table 1.

Hepatic gene expression in the streptozotocin treated mice

E. Kume et al. / Experimental and Toxicologic Pathology 56 (2005) 235-244

Title ConsNams Ghr  24hr  48hr AfivID
Carbohydrate end lipid metabolism N
amylass 2, pancrestic Any2 05 97524 1 at
amylase 2, pancreatic Amy2 05 97523 _i_at
zpolipoprotein A-IV Apozad 100078 _at
carooxyl sster fipass Cel 98938 _at
carboxylestarass 1 Ces1 103519_at
colipase, pancrastic Clps 160132_at
cytosolic acyl-CoA thivesterase 1 Cle1 103581_at
cylachroms P450, family 7, sublamily 2, polypeptide 1 Cyp7al 89404 _at
eylochroms P450, family 8, subfamily b, polypeplide 1 Cypshi 103284 _at
fatly acid syniiiase Fasn 88575_at
famesy diphosphate synihaiase Fdps 160424 _{_at
famesy! diphosphats synihatase Fdps 98008 _at
glucokinase Gk 102651 _at
3-hydroxy-3-methylglutaryl-Coenzyme A synthass 1 Hmgest 84325_at
3-hydroxy-3-methyigluteryl-Coenzyme A synthass 2 Hmges2 82520 _at
isopentenyl-diphosphate delta isomarase 1dit 86269 _at
lipase, hepatic Lipe 98862_at
low density fipoprotein raceplarvslated protein 1 Lrpt 101073 _at
nuclear recaptor subfamily 8, group B, member 2 NrOb2 97123 _al
NAD(P) dependent steroid dehydragenase-tke Nadhl 88531_g at
phosphatidyinosito! 3-kinase, regulatory subunit, polypeptids 1 (p83 alpha) Pikart 86582_at
phospholipid scramblasa 1 Plscrd 102838_at
pancrealic lipase related protein 1 Prliprp1 82601 _at
peroxisorma proliferator activated recaptor alpha Ppara 102868_at
steral-C4-moathyl oxidase-like ScAmol 160388_at
stearoyi-Coenzyme A desaturass 1 Sedt 94056 _at
stearoyi-Coenzyme A desatwrase 1 Scdt 04057 _g_at
stero! ragulatory slement binding factor 1 Srebfi 93264 _at
thyroid hormone responsive SPOT14 homolog (Rattus) Thrsp 160306_at
Pr acid boli
betaine-homecysteine methyltransferase Bhmt 94048_sat
carboxylesterasa 3 Cas3 101538 _f at
carnitine palmitayliransferase 1. liver Cplia 93320_at
ysteina sulfinic acd yh Csad 99184 _at
1, pancreziic Elat 93783_at
elastase 2 Ela2 94037 _at
F-box only protein 21 Fbxo21 104108_at
guaric te maihy! Gamt 101408_at
histidine ammonia lyass Hal 92833 _at
hemocysteina-inducibls, sndoplasmic reticulum siress-inducible, ubiquitinike domain  Herpudt 85057 _at
member 1
munrinoglobutin 1 Hugt 92037 _f at
protein tyrosine phosphatass, receplor fype, D Ptord 93485 _at
tyrosine aminotransferase Tat 96326_at
irypsin 2 Try2 92873_f_at
rypsin4 Tryd 101043 1 at
Cell cycle/apoptasis
B-celt ranslocation gena 2, anti-profiferative Big2 101583 _at
cycln D1 Cond1 94232 at
cyclin G1 Cengt 160127 _af
cyclin-dapendent kinass inkibitor 1A (P21} Caknts Q4881 _at
cyclin-dependant kinasa inhibitor 1A (P21) Caknia 98087 _at
chual spacificity phosphatase 6 (MKP3}) Dusph 83285 _at
aarly growih responss 1 Egri 98578 at
stoposide inducad 2.4 mRNA Ei24 93529 _at
GO/E1 switch gans 2 G0s2 97531 _at
Jun-B oncogsne Junb
transformed mouss 313 cell double minute 2 Mdm2 98110_at
nucleolar protein 1 Molt 896804 _at
p53 apoptosis sifector related to Pmp22 Perp-pending 97825 _al
serum-inducible kinase Srk 82310_at
iransducar of ErbB-2.1 Tabt 99532 _at
Be2-assodated X protein Bax 93536 _al
Trf recsplor assoclated factor 4 Trafd 162462_at
wild-typs pS3-nduced gens 1 Wig1 82262_at
and inft L
ras homolog genae family, member AB Arhb 0.8 101030 _at
chemoking {C-X-C moftif) figand 1 Cxcit 95349 g at
chemokine (C-%-C mofif) ligand 1 Cxelt 0.1 85348_at
chemokine (C-X-C motif) igand 12 Cxeli2 100112_at
intercsliuiar adhesion molecule eamt r 96752 _at
interferon-stimulated prolein isg15 0. 48822 _at
lymphocyte antigen 6 complex, loeus D Lyéd 0. 160553 _at
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Table. 1 {continued)

Title GoneName Shr  24hr  48hr Afly I3
mannose binding lectin, serum {C) Mbi2 : A 2 . 87427 _at
nuclear, factor, erythvoid derived 2, like 2 Nie2i2 §2562_at
nuclear factor 1B Nfib 88440_at
arosomucoid 2 Omi2 84734 _at
polymaric imnunegiobulin recepler Pigr 99926 _at
5100 calciurn binding prolein A11 (calizzaniny $100a11 98800_at
sering (or cysleine) proteinase inhibitor, clads A, member 6 Serpinat 96227 _at
sarine {or cysteine) proteinase inhibitor, cdlads F), member 1 Serpinf{ 93574 _at
transporter 1, ATP-binding casseile, sub-family B (MDR/TAP) Tapi 103035 _at

Strass response and xenobiotic metabolism
cylochrome PA50, family 1, subfamily a, polypeptide 2 Cypia2 102998 _at
cytochrome P450, family 2, subfamily b, polypeptide 10 Cyp2b10 102701 _at
cytochrome PAS0, family 2, sublamily b, polypeptids 8 Cyp208 101862_at
flavin containing monooxygenase 3 Fmo3 104421 _at
heat shack protein 18 Hapaib 100846 _at
nicotinamide N-methyitransferass Nnmt 101473 _at
serum amyloid A2 Sas2 103485 _{ at
sarum amyloid A3 Saal X 102712 _at
{hicsther S-melhyitransferase Temt 97402_at
thicredoxin-like 2 Txni2 3 I 95696_at

Cytoskelton etc.
actin, gamma, cytoplasmic Actg 04 96573_at
catherin 2 Cdh2 0.3 102852_at
gephyrin Gphn Xl 98441 _at
pA00/ICBP-assaciated faclor Peaf -0.2 104070 _at
ubulin, bata 2 Tubb2 -0.6 948385 f at
tubulin, beta 3 Tubb3 0.1 160462 _{ at

HMiscellansaus
S-adenosylhomocysteine hydrolase Ahcy -0.1 -0.2 96024_at
aminolevulinic acid synthass 2, erythroid Alas2 0.2 -0.6 92768 _s_at
angiogenin Ang X
atuaporin 8 Aqp8 102200 _at
ATPase, H+ transporiing, V1 subunit D Alpbvid X 96951 _at
bystindike Bysl . 160227_s_at
carbonic anhydrass 14 Cartd A A 93078 _at
carbonic anhydrase 3 Card 160375_at
carbonic anhydrase 5a, mitochondrial Carba 98137 _at
CCR4 carbon catabolite repression 4-ike (S, cersvisias) Corndl A 98535 _at
calcitonin gena-related peptide-raceptor component profein Crep . . . 103334 _at
D site albumin promoter binding protein Dbp
deiodinase, jodolhyronine, typs | Diot
Down syndroms crifical region homolog 1 {(human) Dsert . 8 100555 _at
actonucleotide pyrophospt /phosphadi 2 Enppu2 . g 97317 _at
LIDP-N-acetyl-alpha-D-galactosamine:(N-acstylnauraminyl ) Galgtt 0.4 0.2 103367 _at
galaciosylglucosyl ide-beta-1, 4-N-acet vinyliransierase
gliel cell line derived neurctrophic factor family receplor alpha 1 Gfral 93872 _at
growih hormone recaplor Ghr 99107 _at
hemoglobin alpha, adult chain 1 Hba-at 94781 _at
hamaoglobin, bela adult major chain Hbb-bi 103534 _at
hemoglobin, bata adult major chain Hbb-b1 101869
insulin-fike growth factor binding protsin 2 igfbp2
inositol 1,4,5-triphosphate recepior § ltprs . . 101441 _i_at
kallikrein 6 K8 100061_{_at
lipins Lpint - 98692_at
nuclaclar protein 5A Nol5a - 95109_at
nuclear receptor subfamily 1, group D, member 2 Nrid2 i 89076_al
regenaraling islet-derived 1 Regt 160213_at
v-rsl reticuloendotheliosis viral oncogsne homolog A (avian) Rela 97813_at
renin 1 structural Ren1 884680 s_at
sodium channel, voltage-gated, type |, beta polypeptide Sentb . 402808_at
syncoffin Syen i A ] 85508 _at
thyrotroph embryonic factor Tef e 160117 _at

Data is shown as signal 3092 ratio to each control group.

Swiss-Prot, although the genes, of which annotation was
unclear (EST etc.), were excluded from the table.

The regulated genes showed a broad range, but many
of the up-regulated genes were categorized into cell
cyclefapoptosis related genes, immune/allergy related
genes and stress response/zenobiotic metabolism related

genes. On the other hand, many of the down-regulated
genes belonged to glucose, lipid and protein metabolism
related genes.

Ten genes were picked up among the up- or the down-
regulated genes judged from GeneChip data, and were
also analyzed by RT-PCR. Fig. 2 shows the fold changes
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of each gene expression in SZ-treated mice from that
in control mice analyzed by the GeneChip and the
RT-PCR. The changes in these genes expression were
similar in the direction and the magnitude between the
two techniques. Only the expression changes of Hmges2
were different by using the RT-PCR and by using the
GeneChip.

Discussion

Gene expression analysis was performed on the SZ-
treated mouse liver in the acute phase of the treatment.

Affymetrix oligonucleotide microarrays generally
yield data with a high degree of reliability as judged
by Northern blot or quantitative PCR (Cao et al., 2001;
Dhahbi et al.. 2003). The changes in the expression of
the 9 of 10 genes were similar in direction and
magnitude between the two techniques as shown in
Fig 2. Thus, we judged the GeneChip data were enough
reliable, and we will discuss the expression profiles using
the GeneChip data hereinafter. However, even only one
gene (Hmgces2) showed different results between the two
techniques, when we pick up particular gene, quantita-
tive PCR or other techniques should be used.

The number of up-regulated or down-regulated genes
was over 100 at 6 and 24 h after the treatment. However,
unexpectedly, there were only a small number of genes
which showed similar changes among the time points
examined. Judging from the clinicopathological examina-
tions reported before, the 6 h after the administration was
the stage when the temporal hypoglycemia was induced
by an abrupt and transient insulin release from the
injured pancreatic islets (Kume et al. 2004). In histo-
pathological analysis, hepatocytes showed degenerative
changes at 61, and they became almost normal at 24 or
48 after the administration (Kume et al.. 2004). Thus,
the pathological condition seemed to be dynamically
changing from 6 to 48 h after the administration, and this
may explain why there were only a few genes showing
similar changes among the time peints examined.

Many of the up-regulated genes were categorized into
cell cycle/apoptosis related genes, immune/allergy re-
lated genes and stress response/xenobiotic metabolism
related genes. On the other hand, many of the down-
regulated genes belonged to glucose, lipid and protein
metabolism related genes. From the data, we found out
the relation and the transduction pathway using a signal
transduction pathway analyzing software TransPath,
and the hypothetical transduction pathways were
figured.

Fig. 3 indicates the relationship between the changes
in apoptosis related genes expression. Numeral repre-
sents the SLR (the signal of the probe sets of the SZ
treated mice/the control mice) at the corresponding

time. Bcl2-associated X protein (bax), BCL2-like 11
(Bcl2111) and other related genes were up-regulated
from 6 to 48h after the administration. Those genes
belonged to Bel2 family and were known to work on
apoptosis acceleration (LeBlanc et al., 2002, O'Connor
et al., 1998). Apoptotic protease activating factor 1
(Apafl), which is known to mutually act with those
genes (Robles et al., 2001), was also activated. Apafl
interacts with caspase-9 and induces apoptosis (Cecconi
et al.. 1998). Moreover, p53, one of the main transcrip-
tional factors of apoptosis (Kaelin, 1999), was up-
regulated about two times at 6h after the administra-
tion, and some of the up-regulators of p353 including
‘p53 apoptosis effector related to Pmp22’ (perp), wild-
type pS3-induced gene 1 (wigl) (Hellborg et al., 2001),
and transformed mouse 3T3 cell double minute 2
(mdm?2) (Gottlieb et al.. 2002) were also up-regulated.
Thus, the activation of apoptosis is expected. On the
other hand, the up-regulation of bel-x1 and bag3, which
were known to act as an inhibitor of apoptosis (Schott et
al., 1995; Lee et al., 1999), was also observed. This may
be related with the pathological findings of no increase
in apoptotic figures at any time points (Kume et al.,
2004), although nuclear chromatin margination, one of
the ultrastructural characteristics of apoptosis, was
detected in hepatocyte primary cultures after
SZ-treatment (to be published elsewhere).

Fig. 4 shows the relationship between the changes in
the cell cycle related genes expression. P53 activation
was induced and the cascade for some related genes such
as growth arrest and DNA-damage-inducible 45
(GADDA4S5), and cyclin-dependent kinase inhibitor 1A
(Cdknla, p21) was observed. GADD4S induces G2/M
cell cycle checkpoint and make G2/M arrest (Wang et
al., 1999), while Cdknla induces G1/S arrest (Cazzalini
et al., 2003). Thus the present results indicated an
existence of cell cycle arrest. This may be supported by
the immunohistochemical analysis, in which the ratio of
the proliferating cell nuclear antigen (PCNA) positive
hepatocytes was low at 24 and 48h after the
SZ-treatment (Kume et al., 2004).

Most of genes related with the lipid and glucose
metabolism were down-regulated. In Fig. 5, a cascade
which leads to nuclear receptors PPARs or RXR was
shown. Almost all factors were down-regulated, and
serum lipids levels seemed to increase via a decrease in
the expression of LDL-R or other factors. On the other
hand, some fatty acid synthesis-related factors such as
stearoyl-CoA desaturase (Ntambi, 1995) were also
down-regulated, although these factors act to decrease
serum lipids. More over, sterol regulatory element
binding factor 1 (Srebfl), which acts in cholesterol
synthesis (Wang et al., 1994), was down-regulated, and
the downstream factors such as HmgCoA Synthases
(Sakakura et al, 2001) were also down-regulated,
although the cascade has not figured. These findings
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may not indicate that SZ controls these parameters
directly, but may indicate that the energy for the lipid
and glucose metabolism was not supplied due to the
hepatocyte injury.

In conclusion, from the gene expression analysis of
the liver of the SZ-treated mice, several changes
suggesting the induction of apoptosis, inhibition of cell
cycle and decreases in lipid metabolisms were observed.
These changes started prior to the elevation of the serum
glucose levels, indicating the direct action of SZ on the
liver, rather than the secondary effect of diabetes. This
may be related with the previously reported hepatic
changes such as lipid peroxidation, mitochondrial
swelling, and inhibition of hepatocyte proliferation
observed before the development of hyperglycemia
(Kume et al.. 2004).
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Abstract

Streptozotocin (SZ) is known to exert toxic effects not only on pancreatic islet beta cells but also on other organs
including the liver. For analyzing direct effects of SZ on hepatocytes, we performed morphological analysis and DNA
microarray analysis on mouse primary cultured hepatocytes. Hepatocytes were taken from non-treated Crj:CD-1(ICR)
mice. The primary cultured hepatocytes were treated with SZ at concentrations of 0, 1, 3, 10, 30 and 100 mM. After the
treatment for about 6 or 24h, cell survival assay using tetrazolium salt (WST-1), light microscopic/electron
microscopic analysis and gene expression analysis were performed. For the gene expression analysis, target (labeled
c¢RNA) prepared from total RNA of the hepatocytes was hybridized to the GeneChip Murine Genome U74A V.2
(Affymetrix). The signal intensity calculation and scaling were performed using Microarray Suite Software Ver 5.0.
IC50 of the cell survival assay was around 62mM at 6h exposure and 7mM at 24h exposure. Marked chromatin
margination was observed in nuclei of the hepatocytes treated with SZ at concentrations of 3 or 10mM. Gene
expression analysis revealed similar expression changes to those of in vivo, i.e. up-regulation in cell proliferation/
apoptosis related genes, and down-regulation of lipid metabolism related genes. These results potently supported the
hypothesis that many of the hepatic alteration including histopathological and gene expression changes are induced by
direct effect of SZ rather than by the secondary effect of the hyperglycemia or hypoinsulinemia.
© 2004 Elsevier GmbH. All rights reserved.
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Introduction

Streptozotocin (SZ) has been attracting a great
attention as a useful tool for the induction of diabetes
mellitus and its complications in laboratory rodents
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(Sibay et al., 1971; Steffes and Mauer, 1984; Kume et al.,
1992) because of its toxic action on islet B cells.
However, SZ is known to exert toxic effects not only
on pancreatic islet f cells but also on other organs
including liver.

‘We have previously reported the details of SZ-induced
hepatic lesions in the acute (6-48 h after the treatment)
and the subacute (4-12 weeks after the treatment) phase
(Kume et al., 1994a,b; Doi et al., 1997; Kume et al.,
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2004). Those studies characterized the pathological
changes such as the appearance of oncocytic hepato-
cytes, cytomegalic hepatocytes and bile duct hyperplasia
in the subacute phase. In the acute phase, SZ induced
several hepatic changes including lipid peroxidation,
mitochondrial swelling, peroxisome proliferation and
inhibition of hepatocyte proliferation before the eleva-
tion of the serum glucose levels (Kume et al., 2004). We
also analyzed molecular genetic changes in the liver
before and after the induction of hyperglycemia using
the Affymetrix GeneChip. Many of the up-regulated
genes were categorized into cell cycle/apoptosis-related
genes, immune/allergy-related genes and stress response/
xenobiotic metabolism-related genes. On the other
hand, genes related to glucose, lipid and protein
metabolisms were down-regulated (Kume et al.. in
press). These morphological and genetic changes
occurred before the induction of hypergiycemia. There-
fore, it is suggested that those changes were attributable
to the direct effects of SZ on hepatocytes rather than the
secondary effects of diabetes or hyperglycemia.

Several reports have focused on the toxic mechanisms
of SZ in islet cells in vitro (Ledoux and Wilson, 1984;
Flament and Remacle, 1987; Eizirik et al.. 1993; Turk
et al., 1993; Bellmann et al, 1995), however, no
researchers reported detailed changes in SZ-treated
hepatocytes in vitro. Morphological examinations and
gene expression analysis were performed on the SZ-
treated mouse primary hepatocytes to clarify direct
effects of SZ on hepatocytes.

Materials and methods

The study was approved by the Ethical Committee at
Tanabe Seiyaku Co. Ltd., and all efforts were made to
minimize animal suffering.

Animals

Two 8-week-old male Crj:CD-1(YICR) mice (Charles
River Japan Inc., Kanagawa, Japan) were used.

Primary cultured hepatocytes

Hepatocytes were isolated from the mice with use of
collagenase perfusion under pentobarbital anesthesia.
The isolated hepatocytes were seeded at a density of
1.0x 10° cells per 35mm dish in 2mL medium
(William’s E medium containing 5% FCS, 0.1uM
dexamethasone, 6.25pg/mL insulin, 6.25ng/mlL trans-
ferrin, 6.25ng/mL selenium, 100U/mL penicillin,
100 pg/mL streptomycin, and 50 pg/mL Matrigel). At
24 h after seeding, SZ was applied on the hepatocytes
within the same medium for 6 or 24 h at 37 °C. Applied

concentrations were selected as 0, 1, 3, 10, 30 and
100mM. In all 4, 2, and 2 dishes of each concentration
were provided for an analysis of cell survival rate,
electron microscopic examination, and GeneChip analy-
sis, respectively. Phase contrast micrographs were taken
from the dishes for electron microscopic examination.

Cell survival rate (WST-1 assay)

After the 6 or 24 h-incubation with SZ, WST-1 (Wako
Pure Chemical Industries Ltd., Osaka, Japan) was
added for each dish at a final concentration of 15%,
and the dish was incubated for another 3h. Following
the incubation, absorbance was read at a wavelength of
450 nm using a spectrophotometer (Bio-Rad Labora-
tories Inc., CA, USA). Percentage of survival cell was
calculated using the following formula: (absorbance of
treated dish/absorbance of control dish) x 100. For the
calculation of the 50% inhibition concentration (IC50)
value, concentration-response data were fit by non-
regression analysis to sigmoid curves by using the
GraphPad Prism program (GraphPad Software Inc.,
CA, USA).

Morphological examination

After the phase contrast micrographs were taken,
hepatocytes were fixed with 2.5% glutaraldehyde and
2.0% formaldehyde, postfixed with 1% osmium tetr-
oxide, and embedded in epoxy resin. Semithin sections
were stained with toluidine blue and observed under a
light microscope. Ultrathin sections were doubly stained
with uranyl acetate and lead citrate and observed under
a JEOL-1210 electron microscope (JEOL Co. LTD.,
Tokyo, Japan).

RNA extraction

Total RNA was isolated as the manual of QIAGEN
RNEASY kit (QIAGEN, CA, USA). For lysis of cells
and tissues before RNA isolation, Buffer RLT with -
mercaptoethanol was added and incubated for 10min at
37°C. Total RNA was extracted by using QIAshredder
spin column and RNeasy mini spin column. Absorbance
rate of the sample at 260 nm/280 nm was determined.

Affymetrix GeneChip analysis

Total RNA was labeled as described in the GeneChip
Expression Analysis Technical Manual (Affymetrix,
CA, USA). mRNA was reverse-transcribed into cDNA
using SuperScript Choice system (Invitrogen, Tokyo,
Japan) and T7-(dT)24 primer (Amersham Biosciences,
NJ, USA). The cDNA was converted to labeled cRNA
using Bioarray HighYield RNA Transcript Labeling Kit
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