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ABSTRACT

Many biological systems are regulated by an intricate set of feedback loops that oscillate with a circadian rhythm
of roughly 24 h. This circadian clock mediates an increase in body temperature, heart rate, blood pressure, and
cortisol secretion early in the day. Recent studies have shown changes in the amplitude of the circadian clock in
the hearts and livers of streptozotocin (STZ)-treated rats. It is therefore important to examine the relationships
between circadian clock genes and growth factors and their effects on diabetic phenomena in animal models as
well as in human patients. In this study, we sought to determine whether diurnal variation in organ development
and the regulation of metabolism, including growth and development during the juvenile period in rats, exists as
a mechanism for anticipating and responding to the environment. Also, we examined the relationship between
changes in growth factor expression in the liver and clock-controlled protein synthesis and turnover, which are
important in cellular growth. Specifically, we assessed the expression patterns of several clock genes, including
Perl, Per2, Clock, Bmall, Cryl and Cry2 and growth factors such as insulin-like growth factor (IGF)-1 and -2 and
transforming growth factor (TGF)-f1 in rats with STZ-induced diabetes. Growth factor and clock gene expression
in the liver at 1 week post-induction was clearly increased compared to the level in control rats. In contrast, the
expression patterns of the genes were similar to those observed after 5 weeks in the STZ-treated rats. The increase
in gene expression is likely a compensatory change in response to the obstruction of insulin function during the
initial phase of induction. However, as the period of induction was extended, the expression of the compensatory
genes decreased to the control level. This is likely the result of decreased insulin secretion due to the destruction
of beta cells in the pancreas by STZ.
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INTRODUCTION the hypothalamic SCN. Ablation of the SCN abolishes
or dampens circadian rhythms in locomotor activity, sl-
eep-wake cydles, body temperature, heart rate, and feed-
ing; however, circadian patterns in feeding may de-

pend on a separate food-entrainable oscillator (Hooger-

Living organisms exhibit an ongoing circadian rhy-
thm with a period of about 24 h. The circadian clock

is located in the suprachiasmatic nucleus (SCN) in ma-
mmals. The circadian rhythm is associated with two
organs: the pineal gland and SCN. In some lower ver-
tebrates, exposure to light sets off a chain reaction in-
volving enzymes, hormones, and neuroreceptors that
may regulate the circadian rhythm (Moore ef al., 1967).
Upon the detection of light, the retina directly signals
and entrains the SCN (Axelrod, 1970). The expression
of the circadian rhythm in mammals is influenced by

werf et al., 2007).

The decreased expression of clock genes leading to
changes in the circadian rhythm has been demonstrated
in previous studies (Katsutaka et al., 2004; Oishi et al,
2004; Ando et al, 2006); however, few studies have add-
ressed the association of diabetes with growth factor
and clock gene expression. Thus, in this study we exa-
mined the roles played by clock gene and growth fac-
tor expression in diabetes.
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Several circadian genes have been identified, includ-
ing Period (Per)l, Per2, Per3, Clock, NPAS2, GSK3b, Ti-

meless, MitnrlA, brain and muscle Arntlike protein 1

(Bmall)b, Dbp, Cryptochrome (Cry)l, and Cry2. We exa-
mined the expression of several clock genes (Perl, Per2,
Clock, Bmallb, Cryl, and Cry2) and growth factors (insu-
lin-like growth factor [IGF}-1 and -2 and transforming gr-
owth factor [TGF]- 1) in the livers of rats with strep-
tozotocin (STZ)-induced diabetes. STZ, which may be
used to induce diabetes, is particularly toxic to the in-
sulin-producing beta cells of the pancreas in mammals.
Its toxicity is due to the damage of cellular DNA, al-
though other mechanisms may also play a role. STZ is
similar enough to glucose to be transported into the
cell by the glucose transporter GLUT2 (Schned! et al,
1994; Wang and Gleichmann, 1998). We expected to see
a decrease in clock gene and growth factor expression;
however, no significant difference in expression was no-
ted for any of the genes except Clock.

Increased levels of TGF-£1 mRNA in response to
diabetes or a high-glucose environment in vitro have
been shown to prevent diabetic renal hypertrophy in
experimental models of diabetes (Ando et 4l., 2006).
TGF- £1, a multifunctional growth factor that plays a
key role in the development of tissue fibrosis, may be
involved in the pathophysiology of diabetic nephro-
pathy (Patel et al., 2005).

IGFs regulate cellular proliferation, differentiation, and
anabolism. For example, IGF-1 is an important growth
and metabolic regulatory hormone that not only indu-
ces cellular replication and differentiation, but also su-
ppresses myocardial apoptosis. Thus, it improves myo-
cardial function (Froesch ef al, 1990; Frayling et al,
2002; Janssen and Lamberts, 2002). The parenchymal
cells of the adult liver synthesize and secrete IGF-1
and -2. However, hepatocytes are the main contributors
in the liver to IGF-1 synthesis and secretion (Scott et
al., 1985). Hepatocytes as well as resident macrophages
(Kupffer cells), endothelial cells, and hepatic stellate
cells synthesize IGF-2 (Scharf ef al, 1998). IGF-1 and -2
are ubiquitous peptides that share structural homology
with insulin (Vambergue et al., 2007). The level of
IGF-1 in patients with type 2 diabetes is significantly
lower than that in non-diabetic controls (Akturk et al,
2007), whereas the level of IGF-2 in patients with type
2 diabetes is increased compared to the level in non-
diabetic controls (Shen et al, 1986; Devedjian et al,
2000). The present study investigated differential expre-
ssion of growth factors and clock related genes in liver
between female and male rats following STZ-induced
diabetes.

MATERIALS AND METHODS.

Animals and Induction of Diabetes

Sprague-Dawley rats (Samtaco, Korea) were housed
at the Animal Care Center of Inje University until they
reached 4 weeks of age. The rats (175~250 g initial wei-
ght) were maintained under specific pathogen-free con-
ditions at 24+17C, 48% humidity, and a 12-h light/12-h
dark cycle. The rats received standard laboratory food
and water ad libitum.

Experimental Design

In total, twenty-four rats were studied; twelve were
treated with STZ while the other twelve were not (control
group). Diabetes was induced by injection of the be-
ta-cell toxin STZ (Sigma Chemicals, St. Louis, MO,
USA) into the abdominal cavity (60 mg/kg). The blood
glucose level was measured using a glucometer (Super
Glucocard, ARKRAY, Kyoto, Japan) as per the ma-
nufacturer’s instructions. The blood glucose level in the
twelve rats that developed diabetes (six males and six
females) was >200 mg/dl, whereas that in another
twelve control rats (six males and six females) used in
our experiment was <200 mg/dl. The rats were sacri-
ficed every 3 h from 13:00 to 16:00 during 1-wk and
5-wks. To ensure the reproducibility of the gene expre-
ssion cycles, the animals were sacrificed on the same
day, 4wks apart. The liver was isolated from each
animal for use in analyzing growth factor and clock
gene expression.

RNA Extraction and RT-PCR

The tissues were homogenized in 1 ml of Tri-Rea-
gent (Sigma-Aldrich, Dorset, UK), and total RNA was
extracted according to the manufacturer's instructions.
The RNA was treated with RNase-free distilled water
and then subjected to RT-PCR in the presence of rever-
se transcriptase and Oligo-dT™ in a thermal cycler (The-
rmo Electron Corp., Waltham, MA, USA). Primer se-
quences, the size of amplified products, and GenBank
accession numbers are in Table 1. The primers used
were designed for each growth factor {Igf-1, Igf-2, and
Tgf- B1) and clock gene (Perl, Per2, Clock, Bmallb, Cryl,
and Cry2) using Primer Express 2.0 software from
TagMan® and synthesized by Genotech (Daejeon, Ko-
rea). PCR conditions were as follows: For all subjected
genes, denaturing was performed at 94C for 1 min,
annealing at 62°C for 1 min, and extension at 72°C for
2 min. Following 35 PCR cycles, all samples were
allowed to extend at 72°C for 10 min. Twenty ul of
each of the PCR products were electrophoresed in 1%
agarose (Invitrogen) gels. The gels were then stained wi-
th ethidium bromide, placed on a UV transilluminator,
and photographed.

Statistical Analysis

Data were collected from repeated experiments and
are presented as mean:S.EM. One-way ANOVA was
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Table 1. Oligonucleotide primers used for RT-PCR

Gene Primer sequence(5'-3") Tm(C) lel;rgoil(ﬁ;) acgz;ﬁnlf\ro.
v e B w e
. s e, 2w s
ma LR Hooom e
e 2w e
e T
S
o ITEREEESS..  n e e
F. ACACAGGCCCCAGAGCACTA 614
Cry2 504 100 INMO009963
R: TCTAGCCCGCTTGGTCAGTT
i pEmoroatcns © e
used for statistical analysis and Ducan’s multiple ran- Female

ge-test was used to compare the significant difference
of gene expression in each groups. A P value less than
0.05 denoted significant difference. All analyses were
performed using the Statistical package for the SPSS
ver.16 software.

RESULTS

Blood Glucose Levels

Diabetes was induced by the intraperitoneal injection
of the beta-cell toxin STZ. The induction of diabetes
was confirmed by measuring the blood glucose level
(Fig. 1). The blood glucose levels of the control were
lower than 200 mg/dl throughout the 5-week experi-
mental period. In contrast, the blood glucose levels of
STZ-induced rats were higher than 200 mg/dl. Thus,
insulin-dependent diabetes mellitus was successfully in-
duced by the injection of STZ. Interestingly, as shown
at Fig. 1, male rats were more sensitive at STZ treat-
ment compared to female rats in the early stage and
slightly recovered the blood glucose levels at 5 week
after STZ treatment.

Growth Factor Gene Expression
As shown in Fig. 2, gene expression of growth fac-

Blood glucose (mg/dl)
- 5 % § § %

Blood glucose (mg/dl)

C__ s1Z c STZ
1wk
®
Fig. 1. Blood glucose level in rats with STZ-induced diabetes and
control rats. The blood glucose levels in the STZ-induced diabetic
rats differed by sex; however, STZ significantly affected the blood
glucose level in all rats.
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Fig. 2. Effect of STZ on growth factor gene expression. (A) and
(B) Experimental and control rats were sacrificed at weeks 1 and 5
and their livers were harvested. The images show the expression of
IGF-1, IGF-2, TGF-$1, and Gapdh (control) as indicated by RT-PCR
in the samples obtained from the STZ-injected rats. ** p<0.05 com-
pare to control group at 1 week.
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Fig. 3. Effect of STZ on clock gene expression. (A) and (B)
Experimental and control rats were sacrificed at weeks 1 and 5 and
their livers were harvested. The images show the expression of
Clock, Bmallb, Perl, Per2, Cryl, Cry2, and Gapdh as indicated by
RT-PCR in the samples obtained from the STZ-injected rats.
** p<0.05 compare to control group at 1 week.

tors was affected by STZ-induced high blood glucose
levles. Gene expression in the liver 1 week after the
induction of diabetes mellitus by intraperitoneally injec-
tion of STZ was significantly increased compared to
that in the control group (Fig. 3). However, clock-re-
lated gene expression 5 weeks after the induction of
diabetes mellitus was similar to that in the controls.

DISCUSSION

Previously, we showed that the rhythmic expression
of clock genes is attenuated in the livers of KK-Ay
mice with obese diabetes compared to that in control
KK mice (Ando et al, 2006). Given that the molecular
clock is believed to regulate the expression of most
circadian genes (Reppert and Weaver, 2001; Lowrey
and Takahashi, 2004), the rhythmic expression of those
genes should be attenuated in obese diabetes. There-
fore, the influence of the molecular clock on rhythmic
gene expression may be different according to each ge-
ne.

The master circadian clock in the SCN is composed
of interacting positive and negative transcription-trans-
lation feedback loops (Yagita et al, 2001) involving
Perl, Per2, Per3, Clock, Bmallb, Tim, Cryl, and Cry2,
which are expressed in the SCN. Restricted feeding
determines the rhythm of Per expression in the liver
(Damiola et al., 2000) and Clock expression in the cere-
bral cortex and hippocampus, but not the SCN (Wa-
kamatsu et al,, 2001). Thus, SCN-independent circadian
oscillators must exist in the peripheral organs and
those areas of the brain other than the SCN (lijima et
al., 2002). The fundamental unit of the crcadian clock
is a feedback loop in which clock gene expression is
periodically suppressed by the corresponding protein
products (Dunlap, 1999).

The serum level of IGF-1 in patients with type 2
diabetes mellitus was found to be significantly lower
than that in non-diabetic controls (Akturk et al., 2007).
The decrease in serum IGF-1 is greater in type 2 dia-
betic patients than in healthy controls (Tan and Baxter,
1986); however, the mechanism responsible for this ob-
servation is unknown.

Recent studies have revealed that these endogenous
thythms are generated at the cellular level by circadian
core oscillators, which are composed of transcriptional/
ranslational feedback loops involving a set of clock
genes (Reppert and Weaver, 2001; Lowrey and Takaha-
shi, 2004). In mammals, rhythmic transcriptional enhan-
cement by two basic helix-loop-helix Per-Arnt-Sim do-
main-containing transcription factors, CLOCK and BM-
ALl, provides the basic drive for the intracellular clock
system; the CLOCK-BMALI1 heterodimer activates the
transcription of various clock-controlled genes (Gekakis
et al, 1998; Bunger et al, 2000). Given that the pro-
ducts of some clock-controlled genes, including albu-
min D-site binding protein (Dbp), also serve as trans-
cription factors, the expression of numerous genes may
be tied to the molecular clock (Reppert and Weaver,
2001; Lowrey and Takahashi, 2004). In parallel, the
CLOCK-BMALL heterodimer activates the transcription
of the Per and Cry genes (Kume ef al., 1999; Okamura
et al, 1999; Vitaterna ef al, 1999). When the PER and
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CRY proteins reach a critical concentration, they atte-
nuate CLOCK-BMALI1 transactivation, thereby generat-
ing a circadian oscillation in their own transcription
(Gekakis et al., 1998; Kume et al., 1999).

The molecular clock system resides not only in the
hypothalamic SCN, which is recognized as the ma-
mmalian central clock, but also in various peripheral
tissues (Panda et al,, 2002; Storch ef al., 2002; Yoo et al.,
2004). The SCN is not essential for driving peripheral
oscillations but acts to synchronize peripheral oscilla-
tors (Yoo et al, 2004). Therefore, the local molecular
clock may directly control physiological rhythmicity in
peripheral tissues.

Recent studies have suggested that dysfunction of
the molecular clock system is involved in the develop-
ment of metabolic syndrome, which is a constellation
of metabolic abnormalities including obesity, dyslipide-
mia, hypertension, and insulin resistance/type 2 dia-
betes (Staels, 2006). In mice, inactivation of BMALIL
suppresses the diurnal variation in plasma glucose and
triglyceride concentrations and can lead to insulin re-
sistance (Rudic et al., 2004). Homozygous Clock mutant
mice have an attenuated diurnal feeding rhythm, are hy-
perphagic and obese, and develop hyperglycemia, hy-
perlipidemia, and hepatic steatosis (Turek et al., 2005).
Furthermore, we have shown that the rhythmic expre-
ssion of clock genes is attenuated in the liver and vis-
ceral adipose tissue of KK-Ay mice, a genetic model of
severe obesity and overt diabetes (Ando et al, 2006).

The liver and visceral adipose tissues play critical
roles in the development of metabolic syndrome/type 2
diabetes (Bugianesi et al., 2005; Schaffler et al., 2005).
Approximately 10% of the genes in the liver are ex-
pressed according to the circadian rhythm, which may
help maintain hepatic physiology (Vitaterna et al., 2001;
Okamura, 2004). Therefore, the circadian expression of
various genes appears to be dampened in the livers of
animals with metabolic syndrome/type 2 diabetes. In
general, the in vivo effects of metabolic abnormalities
on gene expression are studied at only one scheduled
time each day. The effects of obese diabetes on the
hepatic mRNA expression of several clock genes were
observed only at their peak times (Ando ef al, 2006).
Therefore, differences in timing among experiments may
lead to diverse results, especially for genes that are
expressed rhythmically. Additional studies are needed
to clarify the pathophysiological roles of these effects in
obese diabetes.
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