
Abstract. Overexpression of regucalcin has been shown to
enhance glucose utilization and lipid production in the cloned
rat hepatoma H4-II-E cells in vitro, and it induces insulin
resistance. The effect of regucalcin on the gene expression of
insulin signaling-related proteins was investigated in the
cloned rat hepatoma H4-II-E cells overexpressing regucalcin
in vitro. The hepatoma cells (wild-type) and stable regucalcin/
pCXN2-transfected cells (transfectants) were cultured for 72 h
in a medium containing 10% fetal bovine serum (FBS) to
obtain subconfluent monolayers. Cells with subconfluency
were cultured for 24, 48, or 72 h in a medium containing either
vehicle or insulin (10-9-10-7 M) with or without supplemen-
tation of glucose (10, 25, or 50 mg/ml of medium). The
expression of rat insulin receptor (Insr), phosphatidylinositol
3-kinase (PI3K), glucose transporter 2 (GLUT 2), or glycero-
aldehyde-3-phosphate dehydrogenase (G3PDH) mRNAs was
examined using reverse transcription-polymerase chain
reaction analysis with specific primers. GLUT 2 mRNA
expression was significantly increased in the transfectants,
while Insr, PI3K, and G3PDH mRNA levels were not
significantly changed in the transfectants. Culture with insulin
(10-8 or 10-7 M) caused a significant increase in PI3K mRNA
levels in wild-type cells cultured for 24 or 48 h, while it had
no effect on Insr mRNA levels. The supplementation of
glucose (10, 25, or 50 mg/ml) caused a significant increase in
Insr and PI3K mRNA levels in wild-type cells. The effect of
insulin or glucose supplementation on these gene expression
levels was not seen in the transfectants. The combination of
insulin (10-7 M) and glucose (50 mg/ml) caused a significant
increase in Ins and PI3K mRNA levels in wild-type cells.
Such an effect was not seen in the transfectants. Culture with

insulin or glucose supplementation failed to have a significant
effect on GLUT2 and G3PDH mRNA levels in the wild-type
cells or transfectants. This study demonstrates that over-
expression of regucalcin suppresses the enhancing effect of
insulin or glucose on the gene expression of insulin signaling-
related proteins in the cloned rat hepatoma H4-II-E cells.

Introduction

The gene of regucalcin, which was found as a novel Ca2+-
binding protein not including the EF-hand motif (1-4), is
highly conserved in vertebrate species (4,5). Regucalcin
genes are localized on chromosome X (6,7). The expression
of regucalcin mRNA is mediated through a Ca2+-signaling
mechanism which is involved in transcriptional factors
(including AP-1, NF1-A1, and RGPR-p117) for the enhance-
ment of regucalcin gene promoter activity (8-11).

Regucalcin has been demonstrated to play a multi-
functional role as a regulatory protein in the intracellular
signaling process in many cell types (reviewed in refs. 12-14).
Regucalcin plays a role in the maintenance of intracellular
Ca2+ homeostasis, the inhibitory regulation of various Ca2+-
dependent protein kinases, tyrosine kinases, cytosolic protein
synthesis, nuclear DNA and RNA syntheses in many cell
types (12-14). In addition, regucalcin has an activatory effect
on Ca2+-ATPase (calcium pump enzymes), proteolysis
(protease), and superoxide dismutase in cells (14-16).
Regucalcin has been shown to have suppressive effects on
cell proliferation (17,18) and apoptotic cell death (19,20).
Thus, regucalcin plays a pivotal role in maintaining cell
homeostasis and function (14). 

Regucalcin transgenic rats have been generated to
determine the physiologic role of endogenous regucalcin
in vivo (21). These animals have been found to manifest
bone loss (22) and hyperlipidemia (23), suggesting the patho-
physiologic role of regucalcin, although the mechanisms
have not been fully determined.

Overexpression of regucalcin has been shown to enhance
glucose utilization and lipid production in the cloned rat
hepatoma H4-II-E cells in vitro, and to induce insulin
resistance in the cells (24). This study was undertaken to
determine whether overexpression of regucalcin has an
inhibitory effect on gene expression of insulin signaling-
related proteins in the cloned rat hepatoma H4-II-E cells
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in vitro. We found that overexpression of regucalcin had a
suppressive effect on the enhancement of Insr and PI3K
mRNA expression in the H4-II-E cells cultured with insulin
or glucose supplementation.

Materials and methods

Chemicals. α-Minimal essential medium (α-MEM) and
penicillin-streptomycin (5,000 U/ml penicillin: 5,000 μg/ml
streptomycin) were obtained from Gibco Laboratories (Grand
Island, NY). Fetal bovine serum (FBS) and insulin were
obtained from Sigma Chemical Co., (St. Louis, MO). Glucose
and additional chemicals were purchased from Wako Pure
Chemicals (Osaka, Japan). The reagents used were dissolved
in distilled water, and certain reagents were passed through
ion exchange resin to remove metal ions.

Regucalcin transfectants. Regucalcin transfectants, which
overexpressed regucalcin in the cloned rat hepatoma H4-II-E
cells, were used in these experiments as previously reported
(25). The cDNA encoding rat regucalcin was isolated and
cloned into the pBluescript vector (4). The regucalcin cDNA
contains PstI site downstream of the translational stop codon,
and a PstI site and an EcoRI upstream of the regucalcin
cDNA. The EcoRI fragment (containing the complete
coding cDNA) was cloned into the EcoRI site of the pCXN2
expression vector. The resultant plasmid was designated as
regucalcin/pCXN2 (25). 

For transient transfection assay, the H4-II-E cells were
grown on 35-mm dishes to ~70% confluence. Each regucalcin/
pCXN2 and pCXN2 vector alone was transfected into the
H4-II-E cells using the synthetic cationic lipid component,
Tfx-20 reagent, according to the manufacturer's instructions
(Promega, Madison WI). After 24 h, neomycin (1.0 mg/ml
Geneticin G418, Sigma) was added to the cultures for
selection, and cells were plated at a limiting dilution. Multiple
surviving clones were isolated, transferred to 35-mm dishes,
and grown in the medium without neomycin. We confirmed
that regucalcin was stably expressed in the transfectants
using Western blot analysis for regucalcin protein levels (25).
For the experiments, the transfectants were cultured for 72 h
in α-MEM containing 10% FBS.

Cell culture. The cloned rat hepatoma H4-II-E cells and
transfectants of H4-II-E cells (1.0x105) were maintained for
72 h in α-MEM supplemented with 50 U/ml penicillin and
50 μg/ml streptomycin in humidified 5% CO2/95% air at
37˚C to obtain subconfluent monolayers (25). For the
experiments, cells were cultured for 24-72 h in medium
containing either vehicle or insulin with or without glucose
supplementation in the absence of FBS. After culture, the
medium was pooled, and then cells were washed three times
with phosphate-buffered saline (PBS).

Determination of specific mRNA by RT-PCR. Total RNAs
were prepared as described previously (26). After culture,
cells were washed three times with ice-cold PBS, and then
cells were homogenized in buffer solution containing 4 M
guanidinium thiocyanate, 24 mM sodium citrate (pH 7.0),
0.5% sarcosyl, and isoamyl alcohol, and the phases were

separated by centrifugation at 10,000 x g for 20 min at 4˚C.
RNA located in the aqueous phase was precipitated with
isopropanol at -20˚C. RNA precipitates were pelleted by
centrifugation, and the pellets were redissolved in diethyl
pyrocarbonate-treated water.

RT-PCR was preformed with a Titan™ One Tube RT-
PCR kit (Roche Molecular Biochemicals) as recommended
by the supplier. Primers for amplification of rat insulin receptor
(Insr) cDNA were: 5'-TCCCCTGGATCCCATATCAG-3'
(sense strand, positions 2226-2245 of cDNA sequence) and
5'-GGAGCTTCAGCCCTTTGAGA-3' (antisense strand,
positions 2395-2414) (27). The pair of oligonucleotide primers
was designed to amplify a 189-bp sequence from the mRNA
of rat Insr.

Primers for amplification of rat phosphatidylinositol 3-
kinase (PI3K) cDNA were: 5'-GATGTGGCTGACGCAGA
AAG-3' (sense strand, positions 669-688 of cDNA sequence)
and 5'-CTCGTTTCCCTCGCAATAGG-3' (antisense strand,
positions 853-872) (28). The pair of oligonucleotide primers
was designed to amplify a 204-bp sequence from the mRNA
of rat PI3K.

Primers for amplification of rat glucose transporter 2
(GLUT 2) cDNA were: 5'-TTCATGTCGCTGGGACTGGT-3'
(sense strand, position 1246-1265 of cDNA sequence) and
5'-CCACCCCAGCAAAAAGGAAG-3' (antisense strand,
positions 1500-1519) (29). The pair of oligonucleotide primers
was designed to amplify a 274-bp sequence from the mRNA
of rat GLUT 2. 

For semi-quantitative PCR, G3PDH was used as an internal
control to evaluate total RNA input. Primers for amplification
of G3PDH cDNA were, 5'-GATTTGGCCGTATCGGA
CGC-3' (sense strand) and 5'-CTCCTTGGAGGCCATGT
AGG-3' (antisense strand). The pair of oligonucleotide primers
was designed to amplify a 977-bp sequence from the mRNA
of rat G3PDH.

RT-PCR was performed using a reaction mixture (20 μl)
containing 2 μg of total RNAs, the supplied RT-PCR buffer,
Titan™ enzyme mix (AMV and Expand™ High Fidelity),
0.2 mM dNTP, 5 mM dithiothreitol, 5 U RNase inhibitor, and
0.3 μM primers. Samples were incubated at 50˚C for 30 min,
and then amplified for 30 cycles under the following
conditions: denaturation for 30 sec at 94˚C, annealing for
30 sec at 56˚C, and extension for 60 sec at 62˚C. The
amplified products were separated by electrophoresis on a
1.5% agarose gel and visualized by ethidium bromide
staining. Image density was quantified with a FluoroImager
SI (Amersham Biosciences, Piscataway, NJ).

Statistical analysis. Data are expressed as the mean ±
standard error of the mean (SEM). Statistical differences
were analyzed using the Student's t-test. P-values <0.05 were
considered to indicate statistically significant differences.
Also, we used an ANOVA multiple comparison test to
compare the treatment groups.

Results

Change in gene expression of insulin signaling-related
proteins in H4-II-E cells overexpressing regucalcin. The
cloned rat hepatoma H4-II-E cells (wild-type) and stable
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regucalcin/pCXN2-transfected cells (transfectants) were
cultured for 72 h in a medium containing 10% FBS to obtain
subconfluent monolayers. Cells with subconfluency were
further cultured for 24, 48 or 72 h in a medium without FBS.
GLUT 2 mRNA expression was significantly increased in the
transfectants cultured for 72 h (Fig. 1C). The expression of
insulin receptor (Insr), phosphatidylinositol 3-kinase (PI3K),

and G3PDH mRNAs was not significantly changed in the
transfectants (Fig. 1A, B, and D).

Effect of insulin on gene expression of insulin signaling-
related proteins in H4-II-E cells overexpressing regucalcin.
The wild-type cells and the transfectants with subconfluency
were cultured for 24, 48, or 72 h in a medium containing either
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Figure 1. Change in insulin receptor (Insr) (A), phosphatidylinositol 3-kinase (PI3K) (B), glucose transporter 2 (GLUT 2) (C), or G3PDH (D) mRNA
expression in cloned rat hepatoma H4-II-E cells overexpressing regucalcin. Wild-type (W) or regucalcin/pCXN2-transfected cells (T) were cultured for 72 h
in a medium containing FBS (10%) to obtain subconfluent monolayers. After medium change, cells with subconfluency were cultured for 24, 48, and 72 h in
medium without FBS. The figure shows one of four experiments with separate samples. The densitometric data for mRNA levels were indicated as % of the
control (none) of wild-type cells (mean ± SEM of four experiments). *p<0.01 compared with the value of wild-type cells.

Figure 2. Effect of insulin on insulin receptor (Insr) (A) or phosphatidylinositol 3-kinase (PI3K) (B) mRNA expression in the cloned rat hepatoma H4-II-E
cells (wild-type; W) or regucalcin/pCXN2-transfected cells (T). Cells were cultured for 72 h in medium containing FBS (10%) to obtain subconfluent
monolayers. After medium change, cells with subconfluency were cultured for 24, 48, and 72 h in medium containing either vehicle or insulin (10-7 M). The
figure shows one of four experiments with separate samples. The densitometric data for mRNA levels were indicated as % of the control (none) of wild-type
cells (mean ± SEM of four experiments). *p<0.01, compared with the control (none) value.
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vehicle or insulin (10-7 M) without FBS. Culture with insulin
caused a significant increase in PI3K mRNA expression in the
wild-type cells cultured for 24 and 48 h (Fig. 2B). This
increase was not seen in the transfectants. Insr mRNA
expression was not significantly changed in the wild-type
cells or transfectants cultured in the presence of insulin
(10-7 M) (Fig. 2A). In addition, culture with insulin (10-7 M)

failed to have a significant effect on GLUT 2 and G3PDH
mRNA expression in the wild-type cells and transfectants
(Fig. 3). The effect of increasing concentrations of insulin on
the expression of Insr, PI3K, GLUT 2, or G3PDH mRNAs in
H4-II-E cells cultured for 48 h was examined (Fig. 4). The
expression of PI3K mRNA in the wild-type cells was signifi-
cantly increased with 10-8 or 10-9 M of insulin (Fig. 4B). This
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Figure 3. Effect of insulin on glucose transporter 2 (GLUT 2) (A) or G3PDH (B) mRNA expression in the cloned rat hepatoma H4-II-E cells (wild-type; W)
or regucalcin/pCXN2-transfected cells (T). Cells were cultured for 72 h in medium containing FBS (10%) to obtain subconfluent monolayers. After medium
change, cells with subconfluency were cultured for 24, 48, and 72 h in medium containing either vehicle or insulin (10-7 M). The figure shows one of four
experiments with separate samples. The densitometric data for mRNA levels were indicated as % of the control (none) of wild-type cells (mean ± SEM of
four experiments). Data were not significant.

Figure 4. Effect of insulin on insulin receptor (Insr) (A), phosphatidylinositol 3-kinase (PI3K) (B), glucose transporter 2 (GLUT 2) (C), or G3PDH (D) mRNA
expression in the cloned rat hepatoma H4-II-E cells (wild-type; W) or regucalcin/pCXN2-transfected cells (T). Cells were cultured for 72 h in a medium
containing FBS (10%) to obtain subconfluent monolayers. After medium change, cells with subconfluency were cultured for 24 h in medium containing either
vehicle or insulin (10-9-10-7 M). The figure shows one of four experiments with separate samples. The densitometric data for mRNA levels were indicated as
% of the control (none) of wild-type cells (mean ± SEM of four experiments). *p<0.01, compared with the control (none) value.
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increase was not seen in the transfectants. The expression of
Insr, GLUT 2, and G3PDH mRNAs in the wild-type cells or
transfectants was not significantly changed in the presence of
insulin (10-9-10-7 M).

Effect of glucose supplementation on gene expression of
insulin signaling-related proteins in H4-II-E cells over-

expressing regucalcin. The wild-type cells and transfectants
with subconfluency were cultured for 48 h in a medium
containing either vehicle or glucose (10, 25, or 50 mg/ml of
medium) without FBS. Supplementation of glucose (10, 25,
or 50 mg/ml) caused a significant increase in Insr and PI3K
mRNA levels in the H4-II-E wild-type cells (Fig. 5A and B).
These increases were not observed in the transfectants. The
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Figure 5. Effect of glucose on insulin receptor (Insr) (A) phosphatidylinositol 3-kinase (PI3K) (B), glucose transporter 2 (GLUT 2) (C), or G3PDH (D)
mRNA expression in the cloned rat hepatoma H4-II-E cells (wild-type; W) or regucalcin/pCXN2-transfected cells (T). Cells were cultured for 72 h in a
medium containing FBS (10%) to obtain subconfluent monolayers. After medium change, cells with subconfluency were cultured for 24 h in medium with or
without supplementation of glucose (10, 25, and 50 mg/ml of medium). The figure shows one of four experiments with separate samples. The densitometric
data for mRNA levels were indicated as % of the control (none) of wild-type cells (mean ± SEM of four experiments). *p<0.01, compared with the control
(none) value.

Figure 6. Effect of glucose on insulin receptor (Insr) (A) phosphatidylinositol 3-kinase (PI3K) (B), glucose transporter 2 (GLUT 2) (C), or G3PDH (D)
mRNA expression in the cloned rat hepatoma H4-II-E cells (wild-type; W) or regucalcin/pCXN2-transfected cells (T). Cells with subconfluency were
cultured 24 h in medium containing either vehicle or insulin (10-7 M) with or without supplementation of glucose (50 mg/ml of medium). The figure shows
one of four experiments with separate samples. The densitometric data for mRNA levels were indicated as % of the control (none) of wild-type cells (mean ±
SEM of four experiments). *p<0.01 compared with the control (none) value.
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expression of GLUT 2 and G3PDH mRNAs was not signifi-
cantly changed in the wild-type cells or transfectants (Fig. 5C
and D).

Effects of insulin and glucose on gene expression of insulin
signaling-related proteins in H4-II-E cells overexpressing
regucalcin. The effects of the combination of insulin and

glucose supplementation on gene expression in the H4-II-E
wild-type cells and transfectants were examined. Cells with
subconfluency were cultured for 24, 48, or 72 h in a medium
containing either vehicle, insulin (10-7 M), glucose (50 mg/ml
of medium), or insulin (10-7 M) plus glucose (50 mg/ml).
Culture with insulin or glucose for 24 h caused a significant
increase in Insr and PI3K mRNA expression in the wild-type
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Figure 7. Effect of insulin on insulin receptor (Insr) (A) phosphatidylinositol 3-kinase (PI3K) (B), glucose transporter 2 (GLUT 2) (C), or G3PDH (D) mRNA
expression in the cloned rat hepatoma H4-II-E cells (wild-type; W) or regucalcin/pCXN2-transfected cells (T). Cells with subconfluency were cultured 48 h in
a medium containing either vehicle or insulin (10-7 M) with or without supplementation of glucose (50 mg/ml of medium). The figure shows one of four
experiments with separate samples. The densitometric data for mRNA levels were indicated as % of the control (none) of wild-type cells (mean ± SEM of
four experiments). *p<0.01 compared with the control (none) value.

Figure 8. Effect of insulin on insulin receptor (Insr) (A) phosphatidylinositol 3-kinase (PI3K) (B), glucose transporter 2 (GLUT 2) (C), or G3PDH (D) mRNA
expression in the cloned rat hepatoma H4-II-E cells (wild-type; W) or regucalcin/pCXN2-transfected cells (T). Cells with subconfluency were cultured 72 h in
a medium containing either vehicle or insulin (10-7 M) with or without supplementation of glucose (50 mg/ml of medium). The figure shows one of four
experiments with separate samples. The densitometric data for mRNA levels were indicated as % of the control (none) of wild-type cells (mean ± SEM of
four experiments). Data were not significant.
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cells (Fig. 6A and B). However, the presence of insulin and
glucose failed to have a more potent effect on the expression
levels of these genes in the wild-type cells. Culture with
insulin and glucose for 48 h caused a significant increase in
Insr RNA levels in the wild-type cells, although the gene
expression was not significantly changed in the presence of
insulin or glucose alone (Fig. 7A). PI3K mRNA levels were
significantly increased in the wild-type cells cultured for 48 h
in the presence of insulin alone or insulin plus glucose
(Fig. 7B). These increases were not observed in the trans-
fectants (Fig. 7A and B). Culture with insulin, glucose, or
insulin plus glucose for 72 h had no significant effect on the
expression of Insr, PI3K, GLUT 2, and G3PDH mRNAs in
the wild-type cells or the transfectants (Fig. 8). The cell
response to insulin on glucose supplementation appeared to
be weakened in the cloned rat hepatoma H4-II-E cells
cultured for 72 h. The expression of GLUT 2 and G3PDH
mRNA levels was not significantly changed in the wild-type
cells or transfectants cultured for 24, 48, or 72 h in the
presence of insulin, glucose, or insulin plus glucose (Figs. 6-8).

Discussion

Hyperlipidemia is induced in regucalcin transgenic rats with
increasing age (23). Overexpression of regucalcin has been
shown to enhance glucose utilization and lipid production in
cloned rat hepatoma H4-II-E cells, and to induce insulin
resistance in the cells (24). Previous studies have shown that
insulin resistance may be modeled in H4-II-E liver cells in
tissue culture with the use of the cytokine tumor necrosis
factor-α (TNF-α) and insulin (30). From the proteome of H4-
II-E cells exposed to insulin and TNF-α, it has been proposed
that regucalcin has a role associated with proteins which are
involved in insulin resistance (31). This was confirmed by
our previous observations that overexpression of regucalcin
plays a role in inducing insulin resistance in H4-II-E cells
(24).

The present study was undertaken to determine whether
overexpression of regucalcin has an inhibitory effect on gene
expression of insulin signaling-related proteins in the cloned
rat hepatoma H4-II-E cells in vitro. We determined the
expression of Insr, PI3K, and GLUT 2 mRNAs in the cloned
rat hepatoma H4-II-E cells overexpressing regucalcin using
RT-PCR analysis. Overexpression of regucalcin was found to
enhance GLUT 2 mRNA in H4-II-E cells, although it failed
to have a significant effect on Insr, PI3K, or G3PDH mRNA
expression in the cells cultured in the absence of insulin. The
expression of GLUT 2 mRNA in transfectants may be partly
involved in the enhancement of glucose utilization in the H4-
II-E cells overexpressing regucalcin (24).

Overexpression of regucalcin was found to have a
suppressive effect on the expression of Insr or PI3K mRNAs
enhanced after culture with insulin, glucose supplementation,
or insulin plus glucose addition. These results suggest that
overexpression of regucalcin suppresses gene expression of
insulin signaling-related proteins. This suggests that over-
expression of regucalcin induces insulin resistance in the
cloned rat hepatoma H4-II-E cells in vitro. Meanwhile, the
mRNA expression of acetyl-CoA carboxylase, HMG-CoA
reductase, glucokinase, and pyruvate kinase, which are

related to glucose and lipid metabolism in liver cells, in the
cloned rat hepatoma H4-II-E cells was not significantly
changed after culture with or without glucose supplementation
in the presence of insulin (24). The suppressive effect of
regucalcin on Insr and PI3K mRNA expression may be
important in inducing insulin resistance in the cloned rat
hepatoma H4-II-E cells overexpressing regucalcin.

Regucalcin transgenic rats have been shown to induce a
remarkable increase in lipid components in serum (23). The
mechanism is unknown, however. A decrease in lipid
component and glycogen in the liver tissues has been found
in regucalcin transgenic rats in vivo (32). Overexpression of
regucalcin has been shown to enhance glucose utilization and
lipid production in the cloned rat hepatoma H4-II-E cell
model in vitro, and to regulate the effect of insulin in the
cells (24). In addition, overexpression of regucalcin was
found to have a suppressive effect on gene expression of Insr
and PI3K mRNAs which are related to insulin signaling in
liver cells. It has been speculated that the regulatory effect of
regucalcin in liver tissues, which is related to insulin
signaling, is partly involved in hyperlipidemia induced in
regucalcin transgenic rats.

In conclusion, it has been demonstrated that over-
expression of regucalcin has a suppressive effect on insulin
receptor (Insr) and PI3K mRNA expression which are
involved in insulin signaling in the cloned rat hepatoma
H4-II-E cells.
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