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Purpose. The objective of this study was to examine glucose-
modulated reporter gene expression via recombinant adeno-
associated viral vectors both in vitro and in vivo.
Methods. Huh7 human hepatoma cells were transduced by recombi-
nant adeno-associated virus (rAAV) vectors containing the luciferase
gene under control of the rat insulin I gene promoter and a cytomeg-
alovirus immediate-early promoter driving-enhanced green fluores-
cence protein gene. The reporter gene expression was evaluated by
glucose stimulation either in the absence or presence of insulin se-
cretagogues, including phorbol-12-myristate-13-acetate, dibutyryl cy-
clic AMP, and forskolin. In vivo studies were performed by injecting
rAAV into the livers of streptozotocin-induced diabetic C57BL/6J
mice followed by measurements of blood glucose concentration and
luciferase activity assays 2 weeks after rAAV injection.
Results. At a multiplicity of infection of 500, approximately 66–69%
of cells expressed enhanced green fluorescence protein at 48 h post-
transduction. Luciferase activities, driven by the insulin gene pro-
moter, in the rAAV-transduced hepatoma cells responded to milli-
molars of glucose. The addition of phorbol-12-myristate-13-acetate,
dibutyryl cyclic AMP, and forskolin increased luciferase expression in
the presence of either 1 mM or 25 mM glucose. The stimulation of
luciferase activities by these substances was inhibited by the presence
of 100 nM staurosporine. Exposure to increments of exogenous in-
sulin up to 10−7 M inhibited luciferase gene expression in rAAV-
transduced Huh7 cells. The in vivo experiments demonstrated good
correlation between luciferase activities and blood glucose levels in
streptozotocin-induced diabetic animals.
Conclusion. rAAV is a promising vector for hepatic gene therapy for
diabetes. Glucose and insulin secretagogues modulated transgene ex-
pression in rAAV-transduced hepatoma cells, suggesting that condi-
tions affecting insulin gene promoter function in pancreatic islet beta
cells also affect transgene expression in human hepatoma cells con-
ferred with insulin gene promoter. Results obtained from in vivo
experiments demonstrated that glucose modulated transgene expres-
sion can be obtained in rAAV-treated diabetic C57BL/6J mice.
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INTRODUCTION

Insulin delivery presents a challenge because physiologi-
cally responsive insulin therapy for Type I diabetes requires
insulin levels to be maintained within a therapeutic range and
to respond to environmental hormonal and nutritional
changes (1–3). It is known that insulin secretion from pancre-
atic beta cells primarily is controlled by circulating glucose

levels: The beta cells sense glucose concentration through the
5�-flanking sequence of the insulin gene by detecting the lev-
els of the products of glucose catabolism (4,5). Glucose re-
sponsiveness in the millimolar concentration range is an im-
portant criterion in engineering surrogate beta cells for insu-
lin replacement, and attempts have been directed toward
generating clonal islet beta-cell lines (6–8). Over time, how-
ever, these cells in culture exhibit either reduced insulin pro-
duction or a loss of responsiveness to physiological glucose
stimulation (9). Efforts using engineered non-beta cells, such
as muscle cells or hepatocytes, have therefore been made to
produce insulin for the treatment of diabetes mellitus (10–15).
Hepatocytes especially have been widely used for studying
gene therapy for diabetes because of their ability to synthe-
size and secrete a wide variety of enzymes that are involved in
glucose metabolism. To regulate the secretion of insulin,
these non-beta cells often need to be engineered to express
the insulin gene under the control of a regulatable promoter
(14–17). In an attempt to couple insulin levels to glucose con-
centrations, efforts have also been made to bioengineer insu-
lin-producing cells through, for example, transfecting insulin-
producing hepatoma cells with the glucose transporter
GLUT2 (12), overexpressing RINm5F cells with glucokinase
(18), or using glucose- and insulin-sensitive promoters (19).
Most gene transfer experiments performed in these studies
used non-viral techniques, which are often less efficient than
virus-mediated methods.

Adeno-associated virus (AAV) is a 4.7-kb single-
stranded, non-pathogenic human parvovirus. Wild-type AAV
infects a wide variety of mammalian cells, including both di-
viding and non-dividing cells, without any recognized patho-
genicity (20–23). Unlike adenovirus vectors, AAV does
not induce serious immune response. Recombinant AAVs
(rAAVs), derived from AAV in which the viral genes are
replaced by the desired genes of interest and flanked by the
inverted terminal repeats, are being developed as a promising
gene delivery system (22,23). In a previous study, an rAAV
vector was constructed containing the luciferase gene under
control of the 410-bp rat insulin I gene promoter and an en-
hanced green fluorescence protein (EGFP) gene driven by
the cytomegalovirus immediate-early promoter, and glucose-
responsive luciferase gene expression was demonstrated in
rAAV-transduced �HC9 pancreatic islet cells (24).

Type I, or insulin-dependent diabetes mellitus, results
from autoimmune destruction of insulin-producing pancreatic
islet cells. Gene therapy for insulin-dependent diabetes mel-
litus, therefore, would be most desirable if insulin production
could be obtained from extra-pancreatic sources. At the same
time, glucose-induced insulin secretion from the pancreatic
islet beta cells is a highly regulated process controlled not
only by the glucose concentration but also by the signal trans-
duction crosstalk in the endocrine system (25). For example,
cyclic adenosine monophosphate (cAMP), a second messen-
ger produced in the cells in response to hormones and nutri-
ents, also regulates insulin gene transcription.

In the present study, we examined the feasibility of ob-
taining glucose-modulated transgene expression in Huh7 hu-
man hepatoma cells via the rAAV-mediated route. To ex-
plore the effects of cAMP-dependent signaling pathway on
the insulin promoter-driving luciferase gene in rAAV-
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transduced Huh7 cells, the effect on regulated transgene ex-
pression by a number of substances that are secretagogues for
normal islet beta-cells, including phorbol 12-myristate 13-
acetate (PMA), dibutyryl cyclic adenosine monophosphate
(dbcAMP), and forskolin were also examined. We found that
glucose-modulated transgene expression can be obtained in
rAAV-transduced human hepatoma cells conferred with the
insulin gene promoter. To further examine glucose modu-
lated transgene expression in vivo, the rAAV vector,
rAAV.Ins.Luc.�EGFP, was administered into the livers of
streptozotocin (STZ)-induced diabetic C57BL/6J mice. At 2
weeks after viral injection, livers of the animals were har-
vested and extracted. The luciferase activities determined
were shown to correlate well with the animal blood glucose
levels. The results presented in this study suggested the po-
tential of treating diabetes mellitus by gene therapy via re-
combinant adeno-associated viral vectors.

MATERIALS AND METHODS

Materials

PMA, dibutyryl cyclic adenosine monophosphate
(dbcAMP), forskolin, staurosporine, and insulin were pur-
chased from Sigma Chemical Co. (St. Louis, Missouri). All
cell culture materials were obtained from Life Technologies
(Gaithersburg, Maryland).

Cell Culture

Huh7 human hepatoma cells were grown in Dulbecco’s
modified Eagle medium (DMEM) (GIBCO/BRL, Gaithers-
burg, Maryland), supplemented with non-essential amino ac-
ids, 10% fetal bovine serum, 100 U/mL penicillin, 100 �g/mL
streptomycin, and 0.25 �g amphotericin B/mL. Cells were
maintained in an atmosphere of 95% humidity and 5% CO2

at 37°C.

Preparation and Titration of rAAV

The rAAV.Ins.Luc.�EGFP vector was derived from
AAV-type 2 (24). This construct contains the luciferase gene
under control of rat insulin I gene promoter and the EGFP
gene driven by the cytomegalovirus immediate-early pro-
moter, which were placed in series between the AAV in-
verted terminal repeats. The production of rAAV stocks was
performed as previously described by calcium phosphate-
mediated co-transfection of HeLa cells with the packaging
plasmid (24,26), followed by infection with adenovirus 5 at an
multiplicity of infection (MOI) of 10. The crude virus stocks
were double purified by isopycnic ultracentrifugation on CsCl
gradient.

The genomic titers in each fraction of the rAAV stocks
were serially diluted in 0.5 M NaOH, incubated at 65°C, and
dot-blotted onto a nylon membrane. Blots were probed with
[�-32P]-dCTP-labeled DNA probes prepared using the ran-
dom primer DNA labeling method (Life Technologies). The
signal intensities of the viral fraction on the autoradiograph
were compared with that of the standard plasmid and used to
calculate the rAAV vector titers.

Transduction of Human Hepatoma Cells with the
rAAV Vectors

To examine the capability of rAAV-transduced hepato-
ma cells to respond to the stimulation of glucose and the
insulin secretagogues, Huh7 cells were plated at 1 × 105 cells/
well in 12-well plates and infected with rAAV vectors in a
final volume of 100 �L. After 2 h of incubation, 1 mL of
complete medium was added. Twenty-four hours later, the
medium was removed and replaced with glucose-free medium
containing the desired concentrations of glucose and various
test substances such as PMA, dbcAMP, forskolin, or insulin.
To examine the inhibition effect, staurosporine was added 30
min before addition of the test agents. Mock-infected cultures
served as controls. Cells were routinely examined under a
Zeiss Axiovert 100TV fluorescence microscope/MC80DX.
Unless otherwise indicated, cells were harvested at 48 h post-
transduction for analysis of the reporter gene expression.

Kinetics of Glucose-Stimulated Luciferase Expression

To determine the kinetics of glucose-modulated lucifer-
ase expression driven by the insulin gene promoter, approxi-
mately 1 × 105 Huh7 human hepatoma cells were plated per
well in 12-well plates and infected with rAAV at an MOI of
500. Cells were then incubated in glucose-free medium.
Twenty-four hours later, fresh medium containing 25 mM
glucose was added to stimulate luciferase expression. Cells
from triplicate wells were harvested at different time points
for up to 48 h and lysed in the cell lysis buffer, followed by
luciferase activity assays.

FACS Analysis of EGFP Gene Expression

For detection of EGFP expression in the rAAV-
transduced Huh7 cells, cells in 12-well plates were trypsinized,
washed with phosphate-buffered saline (PBS), resuspended
in PBS, and analyzed by a FACSCalibur flow cytometer (Bec-
ton Dickinson Immunocytometry System, San Jose, Califor-
nia), using 488 nm excitation source and 530/30-nm band-pass
filter set. A total of 20,000 cells were counted. Data acquisi-
tion and analysis were performed by the CellQuest program.

In Vivo Studies

Animal studies were performed on male C57BL/6J mice
at 6–8 weeks of age. To obtain various blood glucose levels,
animals were injected intraperitoneally with varying doses
(0–200 mg) of STZ (5 mg/mL dissolved in 50 mM citrate
buffer, pH 4.5), or mock treated with 0.9% NaCl. Blood glu-
cose concentrations of the animals were determined after
6 h of fasting with a One-Touch II portable blood glucose
monitor (LifeScan Inc., Milpitas, California). Forty-eight
hours after STZ treatment, animals were anesthetized by in-
traperitoneal injection with chloral hydrate at 400 mg/kg body
weight followed by abdominal incision. Recombinant
AAV.Ins.Luc.�EGFP was delivered to the liver of mice by a
single injection of 2 × 1010 rAAV particles in a volume of 200
�L using a 1-mL syringe and 30-gauge needle, and the wound
was sutured for recovery. Animals were routinely monitored
for changes in weight and blood glucose levels. For the time-
course studies, animals with blood glucose levels within 200–
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300 mg/dL were selected at random and sacrificed at the des-
ignated time points, and the livers were harvested and ho-
mogenized for luciferase activity assays. To examine glucose-
modulated transgene expression in vivo, experiments were
performed on the 14th day post-viral injection by grouping
the animals into three blood glucose ranges: <100, 100–200,
and 200–300 mg/dL glucose. Blood glucose levels were deter-
mined after 6 h of fasting. Animals were sacrificed followed
by luciferase activity assays of the liver extracts.

Luciferase Activity Assays

Luciferase activities were determined using the Lucifer-
ase Reporter Assay System (Promega, Madison, Wisconsin).
Briefly, the rAAV-transduced cells in each well were washed
with PBS and lysed with 100 �L of lysis buffer. For in vivo
studies, livers were homogenized with approximately two vol-
umes of chilled lysis buffer and cleared by centrifugation. The
extracts were stored at −80°C before assay. For luciferase
activity assays, 20 �L of the cell or tissue extracts were com-
bined with 100 �L of luciferase assay buffer. Emitted light
was measured for 6 s in a Packard Microplate Scintillation &
Luminescence Counter (Meriden, Connecticut). The protein
concentration in the cell lysate was determined using Bio-Rad
DC Protein Assay Reagents (Bio-Rad Laboratories). Lucif-
erase activities were expressed as counts per second and were
normalized by total protein concentrations.

Statistical Analysis

Results are presented as the means ± standard deviation
(SD); data were analyzed with either one-way analysis of vari-
ance (ANOVA) or Student’s t test. In conjunction with
ANOVA, all pairwise multiple comparison procedure by the
Student–Newman–Keuls method was used with a significance
level of 0.05.

RESULTS

Glucose competence, a metabolic state that enables the
glucose-signaling system to respond to glucose (25), is an im-
portant criteria for the design of insulin delivery systems. In
the present study, we attempted to evaluate the feasibility of
obtaining glucose competence in the hepatoma cells via
rAAV-mediated gene transfer and to study the modulation of
glucose responsiveness by the insulin secretagogues. To in-
vestigate the glucose responsiveness in vivo, experiments
were performed using STZ-induced diabetic mice.

Time Course of Transgene Expression and the Effect of
rAAV Doses on Transduction Efficiency

To examine the transduction efficiency and the time
course of rAAV-mediated transgene expression, cells were
transduced with rAAV at an MOI of 500 and monitored for
EGFP expression by fluorescence microscopy and flow cy-
tometry. Figure 1A illustrates the time course of EGFP ex-
pression in the rAAV-transduced Huh7 cells by FACS analy-
sis. The expression of EGFP gene in the rAAV-transduced
Huh7 cells could be detected as early as 12 h post-infection
(p.i.) and reached a maximum at 36 to 60 h p.i.. The trans-
duction efficiency of Huh7 cells by rAAV at an MOI of 500,
as determined from flow cytometric analysis, was approxi-

mately 71% at 36 h post-transduction, demonstrating that
rAAV is an efficient vector for delivering the foreign genes
into Huh7 cells. The expression levels were stable up to 60–72
h after virus transduction.

To examine the effect of virus doses on transduction ef-
ficiency, Huh7 cells were infected with varying amounts of
rAAV and harvested at 48 h post-transduction followed by
flow cytometric analysis of EGFP expression. Figure 1B
shows the effect of the rAAV doses on the transduction rates
in the Huh7 cells by FACS analysis, illustrating an increase in
EGFP-expressing cells with increasing MOI. At an MOI of
500, approximately 66% of the cells expressed EGFP. These
results demonstrated the high transduction efficiency of
rAAV in Huh7 human hepatoma cells.

Response of Luciferase Expression to Glucose Stimulation

To determine whether glucose responsiveness can be ob-
tained in rAAV-transduced Huh7 human hepatoma cells,
HeLa cells, serving as the control, and Huh7 hepatoma cells

Fig. 1. (A) Flow cytometric analysis of the percentage of EGFP-
expressing cells by FACS analysis illustrating the time course of
EGFP expression in rAAV-transduced Huh7 cells. (B) Flow cyto-
metric analysis of EGFP expression in Huh7 cells at 48 h post-
transduction showing the dependence of the transduction rate in
Huh7 hepatoma cells on the dose of transducing rAAV particles
(MOI). The percentage of EGFP-expressing cells was calculated by
dividing the number of fluorescent cells measured by flow cytometry
by the total number of cells counted. Each value shown is the mean
± SD for triplicate wells.
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were transduced with rAAV at an MOI of 500. As shown in
Fig. 2, luciferase activity was insensitive to glucose concentra-
tions between 0 and 15 mM in the rAAV-transduced HeLa
cells (Fig. 2A), but responded well to the stimulation of glu-
cose in the rAAV-transduced Huh7 cells within the same
concentration range (Fig. 2B). This glucose dependence was
statistically significant (P < 0.001 by ANOVA). Elevated glu-
cose also promoted a rise in luciferase activities. Maximum
induction of luciferase activity at 8 mM glucose was approxi-
mately 2.2-fold higher than basal activity in the absence of
glucose.

Kinetics of Glucose Stimulation in rAAV-Transduced
Huh7 Cells

Kinetics experiments were performed to determine the
time course of glucose-stimulated luciferase expression in
rAAV-transduced Huh7 cells. Figure 3 shows that an eleva-
tion in luciferase activities occurred as early as 2 h after glu-
cose stimulation, indicating that this is the time required for
transcription and translation of the luciferase gene. Maximal
luciferase activity was obtained at 24 h after the addition of

glucose, and was sustained for up to 36 h after glucose stimu-
lation.

Effect of PMA, dbcAMP, Forskolin, and Staurosporine on
Luciferase Expression, Driven by the Insulin Gene Promoter

To characterize the coupling of glucose responsiveness to
cAMP-dependent signal transduction by insulin secreta-
gogues, rAAV-transduced Huh7 cells were stimulated with
PMA, dbcAMP and forskolin in the presence of either low (1
mM) or high (25 mM) glucose concentration at 24 h post-
transduction, followed by luciferase activity assays 24 h later.

Addition of PMA, a phorbol ester known to stimulate
protein kinase C (PKC) activity (27) from 0 to 100 nM elicited
a concentration-dependent increase in the luciferase activity
in the rAAV-transduced Huh7 cells (Fig. 4A). In the presence
of 1 mM glucose, addition of 100 nM PMA caused a 2-fold
increase in luciferase activity, which was reduced in the pres-
ence of 500 nM PMA. Addition of 25 mM glucose elevated
the luciferase activity of all PMA concentrations tested, but
the stimulating effect of PMA was somewhat less than that at
1 mM glucose. Figure 4B and C illustrate the stimulating
effect of dbcAMP and forskolin on luciferase expression at 1
mM and 25 mM glucose. In the presence of either dbcAMP or
forskolin, an increase in glucose concentration from 1 to 25
mM increased the normalized luciferase activities in the
rAAV-transduced Huh7 cells. Increases in either dbcAMP or
forskolin similarly caused an elevation in luciferase activities.
In the presence of 25 mM glucose, the addition of 1 mM
dbcAMP increased the luciferase activity approximately two-
fold. Forskolin exhibited a smaller stimulating effect in 1 mM
glucose but induced a greater stimulating effect in the pres-
ence of 25 mM glucose. Luciferase activity was enhanced ap-
proximately 2.1-fold in the presence of 50 �M forskolin as
compared to the control cells grown in the absence of the
agent. The stimulating effect of all these substances on lucif-
erase activities were statistically significant (by ANOVA, P <
0.05), indicating that the insulinotropic effect of these sub-

Fig. 2. Effect of glucose concentration on the luciferase expression in
rAAV-transduced (A) HeLa and (B) Huh7 cells. Approximately 1 ×
105 cells/well in 12-well plates were transduced with rAAV at an MOI
of 500. At 24 h post-transduction, cells were subjected to stimulation
of varying concentrations of glucose. At 48 h post-transduction, a
luciferase activity assay was performed. Untreated cells served as the
control. Each value shown is the mean ± SD for triplicate wells.

Fig. 3. Kinetics of glucose stimulated luciferase gene expression in
rAAV-transduced Huh7 cells. Approximately 1 × 105 cells/well in
12-well plates were infected with rAAV at an MOI of 500 and incu-
bated in glucose-free medium. At 24 h post-transduction, fresh me-
dium containing 25 mM glucose was added (zero time point). Cells
were lysed at various intervals as indicated, followed by luciferase
activity assays. Each value shown is the mean ± SD for triplicate
wells.
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stances in pancreatic islet cells can be obtained in hepatoma
cells (28).

To further investigate the modulation of glucose re-
sponse via the protein kinase pathway, rAAV-transduced

cells were pretreated with staurosporine, a potent protein ki-
nase inhibitor, followed by treatment with insulin secreta-
gogues, including PMA, dbcAMP, and forskolin. Addition of
100 nM staurosporine stimulated luciferase activity in the
presence of 25 mM glucose and blocked the stimulatory effect
by PMA, dbcAMP and forskolin (Fig. 5).

The Effect of Insulin on Insulin Gene Promoter Driving
Luciferase Gene Expression

To determine the effect of insulin on insulin promoter-
driving transgene expression, rAAV-transduced Huh7 cells
were subjected to stimulation by both glucose and insulin at
24 h post-transduction. Cells were harvested 24 h later, fol-
lowed by luciferase activity assays. Exposure of rAAV-
transduced Huh7 cells to insulin up to 10−7 M decreased the
luciferase activities at the glucose concentration range tested
(Fig. 6).

In Vivo Studies

Time course studies were performed by injecting STZ-
treated mice with rAAV. Animals were routinely monitored
for weight and blood glucose. Blood glucose levels were de-
termined after 6 h of fasting. Random blood glucose rose
sharply 1 to 2 days after STZ administration. At the desig-
nated time points, animals treated with 150 mg/kg STZ and
exhibiting average blood glucose levels within 200–300 mg/dL
glucose were sacrificed. The luciferase activities in the livers
were determined, which were shown to increase with time up
to the 19th day post-infection (Fig. 7), indicating that 2 weeks
may be sufficient for detecting the luciferase activities in
rAAV-treated mice.

The glucose responsiveness in rAAV-transduced animals
therefore were performed on the 14th day after viral injec-
tion. Treatment of animals with 0–150 mg/kg STZ resulted in
average blood glucose ranging from 85–300 mg/dL. To in-
crease the range of blood glucose concentration, we have
attempted to increase the STZ dose to 200 mg/kg. However,
eight animals made diabetic with 200 mg/kg STZ exhibited
sustained hyperglycemic and died in less than 1 week, which
precluded from further examination. The animals treated
with 0–150 mg/kg STZ thus were partitioned into three ranges
according to their average blood glucose levels: low (<100
mg/dL), medium (100–200 mg/dL), and high (200–300 mg/dL)
glucose. The blood glucose levels of mice in each group were
recorded, and the averages are shown in Fig. 8A. Animals
from each group were sacrificed and the livers were har-
vested, extracted, and analyzed for luciferase activities. The
STZ-induced diabetic mice without rAAV treatment did not
express significant levels of luciferase activities. Figure 8B
shows that luciferase activities in rAAV-treated mice were
elevated, compared with animals without rAAV treatment,
and correlated well with blood glucose concentrations. These
results demonstrated that glucose-modulated transgene ex-
pression can be obtained in rAAV-treated diabetic mice.

DISCUSSION

Glucose metabolism activates a variety of intracellular
signaling pathways and plays a central role in regulating in-
sulin gene transcription. In this study, transduction of Huh7
human hepatoma cells with rAAV carrying the insulin gene

Fig. 4 A–C. Effect of (A) PMA, (B) dbcAMP, and (C) forskolin on
insulin gene promoter driving luciferase expression in rAAV-
transduced Huh7 hepatoma cells in the presence of 1 mM (blank
bars) or 25 mM glucose (hatched bars). Approximately 1 × 105 cells/
well in 12-well plates were infected with rAAV at an MOI of 500.
Twenty-four hours later, fresh medium containing various concentra-
tions of glucose and the stimulating chemicals was added. At 48 h
post-transduction, cells were lysed, followed by luciferase activity and
protein assays. Each value shown is the mean ± SD for triplicate
wells. *, significantly different from all other means within the same
glucose concentration group (P < 0.05 by ANOVA).
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promoter resulted in regulated luciferase expression in re-
sponse to glucose concentration. The transduction efficiency,
as determined from flow cytometric analysis of the EGFP-
expressing cells, demonstrated that rAAV is an efficient vec-
tor for gene delivery to Huh7 cells. Stable transfection of
HepG2ins cells with the glucose transporter GLUT2 was pre-
viously shown to result in glucose-stimulated insulin secretion
and potentiation of the secretory response to non-glucose se-
cretagogue (12). Here, we showed that glucose-responsive
transgene expression can be obtained in hepatoma cells with-
out introduction of glucose transporters, confirming the pre-
vious view that glucose transport is not rate limiting for insu-
lin secretion (4).

The maximum luciferase activity obtained in the rAAV-
transduced Huh7 cells at 8 mM (equivalent to 150 mg/dL)
glucose was approximately 2.2-fold higher than that of the
control cells grown in the absence of glucose (Fig. 2B), which
was in good agreement with levels reported for transfected
HIT-T15 pancreatic islet cells (28,29). The results shown in
Fig. 3 demonstrate that exposure of rAAV transduced Huh7
cells to 25 mM glucose for 2 h resulted in induction of lucif-
erase gene expression, which was much faster than the chlor-
amphenicol acetyl transferase gene expression driven by the
L-pyruvate kinase gene promoter in retrovirus transduced he-
patocytes (shown to be about 8 h after glucose stimulation)

Fig. 6. Effect of exogenous insulin on insulin gene promoter-driving
luciferase expression in rAAV-transduced Huh7 cells. Approxi-
mately 1 × 105 cells/well in 12-well plates were infected with rAAV at
an MOI of 500 and maintained in the glucose-free medium. At 24
post-infection, cells were subjected to stimulation of various concen-
trations of glucose and insulin. Cells were harvested 24 h later, fol-
lowed by luciferase activity assays. Each value shown is the mean ±
SD for triplicate wells. *, significantly different from other means
within the same glucose concentration group (P < 0.05 by student
t-test).

Fig. 5. Effect of staurosporine on luciferase activity in rAAV-transduced Huh7 cells treated with PMA,
dbcAMP, or forskolin in the absence (blank bars) or presence of 100 nM staurosporine (hatched bars).
Approximately 1 × 105 cells/well in 12-well plates were infected with rAAV at an MOI of 500. Twenty-four
hours later, fresh medium containing the desired concentration of glucose and 100 nM staurosporine was
added. PMA, dbcAMP, or forskolin was added 30 min later. At 48 h post-transduction, cells were lysed,
followed by luciferase activity and protein assays. Each value shown is the mean ± SD for triplicate wells. *,
significantly different from other means within the same glucose concentration group (P < 0.05 by student
t-test).
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(10), but was close to the reported times for pancreatic beta
cells, in which induction started about 80–100 min after glu-
cose stimulation (29). The data obtained in the present study
suggest that relatively short-term regulation of insulin gene
transcription by glucose can be obtained in rAAV transduced
Huh7 cells.

Hormonal regulation of glucose-induced insulin secre-
tion from pancreatic islet beta-cells results from complex in-
terplay between glucose metabolism and the second messen-
ger-mediated signaling system. In the present study, addition
of PMA, dbcAMP, and forskolin increased the insulin pro-
moter-driving luciferase expression, in the presence of either
1 mM or 25 mM glucose (Fig. 4). In most cases, co-incubation
of glucose with these agents showed an additive effect. The
phorbol ester PMA is known to directly stimulate protein
kinase C activity. Dibutyryl cAMP (dbcAMP) is a membrane-
permeable cAMP analogue, whereas forskolin is an adenylate
cyclase activator that stimulates insulin gene promoter activ-
ity mediated by protein kinase A (PKA). The modulation of
glucose response by these substances (Fig. 4) demonstrates
the effect of the cAMP-signaling system on metabolic regu-
lation of the insulin promoter (30). The transcriptional re-
sponse to glucose through the insulin promoter is a complex
process and is not fully understood. Cyclic AMP inducibility
of the cAMP response element of rat insulin I gene promoter
was previously shown to be mediated by cAMP response el-
ement-binding proteins or closely related proteins (31), which
increase insulin release through protein phosphorylation by
cAMP-dependent PKA and Ca2+-sensitive diacylglycerol-
dependent PKC (32). In the present study, the presence of
100 nM staurosporine, a protein kinase inhibitor, stimulated
luciferase activity at a high (25 mM) glucose concentration
(Fig. 5), which differed from the observation in the HIT-T15
beta-cells showing opposite effect (28). The reasons for this
discrepancy are unclear. On the other hand, stimulation of
glucose response by PMA, dbcAMP, and forskolin was inhib-

ited in the presence of 100 nM staurosporine, confirming the
role of protein kinases in metabolic regulation of the insulin
promoter. Taken together, our results indicate that regulated
transgene expression can be obtained in rAAV-transduced
hepatoma cells conferred with the insulin gene promoter. The
presence of exogenous insulin in the rAAV-transduced Huh7
cells also inhibited luciferase gene expression (Fig. 6), sug-
gesting that insulin promoter-driving transgene expression in
the hepatoma cells was modulated not only by the glucose
signal transduction system, but also by insulin itself.

Gene therapy for diabetes requires the coordination be-
tween the transgenic insulin production with fluctuated blood
glucose levels. To investigate the in vivo glucose responsive-
ness via viral vectors used in the present study, animal ex-

Fig. 7. Time course of luciferase expression in rAAV-treated diabetic
mice. The animals were injected with 2 × 1010 rAAV particles in a
volume of 200 �L into the livers at 48 h after STZ treatment. At the
desired time points, the animals with blood glucose concentration
ranging from 200 to 300 mg/dL were sacrificed. The livers were har-
vested, extracted, and analyzed for luciferase activities. Results
shown are means ± SD for each time point (n � 3; animals were
made diabetic with 150 mg/kg of STZ) *, luciferase activities were
significantly different from other groups in rAAV-treated mice (P <
0.05 by one-way ANOVA).

Fig. 8. (A) Mean blood glucose concentrations in mock-treated mice
(N), STZ-, and rAAV-treated mice exhibiting low (Lo) blood glucose
(<100 mg/dL), medium (Me) blood glucose (100–200 mg/dL), and
high (Hi) blood glucose (200–300 mg/dl) on the 14th day after rAAV
injection. Each data point represents the contribution of at least three
animals. Results shown are means ± SD for each group (n � 3). (B)
Luciferase activities in the livers of rAAV-treated mice as a function
of blood glucose concentration. Animals were partitioned into three
blood glucose ranges on the 14th day after rAAV injection. Livers
from each group were harvested, extracted, and luciferase activities
were determined. Animals treated with normal saline served as the
control. At least three animals were included in each group for analy-
sis of luciferase activities. Results shown are means ± SD for each
group. *Luciferase activities were significantly different from other
groups of different blood glucose concentration range (P < 0.05 by
one-way ANOVA).
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periments were performed using the STZ-induced diabetes
mice. Luciferase activities in the livers of rAAV-treated dia-
betic animals, indicative of transgene expression driven by the
insulin gene promoter, were shown to correlate well with the
blood glucose concentrations (Fig. 8B). Thus, the present
model demonstrated efficacious regulation of transgene ex-
pression in vivo.

In summary, we have demonstrated in this study that
recombinant adeno-associated virus is a promising vector for
hepatic gene therapy for diabetes. Glucose responsiveness at
physiological concentrations can be obtained in rAAV-
transduced Huh7 human hepatoma cells. Transcriptional ac-
tivation of the reporter gene expression was found to be ini-
tiated within 2 h after glucose stimulation in vitro, suggesting
that relatively short term glucose signaling can be obtained,
which would allow rapid control of insulin secretion in the
genetically modified surrogate islet cells in response to circu-
lating glucose concentration in patients with diabetes. Expres-
sion of the insulin promoter-driving luciferase gene was in-
hibited in the presence of 100 nM exogenous insulin, suggest-
ing feedback inhibition of insulin gene transcription by insulin
itself at high concentrations. Insulin secretagogues affected
the luciferase expression in the rAAV-transduced cells, indi-
cating that conditions affecting insulin secretion in pancreatic
islet cells also affect insulin gene promoter-driving transgene
expression in rAAV-transduced hepatoma cells. The in vivo
experiments demonstrated good correlation between trans-
gene expression and blood glucose levels in rAAV-treated
diabetic mice, suggesting the potential of rAAV-mediated
gene therapy for diabetes mellitus.
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