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Abstract
We recently found that genistein, a plant-derived natural compound, is a novel cAMP signaling
agonist in pancreatic β-cells. In the present study, we further show that exposure of clonal insulin
secreting (INS-1E) cells to genistein for 48 h enhanced glucose-stimulated insulin secretion (GSIS),
whereas insulin content was not altered, suggesting that genistein-enhanced GSIS is not due to a
modulation of insulin synthesis. This genistein’s effect is protein tyrosine kinase- and KATP channel-
independent. In addition, genistein had no effect on glucose transporter-2 expression or cellular ATP
production, but similarly augmented pyruvate-stimulated insulin secretion in INS-1E cells, indicating
that the improvement of insulin secretory function by long-term genistein exposure is not related to
an alternation in glucose uptake or the glycolytic pathway. The enhanced insulin secretion by
genistein was associated with elevated intracellular Ca2+ concentration and dependent on protein
kinase A and new protein synthesis as this effect was completely blocked by N-[2-(p-
Bromocinnamylamino)ethyl]-5-isoquinolinesulfonamide or cycloheximide. Similarly, 48 h of
genistein exposure also enhanced GSIS in freshly isolated mouse and human pancreatic islets,
suggesting a non-species-specific and biologically relevant effect. These findings provide evidence
that genistein may be a novel bioactive compound that has an anti-diabetic effect by improving insulin
secretion from pancreatic β-cells.
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1. Introduction
Recently, phytochemical isoflavones have drawn wide attention for their potentially beneficial
effects on some human degenerative diseases. Genistein, the primary isoflavone in legumes,
has a well-known weak estrogenic effect by binding to estrogen receptors (Kim et al., 1998)
and is widely used as a protein tyrosine kinase (PTK) inhibitor at pharmacological doses
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(Akiyama et al., 1987). Study show that dietary intake of genistein can relief several symptoms
in postmenopausal women (Anderson et al., 1999; Crisafulli et al., 2004), and has beneficial
effects on cardiovascular disease, cancer, hyperlipidemia, osteoporosis, and various forms of
chronic renal disease (Atteritano et al., 2007; Hertrampf et al., 2007; Lamartiniere, 2000;
Squadrito et al., 2002; Squadrito et al., 2000; Velasquez and Bhathena, 2001; Yang et al.,
2006).

Studies on whether genistein on itself has an effect on diabetes are very limited. Recent studies
performed in animals and humans have shown that ingestion of isoflavones containing soy
protein moderates hyperglycemia (Jayagopal et al., 2002; Lavigne et al., 2000). However, it is
not clear whether isoflavones primarily contributes to this beneficial effect. Emerging studies
reported that administration of isoflavones lowered plasma glucose in diabetic animals (Ali et
al., 2005; Mezei et al., 2003) and postmenopausal women (Cheng et al., 2004) independent of
its effect on food intake or weight gain, suggesting that genistein may be a novel plant-derived
anti-diabetic agent, although the mechanism whereby genistein exerts such an beneficial effect
on diabetes is unknown. Most published trials using isoflavones or genistein have focused
largely on elucidating the effect of isoflavones on lipid profiles, and therefore data from recent
studies suggest an anti-diabetic effect of genistein presumably by a hypolipidemic effect
(Mezei et al., 2003), thereby increasing insulin sensitivity. However, the results are not
consistent. Studies demonstrated that isoflavone administration lowered plasma glucose, but
lipid profile or insulin sensitivity was unaffected in obese and diabetic animals (Ali et al.,
2005) and humans (Cheng et al., 2004). However, other studies found that soy protein extract
with high content of isoflavones improves lipid profile and insulin sensitivity (Dyrskog et al.,
2005; Jeppesen et al., 2006; Nordentoft et al., 2008). Neither antioxidant activity could explain
genistein’s effect, though oxidative stress and reactive oxygen species play a potential role in
the initiation of diabetes (Evans et al., 2002; Haskins et al., 2003; Lankin et al., 2005; Robertson,
2004), since genistein only exhibit an antioxidant effect at high concentrations ranging from
25–100 µM (Ruiz-Larrea et al., 1997; Wei et al., 1993). The achievable levels of total plasma
genistein in both humans (King and Bursill, 1998; Xu et al., 1995) and rodents (Naaz et al.,
2003; Santell et al., 1997) through dietary supplementation are usually no more than 5 µM.

Although studies are limited and the results are inconsistent, the available data suggest that
genistein may have a direct effect on pancreatic β-cells. Several earlier studies demonstrated
that genistein stimulates insulin secretion from a clonal β-cell line (Ohno et al., 1993) and
cultured islets (Jonas et al., 1995; Sorenson et al., 1994) while other studies have found an
inhibitory effect on insulin secretion (Jones and Persaud, 1994; Persaud et al., 1999).
Considering higher concentrations (>30 µM) used in most of these studies it is unclear whether
genistein at physiological doses (<5 µM) can act directly on pancreatic β-cells to modulate
cellular function. We recently discovered that genistein at physiologically achievable
concentrations (0.01–5.0 µM) acutely enhance insulin secretion both in clonal β-cells and
mouse islets (Liu et al., 2006). But it is unknown if relatively long-term exposure to genistein
can improve insulin secretory function of β-cells.

In the present study, we found that exposure to genistein for 48 h enhanced glucose-stimulated
insulin secretion (GSIS) both in clonal β-cells and pancreatic islets without affecting insulin
content. The enhanced insulin secretory function of β-cells by genistein is not mediated through
a change in glucose metabolism or KATP channel activity, but dependent on the cAMP/ protein
kinase A (PKA) pathway and new protein synthesis.
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2. Materials and methods
2.1. Reagents

RPMI-1640 media were purchased from Sigma-Aldrich (St. Louis, MO), CMRL-1066 media
were from Mediatech Inc. (Herndon, VA), heat-inactivated fetal bovine serum (FBS) were
obtained from HyClone (Logan, UT), and medium supplements from Invitrogen (Carlsbad,
CA); insulin ELISA kit was obtained from Mercodia Inc. (Winston-Salem, NC); protein assay
kit was purchased from Bio-Rad (Hercules, CA); ATP assay kit was purchased from Promega
(Madison, WI); glucose transporter-2 (Glut-2) antibody was from Santa Cruz Biotechnology
(Santa Cruz, CA); Indo 1 penta-acetoxymethylester (Indo 1-AM) was from Invitrogen
(Carlsbad, CA); all other reagents and chemicals were from Sigma-Aldrich (St. Louis, MO).
Stock solution of genistein, at 20 mM dissolved in dimethyl sulfoxide (DMSO), was stored at
–20 ºC before use.

2.2. Cell and islet culture
INS-1E cells (a generous gift from Dr. Pierre Maechler at University of Geneva, Switzerland)
were cultured in RPMI-1640 medium containing 11.1 mM glucose and supplemented with
10% FBS, 1 mM sodium pyruvate, 10 mM HEPES, 2 mM L-glutamine, 50 µM β-
mercaptoethanol, 100 units/ml penicillin, and 100 µg/ml streptomycin (Merglen et al., 2004).
The medium was changed every other day until the cells became confluent. Mouse islets were
isolated from male C57BL/6J mice by collagenase digestion as described (Yang et al., 2004)
and maintained in RPMI-1640 at 37 °C and 5% CO2 for 12 hrs before treatment. The protocol
of this study was reviewed and approved by the Institutional Animal Care and Use Committee
At Virginia Polytechnic Institute and State University. Human islets were isolated from cadaver
organ donors in the Islet Cell Resource Centers at Southern California Resources Center &
Southern California Islet Consortium at National Medical Center (Duarte, CA), Washington
University (St. Louis, MO), University of Minnesota (St. Paul, MN), University of Miami
(Miami, FL), University of Illinois (Chicago, IL), University of Wisconsin, University of
Pennsylvania, University of Alabama (Birmingham, AL), and Joslin Diabetes Center (Boston,
MA). The islet purity was 80–90% and viability was 80–97%. Before the experiment, the islets
were maintained in CMRL-1066 medium containing 10% FBS.

2.3. Insulin secretion and content
Confluent INS-1E cells or islets were cultured in RPMI-1640 containing 5.5 mM glucose and
2% FBS at 37 °C and 5% CO2 in the presence of various concentrations of genistein or vehicle
for 48 h. In some experiments, cells were co-incubated with genistein and PKA or translation
inhibitor. Cells and islets were then washed in Krebs-Ringer bicarbonate buffer (KRBB: 129
mM NaCl, 4.8 mM KCl, 1.2 mM MgSO4, 1.2 mM KH2PO4, 2.5 mM CaCl2, 5 mM
NaHCO3, 0.1% BSA, and 10 mM HEPES, pH 7.4), followed by incubation in KRBB
containing either glucose, sodium pyruvate or potassium chloride for 30 min. Insulin secreted
in supernatants was measured by an ELISA kit. For insulin content measurement, treated cells
and islets were lysed in lysis buffer (50 mM HEPES, 0.1% (v/v) Triton X-100, 1 mM PMSF,
10 mM E-64, 10 mM pepstatin A, 10 mM TLCK, 100 mM leupeptin, pH 8.0). Proteins were
extracted and harvested by sonication and centrifugation. Insulin and protein contents were
measured by assay kits. Our data showed that exposure of the cells to genistein for 48 h had
no effect on insulin or protein content. All insulin data in the present study were therefore
expressed as optical density recorded by a plate reader.

2.4. Intracellular Ca2+ measurements
The concentration of cytosolic free Ca2+ was measured using the intracellular fluorescent
Ca2+ probe indo-1 AM as previously described (Chen et al., 2003; Florea and Blatter, 2008).
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Briefly, Confluent INS-1E cells were treated with genistein (5 µM) or vehicle for 48 h. The
cells were then washed and incubated with indo-1-AM (10 µM) in KRBB supplemented with
glucose (20 mM) and Ca2+ (2mM) for 5 min at 37°C. After washing in KRBB, Indo-1 AM
was excited at a wavelength of 365 nm and fluorescence emission from the Ca2+-bound indo-1
AM was captured at 405 nm. The Ca2+ concentration was expressed as the relative fluorescence
units.

2.5. ATP content
INS-1E cells were treated with genistein or vehicle as described above for 48 h. Cells were
washed in KRBB, and then either lysed for measuring basal ATP content, or stimulated with
20 mM glucose for 30 min at 37 °C before protein extraction. Cellular ATP levels were
measured using an ATP luminescence assay kit according to the manufacturer’s instruction.

2.6. Western blot analysis
After experimental treatments, INS-1E cells were harvested in lysis buffer and performed
immunoblot analysis as previous described (Liu et al., 2005). Briefly, the tissues were sonicated
and then centrifuged at 10,000 × g for 5 min. Protein levels of the extracts were measured using
a Bio-Rad assay kit. Equal amounts of protein from cell extracts were subjected to immunoblot.
Membranes were probed with antibody against Glut-2. The immunoreactive proteins were
detected by chemiluminescence. Nitrocellulose membranes were stripped and re-probed with
β-actin. The protein bands were digitally imaged for densitometric quantitation with a software
program (Gene tools, Synoptics Ltd. UK). Glut-2 protein level was normalized to β-actin
expression from the same sample.

2.7. Statistics
Data were analyzed with one-way ANOVA, using the Proc Mixed procedure of SAS program,
and are expressed as mean ± standard error (S.E.M.). Treatment differences were subjected to
Tukey’s multiple comparison test. Differences were considered significant at P< 0.05.

3. Results
3.1. Long-term exposure to genistein increases GSIS in INS-1E cells

To investigate whether relative long-term exposure of pancreatic β-cells to genistein can
modulate insulin secretory function, we first incubated INS-1E cells with various
concentrations of genistein for 48 h, followed by GSIS assay without genistein. As shown in
Fig. 1A, pretreatment of the cells with genistein significantly augmented both 3 and 20 mM
glucose-induced insulin secretion, with 1 µM concentration already inducing a significant
effect, although a maximal increase was observed at 5 µM genistein. To assess whether the
effect of genistein on insulin secretion is due to its effect on insulin synthesis, we measured
the total insulin content in control and genistein-treated cells. Data from these studies show
that there was no significant difference in insulin content between the control and genistein-
treated INS-1E cells (Fig. 1B).

3.2. Long-term exposure to genistein improves insulin secretory function of pancreatic islets
We also tested whether genistein has a similar effect on insulin secretion in pancreatic islets.
As shown in Fig. 2, long-term exposure to genistein also dose dependently enhanced GSIS in
both mouse (Fig. 2A) and human islets (Fig. 2B), suggesting physiological relevance of our
in vitro findings. Consistent with the result seen in INS-1E cells, genistein had no effect on
insulin content in islets (Fig. 2C, 2D).
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3.3. The effect of genistein on GSIS is independent of PTK
Since genistein is often used as a PTK inhibitor in studies of PTK-mediated cellular events,
and PTK may be involved in regulation of insulin secretion (Persaud et al., 1999), we therefore
evaluated whether genistein enhances GSIS by inhibition of PTK in INS-1E cells. We
compared the effect of genistein with that of daidzein, an analogue of genistein that is inactive
for PTK inhibition, on GSIS. As expected, exposure of cells to daidzein at 5 µM for 48 h also
augmented GSIS (Fig. 3). Indeed, our recent study demonstrated that genistein, at the highest
concentration used in the present study (10 µM), did not inhibit PTK activity (Liu et al.,
2006).

3.4. Genistein increases cytosolic free Ca2+ concentration in INS-1E cells
Since Ca2+ influx is the crucial step in insulin secretion, we tested whether genistein treatment
increases intracellular Ca2+ level in β-cells. We found that genistein treatment significantly
potentiated extracellular Ca2+ and glucose induced increase in intracellular Ca2+ concentration
in INS-1E cells (Fig. 4).

3.5. The effect of genistein on insulin secretion in INS-1E cells is not due to a change in
glucose metabolism or KATP channel sensitivity

To determine whether genistein enhances GSIS through regulation of glucose metabolism,
thereby modulation of ATP generation, we first measured β-cell protein expression of Glut-2,
which is essential for β-cell glucose uptake and subsequent GSIS. However, we did not observe
any significant change in Glut-2 protein expression after genistein treatment (Fig. 5A). We
then examined the effects of genistein on intracellular ATP levels under the conditions for
insulin secretion assay. Data in Fig. 5B indicated no significant effects of long-term genistein
exposure on basal or high glucose-stimulated ATP production. Further, we determined whether
long-term exposure to genistein could augment sodium pyruvate-stimulated insulin secretion,
which circumvents the key step enzyme of glycolysis. As shown in Fig. 5C, genistein also
enhanced sodium pyruvate-stimulated insulin secretion. These data suggest that the long-term
effect of genistein on insulin secretion is not due to the regulation of components in the glucose
metabolism pathways. Moreover, we found that long-term genistein exposure elevated KCl-
stimulated insulin secretion at a comparable degree to those induced by high glucose and
pyruvate (Fig. 5D), suggesting that long-term effect of genistein on GSIS from INS-1E cells
is not mediated through modulating KATP channel activity.

3.6. Genistein-enhanced insulin secretion is mediated by the cAMP/PKA signaling pathway
requiring protein synthesis

Next, we determined whether the cAMP/PKA signaling pathway mediates genistein’s effect.
INS-1E cells were incubated with genistein or vehicle in the presence or absence of PKA
inhibitor N-[2-(p-Bromocinnamylamino) ethyl]-5-isoquinolinesulfonamide (H89, 10 µM) for
48 h. H89 completely blocked the genistein-induced GSIS (Fig. 6A), whereas insulin content
was not significantly altered by H89 (Fig. 6B). This result suggests an important role of the
cAMP/PKA pathway in mediating enhanced insulin secretion from β-cells following long-term
exposure to genistein. We further found that cycloheximide (0.1 µg/ml), an inhibitor of protein
translation, which was confirmed to inhibit insulin synthesis (Fig. 6B), also abolished the effect
of genistein on GSIS (Fig. 6A), suggesting that new protein synthesis is required for this
genistein action in β-cells.

4. Discussion
Insulin is an important hormone required for normal metabolism. In healthy subjects, insulin
is released in exquisitely exact amounts to meet the metabolic demand. Specifically, β-cells
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sense changes in plasma glucose concentration and response by releasing corresponding
amount of insulin (Rutter and Parton, 2008). Decrease in both sensing and secreting capacity
of β-cells results in abnormal glucose homeostasis. While no pharmacological agent can restore
the exact kinetics of insulin secretion in response to glucose (Doyle and Egan, 2003),
insulinotropic agents are still very important for effective glycemic control in diabetic patients.
In the present study, we found that long-term exposure of β-cells to genistein, at physiologically
relevant concentrations through dietary consumption (King and Bursill, 1998), improves
insulin secretory function of pancreatic β-cells. Genistein is a widely used dietary supplement
in the US and has a relative long metabolic half-life in plasma (King and Bursill, 1998). This
finding therefore may provide a basic mechanism underlying the physiological effects of
genistein on diabetes.

In this study, we first found that exposure of INS-1E cells to genistein for 48 h enhanced GSIS.
A similar increase in GSIS was seen in both mouse and human pancreatic islets, showing that
this effect of genistein is not species-specific and thus may be biologically relevant, given that
the concentrations used in this study overlap with those of physiologically achievable following
dietary consumption of genistein products. Unlike free fatty acids, which acutely increase both
basal and GSIS (Gravena et al., 2002), but detrimentally reduce insulin synthesis after
incubation with the cells for 48 h (Bollheimer et al., 1998), genistein had no effect on insulin
content, suggesting that its effect on insulin secretion is not due to a modulation of insulin
synthesis or an adverse effect on the cells, such as apoptosis, as seen in β-cells exposed to free
fatty acids (Bollheimer et al., 1998; Gravena et al., 2002). Indeed, genistein had no effect on
mitochondria metabolism as determined by ATP assay, further supporting that genistein-
enhanced GSIS is not due to an abnormal effect on cellular function.

While genistein is a pharmacological inhibitor of PTK (Akiyama et al., 1987), we recently
found that genistein at the concentrations used in the present study had no effect on basal or
agonist-induced PTK activity in β-cells (Liu et al., 2006), which is consistent with previous
reports that genistein only inhibits PTK at a much higher concentration (Peterson and Barnes,
1996), suggesting that genistein-improved insulin secretory function of β-cells is not related
to PTK inhibition. Indeed, daidzein, an analogue of genistein that does not inhibit PTK (Liu
et al., 2006; Vissac-Sabatier et al., 2003), also increased insulin secretion, an effect that is only
slightly less potent than that of genistein, further supporting a PTK-independent effect of
genistein.

It is well characterized that glucose induces insulin secretion through glycolysis and
mitochondrial oxidation in the cells, which increase intracellular ATP/ADP ratio, sequentially
leading to closure of KATP channels, depolarization of voltage-gated L-type Ca2+ channels on
the plasma membrane, Ca2+ influx, and activation of exocytosis of insulin-containing granules
(Iezzi et al., 2004; Newsholme et al., 2005; Rutter, 2001). Glut-2, the major glucose transporter
expressed on the surface of pancreatic β-cells (Tiedge and Lenzen, 1991), primarily transports
glucose into β-cells (Johnson et al., 1990; Permutt et al., 1989; Thorens et al., 1988). Following
the entry into the cells, glucose is phosphorylated by the rate-limiting enzyme glucokinase and
further hydrolyzed to generate pyruvate, which is oxidized through the tricarboxylic acid cycle
by mitochondria in β-cells to produce ATP. Therefore, Glut-2 and glucokinase are two critical
proteins that control the rate of glucose metabolism and thus the rate of insulin secretion from
β-cells (Chen et al., 1990; Matschinsky, 1990; Meglasson et al., 1986; Terauchi et al., 1995).
However, we provide the following evidence suggesting that the effect of genistein on insulin
secretion is not mediated through regulating these proteins or other components in glucose
metabolic pathway. First, we didn’t find that genistein-elevated insulin secretion was paralleled
by increased Glut-2 protein level in β-cells. Second, genistein similarly enhanced insulin
secretion stimulated by pyruvate, which bypassed glycolysis. Third, genistein exposure did not
alter basal or glucose induced ATP generation in β-cells.
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As aforementioned, KATP channels, which are present in the plasma membrane of pancreatic
β-cells, play an integral role in mediating GSIS via regulation of cell membrane potential
(Iezzi et al., 2004; Newsholme et al., 2005; Rutter, 2001). While genistein had no effect on
intracellular ATP level, which determines the activity of KATP channels, thereby subsequent
GSIS, it is still possible that genistein may directly inhibit KATP channel activity by binding
to the sulfonylurea receptor 1 (Cyrino et al., 2003), thus resulting in closure of KATP channels,
membrane depolarization, and insulin secretion. We considered this possibility and therefore
examined insulin release elicited in the presence of KCl (50 mM), which directly causes
membrane depolarization without altering KATP channel activity (Huang et al., 1998). We
observed that pre-treatment of β-cells with genistein for 48 h also potentiated potassium-
stimulated insulin secretion, which closely resembled its effect on glucose- and pyruvate-
evoked insulin secretion. This result suggests that genistein enhances insulin release through
a KATP channel-independent mechanism.

Recent studies showed that activation of several protein kinases, including
calmodulin-dependent protein kinase (CaMK), PKA, and protein kinase C (PKC),
can facilitate insulin exocytosis through various mechanisms (Blanpied and
Augustine, 1999; Nesher et al., 2002; Zawalich et al., 1997). We recently discovered
for the first time that genistein at physiologically achievable concentrations rapidly
activates cAMP/PKA signaling by stimulating plasma membrane-associated adenylyl
cyclase activity both in INS-1E cells and mouse islets (Liu et al., 2006). While it is
unclear how genistein activates adenylyl cyclase which are differentially regulated
by Ca2+, G-proteins and protein kinases (Portela-Gomes and Abdel-Halim, 2002;
Thams et al., 1982; Tian and Laychock, 2001), genistein may directly act on the cell
surface to facilitate cAMP production involving a non-genomic mechanism, which
is an ongoing project in this laboratory. In the present study, we found that
pharmacological inhibition of PKA activity completely abolished improved insulin
secretion following long-term exposure to genistein, suggesting that the improved
insulin secretory function of β-cells is through modulation of PKA.

It is well established that cAMP signaling plays an important role in incretin-stimulated insulin
secretion in β-cells. Activation of PKA in response to elevated intracellular cAMP has an acute
effect on insulin secretion through immediate interaction with L-type Ca2+ channel (Dyachok
and Gylfe, 2004), increasing total number of insulin-containing secretory vesicles (Renstrom
et al., 1997; Rorsman et al., 2000), and sensitization of secretory machineries to Ca2+ (Wan et
al., 2004). Interestingly, our data show that intracellular Ca2+ concentration was elevated by
genistein treatment in β-cells, suggesting that the improvement of insulin secretory function
by genistein may be at least partially attributable to its modulation of Ca2+ signaling in β-cells.
However, it is still unclear whether genistein regulates Ca2+ influx pathway or release of
Ca2+ from intracellular stores, and whether cAMP and PKA are involved in this process. While
it is unclear how PKA is involved in the effect of long-term genistein exposure on insulin
secretion, it is unlikely that the observed genistein action in the present study is mediated
through a rapid activation of PKA, because genistein was removed from cell cultures during
insulin secretion assay. In fact, our result showed that this genistein effect on insulin secretion
is dependent on new protein synthesis, suggesting that long-term genistein exposure improves
β-cell function via a genomic mechanism. PKA activates transcriptional factor cAMP response
element binding protein, which might stimulate the expression of Glut-2 and glucokinase that
plays a role in glucose sensing and thereby insulin secretion. However, while we didn’t measure
glucokinase in this study, we have not seen a significant effect of genistein on Glut-2 protein
expression. Recent study demonstrated that hormone-sensitive lipase (HSL), the enzyme for
acylglycerol hydrolysis that is expressed in β-cells (Fex and Mulder, 2008), plays an important
role in insulin secretion (Fex and Mulder, 2008; Larsson et al., 2008). HSL can be directly
activated by PKA (Kraemer and Shen, 2002). However, whether long-term exposure of β-cells
to genistein improves insulin secretory function through increasing HSL activity or expression

Fu and Liu Page 7

Eur J Pharmacol. Author manuscript; available in PMC 2010 August 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



remains to be determined. Another candidate protein that may be involved in mediating
genistein-enhanced insulin secretion is synaptosomal-associated protein of 25 kDa (SNAP-25).
Insulin is released from β-cells through regulated exocytosis, which requires transport and
docking of insulin secretory granules to the plasma membrane and subsequent fusion. Studies
showed that SNAP-25, a membrane bound protein, is involved in this process of insulin
exocytosis from β-cells (Blanpied and Augustine, 1999; Gonelle-Gispert et al., 2000), and its
expression is up-regulated by PKA in oocytes and steroidogenic cells (Grosse et al., 2000). It
is therefore tempting to speculate that genistein may enhance GSIS in β-cells through cAMP/
PKA-mediated upregulation of SNAP-25 expression, an aspect that needs further investigation.

In conclusion, in the present study we found that 48 h of exposure to genistein improves insulin
secretory function of β-cells, an effect that is not mediated through modification in glucose
metabolism or KATP channel activity, but is cAMP/PKA mediated involving elevation of
intracellular Ca2+ concentration and requires new protein synthesis.
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Figure 1.
Long-term exposure to genistein potentiates GSIS in INS-1E cells. INS-1E cells were
incubated in RPMI1640 medium containing various concentrations of genistein (GE) or vehicle
for 48 h. Cells were then washed and further cultured in KRBB containing either 3 or 20 mM
glucose for 30 min at 37°C. Insulin secreted into KRBB (A) and inside the cells (B) was
measured by an ELISA kit. Values are means ± S.E.M. derived from four to seven separate
experiments. *, P< 0.05 vs. vehicle alone-treated cells; #, P< 0.05 vs. 1µM genistein-treated
cells.
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Figure 2.
Long-term exposure to genistein potentiates GSIS in pancreatic islets. Mouse (A, C) and human
(B, D) islets were incubated with genistein (GE) or vehicle for 48 h. GSIS and insulin assay
protocols are the same as described in Fig. 1. Values are means ± S.E.M. from four to seven
experiments. *, P< 0.05 vs. vehicle alone-treated cells.
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Figure 3.
The effect of daidzein on GSIS in INS-1E cells. INS-1E cells were cultured with daidzein
(5µM) or vehicle for 48 h. Cells were then incubated in KRBB containing 20 mM glucose for
30 min at 37°C. Insulin secreted into KRBB was determined by an EILSA kit. Values are
means ± S.E.M. derived from seven experiments. *, P< 0.05 vs. vehicle alone-treated cells.
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Figure 4.
Genistein increases intracellular free Ca2+ concentration. INS-1E cells treated with or without
genistein (5 µM) for 48 h were incubated in KRBB containing indo-1 AM (10 µM), glucose
(20 mM) and Ca2+ (2 mM) at 37 °C for 5 min. The cells were then excited at a wavelength of
365 nm and fluorescence emission from the Ca2+-bound indo-1 AM was captured at 405 nm.
The intracellular Ca2+ concentration was expressed as the relative fluorescence units (RFU).
Values are means ± S.E.M. derived from six independent experiments. *, P< 0.05 vs. vehicle
alone-treated cells; #, P<0.05 vs. glucose+ calcium+vehicle-treated cells.
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Figure 5.
The effect of genistein on insulin secretion in INS-1E cells is not due to a change in glucose
metabolism or KATP channel sensitivity. INS-1E cells were cultured in the presence of
genistein (GE) at indicated concentrations for 48 h. Glut-2 protein was detected by Western
blot using Gult-2 antibody, and normalized to β-actin (A). Basal and glucose (20 mM)-induced
ATP production was determined as described in “Materials and Methods” (B). For insulin
secretion assays, cells were washed and incubated with sodium pyruvate (C) or potassium
chloride (D) in KRBB for 30 min at 37°C. Insulin secreted in KRBB was determined by an
EILSA kit. Values are means ± S.E.M. from four to seven separate experiments. *, P< 0.05 vs.
vehicle alone-treated cells; #, P< 0.05 vs.10 mM pyruvate-stimulated cells.
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Figure 6.
Genistein improves insulin secretory function but not insulin content through a mechanism
involving PKA and new protein synthesis. INS-1E cell were incubated with genistein (5 µM)
in the presence or absence of PKA inhibitor H89 (10 µM), or translational inhibitor
cycloheximide (0.1 µg/ml), for 48 h. Cells were then incubated in KRBB containing 20 mM
glucose for 30 min at 37°C. Insulin secreted into KRBB (A) or insulin content (B) was
determined by ELISA. Values are means ± S.E.M. derived from four independent experiments.
*,#, P< 0.05 vs. vehicle alone-treated cells.
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