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The hypoglycaemic activity of fenugreek seed extract is mediated
through the stimulation of an insulin signalling pathway
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1 The in vivo hypoglycaemic activity of a dialysed fenugreek seed extract (FSE) was studied in
alloxan (AXN)-induced diabetic mice and found to be comparable to that of insulin (1.5 Ukg™"). FSE
also improved intraperitoneal glucose tolerance in normal mice.

2 The mechanism by which FSE attenuated hyperglycaemia was investigated in vitro. FSE
stimulated glucose uptake in CHO-HIRc-mycGLUT4eGFP cells in a dose-dependent manner. This
effect was shown to be mediated by the translocation of glucose transporter 4 (GLUT4) from the
intracellular space to the plasma membrane.

3 These effects of FSE on GLUT4 translocation and glucose uptake were inhibited by wortmannin,
a phosphatidylinositol 3-kinase (PI3-K) inhibitor, and bisindolylmaleimide 1, a protein kinase C
(PKC)-specific inhibitor.

4 In vitro phosphorylation analysis revealed that, like insulin, FSE also induces tyrosine
phosphorylation of a number of proteins including the insulin receptor, insulin receptor substrate 1
and p85 subunit of PI3-K, in both 3T3-L1 adipocytes and human hepatoma cells, HepG2. However,
unlike insulin, FSE had no effect on protein kinase B (Akt) activation.

5 These results suggest that in vivo the hypoglycaemic effect of FSE is mediated, at least in part, by

the activation of an insulin signalling pathway in adipocytes and liver cells.
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Introduction

Autophosphorylation of the insulin receptor (IR) by insulin
results in the recruitment and activation of intracellular down-
stream signalling molecules and leads to glucose uptake and
various other biological effects (White & Kahn, 1994; Saltiel &
Pessin, 2002). A lack of insulin or insulin resistance, or defects in
the insulin signalling pathways is the cause of diabetes mellitus,
which is characterised by hyperglycaemia (Taylor, 1999).

At present, the treatment of diabetes mainly involves a
sustained reduction in hyperglycaemia by the use of biguanides,
thiazolidinediones, sulphonylureas, D-phenylalanine deriva-
tives, meglitinides and o-glucosidase inhibitors in addition to
insulin. However, due to unwanted side effects the efficacies of
these compounds are debatable and there is a demand for new
compounds for the treatment of diabetes (UKPDS Group,
1995; Moller, 2001). Hence, plants have been suggested as a
rich, as yet unexplored source of potentially useful antidiabetic
drugs. However, only a few have been subjected to detailed
scientific investigation due to a lack of mechanism-based
available in vitro assays (Oubre et al., 1997, Fabricant &
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Farnsworth, 2001; Habeck, 2003). Fenugreek (Trigonella
foenum-graecum L., Leguminosae), one of the oldest medicinal
plants, is of Mediterranean origin and cultivated worldwide.
Aqueous extracts of seeds and leaves of fenugreek have been
shown to possess hypoglycaemic activity and are nontoxic
(Abdel-Barry et al., 1997; Zia et al., 2001; Vats et al., 2002;
Basch er al., 2003), but no detailed study to elucidate the
mechanism of action of these extracts at the cellular and
molecular level has been performed. Hence, in the present
study, a dialysed aqueous extract of fenugreek seeds was
investigated in vivo for hypoglycaemic potential and its effects
on insulin signalling pathways in the primary targets of insulin,
adipocytes and liver cells, were examined in vitro, by the use of
mechanism-based innovative contemporary strategies.

Methods
Preparation of fenugreek seed extract (FSE)

Dried, viable and fresh batches of fenugreek seeds were
obtained from a commercial source (Mona spices Co. Ltd,
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Pune, India). Seeds were washed in distilled water, surface
sterilised by soaking in 0.1% sodium hypochlorite and 0.05%
nonidet P-40 (NP-40) for 30s and rinsed thoroughly with
distilled water. Seeds were ground to a fine powder in a mixer
under chilled conditions, suspended in PBS (pH 7.4) contain-
ing 1mM PMSF and protease inhibitor cocktail, filtered
through three layers of cheesecloth and centrifuged at
15,000 x g at 4°C for 30min. The clear supernatant was
lyophilised, redissolved in PBS and dialysed against PBS (8000
cutoff dialysis membrane) for 24h at 4°C; the PBS was
changed every 6 h. The dialysed extract, referred to as FSE,
was aliquoted, stored at —70°C in the long term and used for
all further experiments.

In vivo hypoglycaemic activity of FSE in AXN-induced
diabetic mice

Swiss albino mice (male, 8-10 weeks old) were housed under
environmentally controlled conditions (22+2°C) with a 12h
light/dark cycle and had free access to standard rodent pellet
food and water. Animals were given intraperitoneal (i.p.)
injections of freshly prepared AXN (50mgkg™' in 0.9%
sodium chloride) for 5 days. Mice with blood glucose levels
of 200-300mg dl~' were deemed to be hyperglycaemic in this
study. At 10 h before the experiments, mice were moved to new
cages in which no food was available. These mice were
allocated to diabetic control, insulin treated and FSE-treated
groups and were injected (i.p.) with vehicle (PBS), insulin
(1.5Ukg™") and FSE (1, 5 or 15mgkg™"), respectively. Each
group contained five mice. Blood was collected, by an
approved tail-cap method, before (0 min) and 90 and 240 min
after the treatments for estimation of blood glucose with a
rapid glucose analyser (Accu-Chek Sensor Comfort, Roche
Diagnostics, Germany). Bovine pancreas insulin diluted in
PBS was used as a positive test compound in all the
experiments.

Effects of FSE on i.p. glucose tolerance test (IPGTT)
in normal mice

Swiss albino mice (male 8—10 weeks) were deprived of food for
10h. In these animals, IPGTT was performed by administra-
tion of an i.p. injection of glucose (3 gkg™"). The blood glucose
level before the injection of glucose was considered to be the
basal value. FSE (15mgkg™") was injected 10min after the
injection of glucose. Blood samples were collected at 45, 90 and
180 min after administration of the extract and blood glucose
levels were estimated. All animal experiments were performed
according to guidelines approved by the Committee for the
Purpose of Control and Supervision of Experiments on
Animals (CPCSEA) (Government of India) and with the
permission of the Institute’s Animal Care and Use Committee
(IACUCQ).

Cell culture and generation of CHO-HIRc-
mycGLUT4eGFP cells

A431 and HepG2 cells were maintained in DMEM supple-
mented with 10% foetal bovine serum (FBS). 3T3-L1
preadipocytes and 3T3-L1-mycGLUT4 cells were maintained
in DMEM supplemented with 10% newborn calf serum
(NBCS). 3T3-L1 and 3T3-L1-mycGLUT4 cells were differ-

entiated as described previously (Tafuri, 1996). CHO-HIRc
cells were maintained in F-12 medium containing 10% FBS.
F-12 and F-12K media used in this study contained 7mMm
glucose, whereas DMEM contained 25 mM glucose. Penicillin
(100Uml™") and streptomycin (100 ugml~') were added
routinely to cultures and all cell lines were cultivated at 37°C
in a 5% CO»-enriched humidified atmosphere.

CHO-HIRc cells were cotransfected with pGreen Lantern
mycGLUT4eGFP and pTk-Hyg plasmids (Clontech, Palo
Alto, CA, U.S.A.), using lipofect AMINE according to the
manufacturer’s protocol. Clones were selected in medium
containing 200 ugml™' hygromycin B. GFP-positive clones
were isolated and verified for GLUT4 translocation using
various concentrations of insulin (10-1000 nM). Verified clones
(CHO-HIRc-mycGLUT4eGFP) were used for further experi-
ments.

Effects of FSE on glucose transport in CHO-HIRc-
mycGLUT4eGFP cells

[’H]-2-deoxy-D-glucose (2-DG) uptake was measured as
described previously (Cheatham ez al., 1994), but with the
following modifications: CHO-HIRc-mycGLUT4eGFP cells
(I x10°well™) grown in 24-well plates were treated with
insulin or FSE for 10 and 30 min, respectively, and control
cells were treated with PBS. The glucose uptake was initiated
by adding 0.1 mM 2-deoxy glucose containing 0.5 uCiml™'
2-DG for 4min at 37°C. The uptake was terminated by
washing the cells with ice-cold PBS buffer containing 20 mM
D-glucose and the cells solubilised with 0.1% SDS. After the
amount of protein had been estimated, radioactivity incorpo-
rated into the cells was quantified with a top count microplate
scintillation counter (Packard, Albertville, MN, U.S.A.).
Nonspecific uptake, measured in the presence of 10uM
cytochalasin B. was subtracted from all the values. To examine
the specificity of the signalling pathway, cells were pretreated
with the pharmacological inhibitors wortmannin 100 nM for
20 min, or BIS-1 100 nM for 1 h, before the addition of FSE for
30 min.

GLUT4 translocation assay in CHO-HIRc-
mycGLUT4eGFP and 3T3-L1-mycGLUT4 cells

CHO-HIRc-mycGLUT4eGFP cells (1 x 10*well™') were pla-
ted onto a microscopic chamber slide (ICN, Costa Mesa, CA,
U.S.A)) and serum-starved, by incubating them in DMEM
containing 1 mgml~' BSA for 3h, before the addition of
insulin or FSE for 10 and 30 min, respectively. The treatment
was terminated by washing with cold PBS and the cells fixed
with 3% paraformaldehyde for 15min at room temperature.
GLUT4 translocation was investigated by using an LSM
confocal microscope (Zeiss LSM 510, Heidelberg, Germany).
3T3-L1-mycGLUT4 cells were differentiated in 96-well plates.
To examine the specificity of the signalling pathways, the cells
were pretreated with pharmacological inhibitors. The cell
surface mycGLUT4 levels were determined by an antibody-
coupled optical assay, as described previously (Kamei et al.,
2002) with slight modifications. Citrate buffer (pH 4.2)
containing 5% ABTS and 1% H,O0, was used as the substrate
and the optical absorbance of the supernatant was measured at
414 nm.
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Immunoblot analysis of insulin signalling proteins
in 3T3-L1 adipocytes and HepG?2 cells

Differentiated 3T3-L1 adipocytes or HepG2 cells (1 x 107)
were serum-starved in F-12K medium containing 0.1%. BSA
for 16h followed by a change of medium to DMEM and an
additional incubation period of 1h. Subsequently, the cells
were treated with insulin or FSE for 10 and 30min,
respectively. The cells were lysed and immunoblot analysis
was performed, as described previously (Chhipa et al., 2005)
with appropriate antibodies.

Analysis of PKC translocation in HepG2 cells

HepG?2 cells were serum-starved as described previously and
treated with either insulin for 10 min or FSE for 30 min. In
some wells, cells were pretreated with pharmacological
inhibitors before the addition of FSE. Cells were then fixed
and made permeable by the addition of 0.025% saponin for
Smin. They were then washed, incubated overnight at 4°C
with PKC antibody, washed four times for Smin each with
PBS, incubated with a fluorescein isothiocyanate-conjugated
rabbit antibody for 1h, washed again and mounted using
vectashield (Vector Laboratories, Burlingame, CA, U.S.A.) for
visualization by confocal microscopy. Rabbit IgG was used
as an isotype control.

Immunoblot detection of PKCA and GLUTH4 in the
membrane fraction of 3T3-L1 adipocytes and EGFR
autophosphorylation in A431 cells

Differentiated 3T3-L1 cells were serum-starved for 3h in
DMEM supplemented with 0.1% BSA before being treated
with insulin or FSE for 10 and 30 min, respectively. Plasma
membrane fractionation of 3T3-L1 adipocytes was performed,
as described previously (Clancy & Czech, 1990) with slight
modifications, in that 1mM PMSF, ImM Na;VO, and a
cocktail of protease inhibitors were added to the lysis buffers.
The protein obtained was transferred onto a nitrocellulose
membrane and then probed with PKCA or GLUT4 antibodies.

Similarly, A431 cells were serum-starved and treated with
epidermal growth factor (EGF) (Promega, Madison, WI,
U.S.A.) or insulin for 10 min, or FSE for 30 min. The cells were
then processed for immunoblot analysis with phosphotyrosine
or EGFR antibodies.

Statistics

The data are expressed as mean+s.e.m. Statistical compar-
isons were made using Student’s two-tailed unpaired #-test and
P-values <0.05 were considered significant.

Materials

Tritiated 2-DG (15 Cimmol ') and nitrocellulose membranes
were obtained from Amersham Biosciences (Piscataway, NJ,
U.S.A.). AXN, insulin, glucose, NP-40, wortmannin and other
fine chemicals were purchased from Sigma (St Louis, MO,
U.S.A.). DMEM, F-12 and F-12K media, FBS, NBCS and
lipofect AMINE were purchased from Life Technologies Inc.
(Rockville, MD, U.S.A.). Protease inhibitor cocktail (Tm
complete) was purchased from Roche Diagnostics GmbH

(Mannheim, Germany) and dialysis membrane was from
Thomas Scientific (Philadelphia, PA, U.S.A.). Super signal
reagent for enhanced chemiluminescence and Coomassie plus
protein assay reagent were obtained from Pierce (Rockford,
IL, U.S.A.). Monoclonal antibodies against phosphotyrosine
(PY20), p85 and myc (9E10), polyclonal antibodies for
phospho-Akt (Ser-473), IR-a, IR-f3, IRS-1, Akt, PKC, PKC/,
GLUT4 and EGFR, and peroxidase-conjugated secondary
antibodies were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, U.S.A.). BIS-1 was obtained from CalBio-
chem (San Diego, CA, U.S.A.). pGreen Lantern mycGLU-
T4eGFP construct (Jiang et al., 2002) was a generous gift from
Dr M.P. Czech, University of Massachusetts Medical School,
Worcester, MA, U.S.A. 3T3-L1 cells expressing mycGLUT4
(myc epitope in the first ectodomain of GLUT4) were kindly
gifted by Dr C.R. Kahn, Joslin Diabetes Center, Boston, MA,
U.S.A. CHO cells over expressing wild-type IR (CHO-HIRc)
were kindly gifted by Dr M. Bernier, National Institute of
Aging, Baltimore, MD, U.S.A. 3T3-L1 preadipocytes (ATCC
no. CL-173), HepG2 cells (ATCC no. HB-8065) and A431
(ATCC no. CRL-1555) were obtained from ATCC, VA,
US.A.
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Figure 1 In vivo hypoglycaemic activity of FSE. (a) AXN-induced
diabetic Swiss albino mice were injected (i.p.) with vehicle (PBS),
insulin or FSE (1, 5 or 15mgkg™"). FSE at a dose of 15mgkg™"
produced a significant decrease in blood glucose levels compared
with PBS control (P<0.01). (b) IPGTT in glucose-loaded (3 gkg™")
normal Swiss albino mice. FSE-injected mice had significantly lower
levels of blood glucose (P<0.01 vs PBS treated) at 45 and 90 min
after its administration.
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Results

The hypoglycaemic activity of FSE in AXN-induced
diabetic and normal glucose-loaded mice

The effect of FSE on blood glucose levels in diabetic mice was
investigated in vivo. FSE (i.p.) induced a dose-dependent
hypoglycaemic effect in AXN-induced diabetic Swiss albino
mice. FSE 15mgkg™" reduced the blood glucose in diabetic
mice to normal levels by 4h (Figure la). Overall ~50%
reduction was observed as compared to diabetic control
(P<0.01). The response to FSE peaked at 90 min after its
administration and the effects were comparable to that of
1.5Ukg ™! insulin. Similar results were obtained in AXN and
streptozotocine-induced diabetic BALB/cJ mice (data not
shown). The effects of FSE on IPGTT in glucose-treated
normal Swiss albino mice were also investigated. As seen in
Figure 1b, 45min after the administration of 15mgkg™"' FSE,
the increase in serum blood glucose induced by glucose
administration was significantly less (311.44438.50 mgdl™")
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than that observed in the control group injected with PBS
(549.44+11.69mgdl™'; P<0.01).

The effect of FSE on glucose transport in CHO-HIRc-
mycGLUT4eGFP cells

CHO-HIRc-mycGLUT4eGFP cells were incubated in the
presence of various concentrations of FSE for 30min and
glucose transport was measured by determining the rates of
2-DG uptake. FSE induced a dose-dependent increase in
glucose transport rates; the maximal effect was observed
at a dose of 25 ugml~' (~270% of basal; P<0.05; Figure 2a).
However, FSE was ~35% less potent than insulin at
stimulating glucose uptake. This effect of FSE on glucose
uptake was attenuated in cells pretreated with wortmannin or
BIS-1 (Figure 2b). To determine whether the effect of FSE
on glucose transport involves GLUT4, the translocation of
GLUT4 was studied in CHO-HIRc-mycGLUT4eGFP cells,
3T3-L1-mycGLUT4 cells and 3T3-L1 adipocytes. FSE not
only induced a significant increase in the GFP-associated
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Figure 2 Effects of FSE on glucose transport and GLUT4 translocation. (a) CHO-HIRc-mycGLUT4eGFP cells were incubated
with the indicated concentrations of FSE for 30 min before 2-DG uptake was measured. (b) CHO-HIRc-mycGLUT4eGFP cells
were preincubated in the absence or presence of either wortmannin or BIS-1 for 20 and 60 min, respectively, followed by treatment
with insulin or FSE for 10 and 30 min, respectively, before 2-DG uptake was measured. Each value shown in (a) and (b) represents
the mean and s.e.m. of three independent experiments performed in triplicate (*P<0.05 vs basal; #*P<0.05 vs insulin control;
8P <0.05 vs FSE control). The open column represents the basal values. (c) Differentiated 3T3-L1-mycGLUT4 cells were serum-
starved in DMEM and incubated in the absence or presence of wortmannin or BIS-1 for 20 and 60 min, respectively, followed by
treatment with insulin or FSE for 10 and 30 min, respectively, before mycGLUT4 translocation was measured. Data represent the
mean and s.e.m. of triplicate experiments and are expressed as relative translocation compared with control, which was set at 1.0
(*P <0.05 vs basal value; P <0.05 vs insulin control; °P <0.05 vs FSE control). (d) CHO-HIRc-mycGLUT4eGFP cells were serum-
starved in DMEM for 3 h followed by treatment with (1) PBS (2) insulin or (3) FSE. Cells were fixed and processed for confocal
microscopy analysis. Representative pictures of at least three independent experiments are shown. (e) 3T3-L1 adipocytes were
incubated in the absence or presence of wortmannin or BIS-1 for 20 and 60 min, respectively, followed by treatment with insulin or
FSE for 10 and 30 min, respectively. Plasma membranes were prepared as described in the Methods section and then subjected to

immunoblot analysis with antibodies against GLUT4.
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fluorescence on the cell surface of CHO-HIRc-mycGLU-
T4eGFP cells but also enhanced GLUT4 content in the
membrane fraction of 3T3-L1 cells (Figure 2d and e). FSE-
induced mycGLUT4 translocation was increased by at least
50% (P<0.05 vs basal values) in 3T3-L1-mycGLUT4 cells
(Figure 2c). Pretreatment with wortmannin and BIS-1
inhibited these effects.

The involvement of insulin signalling proteins in the
cellular phosphorylation induced by FSE in 3T3-L1
adipocyte and HepG2 cells

Insulin-induced stimulation of glucose transport in adipocytes
requires IR-mediated tyrosine phosphorylation of IRS-1 and
subsequent activation of PI3-K (Kahn & Pessin, 2002). To
investigate the effects of FSE on insulin signalling, differ-
entiated 3T3-L1 adipocytes and HepG?2 cells were treated with
either 25 ugml~" FSE or 100nM insulin. By determining the
pattern of tyrosine phosphorylation proteins involved in
insulin signalling in both cell lines, the effects of FSE on the
phosphorylation of IR-f and IRS-1 and a major band at
85kDa were shown to be comparable to those seen in insulin-

a 3T3-L1 b

treated cells (Figure 3a and b), the one noticeable difference
being that FSE did not promote Akt phosphorylation at Ser-
473, whereas insulin did. FSE also failed to induce EGFR
autophosphorylation in A431 cells (Figure 3c).

The effect of FSE on PKC translocation in 3T3-L1
and HepG?2 cells

The correlation between FSE-induced IR phosphorylation and
GLUT4 translocation-mediated glucose uptake was studied
by following PKC activation in 3T3-L1 and HepG2 cells.
A significant level of PKC/A was detected in the membrane
fraction of FSE-treated as well as insulin-treated 3T3-L1 cells as
compared to the cells subjected to PBS treatment (Figure 4a).
Moreover, in unstimulated HepG2 cells PKC-associated
immunofluorescence was broadly distributed within the cells
(detected by confocal microscopy). In contrast, stimulation of
cells with FSE for 30 min resulted in maximum immunofluor-
escence on the cell surface and this effect was indistinguishable
from that observed after treating cells with 100 nM insulin for
10min (Figure 4b). FSE-induced PKC translocation in these
cells was inhibited by wortmannin and BIS-1.
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Figure 3 Effects of FSE on insulin signalling pathways. Differentiated 3T3-L1 adipocytes or HepG2 cells were serum-starved and
incubated with insulin or FSE for 10 and 30 min, respectively. The cells were washed, lysed, subjected to SDS-PAGE followed by
immunoblot analysis with phospotyrosine (PY-20) antibodies or other specific antibodies and developed by enhanced
chemiluminescence. (a) Tyrosine phosphorylation of cellular proteins of differentiated 3T3-L1 adipocytes. (b) Phosphorylation of
IRS-1, IR-a, IR-f, p85 and Akt in 3T3-L1 adipocytes and HepG?2 cells. (c) Serum-starved A431 cells were treated with EGF, insulin
or FSE and washed, lysed and subjected to immunoblot analysis. The results shown are representative of three independent

experiments.
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Figure 4 Effects of FSE on PKC translocation. (a) Serum-starved 3T3-L1 adipocytes were preincubated in the absence or presence
of wortmannin or BIS-1 for 20 and 60 min, respectively, followed by treatment with FSE for 10 and 30 min, respectively. Plasma
membranes were prepared as described in the Methods section and subjected to protein immunoblot analysis with antibodies against
PKCi. (b) HepG2 cells were serum-starved and preincubated in the absence or presence of wortmannin or BIS-1 for 20 and 60 min,
respectively, followed by treatment with insulin or FSE for 10 and 30 min, respectively. Immunostaining was performed as described
in the Methods section. (1) Negative control, (2) basal, (3) insulin, (4) FSE, (5) and (6) pretreated with wortmannin and BIS-1,
respectively, followed by treatment with FSE. The results shown are representative of at least two independent experiments.

Discussion

Fenugreek and other traditional plants are currently being
investigated for their potential as a source of new hypo-
glycaemic compounds for the treatment of diabetes (Raskin
et al., 2002; Habeck, 2003; Yeh et al., 2003). However, with
the exception of guanidine, many of the hypoglycaemic
compounds isolated from plants are small molecules such
as alkaloids, flavanoids, glycosides, steroids, amino acids
or minerals that are not suitable for pharmaceutical drug
development (Oubre et al., 1997, Day, 1998). Therefore,
to eliminate any unsuitable small molecules, an aqueous
extract of fenugreek seeds was dialysed for 24h and the
hypoglycaemic potential of this dialysed extract (FSE)
was investigated in vivo in AXN-induced diabetic mice.
FSE significantly improved glucose homeostasis in these
diabetic mice and in normal glucose-loaded mice by effec-
tively lowering blood glucose levels. This effect of FSE
on glucose levels was found to be comparable to that of
insulin.

Glucose uptake by the target tissues of insulin is the rate-
limiting step in hyperglycaemic conditions and it is facilitated
mostly by translocation of glucose transporters from an
intracellular site to the plasma membrane (Cushman &
Wardzala, 1980). Aqueous extracts of elder (Sambucus nigra)
and banaba (Langerstroemia speciosa) have been demonstrated
to have an insulin-like effect on glucose uptake in vitro (Gray
et al., 2000; Liu et al., 2001) and in the present study the
mechanisms by which FSE attenuates hyperglycaemia were
further investigated in vitro. Using CHO-HIRc-mycGLU-
T4eGFP and 3T3-L1-mycGLUT4 cells as in vitro models
(Kanai et al., 1993; Dobson et al., 1996; Inoue et al., 1999), we
demonstrated that FSE induces a rapid, dose-dependent
stimulatory effect on cellular glucose uptake by activating
cellular responses that lead to GLUT4 translocation to the cell
surface. Our results also indicated that FSE contains factor(s)
that might act independently of insulin to enhance glucose
transporter-mediated glucose uptake.

The action of insulin is initiated by its binding to the IR.
This leads to autophosphorylation of the receptor and results
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Figure 5 A proposed model for cellular effects of fenugreek seed
extract on glucose homeostasis.

in increased tyrosine phosphorylation of a number of proteins
including IRS-1 and p85 of PI3-K. Therefore, in our study the
effects of FSE on tyrosine phosphorylation of the IR and the
downstream signalling molecules in the primary cellular
targets of insulin, adipocytes and liver cells were investigated
using 3T3-L1 adipocytes and HepG?2 cells, respectively. The
results revealed that FSE activated the tyrosine phosphoryla-
tion of IR-f3, subsequently enhancing tyrosine phosphorylation
of IRS-1 and the p85 subunit of PI3-kinase, but had no effect
on basal IR-a phosphorylation. This suggests that adipocytes
and liver cells could be target sites for FSE and that it exerts its
effects by activating insulin signalling pathways.

The IR belongs to a family of receptors that share a high
degree of homology in the tyrosine kinase domain. The
activation of receptor tyrosine kinases leads to a wide variety
of biological effects ranging from metabolic regulation to
deleterious neoplastic transformation (White & Kahn, 1994).
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