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Five pentacyclic triterpenoids isolated from Campsis grandiflora
were tested for insulin-mimetic and insulin-sensitizing activity.
The compounds enhanced the activity of insulin on tyrosine phos-
phorylation of the IR (insulin receptor) β-subunit in CHO/IR
(Chinese-hamster ovary cells expressing human IR). Among the
compounds tested, CG7 (ursolic acid) showed the greatest en-
hancement and CG11 (myrianthic acid) the least. We charac-
terized the effect of CG7 further, and showed that it acted as
an effective insulin-mimetic agent at doses above 50 µg/ml and
as an insulin-sensitizer at doses as low as 1 µg/ml. Additional
experiments showed that CG7 increased the number of IRs that
were activated by insulin. This indicates that a major mechanism
by which CG7 enhances total IR auto-phosphorylation is by
promoting the tyrosine phosphorylation of additional IRs. CG7

not only potentiated insulin-mediated signalling (tyrosine phos-
phorylation of the IR β-subunit, phosphorylation of Akt and
glycogen synthase kinase-3β), but also enhanced the effect
of insulin on translocation of glucose transporter 4 in a classical
insulin-sensitive cell line, 3T3-L1 adipocytes. The results of the
present study demonstrate that a specific pentacyclic triterpenoid,
CG7, exerts an insulin-sensitizing effect as an IR activator in
CHO/IR cells and adipocytes. The enhancement of insulin activity
by CG7 may be useful for developing a new class of specific IR
activators for treatment of Type 1 and Type 2 diabetes.

Key words: adipocyte, glucose transporter 4 (GLUT4), insulin
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INTRODUCTION

The IR (insulin receptor) is a tetrameric protein consisting of
two identical extracellular α-subunits and two identical trans-
membrane β-subunits that have intracellular tyrosine kinase activ-
ity [1,2]. Binding of insulin to the α-subunits leads to a conform-
ational change and stimulation of the receptor kinase activity via
auto-phosphorylation of tyrosine residues in the β-subunits [1–3].
The activated IR kinase then phosphorylates substrate proteins,
including the family of IRS (IR substrate) proteins, on specific
tyrosine residues that serve as docking sites for downstream ef-
fector molecules [4–6]. This triggers two major kinase signalling
cascades: the mitogen-activated protein kinase and PI3K (phos-
phoinositide 3-kinase) pathways. Activation of PI3K is one of the
earliest steps in the insulin-signalling pathway and plays a major
role in many insulin-regulated responses [7]. Several kinases,
including the serine/threonine kinase, Akt, appear to relay the
signal initiated by PI3K activation. The involvement of Akt in
the translocation of GLUT4 (glucose transporter 4) and glucose
uptake has been reported in various cell types [8–11]. PI3K
and Akt are thus two important signalling molecules regulating
glucose homoeostasis in target cells.

One of the major roles of insulin is to maintain whole-body
glucose homoeostasis by stimulating the transport of glucose into
peripheral tissues via GLUT4, which is mainly expressed in ske-
letal and cardiac muscle, and in adipose tissue [12,13]. In
normal individuals, the response to an increased plasma glucose
level is to increase secretion of insulin from the β-cells of the
pancreatic islets. In response to acute insulin stimulation, intra-

cellular vesicles that store GLUT4 are translocated to the plasma
membrane and this results in redistribution of GLUT4 to the
plasma membrane, where it facilitates glucose uptake [14,15].
In Type 2 diabetes, the decreased ability of insulin to stimulate
glucose disposal, and the reduced glucose uptake into muscle or
adipose tissues in response to insulin, results in a condition called
insulin resistance [3]. Although the molecular basis of Type 2
diabetes is poorly understood, it is well established that insulin
signalling, including activation of IR tyrosine kinase activity, is
impaired in most patients with Type 2 diabetes [16,17].

Previously, small non-peptide molecules known as IR activators
have been developed that restore IR auto-phosphorylation in
insulin-resistant cells [18–22]. Such pharmacological agents
could be useful for treating Type 2 diabetes [23,24]. Since tradi-
tional Chinese herbs and herbal formulae have been used to treat
diabetes mellitus, we have investigated whether such medicinal
herbs contain IR activators with insulin-mimetic and/or insulin-
sensitizing activity.

Campsis grandiflora (Thunb.) K. Schum. (Bignoniaceae), also
known by its synonym, Campsis chinensis (Lam.) Voss. is a
creeping plant with large, deep orange to red flowers. Its flowers,
leaves and roots have long been used as herbal remedies in
traditional Chinese medicine to promote blood circulation and
remove blood stasis in diseases caused by blood stagnation. For
these reasons, C. grandiflora is a traditional Chinese anti-diabetic
medicine. The isolation of iridoids, phenyl propanoid glycosides
and triterpenoids from the leaves and flowers of this plant has
been reported previously [26–33]. Solvent extracts and active
compounds isolated from extracts from the flowers and leaves
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of C. grandiflora have several pharmacological actions [30–33].
However, the mechanisms underlying the anti-diabetic action
of C. grandiflora, as well as the identities of its anti-diabetic
components are not clear.

In the present study, we have used CHO/IR cells (Chinese-
hamster ovary cells expressing modest amounts of human IR)
[34], as well as 3T3-L1 primary adipocytes, to identify IR activ-
ators with insulin-mimetic and/or insulin-sensitizing activity. We
evaluated five pentacyclic triterpenoid compounds isolated from
C. grandiflora. Of the five, CG7 (ursolic acid) greatly enhanced
the effects of insulin on IR signalling. It induced the substantial
increase of insulin-mediated tyrosine auto-phosphorylation of the
IR β-subunit, as well as GLUT4 translocation. We found that CG7
increased the number of IRs that were tyrosine-phosphorylated in
response to insulin. We also found that it was an effective insulin-
mimetic agent at doses over 50 µg/ml and an insulin-sensitizer at
doses as low as 1 µg/ml in a cellular model of insulin-sensitive
adipose tissue.

EXPERIMENTAL

Materials

DMEM (Dulbecco’s modified Eagle’s medium), αMEM (α-
minimal Eagle’s medium), FBS (foetal bovine serum), bovine
calf serum, L-glutamine, penicillin and streptomycin were pur-
chased from Gibco® BRL (Invitrogen). Trypsin/EDTA, insulin,
dexamethasone, IBMX (isobutylmethylxanthine), o-phenylene-
diamine dihydrochloride, and GammaBind Sepharose beads were
obtained from Sigma Chemical Co. Abs (antibodies) against
the IRβ (IR β-subunit; C-19), GLUT4 (H-61), phospho-(Tyr989-
IRS-1) (pIRS-1), and ERK (extracellular-signal-regulated kinase)
were from Santa Cruz Biotechnology. Abs against protein
kinase B (PKB/Akt), phospho-Ser473-Akt (pAkt), phospho-Ser9-
GSK3β (glycogen synthase kinase 3β pGSK3β), and phospho-
Thr202/Tyr204-ERK1/2 (pERK) were from Cell Signaling Tech-
nology. Abs against phosphotyrosine (pTyr; clone 4G10) and
biotin-conjugated Ab 4G10 were from Upstate Biotechnology.
Monoclonal anti-human IRβ Ab for coating, and streptavidin
conjugated to HRP (horseradish peroxidase), were obtained
from Biosource International. HRP-conjugated secondary Abs,
affinity-purified mouse anti-rabbit IgG and rabbit anti-mouse IgG
were purchased from Bio-Rad Laboratories, and the ECL® kit
was from Amersham Biosciences.

Plant compounds

Five pentacyclic triterpenoid compounds: CG6 (oleanolic acid),
CG7, CG9 (hederagenin acid), CG10 (tormentic acid) and CG11
(myrianthic acid) were isolated from the dried leaves of C. grandi-
flora. The dried leaves (3.8 kg) were extracted with 90%
(v/v) methanol three times for 6 h each. The methanol extract
concentrated in vacuo (400 g) was partitioned with chloroform
and H2O, and the chloroform layer (120 g), after concentration,
was partitioned with hexane and 90% (v/v) methanol to obtain
hexane (40 g) and methanol (80 g) fractions. The methanol
fraction was subjected to chromatography on a silica-gel column
(chloroform/methanol, 95:5–70:30, v/v) to yield ten subfractions
(II-1–10). Further chromatography of the subfractions with silica
gel, followed by a purification step, gave five pure compounds:
CG6 (30 mg) and CG7 (50 mg) from II-3, and CG9 (15 mg),
CG10 (10 mg) and CG11 (15 mg) from II-7. The structure
of each compound was obtained by infra-red, electron impact
MS, one- and two-dimensional NMR spectroscopic methods.
The spectroscopy data have been reported previously [30]. The

compounds were dissolved in DMSO and diluted with cell culture
medium (final DMSO concentration � 0.01%).

Cell culture

3T3-L1 adipocytes (American Type Culture Collection,
Manassas, VA, U.S.A.) were grown and differentiated as des-
cribed previously [35]. They were cultured in fibroblast medium
[DMEM with high (4.5 mg/ml) glucose content] containing 10%
(v/v) bovine calf serum, 1% (w/v) glutamine and 1% (w/v)
penicillin/streptomycin at 37 ◦C in a 5% CO2/95% air humidified
incubator. After the 3T3-L1 cells had grown to confluence, the
pre-adipocytes were induced to differentiate into adipocytes in
adipocyte medium [DMEM with high glucose, 10 % (v/v) FBS,
1% (w/v) L-glutamine and 1% (v/v) penicillin/streptomycin]
supplemented with 0.25 µM dexamethasone, 0.5 mM IBMX and
100 nM insulin. After 4 days in this medium, the adipocytes were
transferred to the same medium containing 10 µg/ml insulin for
4 days; thereafter the cells were grown in fresh adipocyte medium
without insulin, with fresh medium added every 4 days. The cells
were normally used at 12 days post-differentiation, as the full
adipocyte phenotype appears approx. 5–8 days after transfer to
differentiation medium. CHO/IR cells [23] were kindly provided
by Dr Jeffrey Pessin (University of Iowa, Iowa City, U.S.A.). They
were maintained in αMEM supplemented with 10 % (v/v) FBS,
1% (w/v) L-glutamine and 1% (w/v) penicillin/streptomycin at
37 ◦C in a humidified 5 % CO2/95% air incubator. When the cells
reached 90% confluence they were removed from the plate by
incubation with trypsin and transferred to a new dish for the next
passage.

ELISA for whole-cell IR auto-phosphorylation

The ELISA for tyrosine phosphorylation of the IRβ was per-
formed as described previously [36], with some modifications.
After incubation, cells were washed three times with ice-cold PBS
and solubilized in Triton X-100 lysis buffer containing 150 mM
NaCl, 10 mM Hepes (pH 7.4), 1% (v/v) Triton X-100, protease
inhibitors (50 µg/ml aprotinin, 10 µg/ml leupeptin, 40 µg/ml
pepstatin A and 1 mM PMSF) and phosphatase inhibitors
(400 µM sodium vanadate, 10 mM sodium fluoride and 10 mM
sodium pyrophosphate) for 30 min at 4 ◦C. Cell debris was
removed by centrifugation at 800 g for 30 min at 4 ◦C. Equal
amounts of cell lysates (40 µg of protein) were applied to
96-well Immulon-1 flat-bottomed-plates coated with monoclonal
anti-human IRβ Ab in carbonate/bicarbonate buffer (15 mM
Na2CO3 and 35 mM NaHCO3, pH 9.6) at 4 ◦C overnight. IRβ was
allowed to bind overnight at 4 ◦C. Next, the plates were washed
with PBS containing 0.05% Tween 20, and biotin-conjugated
anti-pTyr (4G10) Ab was added to the wells for 1 h at room tem-
perature (25 ◦C). The wells were again washed and streptavidin–
HRP was added. Following the addition of the peroxidase sub-
strate, o-phenylenediamine dihydrochloride, tyrosine phospho-
rylation was quantified by measuring absorbance at 490 nm with
a Spectra MAX 190 microplate reader (Molecular Devices).

Subcellular fractionation

After washing in ice-cold PBS, 3T3-L1 cells were incubated in
300 µl of ice-cold hypotonic buffer S1 (10 mM Hepes/KOH,
pH 7.4, and 38 mM NaCl, with protease and phosphatase
inhibitors described for the Triton X-100 lysis buffer) and sub-
jected to four freeze–thaw cycles. The resulting suspension was
centrifuged at 800 g for 10 min to remove nuclei and intact cells,
and the supernatant was centrifuged at 48000 rev./min for 1 h at
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4 ◦C in a TLA 120.2 rotor (Beckman Coulter). The supernatant
(S100) was collected, and the membrane pellet (M) was resus-
pended in 50 µl of 6 M urea before the addition of SDS sample
buffer [350 mM Tris/HCl, pH 6.8, 10% (w/v) SDS, 30% (v/v)
glycerol, 0.6 M dithiothreitol and 0.1% Bromophenol Blue].

Western blotting

Total cell lysates, and membrane (M) and soluble (S100) fractions,
were subjected to SDS/PAGE [8 % (v/v) gels]. The proteins were
transferred on to nitrocellulose filters and incubated with anti-
pTyr Ab to detect phosphorylated proteins (IRS-1, Akt, GSK3β
or ERK) and Glut4. Anti-IRβ, anti-Akt and anti-ERK polyclonal
Abs were used to assess total protein levels. After incubation with
HRP-conjugated secondary Ab, signals were detected by ECL®.

IP (immunoprecipitation)

Cell lysates (30–100 µg of protein) were diluted to 1 ml with
Triton X-100 lysis buffer and incubated overnight at 4 ◦C with 0.5–
1 µg of anti-pTyr (4G10) Ab or anti-IRβ Ab conjugated to
GammaBind Sepharose beads at 4 ◦C overnight. The immune
complexes were pelleted by centrifugation, washed three times
with lysis buffer, and boiled with 2× Laemmli reducing sample
buffer [120 mM Tris/HCl, pH 6.8, 20% (v/v) glycerol, 4% (w/v)
SDS, 2% (v/v) 2-mercaptoethanol and 0.05 % Bromophenol
Blue] for Western blotting.

Other methods

Protein concentrations were determined with the Bradford reagent
(Bio-Rad Laboratories). The effects of compounds in combination
with insulin or on multiple cell lines were examined by two-
factor analysis of variance. Comparisons of multiple treatment
conditions were made by one factor analysis of variance. Post hoc
analysis was by paired t tests when a significant interaction was
obtained. Values of P < 0.05 were considered significant.

RESULTS

Stimulation of IRβ auto-phosphorylation by pentacyclic
triterpenoids in CHO/IR cells

Tyrosine phosphorylation of IRβ increased in response to insulin
in a dose-dependent manner in CHO/IR cells, as determined by
Western blotting of cell lysates with anti-pTyr Ab (Figure 1A).
The effects of insulin on IRβ auto-phosphorylation were also
measured using ELISA, as shown in Figure 1(B). Insulin at
5 nM had an approx. 3-fold greater effect than at 1 nM. As also
shown in Figure 1(B), none of the triterpenoid compounds at a
concentration of 1 µg/ml induced phosphorylation of IRβ. On the
other hand, these compounds tended to enhance low dose (1 nM)
insulin-mediated tyrosine phosphorylation of IRβ. The effect of
CG7 on insulin-mediated IR activation was the most significant
(P < 0.001), and, therefore, all the subsequent experiments were
performed with CG7.

Effect of CG7 on IRβ auto-phosphorylation

We investigated further the effects of CG7 on IRβ auto-phos-
phorylation in CHO/IR cells (Figure 2A). In the absence of insulin
CG7 had no effect on IRβ auto-phosphorylation at concentrations
up to 10 µg/ml, whereas at 50 µg/ml we detected a 2- to 3-fold
effect, with the maximal effect observed at 100 µg/ml. The sig-
nificant IR-sensitizing effects of the compound at low doses of
insulin (1 nM) were observed with 1 µg/ml CG7 (P < 0.001)
and greatly increased at 10 µg/ml (P < 0.001). In subsequent IR-
sensitizing action experiments, CG7 was used at 10 µg/ml.

Figure 1 Insulin-stimulated IRβ auto-phosphorylation in CHO/IR cells and
effects of triterpenoids on IR

(A) Cells were treated with vehicle alone, and 1 nM or 10 nM insulin for 15 min.
Auto-phosphorylation of IRβ (p-IRβ) was analysed in total cell lysates by Western blotting
with anti-pTyr Ab, 4G10 (anti-pY). The level of total IRβ as an index of equal loading of
the lysates was analysed with anti-IRβ . The blots shown are one representative of three
independent experiments. (B) Cells were incubated in the absence (vehicle) or presence of
each triterpenoid at 1 µg/ml for 15 min at 37◦C with 1 nM insulin (closed bars) or without
(open bars). Cells treated with 5 nM insulin alone (hatched bar) were included as a positive
control. IRβ auto-phosphorylation was measured by ELISA as described in the Experimental
section. Values are means +− S.D. of the D490 for three experiments. ***, P < 0.001 compared
with 1 nM insulin alone.

In the absence of CG7, a detectable effect of insulin on IR auto-
phosphorylation in CHO/IR cells was observed at 1 nM, with
half-maximal effects at approx. 5–10 nM and maximal effects
at 100 nM (Figure 2B). IR auto-phosphorylation by 1 nM insulin
was greatly enhanced in the presence of 1 µg/ml CG7 (P < 0.005).

Time course of CG7 action

We investigated the time course of the sensitizing effect of
CG7 on insulin-mediated IRβ auto-phosphorylation (Figure 3A).
With insulin alone, a maximal effect was observed at 5 min;
phosphorylation levels were stable up to 30 min and then began
to decay, reaching approximately half-maximal values at 60 min.
In response to insulin plus CG7, IRβ phosphorylation levels in-
creased continuously for 15 min (P < 0.005) and then decayed
at a rate similar to that with insulin alone. However, IRβ phos-
phorylation levels were higher within 5 min in response to insulin
plus CG7, and continuously increased and remained higher after
30 min. These IR-sensitizing effects of CG7 were similar when
the pre-treatment with CG7 lasted for between 10 min and 6 h
(results not shown).

We next asked whether CG7 had a sensitizing effect if it
was added after insulin had activated IRβ auto-phosphorylation
(Figure 3B). We incubated cells with insulin for 10 min and then
added CG7. Within 5 min CG7 had an effect, which was constant
for 10 min and then decayed to the level with insulin alone.

We also determined whether the compound had to be present
together with insulin to exert its effect (Figure 4A). Cells were
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Figure 2 Effect of CG7 on the IR in CHO/IR cells

(A) Cells were incubated with CG7 at the indicated concentrations with (closed bars) or
without 1 nM insulin (open bars) for 15 min at 37◦C, and direct effects of CG7 on IRβ

auto-phosphorylation were measured by ELISA. Values are means +− S.D. for three experiments.
***, P < 0.001 indicates values significantly greater than with CG7 alone. (B) Cells were
incubated in the presence of the indicated concentrations of insulin (black-dotted bars)
or insulin plus 1 µg/ml CG7 (white-dotted bars) for 15 min at 37◦C, and IR β-subunit
auto-phosphorylation was measured by ELISA. Values are means +− S.D. for three experiments.
**, P < 0.005 indicates values significantly greater than insulin alone.

Figure 3 Time course of CG7 action

(A) CHO/IR cells pre-incubated for 10 min with CG7 or vehicle were stimulated with 1 nM
insulin. At various times the cells were solubilized, and ELISAs for IRβ auto-phosphorylation
were performed as described in the Experimental section. Values are means +− S.D. for three
experiments. *, P < 0.05; **, P < 0.005. (B) CHO/IR cells were incubated with 1 nM insulin, and
10 µg/ml CG7 was added after 10 min. Cells were lysed after various incubation times
and ELISAs for IRβ auto-phosphorylation were performed. Values are means +− S.D. for three
experiments.

Figure 4 Effect of CG7 and/or insulin washout on IRβ auto-phosphorylation
in CHO/IR cells

(A) In parallel samples, cells were pre-treated with vehicle or CG7 (10 µg/ml) for 10 min. In
one sample the medium containing CG7 was washed out. Insulin (1 nM) was then added to
both samples and the cells were incubated for 5 min. IRβ auto-phosphorylation was assayed by
ELISA. Values are means +− S.D. for triplicate samples per condition. ***, P < 0.001 indicates
values significantly greater than insulin alone. §, P < 0.001indicates values significantly reduced
compared with unwashed cells. Similar results were obtained in three separate experiments.
(B) In parallel samples, cells were pre-treated with vehicle or 1 nM insulin for 10 min. In
one sample, the medium containing insulin was washed out and 10 µg/ml CG7 was then
added to both samples. After 5 min of incubation IRβ auto-phosphorylation was quantified by
ELISA. Values are means +− S.D. of the ODs for three experiments per condition. ***, P < 0.001
indicates values significantly greater than CG7 alone. §, P < 0.001 indicates values significantly
reduced compared with unwashed cells. (C) Effect of CG7 on IRβ auto-phosphorylation after
insulin wash-out in CHO/IR cells. In parallel samples CHO/IR cells were pre-treated with CG7
(10 µg/ml) for 10 min, followed by incubation with 1 nM insulin for 10 min. In one set of
samples, the medium containing insulin and CG7 was removed and replaced with serum-free
medium. In the other sample, the medium was removed and replaced with serum-free medium
containing 10 µg/ml CG7. After subsequent incubations for 5 and 10 min, cells were lysed
and IRβ auto-phosphorylation was quantified by ELISA. Values are means +− S.D. for three
experiments per condition. ***, P < 0.001 indicates values significantly reduced compared with
unwashed (0 min) cells. §, P < 0.05 indicates values significantly increased compared
with washed cells at 5 min. †, P < 0.05 indicates values significantly increased compared with
washed cells at 10 min.

pre-incubated for 10 min with or without CG7, washed and then
insulin was added. The removal of the CG7 resulted in complete
loss of potentiation of the insulin effect (P < 0.001). In the reverse
experiments, with insulin pre-incubation for 10 min, followed by
washing and addition of CG7, no sensitizing effect was detected
(P < 0.001; Figure 4B). We then assessed the effect of CG7 on
decay of the insulin effect. When both insulin and CG7 were
removed after incubation with cells, there was a rapid decay of IRβ
auto-phosphorylation to approx. 50% of the level observed for
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the unwashed cells after a 10 min washout (Figure 4C). However,
re-addition of CG7 alone to the incubation medium following this
washout slowed the decay markedly (P < 0.05).

Activation of IR signal transduction in CHO/IR cells

We next investigated if CG7 increased IRβ auto-phosphorylation
by increasing the number of IRs that underwent auto-phosphoryl-
ation or the number of phosphorylated tyrosine residues per IR
molecule. To assess the content of tyrosine-phosphorylated
IR, cells were stimulated with insulin plus CG7, lysed, immuno-
precipitated with the anti-pTyr Ab and Western blotted with
anti-IR Ab. The anti-pTyr Ab immunoprecipitated a significantly
greater number of IR molecules from cells incubated with insulin
plus CG7 compared with cells incubated with insulin alone (Fig-
ure 5A). This result indicates that the increase in the IR pTyr signal
from cells incubated with CG7 plus insulin, as detected by ELISA,
is due mainly to an increase in the number of phosphorylated IR
molecules.

We also tested whether activation of IR by CG7 results in
increased phosphorylation of a number of other proteins, namely
IR, Akt and ERK. CHO/IR cells were treated in various ways
and lysates were Western blotted with phospho-specific Abs.
As shown in Figure 5(B), phosphorylation of these proteins was
higher in cells incubated with CG7 plus insulin compared with
cells incubated with insulin alone.

Potentiation of insulin-stimulated GLUT4 translocation
in 3T3-L1 adipocytes

We next enquired whether the action of CG7 on the IR affected
the classical insulin effect on glucose transport. Because CHO/IR
cells do not have an insulin-sensitive glucose transport system,
we used 3T3-L1 adipocytes, which do. We first examined the
characteristics of 3T3-L1 adipocytes formed from pre-adipocytes.
As shown in Figure 6(A), levels of IR and GLUT4 were
greatly enhanced in the differentiated cells, and insulin signalling,
including activation of IR tyrosine kinase activity, followed by
phosphorylation of endogenous substrates, such as IRS-1, Akt,
GSK3β and ERK, was induced in these cells. We then examined
the effect of CG7 on insulin signalling. As shown in Figure 6(B),
CG7 stimulated tyrosine phosphorylation of the IRβ-subunit as
well as phosphorylation of Akt and GSK3β.

To examine insulin-stimulated translocation of GLUT4 to the
plasma membrane, the membrane pellet (M) was separated from
the supernatant (S100). Insulin stimulation of 3T3-L1 adipocytes
caused translocation of the phosphorylated forms of IRβ, Akt
and GSK3β, as well as of GLUT4 to the membrane fraction
(Figure 7A). Incubation with 1 nM insulin plus CG7 led to a simi-
lar extent of GLUT4 translocation to the plasma membrane as
observed with 100 nM insulin alone (Figure 7B).

DISCUSSION

We have investigated whether medicinal herbs contain IR activ-
ators with insulin-mimetic and/or insulin-sensitizing activity by
analysing their effects on IR signalling, and have identified several
components of medicinal plants that greatly stimulate the effect of
insulin on IR signalling. In the present study, we tested the effects
of five pentacyclic triterpenoids isolated from C. grandiflora on
insulin signalling. The extent of stimulation of insulin-mediated
tyrosine phosphorylation of the IRβ depended on details of the
structures of the pentacyclic triterpenoids. CG7 gave the greatest
enhancement, whereas CG11 gave the least. Our findings show
that the extent of stimulation of insulin action may depend on the

Figure 5 CG7 increases the number of IR undergoing IRβ auto-
phosphorylation in CHO/IR cells

(A) CHO/IR cells were incubated in the presence or absence of 1 µg/ml CG7 for 15 min at 37◦C
as described in the Experimental section. Cells were also incubated simultaneously with 1 nM
insulin in the presence or absence of CG7. Cell lysates were immunoprecipitated (IP) using Ab
against pTyr or IRβ , followed by Western blotting with anti-IRβ or anti-pTyr Ab, as described in
the Experimental section. The levels of IRβ and its auto-phosphorylation were also analysed
in total cell lysates by Western blotting with anti-IRβ and anti-pTyr Abs. The data shown are
one representative for three independent experiments. (B) Lysates were prepared from CHO/IR
cells incubated with 1 nM insulin for 15 min at 37◦C in the presence or absence of 1 µg/ml
CG7. They were also prepared from cells incubated with vehicle, CG7, or 5 nM insulin alone as
controls. Equal amounts of soluble proteins were used for Western blotting with Abs specific
for the phosphorylated forms of IRβ , Akt and ERK. Blots were stripped and re-probed with Abs
directed against total cellular forms of IRβ , Akt and ERK. The data shown are one representative
for three independent experiments. IB, immunoblot.

positions and numbers of hydroxyl groups in these compounds:
hydroxyl groups at the C3 position have a greater effect on sti-
mulation and increased numbers of hydroxyl groups have an
inhibitory effect.

We characterized the effect of CG7 further and showed that it is
also an IR activator: it acted as an effective insulin-mimetic agent
at levels above 50 µg/ml and an insulin-sensitizer at doses over
1 µg/ml. Pre-incubation with CG7 for approx. 5 min significantly
enhanced the activity of a relatively low dose of insulin (1 nM).
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Figure 6 Activation of IR signalling in 3T3-L1 adipocytes

(A) Top panel: 3T3-L1 pre-adipocytes before and after differentiation into adipocytes were
incubated with vehicle or 100 nM insulin at 37◦C for 15 min as described in the Experimental
section. Adipocyte differentiation was determined by Western blotting of equal amounts
of soluble protein with Abs directed against IRβ or GLUT4. Bottom panel: equal amounts of
soluble protein from adipocytes were used for Western blotting with Abs specific for the
phosphorylated forms of IRβ , IRS-1, Akt, GSK3β and ERK. The blots are representative of
three independent experiments. Anti-pY, anti-pTyr. (B) Differentiated 3T3-L1 adipocytes were
incubated in the presence or absence of 1 µg/ml CG7 for 15 min at 37◦C. Cells were also incub-
ated simultaneously with 1 nM insulin in the presence or absence of CG7. Cells incubated with
100 nM insulin served as controls. Equal amounts of soluble proteins from each preparation
were Western blotted with Abs specific for the phosphorylated forms of IRβ , Akt and GSK3β .
Blots were stripped and re-probed with Ab directed against IRβ . The data are one representative
for three separate experiments. IB, immunoblot.

Kinetic analysis of the action of CG7 demonstrated that it was
effective up to 5 min after a maximal response of IR auto-
phosphorylation to insulin. CG7 enhancement of insulin activity
required the continuous presence of CG7 along with the insulin.
However, when cells were stimulated with CG7 plus insulin and
only the insulin was removed, the presence of CG7 led to a higher
level of IR auto-phosphorylation. These observations suggest that
IRβ is the site of action of CG7. Moreover, the results of the wash-
out experiments, after exposure of the cells to CG7 for 10 min,
also suggested that CG7 could act outside the cells, although both
insulin and CG7 are small lipid-soluble molecules that can easily
cross the plasma membrane.

Additional experiments showed that CG7 increased the number
of IR molecules that were activated by insulin. This indicates that

Figure 7 Effects of CG7 on insulin-independent and insulin-stimulated
GLUT4 translocation in 3T3-L1 adipocytes

(A) 3T3-L1 adipocytes were serum-starved and incubated with vehicle or 100 nM insulin at
37◦C for 20 min. Subcellular fractionation was performed as described in the Experimental
section. Total cell lysate, cytosol fraction (S100) and membrane pellet (M), 30 µg each, were
used for Western blotting with Abs specific for the phosphorylated forms of IRβ , Akt and
GSK3β . Blots were stripped and reprobed with Abs directed against IRβ or GLUT4. The
data are one representative for at least three independent experiments. (B) Serum-starved
3T3-L1 adipocytes were incubated in the presence or absence of CG7 at 1 µg/ml for 20 min at
37◦C. Cells were also incubated simultaneously with 1 nM insulin in the presence or absence
of CG7. Cells incubated with 100 nM insulin served as controls. Membrane pellet (M) fraction
(30 µg) was used for Western blotting to determine GLUT4 translocation using an Ab directed
against GLUT4. Blots were stripped and reprobed with Ab directed against IRβ . The data shown
are one representative for at least three independent experiments. IB, immunoblot.

a major mechanism by which CG7 enhances total IR auto-phos-
phorylation is by promoting the tyrosine phosphorylation of addi-
tional IR molecules. Although it is possible that the effects of
CG7 are due to inhibition of cellular protein tyrosine phosphatase
activity, as reported recently [37], our results support the idea that
it acts directly on the IR to expose it to auto-phosphorylation and to
maintain its phosphorylation. After stimulation with insulin alone
or insulin plus CG7, there was a parallel rapid increase in IR auto-
phosphorylation, followed by a parallel decrease, which would
not be expected if CG7 were acting solely by inhibiting tyrosine
phosphatase activity. Although CG7 did not directly activate the
IR at low concentrations, at higher concentrations it had a direct
effect on both IR auto-phosphorylation and glucose transport.
These results suggest that CG7 does not act on the IR-binding
site, but rather on the IRβ and that it specifically enhances IRβ
auto-phosphorylation and subsequent downstream signalling.

Defects in the IR and its signal transduction pathway have
been found in insulin-resistant patients, including decreased IR-
and IRS-1-phosphorylation and decreased PI3K activity [38,39].
Impaired insulin signalling leads to hyperglycaemia and other
metabolic abnormalities [40]. Therefore pharmacological agents
that enhance IRβ tyrosine kinase activity could be useful in the
treatment of Type 2 diabetes, which is characterized by abnormal
insulin secretion due to impaired β-cell function and insulin
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resistance in target tissues [41]. Previously, two small non-peptide
molecules that enhance insulin action in cultured cells were
reported: one is a direct IR agonist [18] and the other an IR
sensitizer [20]. The results of the present study demonstrate
that a specific pentacyclic triterpenoid, CG7, also exerts an
insulin-sensitizing effect as an IR activator in CHO/IR cells and
adipocytes.

Pentacyclic triterpenoids, such as oleanolic acid and CG7, are
ubiquitous in the plant kingdom and in medicinal herbs, and
are integral components of the human diet. There have been other
reports that the naturally occurring pentacyclic triterpenoids act
as anti-diabetic agents [42–44]. The present study confirms these
findings and provides a possible explanation for the effects of
triterpenoids. Although the detailed mechanisms of CG7 action
need to be investigated further, our results suggest a new class
of compounds as possible IR activators for the treatment of dia-
betes. Compared with the compounds reported as IR activators
previously, CG7 at 1 µg/ml had a greater sensitizing effect on the
activity of insulin at concentrations as low as 1 nM. In addition,
CG7 is derived from medicinal plants, mixtures of which are
often used as traditional remedies for the treatment of diabetes.
The identification of a significant IR activator in these medicinal
plants may provide the opportunity to develop a novel class of
anti-diabetic agent that is more effective and less toxic than those
currently available.
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