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Moutan Cortex is a well-known herb in traditional Korean, Chinese, and Japanese anti-diabetic formulae.
In the current study, we investigated the metabolic effects of isolated triterpenes (1-7) in HepG2 cells
under high glucose conditions. These compounds remakably stimulated AMP-activated protein kinase
(AMPK), GSK-3B, and ACC phosphorylation. The compounds also increased glucose uptake and enhanced
glycogen synthesis. Among these, compound 1 displayed the greatest potential anti-diabetic activity
though the AMPK activation pathway. Compound 1 significantly increased the levels of phospho-AMPK,
phospho-ACC, and phospho-GSK-3f and stimulated glucose uptake and glycogen synthesis in a dose-
dependent manner. In conclusion, our results suggest that these compounds, especially compound 1,
may have beneficial roles in glucose metabolism via the AMPK pathway.

© 2009 Elsevier Ltd. All rights reserved.

Diabetes mellitus (DM) refers to disorders that share the com-
mon feature of elevated blood glucose levels. The classification ac-
cepted by the World Health Organization (WHO)"? and the
American Diabetes Association (ADA)® combines both clinical
stages of hyperglycemia and the etiological types, that is, type 1
and type 2 diabetes. Over the last 30 years, an enormous number
of studies have been dedicated to unraveling the pathophysiology
of type 2 diabetes mellitus.* High levels of circulating glucose, or
hyperglycemia, is a serious problem in type 2 diabetes. Among var-
ious pathological effects, the failure of hepatic control of glucose
homeostasis is a key factor that causes hypeglycemia.’ The weak-
ened ability of insulin to initiate downstream liver metabolic ac-
tion, defined as hepatic insulin resistance, also leads to
dysregulated lipid synthesis and further causes hepatic steatosis,
as well as systemic insulin resistance.®

5" AMP-activated protein kinase (AMPK), an energy sensor that
regulates cellular metabolism, was initially identified as an activat-
ing enzyme of acetyl-coA carboxylase (ACC).” In addition, AMPK
has been reported to be involved in the glucose metabolism of var-
ious tissues such as liver, skeletal muscle, adipose tissues, and pan-
creatic B cells, which are key tissues in the pathogenesis of type 2
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diabetes.® Recent findings showed that AMPK plays a major role in
the control of hepatic metabolism.® Elevated fasting plasma glu-
cose is associated with type 2 diabetes and is regulated by gluco-
neogenesis, a process that makes glucose from non-carbohydrate
sources in the liver.’® Thus, by inhibiting hepatic glucose output
and increasing the liver stores by conversion of glucose to glyco-
gen, AMPK could control blood glucose levels in the body.'° There-
fore, a defect in AMPK signaling could account for many of the
abnormalities observed in insulin resistance related to type-2
diabetes.!

Human HepG2 hepatoma cells are a suitable cell model for
investigating insulin signaling.!?> Thus, they were used to investi-
gate the effects of isolated compounds from Moutan Cortex on
insulin signaling under high glucose conditions.

Moutan Cortex (‘Mok-Dan-Pi’ in Korean), the root bark of Paeo-
nia suffruticosa Andrew (Paeoniaceae), is found in traditional Chi-
nese anti-diabetic formulae.!*!* However, the mechanisms of
action of Moutan Cortex extract, as well as of isolated compounds,
in type 2 diabetic diseases remain unclear.'>!® Previous phyto-
chemical investigations of this plant resulted in the isolation of
various compounds such as triterpenes,!” monoterpene glyco-
sides,'®-2! acetophenones,'®-2! flavonoids,?? and tannins.?3

Glucose uptake and glycogen synthesis assays were conducted
in HepG2 cells under high glucose conditions using the MeOH
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Figure 1. Structure of isolated triterpenes (1-7) from Moutan Cortex.

extract and subsequent partitions with n-hexane, EtOAc, and n- repeated chromatography of these fractions on silica gel and YMC
BuOH of Moutan Cortex. The MeOH extract, as well as the n-hexane gel (ODS) columns resulted in isolation of seven triterpenes (1-7)
and EtOAc fractions, considerably enhanced glucose uptake and (Fig. 1),* which were identified as palbinone (1), ursolic acid (2),
glycogen synthesis in HepG2 cells (data not shown). Furthermore, betulinic acid (3), daucosterol (4), oleanolic acid (5), B-sitosterol
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Figure 2. The triterpenes (1-7) stimulate glucose uptake and enhance glycogen synthesis in HepG2 cells under high glucose treatment in HepG2 cells via the AMPK-GSK-38
pathway. Effect of the triterpenes (1-7) on: (A) phosphorylation of AMPK; (B) phosphorylation of the GSK-38; (C) glycogen synthesis. The incorporation of ['4C]glucose into
the cellular glycogen pools was allowed for 60 min and the radioactivity incorporated in the glycogen was measured in the glycogen precipitate; (D) glucose uptake. HepG2
cells were treated with 2-['#C]DOG with the presence or absence of various concentrations (1, 2, 5, and 10 uM) of 1 for measuring the glucose uptake rate by a scintillation
counter; Data compiled from three independent experiments and values are expressed as mean + SD. p <0.05 and *p <0.01, as compared with the control values.
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(6), and 30-norhederagenin (7) by comparing their physicochemi-
cal properties and spectroscopic data with those reported in the lit-
erature.’>~2” We subsequently evaluated their ability to prevent
type 2 diabetic diseases via stimulation of glucose uptake and gly-
cogen synthesis related to activation of AMPK in human HepG2
cells under high glucose conditions. The most bioactive compound
(1) was studied further as a novel anti-diabetic agent from Moutan
Cortex.

Experiments were conducted as previously described with min-
or modifications: cell culture,?® cell viability assays,?® Western Blot
analyses,® glycogen synthesis assays,>! and glucose uptake as-
says.3? Data are presented as means + SD. Statistical significance
was set at p <0.05 and p <0.01. Statistically significant differences
were determined by analysis of variance in SPSS statistical soft-
ware (SPSS, IL, USA).

Cytotoxicity of the isolated compounds (1-7) to HepG2 cells
was examined under the conditions described by Mosmann.*°
The HepG2 cells were treated with various concentrations of these
compounds (5-100 uM) for 24 h (Table 1, Supplementary data).
These compounds at up to 10 uM did not influence the viability
of HepG2 cells. Thus we employed the test compounds at less than
10 uM in subsequent experiments.

A previous study reported that AMPK activation in liver leads to
the inhibition of glucose production and stimulation of fatty acid
oxidation by enhancing the phosphorylation of ACC and GSK-3p.°
Thus, we first determined the phosphorylation state of AMPK by
using specific anti-phospho-AMPK antibody. As demonstrated in
Figure 2A, compounds 1-7 stimulated phosphorylation of AMPK
remarkably compared to insulin (100 nM). Among these, 1 was
the strongest AMPK activator. The enzyme GSK-3p plays a domi-
nant role in promoting hepatic glycogen synthesis. We therefore
examined whether the elevation of glycogen was regulated via
GSK-3B activities by treatment with compounds (1-7). Interest-
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ingly, administration of 10 uM of each compound 1-7 considerably
increased the phosphorylation of GSK-3p (Fig. 2B). We next per-
formed a glycogen synthesis assay in HepG2 cells to test whether
the isolated compounds (1-7) from Moutan Cortex reversed the
high glucose-induced inhibition of glycogen synthesis. Interest-
ingly, the presence of 10 uM (1-7) in HepG2 cells under high glu-
cose conditions remarkably increased glycogen synthesis over the
basal level (Fig. 2C). Of these, compound 1 displayed the strongest
capacity to elevate glycogen synthesis (more than twice the basal
level) (Fig. 3B). Previous studies of hepatic insulin sensitivity indi-
cated that short-term insulin treatment could directly promote
glucose uptake in HepG2 cells.*3233 In response to insulin, glucose
uptake increased almost twofold over basal levels under high glu-
cose treatment in HepG2 cells (Fig. 2D). As expected, compounds
(1-7) displayed a remarkable ability to stimulate glucose uptake
in HepG2 cells after administration of 10 uM of each compound
(Fig. 2D). Of these, compound 1 most stimulated the glucose up-
take activity in HepG2 cells (more than twice basal levels). These
results indicated that AMPK activity is involved in the com-
pound-induced glucose uptake and glycogen synthesis in HepG2
cells.

Palbinone (1) is an unusual terpenoid that was first isolated
from Paeonia albiflora in 1993 and then from Paeonia delavayi in
2005.23% However, few studies have reported its bioactivities, ex-
cept for its potent inhibitory activities on 3a-hydroxysteroid dehy-
drogenase, 3a-hydroxy dehydrogenase, and human monocyte
interleukin-1p reported in 1993.253536 In the primary screening
of compounds (1-7) in type 2 diabetes treatment, palbinone was
found to be a potent anti-diabetic candidate. As shown in Figure
3A, treatment with various concentrations of palbinone dose-
dependently induced the phosphorylation of ACC, a well-charac-
terized substrate of AMPK that is commonly used as a sensor of
AMPK activation, whereas there was no change in the total level
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Figure 3. As the same manner, palbinone (1) stimulates glucose uptake and glycogen synthesis via AMPK downstream pathway in a dose-dependent fashion under high
glucose treatment in HepG2 cells. Effect of palbinone (1) on: (A) phosphorylation of ACC and GSK-3B via AMPK activation; (B) glycogen synthesis; (C) glucose uptake; Data
compiled from three independent experiments and values are expressed as mean + SD. p <0.05, as compared with the control values.
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of ACC.3738 Palbinone treatment also increased the level of phos-
pho-AMPK in a dose-dependent manner, verifying the activation
of AMPK without no alteration in the total level of AMPK protein
(Fig. 3A). In addition, palbinone administration also caused a
remarkable increase in the level of P-GSK-38 in a dose-dependent
manner (Fig. 3A). Palbinone began to elevate glycogen synthesis in
human HepG2 cells under high glucose conditions at 1 M, with a
maximum increase occurring at 10 M compared to the basal level
(Fig. 3B). Also, palbinone dose-dependently enhanced glucose up-
take in human HepG2 cells under high glucose conditions com-
pared with the basal level. Furthermore, upon 10 uM palbinone
treatment, the glucose uptake in HepG2 cells was higher than that
with 100 nM insulin treatment (Fig. 3C).

To date, only ursolic acid and B-sitosterol, which belong to tri-
terpene skeleton, have been investigated for active mechanisms
in type 2 diabetic diseases.>®*° Ursolic acid potently inhibited pro-
tein tyrosine phosphatase 1B (PTP 1B), enhanced insulin receptor
phosphorylation, and stimulated glucose uptake in L6 myotube
cells.® In addition, the beneficial effects of B-sitosterol on glucose
and lipid metabolism in L6 myotube cells mediated by AMP-acti-
vated protein kinase were also studied.*® To our knowledge, this
is the first report of the stimulation of glucose uptake and glycogen
synthesis via activation of AMPK in insulin-resistant human HepG2
cells by triterpenes from Moutan Cortex. Moreover, this study
identified a promising candidate, palbinone, for treatment of type
2 diabetes. Its metabolic function was studied and palbinone was
shown to increase glucose uptake and glycogen synthesis via the
AMPK pathway. Therefore, it may play a crucial role in increasing
insulin sensitivity, which is very meaningful in the treatment of
type 2 diabetes. Further study directed at the determining the
mechanism of palbinone action may lead to the identification of
a novel molecular target for the generation of therapeutic agents
useful in the prevention of insulin resistance in type 2 diabetes.
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