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Abstract Insulin resistance is a characteristic feature of
type 2 diabetes mellitus (T2DM) and is characterized by
defects in insulin signaling. This study investigated the
modulatory effects of fucosterol on the insulin signaling
pathway in insulin-resistant HepG2 cells by inhibiting
protein tyrosine phosphatase 1B (PTPI1B). In addition,
molecular docking simulation studies were performed to
predict binding energies, the specific binding site of
fucosterol to PTP1B, and to identify interacting residues
using Autodock 4.2 software. Glucose uptake was deter-
mined using a fluorescent D-glucose analogue and the
glucose tracer 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)
amino]-2-deoxyglucose, and the signaling pathway was
detected by Western blot analysis. We found that fucosterol
enhanced insulin-provoked glucose uptake and conjointly
decreased PTPIB expression level in insulin-resistant
HepG2 cells. Moreover, fucosterol significantly reduced
insulin-stimulated serine (Ser307) phosphorylation of
insulin receptor substrate 1 (IRS1) and increased phos-
phorylation of Akt, phosphatidylinositol-3-kinase, and
extracellular signal- regulated kinase 1 at concentrations of
12.5, 25, and 50 pM in insulin-resistant HepG2 cells.
Fucosterol inhibited caspase-3 activation and nuclear factor
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kappa B in insulin-resistant hepatocytes. These results
suggest that fucosterol stimulates glucose uptake and
improves insulin resistance by downregulating expression
of PTPIB and activating the insulin signaling pathway.
Thus, fucosterol has potential for development as an anti-
diabetic agent.

Keywords Protein tyrosine phosphatase 1B - Antdiabetic -
Glucose uptake - HepG2 cell - Molecular docking -
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Introduction

Type 2 diabetes mellitus (T2DM) consists of an array of
dysfunctions characterized by hyperglycemia resulting
from a combination of resistance to insulin action, inade-
quate insulin secretion, and excessive or inappropriate
glucagon secretion. Insulin action is regulated by binding
to insulin receptors (IR) on insulin-sensitive tissues, such
as the liver, adipose tissue, and skeletal muscle (Leng et al.
2004). Therefore, insulin resistance is characterized by
inadequate regulation of nutrient metabolism and glucose
uptake in numerous tissues and organs, including the liver.
Stimulation of glucose uptake by organs and tissue as well
as specific molecular targets in the insulin signaling path-
way is a novel therapeutic approach for T2DM (Moller
2001; Saltiel 2001). Thus, agents that stimulate glucose
uptake and improve insulin resistance are generally useful
for managing T2DM (Xie et al. 2006). Insulin signal
transduction is initiated when insulin binds to the IR, which
stimulates IR intrinsic kinase activity and activates a
number of kinases, including Akt and extracellular signal-
regulated kinase (ERK). This also triggers the phos-
phatidylinositol-3-kinase (PI3K) pathway, which activates
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protein kinase B and inhibits glycogen synthase kinase-3
by phosphorylation, resulting in promoted glucose trans-
port (Klover and Mooney 2004). Phosphorylated Akt sig-
naling cascades also have a critical role in cell survival and
apoptosis regulation, whereas Akt promotes cell survival
by inhibiting programmed cell death through phosphory-
lation and inactivation of particular members of caspase
family, such as caspase-3 (Franke et al. 2003). ERK is
activated via the IR-SHC-RAF-MEKI1-ERK signal trans-
duction pathway (Saltiel and Pessin 2002).

Protein tyrosine phosphatase 1B (PTP1B) is a negative
regulator of the insulin signaling cascade and has attracted
intensive investigation in a recent T2DM therapy study
(Johnson et al. 2002; Zhang and Zhang 2007). PTP1B is
localized in the cytoplasmic face membrane of the endo-
plasmic reticulum and is widely expressed in insulin-sen-
sitive tissues, such as the liver, muscle, and adipose tissues
(Tonks 2003). PTP1B dephosphorylates the IR as well as
the tyrosine residues of IRS1, and increase serine 307
phosphorylation leading to insulin resistance (Zabolotny
et al. 2004; Xie et al. 2006). Deletion of PTP1B in liver,
muscle and fat tissues enhances insulin sensitivity (Clampit
et al. 2003; Wu et al. 2001). In vitro and in vivo evidence
confirms that PTP1B is an exciting target for T2DM
treatment and drug development. Although the significance
of PTPIB in the regulation of insulin signaling has been
widely reported, the role of PTP1B as an apoptosis mod-
ulator has only been reported a few times. A deficiency in
PTP1B protects hepatocytes against serum depletion-in-
duced apoptosis (Gonzalez-Rodriguez et al. 2007).
Downregulation of PTPIB effectively protects against
apoptotic cell death (Song et al. 2008). Furthermore,
PTP1B-null mice are more resistant to Fas-induced liver
damage than that of wild-type mice (Sangwan et al. 2006).
However, it remains unclear whether a PTP1B inhibitor
can attenuate HepG?2 cell apoptosis. One study showed that
overexpression of PTP1B results in an insulin-resistant
state. Thus, PTP1B has been considered a promising
insulin-sensitive drug target for preventing and treating
T2DM (He et al. 2014).

A marine source has served as a rich source of health-
promoting components (Barrow and Shahidi 2008). For
many years, traditional Western pharmacognosy has focused
on identifying and investigating medically important plants
and animals in the terrestrial environment, although many
marine organisms are used in traditional Chinese medicine.
Among marine sources, edible seaweeds are an underex-
ploited plant resource of biologically active secondary
metabolites and exhibit a wide range of therapeutic proper-
ties (Li and Kim 2011). Seaweeds should receive increasing
acceptance worldwide with the current trend for consumers
to embrace organically grown and natural foods from clean
environment. Several Asian cultures (mainly Korea, China,

and Japan) have a strong tradition of using different varieties
of seaweed extensively in cooking as well as in herbal
medicine preparations. Various edible marine algae some-
times referred to as seaweed, have attracted interest as good
source of nutrients. Indeed, one notable feature of edible
seaweeds is their richness in phlorotannins, sulfated
polysaccharides, carotenoid pigments, phytosterols, and
bioactive peptides (Chandini et al. 2008). Fucosterol, iso-
lated from Ecklonia stolonifera, is the predominant sterol in
brown seaweeds, comprising 83-97 % of total sterol content
(Sanchez-Machado et al. 2004). Fucosterol has numerous
biological activities, such as anti-cancer, cholesterol-reduc-
ing, antidiabetic, antioxidant, anti-adipogenic, anti-fungal,
anti-histaminic, anti-cholinergic, anti-inflammatory, and
butyrylcholinesterase inhibitory activities (Jung et al. 2014;
Abdul et al. 2016). Although fucosterol exhibits antidiabetic
activity, no detailed information is available about the
specific PTP1B binding site or the molecular mechanism of
fucosterol against T2DM. Therefore, we report herein the
effects of fucosterol on insulin-resistant HepG2 cells and
possible mechanism in vitro.

Materials and methods
Chemicals

Fucosterol (Fig. 1) was isolated from Ecklonia stolonifera as
described by Jung et al. (2013) and its purity (99 %) was
determined by HPLC as described elsewhere (Hwang et al.
2012). The fluorescent p-glucose analogue and glucose tra-
cer 2-[N-(7-nitrobenz-2-oxa-1, 3-diazol-4-yl) amino]-2-
deoxy-p-glucose (2-NBDG) was purchased from Life
Technologies (Carlsbad, CA, USA). Metformin (hy-
drochloride), phenylmethylsulfonyl fluoride (PMSF), and
bovine serum albumin (BSA) were purchased from Cayman
Chemicals (Ann Arbor, MI, USA). Insulin from bovine
pancreas was purchased from Sigma—Aldrich (St. Louis,
MO, USA). Minimum essential medium (MEM), penicillin—
streptomycin, 0.25 % trypsin-ethylenediaminetetraacetic
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Fig. 1 Structure of fucosterol
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acid (EDTA), fetal bovine serum (FBS), sodium pyruvate,
and nonessential amino acids were purchased from Gibco-
BRL Life Technologies (Grand Island, NY, USA). Phospho-
Akt (Serd473) (D9E) rabbit monoclonal antibody, and the
caspse-3 antibody were obtained from Cell Signaling
Technology (Danvers, MA, USA). PTP1B, IRS-1 antibody,
p-IRS-1 (Ser307), Akt, PI3-kinase, p-PI3-kinase p85
(Tyr508), ERK, p-ERK, B-actin, and all secondary anti-
bodies were obtained from Santa Cruz Biotechnology
(Dallas, TX, USA). All other reagents were purchased from
Sigma—Aldrich.

Cell culture

The human hepatocarcinoma HepG2 cell line was pur-
chased from the American Type Culture Collection (HB-
8065; Manassas, VA, USA). Cells were maintained in
MEM containing 2.0 mM L-glutamine, 0.1 mM nonessen-
tial amino acids, 1.0 mM sodium pyruvate, and 10 % FBS
at 37 °C in a humidified atmosphere with 5 % CO,. The
medium was changed every 48 h. Samples were dissolved
in DMSO before being added to the cells; the final con-
centration of DMSO did not exceed 0.1 %.

Cell viability assay

Cell viability was assessed using the MTT assay as
described previously (Mossman 1983). In brief, HepG2
cells were seeded in a 96-well plate at a density of 2 x 10°
cells/well and incubated at 37 °C for 24 h. The cells were
fed fresh serum-free MEM containing various concentra-
tions (25, 50, 100, and 200 uM) of fucosterol, and incu-
bated for 24 and 48 h. Then, the cells were incubated with
the 100 pul of MTT solution in 0.5 mg/ml in phosphate-
buffered saline (PBS) and incubated for 2 h. To measure
the proportion of surviving cells, the medium was replaced
with 100 ul DMSO (100 %). Control cells were treated
with 0.1 % DMSO; this concentration was not cytotoxic as
measured by this assay. The resulting absorbance values
were measured at 570 nm with a microplate reader
(Molecular Devices, Sunnyvale, CA, USA).

2-NBDG glucose uptake

HepG2 cells were routinely grown in MEM supplemented
with 10 % (v/v) FBS, streptomycin (100 mg/mL), and
penicillin (100 U/mL), in a humidified atmosphere of
95 % air—5 % CO, at 37 °C. The insulin-resistant HepG2
cell model and glucose uptake assay were established
according to a previous method (Jung et al. 2011; Liu
et al. 2015; Xie et al. 2006) with slight modifications.
Briefly, HepG2 cells were cultured in 96-well plates and
in black, clear, flat-bottomed 96-well cell culture plates
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(Corning, Corning, NY, USA). After reaching 80 %
confluence, the cells were treated with 10~® M insulin for
24 h to induce insulin resistance as judged by a 64 %
decrease in glucose uptake (data not shown). Then, dif-
ferent concentrations of fucosterol (12.5, 25, and 50 pM)
or 10 uM metformin hydrochloride were added for 24 h
and then incubated with 100 nM insulin for 30 min. After
this incubation, 2-NBDG uptake by insulin-resistant
HepG2 cells was measured. The cells were incubated with
40 uM 2-NBDG for 15-20 min., The cells were washed
two to three times with ice-cold PBS to stop the reaction,
and 2-NBDG fluorescence intensity was measured on a
microplate reader (FL x 800; Bio-Tek Instruments Inc.,
Winooski, VT, USA) at 485 nm excitation and 528 nm
emission. Five replicate wells were established, and each
experiment was repeated three times.

Preparation of cell lysates and western blot analysis

Insulin-resistant HepG2 cells (density, 3 x 10° cells/well)
in 6-well plates were treated with different concentrations
of fucosterol for 24 h (Liu et al. 2015). After stimulation
with 100 nM insulin for 30 min at 37 °C, the cells were
washed three times with ice-cold PBS, collected, and lysed
in sample buffer (50 mM Hepes pH 7.5, 150 mM NaCl,
2.5 mM EDTA, 0.5 % NP-40, 1| mM PMSF, 1 mM DTT,
0.2 % aprotinin, 0.5 % leupeptin, 20 mM NaF, and | mM
Na3;VO,) on ice for 30 min. Insoluble material was
removed by centrifugation at 25,000xg for 20 min. The
protein concentrations were determined by the modified
Bradford protein assay kit using BSA as the standard and
stored at —80 °C until the Western blotting analyses. Pro-
tein samples from insulin-resistant HepG2 cells were sep-
arated by 10 % sodium dodecyl sulfate—polyacrylamide gel
electrophoresis and transferred to a polyvinylidene difluo-
ride membrane (Immobilon-P; Millipore, Burlington, MA,
USA). The membranes were blocked with 5 % skim milk in
Tris-buffered saline containing 0.1 % Tween 20 (TBST) for
2 h at room temperature and were then incubated with
primary antibodies for 18 h at 4 °C. The following day, the
membranes were washed in TBST for 30 min and probed
with a secondary antibody for 3 h. The bands were detected
using the Supersignal West Pico chemiluminescence sub-
strate (Pierce, Rockford, IL, USA) according to the manu-
facturer’s instructions. The protein bands were visualized
by X-ray film (Kodak, Rochester, NY, USA). Prestained
blue protein markers were used to determine molecular
weight. The bands were scanned using a scanner and
quantitated using CS analyzer software (Atto Corp., Tokyo,
Japan) in which the normal control was set to 1 (Kandasamy
and Ashokkumar 2014). f-Actin antibody was used for
normalization. Comparisons were made between mean
values of bands within the same gel.
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Molecular docking simulation of PTP1B inhibition

A docking study was performed to examine qualified
binding poses of fucosterol against PTP1B. The X-ray
crystallographic structure of a well known potent, selec-
tive PTP1B inhibitor [3-({5-[(n-acetyl-3-{4-[(carboxycar-
bonyl)(2-carboxyphenyl)amino]-1-naphthyl }-lalanyl)ami-

noJpentyl} oxy)-2-naphthoic acid)], called compound 23
(Szczepankiewicz et al. 2003) and obtained from the
RCSB Protein Data Bank (Berman et al. 2002) was
determined using a linked-fragment strategy (PDB ID:
INNY) at a resolution of 2.40 A. The 515 heteroatoms
were removed for the docking simulations; the protein
was regarded as ligand-free, and water molecules were
removed from the protein structure using Accelrys Dis-
covery Studio 4.1 (DS, http://www.accelrys.com; Accel-
rys, Inc. San Diego, CA, USA). Polar hydrogen atoms
were added to the protein using the Autodock 4.2 auto-
mated docking tool (Jones et al. 1997; Goodsell et al.
1996; Rarey et al. 1996). The 515 binding area of the
protein was considered the most likely region for a
docking simulation with respect to obtaining the best
ligand binding results. The three-dimensional structure of
the fucosterol constituents was obtained from Pub-Chem
compound (NCBI). We used Autodock 4.2 for the
docking simulation, which is an open-source program that
significantly improves mean binding mode prediction
accuracy compared to that of Autodock 4 (Trott and
Olson 2010). Furthermore, the grid box size of
126 x 126 x 126 points with spacing of 0.375 A
between points was generated to cover almost the entire
favorable protein binding site. The X, Y, and Z centers
were 37.303, 30.97, and 33.501, respectively. The bind-
ing aspects of the PTP1B residues and their correspond-
ing binding affinity scores were regarded as the best
molecular interactions. Results were analyzed using
UCSF Chimera (http://www.cgl.ucsf.edu/chimera/; Pet-
tersen et al. 2004) and Lig Plot (v.1.4.5). Two-dimen-
sional figures of the fucosterol-PTP1B interactions were
groomed using Lig Plot (v.1.4.5). All docking simulations
were performed using an Intel® Core ™ i5-2520 M CPU
@ 2.50 GHz with Windows 8.1 and 64-bit operating
system.

Statistical analysis

Data are expressed as the mean % standard deviation
(SD) of at least three separate experiments unless other-
wise indicated. One-way analysis of variance and Stu-
dent’s ¢ test were used to detect differences (Systat Inc.,
Evanston, IL, USA). A P value < 0.05 was considered
significant.

Results
Toxicity of fucosterol to HepG2 cells

We initially examined toxicity of fucosterol to HepG2
cells. The HepG2 cells were treated with different con-
centrations of fucosterol for different time intervals, and
cell viability was measured by the MTT assay. As shown in
Fig. 2, up to 100 uM fucosterol for 24 did not reduce
survival of HepG2 cells, but 48 h survival decreased at
200 pM fucosterol. Accordingly, further in vitro studies on
the anti-diabetic activity of fucosterol were conducted with
the 50, 25, and 12.5 UM non-toxic concentrations.

Effect of fucosterol on glucose uptake

To examine the ability of fucosterol to increase glucose
uptake, the 2-NBDG uptake assay was performed in insulin-
resistant HepG2 cells. Fucosterol significantly increased
insulin-stimulated uptake of 2-NBDG in a dose-dependent
manner in insulin-resistant HepG2 cells at concentrations of
12.5, 25, and 50 uM (Fig. 3). The stimulatory effect of
50 puM fucosterol was greater than that of normal and met-
formin controls.

Effect of fucosterol on PTP1B expression level
in insulin-resistant HepG2 cells

PTP1B negatively regulates insulin signaling, and its
increased activity and expression are implicated in the
pathogenesis of insulin resistance. To test whether PTP1B
expression was affected by fucosterol, insulin-resistant
HepG2 cells were incubated with selected concentrations
of fucosterol for 24 h. As shown in Fig. 4, treating insulin-
resistant HepG2 cells with 12.5, 25 and 50 puM, fucosterol
decreased PTP1B expression level in a concentration-de-
pendent manner. Interestingly, 50 uM fucosterol inhibited
PTP1B expression more than the normal control group
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Fig. 2 Cytotoxicity of fucosterol. HepG2 cells were incubated with

0-200 pM fucosterol for 24 or 48 h, and cell viability was measured
by the MTT assay
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Fig. 3 Effect of fucosterol on insulin-stimulated glucose uptake by
insulin-resistant HepG2 cells. The glucose uptake assay was per-
formed using the fluorescent p-glucose analogue 2-NBDG, and 10~°
M insulin was used for insulin resistance. The insulin-resistant HepG2
cells were treated with different concentrations of fucosterol or
metformin for 24 h, and insulin-stimulated 2-NBDG uptake was
measured. Values are mean £ SD. A p value <0.05, was considered
significant compared with control

(P <0.001). These results indicate that fucosterol
improves insulin signaling by blocking PTP1B expression.

Effects of fucosterol on the IR/IRS-1/PI3K/Akt
signaling pathway

To determine the molecular mechanism underlying the
effects of fucosterol on insulin signaling, we determined
the expression levels of proteins involved in the insulin
signaling pathway by western blotting. Our results show
that fucosterol dose-dependently decreased p-IRS-1
expression (Figs. 5, 6a) towards the levels observed in

control insulin-sensitive cells. Fucosterol also significantly
and dose-dependently increased the relative abundances of
p-Akt (Figs. 5, 6b) and p-PI3K (Figs. 5, 6¢) without
affecting the expression levels of total Akt or PI3K
(Fig. 5). Metformin was used in these experiments as a
positive control. These findings indicate that fucosterol
decreased p-IRS-1 (Ser307) expression levels and activated
the downstream PI3K/Akt signaling pathway, and, there-
fore, enhanced insulin sensitivity in insulin-resistant
HepG?2 cells by stimulating glucose uptake.

Effects of fucosterol on phosphorylated and total
levels of ERK1 in insulin-resistant HepG2 cells

To test the effects of fucosterol on ERKI1 expression,
insulin-resistant HepG2 cells were incubated with the same
concentrations of fucosterol, and phosphorylated and total
ERK 1 (Fig. 5) were evaluated in cell lysates by Western
blotting. As shown in Fig. 6d, treating the insulin-resistant
cells with any of the three concentrations of fucosterol
increased the ERK1 phosphorylation level.

NF-kB inhibitory activity by fucosterol

NF-xB plays a primary role in insulin resistance and
T2DM. Thus, in these experiments, we investigated the
effect of fucosterol on NF-kB p65 protein levels using a
NF-«B p65 antibody in a Western blot analysis. As shown
in Fig. 7, NF-xB p65 protein expression increased sig-
nificantly in the model group compared with that in the
control group. The results also showed that fucosterol

Fig. 4 Effect of fucosterol on

protein tyrosine phosphatase 1B PTP1B
(PTP1B) expression level in

insulin-resistance HepG2 cells. B-Actin
Protein band intensities were

quantified by densitometric
analysis. Western blotting was
performed as reported method.
Upper panels display
representative blots. Equal

Insulin
Metformin (10 pM)
F ucosterol (uM)

12,5 25 50

protein loading was ensured and
normalized against f-actin S "
levels. *P < 0.05, **P < 0.01, ? 27
and ***P < (0.001 were [ EE
determined by a 7 test compared % m 15 1
with control ca *%
=
-3y
¢ 11
a©° * %k
o
=
E 0.5
[}
4
0 - . . . . .
Insulin - + + + + +
Metformin (10 pM) - - + - - -
Fucosterol (uM) - - - 12.5 25 50
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Fig. 5 Fucosterol reduced serine 307 phosphorylation of insulin
receptor substrate 1 (IRS1), and restored phosphorylation of phos-
phatidylinositol-3-kinase (PI3K)/Akt, and extracellular regulated kinasel
(ERK1) in a dose-dependent manner. Western blotting was performed to
determine total and phosphorylated protein expression levels. Protein
band intensities were quantified by densitometric analysis. Equal protein
loading was ensured and normalized against B-actin levels

(12.5, 25, and 50 pM) decreased NF-xB p65 protein
expression in insulin-resistant HepG2 cells in a dose-de-
pendent manner.
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Fucosterol prevents caspase-3 activation

To test the effects of fucosterol on caspase-3 activation,
insulin-resistant HepG2 cells were incubated with selected
concentrations of fucosterol for 24 h. Figure 8 shows that
fucosterol attenuated insulin-resistant cell death in a dose-
dependent manner. Interestingly, 50 pM fucosterol inhib-
ited activation of caspase-3 as in the normal control,
whereas metformin did not inhibit caspase-3.

Molecular docking simulation studies

We next used molecular docking studies to obtain accurate
predictions of the protein—ligand interaction geometries of
fucosterol and PTP1B. Compound 23 (Szczepankiewicz et al.
2003) was used as a control ligand for validation in Autodock
4.2 (Fig. 9c). The docking scores of fucosterol with interacting
residues as well as the number of hydrogen bonds formed
between interacting residues and Vander Waals interacting
force residues are shown in Table 1. Activity of fucosterol
against PTP1B was correlated with binding energy and the
number of hydrogen bonds formed at the active site. The
binding affinity of fucosterol towards PTPIB was
—8.39 kcal/mol, and GIn78, Ser80, Pro206, Ser205, Lys73,

B 1.4
ok
1.2 *k
*
g !
B
= 0384
X
g
X 064
<
o
0.4
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0 B
Insulin - + + + + +
Metformin (10 uM) - - + - N _
Fucosterol (uM) - - - 12,5 25 50
D 1.2 1
*dok
1 4
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E 0.8
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W 0.6 4
£
w 04
o
0.2 1
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Insulin - + + + + +
Metformin (10 uM) - - + - - -
Fucosterol (uM) - - - 12,5 25 50

Fig. 6 Densitometric analysis of fucosterol on the levels of phosphorylated and total insulin receptor substrate 1 (IRS1)/phosphatidylinositol-3-
kinase (PI3K)/Akt/extracellular regulated kinasel (ERK1) in insulin-resistant HepG2 cells by using CS analyzer eng software. Values are
expressed as ratios of pIRS-1/IRS-1, pPI3K/PI3K, p-Akt/Akt, and pERK1/ERK1. Mean =+ standard deviations of three independent experiments
are shown *P < 0.05, **P < 0.01, and ***P < 0.001 by a ¢ test compared with control
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Fig. 7 Effect of fucosterol on
nuclear factor kappa beta (NF-
kB) expression level in insulin-
resistant HepG2 cells. Protein

band intensities were quantified B-actin S e — — - —

by densitometric analysis. After
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Fig. 8 Inhibitory effects of

fucosterol on caspase-3 Caspas-3 m —_——
activation in insulin-resistant
HepG2 cells. Upper panels

display representative Western B-actin e ——  — S S —
blots. Protein band intensities

were quantified by Insulin - + + + + +
densitometric analysis. Equal Metformin (10 uM) - - + - - -
protein loading was ensured and Fucosterol (uM) - - - 12.5 25 50

normalized against B-actin
levels. ¥*P < 0.01 using a ¢ test

. 3500 -+
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Insulin - +
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Relative protein expression of
Caspase-3

Pro210, Lys103, GIn102, His208, Gly209, Val211, Leu204, position 3. Similarly, GIn78, Ser80, Pro206, Ser205, Gly209,
and Arg79 were identified as interacting residues (Fig. 9b). Val211, Leu204, and Arg79 residues formed Vander Waals
Fucosterol bound to PTP1B on a single selected hydrogenbond ~ interactions with positions 22-29 of fucosterol, and the
(Fig. 9a, b; Table 1). Specifically, fucosterol binding involved =~ remaining residues formed Vander Waals interactions with
formation of a specific hydrogen bond with a GLU101-inter-  other fucosterol positions, thereby strengthening the protein—
acting oxygen atom group and the fucosterol hydroxyl groupat ~ ligand interaction between PTP1B and fucosterol.
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Fig. 9 Binding of fucosterol and compound 23 to the protein tyrosine phosphatase 1B (PTP1B) active site. The structural ligands were analyzed
by Autodock 4.2 to depict the docked conformation of these compounds with PTP1B (PDB ID:INNY) (a, b, ¢). Hydrogen bonding and
hydrophobic interactions for the PTP1B—fucosterol (b) and PTP1B—compound 23 complexes (c)

Table 1 Molecular interactions between the protein tyrosine phosphatase 1B (PTP1B) active site, known inhibitor compound 23, and unknown

inhibitor fucosterol

Compounds Autodock vina No. of H-bonds interacting residues Van der Waals interacting residues
score (Kcal/mol) H-bonds
Compound 23 —10.18 11 Ser216, Asp48, Gly220, Arg254, Tyrd6, Lys120, Thr263, Cys215, GIn266, GIn262, Arg24,
11e219, Ala217, Arg221 Ser28, Asp29, Met258, Val49
Fucosterol —8.39 1 Glul01 GIn78, Ser80, Pro206, Ser205, Lys73, Pro210, Lys103,
GIn102, His208, Gly209, Val211, Leu204, Arg79
Discussion been proposed as a crucial target for developing drugs to

Prolonged hyperglycemia in patients with T2DM has been
implicated in the pathogenesis of diabetic complications
through several mechanisms, including insulin resistance,
overexpression of PTP1B, and excessive oxidative stress,
such as overproduction of superoxide, glycoxidation, and
protein glycation. Among them, the PTP1B pathway has

treat diabetic complications (Laakso 1999). On the other
hand, induction glucose uptake and glycogen accumulation
as well stimulating insulin signaling are important anti-
hyperglycemic mechanisms performed in hepatocytes
(Shen et al. 2008). Insulin plays an important role in hep-
atic glycogen synthesis (Newgard et al. 2000). In the
presence of high glucose, glycogen synthesis and levels are
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significantly downregulated in response to insulin stimu-
lation in human HepG2 hepatoma cells (Lin and Lin 2008).
Impaired glucose uptake leads to high circulating glucose
levels; therefore, a strategy to treat T2DM is to stimulate
glucose uptake by skeletal muscle, liver, and adipose tis-
sue, where most plasma glucose is consumed. High-con-
centration insulin can causes insulin resistance in HepG2
cells, which show an insensitive response to glucose uptake
and insulin signaling (Xie et al. 2006). We checked the
glucose uptake effect of fucosterol in insulin-resistant
HepG2 cells after 24 h incubation with 107° M insulin.
Fucosterol improved insulin-provoked glucose uptake in
insulin-resistant HepG2 cells in a dose-dependent manner.
Western blotting was used to evaluate the potential
mechanism of fucosterol to activate the insulin signaling
pathway in insulin-resistant HepG2 cells. The biological
effect of insulin is initiated by insulin binding to the o-
subunit of the IR and activating intrinsic tyrosine kinase
activity of the receptor f-subunit. Activation of the IR
leads to tyrosine phosphorylation of IRS (White 2002),
phosphorylated IRS activates PI3K (Cross et al. 1995;
Franke et al. 2003), and the activated PI3K phosphorylates
Ser/Thr kinase Akt. On the other hand, activating Akt
promotes translocation of the intracellular glucose trans-
porter 4 to the plasma membrane, resulting in enhanced
glucose uptake. PTPIB is a key negative regulator of
insulin signaling cascades (Byon et al. 1998), and IRf} and
IRS-1 are two major PTP1B substrates. Some studies have
reported that a PTPIB inhibitor increases tyrosine phos-
phorylation of the IR, and activates downstream insulin
signaling molecules, such as IRS-1, Akt, and ERKI
(Takada et al. 2012; Maeda et al. 2014). In the present
study, the effects of fucosterol on PTP1B expression and
phosphorylated and total IRS, PI3K, and Akt in insulin-
resistant HepG2 cells were evaluated. Fucosterol decreased
PTPIB expression and Ser307 of p-IRS-1 in a dose-de-
pendent manner and increased phosphorylation of PI3K,
and Akt significantly (Figs. 4—6a—c) compared to the nor-
mal and positive controls. Additionally, ERK1, a subfamily
of mitogen-activated protein kinases, is a downstream
insulin signaling kinase. In this study, fucosterol increased
ERKI1 phosphorylation in insulin-resistant HepG2 cells
(Figs. 5, 6d). Overall, these data reveal that fucosterol
decreased PTP1B expression leading to increased phos-
phorylation of PI3K, Akt, and ERKI in insulin-resistant
HepG2 cells, which activated the IRS-1 and PI3K/Akt
signaling pathways in these cell lines. Furthermore, nuclear
factor-xB is a nuclear transcription factor found in all cell
types and is involved in cellular responses to stimuli. NF-
kB plays a primary role in insulin resistance and T2DM
(Patel and Santani 2009). Inhibiting this transcription factor
can have deleterious effects, leading to the development of

@ Springer

insulin resistance and T2DM (Patel and Santani 2009).
Fucosterol dose-dependently inhibited NF-kB (Fig. 7).
Furthermore, caspase-3 is activated in apoptotic cells by
the extrinsic (death ligand) and intrinsic (mitochondrial)
pathways. Hepatic insulin resistance is associated with
increased apoptosis after activation of the caspase family,
including caspase-3. Inhibiting caspase-3 suppressed
apoptosis induced by a high insulin concentration. Our
results show that fucosterol inhibited activation of caspase-
3 in insulin-resistant HepG2 cells (Fig. 8).

We also studied the fucosterol binding mode, which
exhibited potent PTP1B inhibitory activity. A detailed
binding mode analysis with a docking simulation showed
that the inhibitors can be stabilized by the simultaneous
establishment of hydrogen bonds as well Van der Waals
interactions with the important PTP1B predicted residues,
which defines the putative binding site. The fucosterol
structural study showed that PTP1B inhibitory activity
was strongly affected by the hydroxyl group at position 3,
which interestingly increases proximity to the GLU101
residues through a hydrogen bond. On the other hand,
other residues formed Van der Waals interactions with
fucosterol resulting in strong binding energy and affinity
to inhibit PTP1B, indicating that these inhibitors may
reduce mobility toward a more rigid PTP1B conforma-
tion. Our previous studies reported kinetics and molecular
docking studies of an anti-diabetic complication inhibitor
fucosterol from edible brown algae Eisenia bicyclis and
E. stolonifera (Jung et al. 2013). In particular, Lee et al.
(2004) revealed that fucosterol has anti-diabetics effects
when a dose of 30 mg/kg administered orally to strepto-
zotocin-induced diabetic rats. Although previous report
have shown that fucosterol possess anti-diabetic activities,
no study has explained the fucosterol mechanism against
PTPIB by evaluating glucose uptake with a molecular
docking simulation. Thus, we investigated the possible
mechanism of fucosterol, which activates insulin signaling
by inhibiting PTP1B activity and enhancing insulin sen-
sitivity. In summary, fucosterol exerted potent and effi-
cacious anti-diabetic effects by inhibiting PTP1B and
activating IRS-1 and PI3K/Akt signaling pathways in
insulin-resistant HepG2 cells. These beneficial effects
were mediated by stimulating glucose uptake, decreasing
PTP1B.
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