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Background: Honokiol is one of the main bioactive constituents of the traditional Chinese
herbal drug Magnolia bark (Cortex Magnoliae officinalis, Hou Po). The aim of this study was
to probe its anti-type 2 diabetes mellitus effects and the underlying mechanism.

Methods: Type 2 diabetic mouse model was established by intraperitoneally injecting with
streptozotocin. Fasting blood glucose, body weight, and lipid profile were measured. The
subcutaneous adipose tissue, skeletal muscle, and liver were isolated as well as homogenized.
The phospho-insulin receptor B-subunit (IRB), IRB, phospho-AKT, AKT, phospho-ERK1/2,
ERK1/2, phosphotyrosine, and actin were examined by Western blot assay. Cell viability or
cytotoxicity was analyzed by using MTT method. The inhibitory potencies of honokiol on the
protein tyrosine phosphatase 1B (PTP1B) activity were performed in reaction buffer. Molecular
docking and dynamic simulation were also analyzed.

Results: In in vivo studies, oral treatment with 200 mg/kg honokiol for 8 weeks significantly
decreases the fasting blood glucose in type 2 diabetes mellitus mice. The phosphorylations of the IR3
and the downstream insulin signaling factors including AKT and ERK1/2 significantly increase in
adipose, skeletal muscle, and liver tissue of the honokiol-treated mice. Moreover, honokiol enhanced
the insulin-stimulated phosphorylations of IR3, AKT, and ERK1/2 in a dose-dependent manner in
C2C12 myotube cells. Meanwhile, honokiol enhanced insulin-stimulated GLUT4 translocation.
Importantly, honokiol exhibited reversible competitive inhibitory activity against PTP1B with good
selectivity in vitro and in vivo. Furthermore, using molecular docking and dynamic simulation
approaches, we determined the potential binding mode of honokiol to PTP1B at an atomic level.
Conclusion: These findings indicated the hypoglycemic effects of honokiol and its mechanism
that honokiol improved the insulin sensitivity by targeting PTP1B. Therefore, our study may
highlight honokiol as a promising insulin sensitizer for the therapy of type 2 diabetes.
Keywords: honokiol, T2DM, insulin sensitizer, PTP1B

Introduction
According to the latest data from the International Diabetes Federation, more than
382 million people are suffering from diabetes in 2013, and by 2035, this number will
reach a staggering 592 million, causing 4.6 million deaths each year.! Type 2 diabetes
mellitus (T2DM) is the most common form and accounts for around 90% of all diabetes
worldwide. T2DM is recognized as a group of metabolic disorders, characterized by
hyperglycemia, dyslipidemia, and insulin resistance in its metabolic target tissues.*?
Insulin, as the principal hormone controlling blood glucose, acts by stimulating
glucose influx and metabolism in muscle and adipocytes and inhibiting gluconeo-
genesis in the liver.* Under normal circumstances, insulin binds to the a-subunits of
the heterotetrameric insulin receptor (IR) (0., B,), increases flexibility of the activa-
tion loop to allow ATP to enter the catalytic site and stabilizes the activation loop
in the active conformation by autophosphorylation on multiple tyrosyl residues,’
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subsequently, evokes a cascade of phosphorylation events.
Autophosphorylation enhances IR kinase activity and leads
to recruitment of IRS proteins, followed by activation of
phosphatidylinositol 3-kinase (PI3K), AKT, and finally the
GLUT4 translocation and glucose uptake.** Protein tyrosine
phosphatase 1B (PTP1B) dephosphorylates the activated IR
and IR substrate-1 (IRS-1), blocks insulin signal transduction,
which made it a key negative regulator in insulin signaling
pathway.”® Elchebly et al® and Klaman et al'® generated
PTP1B—/— mice by targeted disruption of the ATG-coding
exon and targeting exons 5 and 6 (Ex5/6—/-), respectively.
These PTP1B—/—mice displayed enhanced tyrosine phospho-
rylation of IR and IRS-1 in muscle and liver as a consequence
of increased systemic insulin sensitivity.”!® On the basis of
these findings, PTP1B is considered as a key target for type 2
diabetes. Unfortunately, it is challenging to develop efficient
small molecule inhibitors of PTP1B.!"

Honokiol, a hydroxylated biphenolic compound (C H O,
molecular weight =266.33 kD) (Figure 1A), is one of the
major bioactive constituents of Magnolia bark (the traditional
Chinese herbal drug, Hou Po) with the content of 1%-5% in
the dried bark naturally." In our previous study, we validated
the antidiabetic activity of Magnolia bark.'* Honokiol is proved
to be the pharmacologically effective component'? with the
potent activity of antioxidant, anti-inflammatory, antibacte-
rial, antitumor, and antianxiety antithrombotic.'*!” Recently,
Atanasov et al'* demonstrated that honokiol functions as a
novel nonadipogenic partial PPAR-y activator in vitro. Choi
et al' reported that honokiol stimulates glucose uptake by
activating PI3K-dependent AKT in L6 myotubes. Alonso-
Castroa et al? proved that honokiol stimulates glucose uptake
in murine and human adipocytes. However, few studies involve
both in its hypoglycemic effect in vivo and the underlying
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Figure | Honokiol’s chemical structures and its effect of C2CI12 cells viability.

mechanism. Here, we explored the hypoglycemic potency and
better understand its mechanisms in T2DM mouse model.

Materials and methods

Materials and chemicals

Honokiol was purchased from Aladdin (Xi’an, People’s
Republic of China). Metformin was purchased from the
Grent Jilin Medicine Store (Changchun, People’s Republic of
China). Streptozotocin (STZ), bovine serum albumin (BSA),
Tris, p-nitrophenyl phosphate (pNPP) were purchased from
Sigma-Aldrich (St Louis, MO, USA). The kits for the analysis
of total triglyceride (TG) and total cholesterol (TC) were
purchased from Beijing BHKT (Beijing, People’s Republic
of China). Polyvinylidene fluoride (PVDF) membranes was
purchased from EMD Millipore (Billerica, MA, USA). The
reagents for sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) and immunoblotting experiments
were purchased from Sigma-Aldrich, and the necessary appa-
ratus from Bio-Rad Laboratories Inc. (Hercules, CA, USA).
C2C12 myoblasts were obtained from KeyGEN Biotech, and
all cell culture reagents were from Thermo Fisher Scientific
(Waltham, MA, USA). Recombinant proteins containing
the catalytic domains of PTP1B, T cell protein tyrosine
phosphatase (TCPTP), Src homology 2 (SH2) domain-
containing tyrosine phosphatase 1 (SHP1), Src homology 2
(SH2) domain-containing tyrosine phosphatase 2 (SHP2),
and hematopoietic protein tyrosine phosphatase (HePTP)
were purified as previously described (Figure S1).2'-*

Establishment of type 2 diabetic mouse

model and treatment protocol
Fifty-five male Chinese Kunming mice, 8 weeks old and
18-22 g weight (purchased from Changchun Institute of
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Notes: (A) Chemical structures of honokiol. (B) Cytotoxicity of honokiol in C2C12 cells. The viability of cells treated with various concentrations of honokiol for 24 hours
was determined by an MTT assay. The viability of control cells was represented as 100%. Data represent the mean * SD (n=3), ***P<<0.001 versus control cells.

Abbreviation: SD, standard deviation.

submit your manuscript

6328

Dove

Drug Design, Development and Therapy 2015:9


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Hypoglycemic effect of honokiol on type 2 diabetic mice

Biological Products Co, Ltd., Beijing, People’s Republic of
China), were used in the studies. All animal trial procedures
instituted by the Ethical Committee for the Experimental
Use of Animals and for Drug Safety Evaluation in Jilin
University were followed. The present study and the animal
trial have been approved by the ethical committee of Jilin
University, Changchun, People’s Republic of China. All 55
mice were housed five to a cage in a 12:12 hours light/dark
cycle at ambient temperature of 22°C—-25°C. Ten mice were
fed with ordinary chow as a normal group, and the other 45
mice were fed with a high-fat diet (composed from 20%
sucrose, 10% pork lard, 2.5% cholesterol, 1% sodium cholate,
and 66.5% ordinary chow) to induce type 2 diabetes. After 4
weeks, 45 mice were fasted for 8 hours, but had free access
to water, and then intraperitoneally injected with STZ (35
mg/kg in 0.1 mol/L citrate-buffered saline, pH 4.4; injection
for 1 week, and one time per day) to induce type 2 diabetes.
The STZ-induced mice had free access to high-fat food and
water. After 2 weeks, the STZ-induced mice showed a fast-
ing blood glucose (FBG) =11.1 mmol/L. Their TC in serum
significantly increased, but TG did not increased, confirming
the successful establishment of the type 2 diabetic model
mice. These type 2 diabetic mice were separated into three
groups (ten mice per group), including diabetes control group
received 0.9% saline [vehicle], honokiol group received 200
mg/kg doses of honokiol (honokiol was dissolved in the
dimethyl sulfoxide [DMSO] solvent, and guaranteed the final
concentration at 200 mg/kg), metformin group received 200
mg/kg doses of metformin. The normal group received 0.9%
saline (vehicle). All the drug stock solutions were diluted in
0.9% saline and administered through oral gavage once per
day for 8 weeks.

We must explain that the dose of honokiol used in
this was determined by the pre-experiments. Our pre-
experiments designed a series of honokiol concentration
(10,50, 100, 150, 200, 250, and 300 mg/kg), and the results
showed that the concentration of 200 mg/kg plays the most
significant hypoglycemic effects (data not shown). There-
fore, in this study, we selected 200 mg/kg as the dose used
in this study.

Measurement of fasting blood glucose,
body weight, and lipid profile

During the treatment period, the body weight and blood
glucose of 8-hours-fasted mice were measured every week.
FBG was measured using a OneTouch UltraEasy glucose
reader. Blood samples were obtained from the tail vein of
mice. Total TG and TC in serum were measured following
the instructions recommended in commercial kit’s.

Tissue collection and immunoblotting

At the end of week 8 of treatments, mice were sacrificed
by cervical dislocation. The subcutaneous adipose tissue,
skeletal muscle, and liver were dissected immediately and
frozen in liquid nitrogen and then stored at —80°C. The
adipose tissue, skeletal muscle, and liver samples were
homogenized in ice-cold lysis buffer (SDS gel sample buffer
without bromophenol blue) and then centrifuged (12,000x g,
20 minutes) at 4°C. The supernatant was collected individu-
ally, and the protein concentrations were measured using
Bradford methods. For immunoblotting, liver, muscle,
and adipose tissue supernatant homogenate containing 20
lg proteins was run on SDS-PAGE (8%-10% gel) and
transferred electrophoretically onto the PVDF membrane,
separately. The PVDF membrane was then blocked for
2 hours at room temperature with tris buffered saline with
Tween (TBST) containing 3% BSA. Immunoblots were
performed using antibodies against phospho-IR (#3021,
Cell Signaling Technology, Inc., Danvers, MA, USA),
IRB (#3025, Cell Signaling Technology, Inc.), phospho-
AKT (#4058s, Cell Signaling Technology, Inc.), AKT
(#9272, Cell Signaling Technology, Inc.), phospho-ERK1/2
(sc-7383, Santa Cruz Biotechnology Inc., Dallas, TX, USA),
ERK1/2 (bs-0022R, Beijing Biosynthesis Biotechnology Co.,
Ltd., Beijing, People’s Republic of China), phosphotyrosine
(sc-7020, Santa Cruz Biotechnology Inc.), and actin (TA-09,
ZSGB-BIO, Beijing, People’s Republic of China) incubat-
ing for 12 hours overnight at 4°C, respectively, followed by
horseradish peroxidase-conjugated secondary antibodies
for 2 hours at room temperature and visualized using the
enhanced chemiluminescence (ECL) method and quantified
by densitometry scanning with Quantity One software.

Cell culture and differentiation

C2C12 myoblasts culture and differentiation were performed
as our previously published.”® In brief, C2C12 myoblasts
were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM), supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin/streptomycin (PS) at 37°C in humidi-
fied atmosphere with 5% CO,. For differentiation, C2C12
myoblasts were cultured to 75% confluence in DMEM with
10% FBS, 1% PS. Then, the cells were incubated in DMEM
supplemented with 2% horse serum and 1% PS for 4-6 days
to induce to mature myotubes.

Cell stimulation and immunoblotting

Mature myotube cells were incubated with various concen-
trations of honokiol (dissolved in DMSO) for 1 hour and
then 10 nM insulin (dissolved in sterile water with pH 4.0)
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for 10 minutes. The stimulations were stopped by ice-cold
phosphate-buffered saline (PBS). To collect whole cell
extraction, the cells were lysed with ice-cold whole cell
extraction buffer (25 mM B-glycerophosphate [pH 7.3],
5 mM ethylenediaminetetraacetic acid, 2 mM ethylene glycol
tetraacetic acid, 5 mM B-mercaptoethanol, 1% Triton X-100,
0.1 M NaCl, and a protease inhibitor mixture). The lysates were
centrifuged at 12,000 g for 20 minutes at 4°C, and then the
supernatants were collected individually. For the plasma mem-
brane fraction, cells were harvested according to membrane
protein extraction kit (BestBio, Beijing, People’s Republic of
China). Protein concentrations were determined by use of Brad-
ford methods. Immunoblotting was performed as described
previously.? Briefly, the proteins were separated ona 10% SDS
polyacrylamide gel and electrotransferred to PVDF membrane
followed by immunoblots with antibody against phospho-IR3,
IRB, phospho-AKT, AKT, phospho-ERK 1/2, ERK 1/2, GLUT4
(sc-1608, Santa Cruz Biotechnology Inc.), phosphotyrosine,
and actin, respectively. Proteins were visualized using the ECL
method and visualized on Tanon-5200 Chemiluminescent
Imaging System (Tanon Science & Technology Co., Ltd.,
Shanghai, People’s Republic of China).

Cytotoxicity

Cells were plated on 96-well plates and treated with varying
concentrations of honokiol for 24 hours. Then, medium was
removed, and fresh medium was added to each well along with
10 mL of MTT solution (5 mg/mL). After 4 hours incubation
at 37°C, cells were lysed with 150 mL of DMSO, and the
absorbance of purple formazan was read at wavelength of
490 nm using a microplate reader (BioTek, Winooski, VT,
USA). Six reduplicate wells were used for each treatment,
and experiments were repeated three times.

PTPIB inhibition measurements

The inhibitory potencies of honokiol on the PTP1B activity were
performed in reaction buffer, pH 7.0, containing 50 mmol/L
3-morpholinopropanesulfonic acid (MOPS), 100 mmol/L NaCl,
I mmol/L ethylenediaminetetraacetic acid, 1 mmol/L DL-
dithiothreitol (DTT), and 1 mg/mL BSA, on a 96-well plate in
70 uL volumes. Honokiol (10 pL) at various concentrations was
mixed with PTP1B solution (10 puL) in the buffer for 5 minutes
at 37°C. Then, substrate pNPP (10 uL, 100 mmol/L) was added,
incubating for 10 minutes at 37°C. The assays were terminated
by adding NaHCO, (100 uL, 100 mmol/L). The amount of
produced p-nitrophenol was measured by UV absorbance at
a wavelength of 405 nm with a microplate reader. The half
maximal inhibitory concentration (IC,) values were obtained
by fitting the concentration-dependent inhibition curves using

the GraphPad Prism 5 software (GraphPad Software, Inc., La
Jolla, CA, USA), which can evaluate the inhibitory potency of
inhibitor. To determine the inhibition type, each concentration
of honokiol (0, 0.25, 0.5, 1, and 2 mmol/L) is incubated with
PTP1B in reaction buffer for 5 minutes, and the reactions were
initiated by adding different concentrations of pNPP. The
inhibition type is determined according to the Lineweaver—
Burk plot, 1/v versus 1/[S]. The inhibitor constant (K) was
calculated according to the plot, slope versus [I]. In detection
of the selectivity of honokiol against PTPs, the reaction sys-
tems apply to all PTPs including PTP1B. All data points were
carried out in triplicate.

Molecular docking and dynamic

simulation

Honokiol (ZINC,  : 1536) was docked into the active site
of PTP1B (PDB_ : 2VEV) using Autodock 4.0.** Then,
we performed a 100 ns molecular dynamics simulation for
the complex PTP1B-hon using the Groningen machine for
chemical simulation package (version 4.5.5) with ffG43a2
force field and spc216 water model.?”?° The temperatures
were kept constant at 7=300 K by coupling to a Berendsen
thermostat with a coupling time of 0.1 ps.*® The nonbonded
interactions were evaluated using a twin range of cutoff from
8 to 14 A. To correct the electrostatic interactions, the inter-
actions beyond a cutoff of 14 A were neglected. The bond
distances and bond angles of water were constrained using
the SETTLE algorithm.*! Bond lengths within the protein
were constrained with the LINCS algorithm.*

Statistical analysis

Data were presented as mean + SD. Statistical analysis was
conducted using Student’s -test or one-way ANOVA with
GraphPad Prism 5 software. A probability value of P<<0.05
was considered statistically significant.

Results
Honokiol decreases blood glucose levels
and ameliorates body weight disorder in

T2DM mice
At the beginning of the study, we established the T2DM
mouse model by high-fat feeding assisted by low dose STZ
inducing. The FBG of mice reached =11.1 mmol/L, the fast-
ing body weight and the TC were significantly higher after
T2DM inducement than those before inducement, whereas
the TG did not increased (Figure 2A). These results confirmed
the successful establishment of the T2DM model.

We administered honokiol (200 mg/kg), metformin
(200 mg/kg), or vehicle for 8 weeks to these mice. The FBG
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Figure 2 Antidiabetic effects of honokiol in T2DM mice.

Notes: (A) Establishment of T2DM mice model. Characteristics of fasting blood glucose, body weight, TC, and TG in T2DM mice model. Data were expressed as mean = SD
(n=30). **P<0.001, NS: no significant difference. (B) Hypoglycemic potency of honokiol in T2DM mice. Mice were orally given 0.9% saline alone (vehicle), honokiol
(200 mg/kg), or metformin (200 mg/kg) once a day for 8 weeks. Data were expressed as mean + SD (n=8-10). **P<<0.0| versus honokiol group (0 week), ***P<0.0001

versus diabetic control group (8 week), P<<0.05 versus metformin group (0 week),

P<<0.0001 versus diabetic control group (8 week), NS: no significant difference versus

metformin group (8 week). (C) Potency of honokiol on the amelioration of body weight disorder in T2DM mice. Data were expressed as mean + SD (n=8-10). ***P<0.0001
versus diabetic control group (8 week), "P<<0.01 versus diabetic control group (8 week), NS* no significant difference versus metformin group (8 week), NS°: no significant
difference versus normal group (8 week), NS<: no significant difference versus normal group (8 week).

Abbreviations: TC, total cholesterol; TG, triglyceride; T2DM, type 2 diabetes mellitus; SD, standard deviation.

in diabetic control mice gradually increased and was sig-
nificantly higher than that in the normal mice (Figure 2B).
Daily treatments of both honokiol and metformin decreased
the blood glucose levels gradually in diabetic mice
(Figure 2B). At the end of the 8 weeks treatment, the
blood glucose level in honokiol-treated mice was signifi-
cantly decreased, compared with diabetic control mice and

metformin-treated mice without any statistically significant
difference (Figure 2B). These results outlined honokiol as
an efficient hypoglycemic reagent, although further in vivo
experiments, particularly with various dosages, are required
to better estimate its therapeutic potential.

The body weight rapidly decreased in diabetic con-
trol mice, whereas decreased at early treatment and then
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Table | Characteristics of the lipid profile in the serum
Groups TC (mmol/L) TG (mmol/L)

0 week 8 week 0 week 8 week
Normal (vehicle) 2.2540.13 2.24+0.14 0.53+0.05 0.50+0.05
Diabetic control (vehicle) 3.60£0. | ¥ 3.80£0. | 3#** 0.57+0.03 0.57+0.02
Metformin (200 mg/kg) 3.70+0.31 3.57£0.11 0.54+0.02 0.49+0.04
Honokiol (200 mg/kg) 3.62%0.15 3.67£0.16 0.51+0.03 0.48+0.03

Note: Data were expressed as mean + SD (n=8-10). ***P<<0.001 represents the difference versus the Normal group.

Abbreviations: TC, total cholesterol; TG, triglyceride.

gradually increased in honokiol-treated mice (Figure 2C).
The metformin-treated mice and normal mice showed a sta-
ble body weight (Figure 2C). The body weight in honokiol-
treated mice exhibited no statistically difference at the end
of treatment, compared with normal mice and metformin-
treated mice (Figure 2C). These results suggest that honokiol
can ameliorate body weight disorder in T2DM mice.

Characteristics of the lipid profile in the
serum

The TC in serum was significantly higher in diabetic control
mice, compared with that in normal mice, whereas the TG in
serum remained normal (Table 1). There was no significant
difference in the TG and TC during honokiol or metformin
treatment (Table 1). These results indicate that honokiol does
not affect TC and TG in T2DM diabetic mice.

Honokiol enhances insulin signaling in
T2DM mice

To address how honokiol takes its effect on the amelioration
of hyperglycemia in T2DM mice, we investigated insulin
signaling pathways in target tissues of insulin. Given that

the phosphorylation of IR is critical to trigger insulin sig-
naling pathways, we first tested whether honokiol enhances
phosphorylation of the IRP in vivo. Here, we find that the
tyrosine phosphorylations in the adipose tissue, skeletal
muscle, and liver of the 200 mg/kg honokiol-treated mice
were significantly higher than that of diabetic control mice,
even higher than that of normal mice, while without altering
the total protein levels of IR (Figure 3A).

Considering the fact that honokiol enhanced the tyrosine
phosphorylation of the IRP in vivo, we next investigated
the possible effect of honokiol on the relevant downstream
signaling. Insulin signaling diverge mainly to the MAPK
cascade, leading to the activation of gene expression and
growth regulation, and the PI3K—AKT pathway, which
diverges further to the regulation of several different meta-
bolic activities such as glucose metabolism (GLUT4 trans-
location and glucose uptake), as well as to the regulation of
gene expression and survival.’* Consistent with the results of
p-IRB above, honokiol enhanced the tyrosine phosphoryla-
tion of ERK and the serine phosphorylation of AKT in the
adipose tissue, skeletal muscle, and liver of T2DM mice,
without altering the total protein levels of ERK and AKT
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Figure 3 Effect of honokiol on insulin signaling in T2DM mice.

Notes: Effect of honokiol on tyrosine phosphorylation of (A) IRB, (B) AKT, and (C) ERK in adipose tissue, skeletal muscle, and liver. Tyrosine phosphorylations of IRf,
AKT, and ERK were determined by Western blotting with p-IRB, p-AKT, and p-ERK /2 antibodies, and were normalized with IR, AKT, and ERK protein, respectively. The
tyrosine phosphorylations of the IRB, AKT, and ERK in normal mice were referred to as 100%. Data were expressed as mean * SD (n=3). *P<0.01, ***P<0.001 versus

diabetic control group, P<<0.05, #P<<0.01, ***P<<0.001 versus normal group.

Abbreviations: IR, insulin receptor; T2DM, type 2 diabetes mellitus; SD, standard deviation.

(Figure 3B). Therefore, honokiol activated the proximal
insulin signal and subsequently enhanced downstream
transduction events in T2DM mice. The effect of honokiol
on the PI3K-AKT metabolic pathway is more relevant
to the hypoglycemic of honokiol. However, the effects of
honokiol on MAPK cascade remained be further clarified
in future studies.

Honokiol enhances insulin signaling in
C2C12 myotubes

Based on the finding that honokiol lowered blood glucose
levels via enhancing insulin signaling in T2DM mice, we

next explored whether honokiol took its effects on insulin
pathway in C2C12 myotubes. The cytotoxicity of honokiol
was tested using MTT assay, and the results presented that
honokiol without cytotoxic at the maximum of concentra-
tions was 40 UM (Figure 1B). Therefore, we determined the
concentration range from 0 to 30 uM. In the assay, we first
confirmed the effects of honokiol on insulin sensitivity in
C2C12 myotubes. Here, we find that, in the insulin-treated
C2C12 myotube cells, honokiol largely enhanced the
insulin-stimulated tyrosine phosphorylation of IR in a dose-
dependent manner, without altering the total protein levels of
IR (Figure 4A). The enhancement of the insulin-stimulated
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tyrosine phosphorylation of IR by honokiol has revealed
its potent activity in insulin-sensitivity improvement. Given
that, we next probe the effects of this compound on the
downstream insulin pathway. As expected, honokiol enhances
the serine phosphorylation of AKT- (Figure 4B) and insulin-
stimulated tyrosine phosphorylation of ERK (Figure 4C) in
a dose-dependent manner, without altering the total protein
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Figure 4 Effect of honokiol on insulin signaling in C2C12 myotubes.

levels of IR and AKT. These results are consistent with our
findings in T2DM mice.

As reported, GLUT4 is primarily expressed in muscle
and adipose tissues.* In response to insulin, GLUT4
translocation from cytoplasm to cell membrane facilitates
glucose transport, thereby regulating glucose homeostasis.
In downstream insulin pathway, AKT is critical for GLUT4
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Notes: Effects of honokiol on tyrosine phosphorylations of (A) IR, (B) AKT, and (C) ERK were determined by Western blotting with p-IRB, p-AKT, and p-ERK /2 antibodies,
and were normalized with IR, AKT, and ERK protein, respectively, which were then calculated as fold changes of the insulin alone. Data are presented as mean * SD (n=3).
*P<0.05, ¥P<<0.01, ***P<<0.001| versus insulin alone. (D) Effect of honokiol on GLUT4 translocation. The plasma membrane (pm) fraction and whole protein were subjected
to Western blotting with GLUT4 antibody. Data are presented as mean + SD (n=3). *P<<0.05, **P<0.01, versus insulin alone.

Abbreviations: IR, insulin receptor; SD, standard deviation.

6334  submit your manuscript Drug Design, Development and Therapy 2015:9

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Hypoglycemic effect of honokiol on type 2 diabetic mice

translocation. Given that honokiol can enhance insulin-
stimulated IR and AKT phosphorylation, we next examined
whether honokiol affect translocation of GLUT4 to the
plasma membrane. As indicated, honokiol dose-dependently
increased the insulin-induced GLUT#4 level in the plasma
membrane fraction, whereas the GLUT4 level in whole cell
lysates was not altered (Figure 4D). Therefore, combining
the previous results both in T2DM mice and C2C12 myo-
tubes that honokiol enhances insulin signaling, it is thus sug-
gested that the hypoglycemic effect of honokiol is through
its potent activity in insulin-sensitivity improvement.

Honokiol exhibited potent PTPIB
inhibitory activity

Given that honokiol can enhance insulin-stimulated phos-
phorylations of IRP, ERK, and AKT and promote GLUT4
translocation, it is thus proposed that honokiol possibly
targets the upstream of ERK and AKT, which can also
modulate IRB phosphorylation. We knew that some PTPs
family members such as PTP1B can directly dephospho-
rylate IRPB.3 Moreover, considerable interest grows in the
potential of PTP1B as a therapeutic target for treating dia-
betes and obesity following the elucidation of its importance
as a regulator of insulin and leptin signaling pathways.*
Therefore, PTP1B could be one of the first candidates for
honokiol acting target. In our pre-experiments, PTP1B
gene knockout mice (PTP1B—/—) were established, and
the results indicated that the treatment of honokiol cannot

affect the blood glucose and weight of the mice (Figure S2).
To further confirm our hypothesis, the inhibitory activity on
PTPIB and the selectivity against PTPs of honokiol have
been detected. According to the concentration-dependent
inhibitory curve, the IC; value of honokiol was calculated
to be 63.43%£1.07 umol/L (Figure 5A). To assay the selec-
tivity of honokiol against PTPs, the inhibitory potencies
on a panel of PTPs were investigated, including PTP1B,
SHP1, SHP2, TCPTP, and HePTP. The results were listed
in Table 2. Honokiol exhibited modest inhibitory activity
against SHP1, SHP2, TCPTP, and HePTP, which was much
weaker compared with that against PTP1B (Table 2). Thus,
honokiol exhibited potent PTP1B inhibitory activity and
good selectivity on PTP1B over other PTPs family members.
In order to determine the inhibition type of honokiol on
PTPI1B, Lineweaver—Burk analysis was investigated. The
Lineweaver—Burk plot gave us a common intercept of five
lines on the 1/v axis as honokiol concentration increases from
0 to 200 umol/L, indicating that honokiol inhibits PTP1B
by competing with the substrate for the enzyme active site
(Figure 5B). K, was the inhibitor constant of honokiol on
PTP1B, and K, was determined by the intercept on the x-axis,
so the K, was calculated to be 6.67 umol/L (Figure 5C).
Furthermore, we have also investigated the negative
and positive control in the PTP1B activity. In this study,
we employed the well-known PTPIB inhibitor, Na,VO,,
as the positive control, and selected PBS as the negative
control. The results indicated that the honokiol could inhibit
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Figure 5 Identification of honokiol as a PTPIB inhibitor.

Notes: (A) Concentration-dependent inhibitory curve of honokiol against PTPIB. IC, values were used to evaluate the inhibitory potency. Data were expressed as mean £
SD (n=3). (B) The inhibition type of honokiol against PTP|B. Lineweaver—Burk plot of /v (min-uM™") versus |/[pNPP] (mM™") at various concentrations of honokiol. (C) The
inhibitor constant (K) of honokiol against PTPIB. (D) Time evolution of RMSD of the complex PTPIB-hon. (E) Equilibrium complex structure of PTPIB and honokiol after
MD, ball-stick was shown as honokiol. (F) Binding mode of honokiol with the active-site pocket of PTPIB. (G) Interactions between honokiol and the residues in the active
site of PTPIB. Effects of honokiol on the tyrosine phosphorylations of proteins in the (H) adipose tissue, (I) skeletal muscle, and (J) liver of T2DM mice and in (K) C2C12
myotube cells. Arrows indicate proteins whose phosphorylations are significantly induced by honokiol.

Abbreviations: ICSO, half maximal inhibitory concentration; PTPIB, protein tyrosine phosphatase |B; RMSD, root mean square deviation; T2DM, type 2 diabetes mellitus;
pNPP, p-nitrophenyl phosphate; SD, standard deviation; pY, phosphotyrosine.

Table 2 Selectivity of honokiol against various PTPs the PTP1B activity as effective as the Na,VO, (Figure S3).

PTPs IC,, (umol/L) honokiol ~ Therefore, we also thought that the honokiol acts as the
PTPIB 63.43+1.07 specific inhibitor for PTP1B.
SHPI 763.23+5.49 In order to investigate further the binding mode of honok-
SHP2 785.50+6.83 . . . . p

1ol with the PTP1B active site on an atomic level, molecular
TCPTP 604.43+4.89 ) o )
HePTP 8903749 46 docking, and dynamic simulation were performed. The root

Notes: IC, values of honokiol on various PTPs including PTPIB, SHPI, SHP2,
TCPTP, and HePTP were calculated. Data were expressed as mean * SD (n=3).
Abbreviations: HePTP, hematopoietic protein tyrosine phosphatase; IC,, half
maximal inhibitory concentration; PTPs, protein tyrosine phosphatases; PTPIB,
protein tyrosine phosphatase |IB; SD, standard deviation; SHPI, Src homology 2
domain-containing tyrosine phosphatase |; SHP2, Src homology 2 domain-containing
tyrosine phosphatase 2; TCPTP, T cell protein tyrosine phosphatase.

mean square deviation (RMSD) value for complex system
of PTP1B with honokiol versus the simulation time is illus-
trated in Figure 5D, in which the system met stable state after
50 ns. Moreover, during the entire MD simulation process of
100 ns, the PTP1B-hon complex system remained stable and
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drastic change did not occurred, compared with the initial
conformation, which indicates that honokiol binds to PTP1B
and forms stable complex. The binding mode of honokiol to
PTP1B on an atomic level was predicted and analyzed from
the equilibrium complex structure of PTP1B-hon after MD
(Figure 5E). Honokiol completely occupied and blocked the
PTP1B active-site pocket (Figure 5F). Honokiol underwent
a hydrogen bond interaction with the main chain of Ala217
of P-loop and formed extensive hydrophobic interactions
with Tyr46 of Tyr-loop, Asn68, Ala69, Ser70, and Leu83 in
PTP1B catalytic site (Figure 5G). All these observations have
supported that honokiol functions as a PTP1B inhibitor, in
consistent with the pertinent cell- and tissue-based assays.

Considering that honokiol exhibited potent PTP1B inhibi-
tory activity and its binding mode with PTP1B in vitro, we
then test whether honokiol is also able to inhibit PTP1B
in vivo and in cell. We acknowledged that by inhibiting
PTP1B activities, honokiol presumably increases the protein
tyrosine phosphorylation. However, due to the limitation of
the direct method used in detecting PTP1B enzyme activity
in vivo and in cell, to elucidate if this is indeed the case,
we detected the tyrosine phosphorylation of total proteins
in the tissues (adipose, skeletal muscle, and liver) of trailed
mice and in C2C12 myotubes. Identities of these proteins
are to be determined. As shown in Figure SH-J, the tyrosine
phosphorylation of the diabetic mice treated with 200 mg/kg
honokiol was significantly higher than that of the diabetic
control mice in skeletal muscle and adipose tissue as well
as in liver. To confirm these results, we further performed
the similar experiment in C2C12 myotubes. As expected,
honokiol also enhanced tyrosine phosphorylations of some
cellular proteins in C2C12 myotubes (Figure 5K). Based
on the finding that honokiol exhibited efficiently selectivity
on PTP1B over other PTPs family member, the inhibition
of PTP1B by honokiol is at least partly responsible for the
increased tyrosine phosphorylation. These findings thus sug-
gested that honokiol also exhibited potent PTP1B inhibitory
activity in vivo. Therefore, combining all these observations,
it is suggested that the honokiol enhanced insulin signaling
in T2DM mice and C2C12 myotubes is through its inhibitory
activity against PTP1B.

Discussion

T2DM is characterized by increased levels of blood glucose
due to impaired insulin sensitivity (insulin resistance).>>3"%
Identifying new insulin sensitizer agents is of high importance
in view of the global epidemic of diabetes. This study revealed

several essential findings relevant to the hypoglycemic effect
of honokiol and proposed a new underlying mechanism,
independent of previous studies. It was obvious that treatment
through oral gavage with 200 mg/kg/day honokiol resulted
in a profound attenuation in hyperglycemia (Figure 2).
In particular, this hypoglycemic potency is comparable to
that of metformin (clinical drug), even more effective than
metformin. The antihyperglycemic effect of metformin was
due to the suppression of lipid oxidation and hepatic glucose
production,** which was clearly different from honokiol as
we proved. Atanasov et al'® showed that honokiol functions
as a partial nonadipogenic PPAR-y agonist in vitro and pre-
vents hyperglycemia and weight gain in diabetic KK Ay mice,
but did not provide us direct evidences in vivo to clarify its
certain hypoglycemic mechanism. However, our findings in
this study were the first time, to the best of our knowledge,
to demonstrate honokiol inhibits PTP1B in vitro and in vivo,
resulting in the enhanced insulin signaling and amelioration
of hyperglycemia in high-fat diet- and STZ-induced T2DM
mice. Our findings are not contrary to previous studies,
apart from being a PPAR-y agonist in vitro, but the fact that
honokiol functions as an inhibitor may also be contributed to
its insulin-sensitizing and hypoglycemic effects. Moreover,
by molecular docking and dynamic simulation, we have found
the binding mode of honokiol with the PTP1B active site. The
chemical structure of honokiol determines its dual action as
PTPI1B inhibitor and PPAR-y agonist. At the current stage,
however, it could not be excluded that other postulates con-
tribute to the beneficial effects of honokiol in vivo. Notably,
our efforts provide a novel direction for reference in future
research. Besides, in our experiment, honokiol displayed no
macroscopic toxicity in brain, heart, kidneys, liver, spleen,
stomach, large and small intestine, and lungs, and is well
tolerated with a high safety of median lethal dose.”* Thus,
our study highlights that honokiol is promising as a valuable
insulin sensitizer for therapy of type 2 diabetes.

Normally, insulin evokes a cascade of phosphorylation
events, starting with the autophosphorylation of IR leading to
recruitment of IRS-1, followed by activation of PI3K, AKT,
and finally GLUT4 translocation to improve the glucose
uptake.* ¢ Interestingly, we observed that honokiol enhanced
the tyrosine phosphorylations of the IRP and this dynamic
cascade effect of phosphorylation was transduced down-
stream to yield sustained augmentations in AKT and ERK1/2
phosphorylation in T2DM mice. We know that PI3K-AKT
pathway diverges further to the regulation of several differ-
ent metabolic activities such as glucose metabolism (GLUT4
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translocation and glucose uptake).** Thus, the enhanced AKT
phosphorylation by honokiol is more relevant to its hypogly-
cemic effects in T2DM mice. Moreover, we confirmed these
findings also in C2C12 myotube cells. As expected, honokiol
enhanced the insulin-stimulated tyrosine phosphorylations
of IRP and ERK1/2 and the serine phosphorylation of AKT
in a dose-dependent manner. Honokiol dose-dependently
increased the insulin-induced GLUT4 translocation from
cytoplasm to cell membrane. Taken together, these potenti-
ating effects of honokiol that enhance the proximal insulin
signal transduction events and subsequently activate the
downstream signaling pathway may provide us one reason-
able explanation for its effective hypoglycemic effect. Our
findings are consistent with findings from Alonso-Castroa
et al?® that honokiol-stimulated glucose uptake in insulin-
sensitive and insulin-resistant murine and human adipocytes,
and Choi et al" that honokiol-stimulated glucose uptake by
activating PI3K-dependent AKT in L6 myotubes, but not
other studies of animal in vivo.

PTP1B recognizes the activated IR as a substrate,
and then dephosphorylates the tyrosine residues of IR.*
In addition, PTP1B also dephosphorylates the tyrosine
residues of IRS-1.7 Consequently, PTPIB is involved in
terminating insulin signaling. Consistent with this hypothesis,
Ahmad et al** demonstrated that increased PTP1B levels or
an increased activity of this enzyme were found in insulin-
resistant and obese patients. PTP1B has been proved to be a
validated target against diabetes and obesity,*" and antisense
oligonucleotides of PTP1B has already entered Phase II
clinical trials.* Considering PTP1B as an important target
for antidiabetes, exploring for novel, potent, and selective
inhibitors is indeed overwhelming. Unfortunately, these
efforts on developing small molecule inhibitors are full of
challenges, partially, because the majority of them fail to
succeed in vivo. Most of the small molecule competitive
inhibitors are capable of mimicking the phosphorylated
tyrosine of substrate such as IR, IRS-1, etc, whereas most
of the noncompetitive inhibitors act via oxidation of the
catalytic Cys215 or by preventing the closure of the WPD
loop.* Thus, PTP1B could be one of the first candidates
for honokiol acting target to function its improvement in
insulin sensitivity. As indicated, our findings that honokiol
competitively inhibited PTP1B activity in vitro by directly
blocking the PTP1B active-site pocket as a nonhydrolyzable
pTyr mimetic forcefully supported our hypothesis.

Since PTPs share highly structural conservation, selec-
tivity of small molecule inhibitors of PTP1B also faces
enormous challenges. Especially, TCPTP displays ~75%

sequence identity to PTP1B in its core catalytic domain, ris-
ing to ~85% in conservative substitutions.** TCPTP is essen-
tial for normal hematopoiesis and TCPTP-null mice die as a
result of hematopoietic defects within weeks of birth.** How-
ever, most potent active site-directed inhibitors of PTP1B
show also some degree of inhibition of TCPTP." Interest-
ingly, honokiol exhibited approximately ninefold stronger
selectivity on PTP1B than TCPTP. Besides, honokiol also
showed good selectivity on PTP1B over other PTPs family
members including SHP1 (~12-fold), SHP2 (~12-fold), and
HePTP (~14-fold). The good selectivity of honokiol may be
contributed to its high safety in vivo.

Given that the limitation of direct method of detecting
PTP1B enzyme activity in vivo and in cells, we fail to obtain
the valid data that the inhibitory efficiency of honokiol against
PTPIB in vivo. To verify the previous hypothesis in vivo
and in cells, the tyrosine phosphorylation of proteins was
investigated. It is acknowledged that the declines in activity
of specific PTPs presumably result in increase in tyrosine
phosphorylation of some proteins. The present data dem-
onstrated that honokiol enhanced tyrosine phosphorylation
of proteins in insulin-target tissues and in C2C12 myotube
cells (Figure 5). It is plausible that honokiol targets on one
or more PTPs. Taking into account that honokiol displayed
good selectivity on PTP1B over other PTPs family members,
these evidences further support the above hypothesis that
honokiol targets on PTP1B in vivo.

IR is constituted by a B-ot-0-B heterotetrameric structure
that linked by disulfide bonds. The o-subunit is entirely
extracellular and contains the insulin binding site. The
B-subunit is a transmembrane protein and contains the
tyrosine kinase domain on its intracellular segment.’® In
insulin signaling pathway, tyrosine phosphorylation of the
IR is reversible, and the dephosphorylation takes place
rapidly in intact cells even with the continued presence
of insulin.* Binding of insulin to IRa triggers tyrosine
autophosphorylation of IR, which leads to activation
of its tyrosine kinase activity. The activated IR then
phosphorylates PTP1B on tyrosine residues, which results
in activation of PTP1B phosphatase activity. The activated
PTP1B removes IR phosphotyrosines in turn and autode-
phosphorylates itself, thereby inactivating IR kinase
activity.*® Our study found that honokiol caused profound
augmentation of IRP tyrosine phosphorylation in vivo,
whereas basal protein level of IR was unchanged. This effect
indicates that honokiol does not function as an inducer to
multiply the basal quantity of IR, rather it functions as an
insulin sensitizer. Indeed, these findings also provide direct
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evidence to support the hypothesis that honokiol targets on
PTPI1B in vivo. In addition, the fact that honokiol efficiently
ameliorated hyperglycemia reflects that honokiol maintains
oral bioavailability in vivo.

For type 2 diabetic patients, hyperglycemia is often
accompanied with dyslipidemia, which represents abnormal
serum lipid profiles such as TG, TC, low density lipoprotein-
cholesterol, and high density lipoprotein-cholesterol. Abnor-
mal values of these indices result in a series of metabolic
disorders and complications. This study indicated that the
effect of honokiol on serum TC and TG for trialed mice was
not statistically significant. However, we found that honokiol
possess alleviation potency on body weight disorder, imply-
ing that there must be multi-target mechanisms remaining
to be determined.

Although we have proved the hyperglycemic effects of
honokiol on the type 2 diabetes by targeting the PTP1B, there
are also some limitations for this study. First, there are many
other pathways affecting the type 2 diabetes except for the
inhibition of PTP1B. Therefore, in further studies, we would
investigate the honokiol’s effects on the type 2 diabetes by
exploring the other pathways. Second, there may be several
other substrates of PTP1B in the cells, which may have some
adverse effects on complete or partial inhibition of PTP1B.
Therefore, if applying the honokiol to clinical therapy, the side
effects of honokiol must be investigated in future studies.

Conclusion

The results of this study demonstrate that honokiol efficiently
ameliorates hyperglycemia in T2DM mice and support one
potential mechanism that honokiol activated the proximal
insulin signal, improving insulin sensitivity, and subse-
quently enhanced downstream transduction events by target-
ing PTP1B. Thus, our study has highlighted the potential that
honokiol serves as a promising insulin sensitizer for further
treatment of T2DM.
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Figure S| Purified (A) PTPIB, (B) SHPI, (C) SHP2, (D) TCPTP, and (E) HePTP.

Note: Protein samples were separated by 10% SDS gel and then stained with Coomassie brilliant blue.

Abbreviations: HePTP, hematopoietic protein tyrosine phosphatase; PTPIB, protein tyrosine phosphatase |B; SDS, sodium dodecyl sulfate; SHPI, Src homology 2 domain-
containing tyrosine phosphatase |; SHP2, Src homology 2 domain-containing tyrosine phosphatase 2; TCPTP, T cell protein tyrosine phosphatase.
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Figure S2 Effects of honokiol treatment on the PTP|B—/— mice.

Notes: (A) No hypoglycemic potency of honokiol observed in PTP|B—/— mice. (B) No potency of honokiol on the amelioration of body weight was observed in PTPI1B—/—
mice.

Abbreviation: PTPIB, protein tyrosine phosphatase |B.
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Figure S3 Concentration-dependent inhibitory curve of Na,VO, (positive control), PBS (negative control), and honokiol against PTPIB.
Notes: IC_ values was used to evaluate the inhibitory potency. Data were expressed as mean * SD (n=3).

Abbreviations: IC,, half maximal inhibitory concentration; PBS, phosphate-buffered saline; PTPIB, protein tyrosine phosphatase |B; SD, standard deviation.
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