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Abstract

In obesity, cardiac insulin resistance is a putative cause of cardiac hypertrophy and dysfunction. In
our previous study, we observed that Magnolia extract BL153 attenuated high-fat-diet
(HFD)-induced cardiac pathogenic changes. In this study, we further investigated the protective
effects of the BL153 bioactive constituent, 4-O-methylhonokiol (MH), against HFD-induced car-
diac pathogenesis and its possible mechanisms. C57BL/6] mice were fed a normal diet or a HFD
with gavage administration of vehicle, BLI53, or MH (low or high dose) daily for 24 weeks.
Treatment with MH attenuated HFD-induced obesity, as evidenced by body weight gain, and
cardiac pathogenesis, as assessed by the heart weight and echocardiography. Mechanistically, MH
treatment significantly reduced HFD-induced impairment of cardiac insulin signaling by preferen-
tially augmenting Akt2 signaling. MH also inhibited cardiac expression of the inflammatory factors
tumor necrosis factor-a and plasminogen activator inhibitor-1 and increased the phosphorylation
of nuclear factor erythroid-derived 2-like 2 (Nrf2) as well as the expression of a Nrf2 downstream
target gene heme oxygenase-1. The increased Nrf2 signaling was associated with decreased oxi-
dative stress and damage, as reflected by lowered malondialdehyde and 3-nitrotyrosine levels.
Furthermore, MH reduced HFD-induced cardiac lipid accumulation along with lowering expres-
sion of cardiac fatty acid translocase/CD36 protein. These results suggest that MH, a bioactive
constituent of Magnolia, prevents HFD-induced cardiac pathogenesis by attenuating the impair-
ment of cardiac insulin signaling, perhaps via activation of Nrf2 and Akt2 signaling to attenuate
CD36-mediated lipid accumulation and lipotoxicity.
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Introduction

Obesity is a major risk for the development of
type 2 diabetes mellitus and cardiovascular disease [1,
2]. Over-nutrition manifests itself as hyperlipidemia,

which is believed to be a major factor for the devel-
opment of insulin resistance and lipotoxicity in hu-
mans and animals [3, 4]. It was reported that lipid
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overload leads to an accumulation of intramyocellular
lipid-derived metabolites, which coincide with insulin
resistance [5]. Previous studies have demonstrated
that the lipid accumulation of metabolites such as
long chain acyl CoAs, diacylglycerols, ceramide
and/or triglycerides (TGs) results from an impaired
ability of the mitochondria to oxidize fatty acids [6, 7].
These lipid metabolites activate a number of different
serine kinases that negatively modulate the insulin
response [8]. Although statins are used to treat hy-
perlipidemia, they increase the incidence of diabetes
[9]. These findings emphasize the need for novel
medications that prevent obesity and diabetes and the
associated cardiac disease.

Natural products with anti-obesity and an-
ti-diabetes effects yet lacking toxicity are attractive for
the prevention of and therapy against the growing
epidemic [10]. The stem bark of Magnolia officinalis has
been used as a traditional medicine to treat diabetes in
China and Japan. Honokiol (HON), magnolol (MAG),
and 4-O-methylhonokiol (MH) are considered major
bioactive constituents of Magnolia stem bark [11]. Re-
cent studies revealed that MAG and HON, bioactive
constituents of Magnolia, ameliorated body fat accu-
mulation and insulin resistance in high-fat diet
(HFD)-fed mice [12]. Moreover, MAG decreases fast-
ing blood glucose and plasma insulin levels in a type 2
diabetic model without affecting body weight gain [13]
or glucose uptake in adipocytes [14]. In our previous
study, we observed that BL153, a Magnolia officinalis
extract, partially attenuated heart damage including
lipid accumulation, inflammation, oxidative stress,
and apoptosis in a HFD-induced obese mouse model
[15]. Because Magnolia officinalis also contains other
ingredients except for the bioactive component MH,
[16, 17], we investigated whether the pure bioactive
component play the role in the prevention by Magno-
lia officinalis extract of HFD-metabolic syndrome. Our
pilot study demonstrated that MH prevented
HFD-induced obesity and systemic insulin resistance
in C57BL/6] mice [18]. Therefore, we further deter-
mined whether MH can also effectively prevent obe-
sity-induced heart damage and impaired cardiac in-
sulin signaling.

To further explore the preventive efficacy of MH
in HFD-induced cardiac damage, the effects of MH at
0.5 mg/kg were compared with BL153 used at a near
equivalent reference dose of 5 mg/kg, which has been
shown to reduce HFD-induced cardiac damage [15].
Furthermore, the protective mechanisms of BL153
(and MH) remain unclear. In this study, we investi-
gated both the efficacy and mechanisms of BL153- and
MH-mediated protection against diet-induced cardiac
insulin resistance and the associated lipotoxicity.

Materials and methods

Magnolia extract (BL153) and its bioactive
constituent MH

BL153 and MH were provided by Bioland Co.,
Ltd. (Chungnam, Korea). A voucher specimen was
deposited at the Herbarium of Chungbuk National
University, Chungbuk, Korea (voucher specimen #:
CNBU2009006). Briefly, the air-dried bark of Magnolia
officinalis was extracted twice with 95% ethanol. The
ethanol extract of BL153 was analyzed by HPLC to
ensure that it contained 10.2% 4-O-methylhonokiol
(Lot No. MBLEH-052140). This fraction was purified
by silica gel chromatography to obtain pure MH (pu-
rity >95.45%). The BL153 and MH were delivered by
gavage in 0.5% ethanol in deionized water (vehicle) as
described previously [18].

Animal model

All experiments involving animals were carried
out in accordance with the United States National
Institutes of Health Guide for the Care and Use of
Laboratory Animals and were approved by the Uni-
versity of Louisville Institutional Animal Care and
Use Committee.

Eight-week-old male C57BL/6] mice were pur-
chased from the Jackson Laboratory (Bar Harbor,
ME), housed in the University of Louisville Research
Resources Center under a constant temperature of 22
°C with a 12-h light/dark cycle, and fed standard ro-
dent chow and tap water to acclimate for 1 week after
delivery. Eighty mice were randomly assigned to the
following 8 groups (n=10): normal diet (ND, 10 kcal%
fat; 3.85 kcal/ g, D12450B, Research Diets Inc.) or HFD
(60 kcal % fat; 5.24 kcal/ g, D12492, Research Diets Inc.)
and simultaneous daily gavage-treated vehicle (0.5%
ethanol), BL153 (5 mg/kg), low-dose MH (L-MH, 0.5
mg/kg, equal to 5 mg/kg BL153), or high-dose MH
(H-MH, 1.0 mg/kg) for 24 weeks. The gavage volume
was 1% of the mouse body weight and was adjusted
weekly based on the change in body weight.

Non-invasive blood pressure (BP) and echo-
cardiography

Both BP recording and echocardiography were
performed at the 24t week of the experiment. BP was
measured with a non-invasive tail cuff Plethysmo-
graph system (CODA6™, Kent Scientific, Torrington,
CT). Mice were restrained in a plastic tube for 5 min
prior to starting BP measurement on a tempera-
ture-control platform. Tails were exposed for posi-
tioning of tail-cuff inflation/deflation and a pressure
sensor. BP was recorded after mice were trained at
least 3 days. Given that tail-cuff measurement using a
volume pressure recording system can only accu-
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rately measure systolic BP and underestimates dias-
tolic BP compared with direct telemetry measurement
[19], only systolic BP values are reported here.

Transthoracic echocardiography was measured
with a Vevo 770 ultrasound system (Visualsonics,
Toronto, Canada). Mice were anesthetized with in-
traperitoneal injection of 1.2% Avertin (Sigma, St.
Louis, MO) and placed in the supine position on a
temperature-controlled platform. The chest hair was
removed with a depilatory to reduce ultrasound at-
tenuation. The images were recorded in parasternal
long-axis and short-axis views. The left ventricular
posterior wall (LVPW) and interventricular septum
(IVS) were measured in parasternal short axis
M-mode images. At the same time, the ejection frac-
tion (EF), fractional shortening (FS), and LV mass
were calculated using Vevo770 software. The data
were averaged over 10 cardiac cycles [20].

Sample collection and preparation

After a 6-h fasting 10 mice in each group were
randomly divided into two subgroups for intraperi-
toneal injection of human insulin (Humalin R; Eli Lily,
Indianapolis, IN) at 1.5 U/kg body weight or phos-
phate-buffered saline 15 min prior to euthanasia.
Hearts were isolated, weighed, and collected for RNA
extraction, protein preparation, and cryosectioning
(OCT-embedded). Mouse tibia length was measured
with digital micrometer for calculation of heart hy-
pertrophy index.

Oil Red O staining for lipid accumulation

Oil Red O staining was performed to examine
lipid accumulation in hearts after 24 weeks of HFD
feeding [21]. After cryostat-sectioning, heart tissue
slides were fixed in 10% neutral buffered formalin for
5 min., briefly washed with running tap water, im-
mersed in 60% isopropanol for a few seconds, and
then stained with Oil Red O working solution (satu-
rated Oil red O isopropanol solution was diluted as
4:6 into 60% isopropanol, Sigma-Aldrich, St. Louis,
MO) for 10 min at room temperature. Slides were
washed with 60% isopropanol and counterstained
with hematoxylin (DAKO, Carpinteria, CA) for 45 s,
and images were captured (Nikone Eclipse E600 mi-
croscope, Melville, NY). The area of Oil red O staining
was analyzed in nine fields of view for each heart. The
area value is the size of the selection within the set
threshold, and the integrated optical density, a meas-
urement parameter in Image Pro Plus 6.0 software
(Media Cybernetics, Bethesda, MA), used to quantita-
tively analyze the area of Oil Red O staining.

Determination of lipid peroxidation

Lipid peroxidation was assessed using a thio-
barbituric acid (TBA) reactive substances (TBARS)

assay according to the formation of malondialdehyde
(MDA) during acid hydrolysis of the lipid peroxide
compound. The reaction mixtures included 20 111 8.1%
sodium dodecyl sulfate, 50 pl supernatant of homog-
enate samples, 210 pl 0.571% TBA, and 150 pl 20%
acetic acid solution (pH 3.5). All samples were as-
sayed in duplicate. The mixtures were incubated at 90
°C for 1 h and cooled on ice. Then 100 pl distilled
water was added, and the mixtures were centrifuged
at 4000 rpm for 15 min. The absorbance of the super-
natant was recorded at 540 nm. The TBARS level is
presented as nmol/mg protein [22].

Western blotting assays

Western blotting assays were performed as de-
scribed previously [21]. The primary antibodies in-
cluded those against phospho-nuclear factor
erythroid 2 related factor 2 (p-Nrf2), tumor necrosis
factor-alpha  (TNF-a),  peroxisome  prolifera-
tor-activated receptor gamma coactivator 1 a
(PGC-1a), sirtuin 1 (Sirtl), and fatty acid trans-
locase/cluster of differentiation 36 (CD36), all of
which were obtained from Abcam (Cambridge, MA).
Total Nrf2 (t-Nrf2), hexokinase II (HK II), and glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) were
purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). AMP-activated protein kinase a (AMPKa),
phospho-AMPKa (Thr172), phospho-Akt (Ser473,
p-Akt), total Akt (t-Akt), phospho-Akt2 (Ser474,
p-Akt2), and total Akt2 (t-Akt2) were all obtained
from Cell Signaling Technology (Danvers, MA), and
3-nitrotyrosine (3-NT) was purchased from Millipore
(Billerica, MA). Quantitative densitometry was per-
formed on identified bands using Image Quant 5.2
software (GE Healthcare Bio-Sciences AB) [23, 24].

RNA isolation and real-time RT-PCR

The mRNA levels of heme oxygenase 1 (HO-1) in
the heart were quantified by real-time RT-PCR.
Briefly, total RNA was extracted from heart tissues
using Trizol reagent (RNA STAT60 Tel-Test; Ambion,
Austin, TX). RNA concentration and purity were
quantified using a Nanodrop ND-1000 spectropho-
tometer (Thermo Scientific, Wilmington, DE). One
microgram of total RNA was used for first strand
cDNA synthesis using iScript cDNA Synthesis system
(Master Cycler, Eppendorf, NY). For real-time PCR,
primers (mouse HO-1: Mm00516005_m1; mouse
GAPDH Mm99999915_g1) were purchased from Ap-
plied Biosystems (Foster City, CA). The amplification
reactions were carried out in triplicate 20-pl reactions
that contained 10 pl TagMan Universal PCR Master
Mix (Applied Biosystems), 1 pl primers, 3 pl cDNA,
and 6 pl DD HyO, in the ABI 7300 Real-Time PCR
system (Life Technologies Corporation, Carlsbad, CA)
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with an initial hold step at 50 °C for 2 min, followed
by 95 °C for 10 min, and then 50 cycles of a two-step
procedure (92 °C for 15 s and 60 °C for 1 min). The
comparative cycle time (Ct) method was used to de-
termine fold differences between samples and deter-
mine the amount of target, normalized to an endog-
enous reference GAPDH and relative to a calibrator
(2-8aCt) [22].

Statistical analysis

Data are presented as means * standard devia-
tion (SD). Comparisons were performed by two-way
analysis of variance for the different groups, followed
by post-hoc pair-wise repetitive comparisons with
Tukey’s test using Origin 8.6 Lab data analysis and
graphing software (Origin Lab Corporation, North-
ampton, MA). Statistical significance was considered
if P <0.05.

Results

Effects of MH on HFD-induced obesity, heart
weight, BP, and cardiac function in mice

Body weight was measured as the index of obe-
sity. HFD feeding significantly increased body weight
compared with ND feeding. MH and BL153 treatment
only slightly inhibited the body weight increase (Fig.
1A) compared to that in the HFD group. No body
weight change was observed in ND-fed mice treated
with MH or BL153 (Fig. 1A). Heart weights and tibia
lengths were measured, and no differences in heart
weight (Fig. 1B), tibia length, or the ratio of heart
weight to tibia length (Fig. 1C) were observed among
the ND groups. However, treatment with either MH
or BL153 significantly decreased HFD-induced in-
creases in heart weight and the heart weight to tibia
length ratio.

Although neither the ND nor HFD led to an ob-
vious change in systolic BP (Fig. 2A), echocardiog-
raphy examination indicated that HFD feeding in-
duced cardiac hypertrophy as indicated by increased
wall thickness including diastolic IVS and diastolic
LVPW compared with those in ND-fed mice (Fig.
2B,C). MH and BL153 treatments significantly atten-
uated cardiac hypertrophy induced by HFD feeding
(Fig. 2B,C). No change in overall myocardial systolic
function was detected (as per EF; Fig. 2D) between
ND- and HFD-fed mice. Treatment with MH and
BL153 did not affect myocardial systolic function or
systolic BP in ND- and HFD-fed mice (Fig. 2D).

Effects of MH on cardiac inflammation and
oxidative stress in obese mice
Cardiac inflammation and oxidative stress are

important contributors to the development of cardiac
hypertrophy [25]. In present study, the inflammatory

marker TNF-a in cardiac tissue was measured by
Western blotting. In ND-fed mice, MH did not affect
the expression of TNF-a (Fig. 3A). HFD feeding sig-
nificantly elevated cardiac TNF-a expression; yet
these markers were significantly diminished by
H-MH treatment (Fig. 3B).
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Figure 1. Effects of MH on HFD-induced mouse body and heart weights.
Eight-week-old male C57BL/6] mice were fed either a ND (10% kcal as fat) or a
HFD (60% kcal as fat) with vehicle (0.5% ethanol), BL-153 (5 mg/kg body
weight), or MH (0.5 or 1 mg/kg) for 24 weeks. (A) Body weight; (B) heart weight;
(C) heart weight to tibia length. Data are presented as means + SD (n=10). a, p<
0.05 vs. ND; b, p< 0.05 vs. HFD.

Animal studies have shown that HFD-induced
obesity increases oxidative stress [15]. Here we found
that HFD feeding significantly increased oxidative
stress in the heart tissue as demonstrated by increased
levels of MDA (TBARS assay, Fig. 4A) and 3-NT (Fig.
4C). Both MH and BL153 significantly reduced the
endogenous (basal) and HFD-induced levels of MDA
(Fig. 4A) and 3-NT (Fig. 4B,C).
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Figure 2. Effects of MH on HFD-induced BP change and cardiac hypertrophy in mice. Systolic BP was measured by non-invasive tail cuff Plethysmograph system (A).
Cardiac wall thickness was measured by echocardiography including diastolic interventricular septum (IVS, B) and diastolic left ventricular posterior wall (LVPW, C).
At the same time, the ejection fraction (EF, D) was calculated using Vevo770 software. Data are presented as means * SD (n=5). a, p<0.05 vs. ND; b, p< 0.05 vs. HFD.
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Figure 3. Effects of MH on HFD-induced inflammation in heart tissue. The
expression of inflammation marker TNF-a was measured in ND-fed mice (A)
and HFD-fed mice (B) by western blotting and quantified by densitometric
analysis. Data are presented as means * SD (n=5). a, p<0.05 vs. ND; b, p< 0.05
vs. HFD; ¢, p< 0.05 vs. HFD/BL153.

In ND-fed mice, both MH and BL153 signifi-
cantly increased the levels of Nrf2 phosphorylation
(Fig. 4D) and HO-1 mRNA expression (Fig. 4F). HFD
feeding was found to significantly down-regulate
Nrf2 phosphorylation (Fig. 4E). MH or BL153 could
significantly upregulate Nrf2 phosphorylation and
HO-1 mRNA expression in both ND- and HFD-fed
mice (Fig. 4F).

Effects of MH on cardiac insulin signaling in
obese mice

Cardiac lipid accumulation reportedly causes
insulin resistance in HFD-fed obese mice [26]. Thus,
we examined whether MH and BL153 affected in vivo
insulin targeting of Akt, which is required for insu-
lin-stimulated glucose uptake, and HK 1, a glycolysis
regulator. Consistent with the results of a previous
study [26], HFD feeding impaired cardiac insulin
signaling, as demonstrated by downregulation of
Akt2 phosphorylation and a significant reduction of
HK II expression (Fig. 5B). In ND-fed mice, both MH
and BL153 significantly increased insulin-induced
Akt2 activation, as reflected by the increased ratio of
phosphorylated Akt2 to total Akt2 expression (Fig.
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5A). Compared to HFD feeding alone, treatment of
HFD-fed mice with MH significantly increased the
ratio of phosphorylated Akt to total Akt expression,
and both MH and BL153 significantly increased Akt2
activation and HK II expression (Fig. 5B). Insulin
treatment in vivo (15 min) significantly increased

phosphorylation levels of Akt and Akt2 in ND-fed
mice (Fig. 6A) but not in HFD-fed mice (Fig. 6B).
Treatment with MH or BL153 dramatically boosted
insulin-induced phosphorylation levels of both Akt
and Akt2 except for Akt phosphorylation upon
treatment with H-MH in HFD-fed mice.
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Figure 4. Effects of MH on HFD-induced oxidative stress and damage in heart tissue. (A) Lipid peroxidation in heart tissue was measured by a thiobarbituric acid
reactive substances (TBARS) assay (TBARS was equivalent to MDA). (B, C) The levels of reactive nitrogen stress were measured by 3-nitrotyosine (3-NT) in ND-fed
mice (B) and HFD-fed mice (C) with western blotting. (D, E) The levels of phosphorylated p-Nrf2 were measured in ND-fed mice (D) and HFD-fed mice (E) by
western blotting. (F) mRNA expression of HO-I, as the target gene of p-Nrf2, was measured by real-time RT-PCR. Data are presented as means * SD (n=5). a,
p<0.05 vs. ND; b, p< 0.05 vs. HFD
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Figure 5. Effects of MH on cardiac glucose metabolism. Protein expression of p-Akt, p-Akt2, and HK Il in ND-fed mice (A) and HFD-fed mice was measured by
western blot analysis. Data are presented as means + SD (n=5). a, p<0.05 vs. ND; b, p< 0.05 vs. HFD.
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Effects of MH on cardiac lipid accumulation in
obese mice

Lipid accumulation in cardiomyocytes is a
marker of lipotoxicity and a feature of HFD-induced
obesity. Histological detection by Oil Red O staining
revealed that both MH and BL153 treatment signifi-
cantly inhibited HFD-induced lipid accumulation in
the heart. A quantitative analysis further showed that
the area of Oil Red O staining in hearts of HFD-fed
mice was almost 15 times higher than that present in
ND-fed mice. This effect of the HFD was significantly
reduced with either MH or BL153 treatment, and MH
treatment results in a dose-dependent decrease in

lipid accumulation that was more effective than that
observed with BL153 treatment (Fig. 7). No lipid ac-
cumulation was observed in the ND-fed groups.

To understand how MH regulates lipid metabo-
lism in the heart, we assessed the expression of fatty
acid uptake protein (CD36) and controlling lipidolysis
protein, PGC-1a. In ND-fed mice low-dose MH and
BL153, but not high-dose MH, significantly reduced
CD36 expression (Fig. 8A). However, MH and BL153
did not affect PGC-1a expression in ND-fed mice (Fig.
8C). HFD feeding significantly increased the expres-
sion of CD36 and simultaneously decreased the ex-
pression of PGC-la compared to levels in ND-fed
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mice. Treatment of HFD-fed mice with MH, but not
BL153, significantly reduced the effect of HFD on
CD36 and PGC-1a expression (Fig. 8B,D). To better
understand the influence of diet on PGCl-1la, we
further investigated the upstream role of AMPK via
NAD*-dependent type III deacetylase Sirtl activity
[27], because activation of both AMPK and Sirtl can
increase the expression of PGC-1a [27, 28]. We found
that MH treatments did not affect the expression of
either phospho-AMPK (i.e., activity of AMPK) or Sirt
in ND-fed mice (Fig. 9A,C). HFD feeding decreased
the expression of both phospho-AMPK and Sirtl
compared to levels in ND-fed mice (Fig. 9B,D), and
both targets were significantly restored by treatment
with either BL153 or MH, suggesting a potential
pathway to reverse the effects of a HFD.

Discussion

In the present study, we explored the preventive
effects of MH, an active constituent of BL153, on car-
diac insulin resistance and associated pathogenic
changes including structural remodeling, inflamma-
tion and oxidative stress induced by HFD feeding.
The preventive effect of L-MH treatment is not sig-
nificantly different from that of BL153 treatment in
terms of cardiac hypertrophy, lipid accumulation,
inflammation, and oxidative stress [15, 18]. In current
study, HFD feeding increased heart weight and car-
diac wall thickness (IVS and LVPW) and slightly de-
creased cardiac function (decreased EF), as measured

by echocardiographic examination. MH and BL153
treatments attenuated HFD feeding-induced cardiac
hypertrophy. These findings are in a line with those of
previous reports, indicating that obesity increased
cardiac lipid accumulation, which was associated
with insulin resistance, cardiac hypertrophy, and
cardiac dysfunction in humans [29] and animal mod-
els [30]. Several studies have proved that chronic HFD
feeding promotes ectopic fatty acid (FA) storage as
TGs in cardiomyocytes, leading to an induction of
cardiac insulin resistance in rodents, even though the
heart obviously is not a normal site for lipid storage
[6, 7, 15, 31]. Cardiac insulin resistance often causes
cardiac hypertrophy as a consequence [32]. Over-
loaded TG-induced impairment of the insulin/Akt
pathway is thought to be a causative factor in diabetic
cardiomyopathy [33]. In our study, HFD feeding did
not affect the levels of phospho-Akt and phos-
pho-Akt2 compared to those levels in ND-fed mice. In
HFD-fed mice, however, the increases in phospho-Akt
and phospho-Akt2 levels after insulin-treatment for
15 min were significantly lower than those in ND-fed
mice. The expression of HK 11, a rate-limiting enzyme
in glucose metabolism, is reduced in obesity and dia-
betes [21, 34]. In our current study, HKII expression
was significantly reduced in HFD-fed mice, which
indicates that HFD feeding impairs cardiac insulin
signaling and glycolysis.
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Figure 7. Effects of MH on HFD-induced lipid accumulation in heart tissue. Cardiac lipid accumulation was detected by Oil Red O staining (20%, bar=50 pym) of
cryosections (A). The area of Oil Red O staining was quantified as a fold difference from that in sections from ND-fed mice (B). Data are presented as means * SD
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Figure 8. Effects of MH on cardiac lipid metabolism in HFD-fed mice. Protein expression of CD36 and PGC-1a was measured in ND-fed mice (A,C) and HFD-fed
mice (B,D) by western blot analysis. Data are presented as means * SD (n=5). a, p<0.05 vs. ND; b, p< 0.05 vs. HFD.
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Figure 9. Effects of MH on cardiac AMPK and Sirtl expression in HFD-induced obese mice. AMPK and Sirt] were measured in ND-fed mice (A,C) and HFD-fed mice
(B,D) by western blot analysis. Data are presented as means + SD (n=5). a, p<0.05 vs. ND; b, p< 0.05 vs. HFD.
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Although it has been known that Magnolia bio-
active constituent (HON, MAG, and MH) can ame-
liorate systemic insulin resistance induced by HFD
feeding [12, 18], the molecular mechanisms by which
Magnolia improves HFD-induced systemic insulin
resistance, particularly in the heart, are still unclear. It
was reported that HON and MAG stimulate glucose
uptake by activating Akt phosphorylation, a key locus
in the insulin signaling pathway, in L6 myotubes [35].
There are three isoforms in the Akt family [36]. Akt1 is
involved in cellular survival pathways that support
physiological growth and function, and Akt3 may
play an important role in the prevention of neurolog-
ical disorders [36]. Also, Akt2 plays a key role in the
insulin signaling pathway [37]. Insulin resistance is
observed in mice with an Akt2 gene deletion [37] but
not in mice with an Aktl gene deletion [38]. One novel
finding of our present study is that another bioactive
constituent of Magnolia, MH, significantly upregu-
lated the activity of Akt (predominantly the Akt2
isoform) in both ND- and HFD-fed mice. To further
explore Akt function, we treated ND- and HFD-fed
mice with insulin in vivo and then measured the
phosphorylation level of Akt2. HFD feeding pre-
vented the insulin-induced increase in Akt2 phos-
phorylation, which was significantly upregulated in
ND-fed mice. However, treatment with MH both
preserved in HFD-fed mice the phosphorylation level
of Akt2 and further enhanced it in ND-fed mice as
well. These results suggest that MH restores the im-
paired insulin signaling caused by HFD feeding
probably through upregulation of phosphorylation of
Akt2.

It is known that cardiac insulin resistance is as-
sociated with lipid accumulation [5]. A previous
study reported that reduction of intracellular lipid
levels by decreasing FA uptake of cells and increasing
FA oxidation reversed insulin resistance [39]. There-
fore, another novel finding in the present study is that
MH inhibits the expression of CD36 that can enhance
FA uptake in cardiomyocytes. This finding suggests
that MH may be an inhibitor of CD36, such that MH
attenuates cardiac lipid accumulation by inhibiting
the expression of CD36. On the other hand, an inves-
tigation of FA oxidation pathway has revealed that
the activity and expression of the critical FA oxidator,
PGC-1a, was reduced, leading to mitochondrial dys-
function in patients with insulin resistance and type 2
diabetes [40]. Consistently, we showed here that the
expression of PGC-1a is markedly decreased in the
heart of HFD-fed mice, an effect that is significantly
restored by MH. In the PGC-1a pathway, AMPK is an
important sensor that regulates lipid metabolism [41].
Activated = AMPK  upregulates the cellular
NAD+/NADH ratio, which in turn activates Sirtl (an

NAD*-dependent type Il deacetylase) [42]. Sirtl can
deacetylate PGC-la and increase its activity [43].
Taken together, our results suggest that MH may en-
hance mitochondrial function and oxidative capacity
by restoring AMPK and Sirtl activities and their
downstream target, PGC-1a. Although it has been
reported that MH is a PPARYy agonist [44] that plays
an important role in hypolipidemic activity [45], the
expression of PPARYy in the heart is relatively low and
PPARYy probably also does not play the key role in
cardiac metabolism regulation [46]. Therefore, in our
study we did not measure the levels of PPARy.

Increased oxidative stress in obesity and diabetes
is associated with the development of insulin re-
sistance [47, 48]. It has been reported that
HFD-induced obesity induces cardiac oxidative stress
by increasing reactive oxygen species and nicotina-
mide adenine dinucleotide phosphate oxidase levels
in the cytosol [49, 50]. Consistent with the results of
these studies, in our study, HFD-fed mice also exhib-
ited increased cardiac oxidative stress, as shown by
increased MDA and 3-NT levels (Fig. 4A and 4C). MH
dramatically prevented the induction of oxidative
and/or nitrosative stress under HFD feeding condi-
tions in a dose-dependent manner. We further inves-
tigated how MH inhibits cardiac oxidative stress and
found that the activity of Nrf2, as reflected indirectly
by its target gene HO-1 at the mRNA level, was up-
regulated in the MH treatment group. Nrf2 is crucial
in the regulation of cellular defenses against oxidative
stress [51]. In the nucleus, phospho-Nrf2 forms het-
erodimers that bind to antioxidant-responsive ele-
ment (ARE) and then trigger basal expression and
induction of detoxification enzymes/proteins such as
HO-1 [52]. Therefore, these results suggest that
through upregulation of Nrf2, MH may ameliorate
oxidative stress to additionally help preserve cardiac
insulin signaling in HFD-fed mice.

Regarding the mechanism by which MH acti-
vates Nrf2, it has been shown recently that Nrf2 tran-
scriptional activity can be upregulated by insulin
signaling. Specifically, activated Akt can enhance
Nrf2 activity by prevention of Nrf2 nuclear exclusion
and degradation in cytosol [53]. In our study, we
found that MH treatment not only upregulated the
phosphorylation of Akt but also increased Nrf2 acti-
vation. Therefore, we propose that MH enhances Nrf2
activity probably by upregulation of Akt signaling.

In summary, here we demonstrated that MH as
the key bioactive component in Magnolia officinalis
extract play the key role in the prevention by Magnolia
officinalis extract of HFD-metabolic syndrome and its
cardiovascular damage. Our working hypothesis is
presented in Fig. 10, illustrating the potential mecha-
nisms by which MH restores the impaired cardiac
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insulin signaling in HFD-induced obese mice. First,
MH may upregulate Akt (predominantly Akt2 iso-
form) activity to improve insulin signaling. Second,
MH may attenuate intracellular lipid accumulation by
decreasing FA uptake through inhibition of CD36
expression and increasing FA oxidation through
AMPK-Sirtl-PGC-1a pathway, and subsequently im-
prove insulin signaling. Lastly, MH may attenuate
oxidative stress-impaired insulin signaling by acti-
vating an Akt-Nrf2 pathway. Compared with the se-
lected reference (BL153), MH also showed a similar
effect on cardiac hypertrophy and insulin signaling,
but because MH is a further purified constituent, it

potentially should have much less severe side ef-
fects/toxicity compared with BL153. Taken together,
these findings indicate that the bioactive constituent
MH from Magnolia officinalis extract represents a new
therapeutic candidate for cardiac hypertrophy in-
duced by cardiac insulin  resistance in
obese/pre-diabetic patients. Due to the purity of MH
compared to previously used BL153, it may have
more potential to be considered as an alternative ap-
proach alone or combined with other routinely used
medication to preventing the cardiovascular disorders
in the obesity individuals.
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Figure 10. A proposed mechanism for the effects of MH on cardiac insulin resistance in obese mice. MH might upregulate Akt (mainly Akt2) activity to ameliorate
obesity-impaired cardiac insulin signaling. On the other hand, MH might attenuate oxidative stress-induced insulin resistance by activating the Akt-Nrf2 pathway.
Lastly, MH might inhibit expression of CD36, which decreases FA uptake, and preserve the FA oxidation pathway (AMPK-Sirt1-PGC-1a), subsequently reducing

intracellular lipid accumulation and finally reversing insulin signaling.
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