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Curcumin-loaded PEG-PDLLA nanoparticles
for attenuating palmitate-induced oxidative stress and
cardiomyocyte apoptosis through AMPK pathway
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Abstract. Curcumin (CUR) has the ability to attenuate oxida-
tive stress in the myocardium and to protect the myocardium
from lipotoxic injury owing to its lipid-reducing properties.
However, the use of CUR is limited due to its hydrophobicity
and instability. In this study, CUR-loaded nanoparticles
(CUR NPs) were developed using an amphiphilic copolymer,
monomethoxy poly (ethylene glycol)-b-poly (DL-lactide), as a
vehicle material. CUR NPs with high drug loading and small
size were prepared under optimized conditions. The effects
of CUR NPs on palmitate-induced cardiomyocyte injury
were investigated and the possible protective mechanism of
CUR NPs was also examined. It was found that CUR NPs
were able to control the release of CUR and to deliver CUR
to H9C2 cells, and they could prevent palmitate-treated HOC2
cells from apoptosis. In addition, CUR NPs could regulate
the Bax and Bcl-2 levels of palmitate-treated H9C2 cells back
to their respective normal levels. A prospective mechanism
for the function of CUR NPs is that they may activate the
AMP-activated protein kinase (AMPK)/mammalian target
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of rapamycin complex-1/p-p70 ribosomal protein S6 kinase
signaling pathway, regulate the expression of downstream
proteins and resist the palmitate-induced cardiomyocyte
injury. Results suggest that CUR NPs can attenuate palmi-
tate-induced oxidative stress in cardiomyocytes and protect
cardiomyocytes from apoptosis through the AMPK pathway.
In view of the safety and efficiency of these CUR NPs, they
have potential for application in protecting the myocardium
from lipotoxic injury.

Introduction

Diabetes and obesity are both associated with lipotoxic
cardiomyopathy exclusive of coronary artery disease and
hypertension (1-3). Lipotoxicities have become a public
health concern and are responsible for a significant portion
of clinical cardiac disease (4-7). These abnormalities may
be the result of a toxic metabolic shift to more fatty acid and
less glucose oxidation with concomitant accumulation of
toxic lipids (5). Lipids can directly alter cellular structures
and activate downstream pathways, leading to toxicity (5).
Previous data have implicated fatty acids, fatty acyl coen-
zyme A, diacylglycerol, and ceramide in cellular lipotoxicity,
which may be caused by apoptosis, defective insulin signaling,
endoplasmic reticulum stress, activation of protein kinase C,
mitogen associated protein kinase activation, or modulation
of peroxisome proliferator-activated receptors (5). Free fatty
acids (FFAs), a key of type fat originating from the adipose
tissue in the human body, can function as an essential energy
provider at their normal level and are able to provide ~70%
of adenosine triphosphate to cardiomyocytes (8). A number
of studies have revealed that lipid deposition in cardiac tissue
would increase provided that the level of FFAs is significantly
increased compared with the normal value (9-11). This type
of increase in lipid deposition could cause the rise of intra-
cellular active oxygen species (ROS) in cardiomyocytes,
commonly called as lipotoxicity and such excessive levels of
ROS will in turn result in apoptosis in cardiomyocytes and
related cardiac complications (11-14). Therefore, inhibiting the
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rise of intracellular ROS in cardiomyocytes would be a viable
approach for protecting the myocardium against lipotoxic
injury. A previous study on FFAs-induced myocardial injury
indicated that AMP-activated protein kinase (AMPK) was
able to effectively inhibit the ROS increase in cardiomyocytes
by attenuating oxidative stress and concomitantly, prevented
the cardiomyocytes from apoptosis (15). With this in mind, it
can be envisioned that the lipotoxic myocardial injury could
be avoided if certain antioxidants can be used for suppressing
the intracellular ROS increase by attenuating oxidative stress
and meanwhile, for activating the AMPK pathway in a safe,
and effective manner.

Curcumin (CUR) is a hydrophobic polyphenol derivative
that is usually extracted from natural herbs and it has diverse
pharmacological properties (16-18). In particular, CUR is rela-
tively safe to normal tissues in its therapeutic dose range. CUR
has been used as anti-inflammatory, antioxidant and anti-
cancer agents over a long period of time for the treatments of a
number of types of diseases, including varied types of cancers,
cardiovascular diseases and autoimmune diseases (19-24). A
new study reveals that curcumin has the ability to attenuate
oxidative stress in the myocardium and can play a protective
and therapeutic role in the protection of the myocardium
against lipotoxic injury owing to its lipid-lowering proper-
ties (25). In another study involving diabetic rats, CUR
shows the ability to reduce cardiomyocyte remodeling and
relieve cardiac insufficiency (26). Nevertheless, satisfactory
pharmaceutical efficacy of CUR is difficult to achieve even
though a high dosage is applied because CUR is very hydro-
phobic, which will lead to its rapid elimination in vivo; and
in addition, CUR is unstable in an aqueous medium and can
be quickly degraded in vivo (27,28). Therefore, it is necessary
to use suitable carriers to deliver CUR in order to prevent its
degradation, enhance its intracellular aggregation and increase
its bioavailability.

Nowadays, biocompatible nanoparticles (NPs) with hydro-
philic surface properties are frequently used for delivering
hydrophobic drugs because these NPs can prolong the in vivo
circulation of the loaded drugs and thus, increase their effi-
ciency and bioavailability (27,28). In this study, an attempt was
made to fabricate a type of CUR-loaded NPs using an amphi-
philic copolymer, monomethoxy poly (ethylene glycol)-b-poly
(DL-lactide; PEG-PDLLA), as a vehicle material to protect
CUR from degradation while enhancing its intracellular accu-
mulation. A model based on palmitate-induced cardiomyocyte
injury was used to evaluate the performance of CUR-loaded
NPs and it was also examined whether these CUR-loaded
NPs had an ability to suppress the intracellular ROS increase
by attenuating oxidative stress in cardiomyocytes through an
unexplored AMPK pathway.

Materials and methods

Materials. H9C2 cardiomyocytes were procured from
the Cell Bank of Type Culture Collection of the Chinese
Academy of Sciences. Dulbecco's modified Eagle's medium
(DMEM), fetal bovine serum (FBS) and type-II collagenase
were purchased from Gibco; Thermo Fisher Scientific, Inc.
A malondialdehyde (MDA) assay kit was purchased from
Nanjing Jiancheng Bioengineering Institute. The superoxide
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dismutase (SOD) assay kit was purchased from Dojindo
Molecular Technologies, Inc. An ROS assay kit was obtained
from Applygen Technologies, Inc. Terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) detection kit
was purchased from Roche Diagnostics. Rabbit polyclonal
antibodies against Bcl-2, Bcl-2 associated X Protein (Bax),
phosphorlyated AMPK (p-AMPK), total AMPK,, p-mammalian
target of rapamycin complex-1 (p-mTORC1), total mTORCI,
p-p70 ribosomal protein S6 kinase (p-p70S6K), total p70S6K
and p-actin were purchased from Cell Signaling Technology,
Inc. Hybond C membranes and ECL western blot detection
kit were purchased from Pierce; Thermo Fisher Scientific, Inc.
The MTT assay kit and dorsomorphin (compound C) were
purchased from Sigma-Aldrich; Merck KGaA. PEG-PDLLA
(PEG, 5 kDa, PDLLA, 10 kDa) was bought from Advanced
Polymer Materials Inc. Palmitate and all other reagents were
purchased from Sigma-Aldrich; Merck KGaA.

Preparation and characterization of CUR-loaded NPs.
CUR-loaded NPs were prepared following a method described
elsewhere (29). In brief, CUR (1 mg) and PEG-PDLLA (9 mg)
were dissolved into tetrahydrofuran (4 ml). This solution was
added dropwise into 10 ml distilled water with stirring. The
mixture was then dialyzed against water at ambient tempera-
ture for 3 days to form NPs and the resulting CUR-loaded NPs
were lyophilized for further use. For the sake of simplicity,
these CUR-loaded NPs are abbreviated as CUR NPs in the
following text.

CUR NPs were dispersed in methanol with ultrasonic
treatment and the amount of the extracted CUR was measured
using high performance liquid chromatography (Shimadzu
LC-20AD) under the following running conditions (Eclipse
XDB-C18 column; 150x4.6 mm; 5 ym; Agilent Technologies,
Inc.): Dexamethasone acetate was used as internal standard;
mobile phase, methanol containing 3 mM mono potas-
sium phosphate and acetic acid (methanol/mono potassium
phosphate/acetic acid/water=230/20/2/748, v/v); flow rate,
1.0 ml/min; injection volume, 20 ul; column temperature,
25°C; and detection wavelength, 227 nm. Drug loading (DL)
and loading efficiency (LE) of CUR NPs were calculated
using the following formulas:

DL (%)=(M,/M) x100% (1)
LE (%)=(M,/M,) x100% (2)

where M, is the mass of CUR encapsulated in NPs, M, is
the mass of fed CUR and M is the mass of NPs.

The morphology of NPs was viewed using a transmission
electron microscope (TEM; Tecnai G2-20). Size distribution of
NPs was determined using a dynamic light scattering instru-
ment equipped with a vertically polarized He-Ne laser (Wyatt
Technology, Ltd.). zeta potential (T) of NPs was measured
using a Nano-ZS instrument.

In vitro release. CUR NPs were suspended in 2 ml PBS
(pH 7.4) containing Tween-80 (1.0 wt%) and the solution was
added to the dialysis bag (MW cutoff: 3.5 kDa) for releasing
testing. Briefly, the sealed dialysis bag was introduced into a
vial and immersed in 8 ml PBS. The vial was shaken on a
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shaking table at a frequency of 1 Hz at 37°C. At intervals of 2 h,
1 ml of medium was withdrawn and the vial was replenished
with the same volume of fresh buffer. The released amount
of CUR was determined via UV-vis analysis at a detecting
wavelength of 427 nm.

MTT assay. HOC2 cells were expended in DMEM, containing
2.25 g/l glucose and supplementing with 10% FBS, 100 U/ml
penicillin, and 100 mg/ml streptomycin in a humidified atmo-
sphere of 5% CO, at 37°C. The expended H9C2 cells were
suspended in PBS for further use. HOC2 cells were seeded in
96-well plates at a density of 1x10° cells/well. After incubation
overnight, cells were co-cultured with 0-100 xM of CUR or
CUR NPs for a period up to 48 h. At the end of the prescribed
incubation periods, cells in each well were thoroughly rinsed
with PBS and additionally incubated with the MTT agent
(0.5 mg/ml) for 4 h at 37°C. After that, the media were fully
discarded and DMSO was added to each well prior to spectro-
photometric measurements (570 nm).

Cellular uptake. HOC2 cells were seeded in 6-well culture
plates (2x10* cells/well) in which each well was preset with a
cell culture slide and these cells were cultured with complete
medium for 24 h. After that, cells were treated with CUR or
CUR NPs (CUR equivalent: 100 M in both cases) for 1 h
or 24 h at 37°C. After removal of the supernatant, cells were
washed with PBS for 3 times and fixed in 800 ul formaldehyde
solution (4%) at ambient temperature for 20 min. These cells
were subsequently stained with DAPI for 10 min at room
temperature and imaged by using a confocal laser scanning
microscope (CLSM; Olympus Corporation).

Measurement of ROS levels. Dihydroethidium (DHE; Vigorous
Biotechnology, Co., Ltd.), a ROS-level indicative fluorescence
probe (A.,=535 nm, A.,,=610 nm), was used to detect intracel-
lular superoxide anions. Briefly, HOC2 cells were seeded in
6-well plates (2x10* cells/well) and cultured with complete
medium for 24 h. Cells were then divided into different
groups and exposed to palmitate (0.2 mM) or palmitate
(0.2 mM)+CUR NPs (CUR equivalent: 100 #M), respectively,
for 24 h at 37°C. Afterwards, cells were washed with cold PBS
and further incubated with fresh medium containing 10 xM
DHE at 37°C in the dark for 20 min to perform nuclei staining.
The harvested cells were resuspended in PBS at a density of
2x107 cells/ml, transferred to a light-shielded 96-well plate
(100 g1 cell suspension per well), followed by determination
of DHE intensity using a fluorescence microplate reader
(Bio-Rad Laboratories, Inc.). Fluorescence microscopy
(Olympus Corporation) was also used to observe the intensity
of the fluorescent signals.

Determination of major biochemical parameters. MDA and
SOD were measured using an MDA assay kit and a SOD
activity kit, respectively. MDA acted as an index for indicating
the intracellular oxidative stress levels and SOD was served as
an indicator for reflecting the extent of attenuation of oxida-
tive stress levels. Briefly, HOC2 cells that were cultured with
complete medium for 24 h were divided into different groups
and these groups were treated with palmitate (0.2 mM) or
palmitate (0.2 mM)+CUR NPs (prescribed CUR equivalent:
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40, 80 and 100 xM) for 24 h at 37°C. The harvested cells
were lysed with RIPA lysis buffer (Cell Signaling Technology,
Inc.) and the supernatant was collected by centrifugation at
12,000 x g for 10 min at 4'C. Protein content in the super-
natant was detected using a bicinchoninic acid (BCA) kit. In
addition, 100 ul supernatant was introduced into a centrifuge
tube and an MDA testing solution (200 ul) was added. After
being mixed, the mixture was boiled for 15 min and cooled
to room temperature, followed by centrifugation at 1,000 x g
for 10 min at 4°C. A total of 200 pl prepared supernatant was
added to 96-well plate and the absorbance was measured at
532 nm using a microplate reader (Bio-Rad Laboratories, Inc.).

SOD activity was determined based on its ability to inhibit
the oxidation of oxymine by O*e that was produced from the
xanthine/xanthine-oxidase system. The harvested cells were
homogenized and the obtained homogenate was centrifuged at
12,000 x g for 10 min at 4°C. The protein content in supernatant
was determined using a BCA kit. To a centrifuge tube, 20 ul
of supernatant and 160 yl NBT/enzymatic working solution
were added, and mixed at 4°C for 5 min. The mixture was then
added with 20 ul of reaction-initiating working solution, incu-
bated at 37°C for 30 min. Such produced mixture was detected
for its absorbance at 560 nm using the same microplate reader
mentioned above.

TUNEL testing. An in situ cell death detection kit (Roche
Diagnostics) was employed for identifying apoptotic cells
in situ. H9C2 cells were seeded in 6-well plates and incu-
bated with complete medium for 24 h. They were divided
into different groups and treated with palmitate (0.2 mM) or
palmitate (0.2 mM)+CUR NPs (CUR equivalent: 100 M) for
24 h at 37°C, respectively. The washed cells were subjected
to the TUNEL testing following the methods provided by
the assay kit supplier. After that, DAPI nucleus staining
was performed using the same method described above.
Fluorescence intensity (red, TUNEL; and blue, DAPI) was
measured with a fluorescence microscope equipped with
microscope image analysis software (Olympus Stream v. 1.7;
Olympus Corporation) and images were taken using an elec-
tronic camera. Apoptosis rate of cells was determined with
flow cytometry (Beckman Coulter, Inc.) following a method
described in the literature (30).

Western blot analysis. The abrogation effect of CUR NPs on
palmitate-induced cardiomyocyte apoptosis was examined
via western blot analysis. HOC2 cells cultured with complete
medium for 24 h were assigned into different groups and
they were treated with palmitate (0.2 mM) or palmitate
(0.2 mM)+CUR NPs (CUR equivalent: 100 yuM) for 24 h
at 37°C. After that, the washed cells were lysed with RIPA
lysis buffer (Cell Signaling Technology, Inc.) for 30 min and
cell lysates were collected by centrifugation at 12,000 x g
and 4°C for 15 min. Protein concentrations in cell extracts
were determined using the bicinchoninic acid protein assay.
Approximately 30-50 pg of protein per sample was separated
by SDS-PAGE (8-12%) and transferred to a PVDF membrane.
After blocking the membrane with 5% nonfat milk for 1 h at
room temperature, the following primary antibodies were used
for blotting (all at 1:1,000 dilution): Bcl-2 (cat. no. 15071), Bax
(cat. no. 5023), p-AMPK (cat. no. 2535), AMPK (cat. no. 5831),
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p-mTORCI1 (cat. no. 5536), mTORC (cat. no. 2972), p-p70S6K
(cat. no. 9209), p70S6K (cat. no. 9202) and p-actin (cat.
no. 4970). Primary antibodies were incubated with membranes
overnight at 4°C. The membrane was then incubated with
horseradish peroxidase-linked rabbit anti-mouse IgG (cat.
no. ab6728; 1:2,000; Abcam) for 2 h at room temperature.
Finally, the blots were visualized using a chemiluminescence
system and quantified using an image analysis software
(GeneTools; SynGene).

To examine the effect of CUR NPs on the regulation of
AMPK pathway in cardiomyocytes, compound C, a type of
commonly used inhibitor for AMPK pathway, was employed
as a competitive inhibitor when CUR NPs were cultured with
cardiomyocytes. HOC2 cells cultured with complete medium
for 24 h were divided into different groups and these groups
were respectively exposed to palmitate (0.2 mM), palmitate
(0.2 mM)+CUR NPs (CUR equivalent: 100 M), palmitate
(0.2 mM)+CUR NPs (CUR equivalent: 100 uM)+compound C
(10 uM) for 24 h at 37°C. In the case of compound C involved
group, compound C was applied to cells for 1 h prior to palmi-
tate treatment or the treatment of palmitate+CUR NPs. The
expression levels of several specific proteins, including Bcl-2,
Bax, AMPK, p-AMPK, mTORC1, p-mTORCI, p70S6K and
p-p70S6K, were measured using western blot analysis. In all
above mentioned H9C2 cell experiments, the untreated cells
were used as controls.

Statistical analysis. All experiments were performed a
minimum of three times, and the data were analyzed using
GraphPad Prism v5 software (GraphPad Software, Inc.).
Data are presented as the means + standard deviation, and
were analyzed using one-way analysis of variance followed
by Tukey's post-hoc test. P<0.05 was considered to indicate a
statistically significant difference.

Results

Basic parameters of CUR NPs. In this study, an attempt was
made to prepare a type of CUR NPs that have small sizes and
high DL as well as rational LE. A preparation of NPs was
optimized by mainly focusing on three factors such as size,
DL and LE of NPs based on an orthogonal test, and optimal
conditions are summarized in the experimental section.
Fig. 1A shows a representative TEM image for the optimally
prepared CUR NPs, indicating that these NPs exhibited a size
<100 nm with good size uniformity. Fig. 1B presents the size
of CUR NPs that had an approximate Gaussian distribution
character. Average values for several parameters such as mean
size, polydispersity index, zeta potential (C), DL and LE were
calculated and data are listed in Table I. It can be seen from
Table I that these CUR NPs had small sizes, nearly neutral
surface charge nature and high DL, suggesting that they have
potential for practical applications.

Release profile of CUR NPs. Fig. 1C shows the release profile
for CUR NPs. The curve exhibits that CUR was released from
CUR NPs at fast rates during the first few hours and cumula-
tive amount of the released CUR reached ~40% within 4 h.
After that, the release rate of CUR NPs slowed down and
entered a plateau region after 12 h release.

675

Effect of CUR NPs on viability of H9C2 cells. HOC2 cells were
treated with varied amounts of CUR NPs for a given period
in order to figure out the safe dosage of applicable CUR NPs
and the obtained data are presented in Fig. 2. In cases of CUR
treatment, the viability of the treated cells was visibly depen-
dent on the applied CUR dose and the treatment time interval.
After 24 h CUR treatment, the viability of cells became ~80%
or less when the applied CUR dose reached 40 M or higher;
and with respect to 48 h CUR treatment, the CUR dose had
to be limited to <20 yM if the cell viability needs to be main-
tained at ~80% or higher. As for CUR NPs, the treated cells
had a viability >90% even though the CUR equivalent was
100 M and the treatment time period reached 48 h. These
results verify that a much higher CUR amount can be applied
to H9C2 cells in comparison to the free CUR when NPs are
employed as a vehicle.

Cellular uptake assessment. To view the cellular uptake of
CUR NPs, HO9C2 cells were incubated with CUR or CUR
NPs for 1 h or 24 h, respectively and imaged by CLSM for
comparison. As shown in Fig. 3, in both cases of 1 and 24 h,
the fluorescence intensity of CUR-NPs group was stronger
compared with the CUR group. Furthermore, it was found
that as incubation time increased, the fluorescence inten-
sity of free molecule CUR was notably weakened, but the
fluorescence intensity of intracellular CUR-NPs was not
altered significantly. The reason for these results is that the
high concentration of free molecule CUR has toxic effects
on cardiomyocytes and hence, cells undergo certain apop-
tosis-related morphological changes such as cell membrane
rupture, and free molecule CUR gradually overflows from
the cells, resulting in a decrease in intracellular fluorescence
intensity. However, CUR-NPs with the same equivalent CUR
concentration would not cause any toxicity to cardiomyo-
cytes (Fig. 2) and thus, the intracellular fluorescence intensity
corresponding to CUR-NPs is remained strong after 24 h of
incubation. These images confirm that the presently devel-
oped CUR NPs can greatly enhance the intracellular CUR
accumulation.

Resistance effect of CUR NPs on palmitate-induced lipotoxic
cell damage. Various amounts of palmitate were incubated
with H9C2 cells to examine the palmitate-induced cell damage
by measuring cell viability and relevant results are provided
in Fig. 4A and B. Under conditions of fixed incubation time,
cell viability was found to sharply decrease when the applied
palmitate amount was >0.1 mM; and alternatively, the treated
cells also had decreased viability after exposure to 0.2 or
0.4 mM palmitate for a period >12 h. These data reveal that
palmitate will induce cardiomyocyte damage when the applied
palmitate amount or the treatment time period exceeds certain
thresholds. Bar-graphs shown in Fig. 4C illustrate that CUR
NPs can effectively resist the palmitate-induced cell damage
because the cells treated with 0.2 mM palmitate together with
various amounts of CUR NPs for 24 h showed ascending cell
viability with significant differences when compared with
those cells treated with 0.2 mM palmitate only (P<0.01). Based
on these results, the applied palmitate amount was selected as
0.2 mM for establishing the palmitate-induced cell damage
model for the following experiments unless otherwise stated.
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Figure 1. Transmission electron microscopy and size distribution of CUR NPs. (A) Representative image and (B) size distribution of CUR NPs. (C) Cumulative
amount of CUR released from CUR NPs. CUR, curcumin; NPs, nanoparticles.

Effects of CUR NPs on palmitate-induced ROS level, MDA
content and SOD activity in cells. Palmitate-induced ROS
levels were first detected by using DHE as fluorescent probe
and results are represented Fig. 5. Images in Fig. 5A denote
that the cells treated with palmitate alone show greater red
fluorescence compared with the matching control, signifying
that the palmitate treatment can lead to a clear increase in
intracellular ROS levels. On the other hand, the red fluores-
cence corresponding to the cells treated with the combination
of palmitate and CUR NPs exhibited largely reduced bright-
ness when compared with those cells treated by palmitate
only, demonstrating that the use of CUR NPs can prevent
intracellular ROS production. Data for DHE fluorescence
intensity are depicted in Fig. 5B and the bar-graphs provide
quantitative evidence that CUR NPs can significantly inhibit
the palmitate-induced increase in ROS levels (P<0.05). Fig. 5C
and D demonstrate that the palmitate treatment resulted in a
big increase in the amount of MDA substance while leading
to a significant decrease in SOD activity (P<0.05) and such
changes are strongly correlated to the rise of intracellular
oxidative stress levels. In contrast to these observations, CUR
NPs containing a CUR equivalent of 100 M can inhibit
the increase in MDA amount and regulate the SOD activity,
allowing these two typical indexes to be back to the normal
cellular levels.

Abrogation effect of CUR NPs on palmitate-induced cell
apoptosis. Fig. 6A shows that the palmitate-treated cells
exhibited greater fluorescence compared with the matching
with control (see middle column) and the fluorescence bright-
ness associated with the cells treated with the combination of
palmitate, and CUR NPs was largely reduced. The results were
consistent with TUNEL positive/negative image data (Fig. S1).
The fluorescence intensity of the PA group was close to that
of positive control group and that of PA+CUR NPs group was
close to that of the negative control group. The quantitative
results presented in Fig. 6B demonstrate that CUR NPs were
able to completely inhibit the palmitate-induced increase in
apoptosis levels.

Possible mechanismfor CUR NPs to protect cells frompalmitate-
induced damage. The AMPK pathway plays an important
role in regulating cellular survival, oxidative stress and apop-
tosis (15). The amount of AMPK and p-AMPK as well as the
key downstream proteins (p-mTORCI1 and p-p70S6K) was
respectively measured for exploring their responses to different
treatments involving palmitate, the combination of palmitate
and CUR NPs and an AMPK inhibitor (compound C), and the
results are presented in Fig. 7. In principle, AMPK is a meta-
bolic fuel gauge and the activation of AMPK acts to maintain
cellular energy stores by switching on catabolic pathways that
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Table I. Parameters of CUR NPs.
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Sample name Mean size (nm) Polydispersity index T (mV) Drug loading (wt%) Loading efficiency (%)
CUR NPs 57.09+4.52 0.19 0.44+0.018 8.81+0.92 82.3+3.71
CUR, curcumin; NPs, nanoparticles.
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Figure 2. Cytotoxic effects of CUR and CUR NPs on HIC2 cells. Viability of =
HOC2 cells treated with varied amounts of CUR and CUR NPs for (A) 24 and %
(B) 48 h, respectively. "P<0.05. CUR, curcumin; NPs, nanoparticles. ]
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lipidemia, p-AMPK appears to decrease and elevates the levels 0-H— I I
of p-mTORC1 and p-p70S6K, which will in turn cause a cellular CUR_ (") GUR NPs

energy imbalance and result in cell damage or apoptosis. Bands
matching the palmitate-treated group, as shown in Fig. 7A, regis-
tered a clear decrease in p-AMPK, accompanied by increases in
levels of both p-mTORCI and p-p70S6K, although the AMPK,
mTORCI and p70S6K expression remained nearly unchanged
in comparison with the control; and on the other hand, the bands
for the group treated with the combination of palmitate and CUR
NPs demonstrated that p-AMPK, p-mTORC1 and p-p70S6K
returned to their respective normal levels. Data presented
in Fig. 7B-D indicated that CUR NPs were able to resist the
abnormal changes in the levels of p-AMPK, p-mTORCI and
p-p70S6K. In particular when compound C was applied, the
resistant effects of CUR NPs on the abnormal changes of these
three proteins would be eliminated. These results suggest that
CUR NPs can protect cardiomyocytes from lipotoxic injury
through the AMPK pathway.

Figure 3. Cell uptake of CUR and CUR NPs on H9C2 cells. (A) Confocal
laser scanning microscope images of H9C2 cells treated with CUR and CUR
NPs for 1 and 24 h, respectively (CUR equivalent: 100 #M; scale bar: 50 ym).
(B) Fluorescence intensity of H9C2 cells treated with CUR and CUR NPs for
1 and 24 h, respectively (CUR equivalent: 100 xM). Quantitative determina-
tion of fluorescence intensity. “P<0.01 vs. untreated control. CUR, curcumin;
NPs, nanoparticles.

Resistant effect of CUR NPs on palmitate-induced cell
apoptosis via AMPK pathway. A total of two key regulatory
proteins, Bax and Bcl-2, were further measured using western
blotting to examine how they respond to the treatment of
CUR NPs and results are presented Fig. 8. Bands for Bax and
Bcl-2 in Fig. 8A indicate that the palmitate-treated cells had
lower Bcl-2 levels but increased Bax levels compared with the
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control and the cells treated with the combination of palmi- indicative of the resistance to cell apoptosis while the Bax
tate, and CUR NPs exhibited Bcl-2 and Bax levels similar  protein pro-apoptotic, the correct ratio between Bcl-2 and Bax
to the control. Considering the fact that the Bcl-2 protein is  is a crucial factor for cell survival. It can be seen from Fig. 8B
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that the Bcl-2/Bax ratio for the palmitate-treated cells was
~3-fold lower compared with the control, implying that these
cells underwent apoptosis. On the other hand, the cells treated
with the combination of palmitate and CUR NPs exhibited
a Bcl-2/Bax ratio similar to that of the control (P>0.005),
demonstrating that the use of CUR NPs can completely inhibit
the palmitate-induced apoptosis. However, the Bcl-2/Bax ratio
for the group treated with the combination of palmitate, CUR
NPs and compound C was greatly reduced to a level similar to
palmitate-treated group.

Discussion

Cardiovascular disease is one of the leading causes of death
in the world (31). Myocardial infarction, a kind of acute
and fatal heart disease, is found to be directly and strongly
connected hyperlipidemia that causes atherosclerosis, and in
turn, results in a variety of blood vessel related diseases (31).
Several studies indicate that hyperlipidemia directly partici-
pates in the pathogenesis of high fat-induced cardiac injury in
both the human body and experimental animals by promoting
the formation of excessive oxidative stress in the heart, and in
turn, resulting in cardiomyocyte apoptosis (31-33). In the case
of hyperlipidemia, a typical indicator of the rise of oxidative
stress in the heart, it is closely linked to the overproduction
of ROS and a damaged antioxidant defense system (34), and
the disrupted balance between ROS generation and the ROS
scavenging system will result in intracellular formation and
accumulation of superoxide ions, leading to dysfunction and
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cell damage (35). Considering that the elevated ROS levels
cause strong injurious effects on hyperlipidemia patients,
nowadays, various types of antioxidant agents have been
investigated for their potential in the treatment of hyperlipid-
emia (36).

CUR has been used a natural cardioprotective agent
because it can eradicate the excessive amounts of ROS and
enhance antioxidant defense due to its demonstrated antioxi-
dant properties (37). In the present study, CUR was loaded into
NPs in order to protect it from degradation while improving
its therapeutic efficiency. Results presented above confirm that
the CUR NPs containing a CUR equivalent of 100 #M are able
to attenuate oxidative stress in cardiomyocytes and fully resist
palmitate-induced cardiomyocyte apoptosis.

The occurrence of hyperlipidemia can be correlated to
multiple factors that can act individually or in combination.
These factors include superoxide generation from NADPH
oxidases (38), oxidative phosphorylation (39), abnormal
level of protein kinase C (40) and the activation of polyol,
and hexosamine pathways (41). Recent studies reveal that
the AMPK pathway can play a critical role in regulating
the pathophysiological development of hyperlipidemia and
co-morbidities (42,43).

AMPK is known to be a major intracellular protein kinase
and it can regulate not only cellular metabolism involving fatty
acids and glucose but also anti-apoptotic processes (44). In the
case of cardiomyocytes, impaired intracellular metabolism
will cause an inadequate energy supply, which would disturb
cellular homeostasis and result in irregular contraction of
myocardium (45). For this reason, stimulation of AMPK, a key
member of well-known cell survival pathways, is believed to
be feasible for protecting the myocardium through improved
energy utilization, enhanced mitochondrial biogenesis and
inhibiting cell apoptosis (46). A recent study suggests that
pharmacological activation of AMPK can prevent palmi-
tate-induced mitochondrial fragmentation and dysfunction
in endothelial cells (47). Based on these reported results, the
present study intends to discover whether CUR NPs can also
stimulate AMPK to protect myocytes from lipotoxic injury
and also, examine the prospective relationship between AMPK
activation and lipotoxic injury of cardiomyocytes.

Although several studies have been performed to activate
the AMPK pathway using CUR and the relevant effects on
the protection of adipocytes, endothelial cells and cardiomy-
ocytes have been examined (48-50), the general mechanism
for CUR to activate the AMPK pathway is still unclear. In
the case of endothelial cells, an alternative mechanism is
that CUR regulates uncoupling protein 2 and activates the
AMPK pathway by inhibiting excessive ATP production
in endothelial cells (49). In the present study, besides the
achieved improvements on greatly enhanced intracellular
accumulation of CUR NPs and strong resistance effect of
CUR NPs on the palmitate-induced cardiomyocyte apop-
tosis, the AMPK/mTORC1/p70S6K pathway in CUR NP
treated cardiomyocytes, which is different from other path-
ways mentioned in the literature and has not been explored
so far to the best of our knowledge, was explored in order to
find out an alternative mechanism. Under the present experi-
mental conditions, CUR NPs are able to suppress p-mTORCI1
and p-p70S6K through promoting the rise of p-AMPK back
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to its normal level, and therefore, protect cardiomyocytes
from palmitate-induced lipotoxicity.

It is known that the Bax protein plays a crucial role in
mitochondrion-mediated apoptosis and on the other hand,

Bcl-2, a kind of antiapoptotic protein, can effectively prevent
Bax oligomerization (51). A relatively stable balance between
Bax and Bcl-2 is a key factor for maintaining the normal state
of cardiomyocytes (51). This effect of CUR NPs is blocked
when compound C, a typical inhibitor for AMPK pathway, is
applied. Moreover, the regulatory effects of CUR NPs on the
expression of Bax and Bcl-2 will also be blocked when AMPK
pathway is inhibited by compound C. Based on all observa-
tions mentioned in this study, it can be deduced that CUR NPs
may activate the AMPK/mTORCI1/p70S6K signaling pathway,
regulate the expression of downstream proteins and resist the
palmitate-induced cardiomyocyte injury.

In conclusion, a type of CUR-loaded NPs with necessitated
drug-loading and suitable sizes was successfully prepared, and
these NPs showed definite ability to administrate the CUR
release in a sustainable manner over a period of ~12 h. These
NPs had much higher safety in comparison to free CUR and
in addition, were capable of greatly enhancing the intracel-
lular CUR accumulation in cardiomyocytes. They were found
to be able to inhibit the rise of intracellular ROS levels and
resist palmitate-induced cardiomyocyte apoptosis. A possible
mechanism for these NPs to play their roles in cardiomyo-
cyte protection is that the sustained release of CUR can
attenuate palmitate-induced oxidative stress in cardiomyocytes
and concomitantly, activate the AMPK pathway by regulating
the expression of several specific proteins to their respective
normal levels. Results suggest that the presently developed
CUR-loaded NPs have potential in preventing myocardium
from lipotoxic injury. The present studies are focused on the
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protective effects of CUR NPs against the palmitate-induced
injuries in cardiomyocytes in vitro. Some investigations based
on the animal model are now in progress and they may be used
to further demonstrate the protective effects of CUR NPs on
cardiomyocytes in vivo.
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