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Background: This study investigated a nanoparticle drug delivery system to reverse multidrug resistance (MDR) and assessed
its anticancer efficacy in hepatocellular carcinoma (HCC).

Material/Methods: Docosahexaenoic acid (DHA) was used as the functional excipient and doxorubicin (DOX) as the chemothera-
peutic drug to synthesize DOX nanoparticles (DOX-nano). The human HCC cell line HepG2 was used for exper-
iments. HepG2/DOX, HepG2+DOX, HepG2+DOX-nano, HepG2/DOX+DOX, and HepG2/DOX+DOX-nano groups
cells were treated with DOX or DOX-nano (5 pg/mL). Nude mice bearing a HepG2/DOX xenograft were divid-
ed into model, DOX, vector-nano, and DOX-nano groups and injected with saline, DOX reagent, vector-nano,
and DOX-nano (2 mg/kg), respectively. Next, cytotoxicity, cellular uptake, cell apoptosis and migration, fluores-
cence imaging, TUNEL assay, and tumor inhibition effects were assessed in vitro and in vivo. Furthermore, ex-
pression of MDR-related proteins was also detected using western blotting.

Results: Fluorescence imaging showed that the DOX uptake in the DOX-nano-treated group was the strongest in the
HCC cells or tumors. Cell apoptosis was significantly increased in DOX-nano-treated HepG2/DOX cells and tu-
mors, and cell migration was significantly inhibited in the DOX-nano-treated HepG2/DOX cells compared with
the other groups. The tumor inhibitory rate in DOX-nano-injected tumors was also significantly higher than
in other groups. The expression of breast cancer resistance protein, B-cell lymphoma 2, lung resistance pro-
tein, multidrug resistance protein, and protein kinase C alpha was significantly decreased in DOX-nano-treated
HepG2/DOX cells and xenograft tumors. Significantly better antitumor and MDR-reversing effects were also
observed in the HepG2+DOX group compared with the HepG2/DOX group.

Conclusions: This study revealed the potential efficacy of a DOX-nano drug delivery system for the treatment of HCC, using
HepG2/DOX cells and nude mice bearing HepG2/DOX xenografts.

Keywords: Carcinoma, Hepatocellular e Docosahexaenoic Acids ¢ Doxorubicin ¢ Nanoparticles ¢
Tuberculosis, Multidrug-Resistant

Full-text PDF: https://www.medscimonit.com/abstract/index/idArt/927727

Basses BEa— Mg By

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
e927727-1 [ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]




CLINICAL RESEARCH

Background

Liver cancer is one of the most common malignant tumors, and
approximately 75-85% of the cases are hepatocellular carcino-
ma (HCC). Over the past few decades, morbidity and mortal-
ity related to liver cancer have sharply increased worldwide,
representing a major public health problem. According to the
Global Cancer Statistics, liver cancer was the sixth most com-
monly diagnosed cancer and the fourth leading cause of can-
cer death worldwide in 2018, with about 841,000 new cases
and 782,000 deaths annually [1]. The currently available op-
tions for cancer treatment mainly rely on surgery, chemother-
apy, and radiotherapy. Breakthroughs in chemotherapeutic
drugs and regimens have contributed to the improved prog-
nosis and extension of survival time for cancer patients, but
multidrug-resistant cancer and adverse effects caused by che-
motherapeutic agents such as doxorubicin (DOX) remain as
nonnegligible obstacles in chemotherapy [2]. Multidrug re-
sistance (MDR) is a self-protective response of tumor cells
against drug attack, and it can significantly reduce or abolish
the efficiency of cancer chemotherapy. MDR is a complex phe-
nomenon caused by multiple resistance mechanisms in can-
cer cells, including apoptosis defects, drug uptake reduction,
drug efflux increase, and inactivation by drug-metabolizing
enzymes [3]. Activated multispecific drug efflux transporters,
including MDR1, P-glycoprotein (P-GP), multidrug resistance
protein (MRP), lung resistance protein (LRP), and breast can-
cer resistance protein (BCRP), also contribute to MDR [4]. They
are located in the cell membrane and can intercept drugs, thus
resulting in insufficient drug concentrations in cellular target
structures and weakening the cytotoxicity.

Recently, nano-based strategies have attracted research at-
tention for their ability to reverse MDR. The nanoparticle drug
delivery system encapsulates drugs and thus bypasses MDR-
related drug efflux transporters. This antagonizes and coun-
teracts the effect of drug efflux in tumor cells and diminishes
off-target toxicity to healthy tissues, while improving the bio-
availability, delivery, selectivity, and efficacy of the chemother-
apeutic drugs in target cancer cells [5]. Newly emerging tech-
nologies, including microfluidic platforms, are also used for
nanoparticle preparation, with the advantages of miniatura-
tion, stability, accuracy, improved polydispersity, and control of
drug loading and release [6]. Accumulating studies also report
the efficacy of nanomedicines in MDR reversal and antitumor
effects in various cancers, including HCC [7,8]. Moreover, func-
tional excipients with MDR-reversing effects combined with
nanocarriers could enhance the reversal of MDR in cancer [9].
Therefore, for the use of nanoparticles in cancer chemothera-
py, developing safe and functional excipients, particularly ones
with a natural origin, is also important [10].

Wang C. et al:
Omega-3 unsaturated fatty acids in reversing hepatocellular carcinoma...
© Med Sci Monit, 2021; 27: 927727

Docosahexaenoic acid (DHA) is a type of ®-3 unsaturated fatty
acid that is abundant in deep-sea fish. This dietary fatty acid
selectively concentrates in human retinal and neuronal cell
membranes, which is consistent with its well-accepted role
in neuroprotection [11,12]. In the absence of DHA, brain cell
membranes fail to form and develop, and information trans-
mission between the brain cells is impeded. Some studies
have also shown a potential antitumor effect of DHA in can-
cer. A population-based prospective cohort study of 90,296
participants revealed that the consumption of fish rich in -3
fatty acids or n-3 fatty acids, particularly DHA, was inversely
associated with HCC in a dose-dependent manner [13]. In ad-
dition, Gelsomino et al [14] found that DHA could chemosen-
sitize multidrug-resistant colon cancer cells, which suggested
an MDR-reversing role of DHA. Hence, in this study, we used
DOX as the chemotherapeutic drug and DHA as a functional
excipient to synthesize DOX-loaded DHA nanoparticles (DOX-
nano), and we investigated the effect of these nanoparticles
in reversing MDR and their anticancer efficacy in HCC. Both in
vitro and in vivo experiments were performed to explore the
potential of these nanoparticles for the effective treatment of
multidrug-resistant HCC.

Material and Methods

Cell culture and Intervention

Human HCC cell line HepG2 cells were purchased from Shanghai
Yali Biological Ltd. (catalog number: iCell-h092, China), and mul-
tidrug-resistant cell line HepG2/DOX cells were purchased from
ATCC (catalog number: YB-ATCC-8552, USA). Cells were cultured
in Dulbecco’s modified Eagle’s medium containing 10% fetal
bovine serum, 100 U/mL penicillin, and 100 pg/mL streptomy-
cin in a humidified 5% CO, incubator at 37°C.

Preparation of DOX-loaded Nanoparticles

DOX-nano and drug-free vector nanoparticles were prepared
using a high-pressure microfluidic technique [15]. Specially,
the oil phase was composed of DHA (50 mg), Tween 80 (100
mg), octadecenic acid (10 mg), DOX (5 mg), and docosanoic
acid (100 mg). Soybean phospholipids and 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[amino(polyethylene gly-
col)-2000 (DSPE-PEG2000) were added as surfactants, with
DSPE-PEG2000-folate and glycerol as cosurfactants. The wa-
ter phase was 10 mL of double-distilled water containing 4 mg
of EDTA. The oil phase mixture was heated to dissolve, under
high-speed shear mixing at 2000 rpm. The water phase was
then added into the emulsion and sheared to mix evenly, and
the emulsion underwent 8 cycles of a homogenizing regimen
at 800 bar. Finally, the emulsion pH was adjusted to neutral,
and filtered with a 0.45-um cellulose acetate filter. The vector
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nanoparticles were prepared using the aforementioned process-
es without DOX being added. The resultant nanoparticles were
kept under nitrogen-filled seal for subsequent experiments.

In Vitro Cytotoxicity Assay of DOX-nano on HepG2/DOX
Cells

The MTT assay was used to evaluate the cytotoxicity of DOX-
nano on HepG2/DOX cells. HepG2/DOX cells (5x10*/mL) were
seeded in a 96-well plate and cultured for 24 h. The cells were
then treated with 100 plL of DOX-nano reagent at different con-
centrations (1, 2, 4, 8, and 16 pg/mL) for 4 h. HepG2/DOX cells
without DOX-nano administration were used for the control.
Four hours later, 20 pL of MTT solution (5 mg/mL) was added
to each well for another 4 h of co-incubation. The absorbance
was measured using a microplate reader at 450 nm, and the
IC,, value was calculated to choose the appropriate concen-
tration for subsequent in vitro experiments.

Experimental Groups and Cellular Uptake of DOX-nano

For the in vitro experiments, HepG2 or HepG2/DOX cells were
divided into 5 groups: HepG2/DOX group (HepG2/DOX cells
without any treatment), HepG2+DOX group (HepG2 cells in-
cubated with 5 pg/mL DOX), HepG2+DOX-nano group (HepG2
cells incubated with 5 pug/mL DOX-nano), HepG2/DOX+DOX
group (HepG2/DOX cells incubated with 5 pg/mL DOX), and
HepG2/DOX+DOX-nano group (HepG2/DOX cells incubated
with 5 pg/mL DOX-nano). Briefly, these HepG2 or HepG2/DOX
cells were seeded in 12-well plates and treated with the cor-
responding DOX reagent or DOX-nano at a concentration of
5 pg/mL. After incubation at 2, 8, or 24 h, cells lysed and the
fluorescence intensity of DOX was detected using a fluores-
cence microscope (AE2000, Motic, China).

Cell Apoptosis Assay

Cell apoptosis was detected after annexin V and fluoresce-
in isothiocyanate/propidium iodide (FITC/PI) double staining.
After the cells were co-incubated with DOX or DOX-nano for
24 h, they were centrifuged and resuspended in binding buf-
fer. Then, 10 plL of annexin V-FITC and 5 pL PI reagent were
added to the suspension, and cells were stained in the dark
for 15 min. Cell apoptosis was analyzed using flow cytometry
(Beckman Coulter, Fullerton, CA, USA), and the cell apoptosis
rate was calculated using ImageJ software.

Wound-healing Assay

Cell migration was determined using the wound-healing as-
say. Briefly, HepG2 cells (1x10°/mL) and HepG2/DOX cells
(5%x10*mL) were seeded in 6-well plates and then treated
with the indicated reagent or nanoparticle reagent for 4 h.
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Subsequently, a line was scratched in the middle of the dish
with a small pipette tip, and cells were incubated for 24 h.
Pictures of the scratches were photographed at 0 and 24 h,
respectively. Then, the relative cell migration distances were
analyzed using Image) software.

HepG2/DOX Tumor Xenograft Animal Model

Four-week-old BALB/c nude mice weighing 18+2 g were pur-
chased from the Shanghai SIPPR-BK Laboratory Animal Co. Ltd.
(certificate no. SCXK (Hu)2018-0006; Shanghai, China). The
animal experiments were approved by the Ethics Committee
of Zhejiang Traditional Chinese Medicine University (certifi-
cate no. SYXK (Zhe)2013-0184; Hangzhou, China). All animal
procedures were in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals.
One hundred microliters of phosphate-buffered saline contain-
ing 5x10° HepG2/DOX cells was injected into the right flank
of the mice to induce a multidrug-resistant tumor xenograft
animal model. After 1 week, the mice were randomly divided
into 4 groups, with 6 mice in each group. Model group mice
received saline, DOX group mice were injected with DOX re-
agent at 2 mg/kg, vector-nano group mice were injected with
vector nanoparticles at 2 mg/kg, and DOX-nano group mice
were injected with DOX-nano at 2 mg/kg, respectively. Each
group received an injection via the tail vein every 3 days for
10 days. The body weight and tumor growth of the nude mice
were recorded. Tumor volume was calculated according to the
formula V=LxW?, with L and W representing the longest and
shortest dimensions, respectively.

In Vivo Fluorescence Imaging

In vivo fluorescence imaging was performed to investigate the
biodistribution of nanoparticles in HepG2/DOX tumor-bear-
ing mice. After the tumor reached about 400 mm?, mice were
injected intravenously with the near-infrared fluorescence
probe-cy5.5-labeled nanoparticles. The fluorescence was re-
corded with a small animal in vivo fluorescence imaging sys-
tem (In-Vivo Imaging System FX Pro, Carestream Health, Inc.,
New Haven, CT, USA) at the excitation wavelength of 670 nm.

TUNEL Assay

During the 10 days of tail vein injections, the body weight
and tumor growth of the nude mice were recorded. After the
10-day period, all mice were killed, and the tumors were re-
moved, weighed, and photographed. The tumor inhibitory rate
was calculated according to the following formula: tumor in-
hibitory rate=100%x(tumor weight_ goup_tumor weight,
mentgroup)/tumor weight, .. oo FUrthermore, cell apoptosis in
the tumors was detected by the terminal deoxynucleotidyl
transferase dUTP end labeling (TUNEL) assay using an in situ
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cell death detection kit (Sangon Biotech, Shanghai, China).
Tumor tissue sections were fixed, deparaffinized, rehydrated,
and further stained with the TUNEL mixture for 1 h in a dark
humidified chamber at 37°C, following the manufacturer’s in-
structions. Positive cells were observed under a light micro-
scope (Leica, Germany).

Western Blotting

The relative protein expressions of MRP, LRP, BCRP, Bcl2, and
PKC-avin HepG2 and HepG2/DOX cells and tumor tissues were
detected by western blotting. Total proteins in cells or tumor
tissues were extracted by RIPA buffer (Beyotime Biotechnology,
Shanghai, China), and then the protein concentration was de-
tected using a bicinchoninic acid (BCA) assay kit (Solarbio, USA).
After 20-pg protein samples were separated on a 10% SDS-
PAGE gel and transferred onto polyvinylidene fluoride (PVDF)
membranes, the membranes were blocked with 5% nonfat
milk and washed with Tris-buffered saline containing Tween
20 (TBST). The membranes were incubated with the prima-
ry antibodies against MRP (DF8801, Affinity), LRP1 (ab92544,
Abcam), BCRP (ab207732, Abcam), Bcl2 (ab196495, Abcam),
PKC-a (ab32376, Abcam), and B-actin (ab8226, Abcam) over-
night at 4°C. The membranes were then washed with TBST and
further incubated with the horseradish peroxidase-conjugat-
ed secondary antibody for 1.5 h at room temperature. Finally,
the protein bands were exposed to the chemiluminescent re-
agent (enhanced chemiluminescence) for 3 min and captured
with the Chemi Capture software.

Statistical Analysis

Data are expressed as meanzstandard deviation, and statisti-
cal analysis was performed using SPSS version 18.0 software.
Comparisons between the 2 groups were analyzed with the
2-tailed t test, and differences among more than 2 groups
were analyzed with a 1-way ANOVA followed a post hoc LSD
test. A P value less than 0.05 was considered to be statisti-
cally significant.

Results

Effect of DOX-nano on HepG2/DOX Cell Cytotoxicity

The cytotoxicity of DOX-nano was assessed by MTT assay
in HepG2/DOX cells. The results shown in Figure 1 suggest
that DOX-nano was cytotoxic in a dose-dependent manner.
Cytotoxicity was very low at 1 and 2 pg/mL of DOX-nano, but
it progressively increased with concentrations of 4, 8, and
16 pg/mL. The IC concentration of DOX-nano in HepG2/DOX
cells was 6.03 pg/mL, and thus 5 pg/mL was the dose chosen
for the subsequent experiment.
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Figure 1. Cytotoxicities of the DOX-nano in HepG2/DOX cells.
HepG2/DOX cells were treated with DOX-nano
reagent at different dosages (1, 2, 4, 8, 16 pg/mL)
for 4 h, and the MTT assay was used to detect the
cytotoxicities and IC50 values. DOX — doxorubicin;
DOX-nano — doxorubicin-loaded docosahexaenoic acid
nanoparticles.

Cellular Uptake of DOX in HepG2 or HepG2/DOX Cells

The in vitro uptake of DOX in HepG2 or HepG2/DOX cells was
evaluated after 2, 8, and 24 h of incubation (Figure 2). The
fluorescence intensities of DOX were stronger in DOX-nano-
treated groups cells (HepG2+DOX-nano, HepG2/DOX+DOX-
nano) than in DOX reagent-treated group cells (HepG2+DOX,
HepG2/DOX+DOX), indicating a stronger cellular uptake of
DOX-nano compared with DOX only. The release of DOX was
also gradually increased with the time of treatment from 2 h
to 8 hand 24 h, and a longer treatment time was associated
with stronger fluorescence intensities of DOX.

In Vitro Anticancer Efficacy of DOX Nanoparticles

The effect of DOX-nano on apoptosis in HepG2/DOX cells was
detected by annexin V-FITC/PI staining. The results in Figure 3
show that, compared with HepG2/DOX cells, the cell apoptosis
rates in the HepG2+DOX, HepG2+DOX-nano, HepG2/DOX+DOX,
and HepG2/DOX+DOX-nano groups were significantly increased
(P<0.01, P<0.01, P<0.05, P<0.01, respectively). Furthermore,
the cell apoptosis rate in the HepG2/DOX+DOX-nano group
was the highest among these 5 groups, and it was also sig-
nificantly higher than the rate in the HepG2/DOX+DOX group
(P<0.01). The effect of DOX-nano on HepG2/DOX cell migra-
tion was detected by the wound-healing assay. As indicated
by the results in Figure 4, after 24 h, the relative cell migra-
tion distances in the HepG2+DOX, HepG2+DOX-nano, HepG2/
DOX+DOX, and HepG2/DOX+DOX-nano groups were all signifi-
cantly lower than the distance in the HepG2/DOX group (P<0.01,
P<0.01, P<0.05, P<0.01, respectively). More importantly, the cell
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Figure 2. Cellular uptake of DOX-nano. Cells in the HepG2+DOX, HepG2+DOX-nano, HepG2/DOX+DOX, and HepG2/ADM+DOX-
nano groups were treated with DOX reagent (5 pg/mL) or DOX-nano (5 pg/mL) for 2, 8, and 24 h after incubation, and
fluorescence intensity of DOX was detected. DOX — doxorubicin; DOX-nano — doxorubicin-loaded docosahexaenoic acid

nanoparticles.

migration distance in the HepG2/DOX+DOX-nano group was
significantly shorter than the distances in the HepG2+DOX-
nano and HepG2/DOX+DOX groups (P<0.01), showing that
DOX-nano had a significantly stronger antimigration effect
compared with DOX in HepG2/DOX cells, and DOX-nano ex-
hibited a better antimigration effect in HepG2/DOX cells than
in HepG2 cells.

Expression of MDR-related Proteins in HepG2/DOX Cells

The expression of MDR-related proteins, including MRP, LRP,
BCRP, Bcl-2, and PKC-a, in HepG2 or HepG2/DOX cells was de-
tected using western blotting, and the results are shown in
Figure 5. The relative protein expression of MRP, LRP, BCRP,
Bcl-2, and PKC-a in the HepG2+DOX, HepG2+DOX-nano,
HepG2/DOX+DOX, and HepG2/DOX+DOX-nano groups were
significantly suppressed compared with the HepG2/DOX

group (P<0.05 or P<0.01). Furthermore, the relative pro-
tein expression of MRP, LRP, BCRP, Bcl-2, and PKC-a in the
HepG2/DOX+DOX-nano group was significantly higher com-
pared with the HepG2+DOX-nano group (P<0.01). The rela-
tive protein expression of these drug efflux transporters was
lowest in the HepG2+DOX-nano group, and it seemed that
the normal HepG2 cells did not express MDR-related proteins.

DOX Uptake in the Tumor of Nude Mice Bearing
HepG2/DOX Xenograft

In vivo fluorescence imaging was performed to evaluate the
uptake of DOX in tumors of nude mice with HepG2/DOX xeno-
grafts (Figure 6A). At 10 days after injection, DOX was main-
ly accumulated in the tumors of the mice, and the fluores-
cence of the tumor sites maintained a higher intensity in the
DOX-nano group mice, followed by the DOX group, the model
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Figure 3. Analysis of apoptotic HepG2 or HepG2/DOX cells using annexin V-fluorescein isothiocyanate/propidium iodide
flow cytometry assay. Compared with the HepG2/DOX group, @ P<0.05, @@ P<0.01; compared with the HepG2+DOX-
nano group, * P<0.05, # P<0.01; compared with the HepG2/DOX+DOX group, * P<0.05, ** P<0.01. DOX — doxorubicin;
DOX-nano — doxorubicin-loaded docosahexaenoic acid nanoparticles.

group, and the vector-nano group with weak fluorescence in
the tumor site.

In Vivo Anti-apoptotic and Antitumor Properties of
DOX-nano

The TUNEL assay was performed to detect the effect of DOX
on cell apoptosis in tumor tissues among the different treat-
ment groups (Figure 6B). The results showed that compared
with the weakly positive cells in the model and vector groups,
the TUNEL-positive apoptotic cells were highly accumulated in
the DOX group and DOX-nano group tumor tissues, indicating
a promoter effect of DOX in tumor cell apoptosis. The antican-
cer efficacy of DOX-nano was also investigated in nude mice
bearing HepG2 xenografts (Figure 7). The results showed that
the weight of the tumor tissues in the DOX-nano group were
significantly lighter than in the model group, the DOX group,
and the vector-nano group (P<0.01, P<0.05, P<0.01, respec-
tively). The tumor inhibitory rate in the DOX-nano group was
also significantly higher than in the DOX group and the vec-
tor-nano group (P<0.05, P<0.01, respectively).

Expression of MDR-related Proteins in Tumor Tissues

The expression of MDR-related proteins, including MRP, LRP,
BCRP, Bcl-2, and PKC-o, in tumor tissue was detected using
western blot assay, and the results are shown in Figure 8.
Among these MDR tumors, the relative protein expression of
MRP, LRP, BCRP, Bcl-2, and PKC-o. were highest in the mod-
el group. But the expression in the DOX group, vector-nano
group, and DOX-nano group were significantly suppressed
compared with the model group (P<0.05 or P<0.01). More im-
portantly, the relative protein expression of MRP, LRP, BCRP,
Bcl-2, and PKC-a. in the DOX-nano group was significantly low-
er compared with the DOX group and the vector-nano group
(P<0.05 or P<0.01).

Discussion

Chemotherapy is a mainstay treatment for HCC, but MDR has
emerged as the most important reason for chemotherapy fail-
ure [16]. Recently, nano-delivery of anticancer agents has been
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compared with the HepG2/DOX+DOX group, * P<0.05, ** P<0.01. DOX — doxorubicin; DOX-nano — doxorubicin-loaded
docosahexaenoic acid nanoparticles.
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Figure 5. Protein expressions of drug efflux transporters, MRP, LRP, BCRP, Bcl-2, and PKC-a in HepG2 or HepG2/DOX cells. The protein
expression was detected using western blotting, and B-actin was used as the internal control. Compared with the HepG2/
DOX group, @ P<0.05, @ P<0.01; compared with the HepG2+DOX-nano group, # P<0.05, # P<0.01; compared with the HepG2/
DOX+DOX group, * P<0.05, ** P<0.01. BCRP — breast cancer resistance protein; Bcl-2 — B-cell ymphoma 2; DOX — doxorubicin;
DOX-nano — doxorubicin-loaded docosahexaenoic acid nanoparticles; LRP — lung resistance protein; MRP — multidrug
resistance protein; PKC-a — protein kinase C alpha.
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Figure 6. In vivo fluorescence imaging (A) and TUNEL assay (B). In vivo fluorescence imaging showing tumor accumulation of
DOX-nano after intravenous injection. TUNEL assay observed cell apoptosis in tumor tissues with DOX-nano injection.
DOX-nano — doxorubicin-loaded docosahexaenoic acid nanoparticles.
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Figure 7. In vivo anticancer efficacy of DOX-nano in nude mice bearing HepG2/DOX xenograft. Compared with the model group,
& P<0.05, & P<0.01; compared with the DOX group, # P<0.05, # P < 0.01; compared with the vector-nano group, * P<0.05,
** P<0.01. DOX — doxorubicin; DOX-nano — doxorubicin-loaded docosahexaenoic acid nanoparticles.
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Figure 8. Protein expressions of drug efflux transporters, MRP, LRP, BCRP, Bcl-2, and PKC-ct in tumor tissues. The protein expressions
were detected using western blotting, and B-actin was used as the internal control. Compared with the model group,
& P<0.05, & P<0.01; compared with the DOX group, # P<0.05, # P<0.01; compared with the vector-nano group, * P<0.05,
** P<0.01. BCRP — breast cancer resistance protein; Bcl-2 — B-cell lymphoma 2; LRP - lung resistance protein; MRP — multidrug

resistance protein; PKC-a — protein kinase C alpha.

developed to optimize the routes of chemotherapy drug admin-
istration. It bypasses multispecific drug efflux transporters and
delivers agents to tumor tissues by passive or active tumor-
targeting strategies, and it thus contributes to the reversal of
MDR [17]. In this study, we used DHA, a natural product with
a marine origin, as a functional excipient to synthesize DOX-
nano. We then investigated the effect of DOX-nano in revers-
ing MDR as well as its anticancer efficacy in HCC. Our in vitro
and in vivo experiments in HepG2/DOX cells and nude mice
bearing HepG2/DOX xenograft revealed that the nanoparticles
have a strong potential for effectively treating HCC.

The complexity of MDR mechanisms requires synergistic drug
use in reversing MDR. This concept has been extended to the
synergistic use of pharmaceutical dosage forms, such as the
nanoparticle drug delivery system, for the co-delivery of MDR re-
versal agents and chemotherapeutic agents [18]. Zhao et al [15]
showed that DOX and curcumin co-delivery by lipid nanopar-
ticles (DOX/Cur-NPs) could enhance cytotoxicity and decrease
IC,, and the MDR index of HCC in mice. In addition, the ex-
pression of the MDR-related transporters MDR1, Bcl-2, HIF-1a,
and P-GP were also decreased in mice treated with DOX/Cur-
NPs, indicating that DOX/Cur-NPs could be used as a potential

MDR-reversing and anticancer agent. DOX and pyrrolidinedi-
thiocarbamate co-encapsulated nanoparticles could reverse
MDR, improve intracellular drugs accumulation, and enhance
tumor penetration in breast cancer [19]. A new combination
of salinomycin (SL), which can selectively inhibit multidrug-re-
sistant tumor cells, and the traditional broad-spectrum antitu-
mor drug DOX were used to develop DOX+SL co-loaded nano-
micelles. These nanomicelles were able to escape drug efflux
and had an enhanced antiproliferative effect in doxorubicin-
resistant MCF-7 cells. In addition, strong inhibition of tumor
growth, recurrence, and metastasis was also observed [20].

In developing nanocarriers to load chemotherapeutic agents
for cancer treatment, some functional excipients added to
the nanoparticle drug delivery system have been found to
be effective in overcoming MDR in cancers [21]. In develop-
ing functional excipients as potential MDR-reversing agents,
the advantages of potent, selective, and relatively low toxic-
ity make natural products as possible choices for the design
of nanoparticle drug delivery systems in cancer chemothera-
py [10]. Tubulin polyglutamylase complex subunit with sup-
pression P-GP function was used as an excipient to synthesize
plasminogen-like protein A nanoparticles that could reverse
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cancer MDR in vitro, and it was also found to improve the anti-
tumor efficacy of the polyene paclitaxel in vivo [22]. In the cur-
rent study, DHA was chosen as the functional MDR-reversing
excipient, and the anticancer drug DOX was encapsulated to
form DOX-DHA nanoparticles. The MTT assay confirmed that
the IC,, of DOX-nano was 6.03 pg/mL, and thus the dosage of
5 pg/mL was used for further study. In a study focused on re-
versing P-GP-mediated MDR in MCF-7/ADR cells and HepG2/
ADM cells [23], the IC,, value of DOX in HepG2/DOX cells was
102.14+14.34 pg/mL, which was higher than the IC, value of
DOX-DHA nano in the HepG2/DOX cells in our study. This indi-
rectly suggests that the use of DOX-DHA nano could enhance
the cytotoxicity of DOX to HepG2/DOX cells. Cellular uptake of
the drug is an important index for MDR reversal because high-
er drug uptake indicates higher drug concentrations at cellu-
lar target structures and enhanced cytotoxicity. In vitro and in
vivo fluorescence imaging in the present study showed that
the drug uptake in DOX-nano-treated group cells and tumors
was stronger than in other groups, which indicated that this
nanoparticle drug delivery system could enhance drug uptake
and inhibit drug efflux, thus overcoming MDR in HCC cells and
tumors. The anticancer efficacy of DOX-nano in HepG2 cells
and tumor was also assessed based on cell apoptosis, cell mi-
gration, and the tumor inhibitory rate.

In addition to the potential for reversing MDR in combina-
tion with DOX, DHA itself exhibits antitumor effect in can-
cers, including HCC. DHA has been reported to selectively kill
HCC cells and to reduce the growth of orthotopic liver tumors
in rats, and it can also selectively disrupt the redox balance
within the cancer cell and lead to tumor-specific necrosis [24].
The results from a study by Zajdel et al [25] showed that DHA
could suppress cell viability and cell proliferation, enhance cell
death, and induce the activation of caspase-3/7 in SKOV3 and
OVCARS3 epithelial ovarian cancer cell lines. More important-
ly, DHA could significantly potentiate cisplatin cytotoxicity in
SKOV3 and OVCAR3 cells. Another study found that DHA has
efficacy in chemosensitizing multidrug-resistant colon cancer
cells, and it could decrease the amount of P-GP and MRP1 in
detergent resistant membranes, inhibit the transporters’ activ-
ity, and restore the antitumor effects of different chemothera-
peutic drugs [14]. These studies indicate an MDR-reversing and
chemosensitivity effect of DHA with chemotherapeutic drugs.
In our present study, as an excipient in DOX-nano, DHA was
also observed to exhibit antitumor and MDR-reversing effects
in HCC HepG2 cells and tumor-bearing nude mice.
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Abnormal expression of active drug efflux transporters, in-
cluding P-GP, MRP, LRP, and BCRP, are also involved in the
regulation of MDR [26,27]. The current study also investigat-
ed the expression of relative drug efflux transporters in HCC
cells and tumors. The results showed that the expression lev-
els of MRP, LRP, BCRP, Bcl-2, and PKC-a were the highest in
HepG2/DOX cells among all groups, suggesting the existence
of MDR in HepG2/DOX cells. However, in DOX-nano-treated
HepG2/DOX cells, significantly decreased expression of MRP,
LRP, BCRP, Bcl-2, and PKC-a was found compared with untreat-
ed HepG2/DOX cells, which indicated the MDR-reversing effi-
cacy of DOX-nano drug delivery system. Furthermore, in the
HepG2+DOX-nano group cells, expression of these proteins
was the lowest, which may be due to the shortage of MDR in
HepG2 cells and the administration of DOX-nano reversing MDR.
In nude mice bearing HepG2/DOX xenografts, the expression
of MRP, LRP, BCRP, Bcl-2, and PKC-a was the highest in model
group tumors, which indicated that the injection of MDR cell
line HepG2/DOX into the right flank of nude mice could induce
MDR and activate the expression of drug efflux transporters.
These results accorded with those in the HepG2/DOX cells. In
the DOX-nano-treated tumors, the protein expression of these
transporters was significantly decreased, which was also con-
sistent with the in vitro results. In addition, in the vector-nano
group, expression of some proteins was also significantly de-
creased compared with the model group, suggesting an MDR-
reversing effect of DHA in these nanoparticles for HCC tumor.

Conclusions

This study used DHA as a functional excipient and DOX as a
chemotherapeutic agent to synthesize DOX-loaded nanopar-
ticles and investigate the effect of this nanoparticle drug de-
livery system in HCC. In vitro and in vivo experiments revealed
that this nanoparticle drug delivery system has strong potential
for MDR reversal and anticancer efficacy for the treatment of
HCC. Experiments in HepG2/DOX cells and nude mice bearing
HepG2/DOX xenograft showed enhanced cytotoxicity, increased
cell apoptosis, inhibition of migration, strong inhibition of tu-
mor growth, and suppressed expression of drug efflux trans-
porters. Further in-depth study with larger samples, more types
of cell lines, and a systematic experimental design is needed
to investigate the role of this DOX-loaded DHA nanoparticle
drug delivery system in multidrug-resistant cancers.
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