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Abstract: Inflammation, oxidative stress, and uncontrolled cell proliferation are common key
features of chronic inflammatory diseases, such as atherosclerosis and cancer. ®3 polyunsaturated
fatty acids (PUFAs; also known as omega3 fatty acids or fish oil) have beneficial effects against
inflammation upon dietary consumption. However, these effects cannot be fully exploited unless
diets are enriched with high concentrations of fish oil supplements over long periods of time.
Here, a nanomedicine-based approach is presented for delivering effective levels of PUFAs to
inflammatory cells. Nanoparticles are internalized by immune cells, and hence can adequately
deliver bioactive lipids into these target cells. The w3 FA docosahexaenoic acid was formulated
into liposomes (-liposomes), and evaluated for anti-inflammatory effects in different types
of immune cells. ®-Liposomes strongly inhibited the release of reactive oxygen species and
reactive nitrogen species from human neutrophils and murine macrophages, and also inhibited
the production of the proinflammatory cytokines TNFo. and MCP1. Moreover, ®-liposomes
inhibited tumor-cell proliferation when evaluated in FaDu head and neck squamous carcinoma
and 4T1 breast cancer cells in in vitro cultures. We propose that ®-liposomes are a promising
nanonutraceutical formulation for intravenous delivery of fish oil FAs, which may be beneficial
in the treatment of inflammatory disorders and cancer.
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Introduction

Dietary ®3 polyunsaturated fatty acids (PUFAs), including docosahexaenoic acid
(DHA), have been reported to be beneficial in the treatment of cardiovascular diseases
and cancer.' Such diseases share common pathophysiological features, including
unbalanced oxidative stress, an inflammatory microenvironment, and aberrant cell
proliferation, which are potential therapeutic targets for PUFAs.® Several clinical
studies have been conducted to exploit the beneficial effects of PUFAs. However,
such effects on the aforementioned targets are typically observed after long-term oral
consumption of PUFAs in high amounts.'*"" The oral dosage of DHA intake varies,
ranging from 0.4 to 4 g/day for at least 4 months (NCT01078909 and NCT01865448).
Bouwens et al used a combination of DHA and eicosapentaenoic acid (EPA; 1.8 g/day
for 26 weeks) to demonstrate anti-inflammatory effects in humans.'?

To benefit fully from the effects of PUFAs, we propose a novel approach to
enrich their content specifically in target cells that are involved in inflammatory
disorders. Instead of oral intake of high doses of fish oil, we propose to specifically
increase the levels of PUFAs in inflamed lesions through the use of nanomedicine.
Nanoparticles can accumulate in inflamed tissues and are efficiently taken up, mainly
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Figure | Preparation of @-liposomes and their cellular targets in disease.

Notes: Fish oil and oily fish are rich in ®3 polyunsaturated fatty acids (PUFAs) such as docosahexaenoic acid (DHA). We formulated DHA into o-liposomes by lipid-film
hydration followed by downsizing using extrusion. PEGylated long-circulating liposomes have been shown to accumulate in inflammatory lesions and tumors via the enhanced
retention and permeability effect, and thus facilitate local delivery of the PUFAs in w-liposomes. Multiple pathophysiological processes can be tackled with ®-liposomes.
Tissue-associated immune cells, such as plaque macrophages or tumor-associated macrophages, accelerate the progression and invasiveness of the disease by releasing
proinflammatory cytokines, such as TNFo and MCPI, and reactive nitrogen species (RNS), which are usually mediated by increased activity of NFkB. Neutrophils can also
have significant effects on destabilizing atherosclerotic plaques or on tumor progression via the release of reactive oxygen species (ROS) and via intercommunication with
macrophages. A third target for ®-liposomes is the abnormal cellular proliferation of tumor cells.

Abbreviations: PEG, polyethylene glycol; w-liposomes, docosahexaenoic acid-loaded liposomes.

by macrophages and to a lesser extent other immune cells.”®*  cells. In the present study, we report the physicochemical

The accumulation of nanoparticles in pathological tissues  characteristics of ®-liposomes and their anti-inflammatory

was first described for tumors and occurs via their enhanced  effects in different types of immune cells (Figure 1). In

extravasation through leaky blood-vessel walls.'* This
phenomenon has been named the enhanced permeability
and retention (EPR) effect and has also been described for
chronic inflammatory disorders, such as rheumatoid arthritis
and atherosclerosis.!*!® An example of a clinically available
nanomedicine that exploits the EPR effect is the liposomal
formulation of doxorubicin, branded Doxil, indicated for
breast cancer, ovarian cancer, multiple myeloma, and AIDS-
related Kaposi’s sarcoma.!'”!8

We propose a novel liposomal formulation of
docosahexaenoic acid-loaded liposomes (®-liposomes),
by incorporating DHA into polyethylene glycol (PEG)
ylated liposomes. Such long-circulating PEGylated lipo-
somes can accumulate in inflamed tissues and deliver
their PUFA cargo into macrophages and other immune

addition, to demonstrate their potential benefit in the treat-
ment of cancer, their growth-arresting effects in human and
murine cancer cell lines were also evaluated.

Materials and methods

Chemicals
1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
and N-(carbonyl-methoxy-PEG, )-1,2-distearoyl-sn-
glycero-3-phosphoethanolamine (DSPE-PEG, |
purchased from Lipoid AG (Steinhausen, Switzerland).

) were

L-o-Phosphatidylethanolamine-N-(lissamine rthodamine B
sulfonyl) (rhodamine PE) was obtained from Avanti Polar
Lipids (Alabaster, AL, USA). All other materials were
purchased from Sigma-Aldrich Co. (St Louis, MO, USA)
unless otherwise stated.
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Liposomal preparation and DHA loading

into liposomes

DHA-loaded liposomes (®-liposomes) and control lipo-
somes (C-liposomes) were prepared with DPPC, cholesterol,
DSPE-PEG, ., and DHA (o-liposomes only) in molar
ratios indicated in Table 1. Rhodamine PE was added at
0.2 mol% for fluorescent labeling when applicable. Typi-
cal batch sizes were prepared with 20 mM total lipid (TL).
Liposomes were prepared using lipid film/hydration. Lipids,
including DHA, were dissolved in chloroform—methanol
(1:1 v/v, total 4 mL) in a round-bottom flask, and a lipid film
was prepared by rotary evaporation (Biichi Labortechnik
AG, Flawil, Switzerland), followed by an additional drying
step under a stream of nitrogen for 1 hour. Subsequently,
the lipid film was hydrated with 5 mL 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES)-buffered saline
(HBS) solution (pH 7.4) to form a lipid dispersion. To
downsize the lipid dispersion and to form uniform-size
liposomes, the lipid particles were reduced by multiple
sequential extrusion steps using a Lipex extruder (Northern
Lipids, Burnaby, BC, Canada) through polycarbonate mem-
branes (Nuclepore, Pleasanton, CA, USA) with final filters of
pore size 100 nm. The resulting liposomes were purified by
either sequential centrifugation steps (as per Eckert et al)"®
or by ultrafiltration. Briefly, liposomes were centrifuged at
8,000x g for 20 minutes to remove the debris. The super-
natant was removed and centrifuged again at 15,000x g for
20 minutes or subjected to ultrafiltration using filtration units
with a 100 kDa molecular weight cutoff (Sartorius Stedim
Biotech SA, Aubagne, France). Liposomes were then filtered
through a 0.22 um nylon filter (CellTreat Scientific Products,
Pepperell, MA, USA).

Characterization of liposomes

The mean particle-size distribution and polydispersity
index (PDI) of the liposomes were determined by dynamic
light scattering (DLS) using a Malvern CGS-3 multiangle
goniometer (Malvern Instruments, Malvern, UK) with a

Table | Characteristics of liposomes

JDS Uniphase 22 mW He—Ne laser operating at 632 nm,
an optical fiber-based detector and a digital LV/LSE-5003
correlator. All measurements were performed at a 90° angle.
The C-potential of the liposomes was determined by laser
Doppler electrophoresis using a Zetasizer Nano-Z (Malvern
Instruments). Liposomes were diluted in 10 mM HEPES
buffer (pH 7.4) prior to measurements. The phospholipid
content of liposomes was determined with a phosphate assay,
in accordance with Rouser et al.?> The DHA content of lipo-
somes was determined after their disruption in acetonitrile
by high-performance liquid chromatography on a Shimadzu
system equipped with a C18 column, two LC-10AT pumps,
and an SPD-M10AVP photodiode array detector at a wave-
length of 237 nm. The absence of free DHA and the homo-
geneity of particle size were confirmed by separation of free
DHA from liposomes by size-exclusion chromatography on
a Superdex 10/300 column (GE Healthcare UK Ltd, Little
Chalfont, UK) using phosphate-buffered saline as eluent at
a flow rate of 1 mL/min. Liposome colloidal stability under
storage conditions was studied by monitoring their mean size
and size distribution with DLS every 4-5 days for 30 days
upon storage in HBS at 4°C.

Experiments with immune cells

Murine RAW264.7 macrophages and human THP1 mono-
cytes were obtained from the American Type Culture
Collection (ATCC). RAW264.7 macrophages were cul-
tured in Dulbecco’s Modified Eagle’s Medium (DMEM)
high glucose, while THP1 cells were cultured in Roswell
Park Memorial Institute 1640 medium. Both media were
supplemented with 10% (v/v) fetal bovine serum, penicillin
(100 IU/mL), streptomycin (100 pg/mL), and amphotericin B
(0.25 pg/mL) and incubated at 37°C under 5% CO,
atmosphere. THP1 monocytes were differentiated into
macrophages by stimulation with 50 ng/mL of phorbol-12-
myristate-13-acetate (PMA) for 24 hours. Afterward, PMA
was washed and cells incubated in fresh medium for another
24 hours. The RAW264.7 NFkB Luc-reporter cell line,

Liposomal Molar ratio Mean Polydispersity  {-Potential Total DHA- DHA-

formulation (DHA:DPPC:Chol: diameter  index (mV) lipid loading entrapment
DSPE-PEG, ,,)) (nm) yield (%) content (%) efficiency (%)

-liposomes 1:0.85:1:0.15 99+16 0.0620.01 —15.7£2.5 6918 14.6x1.2 81.35%3.24

C-liposomes 0:1.85:1:0.15 10017 0.08+0.03 —15.0+0.6 70+10 Not applicable Not applicable

Notes: Data presented as ratio or mean * SD (n=3).

Total lipid _ Total lipid recovered (umol) <100% Entrapment _ Final drug/lipid ratio <100% Loading _  Amount of DHA (mg) 100%.

yield (%) Initial lipid used (umol)

" efficiency (%)  Initial drug/lipid ratio

°" content (%) Amount of total lipid (mg)

Abbreviations: DHA, docosahexaenoic acid; DPPC, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine; Chol, cholesterol; DSPE, distearoyl phosphatidylethanolamine; PEG,

polyethylene glycol; ®-liposomes, docosahexaenoic acid-loaded liposomes.
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stably transfected with 3x-NFxB Luc plasmid, was kindly
provided by Professor MPJ de Winther (Academic Medical
Centre, Amsterdam), and cultured as RAW264.7 cells.
Human polymorphonuclear neutrophils (PMNs) were freshly
isolated from a human buffy coat (Sanquin Blood Supply,
Amsterdam) and suspended in Hank’s balanced salt solution
(HBSS) supplemented with 1% gelatin. HEK-Blue hTLR4
cells were purchased from InvivoGen (San Diego, CA, USA),
and were subcultured in DMEM high glucose supplemented
with 10% (v/v) fetal bovine serum, 2-4 mM L-glutamine,
penicillin (50 IU/mL), streptomycin (50 pug/mL), and ampho-
tericin B (0.25 pg/mL), and incubated at 37°C under a 5%
CO, atmosphere.

Liposome-uptake study

RAW264.7 (40,000 cells) was seeded into each well of a
p-Slide VI 0.4 IbiTreat Microscopy Chamber (Ibidi GmbH,
Planegg, Germany) and incubated overnight. Cells were
treated with 0.125 mM TL of rhodamine-labeled w-liposomes
or rhodamine-labeled C-liposomes for 4 hours at 37°C. After-
ward, cell nuclei were stained with Hoechst for 30 minutes,
followed by thorough washing steps. Cells were visualized on
a BZ-9000 fluorescence microscope (Keyence, Osaka, Japan)
or on a confocal SPE-II microscope (Leica Microsystems,
Wetzlar, Germany).

Inhibition of production of reactive nitrogen species
(NO assay)

To evaluate the effect of liposomal formulations on the release
of reactive nitrogen species, RAW264.7 cells were seeded at
100,000 cells per well in a 96-well plate. After 24 hours of
incubation, cell-culture medium was removed from all wells
and replaced with fresh medium spiked with the respective
treatments — m-liposomes or C-liposomes — at the indicated
concentrations. After 2 hours, lipopolysaccharide (LPS) was
added at a final concentration of 100 ng/mL, followed by
incubation at 37°C for another 22 hours. In another setup,
we evaluated the effect of ®-liposomes or C-liposomes on
RAW264.7 cells prestimulated with LPS. Briefly, we first
stimulated RAW264.7 cells with LPS (100 ng/mL) for 2 or
4 hours, after which cells were washed with medium or not,
and subsequently treated with the liposomes for another
22 hours. In either the pretreatment or the prestimulation
setup, the supernatant was collected for a nitric oxide assay
with Griess reagents. Absorbance was measured at 550 nm on
a SpectroStar Nano (BMG LabTech, Ortenberg, Germany).
The effect of liposome formulations on cell viability was
assessed under similar conditions of the assay (ie, LPS

stimulation, seeding density, and exposure time) to assure
that the noticed antioxidant effects were not due to signifi-
cant cytotoxic effects of the formulations. A CellTiter 96®
Aqueous One solution viability assay (Promega Corporation,
Fitchburg, WI, USA) was performed as per the supplier’s
protocol, and the absorbance was measured using EZ Read
400 (Biochrom, Cambridge, UK).

RAW264.7 NFxB Luc cells were seeded at 80,000
per well in a 96-well plate. After 24 hours of incubation,
the medium was removed from all wells and replaced
with either fresh medium or the respective m-liposomes
or C-liposomes formulations at the indicated concentra-
tions. This medium was removed and cells washed with
fresh medium twice after 4 hours of treatment. Cells were
stimulated with LPS at a final concentration of 100 ng/mL
for 2 hours. Luciferase activity was determined using a
One-Glo luciferase-assay system (Promega Corporation)
according to the supplier’s instructions. Cell viability was
assessed under the same exposure time of LPS treatment
and LPS stimulation as described earlier.

Inhibition of production of proinflammatory
cytokines TNFa and MCPI

THPI cells, a commonly used model for mimicking mac-
rophages in the vasculature,?! were seeded at 250,000 cells
per well in a 24-well plate and differentiated into mac-
rophages as described earlier. The medium was replaced by
a medium containing liposomal formulations for 2 hours,
then stimulated with LPS for an additional 22 hours. The
supernatant was collected and stored at —80°C until further
analysis. TNFa and MCP1 were measured by enzyme-
linked immunosorbent assay (ELISA) according to the
manufacturer’s instructions (ELISA Max™ deluxe set
human TNFo and human MCP1/CCL2 kits; BioLegend,
San Diego, CA, US). Cell viability was determined as
described earlier.

Inhibition of production of reactive oxygen species
(ROS assay)

PMNss, freshly obtained from human buffy coat, were diluted
to a final concentration of 250,000 cells/mL and treated with
o-liposomes and C-liposomes formulations at indicated
concentrations in a white 96-well plate for 30 minutes.
Subsequently, luminol, as luminescence enhancer, and zymo-
san, as reactive oxygen species (ROS) inducer, were pipetted
into each well. The chemiluminescence resulting from ROS
production was measured immediately using a Titertek
Luminoskan (TechGen International, Zellik, Belgium).
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Inhibition of toll-like receptor 4 (TLR4) activation
HEK-Blue hTLR4 cells were seeded at 25,000 cells per well
in a 96-well plate and treated with liposomes for 2 hours,
followed by 16 hours of LPS stimulation. A Quanti-Blue
assay (InvivoGen) was performed according to the manufac-
turer’s instructions to determine the level of secreted alkaline
phosphatase as a reporter for TLR4 activation. Cell viability
was assessed as mentioned earlier.

Experiments with cancer cell lines

Murine 4T1 breast cancer cells and human FaDu squamous
cell carcinoma cells were obtained from the ATCC. Cells
were cultured in DMEM supplemented with 10% (v/v)
fetal bovine serum, penicillin (100 IU/mL), streptomycin
(100 pg/mL), and amphotericin B (0.25 pug/mL). Normal
human umbilical vein endothelial cells (HUVECs) were
obtained from Lonza (Basel, Switzerland) and cultured in
EBM basal medium supplemented with EGM-2 SingleQuot
kit supplements and growth factors (Lonza).

FaDu squamous cell carcinoma cells or 4T1 meta-
static breast cancer cells were seeded at a density of
3,000 cells per well in a 96-well plate. HUVECs, which
served as control (normal cells), were seeded at a density
of 4,000 cells per well in a 96-well plate. After 24 hours,
cells were treated with ®-liposomes and C-liposomes at
the indicated concentrations for 24 hours. To determine
the number of dividing cells, bromodeoxyuridine (BrdU)
reagent was added to the cells for 4—6 hours and an ELISA
BrdU colorimetric immunoassay (Hoffman-La Roche
Ltd, Basel, Switzerland) was performed, according to the
manufacturer’s protocol.

Statistical analysis

Data are expressed as mean * standard error of mean.
Statistical analyses by Student’s f-test were performed
with GraphPad Prism; values of P<<0.05 were considered
statistically significant.

Results and discussion

Preparation and characterization of
-liposomes

The physicochemical characteristics of PUFA-loaded
PEGylated liposomes (w-liposomes) and control PEGy-
lated liposomes (C-liposomes) are summarized in
Table 1. Hydration of the lipid film with HBS resulted in
a heterogeneous, milky dispersion for both m-liposomes
and C-liposomes. The cumulative size distribution at 90%
(D,,) of this lipid dispersion before extrusion was 2 um

and 3 um for C-liposomes and ®-liposomes, respectively
(Figure S1A). After extrusion, both liposomal formula-
tions were translucent and displayed comparable mean
sizes (around 100 nm), D, (around 120 nm), and narrow
size distributions (polydispersity <0.1) (Table 1 and
Figure S1B). The narrow size distribution is also demon-
strated in the size-distribution histograms obtained from
DLS (Figure S2). The slightly negative—close to neutral
{-potentials indicated that the negative charge of the DHA
lipids was shielded by the PEG corona on the surface of
liposomes (Table 1). TL recovery after extrusion was
69%%8% and 70%=10% for w-liposomes and C-liposomes,
respectively, as determined by Rouser phosphate assay.
The entrapment efficiency and DHA-loading content in
o-liposomes were 81%23% and 15%%1%, respectively
(Table 1). Separation of liposomes and free DHA by
size-exclusion chromatography showed that DHA was
effectively incorporated in the liposomes (Figure 2A).
Changes in mean size and size distribution of both lipo-
somal formulations were minimal under liposome-storage
conditions at 4°C over a period of 5 weeks (Figure 2B
and C). Liposome-size distribution was relatively nar-
row and remained <0.1 on the PDI. In addition, there
were no significant changes in particle size or PDI values
between C-liposomes and ®-liposomes in a stability study
at room temperature and 37°C at physiological pH (ie,
pH 7.4) (Figure S3). Furthermore, differential scanning
calorimetry showed no differences in the thermograms
of the formulations, likely due to the stabilizing effect of
cholesterol (Figure S4).

Cell-uptake/interaction studies of

liposomes

Lipid-based nanocarriers can be efficiently internalized
by phagocytic cells, and hence are an attractive system to
deliver PUFAs to immune cells. Macrophages are known
to be the most efficient in uptake of nanoparticles among
the different cell types and may act as a reservoir for
nanotherapeutics.'>? Figure 3 shows that RAW264.7 mac-
rophages internalized both ®-liposomes and C-liposomes
to a similar extent. Fluorescence microscopy was used to
visualize the association and the uptake of rhodamine-
labeled liposomes. We further utilized the power of confocal
microcopy to visualize a focal intracellular plane, minimiz-
ing any extracellular signal. The accumulation of labeled
liposomes in perinuclear vesicles suggests accumulation of
either formulation in the endosomal/lysosomal compartment
(Figure 3A-D).
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Figure 2 Purity and colloidal stability of docosahexaenoic acid (DHA)-loaded liposomes (o-liposomes) and control liposomes (C-liposomes).
Notes: (A) Absence of free DHA in o-liposomes was confirmed by size-exclusion chromatography. (B and C) Colloidal stability of ®-liposomes and C-liposomes were
investigated by dynamic light scattering measuring the changes in (B) mean size and (C) polydispersity index upon storage for over 30 days at 4°C.
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Figure 3 Cell-interaction and uptake studies of rhodamine-labeled docosahexaenoic
acid-loaded liposomes (w-Lipo) and control liposomes (C-Lipo) in RAW264.7
macrophages.

Notes: RAW264.7 murine macrophages were incubated for 4 hours at 37°C with
rhodamine-labeled liposomes (0.125 mM total lipid; red). Cells were visualized with
fluorescent microscopy (A and B) or by confocal microscopy (C and D). Blue
staining represents cell nuclei. Scale bars= 20 um.

Effect of m-liposomes in activated

immune cells

Unbalanced reactive nitrogen species (RNS) and ROS are
often generated by stimulated immune cells and play a
crucial role in the development and progression of multiple
inflammatory disorders.?**> The effect of w-liposomes on the
production of nitric oxide (NO) and ROS were evaluated in
murine macrophages and human PMNs, respectively. NO
is an important mediator in inflammation that reacts with
superoxide to form peroxynitrite, a powerful oxidizing and
tissue-damaging moiety. LPS induced a significant increase
in NO production by RAW macrophages, and ®-liposomes
reduced LPS-induced NO production significantly, with up to
80% reduction at the highest tested concentration. Remark-
ably, C-liposomes also inhibited LPS-induced NO production
by RAW cells dose-dependently, although less strongly than
-liposomes (50% vs 80% at 0.5 mM TL and 35% vs 60% at
0.25 mM TL) (Figure 4A). In a different experimental setup
in which cells had been prestimulated with LPS and then
treated with liposomes, ®-liposomes showed similar potent
anti-inflammatory activity (Figure SSA—C). Since nuclear
factor kappaB (NFxB) activation plays a crucial role in induc-
ing NO production via inducible nitric oxide synthase, we

submit your manuscript

5032

Dove

International Journal of Nanomedicine 2016:1 |


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

Dove

Fish oil liposomes for inflammation and cancer

A RAW264.7
1201
%)
=% 100
=y
©Z 80
S o
'c et
O o 60+
52
O 4
zg
X 20+
NT NT 0.060.130.25 0.5 0.060.130.25 0.5 mMTL
w-liposomes C-liposomes
LPS (100 ng/mL)
C RAW264.7
120 1 -
2
% 100 { o
2
=Z 80
g S 60
° |
25
d, -
S 40
o (]
1™
X 201

NT NT

0.06 0.130.25 0.5

0.06 0.130.25 0.5 mMTL

w-liposomes

LPS (100 ng/mL)

C-liposomes

RAW264.7 NFxB Luc

120 1

NFxB activity
(% relative to NT-LPS)

NT NT 0.060.130.25 0.5 0.060.130.25 0.5 mMTL

w-liposomes

LPS (100 ng/mL)
RAW264.7 NFxB Luc

C-liposomes

w)

120

Cell viability
(% relative to NT-LPS)

NT NT

0.06 0.130.25 0.5 0.060.130.25 0.5 mMTL

w-liposomes

LPS (100 ng/mL)

C-liposomes

Figure 4 Effect of docosahexaenoic acid-loaded liposomes (®-liposomes) and control liposomes (C-liposomes) on lipopolysaccharide (LPS)-induced nitric oxide production
and NFxB activation in murine macrophages.

Notes: (A) RAW264.7 cells were treated with the liposomes and stimulated with LPS for 24 hours. NO production was measured in the supernatant with Griess reagent.
(B) RAW264.7 NFxB Luc cells were treated with liposomes for 4 hours, washed twice with medium, then stimulated with LPS for another 2 hours. Luciferase activity was
determined using the One-Glo luciferase assay. (C and D). Cell viability was assessed by MTS assay under the same experimental conditions. Data presented as mean + standard
error of mean from three independent experiments (each n=4). *P<<0.05, **P<<0.01, **P<<0.001 compared to control nontreated (NT) LPS-stimulated cells (Student’s t-test).

White bars indicate nontreated, nonstimulated control cells; black bars indicate stimulated control cells not treated with liposomal formulations.
Abbreviations: Luc, luciferase; MTS, (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium); NO, nitric oxide; TL, total lipid.

sought to determine the effect of liposomes on RAW264.7
cells stably transfected with an NFkB-reporter gene, which
expresses firefly luciferase upon activation. Both formula-
tions showed inhibition of NF«B activation similarly to the
observed inhibitory effects on NO production (Figure 4B).
Of note, the liposomal formulations were not toxic to either
of the cell lines at the tested concentration range and exposure
time (Figure 4C and D).

The effects of w-liposomes on the production of two
proinflammatory cytokines — MCP1 and TNFo — were
also studied, as they are key regulators in the recruitment
of immune cells to inflammatory lesions and exacerbation
of the inflammation.?**” THP1 macrophages were stimu-
lated with LPS (100 ng/mL) and then treated with either
o-liposomes or C-liposomes. m-Liposomes reduced the
production of both cytokines, while C-liposomes had only
minor effects (Figure S5A and B). The highest concentration

of w-liposomes, 0.5 mM TL, resulted in a minor reduction
in THP1 cell viability of less than 30% compared to the
untreated control cells (Figure 5C).

In addition to macrophages, neutrophils (PMNs) are a
key source of ROS.* Therefore, the effect of liposomes in an
oxidative burst setup was assessed, where zymosan induced
an increase in ROS production by neutrophils. ROS was
remarkably reduced with w-liposome treatment by 60% and
90% at 0.06 mM and 0.13 mM TL, respectively. C-liposomes
had no effect on zymosan-induced ROS production at any
tested concentration (Figure 6).

The effects of w-liposomes were further examined on
LPS-induced TLR4 activation. TLR4 is a key receptor recog-
nizing damage-associated molecular patterns and pathogen-
associated molecular patterns. As such, it plays a key role
in atherosclerosis, cancer, and other chronic inflammatory
diseases.??*? Using HEK-blue TLR4 cells, the induction of
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cytokine production in macrophages.

Notes: Human THP| macrophages were treated with the liposomes and stimulated with LPS for 24 hours. (A) MCPI and (B) TNFa. released in the supernatant were
analyzed by enzyme-linked immunosorbent assay. Data presented as mean * standard deviation of one representative experiment performed in triplicate. (C) Cell viability
was assessed by MTS assay under the same experimental conditions. ¥**P<<0.01, ***P<<0.001 compared to control nontreated (NT) LPS-stimulated cells (Student’s t-test).
White bars indicate nontreated, nonstimulated control cells; black bars indicate stimulated control cells not treated with liposomal formulations.

Abbreviation: TL, total lipid.
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control liposomes (C-liposomes) on zymosan-induced neutrophil oxidative burst.
Notes: Polymorphonuclear neutrophils freshly isolated from a buffy coat were
treated immediately with liposomes and stimulated with zymosan. Reactive
oxygen species (ROS) generation was measured by using a luminol-amplified
chemiluminescence assay. Data presented as mean * standard error of mean from
one representative experiment performed in triplicate (each n=4). **P<0.001|
compared to control nontreated (NT) zymosan-stimulated cells (Student’s t-test).
White bar indicates nontreated, nonstimulated control cells; black bar indicates
stimulated control cells not treated with liposomal formulations.

Abbreviation: TL, total lipid.

TLR4-controlled expression of the reporter molecule secreted
embryonic alkaline phosphatase (SEAP) was monitored.
LPS triggered a fivefold increase in SEAP activity, which
was reduced by m-liposomes in a dose-dependent manner,
whereas C-liposomes had no effect (Figure 7A). ®-Liposomes
at 0.5 mM TL (highest concentration) resulted in a minor
reduction in cell viability of less than 30% compared to the
untreated control cells (Figure 7B).

Anumber of studies have investigated the anti-inflammatory
effects of PUFAs in general, and DHA specifically. These
studies focused mainly on increasing the dietary intake of
PUFAS, in in vivo and clinical studies, or by the use of DHA
in its free form in vitro.>33!3334 DHA significantly decreased
the expression of cytokine-induced leukocyte adhesion-
molecule expression in human endothelial cells, while
EPA, another member of PUFAs, did not.*® In a genomic
study, Bouwens et al demonstrated that a high oral dose of
DHA and EPA decreased the expression of genes involved
in inflammatory pathways, such as eicosanoid synthesis,
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Notes: Human HEK-Blue TLR4 cells were treated with the liposomes and stimulated with LPS for 18 hours. (A) TLR4 activation was monitored by measuring the secreted
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White bars indicate nontreated, nonstimulated control cells; black bars indicate stimulated control cells not treated with liposomal formulations.

Abbreviation: TL, total lipid.

interleukin signaling, NFxB, and a decrease in oxidative
stress and cell adhesion on the whole genome of peripheral
blood mononuclear cells.'?

Effect of m-liposomes in cancer cell lines

Aberrant cell proliferation is the hallmark of cancer and
other chronic inflammatory diseases. Although targeting
inflammation in cancer may reduce the invasive features
of tumors, anti-inflammatory therapies are seen as adjunct
therapy.*® Studies have demonstrated the effects of dietary
PUFAs on the prevention and inhibition of cancers.>* There-
fore, we investigated if m-liposomes could reduce aberrant
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cell proliferation. Bromodeoxyuridine (BrdU)-incorporation
assays were performed, in which a thymidine analog incorpo-
rates only into the DNA of proliferating cells. w-Liposomes
significantly reduced the proliferation of two fast-growing
tumor models — human FaDu squamous carcinoma and
murine 4T1 breast cancer — in vitro, while C-liposomes did
not affect cell proliferation (Figure 8). ®-Liposomes did not
reduce the proliferation of control cells, as tested on normal
HUVEC:s (Figure S6).

The exact mechanisms of action of PUFAs in general and
DHA specifically are not well known. Possibly, the incorpora-
tion of PUFAs into the cell membrane may affect membrane
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Figure 8 Effect of docosahexaenoic acid-loaded liposomes (w-liposomes) and control liposomes (C-liposomes) on tumor-cell proliferation.

Notes: (A) FaDu cells and (B) 4T cells were exposed for 24 hours to ®-liposomes and C-liposomes, after which the medium was replaced with medium containing
bromodeoxyuridine (BrdU) and cells incubated for additional 4-6 hours. Afterward, BrdU incorporation was determined by enzyme-linked immunosorbent assay. Data
presented as mean * standard error of mean from three independent experiments (each n=4). *P<<0.05, ***P<<0.001 compared to control nontreated (NT) cells (Student’s
t-test).

Abbreviation: TL, total lipid.

International Journal of Nanomedicine 2016:1 |

submit your manuscript

5035

Dove


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

Alaarg et al

Dove

fluidity, ligand recognition, and downstream signalling.*
Furthermore, GPR120, a novel G-protein-coupled receptor,
was identified as a sensor for PUFAs.’” Also, PUFAs may act
as precursors for specialized lipid mediators, such as resolvins
and protectins, which possess potent anti-inflammatory effects
and assist in the resolution of inflammation.

In this study, a simple nanonutraceutical-based strategy
was adopted to deliver effective doses of PUFAs, which
dampen the inflammatory phenotype of inflammatory immune
cells involved in chronic inflammation. Their antiproliferative
activities against cancer cells were also demonstrated. The
developed m-liposomes possess several advantages over the
classical dietary intake of DHA, which requires a long dura-
tion of intake at high doses. First, formulation into liposomes
allows the solubilization of DHA in aqueous solutions at
high concentrations, which is required for injection in a low
volume. Next, PEGylated liposomes circulate longer and
accumulate to a higher extent in inflamed tissues.

Most nanoparticles for in vivo use, which have particle
size of 10-300 nm, nonspecifically accumulate in the reticu-
loendothelial system (RES), eg, in the liver and spleen, and
other tissues. Nanoparticles are also however accumulated in
pathological lesions by the EPR effect, as demonstrated for
atherosclerotic plaques, inflamed joints in rheumatoid arthritis,
and tumors. Such lesions are rich in immune cells, mainly
macrophages, which drive the pathophysiological inflamma-
tion and contribute to the leaky vasculature.'*!>!® These mac-
rophages have the highest uptake activity compared to other
professional phagocytes and other cells.”* PEGylation will
prolong the circulation time of liposomes, and hence increases
the chance for extravasation by EPR to the inflamed tissue.

Therefore, this approach can improve the pharmacoki-
netic profile of DHA and will boost its activities. Of note, a
clinically approved total parenteral nutrition (eg, Omegaven),
which is rich in DHA and EPA, is prescribed at a dose up to
2.5 g/day for 4 weeks to reduce risks of liver damage.** Such
non-PEGylated emulsion is cleared more quickly (half-life
54 minutes, as described in the manufacturer’s manual) when
compared to long-circulating PEGylated liposomes, such
as Doxil (half-life 20-30 hours),* and hence will have less
chance to accumulate in inflamed tissues by EPR extrava-
sation. In addition to the longer circulation, liposomes can
improve the chemical stability of DHA, which is susceptible
to fast oxidation.*'* Moreover, ®-liposomes are a tunable
drug-delivery platform in which other drugs can be loaded
into the liposomal aqueous core, for synergism, or a targeting
ligand can be attached to the surface, for an active targeting
approach toward specific cell types.*

Conclusion

DHA was successfully incorporated in long-circulating
PEGylated liposomes to form -liposomes. The formula-
tion remained stable and active upon storage over a month.
Furthermore, w-liposomes possess strong antioxidant and
anti-inflammatory effects in vitro, as demonstrated by the inhi-
bition of the production of ROS, NO, MCP1, and TNFa., and
the inhibition of NFkB activation, in activated immune cells.
They also induce strong inhibition of tumor-cell proliferation.
This nanonutraceutical represents a nanomedicine-based
approach for delivery of relatively safe nutraceutical compo-
nents that can be applied for the prevention or management
of chronic inflammatory diseases and cancer.
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Notes: HUVECs were seeded at 4,000 cells/well in a 96-well plate. Cells were exposed for 24 hours to o-liposomes and C-liposomes, after which the medium was replaced
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Abbreviations: NT, nontreated; TL, total lipid; ®-liposomes, docosahexaenoic acid-loaded liposomes.
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