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Injectable liposomal docosahexaenoic acid alleviates atherosclerosis 
progression and enhances plaque stability 
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A B S T R A C T   

Atherosclerosis is a chronic inflammatory vascular disease that is characterized by the accumulation of lipids and 
immune cells in plaques built up inside artery walls. Docosahexaenoic acid (DHA, 22:6n-3), an omega-3 poly
unsaturated fatty acid (PUFA), which exerts anti-inflammatory and antioxidant properties, has long been pur
ported to be of therapeutic benefit to atherosclerosis patients. However, large clinical trials have yielded 
inconsistent data, likely due to variations in the formulation, dosage, and bioavailability of DHA following oral 
intake. To fully exploit its potential therapeutic effects, we have developed an injectable liposomal DHA 
formulation intended for intravenous administration as a plaque-targeted nanomedicine. The liposomal formu
lation protects DHA against chemical degradation and increases its local concentration within atherosclerotic 
lesions. Mechanistically, DHA liposomes are readily phagocytosed by activated macrophages, exert potent anti- 
inflammatory and antioxidant effects, and inhibit foam cell formation. Upon intravenous administration, DHA 
liposomes accumulate preferentially in atherosclerotic lesional macrophages and promote polarization of 
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macrophages towards an anti-inflammatory M2 phenotype, resulting in attenuation of atherosclerosis progres
sion in both ApoE− /− and Ldlr− /− experimental models. Plaque composition analysis demonstrates that lipo
somal DHA inhibits macrophage infiltration, reduces lipid deposition, and increases collagen content, thus 
improving the stability of atherosclerotic plaques against rupture. Matrix-assisted laser desorption/ionization 
mass spectrometry imaging (MALDI-MSI) further reveals that DHA liposomes can partly restore the complex lipid 
profile of the plaques to that of early-stage plaques. In conclusion, DHA liposomes offer a promising approach for 
applying DHA to stabilize atherosclerotic plaques and attenuate atherosclerosis progression, thereby preventing 
atherosclerosis-related cardiovascular events.   

1. Introduction 

Atherosclerosis is a chronic inflammatory vascular disease which is 
estimated to account for 85% of cardiovascular disease (CVD) deaths 
annually [1]. The hallmark of atherosclerosis is the build-up of plaques 
within the intima layer of the artery walls. These atherosclerotic plaques 
mainly consist of lipids, inflammatory cells, smooth muscle cells, 
collagen fibres and cell debris [2]. Evidence from human and animal 
studies indicates that inflammation plays a critical role across all stages 
of atherosclerosis, including the initiation, development and destabili
zation of plaques [3,4]. Plaque rupture, an event accounting for 55–65% 
of coronary thrombi, is also highly associated with the inflammatory 
status and composition of atherosclerotic plaques [5]. Of note, recent 
findings in large lipid-lowering clinical trials show that chronic 
inflammation in high-risk atherosclerosis patients (with a plasma level 
of high sensitive C-reactive protein (hsCRP) ≥ 2 mg/L) remains at 
increased CVD risk despite having optimal or statin-controlled plasma 
levels of low-density lipoprotein cholesterol (LDLC <70 mg/dL) [6–8]. 
Such patients, who are on intensive statin therapy, are classified as 
having residual inflammatory risk which is common in lipid-lowering 
trials with approximately 43 to 47% reported to have elevated levels 
of hsCRP. Such high-risk patients would benefit from an additional 
therapeutic approach targeting plaque inflammation rather than lipid 
metabolic pathways [9]. In fact, inhibition of pro-inflammatory path
ways such as NLPR3, IL-1β or NF-κB signalling pathways has been re
ported to reduce atherogenesis in mouse models [10,11]. Clinically, as 
reported in the CANTOS clinical trial (NCT01327846), the IL-1β 
monoclonal antibody Canakinumab reduces secondary cardiovascular 
events irrespective of the blood lipid levels [12]. Furthermore, the use of 
colchicine (an anti-inflammatory, immune-modulating drug normally 
prescribed for gout) has been recently shown to reduce major adverse 
cardiovascular events in patients who suffered from a recent myocardial 
infarction [13]. These clinical trials confirm the clinical value of anti- 
inflammatory therapies in atherosclerotic cardiovascular diseases. 

Docosahexaenoic acid (DHA, 22:6n-3) is an omega-3 polyunsaturated 
fatty acid (PUFA) found primarily in cold-water fish such as salmon and 
tuna and is claimed to be of benefit for patients with CVD [14–18]. It is a 
bioactive molecule which has potent anti-inflammatory, antioxidant, and 
antiproliferative properties [19–24]. Additionally, it is a natural endog
enous ligand for peroxisome proliferator-activated receptors. Activation 
of these receptors by DHA enhances fatty acid β-oxidation in the mito
chondria, leading to an increase in fatty acid catabolism and subsequent 
reduction of triglyceride levels in the plasma [25,26]. The use of DHA 
(together with eicosapentaenoic acid) has been recommended in clinical 
guidelines for the treatment of persistently elevated severe hyper
triglyceridemia [27–29]. Eicosapentaenoic acid (EPA) is also an omega-3 
PUFA that exerts cardioprotective effects and has interlinked metabolism 
with DHA [30]. However, DHA and EPA are structurally distinct mole
cules with different biological effects, chemical stability, and secondary 
metabolites [30,31]. As DHA is partly converted into EPA in vivo, oral 
supplementation with DHA increases blood and tissue levels of both DHA 
and EPA in preclinical as well as clinical studies [32–36]. Interestingly, 
supplementation with DHA induces a higher increase in the Omega-3 
Index (an index calculated based on the levels of EPA and DHA in red 
blood cell membranes, which is inversely associated with the risk of 

coronary heart disease and related mortality) than with EPA, indicating 
the greater potency of DHA to modulate CVD risk [37]. 

Nevertheless, the role of DHA in the primary prevention of coronary 
heart disease remains controversial due to the inconsistent results yielded 
from recent randomized controlled clinical trials [38–41]. These dis
crepancies are likely due to variations in bioavailability and bioactivities 
of DHA following oral administration as high blood levels of DHA are 
needed to achieve cardioprotective effects [40,42]. Indeed, most oral 
DHA supplements suffer from poor absorption by the gut particularly if 
taken without high-fat meals [43]. Additionally, poor chemical stability 
of DHA may have affected the bioactivities of DHA in oral supplements 
[44,45]. Due to the high degree of unsaturated fatty acids in DHA, it can 
be readily oxidized to fatty acid peroxides, alcohols, and aldehydes when 
exposed to oxygen, light or heat. Though the actual in vivo effects of 
oxidized DHA is still a matter of debate [46], some in vitro studies have 
demonstrated that oxidized DHA derivatives might have different phar
macological properties compared to intact DHA [47,48]. However, most 
clinical trials have failed to monitor and report DHA's oxidation levels, 
given the growing evidence that >50% of the over-the-counter omega-3 
supplements have oxidation levels that exceeded the recommended 
guidelines [49,50]. Hence, to protect DHA against chemical degradation 
and fully exploit its potential therapeutic effects, we have developed a 
liposomal DHA formulation intended for intravenous administration for 
the treatment of high-risk atherosclerosis patients. 

Usually, DHA is administered via oral supplements. In this paper, we 
focus on intravenous administration of DHA liposomes. Intravenous 
administration of omega-3 PUFA in the form of lipid emulsions is used as 
a form of parenteral nutrition for patients suffering from gastrointestinal 
cancer or critical illness for many years [51]. In several preclinical in vivo 
models of stroke and heart ischemia, i.v. infusion of DHA/triglyceride 
emulsions resulted in a reduced event risk. [52–54]. Our focus is on the 
therapeutic utility of liposomes as plaque-targeted carriers. Liposomes are 
one of the most established nano-drug delivery systems for targeted drug 
delivery and have been demonstrated to accumulate in infarcted 
myocardium in experimental animal models [55] and atherosclerotic 
plaque macrophages in humans [56]. Liposome accumulation can occur 
by virtue of the enhanced permeability of endothelial linings within the 
atherosclerotic plaques [57]. In case of intravenously administered DHA 
liposomes, the accumulation effect can result in increased local DHA 
levels, which may enable increased local bioactivity within plaques when 
compared to the administration of oral DHA supplements. In this study, 
we aimed to develop well-characterized DHA liposomes and to evaluate 
relevant biological activities and underlying mechanisms using in vitro 
cultured primary macrophages and two mouse models of atherosclerosis. 

2. Materials and methods 

2.1. Materials 

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), N-(carbonyl- 
methoxy- PEG2000)-1,2-distearoyl-sn-glycero-3-phosphoethanolamine 
(DSPE-PEG2000),1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N- 
[amino (polyethylene glycol)–2000]-N-(Cyanine 5) (DSPE-PEG2000-N- 
Cy5), L-α-Phosphatidylethanolamine-N-(lissamine rhodamine B sulfo
nyl) (Rhodamine-PE), cholesterol, docosahexaenoic acid (DHA), 
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chloroform, methanol, 4-(2-hydroxyethyl)- 1-piperazineethanesulfonic 
acid (HEPES)-buffered saline (HBS) solution (pH 7.4), arachidonic 
acid, lipopolysaccharides (LPS), interferon-γ (IFN- γ) and interleukin-4 
(IL-4) were all purchased from Merck KGaA (Darmstadt, Germany). 
Dulbecco's Modified Eagle Medium (DMEM) with high glucose, ACK 
lysis buffer, heat-inactivated fetal bovine serum (FBS), human oxidized 
low-density lipoprotein conjugated to Dil (Dil-OxLDL), human oxidized 
low-density lipoprotein (OxLDL), and macrophage colony-stimulating 
factor (M-CSF) were all purchased from Thermo Fisher Scientific 
(Massachusetts, United States). 

2.2. Animals and experimental models of atherosclerosis 

C57BL/6 J wild-type (WT) mice were purchased from InVivos 
(Singapore); female apolipoprotein E deficient mice (ApoE− /− ) and LDL 
receptor-deficient mice (Ldlr− /− ) were purchased from Jackson Labo
ratory (Maine, USA). All mice were housed under specific pathogen-free 
conditions with a 12/12-h light-dark cycle (lights on at 7 AM, lights off 
at 7 PM) at the Comparative Medicine Animal Vivarium at the National 
University of Singapore. WT mice were fed with standard chow diet 
while ApoE− /− and Ldlr− /− mice were given high-fat diet (HFD, 42% 
from fat, TD.88137, Envigo) to accelerate the development of athero
sclerosis. All studies were approved by the National University of 
Singapore Institutional Animal Care and Use Committee (IACUC; animal 
protocol number: R17–1085 and R21–1032) and conformed to the 
guidelines on the care and use of animals for scientific purposes 
(NACLAR, Singapore, 2004) and the Guide for the Care and Use of 
Laboratory Animals published by the US National Institutes of Health 
(NIIH Publication, 8th Edition, 2011). 

2.3. Preparation of liposomes 

Control and DHA liposomes were prepared using the thin-film hy
dration method with DPPC, cholesterol, DSPE-PEG2000, and DHA (for 
DHA liposomes only) in molar ratios of 1.85:1:0.15:0 and 0.85:1:0.15:1, 
respectively [58]. Cy5 or Rhodamine-PE was added at 1 mol% for 
fluorescent labelling when applicable. Briefly, DPPC, cholesterol, DSPE- 
PEG2000 and DHA (for DHA liposomes only) were dissolved in 
chloroform-methanol (1:1 v/v, total 0.8 ml) in a 10 ml round-bottom 
flask. A lipid thin film was prepared by rotary evaporation (Büchi 
Labortechnik AG, Flawil, Switzerland), followed by an additional drying 
step under a stream of nitrogen for 1 h. The lipid film was hydrated with 
1 ml HBS solution (pH 7.4) to form a lipid dispersion containing 80 mM 
total lipid (TL) and 21 μM of DHA. To downsize and form uniform-sized 
liposomes, the lipid dispersion was subjected to multiple sequential 
extrusion steps using a mini extruder (Northern Lipids, Burnaby, BC, 
Canada) through polycarbonate membranes (Avanti Polar Lipids, Inc., 
Alabama, United States) with final filters of pore size 100 nm. The 
resulting liposomes were centrifuged at 8000 ×g for 20 min. The su
pernatant was collected and centrifuged again at 15,000 ×g for 20 min. 
The liposomes were collected and filtered through a 0.22 μm nylon filter 
(Sartorius AG, Göttingen, Germany) before use. 

2.4. Characterization of liposomes 

The mean particle-size distribution, polydispersity index (PDI) and 
zeta-potential of the liposomes were determined by Zetasizer Ultra 
(Malvern Panalytical, UK). Liposomes were diluted 100 times in Milli-Q 
water before measurements. Liposome colloidal stability under storage 

conditions was studied by monitoring their mean size and size distri
bution every 4–5 days for 30 days upon storage in HBS at 4 ◦C. To 
determine the concentration of DHA in liposomes, DHA was extracted 
from DHA liposomes with methanol and measured by LC-MS/MS using 
an Acquity UPLC BEH C18 column (1.7 μm, 2.1 × 100 mm) in ESI 
negative mode on an Agilent 1290 Infinity ultra-high pressure liquid 
chromatography (UHPLC) system, coupled to an AB SCIEX QTRAP 5500 
tandem mass spectrometry. Non-encapsulated DHA was removed by 
filter centrifugation of liposomes at 4000 rpm for 10 min with Amicon 
Ultra 100 kDa filter centrifuge tubes (MerckMillipore, Burlington, MA, 
USA). The encapsulation efficiency was derived with the following 
formula: 

Encapsulation efficiency (%) =
Amount of DHA in liposomes

Total amount of DHA used
× 100 

Additionally, the morphology of liposomes was characterized by 
transmission electron microscope (TEM). Briefly, liposomes were fixed 
with 2.5% glutaraldehyde for 1 h at 4 ◦C. 20 μl sample was deposited 
onto a Formvar Film 200 mesh, CU, FF200-Cu grid for 15 min and was 
stained with 5% of gadolinium triacetate for 1 min. Images were then 
taken with transmission electron microscopy (FEI Tecnai G2 Spirit with 
ICORR, Hillsboro, USA). 

2.5. Stability of DHA 

Freshly prepared DHA liposomes or DHA solubilized in cell culture 
medium (referred to as free DHA) were stored at 25 ◦C (room temper
ature, RT) or 4 ◦C, and sampled at several time-points to determine DHA 
concentrations by LC-MS/MS. 2 ml methanol was used to extract DHA 
from 20 μl of DHA liposomes or free DHA solution by sonicating at room 
temperature for 15 min. 0.1 μM arachidonic acid was spiked in the 
methanol as an internal standard. After centrifuging at 21,000 rpm for 
10 min, the supernatant was collected for analysis. LC-MS/MS was 
performed using an Acquity UPLC BEH C18 column (1.7 μm, 2.1 × 100 
mm) in ESI negative mode on an Agilent 1290 Infinity ultra-high pres
sure liquid chromatography (UHPLC) system, coupled to an AB SCIEX 
QTRAP 5500 tandem mass spectrometry. Eluent A consisted of 10 mM 
ammonium formate in Milli-Q water and eluent B consisted of 100% 
acetonitrile. Column and sample temperatures were set at 40 ◦C and 
4 ◦C, respectively. Injection volume was set at 2 μl and flow was set at 
0.45 ml/min. The eluent sequence and multiple reaction monitoring 
parameters, which were optimized for DHA and AA, were listed in 
Tables S1 and S2, respectively. 

2.6. Cumulative drug release 

In vitro cumulative release of DHA from liposomes was quantified 
using LC-MS/MS as described in Section 2.5. Briefly, freshly prepared 
DHA liposomes were diluted 10 times in PBS and transferred into a 
dialysis cassette (Slide A-Lyzer 10 k Dialysis Cassettes G2, #87731, 
Thermo Fisher Scientific, Massachusetts, United States) and immersed in 
2000 ml of PBS (pH = 7.4), used as a medium, in a 2 L beaker. The 
medium was stirred with a magnetic bar at 125 rpm and maintained at 
37 ◦C. At predetermined time intervals (0, 0.5, 1, 3, 6, 10, 24, 48, and 72 
h), the aliquots were withdrawn from the dialysis cassette. 1 ml of 
methanol was used to extract DHA from these aliquots. The cumulative 
release % for each time point was calculated based on the following 
equation: 

Cumulative release% =
Total ​ encapsulated ​ DHA ​ - ​ DHA ​ recovered ​ at ​ specific ​ time ​ intervals

Total ​ encapsulated ​ DHA
x 100   
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2.7. Preparation of bone marrow-derived macrophages 

Bone marrow-derived macrophages (BMDM) were obtained by 
differentiating bone marrow cells collected from the femurs and tibias of 
WT mice as previously described [59–61]. Briefly, the bone marrow cells 
were cultured in Dulbecco's Modified Eagle Medium (DMEM) cell cul
ture media supplemented with 20% heat-inactivated foetal bovine 
serum and 30 ng/ml macrophage colony-stimulating factor for 6 days in 
a humidified 5% CO2 incubator at 37 ◦C. On day 7, cells were collected 
either used for flow cytometry analysis to confirm the macrophage 
lineage or seeded at the required density for other experiments. The list 
of antibodies was provided in Table S3. Data was acquired using a 
Fortessa flow cytometer (Beckman Coulter) and analysed with FlowJo 
(version 10.7.1). Macrophages were defined as CD45+/F4/80+/ 
CD11b+/CD3− /CD11c− , and Fluorescene minus one (FMO) was used as 
background control (Fig. S10, Table S3). 

2.8. In vitro assessment of DHA bioactivities 

To determine bioactivities of DHA, 131 nM free DHA or DHA lipo
somes were added with LPS (100 ng/ml) and IFN-γ (20 ng/ml) to 
BMDM. After 4 h of incubation, cells were collected for RNA extraction. 
Total RNA was extracted with RNAeasy Mini Kit (Qiagen, Hilden, Ger
many) as per the manufacturer's protocol. Primers for inflammatory and 
antioxidant gene expression analysis used for RT-qPCR were listed in 
Table S4. 

2.9. Cytotoxicity assay 

PrestoBlue assay (A13262, Thermo Fisher Scientific, Massachusetts, 
United States) was used to assess the cytotoxicity of control liposomes, 
DHA liposomes and free DHA as per manufacturer's protocol. Briefly, 
BMDM were seeded in a 96-well plate overnight prior to treatment for 
24 h with control liposomes, DHA liposomes, or free DHA, respectively. 
Cells were washed twice with PBS and incubated with PrestoBlue re
agent diluted with pre-warmed complete-DMEM for 3 h at 37 ◦C in a 
humidified 5% CO2 incubator. Then the fluorescence intensity was 
measured with a spectrophotometer. 

2.10. Cellular uptake of DHA liposomes 

The cellular uptake of DHA liposomes was conducted in a 12-well 
plate with either naive, M1, M2 or foam cell macrophages. M1 macro
phages were induced by incubating BMDM with 100 ng/ml LPS and 20 
ng/ml IFN-γ for 24 h. M2 macrophages were induced by incubating 
BMDM with 10 ng/ml IL-4 for 24 h. To generate foam cell macrophages, 
BMDM were stimulated with 100 ng/ml LPS and 20 ng/ml IFN-γ for 24 h 
followed by incubation with 80 μg/ml of oxidized low-density lipopro
tein for 48 h. Cy5-labelled DHA liposomes (131 nM DHA) were then 
added to the cells in DMEM supplemented with 10% of heat-inactivated 
FBS. Cells were collected at various time points and stained for flow 
cytometry analysis or fluorescence microscopy (Nikon Eclipse Ti-E 
inverted microscope, Nikon Instrument Inc., Tokyo, Japan). Data was 
acquired using a Fortessa flow cytometer (Beckman Coulter) and ana
lysed with FlowJo (version 10.7.1). M1 macrophages were defined as 
CD45+/F4/80+/CD11b+/iNOS+/CD206− , M2 macrophages were 
defined as CD45+/F4/80+/CD11b+/iNOS− /CD206+, foam cell macro
phages were defined as CD45+/F4/80+/CD11b+/BODIPY+, and fluo
rescence minus one (FMO) was used as background control. 

2.11. In vitro assessment of antioxidant activity 

A cell permeable ROS indicator, CM-H2DCFDA (C6827, Thermo 
Fisher Scientific, Massachusetts, United States), was used to measure 
ROS production in BMDM. BMDM were seeded in a 12-well plate and 
pre-treated with control liposomes or DHA liposomes for 2 h before 

incubation with 100 ng/ml LPS and 20 ng/ml IFN-γ for 24 h. The cells 
were washed twice with PBS followed by staining with 10 μM CM- 
H2DCFDA in PBS for 45 min. Hoechst was used to stain cell nuclei. The 
fluorescence signal resulting from ROS production was captured with 
fluorescence microscopy. Data were presented as the percentage of ROS- 
positive cells over the total cell number. 

2.12. Internalization of oxidized low-density lipoprotein 

BMDM were seeded in a 96-well plate overnight prior to incubation 
with 100 ng/ml LPS and 20 ng/ml IFN-γ in serum-free DMEM for 24 h. 
Cells were then incubated with control or DHA liposomes for 2 h fol
lowed by incubation with Dil-labelled OxLDL (L34358, Thermo Fisher 
Scientific, Massachusetts, United States) at 40 μg/ml for 4 h. After 
washing with PBS, cells were fixed with 10% formalin, and stained with 
DAPI for cell nuclei. Images were taken with a fluorescence microscope 
(Nikon Eclipse Ti-E inverted microscope, Nikon Instrument Inc., Tokyo, 
Japan). 

2.13. Foam cell formation 

BMDM were seeded in a 96-well plate overnight prior to incubation 
with 100 ng/ml LPS and 20 ng/ml IFN-γ in serum-free DMEM for 24 h. 
Cells were then incubated with control or DHA liposomes for 2 h fol
lowed by incubation with Dil-labelled OxLDL (L34358, Thermo Fisher 
Scientific, Massachusetts, United States) at 80 μg/ml for 48 h. Cells were 
either washed twice with PBS and fixed with 10% formalin for Oil Red O 
(ORO) lipid staining or lysed with RLT lysis buffer for qPCR assay. The 
cell nuclei were counterstained with DAPI and haematoxylin. ORO 
staining was captured with both brightfield and fluorescent microscope. 

2.14. Biodistribution study 

Rhodamine-PE labelled DHA liposomes were injected intravenously 
into ApoE− /− mice (100 μl per mouse) which were fed on HFD for 8 
weeks (to establish atherosclerotic plaques). Heart and whole aorta were 
harvested at 0 h, 2 h, 6 h and 24 h post-administration for ex vivo im
aging with the IVIS Spectrum in vivo imaging system (Perkin Elmer, 
Waltham, Massachusetts, United States) as previously described [62]. In 
addition, the lungs, liver, spleen, and kidneys were also harvested at 24 
h post-administration for ex vivo imaging. To localize the DHA liposomes 
within the atherosclerotic plaques, immunofluorescence staining (refer 
to 2.20 for detailed protocol) was performed on the cryosections of 
aortic root of ApoE− /− mice which received Cy5 labelled DHA lipo
somes. Cy5 fluorescent dye was used in this case as rhodamine-PE tends 
to photo-bleach during microscopy imaging. 

2.15. Intervention study design 

To evaluate the therapeutic efficacy of DHA liposomes in athero
sclerosis, 4-week-old female ApoE− /− and Ldlr− /− mice were fed with 
HFD for 4 weeks, followed by 8 weeks intravenous administration of 
control liposomes or DHA liposomes (100 μl of 80 mM of total lipid, 
corresponding to 0.025 mg/kg of DHA; twice per week) while 
continuing HFD. At the endpoint, mice were euthanized with overdose 
isoflurane (5%). Blood was collected via cardiac puncture and stored in 
EDTA tubes for plasma preparation. Major organs including whole aorta, 
heart, brain, lungs, liver, spleen, and kidneys were isolated for further 
analysis. 

2.16. Flow cytometry analysis of blood cells 

Flow cytometry analysis of whole blood was performed as previously 
described [61]. Briefly, 50 μl of blood was collected via submandibular 
bleeding and stored in EDTA tubes. ACK lysis buffer was used to lyse the 
red blood cells and the white blood cells were collected by 
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centrifugation at 450 g, for 5 min. The supernatant was discarded, and 
the pellet was washed twice with staining buffer before staining with 
antibody cocktails. CD41 was used as a platelet marker, CD45 as a pan- 
leukocyte marker, Ly6G as a neutrophil marker, Ly6C as a monocyte 
marker, and CD11b as activation marker for neutrophils and monocytes. 
Neutrophils were defined as CD45+ Ly6G+; monocytes were defined as 
CD45+ Ly6Chigh for Ly6C high-expressing monocytes and CD45+

Ly6Clow for Ly6C low-expressing monocytes. Fluorescence minus one 
(FMO) was used as the background control. Data was acquired using a 
Fortessa flow cytometer (Beckman Coulter) and analysed with FlowJo 
(version 10.7.1). The list of antibodies used for staining was provided in 
Table S3. The gating strategy was presented in Fig. S7B. 

2.17. Analysis of plasma lipids and pro-inflammatory cytokines 

Plasma was diluted 160 times in Biovision's sample dilution buffer to 
measure total cholesterol as per instructed by the Biovision total 
cholesterol fluorometric assay (Biovision, K603–100) user manual. 
Plasma total triglycerides was quantified using a triglyceride assay kit 
(ab65336, Abcam, Cambridge, United Kingdom) according to the 
manufacturer's instruction. Plasma levels of pro-inflammatory cytokines 
were determined with the Bio-Rad Pro Mouse Cytokine 23-plex assay 
(M60009RDPD, Bio-Rad, Hercules, California, United States). 

2.18. Oil Red O staining of atherosclerotic plaques 

The whole aorta was fixed in 10% formalin for 72 h and then incu
bated in 78% isopropanol for 5 min prior to staining with ORO working 
solution for 1 h on a rotating platform at room temperature. The aorta 
was washed twice with 78% isopropanol for 5 min and re-immersed in 
PBS. ORO-stained aorta was cut open longitudinally and pinned on a 
dissection plate with a dark background, then imaged with a stereo 
microscope (Nikon Instrument Inc., Tokyo, Japan) connected to a digital 
camera (Olympus DP22, Olympus Corporation, Tokyo, Japan). Images 
were analysed with ImageJ (version 1.53q 30 March 2022, NIH, DC, 
USA). 

For aortic roots, cryosections were fixed in 10% formalin and washed 
once with PBS followed by incubation in ORO solution for 30 min. 
Tissue sections were rinsed twice in 60% isopropanol and washed with 
PBS for 5 min before being mounted with an aqueous-based mounting 
medium. Images were taken with a brightfield microscope (Nikon 
Eclipse Ti-E inverted microscope, Nikon Instrument Inc., Tokyo, Japan). 
Images were analysed with Nikon AR element analysis software version 
4.5.0 (Nikon Instrument Inc., Tokyo, Japan) and presented as the per
centage of total lesion area over total tissue area. 

2.19. Matrix-assisted laser desorption/ionization mass spectra imaging 

RapifleX (Bruker, MA, USA), a matrix-assisted laser desorption/ 
ionization mass spectra imaging system (MALDI-MSI), was used to 
analyse the lipid profile in the aortic root. Harvested hearts were snap- 
frozen in liquid nitrogen and stored at − 80 ◦C. 10 μm-thick cryosections 
of mouse aortic roots were mounted on conductive ITO slides (Bruker, 
MA, USA). Tissue sections were sprayed using the TM Sprayer M3 (HTX, 
North Carolina, United States) with a matrix solution containing 15 mg/ 
ml of 2,5-dihydroxybenzoic acid dissolved in acetone nitrile/ddH2O 

(90/10) and 1% trifluoroacetic acid. Images were acquired in positive 
mode with 54% laser power, single mode, 1000 shots per pixel at 50 μm 
raster width. Mass spectrometry spectrums were re-aligned with cali
brated endogenous lipid compounds. Data were processed and analysed 
in SCiLS Lab 2016b (Bruker, Massachusetts, United States) using linear 
discriminant analysis. 

2.20. Immunofluorescence staining of aortic roots 

Whole hearts were harvested and incubated in 10% formalin over
night then in 30% sucrose for 3 days at 4 ◦C. The heart was then 
embedded in the O.C.T compound and sectioned at 5 μm thick. Serial 
cryosections were collected when the first aortic cusp of the aortic root 
appeared. Aortic root sections were incubated with primary antibodies 
at 4 ◦C overnight followed by secondary antibodies conjugated to either 
Alexa-488 or Alexa-594. The list of antibodies used for staining is pro
vided in Table S3. Pro-inflammatory M1 macrophages were identified as 
CD68 and iNOS double-stained cells while anti-inflammatory M2 mac
rophages were identified as CD68 and CD206 double-stained cells. 
Smooth muscle cells were stained with alpha smooth muscle actin 
(aSMA) antibody, while collagen type I antibody was used to determine 
collagen content in the plaques. All sections were mounted with anti- 
fade mounting medium containing DAPI (Vector Laboratories, Califor
nia, United States). Images were captured with a fluorescent microscope 
and analysed with NIS-Element AR Analysis software version 4.5 (Nikon 
Instrument Inc., Tokyo, Japan). 

2.21. Real-time quantitative polymerase chain reaction (RT-qPCR) 

Total mRNA was isolated from fresh-frozen whole aorta with 
RNAeasy Mini Kit (Qiagen, Hilden, Germany) as per the manufacturer's 
protocol. 100 ng of total mRNA was converted to cDNA with QuantiTect 
Reverse Transcription Kit (Qiagen, Hilden, Germany) following the 
manufacturer's protocol. cDNA was mixed with PowerUp SYBR Green 
Master Mix (Thermo Fisher Scientific, Massachusetts, United States) and 
specific qPCR primers (listed in Table S4). mRNA expression levels were 
analysed with the QuantStudio 5 Real-Time PCR system (Thermo Fisher 
Scientific, Massachusetts, United States). 

2.22. Statistical analysis 

Statistical analysis was performed with GraphPad Prism 9 (version 
9.3.1 GraphPad Software, California, USA). Data were presented as 
mean ± standard deviation (SD). Unpaired two-tailed t-test was per
formed for comparison of two groups and one-way analysis of variance 
(ANOVA) with Bonferroni's multiple comparisons was used for com
parison of three groups or more. Statistical significance was annotated 
with * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 

3. Results and discussion 

3.1. Characteristics of DHA liposomes 

The physicochemical characteristics of DHA liposomes are summa
rized in Table 1. Liposomes with the same lipid composition but not 
containing DHA were included as control. Both liposomes displayed 

Table 1 
Characteristics of DHA liposomes and control liposomes.   

Freshly Prepared After 30 days at 4 ◦C 

Liposomal 
formulation 

Molar ratio (DPPC: Chol: DSPE- 
PEG2000: DHA) 

Diameter 
(nm) 

Poly-dispersity 
index 

Zeta-potential 
(mV) 

Diameter 
(nm) 

Poly-dispersity 
index 

Zeta-potential 
(mV) 

DHA liposomes 0.85:1:0.15:1 127 ± 7 0.04 ± 0.03 − 12 ± 6 125 ± 5 0.04 ± 0.01 − 20 ± 4 
Control liposomes 1.85:1:0.15:0 135 ± 11 0.04 ± 0.02 − 16 ± 1 136 ± 11 0.02 ± 0.01 − 18 ± 5 

Data presented as mean ± SD of three independent liposome preparations. 
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comparable sizes around 130 nm with narrow size distribution as re
flected by the low polydispersity indices (< 0.1). The colloidal stability 
of the liposomes at 4 ◦C was assessed over 30 days, with both formu
lations remaining stable regarding their size distribution (Table 1). The 
DHA encapsulation efficiency was 103 ± 4%, which corresponds to 21 
μM of DHA and the drug loading efficiency was 18.4%. TEM analysis 
revealed that both liposomes were homogeneous nanospheres with a 
unilamellar phospholipid bilayer and an aqueous core typical of lipo
somal nanoparticles (Fig. S1A). Collectively, the encapsulation of DHA 
into the lipid bilayers did not alter the physicochemical properties of the 
liposomes. Additionally, the cumulative release profile of DHA from li
posomes was investigated with a dialysis method at 37 ◦C in PBS solu
tion. We observed a sustained release of DHA from liposomes within 48 
h (Fig. S1B). 

3.2. Protective effects of liposomal encapsulation of DHA on chemical 
stability and bioactivity 

DHA is readily oxidized into hydroperoxides and aldehydes species 
upon exposure to oxygen in the air, light and heat [46]. We first assessed 
the chemical stability of free DHA upon storage at room temperature 
(RT) and 4 ◦C up to 28 days. Based on LC-MS/MS analysis, we observed 
that storage temperature has a significant impact on the chemical 

stability of DHA. As evident from Fig. 1A, free DHA degraded much 
more rapidly when stored at RT compared to 4 ◦C. Chemical degradation 
is likely due to oxidation as the primary degradation process of DHA 
involves the reaction of molecular oxygen and free radicals with the 
polyunsaturated fatty acids [63]. 4-hydroxy-2-hexanal (4-HHE), 4-hy
droxy-2-nonenal (4-HNE) and a wide variety of isoprostanes (which 
also serve as clinical markers of oxidative stress) are some common lipid 
peroxidation products of highly unsaturated fatty acids, including DHA 
and EPA [44]. The aim of the present study was not to identify the 
degradation products of DHA but rather to test if the degradation of DHA 
could affect its inherent bioactivities. Hence, we compared freshly pre
pared free DHA with free DHA which has been stored for 14 days at RT 
or 4 ◦C (as most DHA has been degraded at this time point (Fig. 1A). 

One of the known bioactivities of DHA is its anti-inflammatory 
property involving the inhibition of the NF-kB signalling pathway 
through blocking of TLR4 dimerization and activation of the peroxisome 
proliferator-activated receptor (PPAR)-γ, resulting in reduced expres
sion of NF-kB target genes such as TNF-α, IL-6 and IL-1β [64,65]. To 
investigate if any loss of chemical stability of DHA affects this anti- 
inflammatory property, we assessed the expression of pro- 
inflammatory genes, i.e., CCL-2, TNF-α, IL-6, IL-1β, and iNOS, in M1- 
type inflammatory macrophages (see Materials & Methods) treated 
with free DHA prepared freshly or previously stored for 14 days at RT or 

Fig. 1. Chemical stability and bioactivities of free DHA during storage. (A) Chemical stability of free DHA over 28 days when stored in dark at 4 ◦C or room 
temperature (RT). (B-H) Anti-inflammatory and antioxidant effects of free DHA on M1 macrophages. M1 macrophages were treated with freshly prepared (FD-0 h) or 
14-day-old free DHA stored at 4 ◦C or RT [FD-14d (4 ◦C) or FD-14d (RT)]. Relative gene expression of pro-inflammatory cytokines and antioxidant enzymes were 
normalized against the housekeeping gene GAPDH and presented as fold changes compared with gene expression in naïve macrophages (Control). Data were 
expressed as mean ± standard deviation of three independent experiments; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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4 ◦C. As shown in Fig. 1B – 1F, only freshly prepared free DHA (FD-0 h) 
was able to attenuate the inflammatory response in M1 macrophages as 
the expression levels of all the pro-inflammatory genes were lower when 
compared to untreated macrophages (M1) and macrophages treated 
with free DHA stored for 14 days at RT or 4 ◦C (FD-14d). No significant 
difference was observed between storage at RT or 4 ◦C. Additionally, 
DHA displays antioxidant activity via effects on mitochondrial functions 
and biogenesis [66]. Hence, we assessed the gene expression of the 
antioxidant enzymes catalase (CAT) and superoxide dismutase 1 (SOD1) 
as well. M1 macrophages have reduced gene expression of CAT and 
SOD1 as compared to unstimulated macrophages (Control). Freshly 
prepared free DHA was able to restore the gene expression of CAT and 
SOD1 to a similar level as in unstimulated macrophages (Control) 
whereas DHA stored for 14 days at RT or 4 ◦C did not (Fig. 1G & 1H). 
Collectively, free DHA lost anti-inflammatory and antioxidant bio
activities upon storage. 

Many strategies have been employed to increase the chemical sta
bility of DHA. The addition of antioxidant additives such as tocopherol, 
ascorbic acid, butylated hydroxyanisole (BHA), and butylated hydrox
ytoluene (BHT) is usually applied in oral DHA supplements. However, 
most of these additives are only allowed for oral delivery and some 
(synthetic BHA and BHT) can give rise to adverse side effects after oral 

intake as reported in preclinical studies [67,68]. Here, we incorporated 
DHA into the phospholipid bilayers of liposomes and evaluated the 
chemical stability and bioactivities of DHA during storage in liposomal 
form. In terms of chemical stability, the liposomes could protect DHA 
from degradation for up to 28 days when stored at 4 ◦C (Fig. 2A). When 
stored at RT, we observed that the DHA only started to degrade on day 
14 and continue to degrade gradually with >50% of DHA still detectable 
28 days upon storage. The improved chemical stability of DHA is likely 
due to the protective phospholipid shield. Methods to assess the bio
activities of free DHA were also applied to DHA liposomes. As shown in 
Fig. 2B to 2F, freshly prepared and 14-day-old DHA liposomes which 
were stored at RT or 4 ◦C could reduce inflammatory responses in M1 
macrophages by reducing the expression of the pro-inflammatory genes 
CCL-2, TNF-α, IL-6, IL-1β, and iNOS. Additionally, we observed a 
stronger anti-inflammatory effect of DHA liposomes than that with free 
DHA (Fig. 1). This effect is likely due to the higher intracellular uptake 
of DHA when encapsulated in liposomes which resulted in higher 
intracellular levels and activity of DHA. Additionally, gene expression of 
the antioxidant enzymes CAT and SOD1 were both increased in case of 
the DHA liposomes-treated cells (Fig. 2G & 2H). The antioxidant effect 
was preserved during storage of the DHA liposomes for 14 days at 4 ◦C 
and RT. Altogether, liposomal formulation of DHA protects DHA from 

Fig. 2. Liposomal formulation protects DHA from chemical degradation and loss of bioactivity during storage. (A) Chemical stability of liposomal DHA over 28 days 
when stored in dark at 4 ◦C or room temperature (RT). (B-H) Anti-inflammatory and antioxidant effects of liposomal DHA on M1 macrophages. M1 macrophages 
were treated for 4 h with freshly prepared (DHA Lip-0 h) or 14-day-old liposomal DHA which were stored at 4 ◦C or RT [DHA Lip-14d (4 ◦C) or DHA Lip-14d (RT)]. 
Relative gene expression of pro-inflammatory cytokines and antioxidant enzymes were normalized against the housekeeping gene GAPDH and presented as fold 
changes compared with gene expression in naïve macrophages (Control). Data were expressed as mean ± standard deviation of three independent experiments; * p <
0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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degradation and loss of bioactivities. From a chemical stability point of 
view, DHA liposomes can be stored for at least 4 weeks. Regarding the 
bioactivities, we showed that DHA preserved DHA stability for mini
mally 2 weeks. Nevertheless, in our experiments, freshly prepared li
posomes were always used for in vitro and in vivo studies. 

The products of lipid peroxidation of highly unsaturated fatty acids 
such as 4-hydroxy-2-hexenal (4-HHE) and 4-hydroxy-2-nonenal (4- 
HNE) are reported to be toxic [69,70]. Hence, we determined the po
tential cytotoxicity induced by the exposure of bone marrow-derived 
macrophages (BMDM) to DHA. DHA liposomes did not exert dose- 
dependent cytotoxicity, with no evidence of cell shrinkage and mem
brane blebbing (the morphological features of cell apoptosis) (Fig. S2A 
& S2B). Hence, the encapsulation of DHA in liposomes may protect 
against the formation of cytotoxic degradation products. 

3.3. DHA liposomes are readily taken up by activated macrophages 

Monocyte-derived macrophages have been identified as the main 
driver of inflammation underlying the pathogenesis of atherosclerosis 
[71]. Pro-inflammatory M1 and foam cell macrophages are the pre
dominant forms of macrophages found in atherosclerotic plaques [71]. 
Targeting and reducing the number of these subtypes of macrophages 
have been proven to be beneficial in treating atherosclerosis [72,73]. As 
liposomes preferentially target cells of the mononuclear phagocytic 
system (MPS), loading drugs into liposomes is one of the most widely 
used strategies to deliver drugs to these cells, especially tissue macro
phages [74]. We assessed the cellular association of Cy5-labelled DHA 
liposomes by naïve (non-activated), M1 and M2 macrophages as well as 
foam cell macrophages (see Section 2.10). Bone marrow derived- 
macrophages (BMDM) were used in our study as it is known that they 
are more physiologically relevant than immortalized macrophage cell 
lines such as RAW 264.7 cells in terms of phagocytic activity, cytokine 
production and the regulation of oxidative burst during stimulation 
[75]. The degree of cellular association of DHA liposomes was time- 
dependent and affected by the phenotype of the macrophages 
(Fig. 3A). The cellular association of DHA liposomes was the lowest in 
case of naïve macrophages, with only 40% of Cy5 positive cells after 24 
h. However, when the macrophages were activated to become M1, M2 
or foam cell macrophages, approximately 80% of the cells became Cy5 
positive. Based on the mean fluorescence intensity (MFI) of Cy5 (an 
indication of the association of DHA liposomes with the cells), M2 
macrophages had the highest Cy5 signal after 24 h of incubation when 
compared to M1 and foam cell macrophages (Fig. 3A). These results 
were further verified with fluorescence imaging (Fig. 3B – 3E).This may 
be due to the activation-induced increase of protein corona-binding 
receptors- such as CD32, and CD36- on M2 macrophages, thereby 
enhancing the interaction with DHA liposomes [76]. Consistently, we 
observed an up-regulation of CD32 and CD36 gene expression in M2 
macrophages when compared to control and M1 macrophages (Fig. S3). 
The addition of serum proteins have reported to enhance the uptake of 
nanoparticles by M2 macrophages [76]. Collectively, DHA liposomes 
were taken up to a higher rate and extent by activated macrophages with 
the highest association with the M2 macrophages, followed by M1 
macrophages, foam cell macrophages and naïve macrophages in a time- 
dependent manner. 

3.4. DHA liposomes inhibit ROS production by M1 macrophages and 
polarise M1 macrophages to the M2 phenotype 

Reactive oxygen species, metabolic by-products generated via the 
mitochondrial respiratory chain, play an important role in maintaining 
cellular homeostasis as they can serve as secondary messengers in 
different cell signalling pathways and cellular processes [77]. However, 
under pathological conditions, the balance of intracellular ROS is often 
perturbed, and excess ROS is produced leading to oxidative stress. In 
atherosclerosis, injured endothelial cells, M1 and foam cell macrophages 

as well as activated smooth muscle cells generate excess ROS in response 
to vascular inflammation and injury, resulting in cellular apoptosis and 
tissue damage [78]. Accordingly, various nanomedicine strategies that 
use nanomaterials with antioxidant properties to scavenge ROS and 
reduce local inflammation have been proposed for the treatment of CVD 
[79]. In this study, we demonstrate that DHA liposomes possess anti
oxidant properties by increasing the gene expression of antioxidant 
enzymes such as CAT and SOD1 in M1 macrophages (Fig. 2G & 2H). To 
further explore if the increased expression of antioxidant enzymes could 
reduce ROS in M1 macrophages, we assessed the ROS production in the 
M1 macrophages by an assay based on CM-H2DCFDA, a general ROS 
indicator which emits green fluorescence upon the intracellular reaction 
with ROS. As shown in Fig. 4A, the ROS production in DHA liposomes- 
treated cells was significantly lower when compared to control 
liposomes-treated cells and untreated-M1 macrophages. This points to 
the antioxidant and ROS-scavenging properties of DHA liposomes. 

Since ROS have been shown to be one of the factors which could 
facilitate the polarization of macrophages towards the M1 phenotype 
[80], we further assessed if the reduction of ROS by DHA liposomes 
could salvage M1 macrophages and promote the polarization of the M1 
macrophages towards the M2 phenotype. After induction to M1 mac
rophages, DHA liposomes were added to the macrophages and incu
bated for 24 h. As demonstrated by FACS analysis, the percentage of M1 
macrophages in the DHA liposomes-treated cells decreased drastically 
when compared to control liposomes (Fig. 4B & 4C). Additionally, the 
percentage of M2 macrophages increased in case of DHA liposomes- 
treated cells. Both effects resulted in lower M1/M2 macrophage ratios 
(Fig. 4B – 4E). Besides the potent antioxidant and anti-inflammatory 
effects of DHA, the increase in M2 macrophages is likely due to the 
pro-resolving properties of DHA's secondary metabolites, known as 
specialized pro-resolving mediators (SPMs). DHA-derived SPMs include 
protectins, D-series resolvins, and maresins which are generated enzy
matically in the cell and are capable of polarizing macrophages into M2 
phenotype [81]. To further investigate this, we incubated the M1 mac
rophages with DHA liposomes for a longer period (72 h). The percentage 
of M2 macrophages increased significantly to 11% for DHA liposomes- 
treated cells (Fig. S4A & S4B). Consistently, we observed a decrease 
in the gene expression of M1 specific markers (CD40 and CD64) and an 
increase in the gene expression of M2 specific markers (CD206 and 
ARG1) in the DHA liposomes-treated cells when compared to control 
liposomes-treated cells (Fig. S4C & S4D). Both CD40 and CD64 have 
been implicated in the pathogenesis of atherosclerosis. The down
regulation of these surface markers point to a reduced number of plaque 
M1 macrophages [82,83]. Contrary to M1 activation, M2 activation 
enhances arginase-1 activity and decreases ROS generation which helps 
in resolution of inflammation. Additionally, an increase in the number of 
M2 macrophages in the atherosclerotic plaques has also been associated 
with atherosclerosis regression, suggesting a beneficial role of the po
larization of M1 macrophages to M2 phenotype for anti-atherosclerosis 
treatment [84]. 

3.5. DHA liposomes inhibit cellular uptake of OxLDL and foam cell 
formation 

Intrusion and subsequent retention of oxidized LDL (OxLDL) into the 
vascular intima triggers the activation and transmigration of monocytes 
into the intima layer. As an attempt to clear the OxLDL from the 
extracellular space of the intima, the monocyte-derived macrophages 
phagocytose the OxLDL, leading to the formation of foam cell macro
phages. Foam cell macrophages are pro-inflammatory and die easily due 
to the toxic effects of unesterified cholesterol derived from the OxLDL, 
contributing to the necrotic core of atherosclerotic plaques [85]. Hence, 
decreasing the formation of foam cells may be of therapeutic value in the 
context of atherosclerosis. After 4 h of incubation with OxLDL in vitro, 
approximately 40% of untreated M1 stimulated macrophages and con
trol liposomes-treated M1 macrophages have taken up OxLDL, while 

S.Y. Chong et al.                                                                                                                                                                                                                                



Journal of Controlled Release 360 (2023) 344–364

352

Fig. 3. DHA liposomes are taken up by activated macrophages. (A) Cells incubated with Cy5-labelled DHA liposomes for 1 h, 3 h or 24 h were analysed by flow 
cytometry. Cells taking up Cy5-labelled DHA liposomes were quantified by percentage of total cells or mean fluorescence intensity (MFI) in naïve, M1, M2, and foam 
cell macrophages. Data were expressed as mean ± standard deviation of three independent experiments; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. (B- 
E) Representative fluorescence microscopy images of naïve (CD68+ only), M1 (CD68+/iNOS+), M2 (CD68+/CD206+) and foam (CD68+/BODIPY+) macrophages 
after incubation with Cy5-labelled DHA liposomes for 24 h. Cell nuclei were stained with DAPI in blue. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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Fig. 4. DHA liposomes inhibit ROS production in M1 macrophages and promote polarization of M1 macrophages to the M2 phenotype. M1 macrophages were 
treated with control liposomes (Ctl Lip) or DHA liposomes (DHA Lip) for 24 h prior to further analysis. (A) Representative images of ROS production in M1 mac
rophages. Intracellular ROS was indicated in green and quantified for percentage of green fluorescence cells. Cell nuclei were stained with Hoechst in blue. Data were 
expressed as mean ± standard deviation of three independent experiments. (B) Representative flow cytometry scatter plots illustrating gating strategy for M1 and M2 
macrophages. (C-E) Quantification of M1 and M2 macrophages and M1/M2 ratios based on flow cytometry analysis. Data were expressed as mean ± standard 
deviation of three independent experiments; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

S.Y. Chong et al.                                                                                                                                                                                                                                



Journal of Controlled Release 360 (2023) 344–364

354

Fig. 5. DHA liposomes inhibit cellular uptake of OxLDL and foam cell formation. (A) Representative images of cellular uptake of OxLDL by M1 macrophages. Cell 
nuclei were stained with DAPI in blue and OxLDL in red. OxLDL-positive M1 macrophages were quantified as percentage of total cells (right panel). (B) Repre
sentative images of foam cells. Cell nuclei were stained with haematoxylin in purple and lipids were stained with ORO in red. Formation of foam cells was quantified 
as percentage of total cells (right panel). (C) Relative gene expression of pro-inflammatory cytokines (IL-6, IL-1β, and iNOS) and antioxidant enzymes (CAT and 
SOD1) in foam cells. (D) Relative gene expression of scavenger receptors (LOX-1, CD36 and SR-A1) in foam cells. Data were normalized against the housekeeping 
gene GAPDH and presented as fold changes of gene expression in naïve macrophages (Control). Data were expressed as mean ± standard deviation of three in
dependent experiments; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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only 14% of macrophages in case of the DHA liposomes-treated cells 
internalized OxLDL. Longer incubation of M1 macrophages with higher 
concentrations of OxLDL drove the macrophages into foam cells. 
Expectedly, in a period of 48 h, >80% of the macrophages converted 
into foam cells in the M1 stimulated and control liposomes-treated M1 
cells, while DHA liposomes significantly inhibited foam cell formation to 
a level of only 20% (Fig. 5A & 5B). Gene expression analysis of foam 
cells revealed that DHA liposomes significantly decreased the expression 
of the pro-inflammatory cytokines IL-6, IL-1β, and iNOS (Fig. 5C). The 
gene expression of antioxidant enzymes CAT and SOD1 was increased in 
case of the DHA liposomes-treated cells (Fig. 5C). This shows that the 
anti-inflammatory and antioxidant properties of DHA-liposomes 
(Fig. 2B – 2H) are still present in case of OxLDL induced foam cell 
macrophages. 

Lectin-like oxidized low-density receptor-1 (LOX-1), which is the 
main OxLDL receptor on endothelial cells, is also expressed on macro
phages and upregulated in atherosclerosis pathology [86,87]. Indeed, 
the LOX-1 gene expression in the foam cells was increased. Treatment 
with DHA liposomes reduced expression of LOX-1 in the foam cells while 
control liposomes showed no effect (Fig. 5D). Scavenger receptors CD36 
and SR-A1 in macrophages are implicated in atherogenesis [88,89]. 
Compared to control liposomes, DHA liposomes showed a trend to in
crease CD36 expression although the increase did not reach statistical 
significance (p-value = 0.235), indicating DHA liposomes may have mild 
effects on CD36 expression. In contrast, DHA liposomes markedly 
reduced the expression of SR-A1 in the foam cells compared to control 
liposomes (Fig. 5D). Lower expression of SR-A1 may contribute to 
reduced inflammation and less foam cell formation since SR-A1 was 
reported as a co-receptor of TLR4 involved in ER stress and macrophage 
apoptosis in atherosclerosis [90]. To sum up, our findings suggest that 
the attenuation in foam cell formation by DHA liposomes is attributed to 
the reduced expression of LOX-1 and SR-A1, and the resultant lower 
uptake of OxLDL by macrophages. 

3.6. DHA liposomes accumulate in macrophages present in atherosclerotic 
plaques 

Liposomes have been reported to localize in macrophages present in 
human atherosclerotic plaques upon intravenous injection [56]. Apart 
from the incorporation of DHA in the liposomal bilayers, the lipid 
composition of our liposomal DHA formulation was the same in case of 
the aforementioned liposomes. Therefore, we anticipated a similar 
pharmacokinetic performance of the intravenously administered DHA 
liposomes in atherosclerotic mice. As shown by IVIS imaging, DHA li
posomes accumulated at the aortic arch and abdominal artery branching 
sites, resembling atherosclerosis-prone regions (Fig. 6A & 6B). Immu
nofluorescence staining and colocalization analysis revealed that the 
liposomes were taken up by macrophages in the plaques (Pearson's 
correlation coefficient = 0.945) (Fig. 6C & S5C). The accumulation of 
liposomes in the plaque is likely due to increased permeability along the 
endothelial linings caused by dysfunctional endothelium and enhanced 
angiogenesis in the vasa vasorum region [57]. Furthermore, the incor
poration of polyethylene glycol (PEG) in the liposomes has increased the 
circulatory half-life of the liposomes and hence more liposomes could 
accumulate in the atherosclerotic plaques over time. Once inside the 
plaques, the liposomes were taken up by the macrophages via endocy
tosis [91]. Our in vivo findings are in line with our in vitro results showing 
higher association of DHA liposomes with activated macrophages such 
as M1, M2 and foam cell macrophages in a time-dependent manner 
(Fig. 3, Fig. S5A & S5B). Collectively, liposomal DHA can act as a 
carrier for DHA into plaque macrophages to enhance the beneficial ef
fects of DHA to levels which are very unlikely to be achieved via oral 
supplementation due to low bioavailability. 

3.7. DHA liposomes attenuate atherosclerosis in ApoE− /− and Ldlr− /−

mice 

Our in vitro assessment provided evidence that DHA liposomes are 
able to alleviate atherosclerosis through multiple mechanisms (Fig. 2 - 
5). To evaluate anti-atherosclerotic effects of DHA liposomes in vivo, we 
utilized two atherogenic mouse models, apolipoprotein E deficient mice 
(ApoE− /− ) and LDL receptor deficient mice (Ldlr− /− ) (Fig. 7A). 
Although both models generate atherosclerotic plaques by feeding a 
high-fat diet (HFD), the features and underlying mechanism are 
different [92]. ApoE− /− mice are hyperlipidaemic and develop athero
sclerotic plaques even when fed normal chow while Ldlr− /− mice only 
develop atherosclerosis when fed HFD [93]. If both ApoE− /− and Ldlr− / 

− mice are given the same duration of HFD, ApoE− /− mice will develop 
more atherosclerotic plaques of a more advanced stage than the Ldlr− /−

mice. After 8 weeks of intravenous administration of 2 doses of DHA 
liposomes per week (in total 16 doses of 11 μg DHA each), there were 
significantly less atherosclerotic plaques formed in the aortic arch in 
case of the DHA liposomes-treated mice as compared to the control 
liposomes-treated mice in the ApoE− /− mouse model (Fig. 7B). Assess
ment of the “en face” lesion area in the whole aorta tree revealed that 
DHA liposomes were able to reduce the total lesional area by about 36% 
in ApoE− /− mice and about 22% in Ldlr− /− mice in comparison with 
control liposomes-treated mice (Fig. 7C & 7D). Clearly, DHA liposomes 
were able to attenuate the progression of atherosclerosis in both models. 
DHA has been reported to suppress atherogenesis in ApoE− /− mice 
previously [94–98]. However, the reported studies supplied DHA in HFD 
at the beginning of the study when the disease is not yet established. 
Whereas in our study, the atherosclerotic prone mice were given 4 weeks 
of HFD before the start of i.v. DHA liposomes treatment. Hence, our 
approach is to be considered as a therapeutic intervention rather than a 
preventive approach. In these studies, the amount of DHA given orally 
(ranging from 0.3 to 3 g/kg/day) was considerably higher when 
compared to our study (0.05 mg/kg/week), reflecting the potency of i.v. 
treatment with DHA liposomes. 

To evaluate if DHA liposomes could affect the profile of different 
types of lipid species in the atherosclerotic plaques, we performed 
matrix-assisted laser desorption/ionization (MALDI) mass spectrometry 
imaging (MSI) on cryosections of these plaques (Fig. 7E). MALDI is a 
mass spectrometry technique used to ionize biomolecules such as DNA, 
proteins, peptides, and lipids which are fragile and tend to fragmentize 
when ionized by conventional ionization methods [99]. Furthermore, 
when applied on cryosections, MALDI can provide the spatial distribu
tion of the target analytes. This technique has been applied to athero
sclerotic plaques of animals as well as humans to dissect the spatial 
distribution of the complex lipid profiles in different stages of athero
sclerotic plaque progression [100–103]. After 8 weeks of treatment with 
DHA liposomes, the aortic root of ApoE− /− mice was used for MALDI- 
MSI. ApoE− /− mice which were fed with HFD for the same duration 
but without any treatment (referred to as saline) were included as pos
itive control while ApoE− /− mice which were fed with normal chow 
were used as healthy control. HE staining was performed on the same 
section after MALDI-MSI to demarcate the plaque area and co-register 
with the MALDI-MSI images for further analysis (Fig. 7E). The prin
cipal component analysis showed that the lipid profiles of the plaques of 
DHA liposomes-treated mice was similar to ApoE− /− mice fed with 
normal chow. In contrast, the lipid profiles of the plaques of control 
liposomes-treated mice were similar to those of untreated ApoE− /− mice 
fed with HFD, pointing to the need for DHA targeting to achieve this 
strong beneficial effect (Fig. 7F). ApoE− /− mice will develop athero
sclerotic plaques even when fed with normal chow, but the disease 
progression will be slower and the plaques developed will be at an 
earlier stage [93]. HFD intensifies and accelerates atherogenesis in 
ApoE− /− mice. DHA liposomes are able to halt the progression of the 
plaques, preventing it from developing into advanced atherosclerotic 
plaques. This might be partly attributed to DHA liposomes' ability to 
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inhibit OxLDL uptake and foam cell formation as shown in our in vitro 
data (Fig. 5). Indeed, early-stage plaques showed less lipid accumulation 
as compared to advanced atherosclerotic plaques [102]. Further inves
tigation is warranted to identify and quantify the lipid species which are 
directly or indirectly affected by DHA liposomes. 

To elucidate if the changes in lipid species in the plaques was related 
to changes in the blood lipid profile, we also measured plasma levels of 
total triglyceride (TG) and cholesterol (TC). No significant difference 
was observed in the TG and TC levels between the control liposomes and 
DHA liposomes treated mice (Fig. S6A & S6B). This data is consistent 
with some large clinical trials whereby DHA alone could not reduce 
plasma TG or TC [41]. 

To investigate if DHA liposomes could exert their anti-inflammatory 
effects systemically, we performed flow cytometry analysis on the blood 
cells of ApoE− /− mice before (Baseline) and after treatment (Post- 

treatment) (Fig. S7A & S7B). DHA liposomes did not affect the number 
of systemic immune cells, including circulating neutrophils and mono
cyte subpopulations (Ly6Chigh and Ly6CLow) (Fig. S7C – S7E). There was 
no influence of DHA liposomes either on the formation of platelet- 
neutrophil complexes or platelet-monocyte complexes (Fig. S7C – 
S7E). In consistence, there was no difference in plasma levels of pro- 
inflammatory cytokines between control and DHA liposomes treated 
mice (Fig. S8A & S8B). Of note, consistent with previous report [104], 
HFD increased the expression of CD11b in the platelet-monocyte com
plexes (Fig. S7D & S7E), which was not affected by DHA liposome 
treatment. From these findings, we can deduce that DHA liposomes exert 
their anti-atherosclerotic effect locally in the plaques rather than 
systemically. 

Fig. 6. DHA liposomes accumulate in macrophages of atherosclerotic plaques. (A) Representative ex vivo IVIS images of the hearts and whole aortas of ApoE− /− mice 
24 h post-injection of unlabelled control liposomes (control; left) or rhodamine-PE labelled DHA liposomes (right). (B) Quantification of rhodamine-PE fluorescence 
signal in the aortas. N = 3 mice per group. Data were expressed as radiant efficiency and expressed as mean ± standard deviation; * p < 0.05, ** p < 0.01, *** p <
0.001. (C) Immunofluorescence staining of macrophages in the aortic root. ApoE− /− mouse aortas were collected 24 h post-injection of Cy5-labelled DHA liposomes. 
Cell nuclei were stained with DAPI in blue, macrophages were stained with CD68 in green, and DHA liposomes in red. Arrows indicate co-localization of DHA li
posomes with macrophages. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 7. DHA liposomes attenuate atherosclerosis in ApoE− /− and Ldlr− /− mice. (A) Schematic illustration of atherosclerotic mouse model development on high-fat 
diet (HFD) and the treatment schedule. (B) Representative images of aortic arch in situ. Arrows indicate the location of plaques. (C) Representative images of ORO- 
stained aortas. Plaques were stained red. (D) Quantification of atherosclerotic plaques. N = 7 to 10 mice per group. Data were expressed as mean ± standard de
viation; * p < 0.05, ** p < 0.01, *** p < 0.001. (E) Schematic illustration of MALDI-MSI application on the cryosections of aortic root. The same section was stained 
with haematoxylin and eosin to co-register with the MALDI-MSI images for principal component analysis (PCA). The black lines demarcate different tissue regions. 
(F) Representative MALDI-MSI component images of aortic roots after PCA. The differences in the lipid profile of atherosclerotic plaques are denoted by the rainbow 
colour map. DHA liposome-treated mice exhibited a similar lipid profile with ApoE− /− mice that were fed on a normal chow diet, whereas control liposome-treated 
mice showed a similar lipid profile with ApoE− /− mice that were fed on HFD and injected with saline. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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Fig. 8. DHA liposomes enhance plaque stability. (A) Representative images of lipid, macrophages and collagen staining used for quantification in panels B, C and D. 
(B-D) Quantification of lipid content (ORO staining), macrophage infiltration (CD68 immunofluorescence staining) and collagen fibres (collagen type I immuno
fluorescence staining) in atherosclerotic plaques. N = 5 to 6 mice per group. (E) Plaque vulnerability index (PVI) of mice subject to different treatments. N = 5 to 6 
mice per group. Data were expressed as mean ± standard deviation; * p < 0.05, ** p < 0.01. (F) Schematic illustration of potential mechanisms via which liposomal 
DHA increases plaque stability. 
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Fig. 9. DHA liposomes reduce pro-inflammatory M1 macrophages and increase reparative M2 macrophages in atherosclerotic plaques. (A and B) Representative 
images of aortic root sections stained for M1 (iNOS+) and M2 (CD206+) macrophages, respectively. Cell nuclei were stained with DAPI. Quantification of M1 and M2 
macrophages (C) and ratios of M1 to M2 macrophages (D) in atherosclerotic plaques. N = 5 to 6 ApoE− /− mice per group. Gene expression of CD163 (E), CD206 (F), 
IL-10 (G), and SOD1 (H) in atherosclerotic aorta. N = 6 ApoE− /− mice per group. Data were expressed as mean ± standard deviation; * p < 0.05, ** p < 0.01. (I) 
Schematic diagram illustrating the hallmarks of M2 macrophages and potential pathways (anti-inflammation and antioxidant) that attenuate atherosclerosis 
progression. 
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3.8. DHA liposomes enhance plaque stability 

Plaque rupture occurs when the fibrous cap fissures, initiating 
platelet aggregation at the opening site and increasing the risk for the 
formation of coronary thrombi which is the main cause of acute 
myocardial infarction or stroke. The chance for a rupture event is highly 
dependent on the composition of the plaque, with pathologists being 
able to characterize plaques that are at risk of rupture based on the 
plaque morphology. Typically, a vulnerable plaque (plaque prone to 
rupture) is characterized by increased macrophage infiltration and a 
thin fibrous cap [105]. Stable plaques are less inflammatory and have an 
increased smooth muscle cell and collagen content with a thicker fibrous 
cap. To assess plaque vulnerability, we adopted the formula for plaque 
vulnerability index (PVI) from established studies [106] (Fig. S9A). As 
demonstrated by ORO staining, DHA liposomes reduced the lipid 
accumulation in the plaques of the treated mice when compared to 
control liposomes-treated mice which were not effective (Fig. 8A & 8B). 
Additionally, infiltration of macrophages occurred to a lesser extent in 
the case of the DHA liposomes-treated mice (Fig. 8A & 8C). In terms of 
collagen content, DHA liposomes increased collagen type I in the pla
ques by upregulating the gene expression of collagen I to a higher extent 
than control liposomes (Fig. 8A, 8D, & S9B). However, no significant 
difference was observed in the smooth muscle actin (aSMA) staining 
between DHA- or control liposomes-treated mice (Fig. S9C & S9D). 
Based on the formula in Fig. S9A, we attempted to quantify the effects of 

DHA liposomes on plaque vulnerability. Given the effects of DHA lipo
somes on lipid accumulation, macrophage infiltration and collagen 
content, the treatment with DHA liposomes was associated with 
enhanced atherosclerotic plaque stability with a lower plaque vulnera
bility index (PVI decreased by about 40%) compared to treatment with 
control liposomes (Fig. 8E & 8F). Plaques with high PVI have been 
correlated with a higher risk for adverse cardiovascular events [107]. 
Intravenous administration of DHA liposomes may therefore represent 
an additional therapeutic strategy to mitigate the risks of secondary 
events in patients with CVD [108]. 

3.9. DHA liposomes decrease the number of pro-inflammatory M1 
macrophages and increase the number of reparative M2 macrophages in 
the plaques 

It has been reported that M1 macrophages aggravate atherosclerosis 
progression by stimulating inflammation, whereas M2 macrophages 
promote plaque regression and stability by reducing inflammation and 
promoting wound healing [109]. In this study, we demonstrated DHA 
liposomes can reduce the number of M1 macrophages and repolarise M1 
macrophages towards the M2 phenotype in vitro (Fig. 4). We also 
quantified the number of M1 and M2 macrophages in vivo and assessed 
the M1/M2 ratio in the atherosclerotic plaques of the ApoE− /− mice at 
the end of the 8 weeks intervention study. DHA liposomes reduced the 
number of M1 macrophages and increased the number of M2 

Fig. 10. Schematic illustration of athero
sclerosis treatment with injectable liposomal 
DHA. Upon intravenous administration, 
DHA liposomes accumulate in the athero
sclerotic plaques and are taken up by lesional 
macrophages. DHA liposomes inhibit 
inflammation by reducing pro-inflammatory 
M1 macrophages and increasing anti- 
inflammatory M2 macrophages within the 
plaques, suppress foam cell formation by 
inhibiting M1 macrophage uptake of 
oxidized LDL, and increase collagen pro
duction, thereby alleviating atherosclerosis 
progression and enhancing plaque stability.   
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macrophages (Fig. 9A, 9B, & 9C), resulting in lower ratios of M1/M2 
macrophages (reduction by about 75%) in atherosclerotic plaques 
(Fig. 9D). Furthermore, DHA liposomes increased the gene expression of 
anti-inflammatory cytokine IL-10, the antioxidant enzyme SOD1, and 
M2 macrophage surface markers (CD163 and CD206) in the aorta wall 
compared to treatment with control liposomes (Fig. 9E – 9H). Interest
ingly, expression levels of the studied M2 surface markers are inversely 
associated with atherosclerosis progression in human patients [110]. It 
is important to note that M2 macrophages are abundant in stable 
atherosclerotic plaques in both human patients and animal models 
[110–112]. M2 macrophages may stabilize plaques and attenuate 
atherosclerosis progression by promoting collagen production and 
reducing foam cell formation [71,113] (Fig. 9I). 

4. Conclusion 

Liposomal encapsulation protects DHA from degradation while 
maintaining its bioactivity profile. Liposomes can direct the encapsu
lated DHA to macrophages in plaques of atherosclerotic mice resulting 
in anti-atherosclerotic activity in vivo. DHA liposomes inhibit inflam
mation, ROS production and OxLDL uptake-induced macrophage foam 
cell formation in vitro. Upon intravenous administration, DHA liposomes 
localize in atherosclerotic plaques and are taken up by lesional macro
phages. As a result, DHA liposomes reduce atherosclerotic plaques and 
enhance plaque stability by decreasing macrophage infiltration, sup
pressing foam cell formation (lipid deposition), and increasing collagen 
content (Fig. 10). Furthermore, DHA liposomes increase the expression 
of anti-inflammatory IL-10 and promote polarization of plaque macro
phages to the M2 phenotype. Our findings indicate that intravenous 
liposomal DHA represents a promising novel therapy to halt the pro
gression of atherosclerosis and might find therapeutic application for the 
treatment of high-risk atherosclerosis patients. It might be interesting to 
evaluate the therapeutic effects of DHA liposomes via oral administra
tion. However, since liposome integrity is damaged while going through 
the gastrointestinal degrading environment, resulting in aggregation 
and leakage of liposomes [114], one would expect that oral adminis
tration of the same dose of DHA liposomes as used for i.v. injections in 
the current study may yield very limited amount of DHA liposomes 
accessible to the atherosclerotic plaques (at least 40,000 to 400,000 
times lower than reported therapeutic oral doses) and thus unlikely as 
effective in anti-atherosclerosis as i.v. administration. Nonetheless, to 
establish an acceptable dosing regimen which is suitable for intravenous 
treatment of patients, additional dose-response studies are mandatory. 
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S. Abela, L. Franchi, G. Nũez, M. Schnurr, T. Espevik, E. Lien, K.A. Fitzgerald, K. 
L. Rock, K.J. Moore, S.D. Wright, V. Hornung, E. Latz, NLRP3 inflamasomes are 
required for atherogenesis and activated by cholesterol crystals that form early in 
disease, Nature. 464 (2010) 1357, https://doi.org/10.1038/NATURE08938. 

[11] D. Karunakaran, M.A. Nguyen, M. Geoffrion, D. Vreeken, Z. Lister, H.S. Cheng, 
N. Otte, P. Essebier, H. Wyatt, J.W. Kandiah, R. Jung, F.J. Alenghat, A. Mompeon, 
R. Lee, C. Pan, E. Gordon, A. Rasheed, A.J. Lusis, P. Liu, L.P. Matic, U. Hedin, J. 
E. Fish, L. Guo, F. Kolodgie, R. Virmani, J.M. van Gils, K.J. Rayner, RIPK1 
expression associates with inflammation in early atherosclerosis in humans and 
can be therapeutically silenced to reduce NF-κB activation and Atherogenesis in 
mice, Circulation. 143 (2021) 163–177, https://doi.org/10.1161/ 
CIRCULATIONAHA.118.038379. 

[12] P.M. Ridker, B.M. Everett, T. Thuren, J.G. MacFadyen, W.H. Chang, 
C. Ballantyne, F. Fonseca, J. Nicolau, W. Koenig, S.D. Anker, J.J.P. Kastelein, J. 
H. Cornel, P. Pais, D. Pella, J. Genest, R. Cifkova, A. Lorenzatti, T. Forster, 
Z. Kobalava, L. Vida-Simiti, M. Flather, H. Shimokawa, H. Ogawa, M. Dellborg, P. 
R.F. Rossi, R.P.T. Troquay, P. Libby, R.J. Glynn, Antiinflammatory therapy with 
Canakinumab for atherosclerotic disease, N. Engl. J. Med. 377 (2017) 
1119–1131, https://doi.org/10.1056/NEJMOA1707914/SUPPL_FILE/ 
NEJMOA1707914_DISCLOSURES.PDF. 

[13] J.-C. Tardif, S. Kouz, D.D. Waters, O.F. Bertrand, R. Diaz, A.P. Maggioni, F. 
J. Pinto, R. Ibrahim, H. Gamra, G.S. Kiwan, C. Berry, J. López-Sendón, P. Ostadal, 
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