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Abstract 

Rationale: Atherosclerotic plaque is a chronic inflammatory disorder involving lipid accumulation 
within arterial walls. In particular, macrophages mediate plaque progression and rupture. While PPARγ 
agonist is known to have favorable pleiotropic effects on atherogenesis, its clinical application has been 
very limited due to undesirable systemic effects. We hypothesized that the specific delivery of a PPARγ 
agonist to inflamed plaques could reduce plaque burden and inflammation without systemic adverse 
effects.  
Methods: Herein, we newly developed a macrophage mannose receptor (MMR)-targeted 
biocompatible nanocarrier loaded with lobeglitazone (MMR-Lobe), which is able to specifically activate 
PPARγ pathways within inflamed high-risk plaques, and investigated its anti-atherogenic and 
anti-inflammatory effects both in in vitro and in vivo experiments. 
Results: MMR-Lobe had a high affinity to macrophage foam cells, and it could efficiently promote 
cholesterol efflux via LXRα-, ABCA1, and ABCG1 dependent pathways, and inhibit plaque protease 
expression. Using in vivo serial optical imaging of carotid artery, MMR-Lobe markedly reduced both 
plaque burden and inflammation in atherogenic mice without undesirable systemic effects. 
Comprehensive analysis of en face aorta by ex vivo imaging and immunostaining well corroborated the in 
vivo findings.  
Conclusion: MMR-Lobe was able to activate PPARγ pathways within high-risk plaques and effectively 
reduce both plaque burden and inflammation. This novel targetable PPARγ activation in macrophages 
could be a promising therapeutic strategy for high-risk plaques. 
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Introduction 
Atherosclerosis is recognized as a chronic 

inflammatory disorder associated with lipid 
accumulation within arterial walls [1]. Since 
macrophages play a pivotal role in plaque 
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vulnerability, macrophage-abundant atheroma tends 
to become destabilized, and finally rupture, causing 
thrombotic complications. Although high-risk plaque 
can be treated with lipid-lowering agents, 
cardiovascular events still remain the leading cause of 
death worldwide [2].  

 Peroxisome proliferator-activated receptor 
gamma (PPARγ) is a nuclear receptor, functioning as a 
ligand-activated transcriptional regulator of genes 
that control lipid and glucose metabolism [3, 4]. Since 
PPARγ activation upregulates the regulators of 
cholesterol efflux in macrophages [3, 4] and reduces 
inflammation in atheroma by inhibiting nuclear 
factor-kappa B activity [4-8], this pathway could be an 
attractive target for treating atherosclerosis. While a 
few reports have demonstrated that PPARγ agonists 
could stabilize high-risk plaques [9-12], PPARγ 
agonist therapy for atherosclerosis is still challenging 
due to adverse systemic effects including weight gain, 
edema, congestive heart failure, and bone fracture 
[13-15].  

The recent advent of smart targeted drug 
delivery has emerged as a promising strategy to 
overcome these hurdles and enhance therapeutic 
effects with a minimum of side effects [16-21]. Despite 
promising results in oncology [22-24], the targetable 
strategy in atherosclerosis has been explored in only a 
few studies, providing limited benefits such as 
anti-inflammatory effects [21, 25-27].  

To address these unmet needs, we developed a 
novel PPARγ activation strategy targeting plaque 
macrophages to treat inflamed high-risk atheroma. As 
mannose receptor is highly expressed in the 
macrophages within thin-cap fibroatheroma (TCFAs) 
of human coronary arteries, it has been utilized as a 
target for PET and optical imaging of plaque inflame-
mation [28, 29]. Here, we loaded PPARγ agonist, 
lobeglitzone, into a macrophage mannose receptor 
(MMR) targeted nanocarrier based on biocompatible 
glycol chitosan (GC). By combining customized in vivo 
serial optical imaging, comprehensive ex vivo analysis, 
and in vitro assays, we evaluated whether our targeted 
therapeutic strategy enhances specific activation of 
the PPARγ pathways in inflamed high-risk plaques 
and could effectively reduce both plaque burden and 
inflammatory activity. 

 

Materials and Methods 
Expanded materials and methods are presented 

in Supplementary Materials. 

Synthesis of MMR-Lobe 
 Macrophage mannose receptor (MMR)- 

targeting carriers were prepared based on thiolated 

glycol chitosan, as a lobeglitazone delivery system, as 
described in the previous study [29]. Briefly, thiolated 
glycol chitosan and mannose-polyethylene glycol- 
maleimide (MAN-PEG-MAL) were reacted in 
phosphate-buffered saline (PBS) for 20 h, then 
lyophilized to yield MAN-PEG-GC. To fabricate 
self-assembled structures, MAN-PEG-GC and 
cholesteryl chloroformate were reacted in anhydrous 
dimethyl sulfoxide (DMSO): dimethylforamide 
(DMF) co-solvent (3:1) containing triethylamine for 24 
h.  

For in vivo imaging and monitoring of drug 
efficacy in atherosclerotic plaques, the carriers were 
labelled with cyanine 5.5-NHS ester (MMR-Cy5.5). 
Therapeutic MMR-Lobe were prepared as follows: 
MMR-targeting carriers and lobeglitazone were 
completely dissolved in DMSO by stirring for 3 h, 
dialyzed against distilled water using a dialysis 
membrane (MWCO 6,000–8,000 Da) for 1 day, and 
lyophilized for 2 days to obtain MMR-Lobe.  

Characterization of MMR-Lobe 
To evaluate the shape and size of MMR-Lobe, 1 

mg of MMR-Lobe was dispersed in distilled water (1 
mL). Then, they were analyzed using a Zetasizer 3000 
instrument (Malvern Instruments) and an Energy 
Filtering Transmission Electron Microscope (EF-TEM, 
LEO 912AB OMEGA, Carl Zeiss, Germany).  

 The drug loading efficiency and loading content 
of lobeglitazone in MMR-Lobe were calculated by 
first dissolving MMR-Lobe (1 mg) in 1 mL of 
acetonitrile/H2O/formic acid (60:40:0.25). The 
amount of lobeglitazone loaded in MMR-Lobe was 
determined by high-performance liquid 
chromatography (HPLC) (Agilent 1260 series) as 
described in Supplementary Materials. 

 To study the in vitro release profile of 
lobeglitazone from MMR-Lobe, the lyophilized 
MMR-Lobe (1 mg) was dispersed in PBS (1 mL, pH 
7.4). The dispersed MMR-Lobe was then placed in a 
dialysis membrane (MWCO 6,000–8,000 Da) which 
was immersed in PBS (pH 7.4) followed by gentle 
shaking in a water bath (37°C) oscillating 100 
times/min. The medium was replaced with fresh 
medium at predetermined intervals. The amount of 
lobeglitazone released from MMR-Lobe was 
determined by HPLC in the same manner described 
above for determining drug loading efficiency.  

To determine the uptake of MMR probes in 
macrophage derived foam cells, RAW 264.7 cells were 
stimulated with low-density lipoprotein (LDL, 100 
µg/mL) and lipopolysaccharide (LPS, 200 ng/mL). 
After 24 h, cells were replaced with fresh media 
containing various concentrations of MMR-Cy5.5 (25, 
50, and 100 μg/mL) for 1 h. The cells were washed 
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two times with PBS to remove MMR-Cy5.5 that were 
not internalized, and were fixed with 4% 
paraformaldehyde solution for 30 min. After nuclei of 
the cells were stained with DAPI for 10 min, cellular 
uptake was visualized using intravital multi-photon 
laser-scanning confocal microscopy (LSM 780 Meta 
NLO, Carl Zeiss, Germany). 

In vitro assays 
 RAW 264.7 cells were cultured in Dulbecco's 

modified Eagle medium (DMEM; GenDEPOT) 
supplemented with 10% heat-inactivated fetal bovine 
serum (GenDEPOT), 100 U/mL penicillin and 100 
μg/mL streptomycin (GenDEPOT). The cells were 
incubated in an atmosphere of 5% CO2 at 37°C and 
were subcultured every 2 days. 

To measure the production of tumor necrosis 
factor alpha (TNF-α), interleukin 6 (IL-6), and matrix 
metallopeptidase 9 (MMP-9) by RAW 264.7 cells, the 
cells were incubated with increasing concentrations of 
lobeglitazone, dose-equivalent MMR-Lobe, MMR 
vehicle, or saline for 6 h. The cells were challenged 
with LPS (200 ng/mL) for 3 h, and then TNF-α, IL-6, 
and MMP-9 levels in the supernatant were measured 
using enzyme-linked immunosorbent assay (ELISA).  

To determine the expression of ABCA1, ABCG, 
and LXRα, RAW 264.7 cells were plated at a density of 
5 × 106 cells per 100 mm dish. Cells were pretreated 
with lobeglitazone, MMR-Lobe, MMR vehicle, or 
saline. After incubation for 9 h, western blot analysis 
and real-time PCR were performed in the lysed cells.  

To determine the effects of MMR-Lobe on foam 
cell formation, RAW 264.7 cells were incubated with 
increasing concentrations of lobeglitazone, 
dose-equivalent MMR-Lobe, MMR vehicle, or saline. 
After stimulation with low-density lipoprotein (LDL, 
100 µg/mL) and LPS (200 ng/mL), quantitation of Oil 
Red O (ORO) stained areas was performed by 
histomorphometirc analysis with Image J software. 
The stained area was measured and averaged for 30 
cells in 10 fields per dish.  

 To accurately estimate total cholesterol levels in 
macrophage foam cells treated with lobeglitazone or 
MMR-Lobe compared with control, RAW 264.7 cells 
were plated at a density of 1 x 106 cells in each 6 cm 
culture dish. Cells were incubated with increasing 
concentrations of lobeglitazone, dose-equivalent 
MMR-Lobe, MMR vehicle, or saline. After stimulation 
with low-density lipoprotein (LDL, 100 µg/mL) and 
LPS (200 ng/mL), cells were washed with cold PBS 
two times prior to lysis. Total cholesterol in 
macrophage foam cells in each group was extracted 
with 200 µL of a mixture of 
chloroform/isopropanol/NP-40 (7:11:0.1). Total 
cholesterol was measured by commercial assay kit 

(Cell Biolabs, Inc., San Diego, CA, USA), following the 
manufacturer’s protocol.  

In vivo experimental design 
 The therapeutic effects of MMR-Lobe were 

evaluated in apoE-/- mice (B6. 129P2-Apoetm1Unc/J) 
purchased from Jackson Laboratory. The apoE-/- mice 
consumed a high cholesterol diet containing 16.0% fat, 
21.0% protein, 46.0% carbohydrate, and 1.25% 
cholesterol (Research Diets Inc., USA) for 8 weeks 
from 8 to 16 weeks of age. After baseline in vivo 
imaging of carotid plaques, the apoE-/- mice with 
established carotid plaques were randomized into 4 
groups: MMR-Lobe treatment, lobeglitazone per se 
gavage, MMR vehicle, and saline group. The mice of 
each group were subsequently treated for 4 weeks 
with intravenous injection of MMR-Lobe (7 mg/kg, 2 
injections per week, n = 6), oral administration of 
lobeglitazone (2 mg/kg per day, n = 6), MMR vehicle 
(2 MMR vehicle injections per week, n = 6), or placebo 
(2 saline injections per week, n = 6). Mice were 
maintained on a normal diet during the treatment. 
After 4 weeks of treatment, the in vivo imaging was 
performed in the same carotid plaque with identical 
imaging settings to determine the serial changes of 
carotid plaques features including size and 
inflammation. After the 2nd in vivo imaging, a 
comprehensive analysis including ex vivo imaging and 
immunohistopathology was performed. The 
Institutional Animal Care and Use Committee of 
Korea University (KUIACUC-20150820-1) approved 
the study protocol.  

In vivo serial imaging using customized 
multi-channel confocal intravital imaging 

A multi-channel confocal intravital fluorescence 
microscope (MCC-IVFM) was customized to visualize 
murine carotid plaques and macrophages in vivo. 
Briefly, optimized features of the MCC-IVFM include 
upright epi-fluorescence configuration, fast image 
acquisition rate of 4 frames/s, wide field-of-view of 
2.4 mm × 2.4 mm, and flexible access to the carotid 
artery using a 5-axis staging platform. To visualize 
carotid angiogram and plaque macrophage 
distribution simultaneously, 488 nm and 633 nm 
excitation lasers were used for fluorescein 
isothiocyanate (FITC)-dextran and MMR-Cy5.5, 
respectively. Baseline and serial imaging of each 
mouse were performed under identical imaging 
settings. Also, bright-field images were acquired to 
co-register the imaging fields of 2 IVFM data sets.  

 To estimate the changes in MMR-NIRF signals 
between baseline and serial images of each apoE-/- 
mouse, MMR-Cy5.5 (10 mg/kg) was injected via tail 
vein 48 h prior to imaging. Immediately before 
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imaging, FITC-dextran was administered via tail vein 
as a fluorescent agent for angiography. After surgical 
exposure of the carotid artery, apoE-/- mice 
underwent our customized intravital imaging. To 
accurately quantify MMR-Cy5.5 signals from 
macrophages, the average level of auto-fluorescence 
from the vasculature was pre-determined by imaging 
normal carotid arteries of four CL57BL/6 mice 
without injecting fluorescent agents. The 
auto-fluorescence signal was used as a background 
threshold level to determine whether or not each pixel 
value contained MMR-Cy5.5 signals. Plaque area was 
determined by filling defect area on a FITC-dextran 
vessel angiogram. Macrophage areas were calculated 
by counting the number of effective pixels, that have 
higher macrophage-derived signals above the 
background threshold within the plaque region. 
Macrophage signal intensity was calculated from the 
mean signal intensity of the macrophage in the 
plaques. 

Ex vivo en face fluorescence reflectance 
imaging and Oil Red O staining 

 Near-infrared signals from en face preparations 
of whole aortas were measured using fluorescence 
reflectance imaging (FRI, Davinch-K Co., Ltd, Korea). 
Then, en face preparations of whole aortas stained 
with ORO were used to quantify aortic plaque burden 
by measuring the ORO-stained area. 

Immunofluorescence staining  
 Immunofluorescence stainings were performed 

on consecutive cross-sections of aortic sinus. The 
following primary antibodies for PPARγ (1:50, rabbit 
anti-PPARγ, Novus Biological, USA), LXRα (1:50, 
rabbit anti-LXRα, Abcam, UK), ABCA1 (1:500, rabbit 
anti-ABCA1, Abcam, UK), ABCG1 (1:50, rabbit 
anti-ABCG1, Abcam, UK), and MMP-9 (1:500, rabbit 
anti-MMP9, Abcam, UK) were used. After incubating 
overnight at 4℃ and washing with PBS for 15 min, 
aortic sinus sections were incubated for 2 h at 37℃ 
with appropriate secondary antibodies: Alexa Fluor 
488-conjugated goat anti-rabbit IgG (1:100, Jackson 
ImmuneResearch Laboratories, USA), Alexa Fluor 
594-conjugated goat anti-rabbit IgG (1:100, Jackson 
ImmuneResearch Laboratories, USA), 
AMCA-conjugated goat anti-rabbit IgG (1:100, 
Jackson ImmuneResearch Laboratories, USA). The 
sections were observed under a confocal laser 
scanning microscope (LSM700, Carl Zeiss, Germany) 
with identical windowing. 

Histopathology and immunohistochemistry 
 Histomorphometry and immunostaining 

analyses were performed on consecutive 
cross-sections of imaging - targeted carotid plaques 

(total 72 sections; 3 sections of largest plaque area per 
mouse, 6 mice per group, were analyzed) to validate 
the in vivo findings, and also aortic sinus (total 960 
cross sections; 40 sections per mice, 6 mice per group, 
were analyzed) to quantitatively compare the 
treatment effects between groups. To detect lipid 
accumulation and macrophage contents, ORO 
staining and Mac3 staining were performed, 
respectively. For classically activated macrophage 
analysis, CD86 staining was performed for each 
consecutive plaque.  

Statistical analysis 
 All quantitative experiments were performed in 

triplicate. Statistical analyses were performed with 
GraphPad Prism (v5.3; GraphPad Software, San 
Diego, CA). Data are expressed as mean ± SD. Mean 
values were compared between four groups by a 
Kruskal–Wallis non-parametric one-way analysis of 
variance (ANOVA), and between two-groups by a 
Mann-Whitney test. The Wilcoxon matched-pairs 
signed-ranks test was used to determine differences 
between the first and second images from the same 
murine carotid plaque. P values less than 0.05 were 
considered statistically significant. 

 

Results 
Synthesis and characteristics of MMR-Lobe 

 A synthetic process and schematic illustration of 
the MMR-Lobe are presented in Figure 1A and 1B. 
MMR-targeting carriers were fabricated by chemically 
conjugating hydrophilic thiolated glycol chitosan 
with mannose-polyethylene glycol-maleimide to 
target macrophage mannose receptors. Then, it was 
reacted with the hydrophobic molecule, cholesteryl 
chloroformate to form self-assembled particles. The 
hydrophobic PPARγ agonist, lobeglitazone, was then 
incorporated into the hydrophobic inner core of the 
MMR-targeted carrier (MMR-Lobe). The 
morphological properties of MMR-Lobe were 
investigated by transmission electron microscopy 
which identified self-assembled spherical particles 
with a diameter ranging from 300-350 nm (Figure 1C).  

 There were no significant changes in serum 
concentration of inflammatory cytokines such as 
TNF-α, IL-6, and MMP-9 after MMR-carrier injection 
(Figure S1). The calculated loading efficiency and 
content of lobeglitazone were 95.7% ± 4.21%, and 
28.7% ± 1.26%, respectively. Lobeglitazone release 
from MMR-Lobe was studied over time, and the 
results showed a rapid release of 91.0% ± 3.06% within 
the first 12 h, followed by a sustained release (Figure 
1D). 
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To characterize the uptake of MMR carriers into 
macrophage foam cells, we induced foam cell 
formation by adding LDL (100 µg/mL) and LPS (200 
ng/mL) to RAW 264.7 cells and incubated with 
MMR-Cy5.5 for 1 h. After fixation, confocal 
fluorescence microscopy revealed that the particles 
were indeed internalized by macrophage foam cells in 
a dose-dependent manner (Figure 1E). To address the 
specificity of MMR-Lobe, we performed a blocking 
study with D-mannose and mannan, which bind 
mannose receptors. The fluorescence intensity of 
MMR-Cy5.5 decreased in macrophage-derived foam 
cells when pre-treated with D-mannose or mannan, 
indicating that MMR-probe can more specifically 
target mannose receptors (Figure S2). 

In vitro mechanism assays: enhancement of 
cholesterol efflux and suppression of 
inflammation activity 

 To determine whether PPARγ activation by 
MMR-Lobe inhibits inflammation in macrophages, 
we incubated RAW 264.7 cells with increasing 
concentrations of lobeglitazone, dose-equivalent 
MMR-Lobe, MMR vehicle, or saline. We then 
stimulated the cells with LPS and assessed expression 
of the inflammatory cytokines TNF-α, IL-6, and 
MMP-9 using ELISA. The levels of these cytokines 
significantly decreased in macrophages treated with 
MMR-Lobe (Figure 2A). Lobeglitazone and 
MMR-Lobe were comparably effective in attenuating 
inflammatory cytokines at all concentrations. 

 

 
Figure 1. Characterization of macrophage mannose receptor targeted PPARɣ agonist, lobeglitazone (MMR-Lobe). (A) The synthetic molecular 
structure of MMR-Lobe. (B) Schematic illustration of MMR-Lobe. (C) Representative transmission electron microscopy image of MMR-Lobe, showing a monodisperse 
population (scale bar, 500 nm). The size distribution of MMR-Lobe demonstrates an average diameter of 300–350 nm. (D) In vitro release of lobeglitazone from 
MMR-Lobe. (E) Confocal microscopy images of MMR-Cy5.5 internalization in macrophage foam cells.  
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Figure 2. In vitro assays of MMR-Lobe. (A) Anti-inflammatory effects of MMR-Lobe and lobeglitazone treatment in RAW 264.7 cells. ELISA showed a decrease 
in TNF-α, IL-6, and MMP-9 production in both MMR-Lobe and lobeglitazone-treated cells as compared with those in the saline control and MMR vehicle groups, in 
a dose-dependent manner. (B) Effects of MMR-Lobe and lobeglitazone on cholesterol efflux. RT-PCR and western blot analysis showed an increase in ABCA1, 
ABCG1, and LXRα expressions in RAW 264.7 cells treated by MMR-Lobe in a dose-dependent manner. ABCA1: ATP-binding cassette transporters A1; ABCG1: 
ATP-binding cassette transporters G1; LXRα: Liver X receptor alpha. (C) Inhibition of foam cell formation in RAW 264.7 cells by MMR-Lobe. (D) Cellular cholesterol 
level in MMR-Lobe and lobeglitazone compared to control and MMR vehicle. Results were obtained from 3 separate experiments; * P < 0.05, ** P < 0.01, by ANOVA 
followed by Mann-Whitney test.  
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To investigate whether MMR-Lobe increases 
cholesterol efflux in macrophages, we likewise 
incubated RAW 264.7 cells with increasing 
concentrations of lobeglitazone, dose-equivalent 
MMR-Lobe, MMR vehicle, or saline. As ATP-binding 
cassette transporters A1 and G1 (ABCA1, ABCG1) are 
essential regulators of cholesterol efflux and Liver X 
receptor alpha (LXRα) is a nuclear receptor that 
induces ABCA1 and ABCG1 transcription, the 
expression of ABCA1, ABCG1, and LXRα were 
evaluated by RT-PCR and western blotting. Both 
RNA and protein levels of these molecules 
significantly increased in macrophages treated with 
MMR-Lobe in a dose dependent manner. 
Lobeglitazone and MMR-Lobe were equally effective 
in enhancing ABCG1 expression; but, intriguingly, 
MMR-Lobe was more effective than lobeglitazone in 
enhancing expression of ABCA1 and LXRα at high 
concentration (Figure 2B).  

 To assess the effects of MMR-Lobe on 
macrophage foam cell formation, we incubated RAW 
264.7 derived foam cell with increasing concentrations 
of lobeglitazone, dose-equivalent MMR-Lobe, MMR 
vehicle, or saline. Treatment with MMR-Lobe 
significantly and dose-dependently decreased foam 
cell formation. At low concentration, the effect of 
MMR-Lobe on foam cell inhibition was comparable to 
that of lobeglitazone. But at high concentration, foam 
cell formation was more prominently attenuated by 
MMR-Lobe treatment compared to lobeglitazone 
treatment (Figure 2C). To investigate whether this 
inhibitory effect of MMR-Lobe on macrophage foam 
cells is mediated by targeting mannose receptor, we 
performed a blocking study with D-mannose and 
mannan. Foam cell formation increased in MMR 
Lobe-treated macrophages when mannose receptors 
were blocked with D-mannose or mannan (Figure S3).  

To quantitatively estimate the cholesterol 
contents in macrophage foam cells treated with 
lobeglitazone and MMR-Lobe, we incubated RAW 
264.7-derived foam cells with increasing concen-
trations of lobeglitazone, dose-equivalent MMR-Lobe, 
MMR vehicle, or saline. After washing with PBS two 
times, cellular cholesterol was extracted and 
measured. The level of cholesterol in macrophage 
foam cells was significantly lower in the MMR-Lobe 
group compared to controls (Figure 2D). 

In vivo serial imaging assessment of carotid 
plaques 

 To assess the anti-atherogenic and 
anti-inflammatory effects of MMR-Lobe in vivo, we 
performed serial imaging of carotid plaques in apoE-/- 
mice using a customized multi-channel confocal laser 
scanning microscopy before and after treatment with 

MMR-Lobe, lobeglitazone, or saline (Figure 3A and 
3B).  

In in vivo images, plaque areas were determined 
as a filling defect in the fluorescein isothiocyanate 
(FITC) angiogram, and macrophage signals were 
evaluated using the Cy5.5 fluorescence channel which 
was described in a previous study [29]. To accurately 
quantify the macrophage signals, we applied 
threshold levels that were obtained by averaging the 
levels of auto-fluorescence from four CL57BL/6 mice. 
Macrophage areas were determined based on the 
threshold within the plaque, and macrophage signal 
intensities were calculated from the mean signal 
intensity in the plaque macrophages (Figure S4). In 
the mice treated with MMR-Lobe, all parameters, 
such as carotid plaque size, plaque macrophage area, 
and plaque macrophage signal intensity, markedly 
decreased over the 4 weeks of treatment (plaque size 
decreased by 42.5% compared to baseline, P = 0.031; 
plaque macrophage area decreased by 56.4%, P = 
0.030; plaque macrophage signal intensity decreased 
by 50.4%, P = 0.031) (Figure 3C, 4A, 4B and 4F). In 
contrast, plaque size, plaque macrophage area, and 
plaque macrophage signal intensity increased over 4 
weeks in the control group (plaque size increased by 
52.6%, P = 0.030; plaque macrophage area increased 
by 62.7%, P = 0.031; plaque macrophage signal 
intensity increased by 45.5%, P = 0.030) (Figure 3F, 4A, 
4E, and 4F) and in the MMR vehicle group (plaque 
size increased by 52.9%, P = 0.031; plaque macrophage 
area increased by 54.4%, P = 0.031; plaque 
macrophage signal intensity increased by 36.9%, P = 
0.031) (Figure 3E, 4A, 4D, and 4F). In the mice treated 
with lobeglitazone per se, these parameters did not 
show significant changes over the treatment period 
(plaque size increased by 7.3%, P = 0.313; plaque 
macrophage area decreased by 11.7%, P = 0.313; and 
plaque macrophage signal intensity decreased by 
17.9%, P = 0.094) (Figure 3D, 4A, 4C, and 4F).  

Ex vivo imaging validation of whole aorta en 
face 

 To estimate the effects of MMR-Lobe treatment 
on systemic atheroma burden and inflammation, we 
took the en face aortas of apoE-/- mice after serial 
intravital imaging. The MMR-Lobe treatment group, 
but not MMR vehicle or lobeglitazone per se group, 
showed a prominent reduction in inflammatory 
burden of the aorta en face as determined by 
fluorescence reflectance imaging ex vivo (FRI) (Figure 
5A and B). Additionally, the MMR-Lobe group, but 
not MMR vehicle or lobeglitazone per se group, 
showed a potent decrease in plaque burden as 
measured by ORO staining (Figure 5C and D).
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Figure 3. In vivo serial imaging of carotid plaques in ApoE-/- mice. (A) Schematic of the serial imaging of carotid plaques in ApoE-/- mice. (B) Schematic 
illustration of multi-channel confocal intravital fluorescence microscopy. Representative in vivo optical imaging of carotid plaques at baseline and after treatment in the 
MMR-Lobe (C), lobeglitazone per se (D), MMR vehicle (E) and control groups (F). Vessel angiograms obtained from the fluorescein isothiocyanate (FITC)-dextran 
channel clearly identified the plaques. Macrophage contents within the plaques were imaged using the cyanine 5.5 channel. The plaque burden and macrophage signals 
markedly decreased over the 4 weeks of treatment in MMR-Lobe-treated mice as compared to the other groups. Arrows indicate carotid bifurcation. 
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Figure 4. Quantitative analysis of serial therapeutic effects on carotid plaques. (A) Representative example of quantitative analysis in four treatment 
groups. (B) In the MMR-Lobe group, plaque size, plaque macrophage area, and macrophage signal decreased dramatically over the 4 weeks of treatment. (C) In the 
lobeglitazone per se group, plaque size and macrophage content did not show significant changes over time. In the MMR vehicle (D) and control (E) groups, all 
parameters including plaque size, plaque macrophage area, and plaque macrophage signal increased over the 4 weeks of treatment; n = 6 mice per group; * P < 0.05, 
** P < 0.01, by Wilcoxon matched-pairs signed-ranks test. (F) Collectively, plaque size, plaque macrophage area, and plaque macrophage signal prominently decreased 
in the MMR-Lobe treatment group, as compared to the lobeglitazone per se, MMR vehicle, and control groups; n = 6 mice per group; * P < 0.05, ** P < 0.01, by 
ANOVA followed by Mann-Whitney test. 

 

Comparative activation of PPARγ, LXRα, 
ABCA1, ABCG1 and expression of MMP-9 in 
aortic atheroma  

 To determine whether MMR-Lobe activates 
PPARγ pathways in the atheroma, 
immunofluorescence imaging of PPARγ, LXRα, 
ABCA1 and ABCG1 in the aortic plaques was 
analyzed. PPARγ immunoreactivities in the plaques 
of MMR-Lobe-treated mice co-localized well with 
LXRα, ABCA1 and ABCG1 activations (Figure 6A and 
Figure S5). The double immunofluorescence staining 
for macrophage and PPAR pathway markers revealed 
that the macrophage immunoreactivities were well 
co-localized with PPARγ, LXRα, ABCA1, ABCG1 but 
not MMP9 (Figure S6). Intriguingly, activation of 
PPARγ, LXRα, ABCA1 and ABCG1 significantly 
increased in MMR-Lobe-treated mice as compared to 
lobeglitazone per se, MMR vehicle, or control. (Figure 
6B-6E). Additionally, the expression of MMP-9 was 
significantly attenuated in MMR-Lobe-treated mice 

compared with other groups (Figure 6F).  

Immunohistological validation of the plaques 
at imaged carotid artery and the aortic sinus 

 Total 72 sections (3 consecutive sections of the 
largest imaged carotid plaque per mouse, with 6 mice 
per group) were analyzed. In line with the in vivo 
imaging results, immunostainings of the carotid 
plaques of apoE-/- mice in the MMR-Lobe treatment 
group showed a prominent reduction of lipid 
accumulation and macrophage infiltration as 
compared to those of control, MMR vehicle, and 
lobeglitazone treatment groups; 54.2% reduction vs. 
control group, 50.6% reduction vs. MMR vehicle, and 
44.1% reduction vs. lobeglitazone group in the 
percentage of ORO-staining areas (Figure 7A and 7B); 
72.6% reduction vs. control group, 69.8% reduction vs. 
MMR vehicle, and 41.2% reduction vs. lobeglitazone 
group in the percentage of Mac3-staining areas, 
respectively (Figure 7A and 7C).  

 To further validate the effects of MMR-Lobe on 
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systemic atheroma, we comprehensively compared 
atherosclerotic burden at aortic sinus level among the 
treatment groups. 960 cross-sections in total were 
analyzed, covering the entire aortic root with 40 
cross-sections of the aortic sinus area per mouse (6 
mice per group). The largest plaque area with the 
three valve leaflets was adopted for morphological 
analysis. Aortic plaque lesions were significantly 
smaller in the mice treated with MMR-Lobe than 
those of control, MMR vehicle, and 
lobeglitazone-treated mice (54.1% vs. control, P = 
0.002, 54.8% vs. MMR vehicle, P = 0.002, and 45.0% vs. 
lobeglitazone, P = 0.005, respectively) as determined 
by H & E staining (Figure 7D and 7E). Consistently, 
immunostainings of the MMR-lobe group showed 
lower levels of lipid contents, macrophages, and even 
activated macrophages as compared to those of 
control, MMR vehicle, and lobeglitazone groups; 
59.3% vs. control, P = 0.022, 58.0% vs. MMR vehicle, P 
= 0.008, and 43.2% vs. lobeglitazone, P = 0.005, 

reductions in lipids by ORO stainings (Figure 7D and 
7F); 51.8% vs. control, P = 0.001, 50.1% vs. MMR 
vehicle, P < 0.001, and 51.3% vs. lobeglitazone, P = 
0.035, reductions in macrophages by Mac3 stainings, 
respectively (Figure 7D and 7G); 54.9% vs. control, P = 
0.005, 52.6% vs. MMR vehicle, P = 0.003, and 45.8% vs. 
lobeglitazone, P = 0.008, reductions in classically 
activated macrophages by CD86 staining (Figure 7D 
and 7H). 

Metabolic parameters after MMR-Lobe 
treatment  

 There were no significant differences in body 
weight changes before and after 4 weeks of treatment 
among four groups. Blood glucose levels, and lipid 
profiles were similar among the groups. Although 
statistically insignificant, HDL-cholesterol in the 
lobeglitazone per se group tended to be higher than 
the other groups (Table 1). 

 

Table 1. Metabolic parameters. Data are expressed as mean ± SD for 6 mice per group. NS; not significant. 

 Control (n=6) MMR (n=6) Lobeglitazone (n=6) MMR-Lobe (n=6) P value 
Body weight change (%) 12.5 ± 9.0 9.1 ± 4.7 14.8 ± 9.1 10.6 ± 6.5 NS 
Glucose (mg/dL) 147.0 ± 25.3 152.8 ± 19.0 143.0 ± 13.8 157.4 ± 27.7 NS 
Total cholesterol (mg/dL) 275.3 ± 92.7 296.5 ± 27.9 328.4 ± 58.9 290.0 ± 26.5 NS 
Triglyceride (mg/dL) 37.8 ± 14.6 30.8 ± 10.8 37.2 ± 13.7 34.4 ± 5.0 NS 
HDL cholesterol (mg/dL) 77.7 ± 6.8 82.0 ±3.6 87.3 ± 6.4 77.2 ± 8.2 NS 
LDL cholesterol (mg/dL) 204.7 ± 86.5 203.8 ±27.7 250.3 ± 42.0 217.6 ± 20.9 NS 

 
 

 
Figure 5. Ex vivo imaging and quantitative analysis of en face whole vessels. (A) Representative images of ex vivo fluorescence reflectance imaging of the 
aorta en face after 4 weeks of treatment. (B) Fluorescence intensity analysis. The MMR-Lobe treatment group showed a significant reduction in inflammatory activity 
compared with lobeglitazone per se, MMR vehicle, or control groups; n = 6 mice per group. (C) Representative ORO staining images of the aorta en face after 4 weeks 
of experimental treatment. (D) Quantification of plaque burden of the aorta en face. The plaque burden in MMR-Lobe treatment group prominently decreased 
compared with lobeglitazone per se, MMR vehicle, or control; Data are presented as mean ± SD. n = 6 mice per group. * P < 0.05, ** P < 0.01, by ANOVA followed 
by Mann-Whitney test.  
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Figure 6. Comparison of PPARγ, LXRα, ABCA1, ABCG1 activity and MMP-9 expression in MMR-Lobe group vs. lobeglitazone per se, MMR 
vehicle, or control groups. (A) Representative images of aortic plaques co-stained with antibodies against PPARγ (green), LXRα (blue), ABCA1 (red), and 
ABCG1(red) in the MMR-Lobe treated group. Quantitative analysis of PPARγ (B), LXRα (C), ABCA1 (D), ABCG1 (E) activation and MMP-9 expression (F). The 
co-expressions of PPARγ, LXRα, ABCA1, and ABCG1 in the plaques were strongly enhanced by MMR-Lobe treatment, but the expression of MMP-9 decreased 
significantly in the MMR-Lobe-treated mice. Data are presented as mean ± SD. n = 6 mice per group; * P < 0.05, ** P < 0.01, *** P < 0.001 by ANOVA followed by 
Mann-Whitney test. 

 
 

Discussion 
 The present study demonstrates robust 

therapeutic efficacy of novel targeted PPARγ 
activation on inflamed high-risk plaques. We 
developed a biocompatible nanocarrier containing a 
new PPARγ agonist, lobeglitazone, which was 
designed for binding to mannose receptors of 
macrophages (MMR-Lobe), and thus, allowed for 
specific activation of the PPARγ pathways within the 
inflamed atheroma. Notably, serial in vivo optical 
imaging showed that the treatment of injectable 
MMR-Lobe significantly reduced plaque burden and 
inflammation in atherogenic mice without undesired 
systemic influences. The comprehensive assessment 
of en face whole aortas by ex vivo imaging and 
immunohistological analysis well corroborated the 
serial imaging findings in vivo. The in vitro assays and 
immunofluorescence findings revealed the 

underlying mechanism of our MMR-Lobe therapy, 
such as enhancement of cholesterol efflux through 
PPARγ-, LXRα-, ABCA1, ABCG1 dependent 
pathways and prominent suppression of 
inflammation activity in macrophage foam cells. 

 PPARγ agonist is known to enhance insulin 
sensitivity and decrease hepatic glucose production in 
type 2 diabetes mellitus. Besides their glucose 
lowering efficacy, these drugs have favorable effects 
on lipid profile and inflammatory parameters in a 
dose dependent manner [30]. Despite a prospective 
randomized clinical trial showing a reduction of 
cardiovascular events in type 2 diabetic patients 
[31-33] and several studies demonstrating beneficial 
effects on atherogenesis [3, 34-38], the translational 
application of high-dose PPARγ agonists for 
atherosclerosis treatment has still been limited due to 
systemic adverse effects [13-15].  
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Figure 7. Comprehensive immunohistologic analysis of carotid and aortic plaques. (A) Representative images of immunohistochemical staining and 
fluorescence microscopy of carotid plaques. (B) Lipid contents were assessed by Oil Red O (ORO) staining. (C) Macrophage contents were analyzed by Mac3 
immunostaining. Data are presented as mean ± SD. n = 6 mice per group; *P < 0.05, ** P < 0.01, by ANOVA followed by Mann-Whitney test. (D) Representative 
images of the aortic root lesions subjected to hematoxylin and eosin (H&E) staining, ORO staining, immunostaining for pan-macrophage marker Mac3 and classically 
activated macrophage marker CD86 in each group. Quantification results of H&E (E), ORO (F), Mac3 (G), and CD86 (H) stained area. Data are presented as mean 
± SD. n = 6 mice per group; * P < 0.05, ** P < 0.01, by ANOVA followed by Mann-Whitney test.  

 
 As a targeted therapeutic strategy to solve this 

obstacle, poly (lactic-co-glycolic acid) (PLGA)- 
mediated rosiglitazone was reported to increase 
regulators of cholesterol efflux in bone 
marrow-derived macrophages; however, in vivo 
effects regarding plaque size or composition were 
lacking [39]. Likewise, PLGA-mediated delivery of 
pioglitazone significantly decreased the degree of 
buried fibrous cap and local protease activity [25], but 

failed to achieve significant reduction in plaque size 
and macrophage accumulation. In the current study, 
we loaded a new PPARγ agonist, lobeglitazone, into 
the MMR-targeted GC carrier (MMR-Lobe) to 
specifically activate PPARγ pathways in high-risk 
plaques. Lobeglitazone is a new PPARγ agonist with 
more potent affinity for PPARγ receptors than other 
ones including pioglitazone and rosiglitazone [40]. 
Hydrophobically-modified glycol chitosan (GC) was 
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used as a carrier vehicle because it is biocompatible, 
biodegradable, and rarely immunogenic and its 
general properties and in vivo biodistribution were 
well established in the previous studies [29, 41-43]. In 
brief, as GC carrier is composed of a hydrophilic shell 
and hydrophobic inner core, it can efficiently 
encapsulate various hydrophobic agents with high 
loading efficiency, and enhance their solubility and 
stability in vivo [42, 44, 45]. Biodistribution 
experiments showed relatively high florescence 
signals in the spleen and liver, which could be 
accounted by the abundant distribution of 
macrophages expressing mannose receptors in both 
organs. MMR probe also was uptaken by plaque 
macrophages and emitted strong NIRF signals [29]. In 
the present study, while lobeglitazone per se treatment 
modestly attenuated inflammation in the atheroma, 
intriguingly, 4 week treatment of MMR-Lobe caused a 
marked reduction of both plaque burden and 
inflammation activity without major systemic 
disturbances. To the best of our knowledge, our result 
is the first in vivo evidence to demonstrate prominent 
therapeutic effects of targeted PPARγ activation on 
the atheroma, including regression of plaque burden 
and suppression of inflammatory activity.  

 Mechanistically, MMR-Lobe induced 
cholesterol efflux in RAW 264.7 cells through the 
upregulation of cholesterol efflux regulatory proteins 
such as ABCA1 and ABCG1 via nuclear receptor 
LXRα, and suppressed inflammatory cytokines in 
macrophage foam cells. In immunofluorescence 
analysis of the plaques, co-activation of PPARγ, LXRα, 
ABCA1, and ABCG1 were strongly enhanced by 
MMR-Lobe treatment, whereas the expression of 
MMP-9 decreased significantly in MMR-Lobe-treated 
mice as compared to those in the lobeglitazone per se 
group or controls. These findings are ascribed to the 
outstanding affinity of MMR-Lobe to plaque 
macrophages achieved by combining effects of both 
macropinocytosis and receptor mediated endocytosis, 
resulting in higher concentration of the PPARγ agonist 
inside macrophage foam cells than lobeglitazone per 
se.  

While previous studies were limited by their 
analysis of ex vivo findings [21, 25, 39], our research 
serially evaluated the in vivo effects of MMR-Lobe on 
carotid plaques in the same individuals using 
customized real-time optical imaging. The in vivo 
imaging of the murine carotid plaque was optimized 
by a manual 5-axis staging platform with vessel 
fixation and a monitored axial piezoelectric scanner. 
The ability to quantitatively and serially estimate 
plaque macrophage distribution in each individual is 
expected to provide much more relevant comparison 
regarding drug efficacy, requiring far fewer 

experimental animals than conventional ex vivo 
analysis. Furthermore, to quantitate the 
macrophage-derived NIRF signals, we applied a 
thresholding algorithm based on averaged 
auto-fluorescence. Considering that plaque 
target-to-background ratio (pTBR) has a potential 
limitation such as intra- and inter-individual 
variability depending on the selection of target 
region-of-interest (ROI) area [10], automatic 
quantitative comparison of plaque macrophages in 
our study could be more reliable and accurate.  

The present study has some limitations. First, the 
dose of p.o. lobeglitazone may not be completely 
comparable with the dose of the intravenously 
administered lobeglitazone contained in MMR-Lobe. 
However, the oral bioavailability of lobeglitazone was 
reported to be ~95% [46]. Second, neither tissue 
concentration nor serum concentration of 
lobeglitazone was measured. Further studies are 
required to clarify the in vivo pharmacokinetics of 
MMR-Lobe in mice and larger animals as well for 
translational applications. Third, although mannose 
receptors are present in high-risk plaque phenotypes 
such as TCFA [28], neovascularization, and 
intraplaque hemorrhages [47, 48], they could be 
associated with alternatively activated macrophages. 
Thus, there is still concern regarding whether our 
strategy targeting MMR would have sustainable 
beneficial effects on plaque stabilization. Plaque 
instability might be the consequence of an imbalance 
between pro-inflammatory effects of classically 
activated macrophages and beneficial effects of 
alternatively activated macrophages. The 
macrophages comprise heterogeneous cells that adapt 
their functional phenotype in response to their 
microenvironment [48]. As alternatively activated 
macrophage differentiation accelerates cholesterol 
uptake [49], and exposure to oxidized LDL renders 
those cells more pro-inflammatory [50], our 
MMR-Lobe strategy is expected to effectively stabilize 
the plaque by inhibition of foam cell formation via 
augmented cholesterol efflux, and sequential 
attenuation of inflammatory activity. Interestingly, in 
current immunohistochemistry analysis, not only 
Mac3 but also CD86, a classically activated 
macrophage marker, decreased significantly in the 
MMR-Lobe group. Considering the possibility of a 
heterogeneous spectrum of macrophage phenotypes 
between anti- and pro-inflammatory poles, we 
speculate that MMR-Lobe treatment has overall 
favorable effects on inflamed plaques, albeit further 
research regarding the long-term influence of 
MMR-Lobe treatment on functional polarization of 
plaque macrophages is needed.  

The clinical implementation of MMR-Lobe 
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would be relevant to both acute and chronic stages of 
coronary artery disease. By extrapolating from the 
results of our study, we anticipate that intravenous 
administration of MMR-Lobe could rapidly suppress 
plaque inflammation by modulating the macrophage 
inflammatory cascade in patients with acute coronary 
syndrome, along with the current standard therapy. 
Even in patients with chronic coronary artery disease, 
MMR-Lobe treatment could be considered as an 
alternative for plaque regression in addition to the use 
of standard medications including statin. Finally, 
when conjugated with NIRF dye, targeted PPARγ 
activation by MMR-Lobe could be a promising 

theranostic strategy, which can simultaneously detect 
and treat the inflamed plaques using an appropriate 
in vivo imaging system such as OCT-NIRF integrated 
catheter [29, 51-53].  

In conclusion, the present study has 
demonstrated robust anti-atherogenic and 
anti-inflammatory therapeutic effects of a novel 
plaque macrophage targeted, PPARɣ activation 
strategy on inflamed plaques (Figure 8). Given the 
prominent efficacy of MMR-Lobe in murine 
atheroma, this novel strategy could be a promising 
therapeutic approach for high-risk plaques.  

 
 

 
Figure 8. Schematic illustration of targeted MMR-Lobe effects. After intravenous injection, circulating MMR-Lobe specifically binds to plaque macrophages 
and is taken up by macrophage foam cells. Once inside the plaque macrophages, MMR-Lobe releases lobeglitazone and enhances PPARγ activity, thus resulting in 
reduction of inflammation activity and enhancement of cholesterol efflux via ABCA1 and ABCG1. 
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