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halted atherosclerotic lesion development in aorta.
• Azapeptides
• Azapeptides induce macrophage skewing towards the anti-inflammatory phenotype.
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Background and aims: Scavenger receptor class B member 3, also known as cluster of differentiation-36 (CD36)
receptor, is involved in the uptake and accumulation of modified lipoprotein in macrophages, driving atherosclerosis progression. Azapeptide analogs of growth hormone-releasing peptide-6 (GHRP-6) have been developed as selective CD36 ligands and evaluated for their anti-atherosclerotic properties in apoe−/− mice.
Methods: From 4 to 19 weeks of age, male apoe−/− mice were fed a high fat high cholesterol (HFHC) diet, then
switched to normal chow and treated daily with 300 nmol/kg of MPE-001 ([aza-Tyr4]-GHRP-6) or MPE-003
([aza-(N,N-diallylaminobut-2-ynyl)Gly4]-GHRP-6) for 9 weeks. In another protocol, mice were fed a HFHC diet
throughout the study.
Results: Azapeptides decreased lesion progression in the aortic arch and reduced aortic sinus lesion areas below
pre-existing lesions levels in apoe−/− mice which were switched to chow diet. In mice fed a HFHC throughout
the study, azapeptides reduced lesion progression in the aortic vessel and sinus. The anti-atherosclerotic effect of
azapeptides was associated with a reduced ratio of iNOS+/CD206+ macrophages within lesions, and lowered
plasma inflammatory cytokine levels. Monocytes from azapeptide-treated mice showed altered mitochondrial
oxygen consumption rates, consistent with an M2-like phenotype. These effects were dependent on CD36, and
not observed in apoe−/−cd36−/− mice.
Conclusions: Azapeptides MPE-001 and MPE-003 diminished aortic lesion progression and reduced, below preexisting levels, lesions in the aortic sinus of atherosclerotic mice. A relative increase of M2-like macrophages was
observed in lesions, associated with reduced systemic inflammation. Development of CD36-selective azapeptide
ligands merits consideration for treating atherosclerotic disease.
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1. Introduction

group (n = 6), which were euthanized at week 19, MPE- 001
(300 nmol/kg), MPE-003 (300 nmol/kg) or 0.9% NaCl (n = 11 per
group) which were euthanized at week 28. Mice were fed a HFHC,
cholate free diet (D12108c, Research Diets Inc., New Brunswick, NJ,
USA) containing 20 kcal% protein, 40 kcal% fat and 1.25% cholesterol
(wt/wt), until 19 weeks of age. The diet was then changed to normal
chow and daily subcutaneous (s.c.) treatments with MPE-001, MPE-003
or 0.9% NaCl were initiated and pursued for 9 more weeks. Additional
studies were performed in apoe−/−cd36−/− mice subjected to the
same diet/treatment conditions (Fig. 3B) (n = 8–14 mice per group).
In another study, 4-week-old apoe−/− mice were fed a HFHC diet
throughout the protocol (Fig. 4A) (n = 9–13 mice per group). A fifth
group was added, in which mice were treated daily with 300 nmol/kg
s.c. of [aza-Lys6]-GHRP-6 as a negative control [24]. At week 12, the
basal group was euthanized and treatments were initiated in the other
groups for 8 more weeks. Similar studies were also performed in apoe−/
−
cd36−/− mice (Supplemental Fig. 9A).
After fasting for 12 h, blood samples were drawn from the submandibular vein and plasma (heparin sodium, 10 U/mL) or serum was
collected. Mice were then euthanized under isoflurane anesthesia
(Fresenius Kabi, Toronto, ON, Canada), followed by exsanguination via
an intracardiac puncture and perfusion with PBS.

A hallmark of atherosclerosis is scavenger receptor-mediated accumulation of lipid-laden cells into the intima [1,2]. Within the arterial
wall, the class B scavenger cluster of differentiation-36 receptor (CD36,
Scarb3) has been shown to play a prominent role in the extensive endocytosis of modified forms of low-density lipoproteins (LDL) by macrophages. Notably, CD36-mediated uptake of oxidized LDL (oxLDL)
promotes an inflammatory and oxidative stress burden [3–5].
Synthetic peptide analogs of growth hormone-releasing peptide-6
(GHRP-6) (e.g. hexarelin and EP80317) have been previously shown to
bind to the ectodomain of CD36 at a site overlapping that of oxLDL
[6,7]. Administration of the synthetic peptide EP80317 in apoe-KO
(apoe−/−) mice exerted both preventive and therapeutic effects on
chronic atherosclerotic lesion progression [8] and fostered transintestinal cholesterol excretion [9]. The atheroprotection induced by
EP80317 treatment was CD36-dependent; no effect was observed in
apoe/cd36 double deficient (apoe−/− cd36−/−) mice [8]. In peritoneal
macrophages, EP80317 elicited a modest (~20%) reduction of oxLDL
internalization [8]. Moreover, EP80317 increased cholesterol efflux
through the peroxisome proliferator-activated receptor gamma
(PPARγ)-liver X receptor alpha (LXR-α)-ATP binding cassette A1/G1
(ABCA1/G1) pathway [10]. PPARγ has been identified as a crucial
transcriptional regulator of macrophage phenotypic polarization towards a non-inflammatory, M2 macrophage phenotype [11], thus
playing an important role in the resolution of inflammation [12]. Studies of GHRP-6 analogs have supported the development of more selective peptide modulators to target CD36 for the treatment of atherosclerosis. In this context, azapeptide derivatives of GHRP-6, in which
the α-CH of one of the central residues was replaced by a nitrogen atom,
have shown high receptor selectivity and low micromolar CD36 binding
affinity [13]. Azapeptides have also been shown to exert anti-inflammatory activity in vitro, reducing stimulated nitric oxide production
in macrophage cell lines [14].
Preclinical studies aiming to identify novel therapeutic avenues for
the treatment of atherosclerosis have focused on preventing or reducing
lesion progression in early phases of the pathology [15]. Potential drug
candidates have been mainly assessed for their ability to attenuate lesion development in early phases of atherosclerosis [16]; however,
beneficial effects are also desirable at later phases of atherosclerosis,
specifically the ability to induce plaque regression [17–19].
In addition to reduced apoB-containing lipoproteins, biomarkers of
regressive mechanisms include enhancement of cholesterol and lipid
efflux, reverse cholesterol transport and foam cell emigration out of
lesions or clearance by efferocytosis [19,20]. Impaired efferocytosis is
associated with a reduced number of phagocytic macrophages, and may
perpetuate lesion inflammation and foam cell expansion, promoting
plaque vulnerability [21,22]. CD36 expression has been observed to
increase in the anti-inflammatory macrophage subtype [23]. The roles
of CD36 in dysfunctional efferocytosis during atherogenesis progression
and regression require additional clarification.
In the present study, the atheroprotective potential of CD36-selective aza-GHRP-6 analogs has been further evaluated. The therapeutic
effect of two novel azapeptides, MPE-001 and MPE-003, have been
studied in high fat high cholesterol (HFHC)-fed apoe−/− mice. The
effects of azapeptides were assessed on both atherosclerotic lesions
progression and regression. Moreover, a mechanism has been delineated to explain, in part, the observed vasculoprotection afforded by
the CD36-selective azapeptides.

2.2. Azapeptides
Azapeptide analogs of GHRP-6, MPE-001, MPE-003 and [aza-Lys6]GHRP-6 (Supplemental Fig. 1A–C) were respectively synthetized and
characterized as described previously [13,25,26], and reconstituted in
sterile 0.9% NaCl before injection.
See Supplemental Materials for more detailed methods.
3. Results
3.1. Azapeptides reduce atherosclerotic lesions below the baseline level in
aortic sinuses of apoe−/− mice after switching diet from HFHC to normal
chow
In a first setting, apoe−/− mice were fed a HFHC diet from 4 to 19
weeks of age. A group was then euthanized (to determine baseline
values), whereas vehicle- and azapeptide-treated mice received their
treatment and were switched to normal chow diet until week 28
(Fig. 1A).
Both aortic sinuses and aortic crosses were evaluated for lesion
areas. Representative photomicrographs of aortic sinuses from mice at
week 19 (baseline) and week 28 (vehicle, MPE- 001 and MPE-003) are
shown in Fig. 1B and lesion areas, expressed as a percentage of the total
area, are illustrated in Fig. 1C. After reversion to normal chow for 9
weeks, the vehicle-treated group (week 28) displayed no significant
difference in the mean lesion size from that of the basal group (week
19), suggesting no lesion progression after the change of diet. In contrast, mice treated with azapeptides featured mean lesion areas which
were reduced by ~20% (p < 0.01) compared to pre-existing lesion
areas at week 19. Treatment with azapeptides was associated with a
~30% (p < 0.01) reduction in necrotic areas within aortic sinus lesions (Supplemental Fig. 2).
Contrary to aortic sinus lesion areas, lesions in aortic arches continued to grow from weeks 19–28 in vehicle-treated apoe−/− mice, as
shown by the 63% (p < 0.01) increase in lesion areas compared to the
basal group (Fig. 1D and E). Lesion areas expanded despite a halving of
plasma cholesterol levels (Fig. 1F), which reached the values previously
observed in apoe−/− mice fed a normal chow diet (~13 mM) [8].
Azapeptides MPE-001 and MPE-003 attenuated the progression of
aortic arch lesion areas by 26 and 30% (p < 0.05), respectively,
compared to vehicle-treated mice (Fig. 1E). Compared to vehicle
treatment, azapeptides did not modulate plasma cholesterol (Fig. 1F)
nor triglyceride levels (Supplemental Fig. 3). Azapeptide MPE-001, but

2. Materials and methods
2.1. Experimental protocols
In a first experimental setting (Fig. 1A), 4-week-old apoe−/− male
mice were randomly assigned to one of four experimental groups: basal
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Fig. 1. Azapeptides MPE-001 and MPE-003 induced regression of atherosclerotic lesions in apoe−/− mice.
(A) Study design. (B) Representative photomicrographs of Oil red-O/hematoxylineosin-stained aortic sinuses (scale bar: 200 μm). (C) Percentage aortic sinus lesion areas expressed as dot plots and mean ± SEM (n = 4 per group, 2–4 sections per
mice). Each symbol denotes the sections from a single mouse. (D) Representative photomicrographs of aortic arches stained en face with Oil red-O. (E) Dot plots and
mean ± SEM of percentage aortic arch lesion areas (n = 6, week 19 and n = 11, mice per group). (F) Dot plots and mean ± SEM of total plasma cholesterol levels
(n = 11 per group). Dotted line represents the mean basal value. (G) Mean ± SEM of IL-1β (n = 10–11), IL-6 (n = 5–7) and TNFα (n = 11) plasma levels at
sacrifice. Statistical analysis was performed by one-way ANOVA followed by Tukey's Multiple Comparison post hoc test for all figures except (C) aortic sinus lesion
areas (nested one-way ANOVA followed by Tukey); *p < 0.05, **p < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)

Fig. 2. Azapeptides reduced the ratio of pro-inflammatory to anti-inflammatory macrophages in 28-week-old mice fed a HFHC diet until 19 weeks of age and then
switched to chow.
(A) Representative serial cross-sections of immunostained BCA
sections at weeks 19 and 28, for F4/80, iNOS and CD206 antibodies at 10×
magnification (scale bar: 100 μm). Enlarged areas (100X) are displayed from the inset (scale bar: 100 μm). (B) BCA lesion areas. (C) Absolute F4/80+ cell counts in
BCA lesion areas. (D) Relative percentage of iNOS+ and CD206+ stained cells versus 0.9% vehicle. (E) Ratio of iNOS to CD206 positive cells in BCA lesions. Results
are expressed as mean ± SEM of 4 (0.9% NaCl), 5 (MPE-001) and 4 (MPE-003) mice, n = 2–4 sections per mice. Dotted line represents the mean basal value.
*p < 0.05, **p < 0.01, nested one-way ANOVA followed by Tukey's Multiple Comparison post hoc test.

not MPE-003, reduced plasma levels of the pro-inflammatory cytokine
Il-1β by 24% (p < 0.05) (Fig. 1G). Neither body weight nor food intake
were modulated by treatment with azapeptides (Supplemental Fig. 4).
Furthermore, total and differential leukocytes blood counts were not
altered by azapeptide treatment (Supplemental Fig. 5).

3.2. Azapeptides reduced macrophage content and the relative numbers of
pro-inflammatory macrophages in the brachiocephalic artery of apoe−/−
mice after switching from HFHC to normal chow diet
Immunostainings were performed on sequential, 4 μm cross-sections
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Fig. 3. Double immunofluorescence staining of macrophages in BCA lesions of apoe−/− mice showed the colocalization of F4/80 and iNOS.
(A) Representative staining of macrophages showing F4/80 (green), iNOS (red) and their colocalization (yellow) in BCA
sections at 10×
magnification (scale bar: 100 μm). Enlarged areas of the merging (100X) are displayed from the inset (scale bar: 100 μm). (B) Study design for apoe−/−cd36−/
−
mice. (C) Representative en face Oil red-O-stained aortic arches from apoe−/−cd36−/−. (D) Dot plots and mean ± SEM of aortic arch lesion areas. Dotted line
represents the mean basal value. One-way ANOVA followed by Tukey's Multiple Comparison post hoc test. (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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of brachiocephalic artery (BCA) from five randomly selected mice,
using universal-macrophage marker EGF-like module-containing
mucin-like hormone receptor-like 1 (F4/80, EMR1), the M1-

macrophage marker nitric oxide synthase 2 (iNOS, NOS2), the M2macrophage marker mannose receptor c type 1 (CD206, MCR-1) and
Lillie's trichrome to detect collagen deposition (representative images

(caption on next page)
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Fig. 4. MPE-001 and MPE-003 reduced the progression of atherosclerotic lesions in apoe−/−mice.
(A) Study design. (B) Representative photomicrographs of aortas stained with Oil red-O. (C) Dot plots and mean ± SEM of aorta lesion areas of 11 (0.9% NaCl, MPE001), 9 (MPE-003) and 13 ([aza-Lys6]-GHRP-6) 20-week-old mice. (D) Total plasma cholesterol expressed as dot plots. (E) Representative photomicrographs of aortic
sinuses after staining with Oil red-O and hematoxylin-eosin (scale bar: 200 μm). (F) Percentage aortic sinus lesion areas showed as dot plots of 4 mice per group, 2–4
cross-sections per mice. Each symbol denotes the sections from a single mouse. Dotted line represents the mean basal value. (G) Plasma levels of CRP (n = 11), IL-6
(n = 10–11), CCL-2 (n = 11), TNFα (n = 10–11) and IL-1β (n = 9–11) at week 20. Results are expressed as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001, one-way ANOVA followed by Tukey's Multiple Comparison post hoc test for all figures except (F) aortic sinus lesion areas (nested one-way ANOVA
followed by Tukey) and (G) Il-1β (unpaired t-test). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)

azapeptides, s.c., from weeks 12–20. Azapeptide [aza-Lys6]-GHRP-6
and 0.9% NaCl were respectively used as a negative control and vehicle
(Fig. 4A). Nearly 3- and 2.6-fold increases in aortic lesion areas were
observed in the vehicle- and [aza-Lys6]-GHRP-6-treated groups, respectively, compared to the basal group (12 weeks of age) (Fig. 4B and
C). After 8 weeks of treatment with MPE-001 and MPE-003, the extent
of atherosclerotic lesion areas at the aortic level was reduced by more
than 24% (p < 0.01) and 29% (p < 0.001) (Fig. 4C), respectively,
relative to those of vehicle-treated mice maintained on the HFHC diet.
The azapeptide negative control ([aza-Lys6]-GHRP-6) was unable to
arrest atherosclerosis progression compared to vehicle. Atherosclerosis
progression was inhibited under hypercholesterolemic conditions by
azapeptides MPE-001 and MPE-003, which did not modulate plasma
cholesterol (Fig. 4D), nor triglyceride levels (Supplemental Fig. 10). Oil
red-O staining of aortic sinus sections (Fig. 4E) and morphometric
quantification demonstrated an increase in lesion areas of 37%
(p < 0.0001) in the vehicle group, compared to the basal group
(Fig. 4F). Azapeptides MPE-001 and MPE-003 reduced aortic sinus lesion areas by 24% (p < 0.0001) and 29% (p < 0.0001), respectively,
compared with those from vehicle-treated mice. In the MPE-003-treated
group, the anti-atherosclerotic effect was associated with a significant
reduction in circulating pro-inflammatory cytokines, including C-reactive protein (CRP) (25%, p < 0.05), IL-6 (52%, p < 0.01) and CCL2 (40%, p < 0.05) (Fig. 4G). In the MPE-001-treated group, IL-1β was
significantly reduced (60%, p < 0.05). Treatment with azapeptide had
no observable effect on body weight gain nor food intake
(Supplemental Fig. 11). Representative BCA cross-sections illustrated a
significant reduction of lesion areas by azapeptide MPE-003
(p < 0.0001) compared to vehicle (Supplemental Fig. 12B and C);
however, the absolute number of F4/80+ cells (Supplemental Fig. 12D)
and F4/80+ cellularity (Supplemental Fig. 13B) were unchanged.
Furthermore, MPE-003 reduced the relative expression of iNOS+ versus
CD206+ cells (Supplemental Fig. 12E). In agreement, MPE-003 decreased the iNOS+/CD206+ cell ratio by 65% (p < 0.001)
(Supplemental Fig. 12F). A similar trend was observed using YM1 as an
additional marker of M2 macrophages (Supplemental Fig. 13C). No
difference in collagen deposition was found in the BCA after azapeptide
treatment (Supplemental Fig. 12G).

shown in Fig. 2A and Supplemental Fig. 7B). Isotype control antibodies
were used to detect nonspecific binding (Supplemental Fig. 6). In a
manner similar to that observed in the aortic arch, BCA lesions from
apoe−/− mice increased in size from week 19 (dotted line, basal group)
to week 28 by ~2-fold (p < 0.001) versus vehicle despite a change to
chow diet (Fig. 2B). Compared to vehicle-treated mice, MPE-001 and
MPE-003-treated mice tended to have reduced lesion areas (Fig. 2B),
while MPE-003 diminished the absolute number of F4/80+ macrophages by 40% (p < 0.01) (Fig. 2C).
However, azapeptides did not alter F4/80+ cellularity (cell count
per mm2 of lesions) (Supplemental Fig. 7D). In addition, MPE-003 elicited a change towards a non-inflammatory macrophage phenotype,
expressed as a relatively lower expression of iNOS+ versus CD206+
cells within plaques (Fig. 2D). In agreement, the ratio of iNOS+/
CD206+ was reduced in favor of the M2-like macrophage phenotype
(Fig. 2E). The shift towards the M2-macrophage phenotype associated
with MPE-003 (p < 0.01) was further validated using chitinase 3-like
(YM1, Chil3) as a second M2 marker (Supplemental Fig. 7E). No differences in collagen deposition were associated with azapeptide treatment (Supplemental Fig 7C). Immunofluorescent F4/80 and iNOS
double staining confirmed colocalization of both markers in BCA from
apoe−/− mice treated respectively, with vehicle and azapeptides
(Fig. 3A).
Treatment with MPE-001 and MPE-003 caused, respectively, 30 and
26% (p < 0.05) reductions of abdominal aortic mRNA expression of
adhesion g protein-coupled receptor e1 (Adgre1), the F4/80 gene
(Supplemental Fig. 8). In addition, mRNA of matrix metalloproteinase
14 (Mmp14), which is highly expressed in macrophages [27], was decreased in the MPE-003-treated group (p < 0.05) (Supplemental
Fig. 8). Azapeptide treatments did not significantly modulate the mRNA
levels of CD68, ABCA1, matrix metalloproteinase 2 (Mmp2) and caspase-1 (Casp1) (Supplemental Fig. 8).
3.3. In apoe−/−cd36−/− mice, no anti-atherosclerotic effects of MPE-001
and MPE-003 were observed
The anti-atherosclerotic effects induced by the azapeptides were
shown to be CD36-dependent using apoe−/−cd36−/− mice. After
switching from a HFHC to a normal chow diet and initiating treatment
with azapeptide (MPE-001 or MPE-003) or vehicle (0.9% NaCl)
(Fig. 3B), apoe−/−cd36−/− mice exhibited atherosclerotic lesions that
tended to increase from week 19–28, as illustrated in photomicrographs
(Fig. 3C), but at a lower level than those observed for apoe−/− mice. In
the aortic arches of apoe−/−cd36−/− mice, neither MPE-001 nor MPE003 were able to attenuate atherosclerosis progression relative to vehicle-treated mice (Fig. 3D). Similar results were obtained after treatment of apoe−/−cd36−/− mice maintained on a HFHC diet throughout
the study (Supplemental Fig. 9).

3.5. Azapeptides promoted aerobic metabolic shift in bone marrow-derived
monocytes
The predominance of M2-like macrophages in BCA lesions was investigated in bone marrow-derived monocytes (BMM) from apoe−/−
and apoe−/−cd36−/− mice after 12 weeks of treatment with azapeptides (Fig. 5A). The BMM from azapeptide-treated apoe−/− mice exhibited increased basal levels of oxygen consumption rates (OCR)
compared to those of vehicle-treated animals (Fig. 5B). After the addition of the potent uncoupler of mitochondrial oxidative phosphorylation carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone
(FCCP), the observed increase in OCR was more than 2-fold in azapeptide-treated compared to vehicle-treated mice (Fig. 5B). On the
contrary, BMM from apoe−/−cd36−/− mice treated with vehicle and
azapeptide, respectively, exhibited no differences in OCR levels indicating once more the CD36-dependant effect of the latter (Fig. 5C).
Azapeptides also reduced pro-inflammatory cytokine TNFα and

3.4. Azapeptides MPE-001 and MPE-003 reduced atherosclerotic lesions
progression in apoe−/− mice fed a HFHC diet throughout the study
In another setting, the atheroprotective effects of MPE-001 and
MPE-003 were evaluated in male apoe−/− mice in which atherosclerotic lesions were induced by feeding a HFHC diet from 4 to 20
weeks of age. Mice were treated with a daily dose of 300 nmol/kg of
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Fig. 5. MPE-001 and MPE-003 increased oxygen consumption rate of BMM from azapeptide-treated-mice.
(A) Experimental protocol of the study. (B and C) Time-course of OCR in BMMs of apoe−/− and apoe−/−cd36−/− mice, respectively. Data are representative of 3
independent experiments. (D and E) Bar graphs of basal and maximal (FCCP) OCR in BMM from apoe−/− and apoe−/−cd36−/− mice. Each independent experiment
was performed with four replicates per treatment. ****p < 0.0001, Kruskal-Wallis test followed by Dunn's Multiple Comparisons test.

chemokine CCL-2 secretion by activated macrophages (Supplemental
Fig. 14), as reported previously [28].

a notable change of relative cell phenotype with a reduction in proinflammatory (M1) markers and an increase in anti-inflammatory (M2)
cell markers. Neither total plasma cholesterol nor triglyceride level was
modified by azapeptide treatment. The anti-atherosclerotic effects of
the azapeptides were dependent on CD36 expression, as they were not
observed in apoe−/−cd36−/− mice. The azapeptides exhibited similar
anti-atherosclerotic effects in mice fed a HFHC diet throughout treatment. In contrast to the striking increase in lesion areas exhibited by
apoe−/− mice fed a HFHC diet between 12 (basal group) and 20 weeks,
marked reductions in lesion areas were observed at the aortic arch and
sinus levels of mice treated with MPE-001 and MPE-003, but not to the
extent of decreasing to baseline levels. Consistently, the azapeptides
caused a change in the relative amounts of macrophage pro- and antiinflammatory markers, indicative of a reduced M1 phenotype, which
coincides with the observed diminishment of inflammatory mediators
in circulation.
The roles of CD36 in atherosclerosis have been linked to Toll-like

4. Discussion
Pharmacological targeting of the CD36 receptor in male apoe−/−
mice was examined under two diet regimens; HFHC diet and HFHC diet
followed by normal chow. Azapeptides MPE-001 and MPE- 003 reduced
lesion progression in mice fed a HFHC diet throughout the study and
elicited regression at the aortic sinus level, where lesion progression
was halted by the switch of diet regimen from HFHC to normal chow.
The CD36-selective ligands, MPE-001 and MPE-003, reduced lesion
areas below pre-existing levels in the aortic sinus and greatly attenuated
lesion progression in the aortic arch of apoe−/− mice fed a HFHC diet
for 15 weeks then switched to chow and treated with azapeptide for 9
weeks. Under these conditions, characterization of macrophages within
the BCA lesions of treated mice revealed reduced absolute numbers and
59
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receptor (TLR)-dependent and independent pathways in early lesion
formation [29,30] and in plaque resolution through macrophage efferocytosis [31]. In the pathogenesis of atherosclerosis, CD36 may be
involved more extensively than initially anticipated. Previously, the
GHRP-6-derived CD36 ligand EP80317 exhibited preventive and curative effects in atherosclerotic lesions [8] associated with impact on
macrophage cholesterol metabolism and efflux, vascular inflammation
and regulation of mononuclear cell trafficking [32]. Azapeptide analogs
of GHRP-6 were later conceived as potent and selective CD36 ligands
with CD36 binding affinities in the micromolar range [33]. In particular, the series of GHRP-6 peptides possessing aza-Tyr4 and aza-Phe4
residues exhibited promising cardiovascular properties in vitro. For
example, [Aza-Tyr4]-GHRP-6 (MPE-001) exerted anti-angiogenic activity [34] and also dampened the retinal inflammation induced by
photo-oxidative stress under blue light exposure, which was associated
with a reduced accumulation of M1-activated macrophages at the
subretinal level [28]. The activity of MPE-001 correlated with the inhibition of certain pro-inflammatory pathways, such as NF-κB activation of the NLRP3 inflammasome, but initiation of others, like the antiinflammatory PPARγ-PGC-1α pathways. The aza-Phe4 analog, CP-3
(iv), previously exhibited cardioprotective effects against myocardial
ischemia-reperfusion by decreasing the generation of left ventricular
reactive oxygen species and apoptosis [35]. The effects of CP-3 (iv)
were associated with an increase in plasma adiponectin and a transient
reduction in circulating free fatty acid levels. The observed activity of
CP-3 (iv) was consistent with reduced lipolysis and dampened total
fatty acid uptake in the hearts of mice treated with other CD36 ligands
in the myocardial ischemia-reperfusion model [36]. In the present
study, CD36-selective azapeptide analogs of GHRP-6 are now shown to
reduce atherosclerosis progression and to initiate the regression of lesions at the aortic sinus level in apoe−/− mice, which were switched
from a HFHC to normal diet. Despite some controversy, regression of
atherosclerotic lesions has been experimentally documented and reported to be associated with reduced foam-cell accumulation [19]
without significant change in plasma cholesterol [37,38]. Regression of
atherosclerotic lesions in the azapeptides-treated mice was consistent
with the latter findings. Even though patients benefit from therapies
lowering high LDL, some are still at risk of residual inflammatory cardiovascular events [39]. Along that line, azapeptide treatment reduced
systemic inflammation and diminished inflammatory macrophage
numbers within lesions. These results coincide with other characteristics of lesion regression, including a reduction in foam cell accumulation and necrotic core areas within lesions [40].
In spite of a reduction in plasma cholesterol levels after switching
apoe−/− mice from HFHC to chow, mice remained hypercholesterolemic. Therefore, lesions progressed between weeks 19 and 28, except
at the level of the aortic sinus. The ability to observe regression in the
aortic sinus of azapeptide-treated mice may be due, in part, to the absence of increased lesion area compared to baseline levels. In contrast,
despite the change of diet, both the aortic arch and BCA displayed an
increase in atherosclerotic lesion areas in vehicle-treated mice which
may have impeded detection of azapeptide effects on lesion regression
in these regions. Consequently, evidence of lesion regression was not
observed. However, azapeptide-treated mice exhibited significant increases in markers characteristic of M2 macrophages and reduced inflammation [40]. Moreover, mRNA levels of Adgre-1, encoding the F4/
80 antigen, and of Mmp14 were both reduced, consistent with reduced
macrophage accumulation at lesion sites of apoe−/− mice treated with
the first generation CD36 ligand, EP80317 [32].
Notwithstanding the complexity of the different phenotypic states of
macrophages overtime during lesion development, regression of preestablished lesions is correlated with M2 markers [40,41]. Favoring
tissue remodeling, repair and plaque stability, M2 macrophages clear
lesions of dying cells and debris, and secrete anti-inflammatory mediators and cytokines [40]. In the M2 macrophage subtype, CD36 and

PPARγ expression are correlated [42]. Moreover, the CD36 ligand
EP80317 stimulated the PPARγ-LXRα-ABCA1/G1 transporter pathway
and cholesterol efflux in macrophages [10] and reversed cholesterol
transport in apoe−/− mice [9]. Both PPARγ and LXRα were reported to
contribute to dampening inflammation, which leads to enhanced M2like macrophages and reduced M1 phenotype [5,42–44]. These observations are in agreement with the PPARγ-dependent cytoprotective
effects of CD36-selective ligand MPE-001 [28] and coincide with the
reduction of iNOS+/CD206+ ratio in azapeptides-treated mice in the
current study.
Furthermore, BMM isolated from apoe−/− mice fed a HFHC diet
showed an increase in mitochondrial activity following treatment with
azapeptides. Oxygen consumption rates were higher at basal levels, but
also upon addition of the protonophore FCCP in BMM from azapeptidetreated mice. This indicates a shift to aerobic metabolism that is consistent with previous observations in bone-marrow-derived macrophages [28]. Such intracellular metabolic shift coincides with an antiinflammatory M2 macrophage subtype, which is characterized by enhanced rates of oxidative phosphorylation and fatty acid oxidation [45]
and a role for CD36 in facilitating fatty acid uptake and oxidation [46].
In addition, the anti-inflammatory effect of azapeptides was shown in
isolated macrophages by a reduction in cytokines secretion in a CD36dependent manner (Supplemental Fig. 14).
These observations and those of our previous studies [10,32] are
consistent with atherosclerotic plaque resolution [18], as they show
reduced aortic lesion areas, reduced macrophage accumulation, reduced endothelial and systemic inflammation at lesion sites, as well as
increased cholesterol efflux and reverse cholesterol transport in
EP80317-treated mice. Moreover, the azapeptide effects were associated with polarization of macrophages to an M2-like subtype. Reduced lesion areas and absolute F4/80+ macrophage counts were observed in the BCA, a site known to develop advanced lesions in apoe−/−
mice, although detection of azapeptide-induced regression in this region may have likely been impeded by diet-induced lesion progression.On the other hand, at the aortic sinus level, azapeptides reduced necrotic areas which have notably been implicated in plaque
instability [40].
During plaque regression, little evidence exists for significant proliferation of macrophages [47]. An increase expression of M2-like cell
markers in the artery wall has been proposed to be attributed to the
conversion of M1 macrophages to an M2-like state upon changes in the
plaque environment, but could also be due to recruitment of new
monocytes that become M2-like [20]. Although the origin of macrophages subpopulations within the different lesion sites and the immunomodulatory mechanism by which azapeptides alter macrophage
numbers requires further study, ability to favor the M2-like state has
probably significant beneficial consequences. The therapeutic effect of
CD36-selective azapeptides on monocytes and macrophages are likely
to be extended to other cell types and tissues expressing the scavenger
receptor, including endothelium and vascular smooth muscle cells.
The azapeptides also exhibited antiatherogenic effects in apoe−/−
mice which were fed a HFHC diet throughout the experiment. Pivotal
cytokines associated with the proatherogenic function of M1 macrophages, such as IL-1β, IL-6 and CCL-2, were decreased in circulation
[48,49]. A significant reduction in CRP plasma levels was also detected
in the azapeptide-treated mice, probably as a consequence of decreasing the upstream regulator IL-6. A well-recognized indicator of
inflammation, CRP expression often correlates with cardiovascular
disease [50]. The results of the present study on the anti-atherosclerotic
effects of azapeptides MPE-001 and MPE-003 encourage further examination. Additional studies aimed to ascertain cellular and molecular
events implicated in their influence on monocyte trafficking at lesions
sites, plaque macrophage apoptosis and CD36-mediated efferocytosis,
remain to be done [23].
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4.1. Conclusion
[2]

Azapeptide analogs of GHRP-6 have been shown to be potent and
selective CD36 ligands. Treatment of apoe−/− mice fed a HFHC diet
with such azapeptides reduced atherosclerosis progression, and elicited
regression of aortic sinus lesions. These effects of azapeptides MPE-001
and MPE-003 were associated with a relative increase in M2-like
macrophages within lesions. Azapeptide ligands of CD36 merit further
development as a novel therapeutic avenue for treating atherosclerosis.
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