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Abstract
The present study aimed to investigate the role of D4F, an apolipoprotein A-I mimetic

peptide, in macrophage apoptosis induced by the glycated high-density lipoprotein (gly-

HDL)-induced endoplasmic reticulum (ER) stress C/EBP homologous protein (CHOP) path-

way, and unravel the regulatory role of autophagy in this process. Our results revealed that

except for suppressing the accumulation of lipids within RAW264.7 macrophages caused

by gly-HDL, D4F inhibited gly-HDL-induced decrease in the cell viability and increase in

lactate dehydrogenase leakage and cell apoptosis, which were similar to 4-phenylbutyric

acid (PBA, an ER stress inhibitor). Besides, similar to PBA, D4F inhibited gly-HDL-induced

ER stress response activation evaluated through the decreased PERK and eIF2a phosphor-

ylation, together with reduced ATF6 nuclear translocation as well as the downregulation of

GRP78 and CHOP. Interestingly, D4F facilitated gly-HDL-triggered activation of autophagy,

measured as elevated levels of beclin-1, LC3-II, and ATG5 expressions in macrophages.

Furthermore, the inhibition effect of D4F on gly-HDL-induced ER stress-CHOP-induced

apoptosis of macrophages was restrained after beclin-1 siRNA and 3-methyladenine (3-MA, an inhibitor of autophagy) treat-

ments, while this effect was further reinforced after rapamycin (Rapa, an inducer of autophagy) treatment. Furthermore, admin-

istering D4F or Rapa to T2DM mice upregulated LC3-II and attenuated CHOP expression, cell apoptosis, and atherosclerotic

lesions. However, the opposite results were obtained when 3-MA was administered to these mice. These results support that D4F

effectively protects macrophages against gly-HDL-induced ER stress-CHOP-mediated apoptosis by promoting autophagy.
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Introduction

Atherosclerosis (AS) is the pathological basis of the periph-
eral arterial disorder, stroke, and coronary heart disease
(CHD), and also the main reason underlying the incidence
and mortality of cases with dyslipidemia and diabetes

mellitus (DM).1,2 Hyperglycemia may exacerbate athero-
sclerotic progression by inducing oxidative stress, promot-
ing inflammation,3 and heightening the susceptibility to AS
in vascular smooth muscle cells (VSMCs).4 In this patho-
physiological process, advanced glycation end-products
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(AGEs) possibly play vital roles by inhibiting the reverse
cholesterol transport from macrophages, promoting
inflammation, and forming oxidized low-density lipopro-
tein (ox-LDL).5,6 High-density lipoprotein (HDL) has been
confirmed to exhibit antiatherosclerotic properties includ-
ing anti-oxidation, anti-inflammation, and reverse choles-
terol transport, while glycation of HDL damages the
antiatherogenic functions of HDL.7,8 Previous studies,
including the ones by our research group, have demon-
strated that glycated HDL (gly-HDL) possibly induces apo-
ptosis of macrophage and endothelial cells, which has been
recognized as a crucial step in the progression of athero-
sclerosis and formation of unstable plaque.9,10 Endoplasmic
reticulum (ER) stress-mediated apoptotic pathway is recog-
nized as the key mechanism of cell apoptosis. In ER stress,
C/EBP homologous protein (CHOP) is a vital proapoptotic
molecule, which exerts an important effect on macrophage
apoptosis as well as on DM and AS development, especial-
ly in the instability of atherosclerotic plaques.11,12 In recent
research, we demonstrated that gly-HDL and ox-HDL pro-
mote the apoptosis of macrophages via the CHOP path-
way.10,13 Therefore, inhibiting the apoptosis of
macrophages via the ER stress-CHOP pathway may serve
as a potential treatment approach for AS.

D4F, the apolipoprotein-AI mimetic peptide (a major
antiatherogenic functional component of HDL) that con-
tains 18 amino acids, contains the class A amphipathic
helix that allows for binding to lipids similar to apo
AI.14,15 An increasing number of studies suggest that D4F
suppresses AS, including the improvement of reverse cho-
lesterol transport,16,17 reduction in the chemotactic activity
of ox-LDL-mediated monocytes, and enhancement of the
HDL anti-inflammation.18 Moreover, D4F decreases the for-
mation of AS lesions in mice, irrespective of the cholesterol
content in the plasma (high or low). In addition, D4F may
eliminate the oxidized lipids out of the lipoproteins.19 As
reported in our previous study, D4F decreases the human
umbilical vein endothelial cell cytotoxicity mediated by ox-
LDL by promoting pigment epithelium-derived factor and
inhibits the apoptosis of macrophages by inactivating the
NF-jB-Fas/FasL death receptor pathway.20,21 Nonetheless,
the mechanism by which D4F affects CHOP-mediated
apoptosis in gly-HDL-treated macrophages remains
unclear so far.

Autophagy is a kind of cell decomposition and recycling
process, which functions for maintaining energy balance
and quality control by obliterating the misfolded proteins
and dysfunctional subcellular organelles in lysosomes.22

Accumulating evidence has demonstrated that autophagy
promotes cell survival under various stimuli, including ER
stress, metabolic stress, and oxidative stress,23–25 besides, it
protects against advanced AS.26,27 Data from our recent
studies revealed that autophagy response inhibits gly-
HDL-induced macrophage apoptosis through the partial
alleviation of the ER stress-CHOP pathway.10 The present
study focused on investigating the influence of D4F on the
apoptosis mediated by the ER stress-CHOP pathway and
the autophagy response in this apoptosis process in gly-
HDL-treated macrophages and type 2 diabetes mellitus
(T2DM) apoE�/� mice.

Materials and methods

Reagents

Oil red O, 3-methyladenine (3-MA), rapamycin (Rapa), 4-
phenylbutyric acid (PBA), and streptozotocin (STZ) were
obtained from Sigma-Aldrich (St Louis, MO, USA).
Carboxymethyl lysine (CML) ELISA kit was provided by
BlueGene Biotech (Shanghai, China), and the Annexin V-
FITC apoptosis detection kit was provided by KeyGEN
Biotech (Nanjing, China). Lactate dehydrogenase (LDH)
and TUNEL (TMR red, In Situ Cell Death Detection kit)
detection kits were obtained from Solarbio (Beijing,
China) and Roche (Mannheim, Germany), respectively.
The Cell Counting Kit-8 reagent (CCK-8) was obtained
from Beyotime (Dojindo Laboratories, Kumamoto, Japan).
The monocyte plus macrophage (MOMA-2, ab33451) rat
antibody, C/EBP homologous protein (CHOP, ab63392,
ab11419), glucose-regulated protein 78 (GRP78, ab21685),
and the activating transcription factor 6 (ATF6, ab37149)
rabbit antibodies were purchased from Abcam
(Cambridge, MA, USA). The phospho-eukaryotic transla-
tion initiation factor 2a (p-eIF2a, sc293100) and the
phospho-double-stranded RNA-activated protein kinase-
like ER kinase (p-PERK, sc32577) rabbit antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). In addition, the microtubule-associated protein
1 light chain 3 (LC3, L7543), beclin-1 (PRS3613), and
autophagy-related gene 5 (ATG5, A0731) rabbit antibodies
were obtained from Sigma-Aldrich (St Louis, MO, USA).
The Alexa Fluor 594-labeled donkey anti-rat (A32758) and
Alexa Fluor 488-labeled donkey anti-rabbit (A21206) anti-
bodies were obtained from Molecular Probes (Eugene, OR,
USA). D-4F (Ac-DWFKAFYDKVAEKFKEAF-NH2) and
scrambled D4F (Ac-DWFAKDYFKKAFVEEFAK-NH2)
were synthesized from Scilight Biotechnology (Beijing,
China).

Preparation of gly-HDL

Gly-HDL was prepared as described in a previous
study.28,29 In brief, the plasma native HDL
(density¼ 1.063–1.210 g/mL) was extracted from normoli-
pidemic donors using density-gradient ultracentrifugation,
followed by seven days of incubation in the dark with glu-
cose (50mmol/L) in PBS solution containing 2mmol/L
ethylene diamine tetraacetic acid (EDTA) under nitrogen,
sterile conditions, and 37 �C. The glycation modification
reaction was terminated through thorough dialysis in PBS
(pH¼ 7.4) containing 1mmol/L EDTA for removing the
free glucose. The glycation extent in HDL was assessed
by detecting the CML level via ELISA. The CML level in
gly-HDL was 202.4� 58.8 pg/mg protein. The endotoxin
level in the prepared HDL was detected using the
Limulus Amoebocyte Lysate kit (Bio Whittaker,
Walkersville, MD); however, no endotoxin was detected
in the HDL prepared in the present work (<50pg/mg
protein).
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Cell culture and siRNA transfection

The RAW264.7 cells were procured from the American
Type Culture Collection (ATCC), Chinese Academy of
Sciences, and cultured in DMEM medium containing 10%
(v/v) fetal bovine serum (FBS) under 5% CO2 atmosphere
and at 37 �C. Later, the original medium was replaced with
1% FBS-containing DMEM prior to applying the different
treatments.

Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA)
was used for transfecting the cells with specific small inter-
fering RNA (siRNA) oligomers targeting beclin-1
(200 pmol), which was achieved by incubation for 48 h
and using specific protocols; control siRNA oligomers
were used as the negative reference. Afterward, gly-HDL
(100mg/L) was employed to treat the cells for 24 h. Beclin-1
siRNA (5’-GUAAUAUUAAACCACAUGUdTdT-3’) and
Control siRNA (5’-UUCUCCGAACGUGUCACGUTT-3’)
(SASI_Mm01_00048151) were provided by Sigma-Aldrich.
Silencing of the target gene was verified through Western
blotting assay.

Animals and the experimental design

The C57BL/6 and apoE�/� male mice (6-week-old) were
procured from Huafukang Biotechnology (Beijing, China).
The Ethical Committee for the Use of Laboratory Animals,
Shandong First Medical University, approved the animal
experiment procedures to be used in the present study.
All procedures were performed by following the relevant
guidelines.

The T2DM apoE�/� mice models were established as
described in a previous study.30 In brief, after one week of
acclimatization, the apoE�/�mice were raised on a high-fat
diet containing 20% sugar, 20% fat, and 1.25% cholesterol
for eight weeks. Thereafter, intraperitoneal glucose toler-
ance test was conducted to identify the insulin-resistant
mice with blood glucose levels much higher than blood
glucose levels in normal chow diet-fed apoE�/� mice at
15, 30, 60 and 90min. Subsequently, 75mg/kg streptozoto-
cin (STZ) was administered to the insulin-resistant mice
intraperitoneally to induce partial insulin deficiency. After
two weeks, the animals exhibiting random fasting blood
glucose (FBG)> 11.1mmol/L in one or more of the three
independent tests were considered T2DM mice; these mice
were then randomly divided into four groups based on
different treatments: model group was intraperitoneally
injected with vehicle (Model group, n¼ 8); D4F group
(D4F, 1mg/kg/d, n¼ 8); 3-MA group (3-MA, 50mg/kg/
d, n¼ 8); Rapa group (Rapa, 6mg/kg/d, n¼ 8) once a day
for additional 8weeks. A regular normal chow diet was fed
to 8 male C57BL/6 mice in the normal control group, fol-
lowed by an intraperitoneal injection of an equal volume of
saline containing 0.1% Tween-80. At the completion of the
experiment, the animals were sacrificed for the collection of
hearts with the proximal aorta and aortic archs. The hearts
were embedded in the optimal cutting temperature (OCT)
compound and frozen at �80�C for oil red O staining,
TUNEL, and immunofluorescence analysis. The aortic
archs were stored at �80�C for the Western blotting.

Lipid determination

In order to observe the lipid droplets within macrophages,
the RAW264.7 cells were seeded onto the cover glass in the
six-well tissue culture plates, followed by washing with
PBS and a 20-min fixation in 4% paraformaldehyde.
Subsequently, the cells were washed with PBS and then
subjected to 30min of oil red (0.5% in isopropanol) staining
at room temperature; after washing with PBS, the cells were
then re-stained with hematoxylin for 2min. Next, the
stained cells were observed and photographed under
Olympus BX53 microscope (Olympus, Tokyo, Japan), and
the Image-Pro Plus image analysis software (Media
Cybernetics, LP, USA) was used for determining the lipid
droplet content. Results were presented as the means of the
integrated optical density (IOD) for each cell.

Next, Nile red staining was performed to determine the
lipid content in the cells. Cells were rinsed with PBS and
subjected to Nile red treatment (1mg/mL) under ambient
temperature for 20min. Finally, at least 10,000 stained cells
each group were rinsed and resuspended with PBS, and
then detected using the FAC Scan flow cytometer (Becton
Dickinson, San Jose, CA, USA) at the emission and excita-
tion wavelengths at 590 and 568 nm, respectively. Results
were presented as the average fluorescence intensity.

In order to analyze the AS lesions, brilliant green and oil
red O were used for staining the 8-mm aortic root cryosec-
tions. The AS lesions were observed under a microscope
(Olympus BX53, Tokyo, Japan), and five sections were
examined from each mouse to calculate the overall average
plaque area (mm2) using Image-Pro Plus software.

CCK-8 and LDH assays

RAW264.7 cells (5� 103/well) were seeded into 96-well
plates for 24 h. Then, the cells were treated with 10 mL
CCK-8 solution for 2 h. Next, optical densities (ODs) were
measured at 450 nm in amicroplate reader (Spectramax i3x,
USA). The ratio of the CCK-8 count in the treated cells to
that in the untreated controls was calculated as the cell via-
bility (100%).

In order to better evaluate cell injury, a specific detection
kit was employed for measuring the cellular LDH release
into the medium using specific protocols.

Apoptosis measured through flow cytometry

Annexin V-FITC/PI double-staining detection kit was used
for measuring the apoptosis of Raw264.7 cells. Briefly, the
exposed cells were rinsed with PBS and incubated in the
dark with 500 mL binding buffer containing 5 mL Annexin V-
FITC/propidium iodide (PI) for 15min at room tempera-
ture. Thereafter, all stained cells were examined under the
FAC scan flow cytometer equipped with Cell-Quest soft-
ware (Becton Dickinson, San Jose, CA, USA).

TUNEL analysis

The treated RAW264.7 cells on glass cover slips in six-well
plates or mouse aortic root cryosections were washed with
PBS. Next, the cells and aortic roots were fixed in 4% para-
formaldehyde for 20min. After washing with PBS, 0.1%
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Triton X-100 was added for 2min for cell permeabilization.
Finally, the TUNEL reactionmixture was added to allow for
reaction with cells and aortic roots on ice in the dark for 1 h,
followed by 4’,6-diamidino-2-phenylindole (DAPI) treat-
ment for 5min at room temperature. Morphology of cells
and aortic roots were observed under a fluorescence micro-
scope (Olympus BX53, Tokyo, Japan). TUNEL-positive cell
number among the overall cell count or the AS lesion area
was considered the cell apoptosis ratio. At least five field of
views each section of each group were obtained and
analyzed.

Immunofluorescence

RAW264.7 cells were seeded onto the circular coverslips in
the six-well plates. After washing with PBS, cells were fixed
in 4% paraformaldehyde for 20min. After another rinse
with PBS, cells were permeabilized using 0.1% Triton-X-
100 at ambient temperature, blocked using normal
donkey serum, and subsequently incubated overnight
with anti-ATF6 or anti-LC3 antibody at 1:200 dilution
under 4 �C. Following 30min of incubation with Alexa
Fluor 488-labeled secondary antibody at room temperature,
DAPI was used for counterstaining the cells. The stained
cells were visualized under a confocal microscope (Bio-Rad
Radiance 2100). ATF6 immunofluorescence and LC3-
labeled autophagosomal puncta accumulation were ana-
lyzed digitally using Image-Pro Plus software. At least
five field of views each section of each group were obtained
and analyzed.

The normal donkey serum was used for blocking the
serial aortic root frozen sections (8 mm), and then the anti-
MOMA-2, anti-LC3, and anti-CHOP primary antibodies at
1:200 dilution were incubated overnight with the cells
under 4 �C. Thereafter, the frozen sections were exposed
to Alexa Fluor 488-labeled donkey anti-rabbit and Alexa
Fluor 594-labeled donkey anti-rat secondary antibody treat-
ments for 30min, followed by counterstaining with DAPI.
A fluorescence microscope (Olympus BX53, Tokyo, Japan)
was utilized to observe and digitally analyze the captured
images. Image-Pro Plus software was utilized to measure
the average fluorescence intensity in the AS plaque. At least
five field of views each section of each group were obtained
and analyzed.

Western blot analysis

PMSF-containing RIPA lysis buffer and nuclear extraction
kits were used for isolating total proteins from the aortic
tissues and the total and nuclear proteins from treated
RAW264.7 cells, respectively. Afterward, the cells were sub-
jected to 30min of centrifugation at 12,000� g and 4 �C;
10% SDS-PAGE was used to separate equal amounts of
proteins (40 lg), followed by transfer of the protein bands
onto the PVDF membranes. Milk was used to block each
membrane, followed by an overnight incubation with pri-
mary antibodies under 4 �C, including anti-p-PERK (1:500),
anti-p-eIF2a (1:500), anti-GRP78 (1:200), anti-CHOP (1:200),
anti-beclin-1 (1:200), anti-ATG5 (1:200), and anti-LC3
(1:500). Then, incubation with goat anti-rabbit IgG second-
ary antibody conjugated with HRP (1:1,500) was performed

for 2 h at ambient temperature. Next, the enhanced chemi-
luminescence kit was utilized to analyze the proteins; band
intensity was quantified using Image-Pro Plus software,
followed by normalization relative to the reference (histone
or b-actin).

Statistical analysis

Data are presented as mean� standard deviation. One-way
ANOVA was performed for statistical analysis using SPSS
16.0, in which two groups were compared using the
Student’s t-test, while the Student–Newmann–Keuls test
was employed in the case of several groups. The p-value
of <0.05 represented a statistically significant difference.

Results

D4F mitigated gly-HDL-induced lipid accumulation
within RAW264.7 cells

Our previous studies showed that gly-HDL and ox-LDL
induced lipid accumulation in macrophage cells, while
D4F inhibited the ox-LDL-induced accumulation of intra-
cellular lipids.10,31 The results of the present study con-
firmed that D4F treatment (12.5, 25, 50mg/L), but not
sD4F (an inactive scrambled peptide control), significantly
reduced the gly-HDL-induced accumulation of intracellu-
lar lipids in a dose-dependent manner (Figure 1).

D4F protected against gly-HDL-mediated apoptosis
and cytotoxicity of RAW264.7 cells

In order to investigate the cytoprotective role of D4F in
macrophages, we detected the LDH activity and cell viabil-
ity using LDH assay kits and CCK-8 assay, respectively. The
results showed that gly-HDL treatment significantly
decreased cell viability and increased LDH release, which
inhibited by D4F pretreatment in a dose-dependent manner
(Figure 2(a) and (b)). PBA (an ER stress inhibitor), but not
sD4F, also blocked the reduced cell viability and increased
LDH leakage induced by gly-HDL.

Next, Annexin V-FITC/PI double-staining and TUNEL
staining were performed to evaluate the anti-apoptotic
effect of D4F. As presented in Figure 3(a) and (b), the pro-
portion of apoptotic cells remarkably elevated at 24 h after
the gly-HDL treatment, which declined strongly after D4F
treatment in a dose-dependent manner and PBA treatment.
The above findings indicated the potential role of D4F in
the inhibition of gly-HDL-mediated macrophage injury
and apoptosis through the inhibition of the ER stress
pathway.

D4F mitigated gly-HDL-induced ER stress response
in RAW264.7 cells

We have demonstrated that gly-HDL induced apoptosis in
RAW264.7 cells by activating the ER stress pathway. The
present study also assessed the alterations occurring in
CHOP and its two important upstream molecules, PERK
and ATF6 in vitro, to illuminate the cytoprotective mecha-
nism of D4F in the macrophages induced with gly-HDL
treatment. Figure 3 illustrates that gly-HDL activated the
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ER stress-CHOP pathway, as evidenced by ATF6 nuclear
translocation (Figure 4(a) and (b)), PERK and eIF2a phos-
phorylation, and enhanced CHOP and GRP 78 protein
expression (Figure 4(c)). Nonetheless, the D4F or PBA

treatment, and not sD4F, dramatically suppressed the gly-
HDL-induced ER stress response. These results suggested
that D4F could inhibit the gly-HDL-induced macrophage
ER stress-CHOP pathway.

Figure 1. D4F reduces gly-HDL-induced accumulation of lipids in RAW264.7 cells. RAW264.7 cells were subjected to treatment with or without D4F (12.5, 25, 50 mg/

L) or 50 mg/L of sD4F (inactive control peptide scrambled D4F) initially for 1 h and later for 24 h using 100 mg/L gly-HDL. Thereafter, the intracellular lipid contents were

determined using oil red O staining (a) and Nile red staining (b), separately. Typical images for lipid droplet staining. Scale bar: 20 mm; n¼5. Mean �SD. *P< 0.05,

**P< 0.01 vs. control group. #P< 0.05, ##P< 0.01 vs. gly-HDL group. (A color version of this figure is available in the online journal.)

Figure 2. Role of D4F in gly-HDL-induced cytotoxicity of RAW264.7 cells. RAW264.7 cells were subjected to treatment with PBA (5 mmol/L), sD4F (50 mg/L), or D4F

(12.5, 25, 50 mg/L) initially for 1 h and later for 24 h using gly-HDL (100 mg/L). (a and b) The CCK8 assay was conducted and LDH kits were used to measure the cell

viability and LDH activity, respectively. n¼ 5, Mean �SD. *P< 0.05, **P< 0.01 vs. control group. #P< 0.05, ##P< 0.01 vs. gly-HDL group.
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Figure 3. Role of D4F in gly-HDL-induced apoptosis of RAW264.7 cells. RAW264.7 cells were subjected to treatment with PBA (5 mmol/L), sD4F (50 mg/L), or D4F

(12.5, 25, 50 mg/L) initially for 1 h and later for 24 h using gly-HDL (100 mg/L). (a) Cells were stained with Annexin-V-FITC/PI. Later, cell apoptosis was detected using

flow cytometry. The overall apoptotic cell number (at both early and late stages) is presented on the right side of the panel (Annexin V in the absence or presence of PI).

(b) Representative fluorescence micrographs depict TUNEL staining positive cells (red) and DAPI-stained nuclei (blue), while the graph presents the TUNEL-positive

cell proportion corresponding to the overall cell number. Scale bar: 20 mm; n¼ 5. Mean �SD. *P< 0.05, **P< 0.01 vs. control group. #P<0.05, ##P< 0.01 vs. gly-HDL

group. (A color version of this figure is available in the online journal.)
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Figure 4. D4F inhibits gly-HDL-mediated ER stress response in RAW264.7 cells. RAW264.7 cells were subjected to treatment with PBA (5 mmol/L), sD4F (50 mg/L), or

D4F (50 mg/L) initially for 1 h and later for 24 h using 100mg/L gly-HDL. (a) Representative fluorescence confocal micrographs depicting ATF6 visualized through DAPI-

stained nuclei (blue) and Alexa Fluor 488 (green). Scale bar: 20 mm; n¼ 5. (b and c) Cell treatments were identical to those depicted in Figure 2. ATF6, p-PERK, p-eIF2a,
GRP78, and CHOP protein expressions were measured using Western blotting analysis. n¼4. Data are mean �SD. *P< 0.05, **P< 0.01 vs. control group. #P< 0.05,
##P< 0.01 vs. gly-HDL group. (A color version of this figure is available in the online journal.)
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D4F facilitates gly-HDL-triggered RAW264.7 cell
autophagy

According to our previous results, gly-HDL induced
autophagy in RAW264.7 cells, which was evidenced by
the elevated levels of autophagy markers, including
ATG5, LC3-II, and beclin-1.10 However, the level of autoph-
agy triggered by gly-HDL was not sufficient to prevent gly-
HDL-induced ER and stress-CHOP-induced RAW264.7 cell
apoptosis. Since D4F suppressed gly-HDL-induced
RAW264.7 cell apoptosis (Figure 3), it was hypothesized
that D4F might facilitate gly-HDL-triggered autophagy to
protect against macrophage apoptosis. In order to confirm
this hypothesis, the role of D4F in autophagy response was
assessed in the present study using immunofluorescence
staining and Western blotting analysis. As expected, the
green signal from LC3 puncta and the levels of
autophagy-associated proteins, including beclin-1, ATG5,
and LC3-II significantly increased in the gly-HDL-treated
group relative to the control and D4F-treatment without
gly-HDL. Moreover, preincubation of the cells with D4F,
but not sD4F, further increased the green signal from LC3
puncta and the expression of the autophagy marker pro-
teins compared to those in the gly-HDL-exposed cells in a
dose-dependent manner (Figure 5(a) and (b)). These results
revealed that D4F might further enhance the gly-HDL-
induced autophagy in macrophages.

D4F-facilitated autophagy inhibits CHOP-mediated
apoptosis in gly-HDL-treated RAW264.7 cells

It is reported that the upregulation of macrophage autoph-
agy attenuates cell death and AS.26,32,33 In order to confirm
the autophagic effect on the protective mechanism of D4F
in ER stress-CHOP pathway-mediated apoptosis of macro-
phages treated by gly-HDL, this study used 3-methylade-
nine (3-MA, an autophagy inhibitor) and rapamycin (Rapa,
an autophagy inducer) for inhibiting and inducing autoph-
agy, respectively. As shown in Figure 6(a) to (c), the inhib-
itory effects of D4F on apoptosis, PERK phosphorylation,
CHOP upregulation, and ATF6 nuclear translocation were
further promoted by Rapa, while weakened by 3-MA in
gly-HDL-treated RAW264.7 cells.

In order to further confirm the contribution of autoph-
agy to the inhibition effect of D4F on gly-HDL-treated
RAW264.7 cell apoptosis mediated by CHOP, beclin-1
siRNA was transfected into the cells prior to the gly-HDL
treatment with or without D4F. Figure 7(a) and (b) sug-
gested that beclin-1 siRNA pretreatment aggravated the
cell apoptosis and CHOP expression induced by gly-HDL
while eliminating the D4F influence on the above effects.
These findings revealed that D4F suppressed ER stress-
CHOP-apoptosis by enhancing gly-HDL-triggered autoph-
agy in macrophages.

Effects of D4F, 3-MA, and Rapa on atherosclerotic
lesions and the expressions of LC3 and CHOP in type 2
diabetic apoE–/– mice

According to Figure 8(a) and (b), eight weeks of rapamycin
or D4F treatment dramatically decreased cell apoptosis and

the area of atherosclerotic plaque in the aortic roots in
T2DM apoE�/� mice compared to the vehicle-treated
model mice. In contrast, the 3-MA treatment enhanced
cell apoptosis as well as the plaque area. Furthermore,
D4F and rapamycin evidently increased LC3-II expression
and decreased CHOP expression in the aortic roots with
abundant macrophages and aortic arches relative to the
model group. However, converse data were obtained in
the 3-MA treatment group (Figure 8(c) and (d)). These
results indicated that similar to rapamycin, D4F might
also inhibit CHOP upregulation and cell apoptosis in the
atherosclerotic plaques in T2DM apoE�/� mice by promot-
ing autophagy.

Discussion

Hyperglycemia and dyslipidemia are strongly associated
with the pathogenesis of atherosclerosis at all stages of
the atherogenic process, and gly-HDL plays a crucial role
in this process by activating the macrophage apoptosis
pathwaymediated by ER stress-CHOP.10 As a consequence,
inhibiting macrophage apoptosis mediated by ER stress-
CHOP pathway is an effective treatment approach for com-
bating atherosclerosis in patients with DM. The findings of
the present work suggest that D4F decreased macrophage
apoptosis mediated by the ER stress-CHOP pathway by
facilitating autophagy, which was verified by the subse-
quent findings of the study. First, D4F reduced lipid accu-
mulation in the macrophages along with injury and
apoptosis induced by gly-HDL; these findings were consis-
tent with the protective effect of PBA (an inhibitor of ER
stress). Second, similar to PBA, D4F inhibited the ER stress-
CHOP pathway by suppressing the activation of PERK and
ATF6 together with CHOP upregulation induced by gly-
HDL. Third, D4F facilitated gly-HDL-triggered autophagy;
in addition, the inhibition effect of D4F on macrophage
apoptosis mediated by ER stress-CHOP was weakened
after beclin-1 siRNA and 3-MA (autophagy inhibitors)
treatments, while it was further enhanced by Rapa (an
autophagy inducer). Fourth, the administration of D4F to
T2DM apoE–/– mice reduced the atherosclerotic plaque
area and cell apoptosis, increased LC3-II expression, and
decreased CHOP expression in macrophage-dense athero-
sclerotic lesions; these effects were similar to the protective
effect of Rapa.

ApoA-I, as a major apolipoprotein of HDL, has been
proven to protect against atherosclerosis by elevating the
endothelial nitric oxide generation, enhancing reverse cho-
lesterol transport, and suppressing LDL oxidation.14,15

However, there are many limitations to the production
and administration of ApoA-I containing 243 amino
acids. ApoA-I mimetic peptides, which are synthetic pep-
tide analogs containing 18 amino acids and possessing class
A amphipathic helices secondary structural motif resem-
bling apoA-I, have been designed and studied extensive-
ly.34 D4F, an apoA-I mimetic peptide containing 4
phenylalanine (F) residues, is synthesized using D-amino
acids and has been proven to attenuate atherosclerosis by
increasing paraoxonase activity in HDL, improving reverse
cholesterol transport, and promoting endothelial
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Figure 5. D4F promotes gly-HDL-triggered autophagy of RAW264.7 cells. RAW264.7 cells were subjected to treatment with sD4F (50 mg/L) or D4F (12.5, 25, 50 mg/L)

initially for 1 h and later for 24 h using gly-HDL (100 mg/L). (a) Representative fluorescence confocal micrographs depicting DAPI-stained nuclei (blue) and Alexa Fluor

488-labeled LC3 (green). Autophagosomal puncta per cell were quantified. Scale bar: 20 mm; n¼ 5. (b) Western blotting assay for assessing the beclin-1, ATG5, and

LC3-II protein levels. n¼ 4. Mean �SD. *P< 0.05, **P< 0.01 vs. control group. #P< 0.05, ##P< 0.01 vs. gly-HDL group. (A color version of this figure is available in the

online journal.)
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Figure 6. Autophagy facilitated by D4F inhibits CHOP-mediated apoptosis of RAW264.7 cells treated with gly-HDL. RAW264.7 cells were subjected to treatment with

D4F (50 mg/L), rapamycin (Rapa, 1 mmol/L) or 3-methyladenine (3-MA, 3 mmol/L) initially for 1 h and later for 24 h of treatment with gly-HDL (100 mg/L). (a) Cell

apoptosis determined through flow cytometric analysis. n¼5. (b) Western blotting analysis to assess p-PERK, CHOP, and ATF6. n¼ 4. (c) Representative fluorescence

confocal micrographs depicting DAPI-stained nuclei DAPI (blue) and Alexa Fluor 488-labeled ATF6 (green). Scale bar: 20 mm; n¼5. Mean �SD. *P< 0.05, **P< 0.01

vs. Control group; #P<0.05, ##P< 0.01 vs. gly-HDL group; &P< 0.05, &&P< 0.01. (A color version of this figure is available in the online journal.)
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progenitor cell proliferation, migration, and adhesion.17,35

As revealed by our prior results, D4F alleviates the apopto-
sis of macrophages and human umbilical vein endothelial
cells, mediated by ox-LDL, by inhibiting ER stress-CHOP
signaling and downregulating the pigment epithelium-
derived factor expression, respectively, indicating that
D4F may work synergistically in both macrophages and
endothelial cells at atherogenic sites.20,31 However, few
studies have reported the effects of D4F on gly-HDL-
induced macrophage apoptosis and the underlying molec-
ular mechanisms.

ER stress is well recognized as an adaptive response.
Nonetheless, serious and persistent ER stress resulting

from pro-atherogenic factors, such as high levels of choles-
terol and oxidative stress in advanced lesions, activates
proapoptotic signals. As a key signal transduction molecule
involved in ER stress-associated apoptosis, CHOP is signif-
icantly upregulated, mediates macrophage apoptosis, and
subsequently leads to plaque necrosis and destabiliza-
tion.11,36,37 However, CHOP deficiency is proven to attenu-
ate plaque necrosis and macrophage apoptosis in advanced
AS plaque.11,36,38 According to our prior results, ox-LDL
and gly-HDL cause macrophage apoptosis by promoting
CHOP upregulation.10,31 The present study revealed that
D4F remarkably inhibited the gly-HDL-induced macro-
phage injury and lipid accumulation which was

Figure 7. D4F inhibits CHOP-mediated apoptosis of RAW264.7 cells treated with gly-HDL by upregulating beclin-1. RAW264.7 cells were transfected with beclin-1

siRNA, followed by 100 mg/L gly-HDL treatment with or without D4F (50 mg/L) for 24 h. (a) Western blotting assay for assessing CHOP and beclin-1 levels. n¼ 4.

(b) Cell apoptosis determined through flow cytometric analysis. n¼ 5. Mean �SD. *P< 0.05, **P< 0.01 vs. Control group; &P< 0.05, &&P< 0.01. ^P< 0.05, ^^P< 0.01.

(A color version of this figure is available in the online journal.)
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Figure 8. Role of D4F, 3-MA, and Rapa in atherosclerotic lesions and the expressions of LC3 and CHOP in diabetic apoE–/– mice. T2DM AS apoE�/� mice models

were established and then intraperitoneally injected with vehicle (Model group), 1 mg/kg D4F (D4F group), 6 mg/kg rapamycin (Rapa group), or 50 mg/kg 3-

methyladenine (3-MA group), daily for a total of 8 weeks. In addition, a normal chow diet was fed to male C57BL/6 mice as control. (a) Oil red O and brilliant green-

stained aortic root cross-sections to examine the atherosclerosis lesion formation. Scale bar: 100 mm; n¼ 8. (b) Representative fluorescence micrographs depicting

the TUNEL staining images for cell apoptosis (red) in the atherosclerosis lesions. Scale bar: 20 mm; n¼ 8. (c) Immunofluorescence staining in the presence of anti-

MOMA-2, anti-CHOP, and anti-LC3-II antibodies. Scale bar: 20 mm; n¼ 6. Relative fluorescence intensities of LC3-II and CHOP (green) expression levels within the

lesions rich in macrophages (red) were determined. (d) Western blotting assay to assess CHOP and LC3-II expressions within the aortic archs; n¼ 4. Mean �SD.

*P<0.05, **P< 0.01 vs. model group. (A color version of this figure is available in the online journal.)
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determined based on the reduced cell apoptosis and LDH
leakage, enhanced cell viability, and inhibition of CHOP
upregulation, consistent with PBA exposure. ATF6 and
PERK are two key upstream molecules responsible for
inducing CHOP upregulation,11,37 which have also been
proven to be involved in ox-LDL-and gly-HDL-mediated
macrophage apoptosis in our previous works.10,31 In the
present work, it was demonstrated that similar to PBA,
D4F also remarkably inhibited the upstream signals, evi-
denced by the decreased ATF6 nuclear translocation
along with PERK and eIF2a phosphorylation. According
to these findings, D4F alleviates the gly-HDL-induced
apoptosis of macrophages by suppressing the ER stress-
CHOP axis.

Autophagy is a cytoprotective and recycling process
involving the degradation of misfolded proteins or dam-
aged organelles under pathological conditions.39

Autophagy has been proven to protect against advanced
atherosclerosis.26,27 Autophagy induced by AGE-modified
bovine serum albumin (AGE-BSA) protects against the
AGE-BSA-caused damage to human vascular endothelial
cells,33 while the 7-ketocholesterol-activated autophagy
alleviates the apoptosis of VSMCs by attenuating ER
stress.32 Consistently, the inhibition of autophagy results
in endothelial dysfunction in patients with diabetes40 and
aggravates AS and VSMC apoptosis.41 Our recent data
revealed that rapamycin-stimulated autophagy diminished
the gly-HDL-induced macrophage apoptosis and the ER
stress-CHOP pathway.10 The results of the present work
revealed that D4F enhanced gly-HDL-triggered autophagy,
as evidenced by the increased expressions of beclin-1, LC3-
II, and ATG5 together with autophagosome accumulation
in the macrophages. The promotion of autophagy by D4F
abolished the upregulation of PERK phosphorylation,
ATF6 nuclear translocation, and CHOP protein expression,
and consequently, gly-HDL-induced macrophage apopto-
sis. In addition, the protective effects of D4F were further
enhanced by rapamycin and alleviated by 3-MA and

beclin-1 siRNA treatments. Moreover, the attenuation of
autophagy by 3-MA aggravated cell apoptosis, atheroscle-
rotic lesions, and CHOP upregulation in T2DM apoE�/

�mice. Consistently, similar to rapamycin, D4F increased
the LC3-II level while reducing CHOP level, cell apoptosis,
and atherosclerotic lesions.

In summary, our findings indicated that D4F could
attenuate apoptosis of gly-HDL-treated macrophages
induced by ER stress-CHOP by facilitating autophagy. As
verified in a clinical test, oral administration of D4F pre-
sented high safety and could enhance the anti-
inflammatory effects of HDL.42 Therefore, mimetic pepti-
des are becoming increasingly recognized as the possible
efficient tool to treat AS and the associated cardiovascular
disorders. The findings of the present work also suggest
that D4F has different physiological effects. Therefore, the
present study supports the application of D4F in the phar-
macological treatment of AS in T2DM and provides a foun-
dation for the clinical application of D4F.
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