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D4F alleviates macrophage-derived 
foam cell apoptosis by inhibiting 
the NF-κB-dependent Fas/FasL 
pathway
Hua Tian1, Shu-tong Yao1,2, Na-na Yang1, Jie Ren3, Peng Jiao1, Xiangjian Zhang4, Dong-xuan 
Li1, Gong-an Zhang1, Zhen-fang Xia1 & Shu-cun Qin1

This study was designed to explore the protective effect of D4F, an apolipoprotein A-I mimetic peptide, 
on nuclear factor-κB (NF-κB)-dependent Fas/Fas ligand (FasL) pathway-mediated apoptosis in 
macrophages induced by oxidized low-density lipoprotein (ox-LDL). Our results showed that ox-LDL 
induced apoptosis, NF-κB P65 nuclear translocation and the upregulation of Fas/FasL pathway-related 
proteins, including Fas, FasL, Fas-associated death domain proteins (FADD), caspase-8 and caspase-3 
in RAW264.7 macrophages, whereas silencing of Fas blocked ox-LDL-induced macrophage apoptosis. 
Furthermore, silencing of P65 attenuated macrophage apoptosis and the upregulation of Fas caused 
by ox-LDL, whereas P65 expression was not significantly affected by treatment with Fas siRNA. D4F 
attenuated the reduction of cell viability and the increase in lactate dehydrogenase leakage and 
apoptosis. Additionally, D4F inhibited ox-LDL-induced P65 nuclear translocation and upregulation of 
Fas/FasL pathway-related proteins in RAW264.7 cells and in atherosclerotic lesions of apoE−/− mice. 
However, Jo2, a Fas-activating monoclonal antibody, reversed the inhibitory effect of D4F on ox-
LDL-induced cell apoptosis and upregulation of Fas, FasL and FADD. These data indicate that NF-κB 
mediates Fas/FasL pathway activation and apoptosis in macrophages induced by ox-LDL and that D4F 
protects macrophages from ox-LDL-induced apoptosis by suppressing the activation of NF-κB and the 
Fas/FasL pathway.

Atherosclerosis (AS) is a chronic inflammatory disease of the arterial wall. Macrophages ingest an excess amount 
of oxidized low-density lipoprotein (ox-LDL) and are converted into foam cells, which are the characteristic 
components of atherosclerotic plaques and are closely associated with the development and progression of AS1. 
Evidence has demonstrated that macrophage apoptosis reduces lesion size in early atherosclerotic lesions2, 3, 
whereas apoptosis of macrophage-derived foam cells in advanced lesions promotes lipid core enlargement and 
leads to inflammation, necrosis and even plaque rupture, which is the main cause of acute coronary syndromes, 
such as unstable angina, acute myocardial infarction and sudden cardiac death4–6. Thus, inhibition of macrophage 
apoptosis may be an effective therapeutic strategy against plaque rupture.

The death receptor family apoptotic pathway plays a key role in apoptosis7, and the Fas receptor (Fas)/Fas 
ligand (FasL) pathway is important and widely recognized in this process8. Fas (CD95), a 45 kDa transmem-
brane protein, belongs to the death receptor (DR) family, which is a subset of the tumor necrotic factor receptor 
superfamily. FasL binds to Fas as a trimer at the cell surface and induces the recruitment of Fas-associated death 
domain proteins (FADD, an adaptor protein of Fas) via interaction with the death domain (DD) on both proteins. 
FADD also has a death effector domain (DED) that facilitates its interaction with other DED-containing proteins, 
such as caspase-8/109. Once bound to FADD, caspase-8/10 become activated and in turn activate the downstream 
effector caspase-3 to form the death-inducing signaling complex (DISC), which then triggers cell apoptosis10, 11. 
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The apoptotic cells in carotid plaques express Fas and FasL12, and Fas transduced with adenovirus can reduce 
the number of cells in the fibrous cap and increase thrombus rupture and bleeding inside the plaque, thereby 
increasing plaque vulnerability13. Additionally, it has been reported that ox-LDL-induced macrophage apoptosis 
is mediated by the Fas/FasL death receptor signaling pathway and may be blocked by antagonistic Fas antibody14. 
These data indicate that Fas/FasL pathway-mediated apoptosis and the development of AS are closely related.

D4F is an 18-amino-acid mimetic peptide of apolipoprotein A-I (apoA-I), an important functional com-
ponent of high-density lipoprotein (HDL). It does not share sequence homology with apoA-I, but it possesses 
a class A amphipathic helix that allows it to bind lipids similar to apoA-I15, 16. D4F has been demonstrated to 
have anti-atherogenic effects, such as improving reverse cholesterol transport (RCT) in macrophages from 
apoE−/− mice17 and in RAW264.7 cells18, preventing the oxidation of low-density lipoprotein (LDL), decreas-
ing ox-LDL-induced monocyte chemotactic activity and increasing the anti-inflammatory properties of HDL. 
Additionally, D4F has been confirmed to reduce atherosclerotic lesion formation in mice independent of plasma 
cholesterol, increase levels of pre-βHDL (the fraction that is most important in RCT)19–23 and significantly 
enhance endothelial progenitor cell proliferation, migration and adhesion to repair the injured endothelia24. Our 
recent work has also shown that D4F reduces ox-LDL-induced cytotoxicity of human umbilical vein endothe-
lial cells (HUVECs) by preventing the downregulation of pigment epithelium-derived factor25, and alleviates 
macrophage-derived foam cell apoptosis by inhibiting CD36 expression and the endoplasmic reticulum stress-C/
EBP homologous protein pathway26. In this research, we investigated the inhibitory effect of D4F on NF-κB acti-
vation and subsequent Fas/FasL death receptor pathway-mediated macrophage apoptosis.

Results
Ox-LDL induces apoptosis, P65 nuclear translocation and the activation of Fas/FasL pathway 
in RAW264.7 cells.  Cell viability and apoptosis were assessed by the MTT assay and Annexin V-FITC/PI 
double-staining assay, respectively. As seen in Fig. 1A, treatment with ox-LDL at different concentrations (25, 50 
and 100 mg/L) for 24 h decreased cell viability to 81.8%, 69.9% and 49.2%, respectively, compared with the con-
trol group. Additionally, the proportion of apoptotic cells was increased by ox-LDL in a dose-dependent manner 
(Fig. 1B). Additionally, oil red O staining and intracellular total cholesterol (TC) quantitative assay indicated that 
ox-LDL, but not LDL, remarkably induced lipid accumulation, which is an important inducer of macrophage 
apoptosis (Supplementary Fig. S1).

Subsequently, we detected the expression levels of P65 and Fas/FasL pathway-related molecules in 
ox-LDL-treated RAW264.7 cells by Western blot. As shown in Fig. 1C, the P65 levels in the nuclei and the pro-
tein levels of Fas, FasL and FADD as well as the active forms of caspase-8 and caspase-3 (cleaved-caspase-8 and 
cleaved-caspase-3) were increased in response to treatment with ox-LDL in a concentration-dependent manner.

P65 mediates Fas upregulation and apoptosis in RAW264.7 cells induced by ox-LDL.  Both 
Fas and FasL promoter regions contain NF-κB binding sites in NK cells, T lymphocytes, HepG2 cells, etc.27–30. 
However, little is known about the interrelationship between NF-κB and Fas in macrophage apoptosis. In the pres-
ent study, to further clarify the role of P65 and Fas in macrophage apoptosis and their relationship, we silenced 
the expression of P65 and Fas by siRNA and then explored their inhibitory effects on cell apoptosis and their 
protein expression levels. The results showed that both P65 and Fas silencing efficiently reduced ox-LDL-induced 
apoptosis (Fig. 2A) and the corresponding protein expression (Fig. 2B). Interestingly, Fas protein expression was 
decreased by P65 siRNA, whereas P65 expression was not affected by Fas siRNA (Fig. 2B), indicating that P65 
may mediate the activation of the Fas pathway, which then causes cell apoptosis.

D4F attenuates apoptosis, P65 nuclear translocation and the activation of Fas/FasL pathway 
in RAW264.7 cells induced by ox-LDL.  We determined the protective effect of D4F on ox-LDL-induced 
cell injury using the MTT assay and LDH activity detection. Pre-incubation with different doses of D4F (12.5, 25 
and 50 mg/L) increased cell viability and reduced LDH release in a dose-dependent manner compared with cells 
treated with ox-LDL alone (Fig. 3A and B). Furthermore, cell apoptosis was significantly induced by the treatment 
with 100 mg/L ox-LDL for 24 h compared with the control group, whereas the effect of ox-LDL was attenuated to 
43.5%, 39.5% and 23.9% upon D4F pretreatment at 12.5, 25 and 50 mg/L, respectively (Fig. 3C).

Immunofluorescence staining was used to observe the relocation of P65, as visualized by Cy3 labeling (red). 
The red stain-positive area was located mainly in the plasma in untreated control cells. However, the positive 
fluorescent area was more visible within the nucleus when cells were treated with 100 mg/L ox-LDL for 24 h. 
Preincubation with D4F decreased the intranuclear red-stained areas compared with the ox-LDL group in a 
dose-dependent manner (Fig. 3D). Additionally, the results of Western blot (Fig. 3E) showed that the levels of 
Fas/FasL pathway-related molecules, including Fas, FasL, FADD, cleaved-caspase-8 and cleaved-caspase-3, were 
decreased in response to treatment with D4F in a concentration-dependent manner compared with the ox-LDL 
group. These data indicated that D4F may suppress the activation of the NF-κB-Fas/FasL pathway in RAW264.7 
cells induced by ox-LDL.

To further confirm that the inhibitory effect of D4F on the NF-κB-Fas/FasL pathway-mediated apoptosis in 
macrophages induced by ox-LDL was similar to that of apoA-I, full-length apoA-I was used as a positive con-
trol. As shown in Supplementary Fig. S2, similar results were obtained in D4F- and Apo A-I-pretreated cells, as 
assessed by the reduced cell apoptosis, P65 nuclear translocation and the attenuated upregulation of Fas, FasL and 
FADD. These data indicated that similar to Apo A-I, D4F may inhibit ox-LDL-induced macrophage apoptosis by 
suppressing the NF-κB-Fas/FasL pathway.

Jo2 reverses the protective effects of D4F on ox-LDL-treated RAW264.7 cells.  It has been 
reported that Jo2 induces Fas-mediated cell apoptosis by interacting with Fas antigen and contributing to the 
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formation of DISC31, 32. To further confirm that D4F inhibits ox-LDL-induced macrophage apoptosis through 
attenuating the Fas/FasL pathway, we explored whether Jo2 could block the protective effect of D4F on 
ox-LDL-treated RAW264.7 cells. As seen in Fig. 4, the inhibitory effect of D4F on ox-LDL-induced cell apoptosis 
and the upregulation of Fas, FasL and FADD were obviously reversed by Jo2.

Effects of D4F on the expression of P65 and Fas/FasL pathway-related molecules in apoE−/− 
mice fed a high-fat diet.  HE staining and oil red O staining results showed that the lesion area and lipid 
accumulation in aortic roots of apoE−/− mice were significantly decreased in the D4F-treated group compared 
with the model group (Fig. 5A and B), although there was no significant differences in serum cholesterol levels 
between the D4F and model groups (Supplementary Fig. S3). Additionally, the results of Western blot using 
thoracic aorta samples showed that P65 level in the nuclei and the protein expression of Fas, FasL, FADD, 
cleaved-caspase-8 and cleaved-caspase-3 were decreased by D4F (Fig. 5C). Similarly, immunohistochemical 
staining of plaque lesions in aortic roots showed that the expression of P65 and Fas/FasL pathway-related mole-
cules in the macrophage-dense areas (shown by staining with MOMA-2) was significantly decreased by treatment 

Figure 1.  Ox-LDL induces apoptosis, P65 nuclear translocation and the activation of Fas/FasL pathway in 
RAW264.7 cells. Cells were incubated with ox-LDL (25, 50 and 100 mg/L) for 24 h. (A) Cell viability was 
measured using the MTT assay and expressed as a percentage of the control. (B) Cell apoptosis was detected 
using flow cytometry, and the total apoptotic cells (early and late-stage apoptosis) are presented on the right side 
of the panel (Annexin V staining alone or together with PI). (C) The protein levels of P65 in nuclear extracts and 
Fas/FasL pathway-related molecules were evaluated by Western blot. Data are expressed as the mean ± SD of at 
least three independent experiments. *P < 0.05 and **P < 0.01 versus vehicle-treated control.
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with D4F (Fig. 6). These results indicate that D4F treatment may attenuate the activation of NF-κB-Fas/FasL 
pathway and then inhibit the development of atherosclerotic plaques.

Discussion
Macrophage apoptosis occurs throughout all stages of atherosclerosis and plays an important role in plaque pro-
gression and instability, which may contribute to the majority of cardiovascular complications33. Thus, the inhibi-
tion of macrophage apoptosis may have important significance for preventing the progression of AS and reducing 
the incidence of cardiovascular disease events. In this study, our results indicate for the first time that NF-κB 
mediates Fas/FasL pathway activation and apoptosis in macrophages induced by ox-LDL and that D4F alleviates 
ox-LDL-induced macrophage apoptosis by inhibiting the activation of the NF-κB-Fas/FasL pathway, which is 
supported by the following observations. First, ox-LDL induces apoptosis by activating the Fas/FasL death recep-
tor apoptotic pathway in RAW264.7 cells, which is regulated by NF-κB. Second, D4F inhibits ox-LDL-induced 
macrophage apoptosis, P65 nuclear translocation and the upregulation of Fas/FasL pathway-related molecules, 
which are blocked by Jo2 (a Fas-activating monoclonal antibody). Third, D4F inhibits the expression of P65, 
Fas, FasL and FADD as well as downstream cleaved-caspase-8/3 in atherosclerotic plaques of apoE−/− mice fed a 
high-fat diet.

Fas is found to be co-localized with CD68-positive macrophage-derived foam cells in and around the areas 
of plaque that exhibit features of a necrotic core in human aortic atheromatous lesion samples34. Adenoviral 
transfection of Fas can reduce the number of cells in the fibrous cap and increase thrombus formation and bleed 
inside the plaque, thereby promoting plaque vulnerability13. Ox-LDL dramatically increases the levels of Fas/
FasL pathway-related molecules, whereas pretreatment with ZB4 antibody (an antagonist antibody that disturbs 
Fas/FasL interaction) obviously blocks ox-LDL-induced apoptosis in macrophages14. In the present work, we 
showed that ox-LDL induced apoptosis and upregulated the expression of Fas/FasL pathway-related proteins 
in RAW264.7 cells, whereas the silencing of Fas blocked ox-LDL-induced macrophage apoptosis. These data 
suggest that activation of the Fas/FasL pathway may be an important mechanism underlying ox-LDL-induced 

Figure 2.  P65 mediates Fas upregulation and apoptosis in RAW264.7 cells induced by ox-LDL. Cells were 
transfected with siRNA against P65 or Fas, followed by treatment with 100 mg/L ox-LDL for 24 h. Cell apoptosis 
and the protein expression of P65 and Fas were detected using flow cytometry (A) and Western blot (B), 
respectively. Data are expressed as the mean ± SD of at least three independent experiments. *P < 0.05 and 
**P < 0.01 versus vehicle-treated control; #P < 0.05 and ##P < 0.01 versus ox-LDL treatment.



www.nature.com/scientificreports/

5ScIenTIfIc Reports | 7: 7333  | DOI:10.1038/s41598-017-07656-0

Figure 3.  D4F attenuates apoptosis, P65 nuclear translocation and the activation of Fas/FasL pathway in 
RAW264.7 cells induced by ox-LDL. RAW264.7 cells were pretreated with D4F (12.5, 25 and 50 mg/L) or 
scrambled D4F (sD4F, 50 mg/L), the inactive control peptide, for 1 h followed by incubation with ox-LDL 
(100 mg/L) for 24 h. Cell viability (A), LDH activity in the media (B) and cell apoptosis (C) were measured 
using the MTT assay, a kit and flow cytometry, respectively. (D) Immunofluorescence experiments revealed 
the expression of P65, which was labeled by Cy3 (red), and nuclei, which were stained with DAPI (blue). 
Representative fluorescent images are shown. Scale bar = 20 μm. (E) The protein levels of Fas/FasL pathway-
related molecules were analyzed by Western blot. Data are expressed as the mean ± SD of at least three 
independent experiments. *P < 0.05 and **P < 0.01 versus vehicle-treated control; #P < 0.05 and ##P < 0.01 
versus ox-LDL treatment.
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macrophage apoptosis. NF-κB has an important role in autoimmune and inflammatory responses, oxidative 
stress and apoptosis regulation, and it is an important therapeutic target for AS35, 36. Accumulating data have 
shown that NF-κB can be directly integrated into the Fas and FasL promoter and increase the expression of Fas 
and FasL in tumor cells to induce cell apoptosis37–39. It has been reported that NF-κB activation is accompanied by 
the overexpression of Fas, FasL and cleaved-caspase-3 in apoptotic cells within carotid artery plaques of patients12. 
Our results in the present study showed that P65, Fas, FasL, FADD, cleaved-caspase-8 and cleaved-caspase-3 par-
tially overlapped with MOMA2-positive macrophages in serial atherosclerotic sections from apoE−/− mice fed 
a high-fat diet. In addition, the silencing of P65 attenuated macrophage apoptosis and the upregulation of Fas 
caused by ox-LDL, whereas P65 expression was not significantly affected by treatment with Fas siRNA. These 
results indicate that NF-κB may mediate the activation of the Fas pathway and then cause macrophage apopto-
sis. D4F, an apoA-I mimetic peptide, has been demonstrated to exert a variety of atheroprotective mechanisms, 
such as inhibiting oxidative stress and inflammation, improving cholesterol efflux from foam cells, regulating 
the level of plasma cholesterol and increasing the formation of pre-beta1 HDL in human plasma17–19, 21, 23, 40, 41. 
Additionally, chronic D4F treatment significantly decreases circulating endothelial cell injury and superoxide 
anion production, and improves the impaired vascular reactivity in diabetic rats42. Furthermore, D4F enhances 
isoflurane-induced eNOS signaling and cardioprotection during acute hyperglycemia43, and promotes prolif-
eration, migration and adhesion of circulating endothelial progenitor cells as well as the survival of vascular 
endothelial cells via the endothelial nitric oxide (NO) synthase/NO pathway25. In this study, we observed that 
D4F attenuated apoptosis, P65 nuclear translocation and the upregulation of Fas, FasL, FADD as well as down-
stream effector caspases (caspase-8 and caspase-3) in RAW264.7 cells induced by ox-LDL and in atherosclerotic 
lesions of apoE−/− mice. However, Jo2, a Fas-activating monoclonal antibody, obviously reversed the inhibitory 
effect of D4F on ox-LDL-induced cell apoptosis and the upregulation of Fas, FasL and FADD. These results indi-
cate that D4F may protect macrophages from ox-LDL-induced apoptosis by inhibiting the activation of NF-κB 
and the Fas/FasL pathway, consequently attenuating atherosclerotic development.

In conclusion, the present study indicates that NF-κB mediates Fas/FasL pathway activation and apoptosis in 
macrophages induced by ox-LDL and that D4F protects macrophages from ox-LDL-induced apoptosis through 
inhibiting the NF-κB- dependent Fas/FasL pathway. The results might further explain the diverse physiological 
activities of D4F and support the pharmacological application of D4F for atherosclerosis-related diseases.

Materials and Methods
Materials.  D4F (Ac-DWFKAFYDKVAEKFKEAF-NH2) and scrambled D4F (Ac-DWFAK 
DYFKKAFVEEFAK-NH2) were synthesized by Scilight Biotechnology (Beijing, China). Ox-LDL was from 

Figure 4.  Jo2 reverses the protective effects of D4F on ox-LDL-treated RAW264.7 cells. Cells were pretreated 
with Jo2 (a Fas-activating antibody, 10 μg/mL) or D4F (50 mg/L) for 1 h, and then 100 mg/L ox-LDL was 
added to the cells for 24 h. Cell apoptosis and the protein levels of Fas, FasL and FADD were detected using 
flow cytometry (A) and Western blot (B), respectively. Data are expressed as the mean ± SD of at least three 
independent experiments. *P < 0.05 and **P < 0.01 versus vehicle-treated control; #P < 0.05 and ##P < 0.01 
versus ox-LDL treatment.
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Xiesheng Biotech (Beijing, China). Anti-MOMA2, anti-Fas and anti-Fas ligand (FasL) antibodies were purchased 
from Abcam (Cambridge, MA, USA). Antibodies against nuclear factor-κB (NF-κB) P65, Histone H3, caspase-8 
and caspase 3 were purchased from Santa Cruz Biotech (Santa Cruz, CA, USA). Anti-FADD antibody were pur-
chased from Abclonal technology (Cambridge, MA, USA). Horseradish peroxidase-labeled goat anti-rabbit IgG 
and goat anti-rat IgG as well as the rabbit or rat primary antibody immunohistochemistry kits were obtained 
from ZSGB-BIO (Beijing, China). RIPA lysis buffer and bicinchoninic acid (BCA) protein quantitation kits were 
purchased from Solarbio (Beijing, China). Enhanced chemiluminescence (ECL) kits and polyvinylidene fluoride 
(PVDF) membranes were purchased from Thermo Scientific Pierce (Rockford, IL, USA) and Millipore (Bedford, 

Figure 5.  D4F reduces the atherosclerotic lesion area in aortic root and downregulates the expression of P65 
and Fas/FasL pathway-related molecules in thoracic aorta. Male apoE−/− mice were fed a high-fat diet for 8 
weeks and given saline (model group, n = 8), 1 mg/kg sD4F (sD4F group, n = 8) or 1 mg/kg D4F (D4F group, 
n = 8) per day by intraperitoneal injection during the final 6 weeks. (A) Atherosclerotic lesion formation 
shown with HE staining. Scale bar = 100 μm. (B) Atherosclerotic lesion formation stained by oil red O. 
Scale bar = 100 μm. (C) Western blot results showing the protein levels of P65 and Fas/FasL pathway-related 
molecules in thoracic aorta. Data are expressed as the mean ± SD of at least three independent experiments. 
*P < 0.05 and **P < 0.01 versus model group.
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USA), respectively. Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine serum (FBS) were purchased 
from Gibco (BRL, Gaithersburg, MD, USA). Jo2 (Purified NA/LE Hamster Anti-Mouse Fas), Annexin V-FITC 
and propidium iodide (PI) were obtained from BD Biosciences (San Jose, CA, USA). Anti-β-actin antibody, the 
short interfering RNA (siRNA) against Fas and apo A-I were obtained from Sigma-Aldrich (St Louis, MO, USA). 
3-(4,5-dimethylthiazol-2-y-l)-2,5-diphenyl-2H-tetrazolium bromide (MTT) and lactate dehydrogenase (LDH) 
assay kits were from Genview (Houston, TX, USA) and Jiancheng Biotech (Nanjing, China), respectively. NF-κB 
P65 translocation kits were purchased from Beyotime Biotech (Shanghai, China).

Figure 6.  D4F inhibits the expression of P65 and Fas/FasL pathway-related molecules in atherosclerotic lesions 
of apoE−/− mice. Male apoE−/− mice were treated as described in Fig. 5. Immunohistochemical staining with 
specific antibodies against MOMA-2 (A), P65 (B), Fas (C), FasL (D), FADD (E), caspase-8 (F) and caspase-3 
(G). Scale bar = 100 μm. Blue indicates nuclei and brown indicates target protein. Densitometric quantification 
of MOMA-2, P65, Fas, FasL, FADD, cleaved-caspase-8 and cleaved-caspase-3 per field of view was calculated. 
Data are presented as the mean ± SD of eight independent experiments. *P < 0.05 and **P < 0.01 versus model 
group.
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Cell culture.  RAW264.7 cells, a murine macrophage cell line (Type Culture Collection of the Chinese 
Academy of Sciences, Shanghai, China), were cultured in DMEM containing 10% FBS, 2 mmol/L glutamine and 
1% antibiotics (penicillin A and streptomycin), and maintained at 37 °C in a humidified atmosphere containing 
5% CO2. The medium was replaced with serum-free medium for 12 h before treatment.

Cell viability and LDH assays.  Following treatment, the viability of RAW264.7 cells grown in 96-well plates 
was evaluated using the MTT assay as previously described44. Optical intensity (OD) was assessed with an Infinite 
F200 microplate reader (Tecan) at a wavelength of 490 nm, and viability was expressed as a percentage of the control.

The release of cytosolic LDH into the medium was used as a generic index of cell injury. After treatment, the 
media were collected and assayed for LDH activity using the assay kit based on the manufacturer’s instructions.

Flow cytometry analysis of apoptotic cells.  The Annexin V-FITC/PI double-staining assay was used 
to quantify apoptosis following the manufacturer’s protocol. After treatment, the cells were harvested, washed 
twice with ice-cold PBS and centrifuged. A 500-μl volume of binding buffer was added to resuspend the cells, and 
then, 10 μl of Annexin V- FITC and 5 μl of PI were added. The cells were incubated for 15 min in the dark, and 
the apoptotic cells were detected within 30 min. The samples were analyzed on a FACScan flow cytometer using 
CellQuest software (Becton Dickinson, San Jose, CA, USA).

SiRNA Transfection.  RAW264.7 cells were transfected with specific siRNA oligomers directed against P65 
and Fas (80 nM) using Lipofectamine 2000 transfection reagent (Invitrogen, Carlsbad, CA, USA) according to the 
manufacturer’s instructions, as previously described45.

P65 nuclear translocation assay.  After the experimental procedures, the cells grown on glass coverslips 
were washed with PBS, fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton. Next, cells were 
blocked with 3% BSA and incubated for 1 h with P65 antibody (1/200). The slides were then washed and incu-
bated with Cy3-labeled anti-rabbit IgG (1/500) for 1 h, and the nucleus was stained with DAPI for 5 min. Stained 
cells were observed using an Olympus BX51 microscope (Tokyo, Japan) as previously described44.

Animal Protocol.  Male apolipoprotein E knockout (ApoE−/−) mice (7 weeks of age) were obtained from the 
Huafukang Bio-Technology Company (Beijing, China). A total of 24 ApoE−/− mice fed a high-fat diet (15.8% fat 
and 1.25% cholesterol) for 8 weeks were randomly intraperitoneally injected with saline (model group, n = 8), 
sD4F (1 mg/kg per day, sD4F group, n = 8) or D4F (1 mg/kg per day, D4F group, n = 8) during the final 6 weeks. 
At the end of the experiment, the mice were euthanized by cervical dislocation, and the hearts were perfused 
with ice-cold saline. They were subsequently removed transversely, and then the hearts, including the aortic root, 
were fixed in 4% paraformaldehyde and paraffin embedded. All experiments were approved by the laboratory 
animals’ ethics committee of Taishan Medical University and followed the national guidelines for the care and 
use of animals.

Histology and immunohistochemistry.  To assess the atherosclerotic lesions and lipid accumulation, 
serial aortic root sections were stained with hematoxylin/eosin (HE) and oil red O. Atherosclerotic lesions were 
captured as digital images using a microscope (Olympus, Tokyo, Japan). The total mean lesion area and the mean 
oil red O positive area were quantified from five sections per animal using Image-Pro Plus software (version 6.0; 
Media Cybernetics, MD, USA). Immunohistochemical staining with specific antibodies against macrophages 
(MOMA-2), P65, Fas, FasL, FADD, caspase-8 and caspase-3 was performed following the manufacturer’s recom-
mendations. The sections were overlaid with biotinylated secondary antibodies, visualized with a streptavidin- 
peroxidase/diaminobenzidine system and counterstained with hematoxylin. Color threshold and planimetry 
were used for quantitation. All quantitations were determined by calculating the percentage of antigen-positive 
area compared to the total cross-sectional vessel wall area using Image-Pro Plus software.

Western blot analysis.  Total protein and nuclear protein from the tissues or cells were extracted as previ-
ously described45. They were subjected to Western blot analysis using anti-P65, anti-Fas, anti-FasL, anti-FADD, 
anti-caspase-8 and anti-caspase-3 antibodies. The proteins were visualized using an ECL method, and then, the 
integrated optical density (IOD) of the immunoreactive bands was measured using Image-Pro Plus software and 
normalized to β-actin or Histone H3 levels.

Statistical analysis.  Results were expressed as the mean ± SD. Statistical analysis was performed by one-way 
analysis of variance with the Student–Newmann–Keuls test using SPSS13.0 software for Windows. Statistical 
differences were considered significant at a P value less than 0.05.

References
	 1.	 Hansson, G. K. Inflammation, atherosclerosis, and coronary artery disease. N. Engl. J. Med. 16, 1685–95 (2005).
	 2.	 Ball, R. Y. et al. Evidence that the death of macrophage foam cells contributes to the lipid core of atheroma. Atherosclerosis. 114, 

45–54 (1995).
	 3.	 Santos-Gallego, C. G. et al. Pathophysiology of acute coronary syndrome. Curr Atheroscler Rep. 16, 401 (2014).
	 4.	 Schrijvers, D. M. et al. Phagocytosis in atherosclerosis: molecular mechanisms and implications for plaque progression and stability. 

Cardiovasc. Res. 73, 470–80 (2007).
	 5.	 Tabas, I. Consequences and therapeutic implications of macrophage apoptosis in atherosclerosis: the importance of lesion stage and 

phagocytic efficiency. Arterioscler. Thromb. Vasc. Biol. 25, 2255–64 (2005).
	 6.	 Palinski, W. et al. Unraveling pleiotropic effects of statins on plaque rupture. Arterioscler Thromb Vasc Biol. 22, 1745–50 (2002).
	 7.	 Zadelaar, A. S. et al. Increased vulnerability of pre-existing atherosclerosis in ApoE-deficient mice following adenovirus-mediated 

Fas ligand gene transfer. Atherosclerosis. 183, 244–50 (2005).



www.nature.com/scientificreports/

1 0ScIenTIfIc Reports | 7: 7333  | DOI:10.1038/s41598-017-07656-0

	 8.	 Feng, H. et al. Evidence for a novel, caspase-8-independent, Fas death domain-mediated apoptotic pathway. J Biomed Biotechnol. 
2004, 41–51 (2004).

	 9.	 Sessler, T. et al. Structural determinants of DISC function: New insights into death receptor-mediated apoptosis signalling. 
Pharmacol Ther. 140, 186–99 (2013).

	10.	 Villa-Morales, M. et al. Targeting the Fas/FasL signaling pathway in cancer therapy. Expert Opin Ther Targets. 16, 85–101 (2012).
	11.	 Debatin, K. M. et al. Regulation of apoptosis through CD95 (APO-I/Fas) receptor-ligand interaction. Biochem Soc Trans. 25, 405–10 

(1997).
	12.	 Martín-Ventura, J. L. et al. NF-kappaB activation and Fas ligand overexpression in blood and plaques of patients with carotid 

atherosclerosis:potential implication in plaque instability. Stroke. 35, 458–63 (2004).
	13.	 Peter, M. E. et al. The CD 95 (APO-1/Fas) DISC and beyond. Cell Death Differ. 10, 26–35 (2003).
	14.	 Li, H. L. et al. A20 inhibits oxidized low-density lipoprotein-induced apoptosis through negative Fas/Fas ligand-dependent 

activation of caspase-8 and mitochondrial pathways in murine RAW264.7 macrophages. Cell Physiol. 208, 307–18 (2006).
	15.	 Navab, M. et al. Apolipoprotein A-I mimetic peptides. Arterioscler Thromb Vasc Biol. 25, 1325–31 (2005).
	16.	 Navab, M. et al. Peptide Mimetics of Apolipoproteins Improved HDL function. J. Clin. Lipidol. 1, 142–47 (2007).
	17.	 Navab, M. et al. Oral D-4F Causes Formation of Pre-β High-Density Lipoprotein and Improves High-Density Lipoprotein–Mediated 

Cholesterol Efflux and Reverse Cholesterol Transport from Macrophages in Apolipoprotein E–Null Mice. Circulation. 109, 3215–20 
(2004).

	18.	 Xie, Q. et al. D-4F, an Apolipoprotein A-I mimetic peptide, Promotes Cholesterol Efflux from Macrophage via ATP-Binding Cassette 
Transporter A1. Tohoku J. Exp. Med. 220, 223–28 (2010).

	19.	 Morgantini, C. et al. Apolipoprotein A-I mimetic peptides prevent atherosclerosis development and reduce plaque inflammation in 
a murine model of diabetes. Diabetes. 59, 3223–28 (2010).

	20.	 Leman, L. J. et al. Molecules that mimic apolipoprotein A-I: potential agents for treating atherosclerosis. J Med Chem. 57, 2169–96 
(2014).

	21.	 Navab, M. et al. Oral administration of an apoA-Imimetic peptide synthesized from D-amino acids dramatically reduces 
atherosclerosis in mice independent of plasma cholesterol. Circulation. 105, 290–292 (2002).

	22.	 Troutt, J. S. et al. An apolipoprotein A-I mimetic dose-dependently increases the formation of prebeta1 HDL in human plasma. J 
Lipid Res. 49, 581–587 (2008).

	23.	 Ou, J. et al. Effects of D-4F on vasodilation and vessel wall thickness in hypercholesterolemic LDL receptor-null and LDL receptor/
apolipoprotein A-I double-knockout mice on Western diet. Circ Res. 97, 1190–97 (2005).

	24.	 Zhang, Z. et al. Apolipoprotein A-I mimetic peptide D-4F promotes human endothelial progenitor cell proliferation, migration, 
adhesion though eNOS/NO pathway. Mol Biol Rep. 39, 4445–54 (2012).

	25.	 Liu, J. et al. D-4F, an apolipoprotein A-I mimetic peptide, protects human umbilical vein endothelial cells from oxidized low-density 
lipoprotein-induced injury by preventing the downregulation of pigment epithelium-derived factor expression. J Cardiovasc 
Pharmacol. 63, 553–61 (2014).

	26.	 Yao, S. et al. D4F alleviates macrophage-derived foam cell apoptosis by inhibiting CD36 expression and ER stress-CHOP pathway. J 
Lipid Res. 56, 836–847 (2015).

	27.	 Zheng, Y. et al. NF-kappa B RelA (p65) is essential for TNF-alpha-induced fas expression but dispensable for both TCR-induced 
expression and activation-induced cell death. J Immunol. 166, 4949–57 (2001).

	28.	 Matsui, K. et al. Identification of two NF-kappa B sites in mouse CD95 ligand (Fas ligand) promoter: functional analysis in T cell 
hybridoma. J Immunol. 161, 3469–73 (1998).

	29.	 Feng, G. et al. Induction of Fas receptor and Fas ligand by nodularin is mediated by NF-kB in HepG2 cells. Toxicol Appl Pharmacol. 
251, 245–52 (2011).

	30.	 Lin, X. et al. Methyl helicterate protects against CCl4-induced liver injury in rats by inhibiting oxidative stress, NF-kB activation, 
Fas/FasL pathway and cytochrome P4502E1 level. Food and Chemical Toxicology. 50, 3413–20 (2012).

	31.	 Matute-Bello, G. et al. Fas (CD95) induces alveolar epithelial cell apoptosis in vivo: implications for acute pulmonary inflammation. 
Am J Pathol. 158, 153–61 (2001).

	32.	 Wang, X. et al. Carbon monoxide inhibits Fas activating antibody-induced apoptosis in endothelial cells. Med Gas Res. 1, 8 (2011).
	33.	 Seimon, T. et al. Mechanisms and consequences of macrophage apoptosis in atherosclerosis. J Lipid Res. 50(Suppl), S382–87 (2009).
	34.	 Kubo, N. et al. Defective Fas Expression on Bone Marrow Derived Cells Alters Atherosclerotic Plaque Morphology in 

Hyperlipidemic Mice. Discoveries (Craiova). 3, pii: e37 (2015).
	35.	 Jawień, J. et al. Inhibition of nuclear factor-kappaB attenuates artherosclerosis in apoE/LDLR-double knockout mice. J Physiol 

Pharmacol. 56, 483–89 (2005).
	36.	 Mitchell, S. et al. Signaling via the NF-kB system. Wiley Interdiscip Rev Syst Biol Med. 8, 227–41 (2016).
	37.	 Liu, F. et al. NF-κB directly regulates Fas transcription to modulate Fas-mediated apoptosis and tumor suppression. J Biol Chem. 

287, 25530–40 (2012).
	38.	 Jennewein, C. et al. Identification of a novel pro-apoptotic role of NF-κB in the regulation of TRAIL- and CD95-mediated apoptosis 

of glioblastoma cells. Oncogene. 31, 1468–74 (2012).
	39.	 Ettou, S. et al. Epigenetic control of NF-κB-dependent FAS gene transcription during progression of myelodysplastic syndromes. 

Mol Cancer Res. 11, 724–35 (2013).
	40.	 Getz, G. S. et al. Apoprotein A-I mimetic peptides and their potential anti-atherogenic mechanisms of action. Curr Opin Lipidol. 20, 

171–75 (2009).
	41.	 Sherman, C. B. et al. Apolipoprotein A-I mimetic peptides: a potential new therapy for the prevention of atherosclerosis. Cardiol Rev. 

18, 141–47 (2010).
	42.	 Kruger, A. L. et al. D-4F induces heme oxygenase-1 and extracellular superoxide dismutase, decreases endothelial cell sloughing, 

and improves vascular reactivity in rat model of diabetes. Circulation. 111, 126–34 (2005).
	43.	 Baotic, I. et al. Apolipoprotein A-1 mimetic D-4F enhances isoflurane-induced eNOS signaling and cardioprotection during acute 

hyperglycemia. Am J Physiol Heart Circ Physiol. 305, H219–27 (2013).
	44.	 Yao, S. et al. Activating transcription factor 6 mediates oxidized LDL-induced cholesterol accumulation and apoptosis in 

macrophages by up-regulating CHOP expression. J Atheroscler Thromb. 20, 94–107 (2013).
	45.	 Yao, S. et al. Endoplasmic reticulum stress promotes macrophage-derived foam cell formation by up-regulating cluster of 

differentiation 36 (CD36) expression. J Biol Chem. 289, 4032–42 (2014).

Acknowledgements
This research was supported by the National Natural Science Foundations of China (81370381, 81570410), Project 
of Education Department of Shandong Province (J16LK55), the Medical Science and Technology Program 
of Shandong Province (2013WS0319), and High level incubation programme of Taishan Medical University 
(2014GCC06, 2015GCC05).



www.nature.com/scientificreports/

1 1ScIenTIfIc Reports | 7: 7333  | DOI:10.1038/s41598-017-07656-0

Author Contributions
H.T., and S.Y. designed the experiments. N.Y., J.R. and P.J. performed WB and flow cytometry and analyzed 
data. D. L. and Z. X. performed animal experiments and analyzed data. G.Z. performed siRNA transfection 
experiments. H.T., S.Y., X.J. and Q.S. were in charge of the funding. H.T. wrote the manuscript. All authors 
reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-07656-0
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-07656-0
http://creativecommons.org/licenses/by/4.0/

	D4F alleviates macrophage-derived foam cell apoptosis by inhibiting the NF-κB-dependent Fas/FasL pathway

	Results

	Ox-LDL induces apoptosis, P65 nuclear translocation and the activation of Fas/FasL pathway in RAW264.7 cells. 
	P65 mediates Fas upregulation and apoptosis in RAW264.7 cells induced by ox-LDL. 
	D4F attenuates apoptosis, P65 nuclear translocation and the activation of Fas/FasL pathway in RAW264.7 cells induced by ox- ...
	Jo2 reverses the protective effects of D4F on ox-LDL-treated RAW264.7 cells. 
	Effects of D4F on the expression of P65 and Fas/FasL pathway-related molecules in apoE−/− mice fed a high-fat diet. 

	Discussion

	Materials and Methods

	Materials. 
	Cell culture. 
	Cell viability and LDH assays. 
	Flow cytometry analysis of apoptotic cells. 
	SiRNA Transfection. 
	P65 nuclear translocation assay. 
	Animal Protocol. 
	Histology and immunohistochemistry. 
	Western blot analysis. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Ox-LDL induces apoptosis, P65 nuclear translocation and the activation of Fas/FasL pathway in RAW264.
	Figure 2 P65 mediates Fas upregulation and apoptosis in RAW264.
	Figure 3 D4F attenuates apoptosis, P65 nuclear translocation and the activation of Fas/FasL pathway in RAW264.
	Figure 4 Jo2 reverses the protective effects of D4F on ox-LDL-treated RAW264.
	Figure 5 D4F reduces the atherosclerotic lesion area in aortic root and downregulates the expression of P65 and Fas/FasL pathway-related molecules in thoracic aorta.
	Figure 6 D4F inhibits the expression of P65 and Fas/FasL pathway-related molecules in atherosclerotic lesions of apoE−/− mice.




