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Background: Oxidized low-density lipoprotein (ox-LDL) is the most common inflammatory factor that mediates
the activation and apoptosis of macrophages. Cyclophilin A (CyPA) is expressed following oxidative stress, hyp-
oxia, and infection. However, the role of CyPA in the activation and apoptosis ofmacrophages is unclear. The aims
of the study were to determine whether CyPA mediates the ox-LDL-induced activation and apoptosis in
RAW264.7 cells and to analyze potential mechanisms.
Methods and results: Through Western blot and ELISA test, the expression of CyPA induced by ox-LDL is time-
dependent in RAW264.7 cells. Gene silencing of CyPA reduced the generation of lipid droplets in the cytoplasm
and downregulated the expression of the surface markers of macrophage activation, namely, CD80, CD86, and
major histocompatibility complex class 2 antigen. Cell apoptosis is significantly decreased and the level of anti-
apoptosis protein bcl-2 is increased in CyPA silent cells compared with the control group. Finally, autophagy-
related protein LC3-II/LC3-I ratio level significantly decreased in CyPA silent cells with less autophagosome for-
mationwhile the blocked autophagy fluxwas recovered. The differences in the activation and apoptosis between
CyPA silent cells and the control cells were inhibited by pre-treatment with class III PI 3-kinase inhibitor 3-MA.
Conclusions: These results indicate that CyPAmediates the ox-LDL-induced activation and apoptosis in RAW264.7
cells by regulating autophagy.

© 2016 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Macrophages are key players in the initiation and development of
atherosclerosis. Under inflammation,macrophages are attracted by pro-
inflammatory signals that initially attach to the problematic arterial
sites and infiltrate the intima [1]. Abnormal hemodynamic forces and
the accumulation of oxidized lipids in the arterial wall contribute to
the vascular injury. In the subendothelial layer, macrophages were acti-
vated by the local stimuli and were transformed to foam cells. In this
process, surface marks such as CD80, CD86, and major histocompatibil-
ity complex (MHC) class 2 antigenwere upregulated and proinflamma-
tory cytokine such as TNF-α, IL6, and tissue factor (TF)were secreted [2,
3]. At the same time, the activated cells undergo apoptosis. Scavenger
receptor CD36, mediates macrophage uptake and degradation of ox-
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LDL, may be one crucial to macrophage-derived foam cell apoptosis [4,
5].

Autophagy is a widely known physiological process that helps cells
to maintain cellular homeostasis and function [6]. Autophagy may pro-
tect plaque cells against oxidative stress by degrading the damagedma-
terial, in particular, polarized mitochondria in the very early stages
before cytochrome c release occurs [7]. In contrast, severe or continuous
oxidative stress may lead to an autophagic type of death [8]. In addition
to the level of autophagy, excessive or insufficient levels of autophagic
flux can each contribute to heart disease pathogenesis [6]. However,
the precise mechanism of the relationship between autophagy and ap-
optosis is rarely known.

Cyclophilin A (CyPA), a ubiquitously expressed protein belonging to
the cyclophilin family, has been highlighted as a major secreted oxida-
tive inducing stress factors in atherosclerosis [9]. Normally, an intracel-
lular protein like CyPA can nonetheless be secreted from monocytes or
macrophages in response to ROS. Significant CyPA expression has
been identified in advanced atherosclerotic lesions, indicating its poten-
tial role in ROS-induced vascular inflammation [10].

The mechanism by which CyPA interacts with macrophages is un-
clear. Our previous studies have shown that CyPA is one of the key pro-
inflammatory factors in monocytes, perhaps especially in response to
induced activation and apoptosis of macrophages via autophagy, Int J
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ROS stimulation [11,12]. Pathogenic formation of ROS during athero-
sclerosis progression is stimulated by oxidized lipoprotein. A recent
study demonstrated that the efferocytosis of ox-LDL-induced apoptotic
cells was significantly improved bymacrophage autophagy [13]. There-
fore, we hypothesized that cyclophilin A also mediates the ox-LDL-
induced activation and apoptosis of macrophages via autophagy.

2. Methods

2.1. Cell culture

Murine macrophage RAW264.7 cell line was purchased from the Cell Bank of the
Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences. The cells were
cultured in DMEM (Gibco, NY, USA) supplemented with 10% fetal bovine serum (FBS)
(Wisent, Montreal , Canada) at 37 °C with 5% CO2 in a humidified atmosphere. The cells
were passaged everyday in a relatively low-density as other half suspension cells tomain-
tain its resting-state. When incubated with ox-LDL (100 g/L)

2.2. Transient transfection

SiRNA for CyPA exon sequence and negative control-siRNA were obtained from
Guangzhou Ribobio. The following CyPA duplex was used: sense, 5′-(GCA UCU UGU CCA
UGG CAA A)dTdT-3′; antisense, 5′-(UUU GCC AUG GAC AAG AUG C)dTdT-3′. Negative
control-siRNA was used as negative control. RNA oligonucleotides were transiently
transfected into cells using InstantFECT Transfection Reagent (PGR-Solutions Inc.USA) ac-
cording to the manufacture's protocol of suspension transfection.

2.3. Western blotting

Total proteinswere obtained by rinsing treated cellswith ice-coldphosphate-buffered
saline (PBS), and lysing in lysis buffer for 30 min at 4 °C. Cell lysates were then collected
after centrifugation at 12,000 rpm for 10 min at 4 °C. The protein concentration was mea-
suredwith the BCA protein assay reagent kit (Thermo, Fisher, 23227), an equal amount of
protein was separated on 12% SDS-polyacrylamide gel electrophoresis and transferred to
PVDF membranes. After blocking with 5% non-fat milk for 1 h at room temperature, the
membranes were incubated with primary antibodies against CyPA, LC3A/B, Beclin-1,
Bcl-2,β-actin, CD36 (Cell Signaling Technology, 2715, 12741, 3495, 3498, 8457, 14347, re-
spectively), ABCA1 (abcam, ab7360) overnight at 4 °C. Next day, the membranes were
washed and incubated with an HRP-conjugated secondary antibody (Cell Signaling Tech-
nology, 7074) for 1 h at room temperature. Bound antibody was detected with an
ImageQuant LAS4000 Imager, and densitometric analysiswas performedusing the ImageJ
image processing program.

2.4. ELISAs

ELISA for CyPA (CUSABIO) was performed according to the manufacturer's instructions.

2.5. Reverse transcription PCR and qRT-PCR analyses

Total RNAwas extractedusing TRIzol Reagent (Invitrogen)with theRNAquality being
assessed by formaldehyde-agarose gel electrophoresis. First-strand cDNAwas obtained by
reverse-transcription using HiScript 1st Strand cDNA Synthesis Kit (Vazyme Biotech Co.,
Nanjing, China) as instructed by the manufacturer. qRT-PCR was performed using AceQ
qPCR SYBR Green Master Mix (Vazyme Biotech Co., Nanjing, China) in a total volume of
20 μL with 2 μL of cDNA, and detected using an 7500 Real-Time PCR System (Thermo).
The real-time PCR conditions for CypA and β-actin were: 95 °C for 10 min, followed by
40 cycles of 95 °C for 15 s, 60 °C for 15 s with the primers CypA sense (5′TGCTGTGTCGG
TAGCCATTT-3′), CypA antisense (5′-CCAAAGACCACATGCTTGCC-3′), β-actin was used as
internal loading controls. The threshold cycle (Ct)was determined using default threshold
settings, and the Ct value was defined as the fractional cycle number at which the fluores-
cence passes the fixed threshold. Three independent experiments were completed.

2.6. Oil Red O staining

Lipid accumulation was measured by Oil Red O staining. The cells were fixed with 4%
paraformaldehyde for 20 min and then stained with filtered oil red O solution (60% satu-
rated oil red O/40% deionized water) for 10 min at room temperature. The staining was
evaluated by microscopic examination.

2.7. Electron microscopy

Raw264.7 cells were fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer
(pH 7.4) for 2 h at 4 °C and then postfixed with 1% osmium tetroxide in the same buffer
containing 0.8% potassium ferricyanide at 4 °C. Then the samples were dehydrated in a
graded series of ethanol, infiltrated with Epon resin for 2 d, embedded in the same resin
and aggregated at 60 °C for 48 h. Ultrathin sections were obtained using a Leica Ultracut
UC6 ultramicrotome (Leica Microsystems, Vienna) and mounted on Formvar-coated cop-
per grids. Theywere stainedwith 2% uranyl acetate inwater and lead citrate. Next, 25 sec-
tions/cell line were observed in an H-7650 electron microscope (Hitachi, Tokyo, Japan).
Please cite this article as: Z. Xue, et al., Cyclophilin A mediates the ox-LDL-
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2.8. Flow cytometry

Cells were incubated with anti-CD80, CD86 and MHCII monoclonal antibodies (BD
Biosciences) according tomanuscripts. Positive cell countwas determined by flow cytom-
etry on FACS Calibur (BD Biosciences), followed by data analysis using Cell Quest software
(Becton-Dickinson).

2.9. Tunel

Apoptotic cells were detected using the TUNEL BrightGreen Apoptosis Detection Kit
(Vazyme Biotech Co., Nanjing, China) to label the 3′-end of fragmented DNA according
to the manufacturer's instructions. The FITC-labeled TUNEL-positive and PI-labeled cells
were imaged under a fluorescent microscope. After 5 fields were randomly selected
from each sample, numbers of apoptotic cells and total cells were counted using ImageJ
software. Ratios of TUNEL-positive cells to the total cells were calculated.

2.10. Statistical analysis

Data are expressed as means ± S.E. The significance of the differences was examined
by Student's t-test or one-way ANOVA followed by Duncan's multiple range test. p b 0.05
was considered statistically significant.

3. Results

3.1. Ox-LDL-induced CyPA expression in macrophages

We first tested if ox-LDL treatment altered the production of CyPA.
As shown in (Fig. 1a–b), the expression of CyPA greatly increased
while intracellular CyPA reached the peak at 6 h and released to the su-
pernatant time-dependent RAW264.7 cells.

3.2. CyPA mediated the markers of autophagy and autophagy flux induced
by ox-LDL in macrophages

The siRNA-targeting CyPA and the negative control siRNAwere tran-
siently transfected into RAW264.7 cells and the result was evaluated by
Western blot analysis. The result confirmed that CyPA expression was
significantly decreased in the CyPA-silencing group (Fig. 1c).

We analyzed the effects of CyPA on the autophagy induced by ox-
LDL. After incubating with ox-LDL for 0, 6, 12, and 24 h, microtubule-
associated protein–protein 1 light chain 3 A/B(LC3)-II/LC3-I ratio and
beclin-1 were examined as autophagy markers by Western blot
(Fig. 2a). Ox-LDL stimulation increased the LC3-II/LC3-I ratio and
beclin-1 expression inRAW264.7 cells.Most importantly, gene silencing
of CyPA significantly decreased LC3-II/LC3-I ratio compared with con-
trol group while no significant changes in beclin-1 level were detected.
Transmission electron microscopy was used to evaluate the ultrastruc-
ture of RAW264.7 cells (Fig. 2b). After incubating with ox-LDL for 24
h, typical autophagic vacuoles were observed in the cytoplasm. Howev-
er, autophagosome was significantly inhibited when CyPA was either
knocked down.

We further observed the autophagy flux utilizing the tandem GFP-
RFP-LC3 adenovirus as described [14] (Fig. 2c). Green fluorescent protein
(GFP) and red fluorescent protein were used to sign and trace the LC3.
The GFP degrades from the tandem protein as it is sensitive to acid
when an autophagosome fuses with a lysosome to form autolysosomes,
therefore the double-positive puncta represent the autophagosome and
the red puncta represent the autolysosome. As shown in Fig. 2, after infec-
tion with the GFP-RFP-LC3 adenovirus, we observed the successful ex-
pression of both fluorescent proteins. There was more GFP+RFP+

puncta in the controls cells under ox-LDL treatment; however, the CyPA
silent cells presentedmore GFP−RFP+ puncta. These results demonstrat-
ed that CyPA could strongly suppress autophagyfluxwhile enhancing au-
tophagy level.

3.3. CyPA regulated ox-LDL uptake in macrophage foam cells

To detect the effects of CyPA on ox-LDL-induced foam cell formation,
RAW264.7 cells were incubated with ox-LDL (100mg/L) for 24 h. CyPA
induced activation and apoptosis of macrophages via autophagy, Int J
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Fig. 1. Ox-LDL induces CyPA expression and secretion. (a) Ox-LDL induces expression of CyPA in RAW264.7 cells in a time-dependent manner. Values are provided as fold increases over
unstimulated control. (b) Ox-LDL induces secretion of CyPA in RAW264.7 cells in a time-dependentmanner. Values are provided as concentration of CyPA of each group. (c)Western blot
analysis of CyPA protein silencing in RAW264.7 cells after transfection of a siRNA-targeting CyPA or a non-targeting negative control (NC). Detection of β-actin was used as a measure of
equal loading; qRT-PCR analysis of relative mRNA expression levels of CyPA silent and control RAW264.7 cells *p b 0.05, **p b 0.01, ***p b 0.001, Student's t-test.
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knockdown markedly decreased the lipid accumulation in RAW264.7
cells (Fig. 3a). Furthermore, we found that ATP-binding cassette trans-
porter A1 (ABCA1) was significantly increased while the scavenger re-
ceptor CD36 decreased in CyPA silent cells (Fig. 3b). These results
showed that CyPA is a crucial factor inmediating the lipid accumulation
in the macrophage.
3.4. CyPA knockdown suppressed the expression of CD80, CD86, and MHC
class 2

To examine the role of CyPA in the activation of Raw264.7, we used
flow cytometric analysis to determine the positive cells (Fig. 4). Gene si-
lencing of CyPA significantly decreased the level of CD80, CD86, and
MHC class 2 in RAW264.7 cells when incubating with 100 mg/L ox-
LDL for 24 h. However, when pretreated with 1 mM 3-MA for 1 h,
CyPA blockade did not significantly change cell marks expression.
These results showed that CyPA is a key factor mediates the activation
of RAW264.7 cells stimulated by ox-LDL via autophagy.
3.5. CyPA knockdown reduced the apoptosis of macrophages

To further study the possible mechanism by which CyPA influenced
apoptosis, TUNEL assay were determined in RAW264.7 cells with ox-
LDL stimulation. As shown in Fig. 5, gene silencing of CyPA caused a
marked decrease of apoptotic RAW264.7 cells. However, when
pretreated with 3-MA, the apoptotic cells decreased but there was no
significant difference between CyPA silent cells and the control cells.
These results showed that CyPA enhanced the ox-LDL-induced apopto-
sis of macrophages by upregulating autophagy.
Please cite this article as: Z. Xue, et al., Cyclophilin A mediates the ox-LDL-
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4. Discussion

Studies have shown highly expressed CyPA in advanced atheroscle-
rotic lesions. Within the plaques, macrophages can secrete large
amounts of CyPAwhen stimulated by ROS [14]. The results of our exper-
iment showed that ox-LDL,which had been indicated to induce autoph-
agy and apoptosis in various cells [15–18], upregulated the level of CyPA
(peak at 6 h) and induced the secretion of CyPA in RAW264.7 cells.
These findings strongly suggest CyPA is most likely to be broadly in-
volved in the regulation of pro-inflammatory activity of ox-LDL in mac-
rophages, and ox-LDL-CyPA signaling pathway is one of important pro-
inflammatory pathways in ROS. CD80, CD80, and MHC class 2 are cell
surface marks involved in antigen presentation when macrophages
are activated. Previous studies have shown that the expression of
these markers is upregulated in macrophages when activated by IFN-
γ, LPS [19,20]. We confirmed that gene silencing of CyPA significantly
decreased cell surface markers as CD80, CD86, and MHC class 2 antigen
in both resting and activatedmacrophages and decreased the apoptosis
cells. These findings strongly suggest that CyPA is most likely to be
involved in the regulation of autophagy and apoptosis activity of
macrophages.

The main focus of this study is to illustrate the effect of CyPA on ox-
LDL-induced autophagy in macrophages. Gene silencing of CyPA signif-
icantly decreased the LC3-II/LC3-I radio. Furthermore, the reduced
number of autophagosome observed in gene silencing of CyPA cells by
electron microscopy reinforces the notion that CyPA mediates the
autophagosome formation. Razani B. et al have demonstrated that au-
tophagicmarker sequestosome 1 (SQSTM1, also known as p62)was de-
tected in atherosclerotic plaques of ApoE−/− mice, co-localizing
primarily with monocytes, macrophages, and leukocytes. They present-
ed that autophagic flux may ultimately become compromised during
induced activation and apoptosis of macrophages via autophagy, Int J
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Fig. 2.CyPApromotes ox-LDL-induced autophagybut blocks the autophagyflux. (a) CyPA silent and control RAW264.7 cellswere stimulatedwith 100mg/L ox-LDL for the indicated times,
lysed, and probed in western blots with specific antibodies. Upper panel: Western blot images of a single experiment. Lower panel: mean of protein signal intensities ± SEM of 3
independent experiments. Fold increase is relative to untreated RAW264.7 cells, after normalization to the control protein β-actin. LC3 protein signal intensities were plotted as LC3-II/
LC3-I ratio. (b) CyPA silent and control RAW264.7 cells were treated with 100 mg/L ox-LDL for 24 h. Autophagosomes were visualized by transmission electron micrographs (TEM).
Arrows indicate autophagosomes. Scale bar represents 2 μm. Data are the means ± SE of the number of autophagosome per cell from three independent experiments including at
least 30 cells. (c) Images were obtained from a fluorescence microscope. Representative images show LC3 staining in different groups of RAW264.7 cells after infecting it with GFP-
RFP-LC3 adenovirus. Mean ± SEM quantitative data show GFP+RFP+ puncta per cell and GFP−RFP+ puncta per cell in three independent experiments including at least 50 cells
scored in random fields *p b 0.05, **p b 0.01, ***p b 0.001, Student's t-test.
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Fig. 3. CyPA silencing reduces ox-LDL uptake in RAW264.7 cells. (a) Representative images after Oil Red O staining, Mean ± SEM quantitative data show generation of lipid droplets in
three independent experiments including at least 20 random fields. (b) Western blot images of a single experiment of the expression of ABCA1 and CD36. Data are expressed as mean
of protein signal intensities ± SEM of 3 independent experiments. Fold increase is relative to untreated RAW264.7 cells, after normalization to the control protein β-actin. *p b 0.05,
**p b 0.01, ***p b 0.001, Student's t-test.
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disease progression, such as increasing plaque burden [21]. In our study,
we detected autophagy flux in RAW264.7 cells. Before siRNA transfec-
tion and ox-LDL stimulation, RAW264.7 cells were infected with GFP-
RFP-LC3 adenovirus. We found that there were significantly more
GFP–RFP+ puncta in CyPA silent cells than in the controls, demonstrat-
ing that CyPAmay abolish the autophagy flux in ox-LDL-treatedmacro-
phages. These findings suggested that CyPA mediates the ox-LDL
induced autophagy, while it has a strong inhibiting effect on autophagy
flux. On the basis of the above results, we suggested that the increased
activation and apoptosis of RAW264.7 cellsmediated by CyPA can be as-
sociatedwith the high level of autophagy and extremely low autophagy
flux. We found differences in cell surfer marks and apoptotic cells be-
tween CyPA silent cells and the control cells, which were inhibited in
cells pre-treated with 1 mM 3-MA. Together, these results suggested
Fig. 4. CyPA silencing reduces ox-LDL-induced macrophage activating by regulating autophagy
antibodies. CyPA silent and control RAW264.7 cells with orwithout pretreatment for 30minwi
Graphs show the mean results of three independent experiments. *p b 0.05, **p b 0.01, ***p b 0
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that CyPA is a key factor in mediating activation and apoptosis in
RAW264.7 cells by regulating autophagy. Previous studies show that in-
flammation can lead to excessive self-aggression and pathology when
not finely regulated [22]. Our results suggest that excessive autophagy
may also lead to inflammation bymacrophage activation and apoptosis,
andmaybe CyPA is the key factor that links autophagy andmacrophage-
related inflammation. Recent studies in animal models and percutane-
ous coronary angiography have shown that ischemic preconditioning
may play a cardioprotective role [23,24]. Further studies are needed to
verify whether ischemic preconditioning affects ox-LDL-induced au-
tophagy, and what role CyPA plays in this process.

The current study also sought to determine whether CyPA regulates
the cholesterol efflux and uptake in macrophage foam cells. We found
that gene silencing of CyPA significantly decreases the lipid accumulation
. CD80, CD80, and MHCII surface expression was analyzed by flow cytometry with specific
th autophagy inhibitor 3-MA (1mM)were then stimulatedwith 100mg/L ox-LDL for 24 h.
.001, Student's t-test.

induced activation and apoptosis of macrophages via autophagy, Int J
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Fig. 5. CyPA silencing reduces ox-LDL-induced apoptotic RAW264.7 cells by regulating autophagy. CyPA silent and control RAW264.7 cells with or without pretreatment for 30 min with
autophagy inhibitor 3-MA (1mM)were then stimulatedwith 100mg/L ox-LDL for 24 h. Representative results of the apoptosis of ox-LDL-induced apoptotic cells of different treatments.
Images were obtained from a fluorescencemicroscope. Green staining fluorescence represents ox-LDL-induced apoptotic RAW264.7 cells using the FITC-labeled TUNEL. Red fluorescence
represents the total cells using a PI staining. Data are expressed as themean±SD in the corresponding bar graph. Experimentswere repeatedfive times including at least 30 randomfields.
*p b 0.05, **p b 0.01, ***p b 0.001, Student's t-test.
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in RAW264.7 cells by Oil Red O staining [25,26]. Also, gene silencing of
CyPA intensely enhances the ABCA1 level and downregulated the scaven-
ger receptors CD36. However, in our results, the influence of CyPA on
ABCA1 and CD36 is not related with autophagy. This indicates that CyPA
may be one independent factor that regulates the cholesterol efflux and
uptake in macrophage foam cells, which may also be involved with the
CyPA related apoptosis. For large statin trials showing an association be-
tween LDL cholesterol levels and cardiovascular event rates, future re-
search which explores the anti-atherosclerotic effect of CyPA may shed
light on drug like statin in atherosclerotic CVD treatment [27].

In summary, the current study shows that CyPA is highly relevant to
the ox-LDL-induced activation and apoptosis in macrophages and the
keymechanism is regulating ox-LDL-induced autophagy. Our results in-
dicated that CyPA is one of the key factors linking the autophagy and in-
flammatory activity of macrophages, especially in response to ROS
stimulation. Thus, CyPA may be a potential target for atherosclerosis
therapy.
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