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Abstract

Macrophage apoptosis is a key contributor to the progression of atherosclerosis.
Cyclophilin A, a monocyte secretory protein associated with the initiation of ath-
erosclerosis has an inherent nuclease activity. This study reports the mechanism by
which cyclophilin A causes apoptosis of macrophages and accelerates the progression
of atherosclerosis. Aortic lesion formation and apoptosis were studied in New Zealand
White rabbits (NZW) which were fed high-fat diet (HFD) for 12 weeks. Using mono-
cytes and HFD-fed rabbits we demonstrate that cyclophilin A induces mitochondrial
membrane potential loss and mitochondrial pore transition protein opening through
caspase 3 activation. En face staining revealed a significant increase in the lesion area
in HFD-fed rabbits. Levels of glucose, cholesterol and proinflammatory cytokines
were higher in these animals compared to rabbits fed with a normal diet. In the aorta
of HFD-fed rabbits, medial vascular smooth muscle cells were disorganized and there
was a loss of integrity of the endothelium. An 8-fold increase was seen in the number
of apoptotic cells in the lesion area of HFD-fed NZW rabbits which were associated
with an elevation in plasma cyclophilin A levels. siRNA knockdown of cyclophilin
A gene reduced activation of caspase 3 in macrophages. Treatment with cyclosporine
A, an inhibitor of cyclophilin A, significantly attenuated apoptosis in macrophages.
Our study indicates that inhibitors of proinflammatory cytokines such as cyclophilin
A may arrest macrophage apoptosis and result in a regression of advanced atheroscle-

rotic lesions.

KEYWORDS

atherosclerosis, caspase 3, cyclophilin A, macrophage apoptosis, MPTP

Abbreviations: Cyp A, cyclophilin A; Cyt C, cytochrome C; HDL, high-density lipoprotein; HG, high glucose; ILs, interleukins; LDL, low-density
lipoprotein; MCP1, monocyte chemoattractant protein-1; MPTP, mitochondrial transition pore protein; NG, normal glucose; NZW, New Zealand white

rabbit; PI, propidium Iodide; ROS, reactive oxygen species; TMRM, tetramethylrhodamine, methyl ester; TNF alpha, tumor necrosis factor-alpha.

This is an open access article under the terms of the Creative Commons Attribution NonCommercial License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited and is not used for commercial purposes.
© 2021 The Authors. FASEB BioAdvances published by the Federation of American Societies for Experimental Biology

FASEB BioAdvances. 2021;3:305-322.

www.fasebbioadvances.org 305


http://www.fasebbioadvances.org
mailto:﻿
https://orcid.org/0000-0003-0019-6624
http://creativecommons.org/licenses/by-nc/4.0/
mailto:suryaramachandran@rgcb.res.in

ANANDAN ET AL.

MWILEY FASEB:ioAdvances —

1 | INTRODUCTION

There is growing evidence that monocytes isolated from pa-
tients with type 2 diabetes-associated coronary artery disease
(CAD) are of an inflammatory phenotype and secrete higher
levels of proinflammatory cytokines compared to monocytes
from patients with CAD without diabetes. Cytokines such
as tumor necrosis factor-alpha (TNF alpha), monocyte che-
moattractant protein-1 (MCP1), interleukins (ILs), inflam-
matory mediators such as cyclophilin A and expression of
scavenger receptors cluster of differentiation 36 (CD36), lec-
tin-type oxidized LDL receptor 1 (LOX 1) are elevated in
monocytes isolated from patients with type 2 diabetes-asso-
ciated coronary artery disease.'” The proinflammatory effect
of high glucose on monocytes and subsequent secretion of
inflammatory cytokines resulting in wide-ranging physio-
logical effects on the human vasculature and acceleration of
atherosclerosis. Aberrant apoptosis of macrophages is known
to contribute to the pathogenesis of atherosclerotic lesions, a
common phenotype in vascular inflammation.*® Cholesterol
laden macrophages or foam cells undergo apoptosis and con-
tribute to the formation and progression of atherosclerotic
plaques. An increase in macrophage apoptosis in advanced
atherosclerotic lesions is linked to plaque necrosis and thus
vulnerability of the plaque to rupture.

We report here that cyclophilin A, a secreted oxidative
stress-induced immunophilin is involved in apoptosis of in-
flammatory macrophages under high glucose conditions.
Cyclophilin A also contributes to the accumulation of apop-
totic inflammatory macrophages within evolving atheroma-
tous lesions and thus to lesion progression. We demonstrate
that under high glucose conditions, cyclophilin A increases
macrophage apoptosis by impairing mitochondrial mem-
brane potential and increasing reactive oxygen species (ROS)
generation, thus inducing the opening of the mitochondrial
transition pore leading to release of cytochrome C and acti-
vation of caspase 3.

2 | MATERIALS AND METHODS

2.1 | Invivo assays

Male New Zealand White (NZW) rabbits of 3 months old
having a body weight of 2 kg were used for in vivo assays. All
animal experiments were performed in the Animal Research
Facility (ARF) of Rajiv Gandhi Center for Biotechnology. In
vivo experiments were conducted in accordance with experi-
mental protocols that were approved by the Institute Animal
Ethics Committee, RGCB (IAEC/713/SURYA/2018). The
effect of cyclophilin A on lesion formation in the aorta was
studied in NZW. The animals were grouped into two catego-
ries. Group 1 (control group, n = 12) were fed normal diet

(ND) containing 16.6% fibre, 8.3% mineral ash and 14.5%
protein. Group II (treated group, n = 12) were fed a high-fat
diet (HFD) which had 0.5% (w/w) cholesterol/kg diet (5 g
cholesterol, 150 g fat/kg rabbit chow), 2.6% sugar and 3%
saturated fatty acids. The 3-month-old animals were fed HFD
for 12 weeks to induce fatty streak formation.

The animals had unrestricted access to water and were
maintained on a 12-hour light-dark cycle in a pathogen-free
environment. All animals were observed daily. At the end of
the 12th week, after collecting the blood samples, animals
were euthanized by intramuscular injection of a combination
of xylazine and thiopental. Aortaec were extracted for histol-
ogy and biochemical studies.

2.2 | Analysis of biochemical parameters
Blood samples were collected from the marginal ear vein and
glucose levels were analyzed by the direct method using one-
touch glucometer. Plasma was prepared and stored at —80°C.
Plasma cholesterol and triglycerides were enzymatically
measured using the Biosystems kit (HDL direct-code no:
11557, LDL-code no: 11585, Triglycerides-code no: 11528
and glucose- code no: 11503; Biosystems S.A., Barcelona)
according to the manufacturers’ instructions. Plasma cyclo-
philin A levels, TNF o, MCP 1, Interleukin 6 and 1 were de-
termined by enzyme-linked immunosorbent assay (ELISA)
(R&D systems, Uscn Life Science Inc) as per manufacturer's
instructions.

2.3 | Quantification of aortic lesion

2.3.1 | Enface analysis of aortae

Enface staining of aortae was done by Oil Red Staining.
After euthanasia, the rabbits were placed in a supine po-
sition and a midline cut was made through the abdomen
using iris scissors followed by the opening of the thoracic
cavity by cut opening the ribs laterally. The femoral ar-
teries were cut for draining blood followed by perfusion
of the rabbit heart left ventricle with 0.9% saline to drain
out bloodstains from the heart and aorta. After removing
all organs including the liver, lungs, spleen, reproductive
and gastrointestinal organs using curved forceps, the aorta
was exposed at the thoracic end and peeled off toward the
abdominal and bifurcated end. After cleaning the possible
fat content thoroughly, the rabbit aorta was perfused with
4% PFA in PBS by injection into the left ventricle and in-
cubation for 10 min followed by rinsing with 5% sucrose
in PBS. Rabbit whole aortas were isolated and pinned on
a black wax petri dish containing PBS and split opened
longitudinally to expose the interior part of the aorta and
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washed with distilled water followed by rinsing with 60%
isopropanol. The rabbit aorta was stained with Oil Red O
stain for 30 minutes at room temperature followed by a
rinse with 60% isopropanol for 2 seconds to remove ex-
cess staining and imaged. Plaque area was measured by
analyzing the ratio of plaque area from total aorta area and
positive ORO stained plaque areas within the aortic sur-
face using Image J software. The threshold intensity was
manually adjusted until the entire red area was highlighted
in red. The area-based analysis was used to quantify the
regions of interest (ROIs) from the image.

2.3.2 | Histological analysis

For morphological analysis, the whole aortae were har-
vested, fixed for 24 h with10% phosphate-buffered formalin
and embedded in paraffin and 7-pm cross-sections were pre-
pared. Paraffin sections were stained with H&E or Masson's
trichrome or used for immunostaining. Analyses were per-
formed by using Image-Pro Plus software. The lesion area
was determined from the acellular region on staining. Lesion
areas were visualized by microscope using NIS elements
software.

2.4 | Immunohistochemistry
Formaldehyde-fixed paraffin sections were incubated with
primary antibodies, anti o smooth muscle actin (x-SMA)
(ab-7817; 1:200; Abcam), Von Willebrand Factor (VWF)
(A0082; 1:200; Dako), cyclophilin A (ab-41684;1:200;
Abcam), and CD 36 (DSL9 T; 1:200; Cell Signalling) over-
night at 4°C. As a negative control, species- and isotype-
matched IgG was used in place of the primary antibody.
Anti-mouse IgG HRP (ab-6789) and anti-rabbit IgG-HRP
(ab-97051) at a dilution of 1:400 was used as secondary an-
tibodies. Quantitative analysis was done by analyzing diam-
inobenzidine tetrahydrochloride (DAB) positive area using
Imagel software.

2.5 | Quantification of necrosis / apoptosis
Apoptosis was quantified using TUNEL Assay Kit - In situ
BrdU-Red DNA Fragmentation (Abcam; ab-66110) ac-
cording to manufactures description. TUNEL-positive cells
displayed morphological features including aggregation of
chromatin into dense masses, nuclear fragmentation and cell
shrinkage. Paraffin fixed sections were counterstained with
DAPI. The number of TUNEL-positive apoptotic cells were
normalized to the total number of DAPI-positive cells in the
lesion area.
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2.6 | Western blot analysis

After treatment, cell and frozen tissue samples were crushed
and lysed in cell lysis buffer containing protease inhibitor
cocktail (Sigma-Aldrich). The total cell lysates were loaded
on SDS-PAGE and electrotransferred into the nitrocellu-
lose membrane followed by incubation with the appropriate
primary antibody at 4°C overnight. The primary antibodies
used were mouse anti-cyclophilin A (ab-58144) (1:1000),
mouse anti f Actin (sc-47778) (1:1000), rabbit anti cas-
pase 3 (Abcam) (1:1000), rabbit anti CD36 (Cell signaling)
(1:1000) and mouse anti cytochrome C (Invitrogen) (1:1000).
The membrane was later incubated with specific secondary
antibodies: anti-rabbit IgG-HRP (ab-97051) at a dilution of
1:5000. The proteins were visualized with Clarity western
ECL substrate. The bands were analyzed by Quantity One
1D image analysis software (Bio-Rad, USA).

2.7 | Measurement of macrophage
inflammation by mac 3 staining using
immunofluorescence assay

The macrophage inflammation in HFD-fed rabbit aorta was
assessed by mac 3 expression on the intimal macrophage.
Formaldehyde-fixed paraffin sections were incubated with
Mac-3 (Invitrogen, M3/84, 1:200) antibody overnight at 4°C
(1:100 dilution, Invitrogen), followed by incubation with
Alexa Fluor-conjugated antibodies for at least 1 H.

2.8 | Invitro assays

THP1, a human monocytic cell line, obtained from American
Type Culture Collection (ATCC® TIB-202™) USA, was
maintained in high glucose (20 mM = 360 mg/dl) and cul-
tured in RPMI1640 medium supplemented with 10% FBS and
antibiotics (penicillin 0.1 pg/pl and streptomycin 0.1 pg/pl).
To differentiate THP1 monocytes to macrophages, the cells
were treated with 50 ng/ml PMA (phorbol-12-myristate-
13-acetate) for 96 H. Cells were maintained in (a) normal
glucose (5.5 mM d-glucose =99 mg/dl of blood glucose lev-
els) and (b) high glucose (20 mM =360 mg/dl). To induce
apoptosis, the cells were treated with 150 ng/ml cyclophilin
A for 24 hours throughout the experiments.

2.9 | Apoptosis assays

2.9.1 | Flow cytometry analysis of Annexin V

Cells were primed with cyclophilin A both in NG and HG
conditions to induce apoptosis. After appropriate incubation
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(6 h, 12 h, 24 h and 48 h), the cells were trypsinized gently
and washed with serum-containing media and re-suspended
in 500 pl of 1X binding buffer, incubated with 5 pl annexin
V-FITC and 5 pl (50 mg/ml) of propidium iodide (Abcam)
for 5 min at 25°C in the dark. The cells were quantified by
flow cytometry using FITC signal detector (Ex = 488 nm;
Em = 530 nm) and PI staining by the phycoerythrin emission
signal detector.

2.9.2 | Microscopy analysis of Annexin V

Cells were grown on a 24 well plate with a coverslip and
treated with cyclophilin A both in NG and HG for 24 H to
induce cell death. After treatment, the cells were washed and
incubated with annexin V FITC and PI for 5 min at 25°C in
the dark. Following the addition and incubation of dyes, the
cells were washed with fresh binding buffer. The apoptotic
cells were visualized using specific filters set for FITC/PIL.

2.9.3 | DNA fragmentation assay

To analyze DNA fragmentation, we used an apoptotic DNA
ladder detection kit from Abcam (ab-66090) and followed
the manufacturer's instruction. The cells were treated with
cyclophilin A both in NG and HG conditions for 24 h. After
incubation the cells were isolated and DNA samples were ex-
tracted and electrophoresed onto 1.2% agarose gel containing
0.5 pg/ml ethidium bromide to visualize DNA. The gel was
examined and analyzed by Quantity One 1D image analysis
software (Bio-Rad, USA).

2.10 | In vitro silencing of cyclophilin A gene
Specific small interfering RNA against cyclophilin A
(siRNA) and control siRNA or scrambled control were pur-
chased from Sigma Aldrich. THP1 cells were transfected with
7 pmols of specific siRNA against cyclophilin A or control
siRNA using mission siRNA transfection reagent for 48 h at
37°C as described previously.1 The efficiency of silencing
was measured by quantitative real-time PCR by measuring
relative mRNA expression using the ABI Prism 7900HT se-
quence detection system and western blotting.1

2.11 | Detection of mitochondrial superoxide
by mitosox red reagent

MitoSOX Red mitochondrial superoxide indicator
(Thermofisher Scientific, USA) was used to detect the gen-
eration of mitochondrial superoxide. The fluorogenic dye is

specially targeted to detect mitochondrial ROS in live cells.
Cells were treated with cyclophilin A both in NG and HG
conditions for 24 H. Following incubation, cells were loaded
with SuM mitoSOX Red reagent for 10 min at 37°C, pro-
tected from light. After washing the cells gently three times
with warm PBS, the cells were stained with a counterstain,
Dapi (10 uM) and mounted for imaging. For flow cytom-
etry assay, the cells were treated with cyclophilin A for 24 H
both in NG and HG and incubated with MitoSOX red reagent
in complete medium for 10 min at 37°C and protected from
light. The cells were trypsinized and washed gently twice
with prewarmed PBS followed by analyzed on a flow cytom-
eter with 561-nm excitation using emission filters appropri-
ate for R-phycoerythrin. Oxidation of mitoSOX Red reagent
by superoxide produces red fluorescence which is directly
proportional to the superoxide produced.

2.12 | Measurement of mitochondrial
membrane potential by TMRM staining by
flow cytometry assay

Distinct mitochondrial membrane potential (AWm) is a char-
acteristic of healthy cells. TMRM (Tetramethylrhodamine,
methyl ester) is a cell-permeable fluorescent indicator and
lipophilic fluorescent dye that detects changes in the mem-
brane potential by tracking the redistribution of the dye.
While healthy cell gives a strong fluorescent signal, the signal
diminishes in apoptotic cells as the mitochondrial membrane
depolarizes. After treating cells with cyclophilin A both in
NG and HG conditions for 24 h, the cells were incubated
with 200 nM TMRM dye for 30 min at 37°C in the dark.
After incubation, the cells were analyzed on a flow cytom-
eter with Ex/Em at 561/585 nm. For microscopy assay, the
cells followed by incubation with TMRM were washed with
PBS/0.2% BSA. The cells were stained with a counterstain,
Dapi (10 pM) and mounted for imaging.

2.13 | Calcein/cobalt imaging for MPTP
opening assay

MPTP opening was measured by live-cell imaging using an
MPTP assay kit according to manufactures instructions (cat-
alog no: 135103, Invitrogen, USA). Briefly, THP 1 cells were
seeded on a 25 mm coverslip at a density of 1.5 x 10° cells
per coverslip with media containing PMA for differentiation.
After incubation, the cells were treated with cyclophilin A
both in NG and HG conditions for 24 h. Following incuba-
tion, the cells were labeled with labeling mix solutions (1 pM
calcein-AM, 200 nM MitoTracker Red CMXRos, 1 mM
CoCl2 and 1 pM Hoechst 33342 dye in modified HBSS)
for 15 min at 37°C in the dark. The cells were washed with
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warm modified HBSS buffer to remove the residual dye and
minimize background and analyzed by confocal microscopy
using excitation/emission peaks of calcein at 494/517 nm.
The mitochondrial pattern of calcein staining was verified
using MitoTracker as a mitochondrial marker. Mitochondria
that were initially positive for both labels were used for the
analysis. lonophoreionomycin (0.5 pM), which induces Ca’*
overload, was used as a positive control for mPTP induction.

2.14 | Co-localization by
immunofluorescence assay

1 x 10° cells were grown on coverslips in 24 well plates.
After apoptotic induction with cyclophilin A for 24 h both in
NG and HG conditions, the cells were washed in PBS. For
TMRM staining, cells were incubated with 200 nM TMRM
dye and incubated for 30 minutes at 37°C in the dark. The
coverslips were fixed with 4% paraformaldehyde for 20 min
at room temperature and washed in PBS followed by permea-
bilized in 0.1% Triton X-100 for 10 min at room temperature
before antibody staining. Cells were co-stained with anti—cy-
tochrome ¢ mouse antibody (Invitrogen) (1:100) and incu-
bated overnight at 4°C. Cells were then washed three times
in PBS and incubated with FITC-conjugated anti-mouse sec-
ondary antibody (1:200) for 1H at room temperature. Cells
were again washed thrice in PBS and were stained with a
counterstain, Dapi (10uM) and mounted for imaging.

2.15 | Mac3 staining of thp-1 macrophages
Post treatment with cyclophilin A for 24H both in NG and
HG conditions, the cells on a coverslip were fixed with 4%
formaldehyde for 10-15 min followed by rinsed with PBS
thrice. The cells were permeabilized with 0.1% Triton X-100
for 10 min. The cells were then incubated with anti- mac 3
antibody overnight at 4°C (1:100 dilution, Invitrogen), fol-
lowed by incubation with Alexa Fluor-conjugated antibod-
ies for at least 1 h. The excess antibody was washed off by
rinsing with 1X PBS 3 times, and the cells were viewed by
fluorescence microscopy.

2.16 | Statistical analysis

Experiments were conducted in triplicate. Fisher's exact ¢-test
was used for variable comparison between two groups. The
differences among various cell treatments were evaluated
by analysis of variance (ANOVA) using Student-Newman—
Keuls (SNK) multiple comparisons test for analysis.7
Normally distributed continuous variables were expressed as
mean +SD. Data were analyzed using a linear mixed-effects
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model, with the ‘treatment’ (introduction of cyclophilin A,
siRNA) and ‘control’ groups treated as fixed effect varia-
bles, and the repetitions considered as random effects nested
within the fixed effect. In vivo data analysis was performed
using ImageJ (version 1.45 s, Bethesda, MD, USA) and in
vitro data were analyzed using Graph Pad Prism (Graph Pad
Software, CA, USA). p < 0.05 was considered statistically
significant.

3 | RESULTS

3.1 | HFD increases plasma cyclophilin A
and induces fatty streak formation in the aorta
of New Zealand White rabbit

To study the pathophysiological role of cyclophilin A in
atherosclerosis, we used the NZW rabbits. A high cho-
lesterol diet (0.5% cholesterol) was fed to the NZW rabbit
for 12 weeks. We analyzed the serum triglyceride, LDL-
cholesterol, and HDL-cholesterol concentrations at 0 weeks,
4 weeks, 8 weeks and 12 weeks. There was no significant
increase in the bodyweight of animals in test and control
groups. The initial average body weight of animals of ND
and HFD groups was 2.24 kg + 0.08 and 2.32 kg +0.08
respectively. The body weight at the end of 12 weeks was
3.0kg +0.03 and 3.1 kg +0.04 respectively. Levels of plasma
cyclophilin A increased from the 4th week of HFD treatment
(Figure 1A). The animals fed on HFD for 12 weeks were
mildly diabetic (320 mg/dl) (Figure 1B) 8 and serum levels
of triglyceride, LDL and cholesterol (Figure 1B) were higher
in these animals compared to the animals in the ND group
(Figure 1C).

Enface staining of aortae using Oil Red O (ORO)
(Figure 2A) staining confirmed increased lesion area (57.06%)
in HFD treated NZW rabbits compared to ND fed rabbits
(1.2%). The plaque area was quantified in cross-sections of
the thoracic aorta using H and E staining. Lesion area was
significantly increased in the HFD group compared to the ND
group (p < 0.001). The aortic lumen of HFD-fed rabbits had a
relatively more acellular region with a lack of nuclei with only
a few viable cells. Collagen deposition, an indicator of plaque
stabilization, was determined by Masson's Trichrome stain-
ing. HFD-fed NZW rabbits had a 56.3% increase in collagen
deposition in the aortic arch area compared to ND fed rabbits.
Cyclophilin A expression in the endothelial cells and intimal
smooth muscle cells was significantly increased (p < 0.001)
in HFD-fed rabbits which increased on a spatiotemporal scale
as the lesion progressed over time (Figure 2B). Similarly, an
increase in plasma cyclophilin A levels was also observed
over the same period. The expression of CD 36, the scavenger
receptor which increases the uptake of oxidized LDL was in-
creased in the aortic arch tissue of HFD-fed rabbits compared
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(A) Proinflammatory cytokine levels

FIGURE 1 Biochemical parameters
of New Zealand White rabbit fed with HFD
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to ND fed rabbits. (Figure 2C,D). Expression of aSMA in the
aortic media of HFD-fed rabbits was intense positivity com-
pared to the aorta of ND fed rabbit aorta (Figure 2C). The
endothelium of ND fed rabbit aorta expressed von Willibrand
factor (VWF), an endothelial marker, regularly and intensely
compared to animals of the HFD group in which the staining
was completely disrupted in the aortae.

3.2 | Cyclophilin A increases macrophage
apoptosis and apoptosis in lesion area of
HFD-fed rabbits through caspase 3 mediated
cell apoptosis

To assess cell death in the lesion area we used the BrdU-
Red TUNEL assay which specifically detects apoptotic cells.
The presences of TUNEL-positive nuclei were higher in the
lesion area of HFD-fed rabbit compared to ND fed rabbits
(Figure 3A). An eightfold increase in the number of apoptotic
cells in the lesion area of the HFD-fed rabbit was observed.
We analyzed Cyt C, cleavage of caspase 3 and cyclophilin A
expression by immunoblotting assay in the aortic arch tissue
of HFD and ND fed rabbits (Figure 3B, p = 0.001).

We also assessed the percentage of atherosclerotic lesional
macrophages in aortic root lesions of a 12-week high-fat

diet-fed NZW. The expression of macrophage marker an-
ti-M3/84 in the aorta of rabbits fed with HFD were inten-
sified compared to the aorta of ND fed rabbits (Figure 3C,
p = 0.001). This observation also concurs with the increased
fatty streak formation and cyclophilin A expression in the
aortic lumen of HFD-fed rabbit compared to ND fed rabbits.

3.3 | Cyclophilin A induces apoptosis of
macrophages primed with high glucose

We further investigated the mechanism of macrophage apop-
tosis in an in vitro cellular model using THP-1 monocyte dif-
ferentiated macrophages. THP-1 macrophages were treated
with cyclophilin A (150 ng/ml) for 24 h to induce apoptosis.
We studied macrophage apoptosis by monitoring phosphati-
dylserine (PS) translocation using the Annexin V-FITC/ pro-
pidium iodide assay (AnnV/PI). In flow cytometry analysis,
AnnV/PI staining is based on the ability of Annexin V to bind
to PS. Translocation of PS from the inner layer of the plasma
membrane to the outer surface during apoptosis is quantified
by the binding of Annexin FITC to externalized PS which is
located in the inner membrane of the plasma membrane in
viable cells. On the addition of PI, viable (AnnV~/PI"), early
apoptotic (AnnV*/PI”), late apoptotic (AnnV*/PI"), and
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FIGURE 2 HFD increases fatty streak formation in the aorta of New Zealand White rabbit. (A i & ii) Representative images showing Oil

Red O staining of the aorta from New Zealand White rabbits fed with HFD for 12 weeks (n = 12) compared with ND fed rabbit (n = 12). (Bi &
ii) Histological analysis of the cross-sections from the aortic arch and thoracic aorta of HFD and ND fed rabbit after staining with H&E staining
and Masson Trichrome. (C i & ii) Immunohistochemical staining of cross-sections from the aortic arch and thoracic aorta of HFD and ND fed
rabbit after staining with VWF, a- smooth muscle cell actin (x-SMA), cyclophilin A and CD 36. Results are mean +SD of mean intensity of
protein expression. The data were compared using a one-way ANOVA followed by multiple comparison tests. (D) Immunoblotting experiments
showing expression of CD 36 and cyclophilin A in aortic tissue of rabbit. *p < 0.05 vs. ND, **p < 0.01 vs. ND, ***¥p < 0.001 vs. ND. The data
were compared using a one way ANOVA followed by multiple comparison test using the SNK test (ND, Normal Diet; HFD, High-Fat Diet; H &E,
Hematoxylin and eosin stain; VWF, von Willebrand factor; a-SMA, a- smooth muscle cell actin; CD 36, cluster of differentiation 36; SNK test,

Student—Newman—Keuls test).

necrotic (AnnV/PI*) cells can be distinguished. The flow
cytometry analysis of cyclophilin A treated macrophages re-
vealed that cell populations shifted from viable (AnnV~/PI")
to apoptotic (AnnV*/PI*&AnnV*/PI") population. Post-
treatment with cyclophilin A (150 ng/ml) the apoptotic rate
increased to 48.4% in HG and 37% in NG (Figure 4A). No
significant changes in the percentage of late-stage apoptotic

macrophage cells were observed at 6H and 12H after cyclo-
philin A treatment (Figure S1A). Apoptosis increased with
an increase in cyclophilin A concentration (Figure S1B,C).
These results demonstrate the ability of cyclophilin A to in-
duce apoptosis, in high glucose primed macrophages after
24 h of treatment. The apoptotic rate of cyclophilin A treated
cells is similar to staurosporine treated cells. However, the
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FIGURE 3 Cyclophilin A increases macrophage inflammation and apoptosis in the lesion area of HFD-fed rabbits through caspase 3 mediated

cell apoptosis. (A i) TUNEL staining showing increased apoptotic cell population in the aortic lumen of HFD-fed rabbit compared to the aortic
lumen of the ND fed rabbit; Scale bar: 10 um (ii) Quantitative data revealing that HFD-fed rabbit aortas have a significant increase in apoptotic
cells in the lesion area. The data are expressed as the percentage of TUNEL-positive cells per field (four fields per two rabbits from each group).
(B) Immunoblotting assay: Protein level expression of Cytochrome C and Cleavage of caspase 3 were increased in aortic tissue of HFD-fed rabbit
compared to ND fed rabbit. (C i) Immunostaining images for M3/84 (green) and Dapi (blue) in aorta from New Zealand White rabbits fed with
HED for 12 weeks (n = 12) compared with ND fed rabbit (n = 12) demonstrating macrophage inflammation in aorta intima. Scale bar: 10 um. (C
ii) Quantitative data revealing that HFD-fed rabbit aortas have a significant increase in inflammatory macrophages in the lesion area. *p < 0.05 vs.
ND, **¥p < 0.01 vs. ND, ***p < 0.001 vs. ND. The data were compared using a one-way ANOVA followed by multiple comparison tests using
the SNK test. Results are the mean +SD and show pooled data from two experiments (ND, Normal Diet; HFD, High-Fat Diet; TUNEL, terminal

deoxynucleotidyl transferase dUTP nick end labeling, M3/84 - LAMP-2 Antibody; SNK test, Student—-Newman—Keuls test)

Q2 population in cyclophilin A treated cells is higher indi-
cating an increased translocation of PS from inner surface
of the plasma membrane to its outer surface suggesting loss
of membrane integrity and inclination toward late apoptosis.

To silence cyclophilin A in macrophages, we used mis-
sion small interfering RNA (esiRNA). We observed previ-
ously a 70-85% transfection efficiency by real-time PCR
and western blotting.1 Silencing cyclophilin A with es-
iRNA, resulted in a 77% reduction (p < 0.05) in apoptosis

of macrophages particularly, late apoptosis in comparison
with cyclophilin A treated group, indicating the neces-
sity of cyclophilin A for macrophage apoptosis under HG
(Figure 4A). The ability of cyclophilin A to induce apop-
tosis in high glucose activated macrophages was also as-
sessed by fluorescence microscopy assay using AnnV/PI
staining. The cells treated with cyclophilin A (150 ng/ml)
in both HG and NG for 24H displayed positivity for both
annexin V and PI compared to untreated cells (Figure 4B).
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FIGURE 4 Cyclophilin A induces apoptosis of high glucose primed macrophages. THP 1 monocytes were cultured with PMA to differentiate
into macrophages and treated with cyclophilin A (150 ng/ml) for 24H or siRNA or staurosporine (2 uM for 3H). (A) Cyclophilin A-induced
apoptosis was detected with annexin V FITC PI staining using flow cytometry. FACS dot plot shows necrotic (Q1), early apoptotic cells (Q2),
viable (Q3) and late apoptotic (Q4) cell population. (B) Confocal images of early (green) and late (red and green) apoptotic cells treated with
cyclophilin A (150 ng/ml) using AnnV/PI staining. Scale bar: 10 um. (C) DNA fragmentation assay using agarose gel electrophoresis showing
cleavage of chromosomal DNA after cyclophilin A treatment for 24H in NG and HG treated cells;*p < 0.05 vs. ND; *p < 0.05 vs. HG, *¥p < 0.01
vs. HG, ***p < 0.001 vs. HG The data were compared using a one way ANOVA followed by multiple comparison test using SNK test (PMA,
Phorbol 12-Myristate 13-Acetate; 24H, 24 hours; siRNA, Small interfering RNA; FITC, Fluorescein isothiocyanate; PI, Propidium iodide; FACS,
Fluorescence-activated cell sorting; NG, Normal Glucose; HG, High Glucose; SNK test, Student—-Newman—Keuls test)

Cyclophilin A treatment primarily led to late apoptosis as
evidenced by positivity for both annexin V and PI stain-
ing. Control cells were negative for both annexin and PI.
Staurosporine was used as a positive control to compare
the pro-apoptotic ability of cyclophilin A irrespective of
glucose concentrations.

Cyclophilin A reportedly has an inherent nuclease activ-
ity.g’lo We used a DNA fragmentation assay to understand
the role of cyclophilin A in degrading DNA into oligonu-
cleosomal size fragments. A typical ladder pattern of inter-
nucleosomal fragmentations was observed in cells after 24 h
of treatment with increasing concentration of cyclophilin
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A (Figure 4C). On the other hand, there was no fragmen-
tation observed on 12 and 18H of cyclophilin A treatment
(Figure S1D).

3.4 | Cyclophilin A activates mitochondrial
superoxide generation in macrophages

Mitochondrial superoxide overproduction can induce mac-
rophage cell death. Given that cyclophilin A is also an
oxidative stress secretory protein,1 the effect of 150 ng/
ml cyclophilin A on mitochondrial ROS production in
macrophages primed with HG or NG was assessed using
MitoSOX Red mitochondrial superoxide indicator. The fluo-
rescence was not detected in controls. When macrophages
were treated with 150 ng/ml cyclophilin A for 24 h, there

was an intense MitoSOX red fluorescence (Figure 5A,B).
Treatment of macrophages with 300 ng/ml cyclophilin A sig-
nificantly increased mitochondrial specific superoxide gen-
eration (47.9%, p = 0.0015) in comparison to treatment with
either HG (7.2%) or NG controls (2.7%) (Figure S2A,B). In
contrast, a significant reduction in mitochondrial ROS pro-
duction was observed in cyclophilin A silenced cells with a
rate of average apoptosis of 8.4% in HG and 3.7% in NG
group (Figure 5A,B).

3.5 | Cyclophilin A impairs the mitochondrial
membrane potential of macrophages

The mitochondrial polarization-depolarization state was
measured with tetramethylrhodamine methyl ester (TMRM)

NG
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Conrol i SIRNA ControlsiRNA FIGURE 5 Cyclophilin A activates
mitochondrial superoxide generation in high
glucose primed macrophages. The extent of
mitochondrial superoxide anion production
was measured before and after stimulation
with cyclophilin A for 24H and siRNA
in high glucose primed macrophages by
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staining. Mitochondrial uncoupling results in depolariza-
tion of the mitochondrial membrane. The mitochondrial
molecular motors detach from the microtubule, resulting in
impairment of mitochondrial motility. TMRM sequesters
to the matrix of polarized mitochondria but diffuses on mi-
tochondrial depolarization. Apoptosis was correlated with
the reduction of mitochondrial membrane potential (Aym),
defined as the loss of TMRM fluorescence. As high levels
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of mitochondrial superoxide were observed in HG activated
macrophages in the presence of cyclophilin A, an electro-
chemical gradient across mitochondria was examined. The
silencing of the cyclophilin A gene completely restored the
membrane potential (Figure 6A,B). Our results revealed a
dose-dependent reduction of TMRM fluorescence levels (P2
population) in cells treated with cyclophilin A, compared to
control groups (Figure S3A,B).
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FIGURE 6 Mitochondrial membrane potential is impaired in Cyclophilin A treated macrophages. The cells were stained with mitochondrial

membrane potential marker TMRM (red) and counterstained with Dapi (green). Loss of ¥m was observed after cyclophilin A treatment or

siRNA in macrophages for 24H. (A i) FACS analysis showing reduction of TMRM fluorescence (P2 population) indicating loss of mitochondrial

membrane potential; (A ii) Histogram displays reduced TMRM fluorescence (A iii) Quantitative analysis of % fluorescence intensity of MitoSOX

red. (B i) The cyclophilin A treated cells were observed under a fluorescence microscope after staining with TMRM dye (red color). Scale bar:

20 um (B ii) Quantitative analysis of mean fluorescent intensity using NIS element software.”p < 0.05 vs. ND; #p < 0.05 vs. HG, **p < 0.01 vs.
HG, ***p < 0.001 vs. HG The data were compared using a one way ANOVA followed by multiple comparison test using SNK test (TMRM,
Tetramethylrhodamine, methyl ester; FACS, Fluorescence-activated cell sorting; siRNA, Small interfering RNA; NG, Normal Glucose; HG, High

Glucose; SNK test, Student-Newman—Keuls test).
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permeability pore (MPTP) opening in
macrophages primed with high glucose

To assess the susceptibility of MPTP opening in high glucose
primed macrophages to cyclophilin A treatment, live-cell im-
aging by MPTP assay was explored. Cyclosporin A (4 uM)
was used as a negative control to demonstrate maximum
calcein-AM retention, whereas Ionomycin-induced MPTP
opening was used as a positive control. Calcein AM reten-
tion of normal glucose treated macrophages was 69% and
high glucose treated macrophages was 57%. Stimulation with
cyclophilin A (150 ng/ml) for 24 h resulted in a decrease in
calcein-AM (22% in HG and 29% in NG controls) retained
in the mitochondria. However, knockdown of cyclophilin A
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successfully re-established calcein-AM retention revealing
a direct impact of cyclophilin A on the MPTP openings in
macrophages (Figure 7A). 4 uM cyclosporine A completely
prevented MPTP opening in high glucose primed mac-
rophages (67%). In macrophage cells exposed to Ionomycin
Mitochondrial calcein-AM was markedly decreased (18%).

3.7 | Cyclophilin A induces caspase
3 activation by cytochrome C release in
macrophages

The induction of cytochrome C and caspase 3 activation was
investigated after the treatment of macrophages with cy-
clophilin A using immunoblotting analysis. Cytochrome C
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FIGURE 8 Cyclophilin A activates
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macrophage inflammation. Macrophage
cells treated with cyclophilin A or siRNA
were stained for co-localization of
cytochrome C / TMRM and M3/84 and
evaluated by confocal microscopy. (A) Co-
localization of cytochrome C with TMRM
assay, Scale bar: 20 um. (B i) M3/84
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expression increased in macrophages treated with 150 ng/ml
cyclophilin A in HG and NG conditions. Cleaved caspase 3
with a molecular weight of 17 KDa was detected in the cyto-
solic extraction of cyclophilin A treated cells. Cyclophilin A
untreated cells did not have detectable levels of cleaved cas-
pase 3 irrespective of HG treatment (Figure 7Bi). Knockdown
of cyclophilin A with siRNA significantly reduced the ex-
pression of Cytochrome C and cleaved caspase 3 (Figure 7B
ii). Consistent with the cleavage of caspase 3, an overall in-
crease in cytochrome C was observed supporting a role for
mitochondria in the initiation of macrophage cell death.

To evaluate the release of cytochrome C from mitochon-
dria, we performed a localization assay by immunostaining
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of cyclophilin A treated macrophages undergoing apop-
tosis. Staining with mitochondrial membrane potential
marker, TMRM, showed variegated staining that was par-
allel to that seen with cytochrome c staining in NG and
HG conditions. On cyclophilin A treatment, there were
clear morphological changes in treated cells that became
evident at 150 ng/ml concentration and the majority of
the TMRM and cytochrome c staining were contained in
the cytoplasm (Figure 8A). Cytochrome C protein is cy-
tosolic with very little expression of TMRM in the peri-
nuclear regions on cyclophilin A treatment. The cells in
which cyclophilin A proteins were silenced with siRNA
showed uniform staining of TMRM that was parallel to


www.wileyonlinelibrary.com

ANANDAN ET AL.

ﬂl—WI]_EY FASEB:ioAdvances —

cytochrome c staining similar to normal and high glucose
conditions. (Figure 8A).

3.8 | Cyclophilin A induces macrophage
inflammation in macrophages

CD107b or M3/84 proteins are expressed by leukocytes
particularly macrophages, in inflammatory tissues and are
therefore used as a marker of macrophage inflammation. M3
expression is significantly increased on cyclophilin A treat-
ment (Figure 8B), whereas, on the silencing of cyclophilin
A, the expression of decreases. This observation also cor-
responds to the increased cell apoptosis in the presence of
cyclophilin A detected by annexin PI staining.

4 | DISCUSSION

Our studies indicate that cyclophilin A can induce mac-
rophage apoptosis in high glucose conditions. This action is
by increasing mitochondrial superoxide levels and impairing
mitochondrial membrane potential thus resulting in the open-
ing of the MPTP pore and caspase activation. Cyclophilin
A also possesses a latent nuclease activity and can medi-
ate macrophage apoptosis through intrinsic death signaling
pathways.

Apoptosis of activated macrophages is a key event
during atherosclerotic fatty streak formation. The effects of
macrophage apoptosis largely depend on the stage and se-
verity of the lesion. Apoptosis is considered beneficial for
early lesions because it suppresses the progression of the
fatty streak, whereas in advanced lesions it results in lesion
cellularity and severity.'! Vascular disease associated with
type 2 diabetes is known to have more severe and extensive
lesions.'>!* The level of cell death is strongly correlated
with atherosclerotic lesion stage and plaque rupture. The
adaptive intimal thickenings and fatty streaks enclose very
few apoptotic cells, whereas advanced lesions consist of
apoptotic foci which includes a varied cell types such as
endothelial, smooth muscle cells as well as inflammatory
cells like T-lymphocytes and macrophages.lsThe outcome
of apoptosis within atherosclerotic plaques hinge on these
cell types and its localization. Death of endothelial cells,
may initiate plaque erosion,'® whereas smooth muscle cells
apoptosis destabilizes the fibrous cap and induce ruptulre.17
Macrophages characterize the majority of dead cells in the
atherosclerotic lesions (more than 40%).'8 Consequently
macrophage apoptosis stimulates necrotic core formation
and atherosclerosis. Our studies suggest that cyclophilin
A can contribute to atherosclerotic lesion progression and
severity through its ability to induce apoptosis in macro-
phages under high glucose conditions.

Cyclophilin A, a secreted oxidative-stress-induced immu-
nophilin, belongs to a highly conserved, ubiquitous family
of proteins, first identified as the intracellular receptor for
the immunosuppressant drug cyclosporin A (CsA)."” During
oxidative stress in the vascular wall, extracellular cyclophi-
lin A promotes apoptosis of endothelial cells by increasing
the activity of JNK (c-Jun N-terminal kinase) and p38.20
Cyclophilin A mediated apoptosis has also been reported in
neuronal cells and is mediated by binding and nuclear trans-
location of AIF.*! Thus, cyclophilin A is likely to have a key
role in the progression of atherosclerotic lesions in patients
with type 2 diabetes.

We have earlier shown that cyclophilin A contributes to
foam cell formation by increasing ROS and proinflamma-
tory cytokine levels.! The plasma levels of cyclophilin A
are higher in patients with type 2 diabetes and associated
vascular disease.” The mechanism by which cyclophilin A
contributes to the development of atherosclerosis is largely
unknown. Cyclophilin A is reported to have an inherent nu-
clease activity 22 and also stimulates endothelial cell apopto-
sis by increasing the expression of E selectin and VCAM
1.%? The acellular lipid core of atherosclerotic lesions com-
prises of dead macrophage foam cells. Given that cyclophilin
A increases foam cell formation and has the apoptosis-induc-
ing ability, it may contribute to macrophage apoptosis and
accelerate lesion formation in high glucose conditions. We
present evidence from a series of experiments that indicate
that cyclophilin A induces macrophage apoptosis through
caspase 3 activation and contributes to the progression of
atherosclerotic lesions.

During apoptosis, phosphatidylserine is translocated from
the inner surface of the plasma membrane to its outer sur-
face due to loss of membrane integrity. Staining with annexin
V differentiates apoptotic cells from necrotic cells. We ob-
served that cyclophilin A increased macrophage apoptosis
which was considerably reduced (67.7%) on silencing cyclo-
philin A using mission siRNA. This effect of cyclophilin A is
similar to the observation in previous studies on endothelial
cell (EC) apoptosis mediated by activation of INK and p38.%
The knockdown of cyclophilin A in endothelial cells was as-
sociated with a decrease in EC apoptosis.23’24 The action of
cyclophilin A increases the oxidative stress levels in the vas-
cular wall thus stimulating apoptosis.20

Loss of mitochondrial membrane potential is an indi-
cator of apoptosis. Mitochondrial membrane collapse and
opening of mitochondrial permeability transition pore by
proapoptotic proteins result in the decrease in mitochondrial
membrane potential. Cytochrome C is then released into the
cytoplasm and the apoptotic cascade is activated. Cyclophilin
A treatment of HG activated macrophages resulted in the
loss of mitochondrial membrane potential of macrophages.
Intracellular Ca2+ is essential for maintaining mitochondrial
integrity. During homeostasis, an increase in Ca2+ results
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in increased mitochondrial permeability leading to mPTP
opening which allows Ca2+ and some other smaller ele-
ments such as proteins to enter into the mitochondrial ma-
trix to maintain membrane potential (A%¥m). Mitochondrial
transition pore is very sensitive to changes in Ca 2+ ions.
Prolonged increase in Ca2+ results in a persistent irreversible
opening of mPTP leading to cell death. Until recently, it was
hypothesized that the core pore-forming protein in cyclospo-
rine A sensitive cells bind to cyclophilin D, which is an iso-
form of cyclophilin A. The mitochondrial SPG7 has recently
been implicated as the positive regulatory component of the
mPTP which functions independently of cyclophilin D (CSA
insensitive).”> SPG7 does not constitute a core component of
mPTP but regulates it through mitochondrial Ca2™ concen-
tration. It is, therefore, possible that cyclophilin A also reg-
ulates pore opening by increasing Ca2" concentration. This
view however needs further investigation.

The persistent opening of MPTP results in a reduction of
mitochondrial membrane potential as well as cytochrome C
release. Cytochrome C is expelled into the cytoplasm of apop-
totic cells because of impaired mitochondrial membrane po-
tential. The cytochrome C released from mitochondria could
in turn activate caspase 3 initiating the apoptosis cascade. We
had earlier demonstrated the role of cyclophilin A in activat-
ing macrophages to express more of the scavenger receptor,
CD36 in presence of HG and oxLLDL." Increased cyclophilin
A in the cytoplasm of macrophages increases scavenger re-
ceptors such as CD 36 on the surface of macrophages. This
accelerates the accumulation of modified lipoproteins in
macrophages which subsequently turn into foam cells. Both
oxidized lipoprotein and PPAR gamma are reported to acti-
vate caspase 3 in macrophages.26 It is known that the binding
of oxidatively modified lipoproteins to its receptor CD 36,
activates the caspase cascade.”’ It is also known that caspases
are latently inactive proenzymes and get activated after cleav-
age of their respective pro domains.”>%

Our present findings suggest that during fatty streak for-
mation, an increase in cyclophilin A levels may result in mac-
rophage apoptosis through activation of caspase 3 cascade
and mitochondrial death signaling pathways.

Macrophage apoptosis is a hallmark of fatty streak forma-
tion in vessels.*® We explored in New Zealand White rabbits
fed with HFD, the ability of cyclophilin A to induce macro-
phage apoptosis and intensify vascular lesions over a period
of 3 months. Atherosclerotic lesions in rabbits are similar to
those in humans and can be induced by feeding them with
a high cholesterol diet. Monocyte recruitment, differentia-
tion, intimal foam cell formation and immune-inflammatory
response are similar in NZW and humans and hence these
rabbits are ideal to study pathogenesis and progression of
atherosclerosis.>’ NZW on standard laboratory chow diet
do not develop atherosclerosis as their cholesterol levels are
usually low. In rabbits, plasma lipoprotein is predominantly
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in LDL, unlike rodents that have HDL as the main carrier
of plasma lipoproteins.32’33 In our study, on a 12-week HFD
treatment, we observed fatty streaks from the aortic arch ex-
tending to the thoracic regions and the abdominal aorta. The
lesions were composed of macrophage-derived foam cells
and smooth muscle cells. In 12 weeks, the plasma choles-
terol levels of these rabbits rose to 420 + 17 mg/dL from an
initial level of 51 + 20 mg/dL. The blood glucose levels also
increased sharply from 124 + 18 mg/dL to 320 + 37 mg/dL.
Fatty streak formation and macrophage infiltration were
significantly less in the normal diet-fed NZW rabbits.
Accumulation of collagen was observed in the intima of aor-
tae of HFD-fed NZW rabbits compared to the ND group. The
increased presence of foam cells detected by ORO staining
in the fatty streak region of aortae of the HFD group cor-
roborated with the expression of CD 36 in the lysates of the
aortae. These results are consistent with our earlier in vitro
studies using THP macrophages which revealed that there is
an increased accumulation of inflammatory macrophages in
the lesion.'

HFD-fed rabbits also had higher levels of plasma cyclo-
philin A and increased intracellular expression of cyclophilin
A. There was an eightfold increase in serum lipids in HFD-
fed rabbits compared to the ND group. Fasting blood sugar
levels also were higher in the HFD group compared to the
ND group. A modest increase in the levels of proinflamma-
tory cytokines such as TNF alpha, MCP 1, IL 1 beta and IL6
was seen in the animals of the HFD group compared to ani-
mals of the ND group.

Disruption in the expression of a-SMA in vascular smooth
muscle cells may result in hyperplasia of SMCs through
several pathways leading to advanced medial lesions in the
aorta. We observed disrupted and disorganized a-SMA in the
aortic media of HFD-fed rabbits. There was also increased
caspase 3 activation and TUNEL positive cells in the aorta of
HFD-fed rabbit indicating a buildup of apoptotic cells in the
aortic lesions.

High glucose induces secretion of cyclophilin A from
monocytes >>* that triggered an increased flux of reactive
oxygen species in the vascular lumen.' The increase in cy-
clophilin A possibly triggers mitochondrial ROS impairing
mitochondrial membrane potential. This promotes mito-
chondrial membrane collapse and opening of mitochondrial
permeability transition pore resulting in the release of cyto-
chrome C from mitochondrion into the cytoplasm and the
apoptotic cascade is activated through caspase 3 activation.
Altogether, our result revealed that high glucose activates
macrophages to overexpress cyclophilin A' which triggers
mitochondrial redox activity leading to activation of caspase
3 dependent apoptotic pathways. These mechanisms together
with the inherent nuclease activity of cyclophilin A lead to
macrophage apoptosis, thus accentuating the lesions in the
aorta (Figure 9). A limitation of our study is that we were
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unable to confirm this mechanism in cyclophilin A knock-
out animals because of the unavailability of rabbit PPIA™
knockout models. Rabbits fed with HFD had diet-induced
alterations such as high plasma levels of lipoproteins, hyper-
glycemia and obvious fatty streak lesions in the aortae, very
similar to humans with atherosclerotic vascular disease.
Sufficient engulfment of apoptotic cells by macrophages,
a process called efferocytosis is important to endure the for-
mation of atherosclerotic lesions. Macrophages containing
rich apoptotic material have been detected in plaques indicat-
ing that efferocytosis occurs in atherosclerotic lesions.* The
intimal macrophages can cause vascular damage locally by
stimulating cell apoptosis and causing the progression of the
atheroma. The expression of M3/84, the macrophage-specific

marker, is overexpressed in the aorta of our HFD-fed rabbits
when compared to ND fed rabbit.

An increased load of apoptotic cells in atherosclerotic le-
sions 7 suggests either increased apoptotic cell death or in-
adequate efferocytosis for the removal of such cells in the
lesions. Cyclophilin A is possibly a key player in increasing
the apoptotic cell load and/or hindering normal efferocytotic
mechanisms.

5 | CONCLUSION

Despite advances in understanding macrophage apoptosis
in atherosclerotic lesions, it remains to be seen whether
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the apoptotic process can be manipulated in a way that
it can be made useful for preventing atherothrombosis.
Identifying and understanding the mechanism of action of
pro-inflammatory molecules such as cyclophilin A, their
receptors and inhibitors may provide us tools and targets
for such manipulations.
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