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Nitric oxide selectively depletes macrophages in
atherosclerotic plaques via induction of
endoplasmic reticulum stress
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Background and purpose: Macrophages in atherosclerotic plaques have a tremendous impact on atherogenesis and plaque
destabilization. We previously demonstrated that treatment of plaques in cholesterol-fed rabbits with the nitric oxide (NO)
donor molsidomine preferentially eliminates macrophages, thereby favouring features of plaque stability. In this study, we
investigated the underlying mechanism.

Experimental approach: Macrophages and smooth muscle cells (SMCs) were treated in vitro with the NO donors, spermine
NONOate or S-nitroso-N-acetylpenicillamine (SNAP) as well as with the well-known endoplasmic reticulum (ER) stress inducers
thapsigargin, tunicamycin, dithiothreitol or brefeldin A. Cell viability was analysed by Neutral Red viability assays. Cleavage of
caspase-3, DNA fragmentation and ultrastructural changes were examined to characterize the type of macrophage death.
Induction of ER stress was evaluated by measuring C/EBP homologous protein (CHOP) expression, phosphorylation of
eukaryotic initiation factor 2u (elF2a), splicing of X-box binding protein 1 (XBP1) and inhibition of protein synthesis.

Key results: Macrophages and SMCs treated with spermine NONOate or SNAP showed several signs of ER stress, including
upregulation of CHOP expression, hyperphosphorylation of elF2¢, inhibition of de novo protein synthesis and splicing of XBP1
mRNA. These effects were similar in macrophages and SMCs, yet only macrophages underwent apoptosis. Plaques from
molsidomine-treated atherosclerotic rabbits showed a 2.7-fold increase in CHOP expression as compared to placebo. Beside
NO, selective induction of macrophage death could be initiated with thapsigargin and tunicamycin.

Conclusions and implications: Induction of ER stress explains selective depletion of macrophages in atherosclerotic plaques
by a NO donor, probably via inhibition of protein synthesis.
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Introduction

Atherosclerotic plaque destabilization and rupture are
thought to account for most acute coronary syndromes,
suggesting that plaque instability rather than plaque progres-
sion is a major target for new therapies (Gutstein and Fuster,
1999). Unstable, rupture-prone atherosclerotic plaques
are defined as lesions with a thin fibrous cap containing
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few smooth muscle cells (SMCs) and a large lipid core
surrounded by numerous foam cells of macrophage origin.
Plaque destabilization may start by external factors such as
increased blood pressure and shear stress (Slager et al., 2005)
and/or by factors within the atherosclerotic plaque, in
particular inflammation (Libby, 2002), intraplaque haemor-
rhage (Kockx et al., 2003; Kolodgie et al., 2003) and the
induction of SMC death (Clarke et al., 2006). Pharmacolo-
gical agents such as lipid-lowering agents, f-adrenoceptor
antagonists, angiotensin-converting enzyme inhibitors and
antioxidants may target plaque destabilization and have
been shown to reduce the incidence of acute coronary
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syndromes (Rabbani and Topol, 1999). Yet, cardiovascular
disease resulting from atherosclerosis and thrombosis re-
mains a major cause of death and disability among adults in
Western countries. Because macrophages and their secretory
products have a tremendous impact on plaque destabiliza-
tion (Libby, 2002), there is now a growing interest for
therapeutic strategies that may lead to a selective, clean and
safe removal of macrophages within the atherosclerotic
plaque (Martinet et al., 2007). However, the majority of
methodologies that have been developed so far reduce
peripheral blood monocytes and tissue macrophages in a
nonselective way or deal with serious adverse effects. In a
previous study, treatment of atherosclerotic rabbits with the
nitric oxide (NO) donor molsidomine cleared subendothelial
macrophages and led to plaques that consisted predomi-
nantly of SMCs and collagen fibres (De Meyer et al., 2003).
Since the latter give tensile strength to the plaque, these
changes represent some features of stable human athero-
sclerotic plaques. Molsidomine is a prodrug that acts via the
metabolite 3-morpholino-sydnonimine (SIN-1). In vitro,
SIN-1 simultaneously generates NO and superoxide (Feelisch
et al., 1989), but in vivo, endogenous oxidizing agents other
than molecular oxygen, such as ferric haemproteins, can
oxidize SIN-1, resulting in the release of NO without
concomitant formation of superoxide (Singh et al., 1999).
The precise mechanism underlying selective depletion of
macrophages in molsidomine-treated plaques is presently
unclear although there are several possibilities. NO donors
can decrease the expression of adhesion molecules such
as vascular cell adhesion molecule 1 (VCAM-1) in endothe-
lial cells so that molsidomine might attenuate macrophage
influx into the arterial wall. Because VCAM-1 expression was
not affected in plaques from molsidomine-treated rabbits as
compared to placebo (De Meyer et al., 2003), this possibility
seems unlikely. Increased cell death of macrophages provides
another explanation. Indeed, it has been shown that NO can
induce macrophage apoptosis via upregulation of the
proapoptotic protein p53 (Messmer et al., 1994) or induction
of endoplasmic reticulum (ER) stress (Gotoh and Mori,
2006). In the present study, we provide evidence that NO-
induced ER stress can induce macrophage cell death without
affecting SMC viability.

Methods

Cell culture

The murine macrophage cell line J774A.1 was grown in RPMI
1640 medium (Invitrogen, Carlsbad, CA, USA) supplemented
with 100Uml™! penicillin, 100ugml™' streptomycin,
50 ugml~! gentamicin, 20Uml™! polymyxin B and 10%
fetal bovine serum (FBS). Alternatively, peritoneal macro-
phages were isolated 5 days after injection of 2ml Brewer’s
thioglycolate medium (Sigma-Aldrich, St Louis, MO, USA)
into the peritoneal cavity of C57BL/6 mice as reported
previously (McCarron et al., 1984). Primary macrophages
were added to culture flasks and allowed to adhere for 2h at
37°C. Nonadherent cells were removed by three washes of
warm medium. Adherent cells were >99% macrophages as
assessed by immunocytochemical detection of the macro-

British Journal of Pharmacology (2007) 152 493-500

phage marker F4/80 (anti-F4/80, clone Cl:A3-1; Serotec,
Oxford, UK). SMCs were isolated from mouse or rabbit aorta
by collagenase type 2 (Worthington, Lakewood, NJ, USA)
and elastase (Sigma-Aldrich) digestion (60-90 min at 37°C)
at 300 and 5Uml™" final concentration, respectively, and
cultured in Ham F10 medium (Invitrogen) supplemented
with 10% FBS and antibiotics. C2C12 myoblasts were grown
in Dulbecco’s modified Eagle’s medium (DMEM) containing
10% FBS and antibiotics. Stock solutions (35 in 10mMm
NaOH) of spermine NONOate (Sigma-Aldrich) were freshly
prepared or stored at —80°C for up to 1 month. Stock
solutions (50 mM) of S-nitroso-N-acetylpenicillamine (SNAP)
were prepared by combining equal volumes of N-acetyl-
D-penicillamine (19 mgml~! in 100% ethanol) and NaNO,
(7mgml~! in RNase-free water). The mixture was acidified
with 50ul hydrochloric acid (19% (v/v)) per 1ml SNAP
solution and incubated for at least 30 min at 4°C before use.
Stock solutions of SNAP were prepared immediately before
administration.

Evaluation of cell viability was based on the incorporation
of the supravital dye Neutral Red by viable cells (Lowik et al.,
1993). For DNA fragmentation assays, cultured cells (10°)
were lysed in 0.5 ml hypotonic lysis buffer (10 mm Tris, 1 mM
EDTA, 0.2% Triton X-100) supplemented with 250pg
proteinase K. Lysates were incubated for 1h at 50°C, then
supplemented with Sul volumes of DNase-free RNase A
(2mg ml™!) and incubated for an additional hour at 37°C.
The samples were precipitated overnight with 1/10 volume
of 3M sodium acetate and one volume of isopropanol. DNA
pellets were air-dried and dissolved in TE buffer (10 mMm Tris,
1mMm EDTA, pH 7.4). After electrophoresis in 2% agarose,
DNA laddering was visualized under UV light by staining
the agarose gel with ethidium bromide. To examine de novo
protein synthesis, cells were pulse-labelled for 1h at 37°C
with 5uCi Pro-mix L-[*3S] in vitro cell labelling mix (GE
Healthcare, Little Chalfont, UK) in cysteine/methionine-free
DMEM (Invitrogen). After homogenization of cells in
hypotonic lysis buffer, labelled proteins were precipitated
with 10% trichloroacetic acid, resuspended in 0.2N NaOH
and measured by liquid scintillation counting.

Total RNA was isolated from cultured cells using the
Absolutely RNA Microprep Kit (Stratagene, La Jolla, CA,
USA). Alternative splicing of XBP1 mRNA was examined by
reverse transcription (RT)-PCR using XBP1-specific primers
(5-GATCCTGACGAGGTTCCAGAGGTG-3' (forward primer)
and 5-GAGTCAGAGTCCATGGGAAGATGTTCTG-3' (reverse
primer)) and the Superscript One-Step RT-PCR Kit (Invitro-
gen). Thermocycling parameters were as follows: reverse
transcription at 50°C for 30 min, denaturation at 94°C for
2min and 40 cycles consisting of incubations at 94°C for
15s, 60°C for 30s and 72°C for 30s. PCR products were
analysed on 4% E-gels (Invitrogen).

Isolation of low-density lipoprotein

Human blood samples from fasting normolipidaemic
healthy volunteers were centrifuged and plasma was ad-
justed to a density of 1.24 gml~! with KBr (381.6 mgml™!). A
gradient was formed by layering the density-adjusted plasma
underneath phosphate-buffered saline (PBS). Plasma lipo-



proteins were separated by ultracentrifugation in a Sorvall
TFT65.13 rotor (189280g, Sh). Low-density lipoprotein
(LDL) was isolated and dialyzed against EDTA-containing
PBS to remove remaining KBr. Aggregated LDL (agLDL) was
prepared by vortexing LDL solution for 2 min.

Western blot analysis

Cultured cells were lysed in an appropriate volume of
Laemmli sample buffer (Bio-Rad, Richmond, CA, USA). Cell
lysates were then heat-denatured for 4 min in boiling water
and loaded on a sodium dodecyl sulphate (SDS) polyacryla-
mide gel. After electrophoresis, proteins were transferred to
an Immobilon-P Transfer Membrane (Millipore, Bedford,
MA, USA) according to standard procedures. Membranes
were blocked in Tris-buffered saline containing 0.05%
Tween-20 (TBS-T) and 5% nonfat dry milk (Bio-Rad) for
1 h. After blocking, membranes were probed overnight at 4°C
with primary antibodies in antibody dilution buffer (TBS-T
containing 1% nonfat dry milk), followed by 1h incubation
with secondary antibody at room temperature. Antibody
detection was accomplished with SuperSignal West Pico or
SuperSignal West Femto Maximum Sensitivity Substrate
(Pierce, Rockford, IL, USA) using a Lumi-Imager (Roche
Diagnostics, Mannheim, Germany).

The following mouse monoclonal antibodies were used:
anti-p53 (clone Pab 240) from BD Pharmingen (San Jose,
CA, USA), anti-caspase-3 (clone 19) from BD Transduction
Laboratories (Lexington, KY, USA), anti-GADD153/CHOP
(clone B-3) from Santa Cruz Biotechnology (Santa Cruz,
CA, USA) and anti-f$-actin (clone AC-15) from Sigma-Aldrich.
Polyclonal rabbit antibodies that were used include anti-
cleaved caspase-3, anti-eukaryotic initiation factor 2o (elF2a)
and anti-phospho-elF2a (Ser51) from Cell Signaling Tech-
nology (Beverly, MA, USA). Peroxidase-conjugated secondary
antibodies were purchased from DakoCytomation (Glostrup,
Denmark).

Real-time quantitative RT-PCR

cDNA was prepared from cultured cells using the Fastlane Cell
cDNA kit (Qiagen, Venlo, The Netherlands). TagMan gene-
expression assays for CHOP (assay Id: Mm00492097_ml,
Applied Biosystems, Foster City, CA, USA) were then
performed in duplicate on an ABIPrism 7300 sequence
detector system (Applied Biosystems) in 25ul reaction
volumes containing 1 x Universal PCR Master Mix (Applied
Biosystems). The parameters for PCR amplification were 50°C
for 2min, 95°C for 10min followed by 40 cycles of 95°C
for 15s and 60°C for 1min. Relative expression of mRNA
species was calculated using the comparative threshold
cycle method. All data were controlled for quantity of cDNA
input by performing measurements on the endogenous
reference gene f-actin (assay Id: MmO00607939_s1, Applied
Biosystems).

Animals

All animal procedures were approved by the Ethical
Committee of the University of Antwerp. Male New Zealand
white rabbits were fed a 0.3% cholesterol diet for 20 weeks to
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induce atherosclerotic plaques in the aorta. Subsequently,
the animals received a normal diet (150g chow per day) or
a normal diet plus molsidomine (1mgkg 'day™") in the
drinking water (100ml tap water twice a day) for 4 weeks.
Frozen sections of plaques from the ascending aorta were
homogenized in Laemmli sample buffer and used for western
blot detection of CHOP. After normalizing for sample load
using f-actin as an internal standard, expression of CHOP in
each plaque section was calculated.

Electron microscopy

Tissue samples were fixed in 0.1M sodium cacodylate-
buffered (pH 7.4) 2.5% glutaraldehyde solution for 2h, then
rinsed (3 x 10 min) in 0.1 M sodium cacodylate-buffered (pH
7.4) 7.5% saccharose and postfixed in 1% OsO,4 solution
for 1h. After dehydration in an ethanol gradient (70%
ethanol (20min), 96% ethanol (20min)), 100% ethanol
(2 x 20min)), samples were embedded in Durcupan ACM.
Ultrathin sections were stained with uranyl acetate and lead
citrate. Sections were examined in a Philips CM 10 micro-
scope at 80kV.

Statistical analysis

Values are presented as mean+s.e.mean. Differences be-
tween means were assessed with one-way ANOVA and
Dunnett’s test or by Student’s t-test, as appropriate. Prob-
ability levels less than 0.05 were considered statistically
significant. All analyses were performed using SPSS 12.0
software (Chicago, IL, USA).

Results

J774A.1 macrophages, thioglycolate-elicited peritoneal
macrophages and mouse or rabbit aortic SMCs were treated
in vitro with the NO donors, spermine NONOate or SNAP
(107°-3 x 10~*M). The active metabolite of molsidomine,
SIN-1, was not used here because this compound generates
NO and superoxide (Feelisch et al., 1989) and thus acts
predominantly as a peroxynitrite donor (not as a NO donor)
in vitro. Although SMCs survived treatment, viability of
J774A.1 cells and peritoneal macrophages decreased with
approximately 50% (Figure 1). Moreover, C2C12 myoblasts
were highly resistant to NO-induced cell death as compared
to macrophages (data not shown), suggesting a cell type-
specific initiation of cell death. Because J774A.1 cells and
peritoneal macrophages reacted similarly to spermine NON-
Oate and SNAP, the type of macrophage cell death as well as
the underlying mechanism was further examined in J774A.1
cells. Death of J774A.1 cells induced by spermine NONOate
was characterized by cleavage of caspase-3 and internucleo-
somal DNA fragmentation (Figure 2a), typical of apoptosis.
Moreover, several morphological changes characteristic of
apoptosis such as cellular shrinkage, chromatin condensa-
tion, the persistence of a continuous plasma membrane and
the formation of protuberances on the cell surface that may
precede the shedding of apoptotic bodies could be detected
(Figures 2b and c). Despite previous findings showing that
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Figure 1 Effect of the nitric oxide donors spermine NONOate and

S-nitroso-N-acetylpenicillamine (SNAP) on viability of ]J774A.1
macrophages (M®), thioglycolate elicited peritoneal macrophages
and smooth muscle cells (SMCs). Cells were exposed to various
concentrations of spermine NONOate (a) or SNAP (b) in serum-
containing medium for 24 h. Cell death was examined by Neutral
Red viability assays. Results represent the mean +s.e.mean of three
independent experiments. **P<0.01 versus untreated cells (ANOVA,
followed by Dunnett’s test).
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Figure 2 Characterization of spermine NONOate-induced cell
death in J774A.1 macrophages. Cells were treated with 300 um
spermine NONOate for up to 24h. Cleavage of procaspase-3
(procasp-3) and internucleosomal DNA fragmentation was analysed
using western blotting (top) and agarose gel electrophoresis
(bottom), respectively (a). Ultrastructural features of J774A.1 cells
before (b) and after treatment with 300 uM spermine NONOate for
3 h (c) were analysed by electron microscopy. Spermine NONOate-
treated cells were characterized by chromatin condensation (arrow)
and blebbing of the plasma membrane (arrowheads). N indicates
nucleus. Scale bar =2 um. Results are representative images of three
independent experiments.

NO-induced apoptosis can be mediated by the DNA damage
pathway involving accumulation of p53 (Messmer et al.,
1994), only DNA-damaging agents such as camptothecin but
not spermine NONOate upregulated p53 protein expression
in J774A.1 cells (not shown).

However, treatment of J774A.1 cells with spermine NON-
Oate triggered ER stress, as shown by hyperphosphorylation
of elF2« (Figure 3a), upregulation of C/EBP homologous
protein (CHOP) mRNA (Figure 3b), mRNA splicing of the ER
stress mediator X-box-binding protein 1 (XBP1; Figure 3c¢)
and inhibition of de novo protein synthesis (Figure 4). The
induction of ER stress was similar in J774A.1 macrophages
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Figure 3 Induction of endoplasmic reticulum (ER) stress in J774A.1
macrophages (M®) and smooth muscle cells (SMCs) treated with
300 uM spermine NONOate for up to 24 h. Expression of the ER
stress protein C/EBP homologous protein (CHOP) as well as
phosphorylation of eukaryotic initiation factor 2o (P-elF2x) was
analysed by western blotting (a). Relative expression of CHOP mRNA
(b) and splicing of X-box-binding protein 1 (XBP1) mRNA (c) was
examined via real-time quantitative reverse transcription (RT)-PCR or
conventional RT-PCR, respectively. *P<0.05; **P<0.01 versus
untreated cells (ANOVA, followed by Dunnett’s test). Results are
representative of three independent experiments.
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Figure 4 Inhibition of de novo protein synthesis in ]J774A.1
macrophages (M®) and smooth muscle cells (SMCs) after treatment
with spermine NONOate (NO) or thapsigargin. Cells were treated
with 300 uM spermine NONOate or 1uM thapsigargin for 1h in
serum-containing medium and then pulse-labelled for 1h with
L-3>S-methionine/cysteine. Labelled proteins were measured by
scintillation counting. Results represent the mean+s.e.mean of
three independent experiments. **P<0.01 versus control (ANOVA,
followed by Dunnett’s test).

and SMCs. CHOP protein accumulation was detectable after
4h of treatment, but decreased in macrophages at later time
points (Figure 3a), most likely due to initiation of cell death.
For similar reasons, expression of total elF2« and thus also
phosphorylated (Ser51) elF2« declined in macrophages after



8h of treatment. As observed in the in vitro experiments,
atherosclerotic plaques from cholesterol-fed rabbits that
received the NO donor molsidomine in their drinking
water contained higher levels (2.7-fold) of CHOP protein as
compared to plaques from nontreated control rabbits
(1.82+0.44 arbitrary unit (AU; n=9) versus 0.67+0.11 AU
(n=8), P<0.051 (unpaired Student’s t-test)). Because uptake
of modified LDL by macrophages and formation of macro-
phage-derived foam cells is a hallmark of atherosclerosis,
J774A.1 cells were incubated in an additional series of
experiments with aglLDL to mimic foam cell formation
(Figures Sa and b). Lipid-laden J774A.1 cells were more
sensitive to spermine NONOate-induced cell death as
compared to controls (Figure 5¢).

HMG-CoA reductase inhibitors (statins) have beneficial
effects on the architecture of atherosclerotic lesions, including
a reduction in the number of plaque macrophages (Libby
and Aikawa, 2003). Apart from their well-described lipid-
lowering and anti-inflammatory effects, statins are able to
induce macrophage death (Kim et al., 2006; Liang et al.,
2006). For example, induction of J774A.1 macrophage death
was observed after treatment with 100nMm fluvastatin (V
Croons, unpublished results). Incubation of J774A.1 macro-
phages with sublethal levels of fluvastatin (10nM) did not
affect spermine NONOate-induced cell death (data not
shown).

To further determine whether ER stress selectively induced
macrophage apoptosis, J774A.1 cells and SMCs were treated
with different, well-known ER stress inducers. Thapsigargin
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Figure 5 Spermine NONOate-induced cell death in |774A.1
macrophages after phagocytosis of aggregated low-density lipo-
protein (agLDL). (a and b) Oil Red O staining of ]774A.1 cells grown
in the absence (a) or presence (b) of 200 ug/ml agLDL for 20 h. Scale
bar=10um. (c) Viability of agLDL-laden and control J774A.1 cells
after exposure to different concentrations of spermine NONOate.
Results represent the mean+s.e.mean of three independent experi-
ments. *P<0.05 versus cells without agLDL (unpaired Student’s
t-test).
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induced ER stress both in macrophages and SMCs (Figure 6),
yet only macrophages underwent massive apoptosis (Figures
6a and b). ER stress in thapsigargin-treated cells was
characterized by upregulation of CHOP (Figures 6¢ and d),
hyperphosphorylation of elF2a (Figure 6¢), alternative
mRNA splicing of XBP1 (Figure 6e) and inhibition of de novo
protein synthesis (Figure 4). Furthermore, macrophages were
more sensitive to the N-glycosylation inhibitor and ER stress
inducer tunicamycin as compared to SMCs (Figure 7).
Selective induction of cell death by other ER stress inducers
such as dithiothreitol or brefeldin A did not occur or was not
clear-cut (Figure 7), possibly due to additional effects
unrelated to ER stress.

Discussion

Treatment of plaques in cholesterol-fed rabbits with the
NO donor molsidomine exerts several beneficial effects on
plaque structure and stability, including the formation of a
large subendothelial macrophage-free layer consisting of
SMCs and extracellular matrix as well as the normalization
of superoxide production and ecSOD mRNA expression (De
Meyer et al., 2003). In this study, we report that the selective
depletion of macrophages in molsidomine-treated plaques is
mediated, at least in part, by the induction of ER stress.
The ER is an organelle in which secretory or cell-surface
proteins, as well as resident proteins of the secretory pathway
are synthesized, folded and modified (Berridge, 2002). To
carry out these functions efficiently, the ER relies on
numerous resident chaperone proteins, a high level of
Ca®’" and an oxidative environment. Yet, this organelle
remains highly sensitive to alterations in Ca®>* homeostasis
and perturbation of its environment. Indeed, several lines of
evidence indicate that NO can disrupt ER function resulting
in ER stress (Gotoh and Mori, 2006). To survive this type of
stress, the ER responds by triggering the unfolded protein
response (UPR; Rutkowski and Kaufman, 2004). Three ER-
resident transmembrane proteins have been identified as
proximal sensors during the UPR: the PKR-like ER kinase
(PERK), the transcription factor ATF6 and the endonuclease
Irel (endoplasmic reticulum-to-nucleus signalling 1). Each
of these proteins is constitutively expressed in all cells and
bound to the ER-resident molecular chaperone BiP (immuno-
globulin heavy-chain-binding protein). When the ER is
stressed, PERK releases from BiP and transiently attenuates
translation by phosphorylating initiation factor 2o (elF2«),
thereby limiting protein load in the stressed ER. ATF6 drives
the transcriptional upregulation of many ER-resident pro-
teins and folding assistants. Irel activates XBP1 via splicing,
which in turn induces transcription of factors that facilitate
ER-associated degradation. In the present study, macro-
phages and SMCs treated with the NO donors spermine
NONOate or SNAP revealed several signs of ER stress
including hyperphosphorylation of elF2«, inhibition of de
novo protein synthesis and splicing of XBP1 mRNA. These
effects were similar in macrophages and SMCs, yet only
macrophages underwent apoptosis. Interestingly, selective
induction of macrophage death could also be initiated with
well-known ER stress inducers such as the Ca>* homeostasis
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disruptor thapsigargin and the N-linked glycosylation in- Accumulation of free cholesterol in macrophages is
hibitor tunicamycin, reinforcing the finding that induction important for the progression of atherosclerosis and stimu-
of ER stress during treatment with NO donors initiates lates ER stress and UPR activation (Tabas, 2002). As a
selective macrophage death. consequence, ER stress is already present in macrophages
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in early stages of atherosclerosis (Zhou et al., 2005). Because
UPR is also activated in intimal macrophages before
significant accumulation of intracellular free cholesterol
(Zhou et al., 2005), ER stress stimuli unrelated to free
cholesterol, such as oxidative stress, seem to be present in
developing plaques. There is, however, no substantial
evidence of apoptotic cell death in macrophage foam cells
in early lesions, supporting the concept that activation of
additional cellular mediators and/or pathways is required for
macrophage apoptosis (DeVries-Seimon et al., 2005). Because
only prolonged or severe ER stress results in apoptotic cell
death (Okada et al., 2004), it is conceivable that the majority
of macrophages in atherosclerotic plaques are already
sensitized to undergo ER stress-induced apoptosis, as shown
in the present study for J774A.1 cells exposed to agLDL, and
that administration of ER stress inducers, such as NO donors,
can selectively provoke macrophage apoptosis, even at low
concentrations. This occurs in a safe way, that is, without
affecting the viability of circulating monocytes/macro-
phages.

Multiple proapoptotic signalling pathways emanate
from the ER (Rutkowski and Kaufman, 2004). Some of
the molecules and mechanisms involved have been identi-
fied but how they are integrated and are able to commit a
cell to apoptosis is poorly understood. For example,
proapoptotic signals are sent through ER stress-induced
upregulation of CHOP, also known as growth arrest
and DNA damage-inducible gene 153 (GADD153; Oyado-
mari and Mori, 2004). CHOP is ubiquitously expressed at
very low levels, but is robustly expressed by perturbations
that induce stress in a wide variety of cells. CHOP expression
in turn results in downregulation of the antiapoptotic
protein Bcl-2, depletion of cellular glutathione and exagger-
ated production of reactive oxygen species (ROS; McCul-
lough et al.,, 2001). Since both macrophages and SMCs
transcriptionally upregulated CHOP upon treatment with
spermine NONOate or thapsigargin to a similar extent, we do
not believe that CHOP is responsible for selective induction
of macrophage death. Moreover, CHOP~/~ cells are still
capable of undergoing ER stress-induced apoptosis, although
with lower efficiencies (McCullough et al., 2001). However,
CHOP was poorly expressed at the protein level in spermine
NONOate-treated macrophages and highly expressed after
thapsigargin treatment, a finding that correlated with the
frequency of macrophage death (~ 50 versus ~90%, respec-
tively). This apparent incongruity between CHOP protein
levels and ER stress can be explained by a difference in
the extent of ER stress induction. On the basis of CHOP
mRNA levels, thapsigargin-induced ER stress was much more
intense as compared to spermine NONOate-induced ER
stress. On the other hand, it is noteworthy that translation
of CHOP mRNA could be hampered in spermine NONOate-
treated cells as ROS, including NO, induce oxidative RNA
modifications and possibly RNA strand breaks (Martinet
et al., 2004).

Translational attenuation occurs in an early phase of
the ER stress response to reduce the load on the ER. This
UPR event was also observed in the present study as
de novo protein synthesis was significantly inhibited in
macrophages and SMCs after treatment with spermine

Selective macrophage death in atherosclerosis
W Martinet et al 499

NONOate or thapsigargin. Recent evidence indicates that
inhibition of protein synthesis drives selective induction of
macrophage death in atherosclerotic plaques. Indeed, local
administration of the protein synthesis inhibitor cyclo-
heximide-induced macrophage apoptosis in plaques from
cholesterol-fed rabbits without influencing the viability and
reactivity of SMCs or the endothelium (Croons et al., 2007).
Moreover, inhibition of translation by blocking activity of
the protein characterized as mammalian target of rapamycin
(mTOR) with the rapamycin-derivative everolimus led to a
marked reduction in macrophage content without altering
the amount of SMCs (Verheye et al., 2007), but in contrast to
cycloheximide, autophagic cell death and not apoptosis was
induced. Although the underlying mechanism of selective
death is unknown, measurements of oxygen consumption
(Bjornheden and Bondjers, 1987) as well as immunodetec-
tion of markers for DNA synthesis/repair (Lutgens et al.,
1999; Martinet et al., 2002) indicate that plaque macro-
phages are metabolically highly active and thus more
sensitive to protein synthesis inhibitors than the SMCs.
In addition, inhibition of translation in SMCs induces a
modulation towards a differentiated, quiescent, contractile
phenotype (Martin et al., 2004), which may render SMCs
relatively insensitive to cell death mediated by inhibition of
protein translation. Therefore, besides differential expression
of proapoptotic proteins such as CHOP, inhibition of
translation may be responsible for selective ER stress-induced
macrophage death by NO donors.

Taken together, NO-induced ER stress leads to selective
depletion of macrophages in atherosclerotic plaques, prob-
ably via inhibition of protein synthesis. From a clinical
perspective, it is important to note that protein synthesis
inhibitors, in particular cycloheximide, cannot be adminis-
tered systemically because they cause dramatic cell death
in the liver (Higami et al., 2000). Local drug delivery by
means of coated stents avoids unwanted systemic effects, but
does not guarantee permanent depletion of macrophages
due to the fast release rates (hours to months) of the
coated drug. In case of short-term drug delivery, it is only
a matter of time before blood monocytes reinvade
the ‘purified’ plaque. NO donors are widely used by patients
with coronary artery disease to relieve the symptoms of
ischaemia evoked by atherosclerosis and can be administered
safely for many years (Herman and Moncada, 2005).
We therefore believe that NO donors, if necessary in
combination with a statin or local therapy (for example
stent-based delivery of everolimus or cycloheximide), would
offer new opportunities for a long-term macrophage deple-
tory effect in atherosclerotic plaques.
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