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SUMMARY

Necrotic death of macrophages has long been
known to be present in atherosclerotic lesions but
has not been studied. We examined the role of
receptor interacting protein (RIP) 3, a mediator of
necrotic cell death, in atherosclerosis and found
that RIP3�/�;Ldlr�/� mice were no different from
RIP3+/+;Ldlr�/� mice in early atherosclerosis but
had significant reduction in advanced atheroscle-
rotic lesions. Similar results were observed in
Apoe�/� background mice. Bone marrow transplan-
tation revealed that loss of RIP3 expression from
bone-marrow-derived cells is responsible for the
reduced disease progression. While no difference
was found in apoptosis between RIP3�/�;Ldlr�/�

and RIP3+/+;Ldlr�/� mice, electron microscopy
revealed a significant reduction of macrophage
primary necrosis in the advanced lesions of RIP3�/�

mice. In vitro cellular studies showed that RIP3
deletion had no effect on oxidized low-density lipo-
protein (LDL)-induced macrophage apoptosis, but
prevented macrophage primary necrosis occurring
in response to oxidized LDL under caspase inhibition
or RIP3 overexpression conditions. RIP3-dependent
necrosis is not postapoptotic, and the increased
primary necrosis in advanced atherosclerotic lesions
most likely resulted from the increase of RIP3
expression. Our data demonstrate that primary
necrosis of macrophages is proatherogenic during
advanced atherosclerosis development.
INTRODUCTION

Macrophages have been well known to play a key role in athero-

sclerosis development (Moore and Tabas, 2011; Tabas, 2010).

During the initial stages of atherosclerosis, blood-borne mono-
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cytes are recruited into the subendothelial space of the

blood vessel and differentiate into macrophages. Under nonre-

solving inflammatory conditions, monocytes continue to enter

plaques and differentiate into macrophages as atherosclerotic

lesions progress. Macrophages contribute to size-independent

changes in plaquemorphology, notably formation of the necrotic

core and thinning of the fibrous cap, which characterize the

‘‘vulnerable’’ plaque (Moore and Tabas, 2011; Tabas, 2010). In

response to lesional cytotoxic stimuli, macrophages usually

undergo cell death. Apoptosis of macrophages has been studied

in atherosclerosis development, which can either inhibit or

promote the development of atherosclerosis, depending on the

stage of atherogenesis (Tabas, 2010). In early lesions where

efferocytosis is effective, macrophage apoptosis can thwart

the progression of atherosclerosis. In contrast, when the clear-

ance of apoptotic macrophages is ineffective in advanced

lesions, the apoptotic macrophages are speculated to undergo

postapoptotic necrosis and coalesce over time into a key feature

of vulnerable plaques, the necrotic core. Necrotic core formation

in these advanced atheromata is thought to promote plaque

disruption and, ultimately, acute atherothrombotic vascular dis-

ease (Tabas, 2010).

Morphological analysis of human samples with a transmission

electron microscope shows that there are signs of macrophage

necrosis in atherosclerotic lesions (Bauriedel et al., 1998; Crisby

et al., 1997; Hegyi et al., 1996). Perhaps due to the fact that

necrosis has long been considered as an accidental and uncon-

trolled mode of cell death, atherosclerosis-associated necrotic

death of macrophages has been believed to be mostly com-

posed of postapoptotic events, though morphological analyses

suggest the presence of primary necrosis in the lesions (Baurie-

del et al., 1998; Crisby et al., 1997; Hegyi et al., 1996). One early

study showed that prolonged free cholesterol loading can lead to

macrophage necrosis; this in vitro phenomenon was proposed

to be involved in macrophage necrosis in advanced atheroscle-

rosis (Tabas et al., 1996). A recent study also showed that

macrophages incubated with lipoproteins containing plant sterol

can undergo death in a caspase-independent way with signs of

necrosis and autophagy, which provides a possible mechanism

for accelerated plaque necrosis in patients with sitosterolemia
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(high levels of sitosterol and other plant sterol) (Bao et al., 2006).

Those pioneering studies imply that primary necrosis of macro-

phage could play a role in atherosclerosis. However, to date

there has not been any report to unambiguously address

whether primary cellular necrosis occurs in atherosclerosis and

whether it plays a role in plaque progression.

Recently, significant progress has been made in the study of

programmed necrosis (also called necroptosis) (Han et al.,

2011). A protein kinase, receptor interacting protein 3 (RIP3),

was identified as a key regulator in mediating necrosis and

switching apoptosis to necrosis (Cho et al., 2009; He et al.,

2009; Zhang et al., 2009). Formation of necrosome complex con-

taining RIP3, RIP1, caspase-8, and other proteins is essential for

necrosis to proceed. Without RIP3, a similar signaling complex

triggers apoptotic cell death. The intermodulation between

apoptosis and necrosis is bidirectional, because caspase-8

also has an inhibitory effect on RIP3-mediated necrosis (Kaiser

et al., 2011; Oberst et al., 2011). The necrosis and apoptosis

pathways appear to compete with each other and can switch

between each other depending on the balance between cas-

pase-8 and RIP3 (Han et al., 2011). RIP3-dependent necrosis

has now been shown to be a common cell-death pathway

involved in cytokine-, virus-, and genotoxic stress-induced cell

death and has also been demonstrated to be involved in a variety

of pathological conditions, including the antiviral response (Cho

et al., 2009), acute pancreatitis (He et al., 2009; Zhang et al.,

2009), photoreceptor loss (Trichonas et al., 2010), embryonic

lethality (Kaiser et al., 2011), and intestine inflammation (Welz

et al., 2011).

In this study, we evaluated the role of RIP3-dependent

necrosis in mouse models of atherosclerosis. We found that

deletion of RIP3 did not influence the development of early

atherosclerosis, but significantly reduced the size of plaques in

advanced atherosclerotic lesions. RIP3 has no role in macro-

phage apoptosis, but its deletion significantly reduced primary

necrosis of macrophages in the lesions of advanced atheroscle-

rosis. Necrotic macrophages are more difficult to remove

through efferocytosis than apoptotic macrophages, and thus

are more proinflammatory and proatherogenic. Our data sug-

gest that increase of RIP3 expression in advanced atheroscle-

rotic lesions promotes primary necrosis of macrophages, and

demonstrates that RIP3-dependent necrosis plays an important

role in the development of advanced atherosclerosis.

RESULTS

RIP3Deficiency in Bone-Marrow-Derived Cells Reduces
Advanced Atherosclerotic Lesions
Genetic deletion of RIP3 in mice has no detectable effect in

normal mouse development (Newton et al., 2004). Because of

the essential role of RIP3 in necrotic cell death, RIP3 knockout

mice can be used to determine whether necrotic cell death

plays any role in the development of atherosclerosis. To test

the role of RIP3 in atherosclerosis, RIP3�/� mice were bred

into atherosclerosis-prone Ldlr�/� and Apoe�/� backgrounds.

The RIP3+/+;Ldlr�/� and RIP3�/�;Ldlr�/� mice were then fed

a Western-type diet for either 8 or 16 weeks. Analysis of aortic

lesion areas revealed no difference between the RIP3+/+;Ldlr�/�
C

and RIP3�/�;Ldlr�/� mice fed with a Western-type diet for

8 weeks (Figure 1A), but there was a significant difference

between RIP3+/+;Ldlr�/� and RIP3�/�;Ldlr�/� mice after the

mice were fed a Western-type diet for 16 weeks (p < 0.05) (Fig-

ure 1B). It appears that RIP3 has little or no involvement in the

early development of atherosclerosis, but has a promoting effect

on advanced atherosclerosis.

Further analysis was performed for advanced atherosclerotic

lesions at the aortic root. Quantitative analysis of representa-

tive images revealed that lesion areas were much smaller in

RIP3�/�;Ldlr�/� mice compared with RIP3+/+;Ldlr�/� mice (p <

0.05) (Figure 1C). Analysis was also performed on features of

the necrotic core, a key determinant of plaque vulnerability,

which revealed a clear decrease in plaque necrosis in the

RIP3�/� lesions. Quantification of this parameter for the entire

cohort of mice indicated a 60% decrease in total necrotic areas

in the lesions of RIP3�/�;Ldlr�/� mice (p < 0.05) (Figure 1D). In

addition to plaque lesion areas and necrotic areas, other impor-

tant ‘‘vulnerable plaque’’ features are disruption of collagen,

fibrous cap thinning, and elastin depletion. Although no signifi-

cant difference in elastin break numbers of plaque lesions was

observed between 16 week Western-diet-fed RIP3+/+;Ldlr�/�

and RIP3�/�;Ldlr�/� mice (Figure S1A), RIP3 deficiency signifi-

cantly reduces the degradation of collagen and thinning of the

fibrous cap (Figures S1B and S1C). Collectively, these results

together with the reduced lesion areas and necrotic areas in

RIP3�/�;Ldlr�/�mice demonstrate thatRIP3 deficiency prevents

atherosclerosis development.

To investigate the possible cell types involved, bone marrow

transplantation was carried out with lethally irradiated female

RIP3+/+;Ldlr�/� mice as recipients. Those mice were trans-

planted with bone marrow from either RIP3+/+;Ldlr�/� or

RIP3�/�;Ldlr�/� mice. Mice transplanted with RIP3�/�;Ldlr�/�

bone marrow showed less lesion areas than the mice trans-

planted with RIP3+/+;Ldlr�/� bone marrow after being fed with

a Western-type diet for 16 weeks (Figure 2), suggesting that

RIP3 deficiency in macrophages plays a role in reducing athero-

sclerotic lesions. Since body weight and plasma lipid levels are

associated with the development of atherosclerosis, we com-

pared body weight and plasma lipid levels between RIP3+/+;

Ldlr�/� andRIP3�/�;Ldlr�/�miceafter being fat-fed for 16weeks.

As shown in Figure S1D, there was no difference between

RIP3+/+ and RIP3�/� groups in body weight, total cholesterol

(TC), low-density lipoprotein cholesterol (LDLC), high-density

lipoprotein cholesterol (HDLC), and triglyceride (TG).

RIP3+/+;Apoe�/� andRIP3�/�;Apoe�/�mice were also used to

study the role of RIP3 in atherosclerosis and the results obtained

were very similar: decreased aortic lesion areas, decreased

atherosclerotic lesions, and necrotic areas at the aortic root in

RIP3�/� mice (Figures S2A–S2C), and no difference in body

weight, TC, LDLC, HDLC, and TG between RIP3+/+ and RIP3�/�

mice (Figure S2D).

RIP3 Deficiency Reduces Primary Necrosis of
Macrophages in Advanced Atherosclerotic Lesions but
Has No Effect on Macrophage Apoptosis
It is known that macrophage death plays a key role in atheroscle-

rosis and that both apoptosis and necrosis of macrophages are
ell Reports 3, 200–210, January 31, 2013 ª2013 The Authors 201
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Figure 1. RIP3�/�;Ldlr�/� Mice Have

Reduced Lesion and Necrotic Area Com-

pared to RIP3+/+;Ldlr�/� Mice after Being

Fed a Western-type Diet for 16 Weeks

(A) RIP3+/+;Ldlr�/� (n = 7) and RIP3�/�;Ldlr�/�

(n = 7) female mice fed a Western-type diet for

8 weeks. Representative images of pinned Sudan-

IV-stained aortas and quantification of the surface

area occupied by the lesions (percent area occu-

pied by the lesions) are shown. Horizontal lines

within the data sets represent means. Each symbol

represents a measurement from a single mouse.

NS, no significant difference.

(B) RIP3+/+;Ldlr�/� (n = 14) and RIP3�/�;Ldlr�/�

(n = 16) female mice fed a Western-type diet

for 16 weeks. Representative images of pinned

Sudan-IV-stained aortas and quantification of the

surface area occupied by the lesions (percent area

occupied by the lesions) are shown. Horizontal

lines within the data sets represent means. Each

symbol represents a measurement from a single

mouse. *p < 0.05.

(C) The images show representative sections of

aortic roots from the mice described in (B) stained

with hematoxylin and eosin (H&E). Bar scales,

500 mm. Quantitative analyses of atherosclerotic

lesion size in H&E-stained aortic root sections

are shown. Data are expressed as mean ± SEM.

*p < 0.05.

(D) Representative sections of H&E-stained aortic

roots from each group (X indicates necrotic area).

Bar scales, 100 mm. The bar graph shows quanti-

fication of anuclear, afibrotic, and eosin-negative

necrotic areas. Data are expressed as mean ±

SEM. *p < 0.05.

See also Figures S1 and S2.
present in atherosclerotic lesions (Bauriedel et al., 1998; Crisby

et al., 1997; Hegyi et al., 1996; Moore and Tabas, 2011; Tabas,

2010). Because RIP3 is essential for cell necrosis and the bone

marrow transplantation results suggest that RIP3 deficiency in

macrophages reduces lesion development (Figure 2), we sought

to determine whether RIP3 knockout has any effect on macro-

phage apoptosis or necrosis. Because macrophage apoptosis

and necrosis in atherosclerotic plaques can be identified mor-

phologically under a transmission electron microscope (Baurie-

del et al., 1998; Crisby et al., 1997; Hegyi et al., 1996), apoptotic

and necroticmacrophages within atherosclerotic intimal areas at

the aortic roots from RIP3+/+;Ldlr�/� mice and RIP3�/�;Ldlr�/�

mice were analyzed (Figure S3). Apoptotic macrophages in

lesional intima are characterized by cell and nuclear shrinkage,

chromatin condensation, and presence of apoptotic bodies,

whereas necrotic macrophages show plasma membrane rup-

ture with no apoptotic nuclear changes. Three pairs of 8-week

fat-fed and four pairs of 16-week fat-fed RIP3+/+;Ldlr�/� and

RIP3�/�;Ldlr�/� mice were used to measure macrophage

apoptosis and necrosis. Atherosclerotic plaques of aortic roots

from each mouse were analyzed using electron microscopy.

As shown in the left panel of Figure 3A, macrophage death

in 8-week fat-fed mice is predominantly apoptotic, and there

is no difference between RIP3+/+ and RIP3�/� mice in either

apoptotic or necrotic macrophage death. In contrast, although
202 Cell Reports 3, 200–210, January 31, 2013 ª2013 The Authors
the numbers of apoptotic macrophages in 16-week fat-fed

RIP3+/+ and RIP3�/� mice were similar, RIP3 deletion was found

to result in about a 50%decrease in necroticmacrophages in the

atherosclerosis plaques (Figure 3A, right panel).

To further confirm that RIP3 deficiency had no effect on

macrophage apoptosis in the atherosclerotic lesions of 16-

week fat-fed mice, activated caspase-3 was immunostained in

serial sections from the proximal aorta, and no difference was

found between RIP3+/+;Ldlr�/� and RIP3�/�;Ldlr�/� mice (Fig-

ure 3B) or between RIP3+/+;Apoe�/� and RIP3�/�;Apoe�/�

mice (Figure S2E). Similarly, TUNEL staining of the lesions

fromRIP3+/+;Ldlr�/� andRIP3�/�;Ldlr�/�mice showed no differ-

ence between the two groups of mice (Figure 3C). Collectively,

the data demonstrate that RIP3 does not play any role in

macrophage apoptosis, but promotes macrophage necrosis in

advanced lesions.

RIP3-Dependent Macrophage Necrosis Is Not
a Postapoptotic Form of Cell Death
The correlation between reduced lesion sizes and decreased

macrophage necrosis in RIP3-deficient mice suggests that

RIP3-dependent macrophage necrosis may promote the

development of advanced atherosclerosis. Therefore, in vitro

experiments were carried out to further characterize the fea-

ture of RIP3-dependent macrophage death. Translocation of
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Figure 2. Lethally Irradiated RIP3+/+;Ldlr�/� Mice Transplanted with

RIP3�/�;Ldlr�/� Bone Marrow Have Reduced Lesion Area as

Compared with mice Transplanted with RIP3+/+;Ldlr�/� Bone

Marrow

Eight-week-old female RIP3+/+;Ldlr�/� mice were lethally irradiated and

transplanted with female RIP3+/+;Ldlr�/� (n = 8) or RIP3�/�;Ldlr�/� (n = 8) bone

marrow. Eight weeks posttransplantation, the two groups were fed with

a Western diet for 16 weeks. Representative images of pinned Sudan-IV-

stained aortas and quantifications of the surface areas occupied by the lesions

(percent area occupied by the lesions) are shown. Horizontal lines within the

data sets represent means. Each symbol represents a measurement from

a single mouse. *p < 0.05.
phosphatidylserine from the inner part of the plasma membrane

to the outer layer is an early event in apoptosis, which can be de-

tected by annexin V staining. Treatment of RIP3+/+ and RIP3�/�

macrophages with oxidized low-density lipoprotein (oxLDL) for

12 hr led to the appearance of about 10% annexin V-positive

cells in both RIP3+/+ and RIP3�/� cells (Figure 4A, upper panel).

Uptake of propidium iodide (PI) is an indicator of a loss in cell-

membrane integrity. The 12 hr oxLDL treatment did not lead to

the appearance of detectable PI-positive cells in either RIP3+/+

or RIP3�/� macrophages (Figure 4A, lower panel). The annexin

V-positive and PI-negative cells should be apoptotic cells. These

data indicated that oxLDL induces macrophage apoptosis and

that RIP3 is not involved in oxLDL-induced apoptosis of macro-

phages. Similarly, it was found that RIP3 deficiency did not have

any effect on macrophage apoptosis induced by other proa-

therogenic apoptotic stimuli (data not shown), including 7-KC,

25-HOC, and oxLDL plus SIN-1, which generates peroxynitrite

and induces endoplasmic reticulum stress in cells (Thorp et al.,

2009).

Because inhibition of caspases in fibroblasts and other cells

blocks apoptosis and simultaneously enhances RIP3-depen-

dent necrosis (Zhang et al., 2009), the possible effect of caspase

inhibition on oxLDL-induced macrophage death was evaluated.

Treatment of macrophages with pan-caspase inhibitor zVAD

alone had no effect on cell viability (Figure 4A). zVAD did not

reduce but rather dramatically increased oxLDL-induced an-

nexin V-positive cells in RIP3+/+ macrophages (Figure 4A, upper

panel). These annexin V-positive cells were different from those
C

with oxLDL treatment alone, because they were also PI positive

(Figure 4A, lower panel), indicating that oxLDL-induced macro-

phage necrosis occurred under caspase inhibition. Electron

microscopy analysis revealed a dramatic increase in macro-

phagedeathwith themorphology of primary necrosis (Figure 4B).

In addition, rapid loss of plasma membrane integrity was also

detected through the release of radiolabeled materials from the

cells (Figure 4C) in RIP3+/+ macrophages treated with oxLDL in

the presence of zVAD. Therefore, caspase inhibition switches

oxLDL-induced macrophage death from apoptosis to necrosis.

Notably, necrotic cell death was completely abolished in RIP3-

deficient macrophages (Figures 4A–4C). Similarly, caspase inhi-

bition also enhanced RIP3-dependent macrophage necrosis

induced by 7-KC and 25-HOC (data not shown).

Because necrotic cell death could be a postapoptotic event,

we next examined the dynamic relationship between oxLDL-

induced apoptosis and RIP3-dependent necrosis. Sixty hours

of oxLDL treatment caused 100% of cells to become annexin

V positive (Figure 4D, upper panel). PI-positive cells were barely

detectable before 60 hr, but appeared at a later time (Fig-

ure 4D, upper panel). These PI-positive cells most likely resulted

from postapoptotic necrosis. There was no difference between

RIP3+/+ and RIP3�/� macrophages in oxLDL-induced apoptosis

and postapoptotic necrosis (Figure 4D, upper panel). We then

analyzed the time course of cell death in oxLDL-plus-zVAD-

treated macrophages. OxLDL plus zVAD led to quick death of

RIP3+/+ macrophages with a necrotic phenotype of annexin V

and PI double-positive staining (Figure 4D, lower panel). This

type of cell death depends on RIP3 because it was blocked

when RIP3 was deleted in macrophages (Figure 4D, lower

panel). To confirm that oxLDL-plus-zVAD-induced macrophage

death is necrosis, active caspase-3 was stained and TUNEL

assay was used to determine whether these apoptosis markers

were absent in oxLDL-plus-zVAD-treatedmacrophages. Sixteen

hours of oxLDL plus zVAD treatment resulted in annexin V and

PI double-positive staining in almost all RIP3+/+ macrophages,

but not RIP3�/� cells (Figures S4Ac and S4Ad). No caspase-3

activation or TUNEL-positive signals were detected in these

cells (Figures S4Bc and S4Cc), indicating that those cells did

not undergo apoptosis. In contrast, caspase-3 activation and

TUNEL-positive signals were detected in both RIP3+/+ and

RIP3�/� macrophages treated solely with oxLDL for 72 hr

(Figures S4Ae, S4Af, S4Be, S4Bf, S4Ce, and S4Cf), indicating

that oxLDL-induced cell death is apoptosis. Collectively, these

data demonstrate that RIP3 is not involved in apoptosis or post-

apoptotic necrosis, but rather plays a key role in the primary

necrosis of macrophages. These in vitro data are consistent

with the data obtained by analyzing atherosclerotic lesions,

which showed a decrease in macrophage primary necrosis in

RIP3�/� mice (Figure 3A).

RIP3 Deficiency Reduces Lesional Inflammation and
Macrophage Infiltration in Advanced Lesions
Because inflammation in lesions plays an important role in

the acceleration of atherosclerosis (Barish et al., 2008; Lee

et al., 2003; Moore and Tabas, 2011; Tabas, 2010), we tested

whether RIP3 deficiency affects the inflammatory responses or

the efferocytosis of macrophages, both of which can regulate
ell Reports 3, 200–210, January 31, 2013 ª2013 The Authors 203
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Figure 3. Advanced Lesions of RIP3�/�;
Ldlr�/� Mice Have Reduced Macrophage

Necrosis as Compared to RIP3+/+;Ldlr�/�

Mice

(A) Statistics of apoptotic and necrotic macro-

phages within intimal area from early and

advanced lesions at mouse aortic roots. A total

of 200 macrophages within the lesional intima

were counted, and quantifications of apoptotic

and necrotic macrophage percentages are

shown for RIP3+/+;Ldlr�/� and RIP3�/�;Ldlr�/�

mice after an 8-week (early lesion, three pairs,

left panel) or a 16-week (advanced lesion, four

pairs, right panel) Western diet. Data shown

represent mean ± SEM. NS, no significant differ-

ence; *p < 0.05.

(B) Representative micrographs showing acti-

vated caspase-3 in aortic root lesions from

RIP3+/+;Ldlr�/� (n = 10) and RIP3�/�;Ldlr�/� (n =

10) mice by immunohistochemistry. Bar scales:

50um. A quantitative analysis of aortic root

lesional active caspase-3 positive cells for each

group is shown. Data shown represent mean ±

SEM. NS, no significant difference.

(C) Representative micrographs showing TUNEL

positive cells in aortic root lesions from RIP3+/+;

Ldlr�/� and RIP3�/�;Ldlr�/� mice by immune-

fluorescence. Bar scales, 100 mm. A quantitative

analysis of aortic root lesional TUNEL positive

cells for each group (n = 5) is shown. Data

shown represent mean ± SEM. NS, no significant

difference.

See also Figures S2 and S3.
inflammation in lesions. First, RIP3+/+ and RIP3�/� peritoneal

macrophages were treated with oxLDL and the expressions of

a number of different cytokines and chemokinesweremeasured;

no differences were found between RIP3+/+ and RIP3�/� cells in

oxLDL-induced tumor necrosis factor (TNF), interleukin 1b,

monocyte chemoattractant protein 1 (MCP1), MCP2, MCP3,

macrophage inflammatory protein 1-a (MIP1a), MIP1b, or inter-

feron gamma-induced protein 10 transcription (Figure S5A).

This is consistent with a published study that showed that

RIP3 does not regulate cytokine production (Newton et al.,

2004). We next evaluated the efficiency of phagocytic clearance

of dead cells (efferocytosis) by RIP3+/+ and RIP3�/� macro-

phages. There was no difference in the ability of RIP3+/+ versus

RIP3�/� macrophages in engulfing oxLDL-induced apoptotic

macrophages, regardless of whether the apoptotic cells were

RIP3+/+ or RIP3�/� (Figure S5B), or in engulfing oxLDL-plus-

zVAD-induced necrotic macrophages (Figure S5B). It is impor-

tant to note that necrotic macrophages are poorer substrate

for phagocytes compared to apoptotic macrophages (Fig-

ure S5B), which is consistent with previous studies (Kono

and Rock, 2008). The inefficient clearance of necrotic macro-

phages could aggravate the proinflammatory effect of RIP3-

dependent macrophage necrosis in advanced atherosclerosis,

because cellular necrosis can release damaging intracellular

molecules into the extracellular milieu and stimulate inflamma-
204 Cell Reports 3, 200–210, January 31, 2013 ª2013 The Authors
tory responses. To evaluate whether inflammatory responses

are different between RIP3+/+ and RIP3�/� mice at the onset of

atherosclerosis development, total RNA from whole lesions of

RIP3+/+;Ldlr�/� and RIP3�/�;Ldlr�/� mice in advanced stages

was extracted, and the results showed that overall, the mRNA

levels of the cytokines tested were slightly higher in RIP3+/+;

Ldlr�/� advanced lesions (Figure 5A). Statistically significant

differences were observed in the mRNA levels of MIP1b, TNF,

and vascular cell adhesion molecule 1 (VCAM-1). VCAM-1

expression by vascular cells is a characteristic feature of athero-

sclerosis, reflecting the inflammatory state in the plaque (Cybul-

sky and Gimbrone, 1991; Libby, 2002; Tupin et al., 2004). Similar

to the lower VCAM-1 mRNA level in RIP3�/�;Ldlr�/� advanced

lesion, there was also reduction of VCAM-1 positive areas in

RIP3�/�;Ldlr�/� lesions (Figure 5B). Immunohistological detec-

tion of macrophages, using a Mac-2 antibody, showed greatly

reduced staining in lesions at the aortic roots of RIP3�/�;Ldlr�/�

mice compared to those of RIP3+/+;Ldlr�/� littermate mice (Fig-

ure 5C). A significant decrease in Mac-2-positive areas was also

seen in RIP3�/�;Apoe�/� mice compared to RIP3+/+;Apoe�/�

littermate mice (Figure S2F). These data indicate that reduced

lesions in the absence of RIP3 are partially due to the decreased

accumulation of macrophages in lesions, which are known

to participate in a maladaptive, nonresolving inflammatory

response that expands the subendothelial layer due to the
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Figure 4. RIP3-Dependent Necrosis Is Not

a Postapoptotic Cell Death

(A) Peritoneal macrophages from RIP3+/+ and

RIP3�/� mice were treated for 12 hr with vehicle

control (DMSO), zVAD (20 mM), oxLDL (150 mg/ml),

and oxLDL (150 mg/ml) plus zVAD (20 mM).

Percentages of annexin V- or PI-positive macro-

phages are shown. Data are expressed as

mean ± SEM.

(B) The RIP3+/+ and RIP3�/� peritoneal macro-

phages were treated for 10 hr with vehicle

control, zVAD, oxLDL, and oxLDL plus zVAD.

Representative morphologies of alive and

necrotic peritoneal macrophages are shown

(upper panel). Scale bars, 1 mm. Among the

200 macrophages counted, the number of

necrotic cells was recorded for each sample and

is shown (lower panel).

(C) Peritoneal macrophages from RIP3+/+ and

RIP3�/� mice were loaded with [3H]adenine for

2 hr and then treated with vehicle control,

zVAD, oxLDL, and oxLDL plus zVAD. The

supernatants were harvested and the cells were

lysed; radioactivity was measured by scintillation

counting, and the percentage of released radio-

activity was calculated. Data are expressed as

mean ± SEM.

(D) Peritoneal macrophages from RIP3+/+ and

RIP3�/� mice were loaded with oxLDL and oxLDL

plus zVAD for the time indicated. Quantification of

annexin V- or PI-positive macrophage percent-

ages at each time point is shown. Data are ex-

pressed as mean ± SEM.

See also Figure S4.
infiltration of macrophages and accumulation of lipid and

matrix (Moore and Tabas, 2011).

Caspase-8 Inhibition or RIP3 Upregulation Sensitize
Macrophages to oxLDL-Induced Necrosis
Studies from our and other laboratories have demonstrated

that caspase-8-dependent apoptosis and RIP3-dependent

necrosis compete with each other in mediating cell death

(Han et al., 2011; Kaiser et al., 2011; Oberst et al., 2011).

Increased expression of RIP3 can convert cell death from

apoptosis to necrosis (Zhang et al., 2009). On the other hand,

a complex of caspase-8 and FLIPL, in which caspase-8 is

not processed but retains protease activity, can prevent

RIP3 from mediating necrosis (Oberst et al., 2011). The data

in Figure 4 already showed cross-inhibition between apoptosis
Cell Reports 3, 200–210
and necrosis in oxLDL-treated macro-

phages, because inhibition of caspases

promotes RIP3-dependent necrosis.

To determine which caspase(s) plays

a key role in blocking oxLDL-induced

macrophage necrosis, we tested dif-

ferent caspase inhibitors. Cell necro-

sis was determined by Annexin V/PI

double staining (Figure 6A). Another

pan-caspase inhibitor similar to zVAD,
QVD, also enhanced oxLDL-induced macrophage necrosis.

Caspase-8-specific inhibitor IETD, but neither caspase-3 inhib-

itor DEVD nor caspase-1 inhibitor WEHD, promoted oxLDL-

induced macrophage necrosis. Thus, inhibition of caspase-8

plays a major role in promoting oxLDL-induced macrophage

necrosis.

Next, whether increasing RIP3 activity by overexpression of

RIP3 in macrophages can convert apoptosis to necrosis was

examined. Indeed, oxLDL alone triggered necrosis in macro-

phage cell line Raw 264.7 by overexpressing RIP3 over a certain

level (Figure 6B), similar to the reported conversion of apoptosis

to necrosis by increased RIP3 expression in fibroblast and

epithelial cell lines (Sun et al., 2012; Zhang et al., 2009). It is

noteworthy that percentages of necrotic cells positively correlate

with the RIP3 level in the macrophages.
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A Figure 5. Less Inflammation and Macro-

phage Infiltration in the Advanced Lesions

of RIP3�/�;Ldlr�/� Mice

(A) Relative expression levels of cytokine and

chemokine mRNA in lesions from 16-week fat-fed

RIP3+/+;Ldlr�/� and RIP3�/�;Ldlr�/� mice were

measured by quantitative RT-PCR. The gene

expression levels were normalized to the expres-

sion of GAPDH. Data are presented as means ±

SEM. *p < 0.05.

(B) Representative photographs of VCAM-1

expression in advanced lesions from aortic

roots. Lesions developed in RIP3+/+;Ldlr�/� or

RIP3�/�;Ldlr�/� mice after 16 weeks on a Western

diet were stained for VCAM-1 (upper; red signal is

VCAM-1 positive, blue signal is DAPI) and Oil

Red O (lower). Bar scale, 100 mm. A quantitative

analysis of VCAM-1 expression at aortic root

lesions in four pairs of RIP3+/+;Ldlr�/� and

RIP3�/�;Ldlr�/� mice is shown. The mean value of

VCAM-1-positive areas from the four RIP3+/+;

Ldlr�/� mice was set as 1. Data are expressed as

mean ± SEM. *p < 0.05.

(C) Representative micrographs show Mac-2-

positive cells in aortic root lesions from RIP3+/+;

Ldlr�/� and RIP3�/�;Ldlr�/� mice by immunohis-

tochemical staining. A quantitative analysis of

aortic root lesional macrophage infiltration in

RIP3+/+;Ldlr�/� (n = 5) and RIP3�/�;Ldlr�/� (n = 7)

mice is shown. Scale bars, 500 mm. Data are

expressed as mean ± SEM. *p < 0.05.

See also Figure S5.
RIP3 Upregulation in Lesional Macrophages during
Lesion Development Induces Macrophage Necrosis and
Promotes Lesion Development
We then speculated that RIP3-dependent necrosis of macro-

phages in advanced atherosclerotic lesions resulted from either

increased RIP3 expression or reduced caspase-8 expression.

To evaluate this hypothesis, the levels of RIP3 and active or full-

length caspase-8 in early and advanced lesions were examined.

No difference was detected in active caspase-8 or full-length

caspase-8 between early and advanced lesions from either

RIP3+/+;Ldlr�/� or RIP3�/�;Ldlr�/� mice by western blotting (Fig-

ure S5C) However, the RIP3 level is higher in advanced lesions

compared to early lesions in RIP3.+/+;Ldlr�/� mice (Figure S5C).

To demonstrate that the RIP3 level is increased in macro-

phages in advanced lesions, laser capture microdissection was

carried out to isolate smooth muscle cells and macrophages
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and to determine their RIP3 mRNA levels

(Figure S6). It was found that although

RIP3 level did not change between nonle-

sional smooth muscle cells and lesional

smooth muscle cells (Figure 7A), its level

in lesional macrophages increased as

the lesion developed from a small size to

large size (Figure 7B). Because cell-based

experiments showed that the RIP3 level

should exceed a certain threshold in order

to induce cellular necrosis (Figure 6B), it is
very likely that theRIP3 level in lesionalmacrophages should also

exceed a certain threshold in order to induce necrosis. The

importance of RIP3 expression level in determining the mode of

cell death in vivo is supported by the comparison of lesion areas

in RIP3+/+;Apoe�/�, RIP3+/�;Apoe �/�, and RIP3+/�;Apoe �/�

mice. It was found that RIP3+/�;Apoe �/� mice had less lesion

areas compared toRIP3+/+; Apoe�/�mice, butmore lesion areas

compared to RIP3�/�;Apoe �/� mice (Figure 7C). Thus, RIP3-

mediated macrophage necrosis in advanced lesions most likely

can be attributed to the increase of RIP3 expression in macro-

phages during the development of atherosclerosis.

DISCUSSION

Both apoptotic and necrotic macrophages were detected in

atherosclerotic lesions from human patients and model animals.
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A Figure 6. Caspase-8 Inhibition or RIP3

Overexpression Exceeding a Certain

Threshold Switches oxLDL-Induced Apo-

ptosis to Necrosis

(A) RIP3+/+ and RIP3�/� peritoneal macrophages

were treated for 12 hr with vehicle control, oxLDL,

oxLDL plus DEVD (caspase-3 inhibitor), oxLDL

plus WEHD (caspase-1 inhibitor), oxLDL plus QVD

(pan caspase inhibitor), and oxLDL plus IETD

(caspase-8 inhibitor), and then were analyzed by

annexin V and PI staining. Percentage of annexin V

and PI double-positive macrophages is shown (left

panel). Data are expressed as mean ± SEM. *p <

0.05. Inhibition of caspase-8 by IETD and QVD is

shown in the right panel.

(B) Raw 264.7 cells were infected with different

doses of a RIP3-expressing lentivirus or an empty

vector. The cells were then treated with or without

oxLDL for 48 hr. Percentage of annexin V and

PI double-positive cells is shown. Data are ex-

pressed as mean ± SEM. NS, no significant

difference. *p < 0.05. RIP3 expression level was

determined by western blot with an anti-RIP3

antibody.

See also Figure S5.
While the role of apoptosis in the development of atheroscle-

rosis has been well studied, the involvement of necrosis has

never been experimentally evaluated. Because of the limita-

tion in our understanding toward the mechanisms of cellular

necrosis, only postapoptotic cell disruption, termed secondary

or postapoptotic necrosis, was considered in the formation of

necrotic core in the lesions. Because of very recent advances

in defining the mechanisms of programmed necrosis, we used

RIP3 knockout mice to address whether RIP3-dependent

necrosis is involved in atherosclerosis. We found that RIP3-

dependent macrophage death is primary necrosis and is not

important in the early stages of the disease, but plays an

important role in advanced atherosclerosis. RIP3-dependent

necrosis accounts for half of the necrotic cells in advanced

lesions, while the other half could be postapoptotic cells or

primary necrosis controlled by yet unknown mechanisms. It

appears that the conversion of macrophage apoptosis to

RIP3-dependent necrosis occurs during the development of

atherosclerosis toward the advanced stage. The underlying

mechanism of this conversion most likely is the upregulation

of RIP3 expression in lesional macrophages toward the later

stages of the disease. Given the fact that necrotic cells are

more difficult to clear than apoptotic cells, primary necrosis of

macrophages in advanced lesions may not only be involved in

plaque formation, but also cause more inflammatory cell infiltra-
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tion, and thus have a strong proinflam-

matory and proatherogenic role.

The necrotic morphology of RIP3-

dependent macrophage death was

determined by electron microscope anal-

ysis (Figure 4B). Although these necrotic

macrophages are annexin V/PI double

positive as determined by cellular assays
(Figures 4A, 4D, and S4A), they lack apoptotic markers such as

active caspase-3 or TUNEL-positive signals (Figures S4B and

S4C). The annexin V-positive staining of necrotic cells could

have resulted from loss of integrity of the plasma membrane,

which allows annexin V to interact with the phosphatidylserine

located in the inner part of the plasma membrane. This also

explains why inhibition of caspases by zVAD had no effect on

annexin V staining in oxLDL-treated cells. Reactive oxygen

species (ROS) derived from mitochondria has been proven to

play a crucial role in the execution of RIP3-dependent necrosis

(Zhang et al., 2009). We and others have revealed that RIP1

and RIP3 are required for mitochondrial ROS production in

some cell lines during necrosis (Zhang et al., 2009). Similarly,

the ROS scavenger butylated hydroxyanisole (BHA) and the

RIP1 inhibitor Nec-1 (necrostatin-1) also effectively blocked

RIP3-mediated necrosis and ROS production in oxLDL-plus-

zVAD-treated RIP3+/+ macrophages (data not shown), as did

the inhibitor of glycolysis (2-DG), and inhibitors of the complexes

of the electron transport chain (Amytal, TTFA, antimycin A,

NaN3) (data not shown). Inhibitors of ATP synthase (oligomycin)

and lactate dehydrogenase (oxamate) had no effect on oxLDL-

plus-zVAD-induced necrosis and ROS production (data not

shown). Therefore, oxLDL-plus-zVAD-induced RIP3-mediated

macrophage necrosis is dependent on RIP1 kinase activity

and mitochondrial ROS production. Similarly, the enhanced
, January 31, 2013 ª2013 The Authors 207
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A Figure 7. Increased RIP3 Expression during

Lesion Development and the Correlation

between In Vivo RIP3 Level and the Severity

of Atherosclerotic Lesions

(A) RIP3 mRNA levels were compared between

nonlesional SMC and lesional SMC isolated by

laser capture microdissection from atherosclerotic

lesions of 16-week fat-fed RIP3+/+;Ldlr�/� mice.

Data are presented as mean ± SEM. NS, no

significant difference.

(B) RIP3 mRNA levels in lesional macrophages

were compared among atherosclerotic lesions of

different sizes (small, middle, and large). Data are

expressed as mean ± SEM. *p < 0.05.

(C) Eight-week-old RIP3+/+;Apoe�/� (n = 5),

RIP3+/�;Apoe�/� (n = 6), and RIP3�/�;Apoe�/�

(n = 4) mice were fed with a Western diet for

16 weeks. Representative images of pinned

Sudan-IV-stained aortas and quantification of

the surface area occupied by the lesions (percent

area occupied by the lesions) are shown. Hori-

zontal lines within the data sets represent means.

Each symbol represents a measurement from

a single mouse. *p < 0.05.

See also Figures S5 and S6.
oxLDL-induced cell death in the presence of QVD or IETD can

also be inhibited by Nec-1 (data not shown). As anticipated,

BHA, Nec-1, and inhibitors of glycolysis and the electron trans-

port chain could not inhibit oxLDL-induced apoptosis in either

RIP3+/+ or RIP3�/� macrophages (data not shown). It is clear

that macrophage necrosis uses the same execution pathway

as the necrosis observed in other cell types, excepting extracel-

lular stimuli. The cellular receptor/sensor(s) of oxLDL or other

lipids that initiate the signaling linking to the RIP3-dependent

necrosis pathway is currently unclear.

It has been well established that macrophage apoptosis

occurs in atherosclerotic lesions, and stimuli (including oxLDL,

7-KC, 25-HOC, free cholesterol, etc.) that are thought to be proa-

therogenic also inducemacrophage apoptosis in vitro. We found

that these proapoptotic stimuli could be pronecrotic under

conditions of caspase inhibition or RIP3 induction. Because

caspase-8-dependent apoptosis and RIP3-dependent necrosis

compete with each other in mediating cell death, the relative

level of the two central mediators of cell death might determine

the cell death mode responding to different upstream signals.

An increase of RIP3 in advanced lesional macrophages was
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detected, but which atherosclerosis-

related factors can induce RIP3 expres-

sion is currently unknown. Given the

complicated in vivo situation for the

development of atherosclerosis, it is

possible that multiple factors are in-

volved. Although our data suggest that

the increase of RIP3 expression converts

macrophage apoptosis to necrosis in

advanced lesions, we cannot exclude

other mechanisms, such as increasing

RIP3 activity by eliminating RIP3 phos-
phatase and expression of caspase-8 inhibitor, that can modu-

late the balance between RIP3 and caspase-8 and thus are

involved in the regulation of macrophage necrosis in advanced

atherosclerosis. Nevertheless, the balance between RIP3 and

caspase-8 should be a determinant of whether the cells undergo

necrosis or apoptosis.

In short, the correlation between decreased macrophage

primary necrosis in advanced lesions and improved disease

condition in RIP3�/� mice demonstrates the contribution of

RIP3-dependent macrophage necrosis in the development of

atherosclerosis toward advanced stage. Although postapoptotic

necrosis is well accepted to play a role in atherosclerosis devel-

opment, the data reported here demonstrate a previously

unidentified primary necrosis that plays an essential role in

the development of advanced atherosclerosis. RIP3-mediated

primary necrosis of macrophages could contribute to lesion

development by directly coalescing into the necrotic core

and secondarily exacerbating the maladaptive inflammatory

response, thus promoting advanced atherosclerotic lesions.

Interventions by the RIP3 signaling pathway may be used to

modulate the development of atherosclerosis.



EXPERIMENTAL PROCEDURES

Mice and Diets

Mice were housed in a specific pathogen-free environment. All experiments

were conducted in compliance with the regulations of Xiamen University.

RIP3�/� mice from the C57BL6/J background were bred onto the Ldlr�/�

and Apoe�/� C57BL6/J backgrounds to generate RIP3+/�;Apoe�/� and

RIP3+/�;Ldlr�/� breeding pairs. Starting at 8 weeks of age, female progeny

(RIP3+/+;Ldlr�/� and RIP3�/�;Ldlr�/� or RIP3+/+;Apoe�/� and RIP3�/�;
Apoe�/�) from these breeding pairs were fed a high-cholesterol Western-

type diet for either 12 weeks (Apoe�/� study) or 16 weeks (Ldlr�/� study).

For studying early lesions, female RIP3+/+;Ldlr�/� and RIP3�/�;Ldlr�/� mice

were fed a Western-type diet for 8 weeks. The Western diet was produced

by Vital River Laboratories (Beijing, China) according to the Formula from

Harlan (TD.88137).

Oxidized Low-Density Lipoprotein

oxLDL was purchased from Unionbiol (Beijing, China). LDL was isolated from

human plasma (density: 1.03–1.50; purity: 98%). Oxidized LDL was obtained

by oxidizing LDL with copper sulfate.

Peritoneal Macrophages

Thioglycollate-elicited macrophages were obtained from 8-week-old RIP3+/+;

Ldlr�/�, RIP3�/�;Ldlr�/�, RIP3+/+, and RIP3�/�mice using amethod described

previously (Osuga et al., 2000). Because it was found that having a Ldlr�/�

background did not affect the macrophages’ response to the treatment

of oxLDL or oxLDL plus zVAD, RIP3+/+ and RIP3�/� macrophages were

used in most of our experiments. The cells were resuspended in Dulbecco’s

modified Eagle medium containing 10% fetal calf serum (FCS), and 8 3 105

cells were plated in one well of a 48-well plate and cultured in 37�C, 5%
CO2 conditions.

Atherosclerotic Lesion Analysis

Mice were euthanized and their hearts and aortas were isolated. The degree of

atherosclerosis was assessed by determining lesion sizes on both pinned-

open aortas and serial cross-sections through the aortic root as modified

from previous studies (Seimon et al., 2009; Sekiya et al., 2009; Thorp et al.,

2009). The aorta was opened longitudinally along the ventral midline from

the iliac arteries to the aortic root. After branching vessels were removed,

the aorta was pinned out flat on a black wax surface. The lesions were treated

with 70% ethanol and then stained with Sudan IV for 15 min, destained with

80% ethanol, and then washed with PBS. Aortic images were analyzed with

Adobe Photoshop software, data are reported as the percentage of the aortic

surface covered by lesions.

The hearts were perfused with saline containing 4% paraformaldehyde and

fixed for more than 48 hr in the same solution. The basal halves of the hearts

were embedded in Tissue-Tek OCT compound (or paraffin), and serial

sections (�6 mm thick) were captured using a Cryostat microtome (Leica,

Germany) or Paraffin microtome (Leica, Germany). As described in a previous

study (Seimon et al., 2009), for morphometric lesion analysis, sections were

stained with Harris hematoxylin and eosin (H&E). Total intimal lesion area

(from internal elastic lamina to the lumen) and acellular/anuclear areas (nega-

tive for hematoxylin-positive nuclei) per cross-section were quantified by

taking the average of six sections spaced 28 mm apart beginning at the base

of the aortic root. The necrotic core was defined as a clear area that was

H&E free. Boundary lines were drawn around these regions, and the area

measurements were obtained by image analysis software. Lipids in lesion

areas were stained with 0.5% Oil Red O (Sangon Biotech, Shanghai, China)

in propylene glycol for 10 min at 60�C. Morphological analysis of collagen

contents in the lesional area and of fibrous cap thickness was performed

with a Masson trichrome stain kit (Maixin-Bio, Liaoning, China), whereas

elastin breaks were conducted by an elastin stain kit (Maixin-Bio). Fibrous

cap thickness was quantified by choosing the largest necrotic core from

duplicate sections and measuring the thickness of the thinnest part of the

cap. Analysis was performed by two independent experienced morphologists

blinded to the genotype.
C

In Vitro Peritoneal Macrophage Cell Death Assay

Macrophage cell death was measured by annexin V-EGFP and PI staining as

previously described (Feng et al., 2003). Macrophages were stained with

annexin V-EGFP in annexin V binding buffer on ice for 20 min in the dark.

The annexin V labeling solution was then removed; and PI labeling solution

was added. Cells were immediately viewed with a 203 objective using an

Olympus IX-70 inverted fluorescence microscope equipped with filters appro-

priate for fluorescein and PI. Four fields of cells for each condition (more than

1,000 cells) were counted. The total number of cells wasmeasured by counter-

staining with DAPI. The data are expressed as the percentage of these cells

per total cells counted. Percentages of green fluorescent protein-positive

and PI-positive cells were counted separately.

Statistics

Absent error bars in graphs signify that SEM values were smaller than the

graphic symbols. Comparison of mean values between groups was evaluated

by the two-tailed Student’s t test, Mann-Whitney U test, or ANOVA. A p value

of less than 0.05 was considered significant.

For further details, please refer to Extended Experimental Procedures.
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