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BACKGROUND: Chronic activation of the innate immune system drives 
inflammation and contributes directly to atherosclerosis. We previously showed 
that macrophages in the atherogenic plaque undergo RIPK3 (receptor-interacting 
serine/threonine-protein kinase 3)-MLKL (mixed lineage kinase domain-like 
protein)–dependent programmed necroptosis in response to sterile ligands such 
as oxidized low-density lipoprotein and damage-associated molecular patterns 
and that necroptosis is active in advanced atherosclerotic plaques. Upstream of 
the RIPK3-MLKL necroptotic machinery lies RIPK1 (receptor-interacting serine/
threonine-protein kinase 1), which acts as a master switch that controls whether 
the cell undergoes NF-κB (nuclear factor κ-light-chain-enhancer of activated B 
cells)–dependent inflammation, caspase-dependent apoptosis, or necroptosis in 
response to extracellular stimuli. We therefore set out to investigate the role of 
RIPK1 in the development of atherosclerosis, which is driven largely by NF-κB–
dependent inflammation at early stages. We hypothesize that, unlike RIPK3 and 
MLKL, RIPK1 primarily drives NF-κB–dependent inflammation in early atherogenic 
lesions, and knocking down RIPK1 will reduce inflammatory cell activation and 
protect against the progression of atherosclerosis.

METHODS: We examined expression of RIPK1 protein and mRNA in both human 
and mouse atherosclerotic lesions, and used loss-of-function approaches in vitro 
in macrophages and endothelial cells to measure inflammatory responses. We 
administered weekly injections of RIPK1 antisense oligonucleotides to Apoe–/– 
mice fed a cholesterol-rich (Western) diet for 8 weeks.

RESULTS: We find that RIPK1 expression is abundant in early-stage 
atherosclerotic lesions in both humans and mice. Treatment with RIPK1 antisense 
oligonucleotides led to a reduction in aortic sinus and en face lesion areas 
(47.2% or 58.8% decrease relative to control, P<0.01) and plasma inflammatory 
cytokines (IL-1α [interleukin 1α], IL-17A [interleukin 17A], P<0.05) in comparison 
with controls. RIPK1 knockdown in macrophages decreased inflammatory genes 
(NF-κB, TNFα [tumor necrosis factor α], IL-1α) and in vivo lipopolysaccharide- and 
atherogenic diet–induced NF-κB activation. In endothelial cells, knockdown of 
RIPK1 prevented NF-κB translocation to the nucleus in response to TNFα, where 
accordingly there was a reduction in gene expression of IL1B, E-selectin, and 
monocyte attachment.

CONCLUSIONS: We identify RIPK1 as a central driver of inflammation in 
atherosclerosis by its ability to activate the NF-κB pathway and promote 
inflammatory cytokine release. Given the high levels of RIPK1 expression in human 
atherosclerotic lesions, our study suggests RIPK1 as a future therapeutic target to 
reduce residual inflammation in patients at high risk of coronary artery disease.
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Atherosclerosis begins as an innate immune re-
sponse to modified cholesterol-rich lipoproteins 
trapped in the subendothelial space of the ves-

sel wall, recruiting inflammatory monocytes from the 
circulation.1,2 These monocytes differentiate into mac-
rophages that avidly engulf modified lipids (eg, oxidized 
low-density lipoprotein) through scavenger receptors 
(eg, CD36, SR-A) to become foam cells. Although these 
foam cells initially play a protective role in mediating 
the efflux of cholesterol from the lesions, they also en-
gage the NF-κB (nuclear factor κ-light-chain-enhancer 
of activated B cells) pathway to transcriptionally activate 
the production of proinflammatory cytokines (eg, TNFα 
[tumor necrosis factor α], GM-CSF [granulocyte-mac-
rophage colony-stimulating factor], IL-1α/β [interleukin 
1α/β]), and chemokines to sustain the local inflam-
matory environment, resulting in additional monocyte 
recruitment.3 Furthermore, double-hit engagement by 
modified lipoproteins and other sterile inflammatory 
cues (eg, ATP) can trigger NF-κB–regulated NLRP3 (NLR 
family pyrin domain containing 3) inflammasome-de-
pendent IL-1β (interleukin 1β)4 or inflammasome-inde-
pendent and oxidative stress–dependent IL-1α (interleu-
kin 1α) secretion.5 As foam cells become overwhelmed 
with lipid, they can undergo cell death. To date, several 

types of cell death pathways have been identified to 
occur with atherosclerotic lesions: noninflammatory 
apoptosis, proinflammatory necroptosis, and second-
ary necrosis.6–10 The ineffective clearance of these dy-
ing macrophages by efferocytosis adds to the lesional 
burden, forming a large necrotic core that destabilizes 
the atherosclerotic plaque.11,12 In the past 3 decades, 
low-density lipoprotein (LDL)–lowering therapies have 
emerged as the leading therapeutic strategy to success-
fully prevent or treat atherosclerosis. Although such 
therapies are highly effective, they reduce atheroscle-
rotic disease incidence by only 50% to 60%, leaving 
considerable residual disease burden.13 Moreover, with 
the recent failures of high-density lipoprotein–raising 
therapies as an alternative therapeutic approach,14 
there is renewed focus in finding novel therapeutic tar-
gets that act in parallel with cholesterol-lowering drugs 
to eliminate residual inflammation within lesions. The 
outcomes of 2 large clinical trials targeting inflamma-
tion in coronary artery disease, CANTOS (Cardiovascu-
lar Risk Reduction Study [Reduction in Recurrent Major 
CV Disease Events]),15 which used an IL-1β monoclonal 
antibody, and COLCOT (Colchicine Cardiovascular Out-
comes Trial),16 which used low-dose anti-inflammatory 
colchicine; both demonstrated reduced cardiovascular 
events in high-risk patients with myocardial infarction. 
These studies provide proof-of-concept and pave the 
way to an era of exciting new possibilities for anti-in-
flammatory therapies to treat cardiovascular diseases.

RIPK1 (receptor-interacting serine/threonine-protein 
kinase 1) and RIPK3 (receptor-interacting serine/thre-
onine-protein kinase 3) belong to a family of serine-
threonine kinases that execute innate immune signal-
ing and cell stress pathways.17 Activation of TNFR1 (TNF 
receptor 1) recruits and assembles complex I, consisting 
of RIPK1, adaptor proteins (eg, TRADD [TNF receptor–
associated death domain] and TRAF2 [TNF receptor–
associated factor 2]), E3 ubiquitin ligases, and cellular 
inhibitor of apoptosis at the cytoplasmic tail of the 
receptor. Cell survival and death pathways are care-
fully orchestrated by reciprocal phosphorylation and 
ubiquitination of RIPK1. When RIPK1 is modified by 
ubiquitination, it forms a scaffold for the stabilization 
of IKKα/IKKβ (IκB kinase α/IκB kinase β), degradation 
of IκBα, release of NF-κB, and activation of inflamma-
tion and prosurvival genes.18 When RIPK1 is deubiquiti-
nated, this promotes RIPK1 activation of apoptosis and 
necroptosis.19 To activate necroptosis, RIPK1 interacts 
with and activates RIPK3, which subsequently recruits 
and phosphorylates the pseudokinase MLKL (mixed lin-
eage kinase domain-like protein). MLKL oligomerizes 
and promotes the rupture of the plasma membrane, 
causing release of ATP, mitochondria, and other dam-
age-associated molecular patterns and a cell that shares 
morphological features with necrosis. The balance of 
RIPK1 signaling in response to inflammatory challenges 

Clinical Perspective

What Is New?
• RIPK1 (receptor-interacting serine/threonine-

protein kinase 1) acts as a proinflammatory hub 
in the vessel wall, with increased expression and 
coincident activation of NF-κB (nuclear factor 
κ-light-chain-enhancer of activated B cells) in early 
atherosclerotic disease in humans.

• Reducing RIPK1 expression in mice prevents ath-
erosclerosis development, in part, by reducing 
endothelial and macrophage activation of inflam-
matory pathways, including interleukin 1α and 
interleukin 1β.

What Are the Clinical Implications?
• Inflammation as a therapeutic target for atheroscle-

rotic vascular disease was recently validated by the 
CANTOS trial (Cardiovascular Risk Reduction Study 
[Reduction in Recurrent Major CV Disease Events]), 
and we identify herein that the therapeutic silenc-
ing of RIPK1 acts as a parallel but alternative strat-
egy to dampen inflammation in the vessel wall.

• Antisense oligonucleotides can effectively decrease 
RIPK1 expression and activation without the 
unwanted spontaneous activation of inflamma-
tory cell death that accompanies complete loss of 
RIPK1, making this approach readily translatable to 
human disease.
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is necessary to control cell survival, death, and mount-
ing an inflammatory response.20,21 However, the pre-
cise ways in which RIPK1 controls these pathways are 
still being elucidated. We and others have previously 
shown that therapeutic targeting of RIPK3 phosphory-
lation or its genetic deletion markedly reduces macro-
phage necroptosis and the development of the necrotic 
core within the atherosclerotic plaque, promoting le-
sional stability in advanced atherosclerosis.22,23 Deletion 
of RIPK3 only reduced atherosclerotic lesion area after 
long-term Western diet feeding, but it did not protect 
against early atherosclerosis, suggesting that necrop-
tosis may not contribute to lesion initiation.23 Unlike 
RIPK3, the role for its upstream regulator RIPK1 in ath-
erosclerosis has not been studied.

Here, for the first time, we investigate the role of 
RIPK1, a coordinator of NF-κB inflammation and cell 
death, in atherosclerosis. We find that RIPK1 expres-
sion is highly expressed in early atherosclerotic lesions 
in humans and mice. In vitro, both basal and TNFα-
stimulated NF-κB activity and resultant inflammatory 
gene expression are reduced in macrophages and en-
dothelial cells when RIPK1 is silenced. In vivo, therapeu-
tic administration of RIPK1 antisense oligonucleotides 
(ASOs) markedly reduces atherosclerotic lesion size and 
macrophage content. Together, these findings suggest 
that RIPK1 drives inflammation in early atherosclerosis, 
and targeting RIPK1 provides a novel preventative ther-
apeutic strategy to treat atherosclerosis.

METHODS
The data, methods, and study samples will be made available 
to other researchers for purposes of reproducing the results 
or replicating the procedures according to the American Heart 
Association journals’ implementation of the Transparency and 
Openness Promotion Guidelines.

Reagents
Human LDL was purchased from Alfa Aesar and oxidized 
according to previous methods (Cu2SO4 oxidation 6 hours).24 
M-CSF (macrophage colony-stimulating factor) and TNFα 
were obtained from BioLegend. Mouse IL-1α and IL-1β 
DuoSet ELISA kits were from R&D Systems. zVAD.fmk (zVAD) 
and lipopolysaccharide (LPS) were purchased from BioVision 
and Sigma-Aldrich, respectively.

Human Atherosclerosis
All human studies were done with approval from institutional 
review committees and subjects gave informed consent. To 
determine the association between RIPK1 mRNA expres-
sion levels and other markers of interest in human carotid 
plaques, Pearson correlations were calculated from the 
microarray data set belonging to BiKE (Biobank of Karolinska 
Endarterectomies) (GEO [Gene Expression Omnibus] data-
base access: GSE21545), using GraphPad Prism 6 soft-
ware. The data set contains 127 plaques from patients who 

underwent surgery for high-grade (>50% NASCET [North 
American Symptomatic Carotid Endarterectomy Trial]) 
carotid stenosis at the Department of Vascular Surgery, 
Karolinska University Hospital, Stockholm, Sweden.25 The 
BiKE study cohort demographics, details of sample collection 
and processing, and transcriptomic analyses by microarrays 
were previously described in detail.26 Human carotid endar-
terectomy sample data were also obtained from an indepen-
dent data set (GEO access: GSE43292) from the NCBI GEO 
data repository,27 where RIPK1 and CD68 expression values 
were obtained by comparing severe plaque (stage IV and V) 
to adjacent areas with early disease only (no macroscopic 
disease, stage I and II).28

For immunofluorescence analysis, human coronary 
artery samples were obtained from the CVPath Institute 
Sudden Cardiac Death registry as previously described.29 
Comprehensive analysis of coronary artery histology was per-
formed for each subject, and the samples were categorized 
as control lesions with pathological intimal thickening, early 
and late fibroatheromas by examining hematoxylin and eosin 
staining. Formalin-fixed and paraffin-embedded coronary 
artery blocks were sectioned at 5 mm thickness. These sec-
tions were stained with RIPK1 polyclonal antibody (No. PA5-
2811, ThermoFisher, 1:100) and then with secondary goat 
anti-rabbit antibody (No. AA11037, ThermoFisher, 1:500).

Experimental Animals
Male and female C57Bl/6 wild-type and ApoE–/– mice were 
purchased from Charles River or Animal Resources Center 
(Western Australia). RIPK1KD (RIPK1K45A) mice were a gener-
ous gift from Dr Peter Gough30 (GlaxoSmithKline) and ApoE–

/–/NF-κB transgenic mice were provided by Dr Mark Feinberg 
(Brigham & Women’s Hospital, Boston).31 All animal studies 
were permitted by the University of Ottawa Animal Care and 
Use Committee in accordance with the international stan-
dards established by the Canadian Council on Animal Care 
or The University of Queensland Animal Ethics Committee 
(IMB/337/19) in Australia.

Gene Expression Analysis in Mouse Aorta
Gene expression analysis in mouse aorta from the Hybrid 
Mouse Diversity Panel was performed as described previ-
ously.32 In brief, the Hybrid Mouse Diversity Panel consists 
of ≈100 unique inbred mouse strains that have been phe-
notyped extensively for cardiometabolic traits that can be 
correlated to gene expression data. We analyzed aortic gene 
expression from mice across the 100 strains fed a 1% choles-
terol-enriched diet, as described previously.33 All correlations 
were calculated using biweight midcorrelation (implemented 
in the bicor) function from the WGCNA R package), which is 
analogous to Pearson correlation but is more robust to out-
liers because the underlying calculations are median based 
rather than mean based and are expressed as correlation 
coefficient (R) and P value.

To examine gene expression in the lesser and greater cur-
vature, Ldlr–/– mice were fed a Western diet for 4 weeks and 
the ascending aorta was dissected, and cells were extracted 
through a DNase I and Liberase enzyme treatment as previ-
ously described.34 Enzymes were then quenched and washed, 
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and intimal cells were gently scraped into RNA extraction buf-
fer (MicroRNAeasy RNA isolation kit, Qiagen). Isolated RNA 
was reversed transcribed using High-Capacity cDNA Reverse 
Transcription kit (Applied Biosystems) and quantitative reverse 
transcription polymerase chain reaction was performed using 
SYBR Green I Master mix (Roche) according to the manu-
facturer’s instructions. Gene expression was normalized to 
hypoxanthine-guanine phosphoribosyltransferase using the 
Delta-Delta Ct method.

Macrophage Isolation
Bone marrow cells were isolated from femurs of adult wild-
type mice and differentiated into macrophages (bone mar-
row–derived macrophages) using DMEM supplemented with 
10% fetal bovine serum, 1% penicillin-streptomycin, and 
either 20% L929 conditioned medium or 20 ng/mL M-CSF 
as previously described.10 To polarize macrophages to M1 or 
M2, cells were treated with 500 ng/mL LPS and 100ng/mL 
interferon-γ, or 10 ng/mL IL-4 (interleukin 4) for 24 hours. 
For oxidized low-density lipoprotein (oxLDL) treatment, cells 
were treated with 100 µg/mL oxLDL with or without 50 
µmol/L zvad.fmk.

Wild-type, adult mice (8 weeks old) were subjected 
to an intraperitoneal injection of 1 mL of 3% or 10% 
thioglycollate. For in vivo transfection of ASOs, 3 days 
after thioglycollate injection, the mice are subjected to 
another intraperitoneal injection of 50 mg/kg either con-
trol (CCTTCCCTGAAGGTTCCTCC a random nontargeting 
sequence) or RIPK1 (TCAGCCACTTCTGAAGCATT) ASOs 
from Ionis Pharmaceuticals. On day 4 after thioglycollate, 
peritoneal macrophages were isolated by peritoneal lavage 
with 2×5 mL sterile phosphate-buffered saline as described.35 
Cells were centrifuged, resuspended in DMEM supplemented 
with 10% fetal bovine serum, 1% penicillin-streptomycin, 
and seeded at 4×106 cells/well in a 6-well plate, 1×106 cells/
well in a 24-well plate, and 0.2×106 cells/well in a 96-well 
plate and incubated at 37 °C for 24 hours. Cells were treated 
with 100 μg/mL oxLDL, 50 ng/mL TNFα, 50 μmol/L zvad.fmk, 
as described in the figure legends. For cytokine ELISAs, cells 
were primed with 200 ng/mL LPS and then treated with 50 
μg/mL oxLDL for 18 hours.

Endothelial Cells
Primary human umbilical vein endothelial cells (HUVECs) were 
isolated from human umbilical cords obtained at the Leiden 
University Medical Center after written informed consent and 
ensuring that collection and processing of the umbilical cord 
was performed anonymously. The umbilical vein was flushed 
with phosphate-buffered saline, using glass cannulas, to 
remove all remaining blood. Endothelial cells were detached 
by infusion of the vein with Trypsin/EDTA (1×) (Lonza, BE02-
007E) solution and incubation at 37 °C for 15 minutes. After 
incubation, the cell suspension was collected and taken up in 
endothelial cell growth medium (EGM2 medium, Promocell, 
C-22010) with 1% antibiotics. After flushing the umbilical 
vein once more with phosphate-buffered saline, to ensure 
all detached cells are collected, cells were pelleted by cen-
trifugation at 1200 rpm for 7 minutes. The cell pellet was 
dissolved in fresh EGM2 medium and cells were cultured on 
gelatin (1%)-coated surfaces. For TNFα stimulation, HUVECs 

were incubated with 2 ng/mL TNFα for 24 hours, unless indi-
cated otherwise. To achieve a knockdown of RIPK1, HUVECs 
were transduced with lentiviral particles encoding short hair-
pin RNA targeting RIPK1 (MISSION library Sigma-Aldrich, 
TRCN0000000705, TRCN0000000706, TRCN0000000708, 
TRCN0000200006) or a scrambled control short hairpin RNA 
(mock). Selection of transduced cells was achieved using 
puromycin (2 µg/mL).

Monocyte Adhesion Assay
THP1 cells (ATCC, TIB-202) were cultured in RPMI 1640 
medium (Gibco, 22409) supplemented with 10% fetal calf 
serum, 1% l-glutamine, 1% antibiotics (penicillin/streptomy-
cin, Gibco, 15070063), and 25 nmol/L β-mercaptoethanol. 
THP1 cells were labeled with 5 μg/mL Calcein AM (Molecular 
Probes Life Technologies, C3100MP) and incubated on top of 
a monolayer of HUVECs, pretreated with 2 ng/mL TNFα for 
24 hours, for 30 minutes at 37 °C. Nonadherent cells were 
washed away by multiple washing steps with phosphate-
buffered saline after which the cells were lysed in Triton-X 
0.5% for 10 minutes. Fluorescence was measured at excita-
tion wavelength 485 nm and emission wavelength 514 nm. 
Each condition was performed in triplicate.

Gene Expression
Treated cells were lysed in TRIzol reagent (Invitrogen) accord-
ing to the manufacturer’s recommendations, and complemen-
tary DNA was synthesized using iScript Reverse Transcription 
kit (Bio-Rad). Quantitative polymerase chain reaction was 
performed in triplicate using TaqMan Gene Expression Assay 
and mRNA level was normalized to either β-2-microglobulin 
or hypoxanthine-guanine phosphoribosyltransferase. For 
HUVECs, total RNA was reverse transcribed using M-MLV 
Reverse Transcriptase Kit (Promega, M1701). Reverse tran-
scription polymerase chain reaction analysis was conducted 
using SYBR Select Master Mix (Applied Biosystems, 4472908). 
mRNA expression was normalized to expression of GAPDH.

Western Blot
Peritoneal macrophages (1.8×106 per well) were lysed directly 
in 2× SDS sample buffer (Bio-Rad) and subjected to SDS-PAGE 
and Western blot analysis with RIPK1 antibody (1:1000, No. 
610458, BD Transduction Laboratories).

Cell Viability Assays
Lactate dehydrogenase release into the medium was detected 
as a kinetic assay by measuring absorbance at 340 nm for 
1-minute intervals for 10 minutes as previously described.10 
The slope of the curve was expressed as a fold change relative 
to control.

NF-κB Luciferase Assay
Adult ApoE–/–/NF-κB-reporter mice were fed a chow or 
Western diet (0.2% cholesterol; Harlen Teklad) for 4 weeks. 
These mice were then subjected to an intraperitoneal injection 
of thioglycollate, followed by another intraperitoneal injec-
tion of control or RIPK1 ASO for 36 hours before isolation of 
macrophages. The NF-κB promoter activity was measured as 

D
ow

nloaded from
 http://ahajournals.org by on N

ovem
ber 11, 2022



Karunakaran et al RIPK1 Drives Inflammation in Atherosclerosis

Circulation. 2021;143:163–177. DOI: 10.1161/CIRCULATIONAHA.118.038379 January 12, 2021 167

ORIGINAL RESEARCH 
ARTICLE

luciferase signal detected by using the Dual-Luciferase assay 
(Promega) according to the manufacturer’s instructions. All 
assays were performed from either 3 (Western diet–fed) or 6 
(LPS-treated) mice per group in 4 technical replicates.

Immunofluorescence of HUVECs
For immunofluorescence staining, HUVECs were cultured on 
µ-Slide 8 well (Ibidi, C80826), stimulated with or without 2 
ng/mL TNFα for 24 hours, and fixed with 4% formaldehyde 
(v/v in Hank’s balanced salt solution [HBSS] supplemented 
with calcium and magnesium [HBSS+]), Gibco) for 10 min-
utes. Cells were then permeabilized with 0.1%  Triton X-100 
and blocked with 5% BSA (wt/wt in HBSS+) for 30 minutes. 
The primary antibody was prepared in 0.5% BSA (w/wv in 
HBSS+): intercellular adhesion molecule 1 mouse anti-human 
antibody (Santa Cruz Biotechnology, SC-107, 1:50), NF-κB 
p65 rabbit anti-human antibody (Cell Signaling Technology, 
8242, 1:400). Incubation of the primary antibody was done 
at room temperature for 1 hour. The secondary antibody was 
also prepared in 0.5% BSA (goat anti-mouse IgG alexa 488, 
goat anti-rabbit alexa 647, Invitrogen, 1:500), together with 
Rhodamine Phalloidin (Invitrogen, 1:200) and Hoechst 33528 
(Invitrogen, H3569, 1:2000) to stain F-actin and cell nuclei. 
Fluorescence images were captured by using the ImageXpress 
(Molecular Devices) and analyzed using ImageJ software.

Atherosclerosis Studies
Eight-week-old female and male ApoE–/– mice (9–12/group) 
were fed an adjusted calories Western diet (21% fat, 0.2% 
cholesterol; Harlan Teklad) for 8 weeks and were randomly 
assigned to simultaneously receive weekly subcutaneous injec-
tions of 100 mg/kg control ASO (CCTTCCCTGAAGGTTCCTCC) 
or RIPK1 ASO (TCAGCCACTTCTGAAGCATT) or for indicated 
experiments, RIPK1 ASO-B (CTCCATGTACTCCATCACCA). 
After 8 weeks, mice were euthanized; perfused with saline; 
the aortic root, ascending and descending aorta, and liver were 
collected as previously described.10,35,36 In brief, aortic sinuses 
were embedded in optimum cutting temperature compound 
medium, frozen, sectioned (10 μm), and stained with hema-
toxylin and eosin for quantifications, where a minimum of 8 
to 10 sections per animal were measured across the length 
of the entire aortic root. For en face aortic lesion quantifica-
tions, dissected aortas (down to the femoral bifurcation) were 
sliced ventrally and imaged; the lesion area was quantified by 
a nonblinded user using ImageJ. To visualize macrophages, 
smooth muscle cells (SMCs), IL-1α immunofluorescence was 
performed using Mac-2 antibody (Cedarlane, CL8942AP) 
followed by Alexa488-conjugated secondary antibody, 
SMCα (monoclonal antibody conjugated to alkaline phos-
phatase, Sigma, A5691) or IL-1α (Abcam ab7632) followed 
by Alexa594-conjugated secondary antibody. Sections were 
imaged using the Leica ScanScope. Fluorescent positive areas 
were quantified using ImageJ. Serum cytokines were analyzed 
using Bioplex Pro Mouse Cytokine Assay (no. M60009RDPD; 
Bio-Rad) according to the manufacturer’s instructions.

Statistical Analysis
Data shown are either a representative mean±SD experi-
ment of at least 3 experiments or mean±SEM of experiments 

performed in triplicate, as indicated in the corresponding fig-
ure legend. For comparison between 2 groups, Student t tests 
(unpaired) were used, unless otherwise stated, and P- values 
are indicated in the figure legends. For comparison between 
groups, 1- or 2-way ANOVA (P≤0.05) with multiple compari-
sons tests was performed using Graphpad Prism.

RESULTS
RIPK1 Expression Is Increased in Early-
Stage Atherosclerotic Lesions
To begin to understand how RIPK1 might be contribut-
ing to lesion development, we examined its expression 
in lesions with different degrees of atherosclerotic dis-
ease burden. In human coronary arteries with disease 
classified as pathological intimal thickening or in those 
with larger early fibroatheromas, RIPK1 protein was de-
tected within the intimal space (Figure 1A; red). Double 
immunostaining in these arteries indicates that RIPK1 
is expressed both in macrophages (marked by CD68) 
and endothelial cells (marked by vWF; Figure  1B). In 
endarterectomy samples from individuals with carotid 
atherosclerosis, the mRNA expression of RIPK1 corre-
lated strongly with the expression of genes in the NF-κB 
pathway IKKA, IKKB, NFKB1, and the downstream ef-
fector IL-1A (Figure 1C, all P<0.0001). In another gene 
expression data set from human carotid endarterecto-
mies (GEO data set GSE43292), we find that the ex-
pression of RIPK1 on a per macrophage basis (ie, per 
copy of CD68 gene expression) is higher in lesions with 
early-stage disease (stages I and II) than in adjacent re-
gions with more severe plaque (stages IV and V) (Fig-
ure 1D). To further evaluate Ripk1 expression in mouse 
atherosclerosis, we compared gene expression across 
100 strains of outbred mice from the Hybrid Mouse Di-
versity Panel and find that expression of Ripk1 in the 
aorta strongly correlates with expression of Ikbkb, an 
activator of the NF-κB pathway (Figure 1E). In mice with 
early-stage atherosclerotic lesions (Ldlr–/– mice fed a 
high-fat diet for 4 weeks34), we find that gene expres-
sion of both Ripk1 and markers of inflammation (Tnfa, 
Ccl2, Il1b) are higher in the athero-susceptible, lesser 
curvature of the aorta relative to the athero-resistant 
greater curvature aortic region (Figure  1F). Together, 
these data demonstrate that RIPK1 is highly expressed 
in early-stage atherosclerotic lesions in both humans 
and mice and correlates with indices of inflammation 
in the plaque.

Loss of Ripk1 Reduces Macrophage 
Inflammation in Vitro and NF-κB 
Activation In Vivo
We next set out to assess the expression profile of RIPK1 
in inflammatory macrophages in vitro. We measured 
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Ripk1 gene expression in bone marrow–derived mac-
rophages  polarized to either a proinflammatory M1 or 
anti-inflammatory M2 macrophages, and we observed 
a 3.2-fold increase in Ripk1 gene expression in M1 
macrophages relative to nontreated M0-macrophages, 
whereas Ripk1 levels in M2 macrophages were un-
changed (Figure  2A).We had previously shown that 
oxLDL induces the expression of necroptotic genes, 
Ripk3 and Mlkl. Here, we similarly find that oxLDL and 
oxLDL+zVAD treatment of bone marrow–derived mac-
rophages resulted in a 1.4- and 1.8-fold increase in 
Ripk1 gene expression, respectively (Figure 2B).

Using ASOs to knockdown expression of Ripk1, 
we evaluated the activation of inflammation in vivo 

in thioglycollate-elicited macrophages in the peri-
toneal cavity. Intraperitoneal injection of RIPK1 
antisense decreased both Ripk1 gene and pro-
tein expression relative to control, as expected 
(Figure  2C). In macrophages treated with RIPK1 
antisense, we also found a reduction in baseline ex-
pression of inflammatory transcripts Nfkb1 and Tnfa 
(67.46%±21.55% and 58.85%±24.75%) and a de-
crease in inflammasome-related genes Casp1, Nlrp3, 
Il1a, and Il1b (55.45%±31.03%, 61.92%±27.87%, 
44.07%±7.52%, 55.22%±6.99%, respectively), as 
well (Figure  2D). To investigate the role of RIPK1 in 
driving TNFα- or oxLDL-induced inflammation, we 
isolated peritoneal macrophages after RIPK1 silencing 

Figure 1. RIPK1 is expressed in human and mouse atherosclerotic lesions.
A and B, Human coronary arteries with atherosclerotic lesions classified as either pathological intimal thickening or early fibroatheroma. H&E staining and RIPK1 
staining (red) indicate that RIPK1 is expressed in both stages of lesion development (A) in both CD68+ (macrophages) and vWF+ cells (endothelial cells) (B). C, Cor-
relations of the RIPK1 transcript with expression of NFKB, IKKA, IKKB, and IL1A in human carotid endarterectomies (n=127). ****P<0.0001 by Pearson correlation. 
D, Analysis of RIPK1 gene expression data from human carotid artery lesions classified as early (stage I–III) or advanced (stage IV and V) from Gene Expression Om-
nibus data set GSE43292 normalized to the expression of CD68. ****P<0.0001 by paired t test. E, Ripk1 mRNA expression in the aorta of mice from the Hybrid 
Mouse Diversity Panel (100 inbred strains of mice) and the correlation with Ikbkb mRNA in the aorta. Correlation coefficient (R) and P value were calculated as 
described in the Methods. F, Mouse Ripk1, Tnfa, Il1b, and Ccl2 gene expression in athero-prone (LC) and athero-protective (GC) regions of atherosclerotic lesions 
isolated from Ldlr–/– mice fed a high-fat diet for 4 weeks. *P≤0.05, Student t test. GC indicates greater curvature; H&E, hematoxylin and eosin; LC, lesser curvature; 
RIPK1, receptor-interacting serine/threonine-protein kinase 1; RMA, robust multi-array average; and vWF, von Willebrand factor. 
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and treated the cells with TNFα or oxLDL before ana-
lyzing inflammatory gene expression. The TNFα– and 
oxLDL-stimulated expression of Nfkb1, Il1a, and Tnfa 
was reduced in peritoneal macrophages transfect-
ed with RIPK1 antisense (Figure 2E and 2F). We and 
others have shown that atherogenic ligands induce 
RIPK3-dependent necroptosis,10,23,37 and inactivation 
of RIPK1 kinase activity has been shown previously to 
reduce necroptotic cell death.30,38 We therefore tested 
whether reducing RIPK1 gene expression also affected 
the activation of necroptosis. We observed that knock-
ing down RIPK1 did not affect necroptotic ligand (ox-
LDL, oxLDL+zVAD, TNFα+zVAD, LPS+zVAD)–induced 
cell death in peritoneal macrophages unlike what is 
observed in peritoneal macrophages from RIPK1 ki-
nase-dead (RIPK1K45A) mice (Figure  2G and Figure IA 

and IB in the Data Supplement). Together, these data 
suggest that knocking down RIPK1 impairs the ability 
of macrophages to promote NF-κB–mediated inflam-
mation while maintaining their capacity for necrop-
totic cell death.

To test whether RIPK1 directly targets NF-κB activ-
ity in atherogenic macrophages, we used transgenic 
Apoe–/– mice expressing the NF-κB promoter upstream 
of a green fluorescent protein/luciferase fusion reporter 
gene.31,39 Macrophages were elicited into the perito-
neal cavity of ApoE–/–/NF-κB reporter mice, injected 
with control or RIPK1 antisense, followed by a single 
LPS injection to induce an inflammatory response. As 
expected, LPS treatment significantly increased NF-
κB promoter activity in in vivo macrophages (9-fold), 
and this was inhibited in RIPK1-silenced macrophages 

Figure 2. Ripk1 expression is induced in inflammatory macrophages and knockdown of Ripk1 reduces inflammatory gene activation.
A, Ripk1 gene expression in bone marrow–derived macrophages polarized to either a proinflammatory M1 (lipopolysaccharide and interferon-γ treated) or 
anti-inflammatory M2 (IL-4 treated) macrophages. B, Treatment of bone marrow–derived macrophages with 100 μg/mL oxLDL, with or without 50 μmol/L zVAD 
before RNA isolation and analysis of Ripk1 gene expression relative to housekeeping genes. For A and B, *P<0.01 and ***P<0.001 by 1-way ANOVA and Tukey 
multiple comparisons test. C and D, Intraperitoneal injection of 50 mg/kg control ASO or RIPK1 ASO before peritoneal macrophage isolation and gene expression 
analysis of Ripk1 (C) and inflammatory genes Nfkb, Tnfa, Casp1, Nlrp3, Il1a, and Il1b (D). C and D, *P ≤ 0.05, ****P<0.0001 by unpaired Student t test. E and 
F, Peritoneal macrophages transfected with control ASO or RIPK1 ASO and treated with 50 ng/mL TNFα or 100 μg/mL oxLDL before gene expression analysis of 
Nfkb, Il1a, and Tnfa. G, Cell viability of peritoneal macrophages transfected with control ASO or RIPK1 ASO and treated with oxLDL, oxLDL+zVAD, TNFα+zVAD, 
lipopolysaccharide+zVAD. For E through G, *P<0.05, **P<0.01, and ***P<0.001 by 2-way ANOVA and Sidak multiple comparisons test. ASO indicates antisense 
oligonucleotide; cont, control; ns, not significant; oxLDL, oxidized low-density lipoprotein; RIPK1, receptor-interacting serine/threonine-protein kinase 1; TNFα, 
tumor necrosis factor α; and zVAD, pan-caspase inhibitor z-Vad-fmk.
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(Figure 3A). We were then interested in whether athero-
genic inflammatory activation of NF-κB was also inhib-
ited by RIPK1 knockdown; therefore, we fed Apoe–/–/
NF-κB reporter mice a Western diet (0.2% cholesterol) 
for 4 weeks to induce hypercholesterolemia and foam 
cell formation in peritoneal macrophages before deliv-
ery of control or RIPK1 ASOs. Peritoneal macrophages 
isolated from Western diet–fed mice had a 1.7-fold in-
crease in NF-κB activity in comparison with chow diet–
fed mice (Figure 3B).RIPK1 antisense-transfected in vivo 
peritoneal macrophages isolated from both chow-fed 
and Western diet–fed mice had a marked reduction in 
NF-κB luciferase activity (Figure  3B), suggesting that 
both basal inflammatory and diet-induced inflamma-
tory responses were attenuated by RIPK1 knockdown. 
Recent studies have shown that NF-κB activation induc-
es gene regulation that drives NLRP3 inflammasome–
dependent IL-1β and –independent IL-1α secretion 
from macrophages.4 To investigate the role of RIPK1 in 
regulating macrophage IL-1 secretion, peritoneal mac-
rophages transfected with control or RIPK1 antisense 
were primed with either LPS or TNFα before stimulation 
with oxLDL. In comparison with control cells, RIPK1 si-
lencing in macrophages led to a reduction in secreted 
IL-1α in both LPS- and TNFα-primed macrophages (by 

≈40% and 56%, respectively; Figure 3C, Figure IIA in 
the Data Supplement). There was also decreased IL-
1β secretion in macrophages with RIPK1 antisense in 
LPS+oxLDL–stimulated cells (Figure 3D). IL-1β was not 
detected in TNFα+oxLDL–treated supernatants (data 
not shown). Together, these data suggest that RIPK1 
expression downstream of atherogenic and proinflam-
matory stimuli drives NF-κB–dependent proinflamma-
tory IL-1α and IL-1β secretion from inflammatory mac-
rophages.

Knockdown of Endothelial RIPK1 
Ameliorates TNFα-Induced Inflammation
NF-κB activation in endothelial cells (ECs) is critical for 
the initiation of the inflammatory response and induces 
the expression of adhesion molecules and inflamma-
tory cytokines, among others. Because we observed a 
significant downregulation of NF-κB on reduction of 
RIPK1 in macrophages, we sought to examine the im-
pact of RIPK1 silencing on the endothelial inflammatory 
response. Treatment of HUVECs with TNFα for 24 hours 
induced the expression of IL1B in control ECs, but this 
response was reduced ≈85% when RIPK1 was silenced 
(Figure 4A). A similar response was observed for E-selectin 

Figure 3. RIPK1 ASO markedly inhibits NF-κB activation in response to inflammatory stimuli in vivo.
A, Peritoneal macrophages were elicited in male and female ApoE (apolipoprotein E)-NF-κB reporter mice (n=6/group) with intraperitoneal injection of thioglycol-
late and, at day 3, the mice were administered 50 mg/kg control or RIPK1 ASO intraperitoneal injection. On day 5, the mice were subjected to intraperitoneal 
injection of 200 ng of LPS for 1.5 hours before the isolation of macrophages. B, Eight-week-old male mice (n=3/group) were subjected to a Western diet for 4 
weeks before eliciting peritoneal macrophages and administration of RIPK1 ASOs as described in A. C and D, Wild-type peritoneal macrophages treated with 50 
mg/kg control or RIPK1 ASO were primed with 200 ng/mL LPS or 50 ng/mL TNFα and treated with 50 μg/mL oxLDL for 18 hours in vitro. Secreted IL-1α (C) and 
IL-1β (D) were measured using ELISA. *P<0.05, **P<0.01, and ****P<0.001 by 2-way ANOVA and Sidak multiple comparisons test. ASO indicates antisense oli-
gonucleotide; IL, interleukin; LPS, lipopolysaccharide; n.d., not detected; NF-κB, nuclear factor κ-light-chain-enhancer of activated B cells; NT, no treatment; oxLDL, 
oxidized low-density lipoprotein; RIPK1, receptor-interacting serine/threonine-protein kinase 1; and TNFα, tumor necrosis factor α.
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Figure 4. RIPK1 knockdown in endothelial cells reduces inflammatory gene expression and monocyte adhesion.
A through C, Human umbilical vein endothelial cells were transduced with lentiviral shRNA against RIPK1 (or mock control) and treated with TNFα for 24 hours before 
gene expression analysis (A and B) and immunofluorescence of ICAM-1 (red), p65 NF-κB subunit (green), F-actin (white), and DAPI (blue) (C); n=3 per treatment, 
experiments performed in triplicate; ***P<0.001 versus cont shRNA through 1-way ANOVA with the Tukey multiple comparisons test. D, THP-1 monocytes were 
labeled with calcein fluorescent dye (green) and incubated on top of a monolayer of human umbilical vein endothelial cells (transduced and treated TNFα for 24 hours 
as mentioned) for 30 minutes at 37 °C. Cells were washed extensively before visualization by microscopy and quantification by plate reader. ***P<0.001 versus cont 
shRNA by the Student t test. Cont indicates control; DAPI, 4′,6-diamidino-2-phenylindole; ICAM-1, intercellular adhesion molecule 1; NF-κB, nuclear factor κ-light-
chain-enhancer of activated B cells; RIPK1, receptor-interacting serine/threonine-protein kinase 1; shRNA, short hairpin RNA; and TNFα, tumor necrosis factor α.

D
ow

nloaded from
 http://ahajournals.org by on N

ovem
ber 11, 2022



Karunakaran et al RIPK1 Drives Inflammation in Atherosclerosis

January 12, 2021 Circulation. 2021;143:163–177. DOI: 10.1161/CIRCULATIONAHA.118.038379172

OR
IG

IN
AL

 R
ES

EA
RC

H 
AR

TI
CL

E

(SELE), where RIPK1 knockdown reduced TNFα-induced 
E-selectin expression by ≈95% (Figure 4B). Both the ex-
pression of intercellular adhesion molecule 1 and the 
nuclear translocation of the p65 subunit of NF-κB were 
induced on TNFα treatment, and RIPK1 knockdown 
blunted these responses (Figure  4C). To determine if 
knocking down RIPK1 functionally altered the EC inflam-
matory phenotype, monocytes were incubated with ECs 
after stimulation with TNFα. In comparison with controls, 
silencing of RIPK1 led to a decrease in monocyte adhe-
sion to the endothelial monolayer (Figure 4D). Because 
complete loss of RIPK1 can lead to spontaneous cell 
death, we tested whether ECs with RIPK1 knockdown 
were more susceptible to cell death in response to TNFα. 
We saw no difference in cell death between control and 
RIPK1-silenced cells (Figure IIB in the Data Supplement). 
Together, the data suggest that, in addition to macro-
phages, RIPK1 plays a role in the activation of NF-κB in 
response to inflammatory stimuli in vascular ECs.

Therapeutic Knockdown of RIPK1 
Protects Against Early Atherosclerosis
Given our observation that RIPK1 expression is expressed 
in early lesions in both humans and mice and that RIPK1 
promotes NF-κB inflammation in response to atherogen-
ic and inflammatory ligands in vitro, we postulated that 
RIPK1 inhibition during lesion initiation would reduce 
atherosclerotic lesion size. To test this, we administered a 
control or RIPK1 ASO to male and female Apoe–/– mice 
fed a Western diet for 8 weeks (Figure 4). Using antibod-
ies that recognize the 2′-fluoromethoxyethyl modifica-
tion on the oligonucleotides, we confirmed that ASOs 
were delivered to the atherosclerotic lesions and demon-
strated RIPK1 knockdown in both the intimal lesion and 
endothelial layer (Figure IIIA in the Data Supplement). 
Assessment of the en face lesion area in ascending 
and descending aorta revealed that RIPK1 ASO signifi-
cantly reduced lesion development in comparison with 
control ASO-treated mice (58.8% in comparison with 
control ASO-treated mice (Figure 5A). Furthermore, ex-
amination of aortic root lesions demonstrated that RIPK1 
ASO-treated mice had a 47% reduction in lesion area in 
comparison with control ASO (Figure 5B). Using a sec-
ond ASO directed against RIPK1 with a unique sequence 
(RIPK1 ASO-B), we also observed significant changes in 
aortic en face and sinus lesion area (Figure IIIB and IIIC 
in the Data Supplement). There was no difference in 
the en face aortic and aortic sinus lesion area between 
untreated (no treatment) and control ASO-treated mice 
(Figure IIID in the Data Supplement). There was no sig-
nificant difference in total plasma cholesterol and body 
weight (Figure IVA and IVB in the Data Supplement). In 
addition, the administration of these ASOs in vivo was 
not toxic as reflected by the lack of differences in circu-
lating liver enzymes, ALT (alanine aminotransferase) and 

AST (aspartate aminotransferase), between no treat-
ment, control ASO-treated, and RIPK1 ASO-treated mice 
(Figure IVC in the Data Supplement), and we observed a 
significant decrease in Nfkb1 expression in the livers of 
RIPK1 ASO-treated mice (Figure 5C). To evaluate the sys-
temic inflammatory profile of these mice, we measured 
the levels of circulating cytokines in the serum, and find 
a reduction in the proinflammatory cytokines, IL-1α, IL-
3, IL-5, IL-5, IL-12(p70), IL-17A, eotaxin, and GM-CSF 
(Figure 5D), whereas other proinflammatory cytokines, 
including IL-1β and TNFα, remained unchanged (Figure 
IVD in the Data Supplement). We assessed lesion compo-
sition by immunostaining markers of macrophages (Mac-
2) and SMCs (α-smooth muscle actin) within aortic sinus 
lesions. Consistent with a reduction in atherosclerotic 
progression, we detected a reduction in macrophage 
area by 36.92% (RIPK1 ASO, P<0.01) and SMC area by 
66.5% (P<0.001; Figure 5E). Last, we observed a reduc-
tion in IL-1α staining in aortic root lesions of mice admin-
istered RIPK1-ASO (Figure 5F), which is consistent with 
the decreased inflammation observed in these mice. To-
gether, these data demonstrate that therapeutic silenc-
ing of RIPK1 during atherosclerotic progression induced 
by a Western diet is dramatically reduced by directly in-
hibiting NF-κB inflammatory signaling and the secretion 
of proinflammatory cytokines in the serum.

DISCUSSION
In this study, we find that RIPK1 gene expression is 
high in early-stage atherosclerotic lesions in mice and 
humans and is upregulated in proinflammatory macro-
phages in vitro. In vitro and in vivo, knockdown of RIPK1 
in macrophages and ECs reduces inflammatory gene 
expression in TNFα-stimulated conditions and inhibits 
NF-κB activity. In macrophages, loss of RIPK1 reduces 
the secretion of proinflammatory cytokines, IL-1α and 
IL-1β. In the Apoe–/– mouse model of atherosclerosis, 
which develops large foam cell–rich inflammatory le-
sions with high-cholesterol diet feeding, systemic RIPK1 
knockdown markedly reduces atherosclerotic lesions, 
with no effect on plasma cholesterol or body weight. 
Furthermore, both liver inflammatory gene expression 
and circulating serum inflammatory cytokines are also 
reduced in RIPK1 ASO-treated mice. Together, our study 
places RIPK1 at the center of inflammatory signaling 
during atherosclerosis development (Figure 6).

RIPK1 sits downstream of inflammatory receptors in 
a complex that coordinates cell survival, cell death, and 
activation of NF-κB. If the TNFR1 is engaged by TNFα, a 
membrane-bound complex forms, promoting the modi-
fication of RIPK1 by linear K63-ubiquitination, allowing 
the recruitment of TAK1 (transforming growth factor-
β-activated kinase 1) and stabilization of IKKα/IKKβ, 
degradation of IκBα, and the release and activation of 
MAPK (mitogen-activated protein kinase) and NF-κB.18 
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Prosurvival factors, such as MK2, that are produced by 
activation of MAPK and NF-κB offset the death receptor 
signaling through TNFR1 largely because of inactivating 
the phosphorylation activity of RIPK1, thereby prevent-
ing its engagement of the apoptosis and necroptosis 
pathways.40–42 The germline deletion of RIPK1 results in 
early postnatal lethality, which has hampered the ability 
to study its role in animal models of advanced or chronic 
disease. Cell-specific deletion of RIPK1 using Cre recom-
binase and floxed Ripk1 alleles has revealed that the com-
plete absence of RIPK1 results in cell death of hemato-
poietic and progenitor cells, and the intestinal epithelium 
and keratinocytes, as well.43–46 Humans with mutations 
in RIPK1 have severe inflammatory disorders attributable 
to the hyperactivation of RIPK3 and necroptosis.47–49 Al-
though the full spectrum of RIPK1 functions under differ-
ent conditions is still unclear, it appears as though RIPK1 
acts as a scaffold that, during normal development and 

at steady state, restricts the inappropriate activation of 
RIPK3 and inflammatory cell death and enables survival, 
MAPK and NF-κB signaling. It is surprising that knocking 
down RIPK1 does not promote spontaneous cell death, 
nor does it impact the ability of macrophages to undergo 
necroptosis in response to atherogenic or necroptotic li-
gands. This implies that, when minimal levels of RIPK1 are 
maintained, RIPK1 expression favors the activation of the 
NF-κB pathway in response to atherogenic ligands. This 
is similar to what is observed using short hairpin RNA to 
RIPK1 in breast cancer cells, where knockdown of RIPK1 
can promote autophagy and cell survival under nutrient-
depleted conditions, whereas the complete absence of 
RIPK1 gene sensitizes cells to cell death.50,51 Thus, under 
chronic atherogenic proinflammatory conditions, RIPK1 
expression can be reduced to abrogate excessive activa-
tion of NF-κB, while maintained at sufficient levels to pre-
vent excessive cell death and further tissue inflammation.

Figure 5. RIPK1 ASO reduces atherosclerotic lesion development in Apoe–/– mice.
Apoe–/– mice were fed a Western diet for 8 weeks and simultaneously treated with control ASO or RIPK1 ASO. A and B, Quantification of atherosclerotic lesion 
area. En face lesion area, as a percentage of total area of the aorta, in the aortic arch and descending aorta (A) and aortic sinus lesion area across the entire aortic 
root from H&E-stained sections (B); n=9 to 12 mice per group, *P≤0.05, Student t test. C, Gene expression of Ripk1 and Nfkb1 in the liver of treated mice. D, 
Circulating cytokine levels in the plasma of cont ASO- and RIPK1 ASO-treated mice as determined by the Bioplex Mouse Cytokine Array at the end of the 8-week 
study; n=9 to 12 mice per treatment group. *P≤0.05, Student t test. E, Macrophage (Mac2, green) and SMC (α-smooth muscle actin [αSMA], red) area was quan-
tified in aortic sinus sections from cont ASO- and RIPK1 ASO-treated mice; n=9 to 12 mice per group, *P≤0.05, Student t test. F, Immunofluorescent staining for 
IL-1α in lesions from cont ASO- and RIPK1 ASO-treated mice; n=6 mice per group, *P≤0.05, Mann-Whitney U test. ASO indicates antisense oligonucleotide; cont, 
control; DAPI, 4′,6-diamidino-2-phenylindole; GM-CSF, granulocyte-macrophage colony-stimulating factor; H&E, hematoxylin and eosin; IL, interleukin; RIPK1, 
receptor-interacting serine/threonine-protein kinase 1; and SMC, smooth muscle cell.
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The importance of RIPK3-mediated necroptosis in 
the atherosclerotic plaque has recently been elucidated, 
where genetic deletion of Ripk3 reduced advanced ath-
erosclerotic lesions and necrotic core area in both Apoe–/– 
and Ldlr–/– mice.23 In the same way, inhibition of RIPK1-
mediated necroptosis by the pharmacological inhibitor 
Necrostatin-1s reduced lesion complexity and necrotic 
core area in Apoe–/– mice with established atheroscle-
rosis.10 Together, these data implicate RIPK3-mediated 
necroptosis in necrotic core formation in advanced, es-
tablished atherosclerosis. This is in contrast to the role of 
RIPK2, a related but distinct RIP kinase involved in host 
defense,52–54 where Ripk2 deletion exacerbates athero-
sclerotic lesion development.52 In contrast to the other 

members of the RIP kinase family, the role for RIPK1 in 
initiating atherosclerosis was unknown. In this study, we 
find robust RIPK1 gene expression within early athero-
sclerotic lesions in both mice and humans, where it corre-
lates strongly with other metrics of inflammation, namely 
IKK and TNFα. In other words, lesional RIPK1 expression 
is high when inflammation is most active in promoting 
lesion formation. This is distinct from what is observed 
for phosphorylated MLKL, an effector of necroptotic cell 
death, that we found was uniquely expressed in large, 
advanced atherosclerotic plaques in humans and virtu-
ally absent in smaller, less complex lesions.10 Others have 
shown that TNFα expression and activity is also highest 
in early atherosclerotic lesions.55 For these reasons, we 

Figure 6. RIPK1 drives NF-κB–dependent activation and cytokine secretion from within atherosclerotic lesions.
In early atherosclerosis, inflammatory stimuli such as TNFα or oxLDL stimulate RIPK1 gene expression. In vascular endothelial cells, activation through TNFα induces 
adhesion proteins ICAM and E-selectin, which recruits monocytes into the vascular intima. Loss of RIPK1 reduces NF-κB activation, expression of cytokines and ad-
hesion molecules, to reduce monocyte recruitment. In lesional macrophages, loss of RIPK1 reduces NF-κB signaling and IL-1α and IL-1β production and secretion. 
Together, reduced RIPK1 results in reduced atherosclerotic lesion progression. ICAM-1 indicates intercellular adhesion molecule 1; IL, interleukin; NEMO, NF-kappa-
B essential modulator; NF-κB, nuclear factor κ-light-chain-enhancer of activated B cells; oxLDL, oxidized low-density lipoprotein; RIPK1, receptor-interacting serine/
threonine-protein kinase 1; TNFR1, tumor necrosis factor receptor 1; and TNFα, tumor necrosis factor α.
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delivered antisense inhibitors targeting RIPK1 to mice 
during the initiation phases of lesion formation, when we 
predicted RIPK1 would be at its highest level. Similar to 
TNFα and RIPK1 expression, NF-κB expression has been 
linked to early events in the initiation of atherosclerosis, 
where it is expressed in SMCs and macrophages and is 
elevated in ECs in atherosclerosis-prone regions.56–58 Un-
like in ECs,59 the complete loss of NF-κB activity in mac-
rophages does not reduce atherosclerosis and, in fact, 
promotes necrotic core expansion attributable to mas-
sive cell death of macrophages.60 This implies that, not 
unlike RIPK1, basal levels of NF-κB are required to restrict 
uncontrolled cell death. In contrast, studies that use spe-
cific NF-κB inhibitors find that turning down NF-κB, but 
not completely inactivating it, reduces inflammatory le-
sions and protects against atherosclerosis.61,62 Our data 
agree with the notion that activation of the RIPK1-NF-κB 
axis early in lesion formation is a key driver of athero-
genesis, in particular, in ECs, but that the basal activity 
of this pathway is necessary to avoid uncontrolled cell 
death and necrosis within lesions. Although we did not 
investigate the cell-specific roles for RIPK1 in driving ath-
erogenesis, we speculate that RIPK1 knockdown could 
beneficially impact atherosclerosis development through 
both lesional macrophages and vascular ECs, because 
both of these cell types are targeted by the ASOs used 
in this study. However, because complete loss of RIPK1 
in barrier tissues leads to unrestricted cell death and ex-
acerbates inflammation, the contribution of endothelial 
versus macrophage RIPK1 to atherosclerosis remains to 
be investigated.45,46

The concept of therapeutic targeting of inflammation 
to reduce cardiovascular disease risk has now been vali-
dated with the recent results of the CANTOS trial, where 
an IL-1β blocking antibody reduced adverse cardiovas-
cular events by 15% in patients with low circulating LDL 
cholesterol.15 Likewise, the COLCOT trial showed a sig-
nificant reduction with the anti-inflammatory compound 
colchicine in patients that had a previous myocardial 
infarction.16 This indicates that, even with appropriate 
cholesterol management, inflammatory pathways persist 
and can be blocked to further prevent disease progres-
sion. However, blocking IL-1β led to a significant increase 
in lethal infections, likely because of the important role 
IL-1β plays in the host response to pathogens. We found 
reduced macrophage secretion of IL-1α and IL-1β with 
RIPK1 ASO treatment. Both IL-1β and IL-1α, which are 
downstream of NF-κB activation, directly contribute to 
atherosclerotic lesion formation in mice,5 and we find 
that levels of IL-1α are decreased on RIPK1 inhibition in 
both the serum and the lesion. Although the matura-
tion of pro-IL-1β is dependent on NLRP3 inflammasome 
activation and caspase-1 activity,4 IL-1α activation can be 
independent of these processes.5We have consistently 
shown that the inhibition or deletion of RIPK3, down-
stream of RIPK1, in advanced atherosclerotic plaques 

does not affect circulating IL-1β yet reduces advanced 
lesion development.10,37 Moreover, recent studies have 
revealed a role for IL-1β in the stabilization of athero-
sclerotic plaques by activation of SMC responses, further 
calling into question the need to develop alternative anti-
inflammatory therapies without complete abrogation of 
IL-1β activity.63 Because RIPK1 expression is elevated di-
rectly in the plaque in both mice and humans, and anti-
sense approaches like those used in our study can target 
lesion burden without systemic changes in IL-1β, we ar-
gue that targeting RIPK1 may be better suited to reduce 
inflammation in the atherosclerotic plaque while leaving 
host innate immune defenses intact.

In summary, we find that RIPK1 expression is high in 
plaques that can be classified as early and less advanced, 
likely when inflammatory indices are also elevated. In 
vitro, proinflammatory M1 macrophages express higher 
levels of RIPK1 than both M0 and M2, and, as such, 
reducing RIPK1 gene expression leads to a reduction in 
NF-κB gene activation and secretion of IL-1α in vivo, 
which is a key driver of atherosclerosis. In Apoe–/– mice 
fed a high cholesterol diet for 8 weeks, RIPK1 ASOs 
reduced lesion progression and macrophage accumula-
tion in comparison with control mice. Together these 
data implicate RIPK1 as a hub of inflammatory gene 
activation directly in the atherosclerotic plaque and a 
potentially important future therapeutic target for re-
sidual inflammatory risk in patients with high risk of de-
veloping coronary and other vascular diseases.
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