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Apolipoprotein A1 Protects Against Necrotic  
Core Development in Atherosclerotic Plaques: 
PDZK1-Dependent High-Density Lipoprotein 
Suppression of Necroptosis in Macrophages
George E.G. Kluck , Alexander S. Qian, Emmanuel H. Sakarya, Henry Quach, Yak D. Deng, Bernardo L. Trigatti

BACKGROUND: Atherosclerosis is a chronic disease affecting artery wall and a major contributor to cardiovascular diseases. 
Large necrotic cores increase risk of plaque rupture leading to thrombus formation. Necrotic cores are rich in debris from dead 
macrophages. Programmed necrosis (necroptosis) contributes to necrotic core formation. HDL (high-density lipoprotein) 
exerts direct atheroprotective effects on different cells within atherosclerotic plaques. Some of these depend on the SR-B1 
(scavenger receptor class B type I) and the adapter protein PDZK1 (postsynaptic density protein/Drosophila disc-large 
protein/Zonula occludens protein containing 1). However, a role for HDL in protecting against necroptosis and necrotic core 
formation in atherosclerosis is not completely understood.

METHODS: Low-density lipoprotein receptor–deficient mice engineered to express different amounts of ApoA1 (apolipoprotein 
A1), or to lack PDZK1 were fed a high fat diet for 10 weeks. Atherosclerotic plaque areas, necrotic cores, and key necroptosis 
mediators, RIPK3 (receptor interacting protein kinase 3), and MLKL (mixed lineage kinase domain-like protein) were 
characterized. Cultured macrophages were treated with HDL to determine its effects, as well as the roles of SR-B1, PDZK1, 
and the PI3K (phosphoinositide 3-kinase) signaling pathway on necroptotic cell death.

RESULTS: Genetic overexpression reduced, and ApoA1 knockout increased necrotic core formation and RIPK3 and MLKL 
within atherosclerotic plaques. Macrophages were protected against necroptosis by HDL and this protection required SR-
B1, PDZK1, and PI3K/Akt pathway. PDZK1 knockout increased atherosclerosis in LDLRKO mice, increasing necrotic cores 
and phospho-MLKL; both of which were reversed by restoring PDZK1 in BM-derived cells.

CONCLUSIONS: Our findings demonstrate that HDL in vitro and ApoA1, in vivo, protect against necroptosis in macrophages and 
necrotic core formation in atherosclerosis, suggesting a pathway that could be a target for the treatment of atherosclerosis.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Cardiovascular disease is a leading cause of death 
globally.1 Atherosclerosis is a chronic inflamma-
tory disease that affects the walls of arteries 

and represents a major cause of cardiovascular dis-
ease.2 Atherosclerosis is driven by the retention of 

cholesterol-rich lipoproteins, such as LDL (low-density 
lipoprotein), in the arterial subendothelial space, fol-
lowed by their oxidation to form oxidized LDL (oxLDL), 
and their uptake by phagocytic cells such as macro-
phages to form lipid engorged foam cells. Advanced 
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atherosclerotic plaques are characterized by the pres-
ence of large necrotic cores infiltrated by macro-
phages and surrounded by fibrotic tissue.3–5 Necrotic 
cores are composed of cell debris including extracel-
lular lipid and appear to be the result of cell death of 
macrophages and foam cells.6 Although atherosclero-
sis is asymptomatic during its initial stages, advanced 
atherosclerotic plaques with large necrotic cores are 
prone to rupture, leading to thrombosis and subse-
quent myocardial infarction or stroke.7,8

The accumulation of excess cholesterol and oxidized 
lipids as a result of the uptake of oxLDL by macro-
phages is cytotoxic due to the induction of endoplas-
mic reticulum and oxidative stress, respectively.6 These 
processes are known to lead to apoptosis induction in 
macrophages, and its contribution to cell death in ath-
erosclerotic plaques has been the subject of intense 
investigation (reviewed in study by Gonzalez and 
Trigatti9). The significance of macrophage apoptosis 

on atherosclerotic plaque and necrotic core develop-
ment may be dependent on the stage of atheroscle-
rosis progress: at early stages, when mechanisms for 
efferocytosis (the clearance of apoptotic corpses) are 
intact, macrophage and foam cell apoptosis may play 
a role in limiting the growth of atherosclerotic plaques; 
on the other hand, at later stages of plaque evolution, 
in advanced atherosclerotic plaques, efferocytosis 
becomes impaired leading to persistence of apoptotic 
cell corpses and the accumulation of cell debris con-
tributing to the formation of large lesions and necrotic 
cores.6,10–12

An alternative form of programmed cell death, called 
necroptosis (or programmed necrosis), has also been 
implicated in necrotic core formation.13,14 Necroptosis 
is regulated by RIPK1 (receptor-interacting protein 
kinase 1) and RIPK3 (receptor-interacting protein 
kinase 3) and involves the phosphorylation of the 
MLKL (mixed lineage kinase domain-like) protein. 
Once phosphorylated, MLKL oligomerizes and forms 
pores that disrupt the plasma membrane, resulting in 
necrotic cell death, characterized by cell swelling and 
rupture and release of cellular proteins that act as 
danger-associated molecular pattern molecules.15–19 
Several studies show that normal macrophages are 
susceptible to necroptosis, whereas RIPK3−/− mac-
rophages are protected.14,20–22 Unlike apoptotic cells, 
which display “eat me” signals such as phosphatidyl-
serine on their cell surface, promoting their clearance 
by efferocytes, necroptotic cells either devoid of such 
signals, or display “don’t eat me” signals such as CD47, 
and are therefore not effectively cleared.6,23,24 Thus, 
necroptotic corpses persist, releasing danger-associ-
ated molecular patterns and contributing to ongoing 
inflammation and necrotic core development within 

Nonstandard Abbreviations and Acronyms

ApoA1 apolipoprotein A1
bpV-pic bisperoxovanadium (PTEN inhibitor)
CETP cholesteryl ester transfer protein
HDL high-density lipoprotein
HFD high-fat diet
h-oxLDL highly-oxidized low-density lipoprotein
IKKα/β  inhibitor of nuclear factor kappa-β kinase 

subunit alpha and beta
IPPK inositol pentakisphosphate 2-kinase
LDL low-density lipoprotein
LDLR low-density lipoprotein receptor
MK2 MAPK-activated protein kinase 2
MLKL mixed lineage kinase domain-like protein
MPM mouse peritoneal macrophage
PDPK1  phosphoinositide-dependent protein 

kinase 1 
PDZK1  postsynaptic density protein/Drosophila 

disc-large protein/Zonula occludens 
protein containing 1

PI3K phosphoinositide 3-kinase
PTEN phosphatase and tensin homolog
RIPK3 receptor interacting protein kinase 3
RIPK1 receptor interacting protein kinase 1
SR-B1 scavenger receptor class B type I
TAK1  transforming growth factor beta-acti-

vated kinase 1
TBK1 TANK-binding kinase 1
TNFα tumor necrosis factor alpha
ZVAD  carbobenzoxy-valyl-alanyl-aspartyl-[O-

methyl]-fluoromethylketone

Highlights

• Genetic overexpression or knockout of ApoA1 
(apolipoprotein A1) has opposite effects on 
necrotic core development and activation of 
key necroptotic enzymes within atherosclerotic 
plaques in mice.

• HDL (high-density lipoprotein) protection against 
necroptosis requires cell signaling involving the 
receptor SR-B1 (scavenger receptor class B type 
1), the adapter protein PDZK1 (postsynaptic den-
sity protein/Drosophila disc-large protein/Zonula 
occludens protein containing 1), and activation of 
the PI3K/Akt pathway.

• Restoring PDZK1 in bone marrow–derived cells 
decreases atherosclerotic plaque and necrotic core 
sizes, and phosphorylation levels of key enzymes 
involved in necroptosis.
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atherosclerotic plaques potentially at all stages of 
plaque enlargement.14

HDLs (high-density lipoproteins) are associated 
with reduced risk of atherosclerotic cardiovascular dis-
ease.25–34 Mechanistic studies in animal models have 
demonstrated that increasing HDL concentrations 
inhibit, while lowering HDL promotes atherosclerosis. 
For example, overexpression of HDL’s main apolipo-
protein, apolipoprotein (Apo) A1, as well as intravenous 
HDL infusions, have both been shown to suppress 
atherosclerotic development in rodents.35–42 On the 
other hand, the targeted inactivation of ApoA1 (apo-
lipoprotein A1), or the overexpression of CETP (cho-
lesteryl ester transfer protein), both of which reduces 
HDL levels in mice, result in increased atherosclerosis 
development.43–46 HDL has long been known to medi-
ate reverse cholesterol transport: that is the transport 
of excess cholesterol from cells, such as macrophage 
foam cells in the artery wall, to the liver for biliary excre-
tion or recycling into newly secreted lipoproteins.47,48 
This process is thought to counteract the accumulation 
of cholesterol in foam cells in the artery wall, protecting 
against atherosclerosis development. Recent findings 
have shown that compromising HDL function, such as 
through modification with reactive aldehydes, can impair 
some of the atheroprotective functions of HDL in mac-
rophages,49 as well as impair the cholesterol transport 
function of HDL via its high-affinity receptor SR-B1 
(scavenger receptor class B type I).50 Interestingly, 
increasing evidence demonstrates that HDL can acti-
vate cell signaling pathways in vascular cells, trigger-
ing potentially atheroprotective responses,51–55 such as 
protecting macrophages and other cells in culture from 
apoptosis.53,56 However, a direct role for HDL in protec-
tion against macrophage necroptosis and necrotic core 
formation has not yet been explored.

We have previously reported that HDL-mediated 
protection of macrophages against apoptosis induced 
by a variety of stressors requires PDZK1 (postsynap-
tic density protein/drosophila disc-large protein/zonula 
occludens protein containing 1).56,57 PDZK1 is a cyto-
plasmic adaptor protein that binds to PDZ-interacting 
motifs in the cytosolic domains of a variety of cell sur-
face proteins, including the HDL receptor, SR-B1.58 In 
hepatocytes, and to some extent in intestinal epithelial 
cells, the interaction of PDZK1 with SR-B1 stabilizes 
SR-B1 against degradation.58–60 In other cell types, 
such as macrophages and endothelial cells, PDZK1 is 
not required for stabilization of SR-B1 against degrada-
tion, and knockout of PDZK1 does not affect SR-B1 
protein levels.53,59,61,62 In these cell types, knockout of 
PDZK1 impairs HDL’s ability to mediate SR-B1-depen-
dent activation of PI3K (phosphoinositide 3-kinase)/
Akt signaling, required to trigger cell migration and 
protection against apoptosis.53,56,57,62 However, whether 
HDL also protects macrophages against necroptosis 

through a PDZK1-mediated signaling pathway and the 
consequences of this on necrotic core development in 
vivo have not been investigated.

In this study, we examined the effects of manipulating 
HDL levels by either ApoA1 knockout or overexpression 
of human ApoA1 on high fat diet (HFD)-induced athero-
sclerosis and necrotic core development in low-density 
lipoprotein receptor KO mice. In addition, we sought to 
determine whether HDL protects macrophages against 
necroptosis and to elucidate the molecular mechanism 
involved in this process, including the role of PDZK1, 
in both cultured macrophages and atherogenic mouse 
models.

MATERIALS AND METHODS
The authors declare that all supporting data are available within 
the article (and its Supplemental Material).

Mice
All animal procedures were approved by McMaster University’s 
Animal Research Ethics Board in accordance with Canadian 
Council on Animal Care guidelines. C57BL/6J, 129S1/
SvImJ (B6129SF2/J), B6;129S6-Pdzk1tm1Dls/J (PDZK1KO/

KO), B6.129P2-Apoa1tm1Unc/J (ApoA1KO/KO), C57BL/6-Tg 
(APOA1)1Rub/J (hApoA1TG/TG), B6.129S7-Ldlrtm1Her/J 
(LDLRKO/KO), and B6;129S-Scarb1tm1.1Okoch/J 
(SR-B1deltaCT/deltaCT) were originally purchased from the Jackson 
Laboratory (Bar Harbor, ME, United States). SR-B1KO/KO mice 
were originally provided by Monty Krieger (Massachusetts 
Institute of Technology, Cambridge MA, USA) and were back-
crossed >10 generations onto a C57BL/6J background at 
McMaster University. All mice were maintained as breeding 
colonies in the David Braley Research Institute Animal Facility 
at McMaster University. Mice were housed in ventilated cages 
with automatic watering and had free access to standard 
laboratory diet (Teklad 18% protein diet, Harlan Laboratories, 
Mississauga, ON, Canada, CAT#2918-032222M). SR-B1KO/KO 
mice were maintained by feeding homozygous breeders with a 
0.5% probucol in RMH3000 base diet (Purina Lab Diets, dis-
tributed by Ren`s Pets, Burlington, ON, Canada, CAT#106258) 
and weaning the pups onto non-medicated diet. Compound 
mutant (hApoA1TG/TGLDLRKO/KO, ApoA1KO/KOLDLRKO/KO, and 
PDZK1KO/KOLDLRKO/KO) lines were generated by crossing 
the corresponding single KO or TG mice to homozygosity. 
Genotyping was carried out by PCR of tail biopsy derived DNA 
(see the Major Resources Table in the Supplemental Material 
for primer sequences). Mice with malocclusion, hydrocepha-
lus, and/or poor body condition were excluded from enrolment 
into experiments. Mice that died or had to be humanely eutha-
nized prior to the experimental endpoint (<5% of mice) were 
excluded from analyses. All mice that reached experimental 
endpoint were included in the analyses.

Sample Size Calculations
Sample size calculation was carried out using ClinCalc (Kane 
SP. Statistics. ClinCalc: https://clincalc.com/Statistics. Updated 
May 21, 2016). For an effect size of 40%, with a SD of 20%, 
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alpha of 0.05, and power of 0.95, the calculated sample size 
was n=6 per group.

Bone Marrow Transplantation
Bone marrow (BM) was flushed out of femurs and tibias 
from 10-week-old male and female PDZK1WT/WTLDLRKO/

KO and PDZK1KO/KOLDLRKO/KO mice with Iscove’s Modified 
Dulbecco’s media (Gibco, Thermo Fisher Scientific, Ottawa, 
ON, Canada) containing 2% FBS, and supplemented with 2 
mM L-glutamine, 50 µg/mL penicillin, and 50 U/mL strep-
tomycin as previously described.56,63 Recipient (10-week-old 
male or female) PDZK1KO/KOLDLRKO/KO mice were exposed 
to 933 and 467 cGy of 137Cs irradiation using a Gammacell 
3000 small animal irradiator (Best Theratronics, Ottawa, 
ON, Canada), with a 3-hour interval between the two doses. 
Each pair of potential recipients were randomly put into 2 
“bins,” assigned to receive either PDZK1WT/WTLDLRKO/KO or 
PDZK1KO/KOLDLRKO/KO bone marrow cells (3×106 BM cells 
injected IV within 2 hours after the second irradiation). After 
bone marrow transplantation individual mice were assigned 
codes, mice were allowed to recover for 2 weeks in auto-
claved cages with sterile food and water and hydrating gel. 
After the recovery period, mice were returned to ventilated 
cages with automatic watering and atherosclerosis was 
induced as described below. The experimenter was aware 
of the initial allocation of mice into groups for bone marrow 
transplantation but was blinded to the identities of the mice 
after assignment of codes. All analysis were done using this 
code to avoid bias during analysis and results.

Atherosclerosis Model
For atherosclerosis induction, mice (10 weeks of age or 12 
weeks of age for bone marrow transplantation mice, 25–30 
g) were fed a HFD (21% butter fat and 0.15% cholesterol, 
Dyets, Inc, Bethlehem, PA, USA, CAT#112286) for 10 
weeks. After that, mice were fasted for 4 hours, followed 
by euthanasia (CO2 asphyxiation and cervical dislocation). 
Blood was collected by cardiac puncture using heparinized 
1mL U-100 Insulin Syringe 28G×1/2“ MicroFine Needle 
(BDTM, Mississauga, Canada), and plasma was frozen at 
−80 °C for subsequent analysis. Mice were perfused with 
phosphate buffered saline containing 10 U of heparin/mL, 
and tissues were harvested and fixed in 10% formalin for 48 
hours and then embedded in paraffin. Ten serial cross-sec-
tions (5 µm thicknesses collected at 100 µm intervals along 
the aortic sinuses—covering 500 µm in total) were stained 
with Mayer’s hematoxylin and eosin (H&E). Images were 
captured using a Zeiss Axiovert 200 M inverted microscope 
(Carl Zeiss Canada Ltd, Toronto, ON, Canada). Total plaque 
and necrotic core areas were determined by quantitative 
morphometry using AxioVision 3.1.2.1 software (Carl Zeiss 
Canada Ltd, Toronto, ON, Canada) and quantified as the sum 
of the cross-sectional areas of each H&E-stained athero-
sclerotic plaque in each section. To minimize observer error, 
images were analyzed in a blinded manner. Atherosclerotic 
plaque volumes within the 500 µm distance of the aortic 
sinus were calculated as the area under the curve of cross-
sectional area versus distance along the aortic sinus for 
each mouse.

Plasma Analysis
Enzymatic assay kits were used to measure total cholesterol 
(Thermo Fisher, Ottawa, ON, Canada), unesterified choles-
terol, and HDL-cholesterol (FujiFilm Medical Systems, formerly 
Wako Diagnostics, Richmond, VA) following the manufacturer’s 
instructions. Cholesteryl ester and non-HDL cholesterol values 
were determined by subtraction of unesterified cholesterol or 
HDL-cholesterol (respectively) from total cholesterol.

Immunofluorescence
Immunostaining for Apoa1, Mac-3, phospho-MLKL, and/or 
phospho-RIPK3 was carried out as described below. For paraf-
fin sections of atherosclerotic plaques in the aortic sinus, one 
section per mouse, corresponding to the peak atherosclerotic 
cross-sectional area (see Figures S1H, S1I, S8H, S8I, S9H, S9I) 
was used. Paraffin sections were deparaffinized as described 
by others.64 Deparaffinized sections were incubated with 
sodium citrate buffer (10 mM sodium citrate, 0.05% tween 20, 
pH 6.0) for 40 minutes at 95 °C to unmask antigens and epit-
opes. Then, slides were washed with PBS, two times for 5 min-
utes. Sections were permeabilized with 0.01% Triton X-100 for 
5 minutes at room temperature. Sequential co-immunofluores-
cence staining was performed as described by others.65 Briefly, 
sections were incubated with blocking solution (PBS+5% goat 
serum), followed by incubation with rabbit anti-phospho MLKL 
(1:500) antibody in blocking solution at 4 °C overnight. Then 
slides were washed three times with PBS-T (PBS + 0.01% 
tween 20), followed by labeling with Alexa 594 goat anti-rabbit 
(1:200 in PBS-T). Slides were washed three times and sec-
tions were blocked again for 1 hour at room temperature, fol-
lowed by incubation with rabbit anti-phospho RIPK3 (1:500) 
antibody in blocking solution at 4 °C overnight. Then‚ sections 
were labeled with Alexa 488 goat anti-rabbit (1:200 in PBS-
T). Sections were counterstained for nuclear DNA with 300 
nM 4′,6-diamidino-2-phenylindole (DAPI). Rabbit mAb IgG 
isotype control (Cell Signaling Technology, Whitby, Ontario, 
Canada; 1:500) was used as a negative control. The same pro-
tocol described above was used to stain a subset of samples 
for rabbit anti-Apoa1 (1:100 in 5% goat serum) and rat anti-
Mac-3 (1:100 in 5% goat serum); rabbit anti-phospho-MLKL 
(1:500) and Mac-3; rabbit anti-phospho-RIPK3 (1:500) and 
Mac-3 co-immunostaining. For peritoneal macrophages, cells 
were fixed in 2.5% fresh paraformaldehyde for 20 minutes at 
room temperature, followed by permeabilization with 0.01% 
TritonX-100 for 3 minutes at room temperature. Then, sequen-
tial co-immunofluorescence staining protocol was applied in 
cells. Fluorescent images were captured using a XLAS Stellaris 
5 inverted confocal microscope (Leica Microsystems, Inc, 
Concord, Ontario, Canada). To minimize technical variations, for 
each experiment‚ all samples to be compared were stained and 
imaged at the same time. To minimize observer error, images 
were analyzed in a blinded manner. Slides were labeled with 
a code that did not identify the type of treatment or the geno-
type of mice. For quantification of pRIPK3 or pMLKL staining, 
the area of positive staining (independent of cell types) within 
the cross-section of the atherosclerotic plaque was determined 
using Image J software and was divided by the total area of 
the atherosclerotic plaque cross-section. For quantification 
of pRIPK3 and pMLKL staining in cultured cells, 5 fields of 

https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.122.318062
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view (20× magnification) were captured and total fluorescence 
intensity of the 5 fields was determined using Image J software 
and normalized to the total number of DAPI stained nuclei in 
the five fields of view.

Culture and Treatment of Peritoneal 
Macrophages and THP-1 Cells
Mice were injected intraperitoneally on day 0 with 1 mL of ster-
ile 10% thioglycollate. On day 4, mice were euthanized by CO2 
asphyxiation and cervical dislocation. Mouse peritoneal macro-
phages (MPMs) were collected with ice cold PBS containing 5 
mM EDTA. MPMs were washed once in Dulbecco′s Modified 
Eagle′s Medium (DMEM) containing 20% FBS. Cells were 
plated (1.5×105 cells/well) in 8-well EZ-LINE Chamber Slides 
(Bio Basic, Inc, Markhan, ON, Canada) and cultured in DMEM 
containing 2 mM L-glutamine, 50 U/ml penicillin, and 50 mg/
ml streptomycin with 10% FBS (complete medium I) overnight.

Human monocyte-like THP-1 cells were cultured in Roswell 
Park Memorial Institute (RPMI) medium containing 10% FBS 
supplemented with 2 mM L-glutamine, 50 U/ml penicillin and 
50 mg/ml streptomycin (complete medium II). Cells were regu-
larly passaged at subconfluency (≈8×105 cells/mL), ensuring 
their concentration did not exceed 1×106 cells/mL. THP-1 
monocytes were plated (1.5×105 cells/well) in 8-well EZ-LINE 
Chamber Slides (Bio Basic, Inc, Markhan, ON, Canada) and dif-
ferentiated into macrophages by 48 hour incubation in complete 
medium II supplemented with 10 ng/mL phorbol 12-myristate 
13-acetate (PMA), followed by 24-hour incubation in complete 
medium II without PMA. Before each experiment, complete 
medium I and II were replaced with the corresponding medium 
containing 3% newborn calf lipoprotein–deficient serum,66 2 
mM L-glutamine, 50 U/mL penicillin, and 50 mg/mL strepto-
mycin (lipoprotein-deficient medium) and cultured overnight. At 
the start of each experiment, lipoprotein-deficient medium was 
replaced with fresh lipoprotein-deficient medium.

Cell Death Analysis
MPMs or THP-1 cells were incubated with 50 µg/mL highly-
oxidized LDL (h-oxLDL) or 100 nM TNF (tumor necrosis 
factor)-α plus 50 µM carbobenzoxy-valyl-alanyl-aspartyl-[O-
methyl]-fluoromethylketone (ZVAD), a cell-permeant pan-cas-
pase inhibitor, 50 µg/mL HDL (all lipoprotein concentrations 
reported in µg protein/mL) or 0.3% DMSO as a vehicle for 
24 hours. In other experiments, cells were treated with 10 µM 
LY294002 (PI3K inhibitor; Cell Signaling Technologies, Inc, 
Danvers, MA), 3 µM Akt V (pan-AKT inhibitor; Millipore Canada 
Ltd, Etobicoke, ON, Canada), 100 nM bpV-pic (PTEN inhibitor; 
Sigma-Aldrich Canada Co. Ottawa, ON, Canada), 12.5 to 800 
µM Nec-1s (necroptosis inhibitor; BioVision, Inc, Milpitas, CA). 
All inhibitors were applied to cells 10 minutes prior to other 
treatments. Then‚ cells were stained with 1 µg/mL propidium 
iodide (PI; Sigma-Aldrich Canada Co. Ottawa, ON, Canada), 
washed 3X with ice-cold PBS, fixed with 2.5% fresh parafor-
maldehyde for 20 minutes at room temperature, and counter-
stained with 300 nM DAPI for 5 minutes at room temperature 
to identify nuclei. Images were captured using a Zeiss Axiovert 
200 M inverted fluorescence microscope (Carl Zeiss Canada, 
Ltd, Toronto, ON, Canada). Necrotic nuclei were identified as 
having PI nuclear staining. Necrotic cell numbers were counted 
across 5 fields of view for each well. Percentage ratios of the 

numbers of PI-stained/total nuclei for 5 fields were taken as 
measures of the proportions of necrotic cells per well and were 
averaged across quadruplicate wells. In some experiments, 
lactate dehydrogenase released from cells into the cell cul-
ture medium was used as an alternate measure of cytotoxicity. 
At the end of treatments, cell culture medium was collected, 
subjected to centrifugation to pellet any non-adherent cells/
debris, and released LDH was measured using an LDH assay 
kit (Sigma-Aldrich Canada Co, Ottawa, ON, Canada) follow-
ing the manufacturer’s protocol. For positive control, cells were 
lysed with lysis buffer provided by the kit. After that, cells and 
media were centrifuged, and the supernatant was collected 
and LDH was measured in parallel with other treatments. For 
negative control, the media from untreated cells was collected, 
and centrifuged to pellet any nonadherent cells/debris and 
released LDH was measured.

Immunoblotting Analysis
MPMs were serum starved for 18 hours prior to treatments. 
Cells were lysed on ice-cold RIPA buffer (50 mM Tris-HCl pH 
7.4; 150 mM NaCl; 1% Triton X-100; 1% sodium deoxycholate; 
0.1% SDS; 1 mM EDTA) in the presence of protease inhibitors 
(1 mg/ml pepstatin A; 1 mg/ml leupeptin; 10 mg/ml aprotinin; 
50 mM APMSF). For phospho-protein analyses, 1X PhosSTOP 
phosphatase inhibitor cocktail (Roche, Mannhein, Germany) 
was included. Protein concentrations in supernatants were 
determined (BCA assay, Pierce Biotechnology, Rockford, IL), 
and 50 µg proteins were subjected to SDS-polyacrylamide 
(10%) gel electrophoresis and immunoblotting on Immobilon-P 
polyvinylidene difluoride (PVDF) membranes.67,68 PVDF mem-
branes were blocked (1 hour, room temperature) with 5% 
bovine serum albumin in TBST (20 mM Tris, 150 mM NaCl, 
0.1 % Tween-20), incubated with primary antibodies (4 °C over-
night) and secondary antibodies (1.5 hours at room tempera-
ture) diluted as indicated, with 5 washes in TBST in between. 
Primary antibodies were rabbit anti-phospho-Akt (Ser473) 
mAb (1:500 in 5% BSA), rabbit anti-Akt antibody (1:500 in 
5% BSA), rabbit anti-phospho-TAK1 (Thr184, Thr187) mAb 
(1:500 in 5% BSA), rabbit anti-TAK1 (1:500 in 5% BSA), rabbit 
anti-phospho-TBK1 (Ser 172) pAb (1:500), rabbit anti-TBK1 
(1:500 in 5% BSA), rabbit anti-phospho RIPK3 (Ser 227) mAb 
(1:500 in 5% BSA), rabbit anti-RIPK3 (1:500 in 5% BSA), rab-
bit anti-phospho MLKL (Ser 345) mAb (1:500 in 5% BSA), 
rabbit anti-MLKL (1:500 in 5% BSA). Secondary antibody 
was HRP-goat anti-rabbit IgG (each 1:5000 in blocking solu-
tion). HRP was detected using Pierce ECL Western Blotting 
Substrate (Thermo Fisher Scientific, Ottawa, ON, Canada), and 
a Gel Doc instrument (Bio-Rad Laboratories, Hercules, CA). 
Membranes were stripped and re-probed using HRP-anti-β-
actin (1:5000 in blocking solution, overnight) as a control for 
equal loading.

Real-Time Quantitative Reverse-Transcriptase 
Polymerase Chain Reaction
MPMs were cultured for 48 hours at 37 °C in DMEM supple-
mented with 10% FBS. Total RNA was extracted from cells and 
purified using the RNeasy Mini Kit (Qiagen; cat: 74104) accord-
ing to the manufacturer’s instructions. cDNA was synthesized 
using the Applied Biosystems High-Capacity cDNA Reverse 
Transcription Kit (Fisher Scientific; cat: 4368814) according to 
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the manufacturer’s protocol. One thousand nanograms of total 
RNA was reverse transcribed to cDNA and diluted in ddH2O 
to a final concentration of 5 ng/µL. Gene expression was mea-
sured by real time quantitative reverse-transcriptase polymerase 
chain reaction with a single reaction (final volume=25 µL) 
consisting of 25 ng of cDNA, 0.4 µM forward primer, 0.4 µM 
reverse primer, and 1X SYBR green dye (Invitrogen; cat 11744). 
Gapdh was detected as an internal control. All primers (Major 
Resources Table in the Supplemental Material) were synthesized 
by Invitrogen (Burlington, ON, CA). PCR reactions were loaded 
on an Applied Biosystems™ MicroAmp Fast Optical 96-Well 
Reaction Plate (Fisher Scientific; cat: 4246907) and analysed on 
the StepOnePlus Real Time PCR system and StepOne Software 
v2.2.2 (Applied Biosystems, Foster City, CA). The following PCR 
program was used: holding stage (95 °C for 10 minutes), cycling 
stage (40 cycles: denaturation-95 °C for 15 seconds; anneal-
ing/extension-60 °C for 1 minute), melt curve stage (95 °C for 
15 seconds; 60 °C for 1 minutes to 95 °C for 15 seconds at a 
ramp increment of 0.3 °C). The relative amount of Pdzk1 mRNA 
was calculated using the delta-delta Ct method (2−∆∆Ct), where 
Ct (cycle threshold), is calculated by the StepOne software and 
corresponds to the PCR cycle number where the fluorescence 
signal of the reaction is distinguishable from the baseline signal.

Statistical Analysis
All data were assessed for normality (D’Agostino-Pearson test) 
and equal variance (F test) to determine the appropriateness of 
a subsequent parametric or nonparametric test. For compari-
son of two groups, those data that passed the afore mentioned 
tests were analyzed by the unpaired Student t-test with Welch 
correction. Those that did not pass the tests for normality and 
equal variance (Figure S4) were analyzed by the Mann-Whitney 
rank sum test. Repeated-measures 2-way ANOVA with Tukey 
multiple comparisons test was used for weekly weight analy-
sis (Figure S1, S8, S9A, and S9B). Data from multiple groups 
were analyzed by 1-way or 2-way ANOVA followed by Sidak 
or Tukey multiple comparisons test to evaluate the statistical 
significance for comparisons with 1 or 2 independent variables, 
respectively, using GraphPad Prism (GraphPad Software v.8.0, 
San Diego, CA). Data are presented as mean±SEM, except for 
Figure S4, which data are presented as median and 95% CIs. 
Data were considered statistically significant when P<0.05.

RESULTS
Genetic Overexpression or Knockout of 
ApoA1 Has Opposite Effects on Necrotic Core 
Development Within Atherosclerotic Plaques in 
Mice
To investigate the influence of HDL levels on necrotic core 
development within atherosclerotic plaques, ApoA1KO/

KOLDLRKO/KO, ApoA1WT/WTLDLRKO/KO, and hApoA1TG/

TGLDLRKO/KO mice were fed a HFD for 10 weeks. Body 
weights measured weekly over the course of HFD feed-
ing were similar among the genotypes (Figure S1A and 
S1B). Consistent with previous reports,69–72 ApoA1KO/

KOLDLRKO/KO mice have reduced while hApoA1TG/

TGLDLRKO/KO mice have substantially increased HDL 

cholesterol levels compared to control ApoA1WT/WTLD-
LRKO/KO mice (ApoA1KO/KOLDLRKO/KO; ApoA1WT/WTLD-
LRKO/KO; hApoA1TG/TGLDLRKO/KO males—8.94±4.72 mg/
dL; 20.89±3.82 mg/dL; 36.08±2.72 mg/dL, P<0.0001. 
Females—10.12±1.24 mg/dL; 18.26±2.32 mg/dL; 
33.17±2.16 mg/dL, P<0.0001 by 1-way ANOVA—Fig-
ure S1C). In samples from males, alterations also were 
observed in non-HDL cholesterol (1240±205.4 mg/dL; 
1831±152.3 mg/dL; 2627±85.6 mg/dL; P<0.0001 by 
1-way ANOVA), total cholesterol (1300±73.8 mg/dL; 
2171±102.14 mg/dL; 2813±123.1 mg/dL, P<0.0001 
by 1-way ANOVA), free cholesterol (547.6±78.21 mg/dL; 
814±47.1 mg/dL; 1247.6±75.19 mg/dL, P<0.0001 by 
1-way ANOVA), and esterified cholesterol (835.5±40.3 
mg/dL; 1231±20.5 mg/dL; 1570±25.3 mg/dL, 
P<0.0001 by 1-way ANOVA—Figure S1D through S1G). 
Similar results were observed in females. Both male and 
female ApoA1KO/KOLDLRKO/KO mice exhibited increased, 
while hApoA1TG/TGLDLRKO/KO mice exhibited reduced 
atherosclerotic plaque sizes compared to correspond-
ing ApoA1WT/WTLDLRKO/KO mice fed the same diet for 
the same period (males, plaque size—6.12±1.3×107 
µm3; 3.8±1.5×107 µm3; 1.3±0.95×107 µm3; P=0.0002, 
0.0001, 0.0002—females, plaque size—6.3±1.6×107 
µm3; 3.3±1.2×107 µm3; 1.5±0.6×107 µm3; P=0.0001, 
0.0001, 0.0001 by 1-way ANOVA—Figure 1A through 
1C; Figure S1H and S1I). Immunofluorescence stain-
ing revealed the presence of ApoA1 in regions of ath-
erosclerotic plaques containing macrophages (Mac3+ 
staining) in samples from ApoA1WT/WTLDLRKO/KO mice, 
increased staining for ApoA1 in macrophage rich areas 
of plaques from hApoA1TG/TGLDLRKO/KO mice, and no 
detection of ApoA1 in plaques from ApoA1KO/KOLD-
LRKO/KO mice (Figure S2A). Atherosclerotic plaques 
in male and female ApoA1KO/KOLDLRKO/KO mice exhib-
ited substantially larger necrotic cores, while necrotic 
cores in atherosclerotic plaques of hApoA1TG/TGLD-
LRKO/KO mice were substantially smaller than those from 
control ApoA1WT/WTLDLRKO/KO mice (males—necrotic 
core—15.7±2.3%; 9.3±1.2 %; 3.26±0.8%, P=0.0001, 
0.0001, 0.0001; females—necrotic core—16.2±1.7%; 
9.5±0.3%; 3.1±0.5%, P=0.0002, 0.0001, 0.0001 by 
1-way ANOVA—Figure 1D and 1E).

Since necroptosis has been demonstrated to be a 
driver of necrotic core development in atherosclerotic 
plaques, we investigated the phosphorylation levels 
of key mediators of necroptosis, RIPK3 and MLKL, in 
atherosclerotic plaques from all groups of mice. Immu-
nofluorescence staining revealed abundant staining of 
phospho-RIPK3 and phospho-MLKL in atherosclerotic 
plaques from ApoA1KO/KOLDLRKO/KO mice (Figure 1F; 
Figure S3, with negative control antibody staining). Co-
immunofluorescence staining of samples from a subset 
of mice revealed that both phospho-RIPK3 and phos-
pho-MLKL were detected in macrophage rich (Mac3+ 
staining) regions of plaques (Figure S2B and S2C). 
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Figure 1. Effects of genetically varying ApoA1 (apolipoprotein A1) levels in low-density lipoprotein receptor (LDLR) KO mice on 
atherosclerotic plaque and necrotic core sizes and levels of phosphorylated RIPK3 (receptor interacting protein kinase 3) and 
MLKL (mixed lineage kinase domain-like protein).
Male and female ApoA1WT/WT/LDLRKO/KO, ApoA1KO/KO/LDLRKO/KO, or hApoA1TG/TG/LDLRKO/KO mice (10-week-old, n=10/group) were challenged 
with a high-fat diet for 10 weeks. A, Representative images of H&E-stained atherosclerotic plaques from ApoA1KO/KOLDLRKO/KO, (Continued )
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Immunofluorescence analysis of all cells within ath-
erosclerotic plaque sections of samples were analyzed 
individually for phospho-RIPK3 or phospho-MLKL and 
revealed that both male and female ApoA1KO/KOLDLRKO/

KO mice showed significant increases in levels of phos-
pho-RIPK3 in atherosclerotic plaques when compared to 
those from ApoA1WT/WTLDLRKO/KO and hApoA1TG/TGLD-
LRKO/KO (ApoA1KO/KOLDLRKO/KO; ApoA1WT/WTLDLRKO/KO; 
hApoA1TG/TGLDLRKO/KO males—32.1±3.2%; 11.5±1.2%; 
2.3±0.4%, P<0.0001; females—45.1±2.5%; 17.2±0.8%; 
1.2±0.2%, P<0.0001 by 1-way ANOVA) and phospho-
MLKL (males—48.3±2.3%; 20.3±1.6%; 4.2±0.3%, 
P<0.0001; females—53.2±2.1%; 20±1.3%; 3.9±0.4%, 
P<0.0001 by 1-way ANOVA—Figure 1F and 1H). This 
suggests that reductions in ApoA1 are associated with 
activation of necroptosis within atherosclerotic plaques.

HDL Mediates Protection Against Highly 
Oxidized LDL or TNFα-Induced-Necroptosis in 
Macrophages
To determine if HDL was able to directly protect macro-
phages against necroptosis, we treated MPMs in culture 
with h-oxLDL in the presence of a pan-caspase inhibitor, 
ZVAD, following conditions reported previously to induce 
necroptosis.14 Cellular necrosis was measured by PI 
staining in unfixed cells. Treatment with h-oxLDL+ZVAD 
resulted in increased PI staining of macrophage nuclei 
compared to that of untreated macrophages (24.05±2.3 
% PI+ versus 3.1±1.2 % PI+, P<0.0001, Figure 2A 
and 2B). This was inhibited by increasing concentra-
tions of the RIPK1 inhibitor Nec-1s (Figure 2A and 
2B), confirming that it represented necroptosis.73 Simi-
larly, h-oxLDL+ZVAD-induced PI staining was reduced 
when cells were treated with increasing concentrations 
of HDL with maximal inhibition at approximately 50 
µg (HDL protein)/mL (Figure 2C). The extent of inhi-
bition of PI staining with HDL was comparable to the 
maximal inhibition observed with Nec-1s. Treatment of 
MPMs with TNFα+ZVAD for 24 hours also resulted in 
a similar increase in PI staining of macrophage nuclei 
which was substantially reduced in the presence of HDL 
(50 µg protein/mL; 37±2.3 % PI+ versus 18±1.1% PI+, 
P=0.002, Figure 2D and 2E). In contrast, only minimal 
Annexin V staining was observed (Figure 2F and 2G), 
indicating that treatment with TNFα+ZVAD did not 
trigger apoptosis. Pre-treatment of cells with HDL for 
24h, resulted in a similar suppression of TNFα+ZVAD-
induced cell death as measured by PI staining (no HDL: 

43±1.5 % PI+ versus HDL: 21±2.3 % PI+, P<0.0001, 
Figure 2H and 2I).

HDL Protection Against Necroptosis in 
Macrophages Requires SR-B1, PDZK1, and the 
PI3K/Akt Signaling Pathway
To examine the involvement of the HDL receptor, SR-B1, 
and the adaptor protein, PDZK1 in HDL-mediated pro-
tection of macrophages against necroptosis, MPMs from 
wild type (WT), SR-B1KO/KO (lacking SR-B1 expression), 
SR-B1deltaCT/deltaCT (expressing a truncated mutant form 
of SR-B1, lacking the carboxy-terminal amino acids 
that interact with the adaptor protein, PDZK1), and 
PDZK1KO/KO mice (lacking expression of PDZK1; see 
Figure S3) were treated with TNFα+ZVAD in the pres-
ence or absence of HDL. Analysis of cytotoxicity using 
an LDH-release assay confirmed that treatment of mac-
rophages from WT mice with TNFα+ZVAD triggered 
cytotoxicity, which was attenuated when HDL was pres-
ent (42±1.2% versus 21±3.4% cytotoxicity, P<0.001, 
Figure 2J). Similarly, treatment of macrophages from 
SR-B1KO/KO, SR-B1deltaCT/deltaCT or PDZK1KO/KO mice with 
TNFα+ZVAD triggered cytotoxicity; however, this was 
not attenuated by HDL (SR-B1deltaCT/deltaCT, 45±4% ver-
sus 53±2.1%; SR-B1KO/KO, 56±1.2% versus 50±2.3%; 
PDZK1KO/KO, 48±1.5 versus 45±2.6% cytotoxicity, Fig-
ure 2J through 2M). Similar results were observed when 
macrophages from WT, SR-B1KO/KO and PDZK1KO/KO 
mice were treated with oxLDL+ZVAD in the absence or 
presence of HDL and PI nuclear staining was measured 
(Figure S5A and S5B).

Treatment of MPMs from WT mice with HDL in 
the presence of TNFα+ZVAD resulted in a significant 
increase in the level of phospho-Akt (2.1±0.1 relative 
units, ru), phospho-TAK1 (3.2±0.3 ru), and phospho-
TBK1 (2.5±0.3 ru) whereas macrophages treated with 
TNFα+ZVAD alone exhibited reduced Akt, TAK1, and 
TBK1 phosphorylation (0.25±0.1; 0.9±0.1; 1.2±0.2 ru, 
respectively) when compared to control treated mac-
rophages (Figure 3A through 3D). Treatment of MPMs 
with TNFα+ZVAD and the Akt inhibitor Akt inhibitor V 
reduced the level of Akt, TAK1, and TBK1phosphoryla-
tion (0.2±0.01; 0.5±0.1; 1±0.2 ru, respectively) com-
pared to macrophages treated with TNFα+ZVAD+HDL 
and prevented HDL-mediated induction of Akt phos-
phorylation in the presence of TNFα+ZVAD (Figure 3A 
through 3D). In contrast, the PTEN inhibitor, bpV-pic, 
resulted in a substantial increase in phospho-Akt, 

Figure 1 Continued. ApoA1WT/WTLDLRKO/KO, and hApoA1TG/TGLDLRKO/KO males and females. B and C, Quantification of plaque volume for 
males and females. D and E, Quantification of necrotic core area for males and females. F, Representative images of phospho-RIPK3 (green), 
phospho-MLKL (red), and DAPI (blue)-stained atherosclerotic plaques of male (top 2 rows) and female (bottom 2 rows) ApoA1KO/KOLDLRKO/

KO (left column), ApoA1WT/WTLDLRKO/KO (middle column), and hApoA1TG/TGLDLRKO/KO (right column). Yellow dashed lines mark atherosclerotic 
plaques. G and H, Quantification of phosphorylation levels of RIPK3 and MLKL in males and females (n=5 mice/group). Data represent 
mean±SEM, n=5–10 biological replicates. B through E, Statistical analysis was done using 1-way ANOVA followed by Sidak multiple 
comparisons test. G and H, Statistical analysis was done using 2-way ANOVA followed by Tukey multiple comparisons test.
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Figure 2. HDL (high-density lipoprotein) mediates protection of cultured peritoneal macrophages against TNFα (tumor necrosis 
factor alpha) and h-oxLDL (highly-oxidized low-density lipoprotein)-induced necroptosis and requires SR-B1 (scavenger 
receptor class B type 1), and the adapter protein PDZK1 (postsynaptic density protein/Drosophila disc-large protein/Zonula 
occludens protein containing 1).
Thioglycollate-elicited peritoneal macrophages were prepared from wild-type (WT), SR-B1 KO, and PDZK1 KO mice and treated as indicated 
in culture. A–C, Cells were cultured in lipoprotein-deficient medium and treated with h-oxLDL (50μg/mL) and ZVAD (50 μM), (Continued )
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phospho-TAK1, and phospho-TBK1 levels in macro-
phages treated with TNFα+ZVAD (4.1±0.2; 2.2±0.2; 
2.5±0.1 ru, respectively), similar to HDL treatment. 
The combination of HDL and bpV-pic, however, did not 
increase phospho-Akt, TAK1, and TBK1 levels further in 
TNFα+ZVAD-treated macrophages (Figure 3A through 
3D). On the other hand, treatment of macrophages with 
HDL in the presence of TNFα+ZVAD resulted in a sig-
nificant decrease of phosphorylation levels of RIPK3 and 
MLKL, when compared with macrophages treated only 
with TNFα+ZVAD (pRIPK3 0.2±0.1, pMLKL 0.7±0.1 
versus pRIPK3 2.5±0.3, pMLKL 2.7±0.2 ru, respec-
tively; Figure 3A, 3E, 3F). Similar results were observed 
when immunofluorescence staining was used to detect 
pRIPK3 and pMLKL in similarly treated wild type macro-
phages (Figure S6A through S6C). Inhibition of Akt with 
Akt inhibitor V prevented HDL-mediated suppression 
of RIPK3 and MLKL phosphorylation in TNFα+ZVAD 
treated wild type macrophages (Figure 3A, 3E, 3F, com-
pare TZ/TZH with TZA/TZAH). Similar results were 
observed when phosphorylation levels of RIPK3 and 
MLKL were detected by immunofluorescence in mac-
rophages from wild type mice (Figure S6A through 
S6C). Likewise, treatment of cells with the PI3K inhibitor 
LY294002 also impaired the ability of HDL to reduce 
levels of pRIPK3 and pMLKL in TNFα+ZVAD treated 
wild type macrophages as detected by immunofluores-
cence staining (Figure S6A through S6C).

To confirm the involvement of Akt/PI3K pathway in 
HDL-induced protection against TNFα+ZVAD-induced 
necroptosis, MPMs from WT mice were treated with 
TNFα+ZVAD+HDL in the presence or absence of 
inhibitors for PI3K, Akt, or PTEN. Both PI3K and Akt 
inhibitors prevented HDL mediated protection against 
TNFα+ZVAD-induced necroptosis measured by PI stain-
ing (40.6±3.6% PI+ versus 24.3±4.2% PI+, P=0.00136; 
45.2±7.3% PI+ versus 24.3±4.2% PI+, P=0.00181, 
respectively), whereas treatment with PTEN inhibitor 
alone was sufficient to protect against TNFα+ZVAD 
induced necroptosis to an extent similar to that of HDL 
(22.5±5.1 % PI+ versus 24.3±4.2 % PI+, respectively, 

Figure 3G and 3H). Similar results were seen in THP-1 
macrophages and peritoneal macrophages treated with 
h-oxLDL+ZVAD (Figure S5C through S5H). In con-
trast to wild type cells, HDL was not able to trigger 
increases in phosphorylation of Akt, TAK1 and TBK1, 
or suppress phosphorylation of RIPK3 and MLKL in 
TNFα+ZVAD-treated SR-B1KO/KO, SR-B1deltaCT/deltaCT, or 
PDZK1KO/KO macrophages (Figures S6D through S6F, 
S7A through S7F) or to protect against TNFα+ZVAD-
induced necroptosis in macrophages containing the SR-
B1deltaCT/deltaCT mutation (Figure S5I through S5K). These 
results demonstrate that SR-B1, PDZK1, and the PI3K/
Akt pathway are necessary for HDL’s ability to suppress 
TNFα+ZVAD-induced phosphorylation of RIPK3 and 
MLKL and cell death in MPM in culture.

PDKZ1 Regulates Atherosclerotic Plaque Size, 
Necrotic Core Area and Phosphorylation Levels 
of MLKL
Next, we investigated the role of PDZK1 in atheroscle-
rotic plaque and necrotic core development. Male and 
female PDZKWT/WTLDLRKO/KO and PDZK1KO/KOLDLRKO/

KO mice were challenged with HFD for 10 weeks. Weekly 
weight measurements showed no differences between 
PDZK1WT/WTLDLRKO/KO and PDZK1KO/KOLDLRKO/KO in 
both males and females (Figure S8A and S8B). Consis-
tent with previous reports in mice lacking both PDZK1 
and apolipoprotein E,59 plasma total cholesterol, HDL 
cholesterol, non-HDL cholesterol, and plasma choles-
teryl ester levels were not statistically significantly differ-
ent whereas plasma free cholesterol levels were slightly 
increased in both male and female PDZK1KO/KOLDLRKO/

KO compared to PDZK1WT/WTLDLRKO/KO mice (males, 
580±50 mg/dL versus 375±55 mg/dL, P=0.015; 
females, 420±40 mg/dL versus 250±30 mg/dL, 
P=0.008, Figure S8C through S8G).

Both male and female PDZK1KO/KOLDLRKO/KO mice 
developed increased atherosclerosis compared to PDZ-
K1WT/WTLDLRKO/KO mice (males—5.8±0.6×107 µm3; 
3.7±0.7×107 µm3; P<0.0001 by unpaired Student t 

Figure 2 Continued. Nec-1s (12.5–800 μM), HDL (6.25–100 μg protein/mL; gray bars) or DMSO as a vehicle (control-black bars) for 24 
hours. A, Representative images of nuclei from necrotic macrophages detected by propidium iodide (PI) staining (red) before fixation; nuclei 
were counterstained with DAPI (blue) after fixation. B and C, Quantification of the percentage of PI positive macrophage nuclei after 24-hour 
treatment in culture with different concentrations of Nec-1s or HDL, respectively. Data are means±SEM, n=4 biological replicates (cells 
isolated from different mice). Cells were cultured in lipoprotein-deficient medium and treated with TNFα (100 nM), and ZVAD (50 μM), with or 
without HDL (50 μg protein/mL) or DMSO as a vehicle (control) for 24 hours. Representative images (D) and quantification (E) of propidium 
iodide. Representative images (F) and quantification (G) of FITC-Annexin V-stained cells. Data are means±SEM, n=4 biological replicates 
(cells isolated from different mice). F, Cells were cultured in lipoprotein-deficient medium and treated for 24 hours with HDL (50 μg protein/
mL). Then, cells were washed with PBS and media was replaced without HDL. Cells were treated with TNFα (100 nM) and ZVAD (50 μM) 
or DMSO as a vehicle (control), and harvested 6, 9, and 24 hours after treatment and stained with PI, fixed and then stained with DAPI. H, 
Representative images and quantification (I) of propidium iodide after 24 hours of treatment. Data are means±SEM, n=4 biological replicates 
(cells isolated from different mice). (J-M) Peritoneal macrophages from WT, SR-B1 KO, SR-B1 deltaCT, and PDZK1 KO were treated with 
TNFα (100 nM), ZVAD (50 μM), in the presence or absence of HDL (50 μg protein/mL) for 24 hours. After treatment, the supernatant from 
cells were subjected to the LDH assay to evaluate cytotoxicity, following the manufacture’s protocol. Graphics shows the percentage of 
cytotoxicity. Data are means±SEM, n=4 biological replicates (cells isolated from different mice). Statistical analysis was done using 1-way 
ANOVA followed by Sidak multiple comparisons test.
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Figure 3. HDL (high-density lipoprotein) protection against TNFα (tumor necrosis factor alpha)-induced necroptosis in 
macrophages involves activation of the PI3K (phosphoinositide 3-kinase)/Akt pathway.Thioglycollate-elicited peritoneal 
macrophages prepared from wild-type (WT) mice and cultured in lipoprotein-deficient medium were treated for 24 hours with TNFα (100 
nM), ZVAD (50 μM), in the presence or absence of HDL (50 μg protein/mL) and the inhibitors AktV (3 μM), bpV-pic (100 nM), or DMSO as 
a vehicle (control). Cells were lysed and subjected to SDS-PAGE for immunoblotting. A, Representative immunoblots of phospho and total 
Akt, TAK1 (transforming growth factor beta-activated kinase 1), TBK1 (TANK-binding kinase 1), RIPK3 (receptor interacting protein kinase 3), 
MLKL (mixed lineage kinase domain-like protein), and β actin. B–F, Quantification of the ratios of phospho-/total-Akt (B), -TAK1 (C), -TBK1 (D), 
-RIPK3 (E), -MLKL (F) band intensities. Quantification was done as relative to UT group (Continued )
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test—Figure 4A and 4B; females—5.9±0.4×107 µm3; 
3.5±0.4×107 µm3; P<0.0001 by unpaired Student t 
test, Figure 4A through 4C; Figure S8H and S8I), con-
sistent with the increased atherosclerosis reported pre-
viously in atherogenic diet fed PDZK1KO/KOApoEKO/KO 
compared to PDZK1WT/WTApoEKO/KO mice.59,74 PDZK1KO/

KOLDLRKO/KO mice also developed larger sized necrotic 
cores compared to PDZK1WT/WTLDLRKO/KO mice (males—
18.1±0.5%; 7.2±0.3%; P<0.0001 by unpaired Student 
t test; females—22.3±0.25%; 8.1±0.5%; P<0.0001 by 
unpaired Student t test, Figure 4D and 4E). Likewise, 
the phosphorylation levels of MLKL were higher in the 
atherosclerotic plaques of PDZK1KO/KOLDLRKO/KO com-
pared to PDZK1WT/WTLDLRKO/KO mice for both male and 
female mice (males—58.3±2.1%; 35.2±2.4%; P=0.0004 
by unpaired Student t test; females—63.4±2.5%; 
41.4±2.7%; P=0.0006 by unpaired Student t test, Fig-
ure 4F and 4G).

PDZK1 in BM-Derived Cells Affects 
Atherosclerotic Plaque Volume and Necrotic 
Core Size As Well As Key Enzymes Involved in 
Necroptosis
To determine the extent to which PDZK1 in leukocytes 
influenced the development of atherosclerotic plaques, 
necrotic core sizes, and levels of phosphorylated RIPK3 
and MLKL within atherosclerotic plaques, we trans-
planted BM from PDZK1WT/WTLDLRKO/KO mice into PDZ-
K1KO/KOLDLRKO/KO recipients to restore normal levels 
of PDZK1 in leukocytes. As controls, we transplanted 
BM from PDZK1KO/KOLDLRKO/KO donors into PDZK1KO/

KOLDLRKO/KO recipients. Both male and female mice 
were analyzed. Once the mice recovered from the BM 
transplantation, atherosclerosis was induced by feeding 
the BM transplanted mice HFD for 10 weeks. Restora-
tion of the normal WT PDZK1 gene in leukocytes did 
not affect body weights determined weekly or fasting 
plasma lipid levels determined at the end of the HFD 
feeding period (Figure S9A through S9G). However, res-
toration of the normal WT PDZK1 gene in leukocytes 
in PDZK1KO/KOLDLRKO/KO mice resulted in substantial 
reductions (about half) in average atherosclerotic plaque 
and necrotic core sizes in the aortic sinuses for male 
and female mice (plaque size males—4.7±2.1×107 µm3; 
2.6±1.1×107 µm3; P<0.0001; females—4.9±0.9×107 
µm3; 2.4±1.7×107 µm3; P<0.0001; necrotic core males—
22.3±2.3 %; 11.2±1.6 %; P<0.0001; females—20.4±2.1 

%; 12.1±2.2 %; P<0.0001, Figure 5A through 5E; Fig-
ure S9H and S9I). Similar decreases were observed in 
the phosphorylation levels for MLKL and RIPK3 in both 
male and female PDZK1KO/KOLDLRKO/KO mice trans-
planted with PDZK1WT/WTLDLRKO/KO compared to those 
transplanted with PDZK1KO/KOLDLRKO/KO donor bone 
marrow (Figure 5F through 5K). Together, these results 
suggest that PDZK1 in leukocytes plays an important 
protective role counteracting atherosclerotic plaque and 
necrotic core development, at least in part by attenuating 
induction of necroptosis.

DISCUSSION
In this study, we demonstrated that eliminating expres-
sion of ApoA1 increases atherosclerosis, levels of 
phosphorylated RIPK3 and MLKL, key mediators of 
necroptosis, and necrotic core development. On the 
other hand, overexpressing human ApoA1 reduces ath-
erosclerosis, phosphorylation of RIPK3 and MLKL and 
necrotic core development within the plaques in both 
male and female low-density lipoprotein receptor KO 
mice fed atherogenic HFD.69,70,72 As reported by others, 
ApoA1KO/KO mice (also lacking low-density lipoprotein 
receptor or ApoE expression) fed HFD exhibit reductions 
in cholesterol associated with both HDL (as expected) 
and non-HDL lipoproteins.75,76 Likewise, overexpression 
of hApoA1 in the LDLRKO/KO mice fed the HFD exhib-
ited the expected increases in HDL cholesterol as well 
as increases in non-HDL cholesterol similar to effects 
reported by others.76–78 To explore one potential pathway 
by which altering ApoA1 levels modulated necroptosis 
markers and necrotic core development in atheroscle-
rotic plaques, we examined the effects of HDL on the 
sensitivity of cultured macrophages to necroptosis.

We have demonstrated that treatment of macrophages 
(both mouse peritoneal and PMA-differentiated human 
THP-1 cells) with HDL suppresses necrotic cell death 
induced by either TNF-α or h-oxLDL (each in the pres-
ence of the pan-caspase inhibitor ZVAD). The ability to 
inhibit this phenomenon with Nec-1s and the induction 
of phospo-RIPK3 and phospho-MLKL suggest that this 
represents necroptosis, a programmed form of necrosis 
that has been implicated in contributing to atherosclerotic 
necrotic core formation.14 In cultured cells, HDL-mediated 
suppression of macrophage necroptosis is dependent on 
the HDL receptor SR-B1 and the adaptor protein PDZK1 
that binds to SR-B1’s cytoplasmic C terminus and has been 

Figure 3 Continued. (mean±SEM, n=3, biological replicates consisting of cells isolated from different mice). UT (untreated), TZ 
(TNFα+ZVAD), TZH (TNFα+ZVAD+HDL), TZA (TNFα+ZVAD+AktV), TZAH (TNFα+ZVAD+AktV+HDL), TZB (TNFα+ZVAD+bpV-PIC), 
TZBH (TNFα+ZVAD+bpV-PIC+HDL). G and H, Cells were cultured in lipoprotein-deficient medium and treated for 24 hours with TNFα (100 
nM) and ZVAD (50 μM), in the absence or presence of HDL (50 μg protein/mL) and the inhibitors AktV (3 μM), LY294002 (10 μM), bpV-pic 
(100 nM), or DMSO as a vehicle (control). Cells were then stained with PI, fixed and stained with DAPI. G, Representative images and (H) 
quantification of cell death as the percentage of PI positive macrophage nuclei. Data are means±SEM, n=4, biological replicates consisting of 
cells isolated from different mice. Statistical analysis was done using 1-way ANOVA followed by Sidak multiple comparisons test.

https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.122.318062
https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.122.318062
https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.122.318062@line 2@
https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.122.318062@line 2@
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implicated in SR-B1-dependent HDL-signaling in mac-
rophages and endothelial cells.79–81 In vivo, either homo-
zygous ApoA1 or PDZK1 KO mutations in low-density 
lipoprotein receptor KO mice results in increased HFD-
induced atherosclerotic plaque and necrotic core devel-
opment and increased levels of phosphorylated RIPK3 
and/or MLKL within plaques. Conversely‚ restoration 

of the normal PDZK1 gene in leukocytes of PDZK1KO/

KOLDLRKO/KO mice reduces levels of phospho-RIPK3 and 
phospho-MLKL in atherosclerotic plaques and HFD-
induced atherosclerosis and necrotic core development. 
We also demonstrated that HDL treatment resulted in 
increased Akt phosphorylation in macrophages that were 
treated with TNFα and ZVAD, and that inhibition of Akt 

Figure 4. The absence of PDZK1 (postsynaptic density protein/Drosophila disc-large protein/Zonula occludens protein 
containing 1) increases atherosclerotic lesion and necrotic core area, as well as the phosphorylation levels of MLKL (mixed 
lineage kinase domain-like protein) in atherosclerotic plaques.
Male and female PDZK1WT/WT/LDLRKO/KO and PDZK1KO/KO/LDLRKO/KO mice (10-week-old, n=10/group) were fed the atherogenic HFD for 
10 weeks. A, Representative images of H&E-stained aortic sinus atherosclerotic plaques from males and females. Quantification of (B and 
C) plaque volume and (D and E) necrotic core area for males and females. F, Representative images of phospho-MLKL (red) and DAPI 
(blue)-stained atherosclerotic plaques from PDZK1WT/WT/LDLRKO/KO and PDZK1KO/KO/LDLRKO/KO males and females. Yellow dashed lines mark 
atherosclerotic plaques. G and H, Quantification of pMLKL immunofluorescence in atherosclerotic plaques in males and females, respectively. 
n=5 biological replicates (individual mice) per group. Data were first subjected to the D’Agostino-Pearson test for normality and for equal 
variances. Statistical analysis was done using unpaired Student t-test. Data are means±SEM.
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Figure 5. Restoring PDZK1 (postsynaptic density protein/Drosophila disc-large protein/Zonula occludens protein containing 
1) in BM-derived cells decreases atherosclerotic lesion and necrotic core areas, and phosphorylation levels of MLKL (mixed 
lineage kinase domain-like protein) and RIPK3 (receptor interacting protein kinase 3) in atherosclerotic plaques of PDZK1KO/

KOLDLRKO/KO mice.
Male and female (10-week-old, n=6–7/group) PDZK1KO/KOLDLRKO/KO transplanted with PDZK1WT/WTLDLRKO/KO or (Continued )
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phosphorylation abrogated HDL-dependent protection 
of macrophages from TNFα+ZVAD-induced necropto-
sis. On the other hand, treatment with the PTEN inhibitor, 
bpV-pic increased levels of phospho-Akt in macrophages 
treated with TNFα+ZVAD and this was sufficient to pro-
tect them against necroptosis. In bpV-pic-treated cells, 
HDL treatment resulted in no further increase in either 
Akt phosphorylation or protection against necroptosis. 
Together, this suggests that HDL triggers protection 
against necroptosis through activation of Akt.

HDL has been reported to induce Akt activation in a 
variety of cell types.82–84 Our group previously reported 
that HDL stimulated macrophage migration via a pathway 
involving Akt1 phosphorylation.62 We also showed the 
protection of cardiomyocytes against necrosis induced 
by oxygen and glucose deprivation through HDL, SR-B1, 
and PI3K/Akt1/285 and the role of HDL-mediated Akt1 
activation in the protection against apoptosis in macro-
phages.56 Similarly, others have reported HDL signaling 
in endothelial cells, leading to Akt activation.61,86,87 How-
ever, to our knowledge, this is the first evidence of a role 
for HDL and Akt phosphorylation in the protection of 
macrophages against necroptosis.

RIPK1 is an intracellular adaptor protein that relays 
signals to regulate inflammation, apoptosis, and necrop-
tosis.88–91 RIPK1 is subject to posttranslational modifica-
tions, including ubiquitination and phosphorylation of the 
kinase domain, and oligomerization via interaction with 
the RIP homotypic interaction motif (RHIM).92,93 The acti-
vation of RIPK1 is necessary for the formation of the 
necrosome complex involved in regulation of necropto-
sis.92,94 RIPK3, a component of the necrosome complex 
is phosphorylated by RIPK1 on Ser227, and in turn phos-
phorylates MLKL on the activation segment residues 
Thr357/Ser358.95 The activation of RIPK1 is inhibited 
by direct phosphorylation by TAK1 (transforming growth 
factor beta-activated kinase 1), TANK-binding kinase 
1 (TBK1), IKKα/β (inhibitor of nuclear factor kappa-β 
kinase subunit alpha and beta), and MK2 (MAPK-acti-
vated protein kinase 2).96–101 The PI3K/Akt pathway has 
been shown to be involved in IKKα/β-induced expres-
sion of genes involved in cell survival102–105 and sup-
pressing apoptosis.103,106 Consistent with evidence that 
Akt may regulate TAK1,107 we found that HDL treatment 
of TNFa+ZVAD-treated WT macrophages was able to 
induce TAK1 and TBK1 activation along with reducing 
the activation of RIPK3 and MLKL. The presence of an 
Akt inhibitor prevented, whereas the presence of PTEN 

inhibitor promoted TAK1 and TBK1 activation, suggest-
ing that the Akt activation triggered by HDL signaling 
is involved in the activation of TAK1 and TBK1, key 
enzymes associated with the regulation of necroptotic 
cell death. Given our finding that Akt activation or inhibi-
tion was associated with reduced or increased levels of 
induction of RIPK3 phosphorylation, and that RIPK3 is 
a target for RIPK1 in the induction of necroptosis, our 
results suggest that Akt activation may interfere directly 
with the inactivation of RIPK1 through activation of TAK1 
and TBK1 to suppress necroptosis.

MLKL activation reportedly requires not only RIPK3-
dependent phosphorylation but also binding of highly 
phosphorylated inositol phosphates (IPs) to its N-terminal 
domain.108 Different IP species could exert combinato-
rial control over MLKL activity by competing for binding 
sites or influencing other contacts.108 For example, IP4, IP5, 
and IP6 are essential for necroptotic induction by human 
MLKL and implicate the IPPK (inositol pentakisphosphate 
2-kinase) enzyme as a significant contributor to MLKL 
activation through production of IP6. Nevertheless, the IP 
code alone cannot activate MLKL and additional activa-
tion by RIPK3-mediated phosphorylation is required.109 
As we demonstrated in this study, increased phosphory-
lation of Akt is associated with decreased phosphoryla-
tion of both RIPK3 and MLKL and reduced necroptosis in 
macrophages, suggesting that the primary mechanism by 
which HDL stimulation attenuates necroptosis may be via 
attenuating RIPK3-mediated phosphorylation of MLKL.

Akt activation is regulated, in part, by the level of PIP3 
which recruits it along with the PDPK1 (phosphoinositide-
dependent protein kinase 1) to the cell membrane, where 
PDPK1 phosphorylates Akt to activate it.110 The levels of 
PIP3 are regulated by the balance between the oppos-
ing actions of PI3K’s which phosphorylate PIP2 to form 
PIP3, and PTEN, which dephosphorylates PIP3, converting 
it back to PIP2.

111 PTEN has been shown to be a central 
factor for tumor suppression and a master regulator of 
homeostasis in eukaryotes,112–119 regulating multiple cel-
lular processes including proliferation, growth, metabolism, 
and survival.120,121 PTEN inhibition has been shown to pro-
tect against myocardial infarction and cardiac, hepatic and 
cerebral ischemia/reperfusion (I/R) injuries.122–124 These 
protective effects of PTEN inhibition involve increased 
levels of PIP3, driving Akt activation and downregulation 
of cell death pathways. Our data demonstrates that PTEN 
inhibition, leading to Akt activation, can similarly lead to 
protection of macrophages against necroptosis and that 

Figure 5 Continued. PDZK1KO/KOLDLRKO/KO BM were fed the atherogenic HFD for 10 weeks. A, Representative images of H&E-stained aortic 
sinus atherosclerotic plaques. Quantification of (B and D) plaque volumes and (C and E) necrotic core areas for males (B and C) and females 
(D and E), respectively. F through J, Immunofluorescence staining for RIPK3 and MLKL phosphorylation in atherosclerotic plaques. F and I, 
Representative images of DAPI (blue), phospho-RIPK3 (green), phospho-MLKL (red), and merged images of atherosclerotic plaques from 
male (F) and female (I) PDZK1KO/KOLDLRKO/KO mice transplanted with PDZK1WT/WTLDLRKO/KO or PDZK1KO/KOLDLRKO/KO BM. Yellow dashed lines 
mark atherosclerotic plaques. G, H, J, and K, Quantification of pRIPK3 and pMLKL immunofluorescence. n=6–7 individual mice (biological 
replicates) per group. Data were first subjected to the D’Agostino-Pearson test for normality and for equal variances. Data are means±SEM. 
Statistical analysis was done using unpaired Student t-test.
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this may represent a strategy to attenuate necrotic core 
formation within atherosclerotic plaques. However, further 
studies are required to test this in vivo.

Although we explored the contribution of HDL to the 
protection of macrophages against necroptosis in vitro, and 
the ability of modulating ApoA1 levels to protection against 
necrotic core formation in vivo in the HFD fed ApoA1KO/

KOLDLRKO/KO and hApoA1TG/TGLDLRKO/KO mice, it is impor-
tant to point out that we cannot rule out the possible contri-
butions of the altered levels of non-HDL cholesterol to the 
effects on atherosclerosis, and necroptosis and necrotic 
core development in atherosclerotic plaques. Further stud-
ies are required to evaluate the contribution of increased 
non-HDL cholesterol to the protection against necropto-
sis and necrotic core development observed in the HFD 
fed hApoA1TG/TGLDLRKO/KO mice and the effects of the 
reduced levels of non-HDL cholesterol to the increased 
necroptosis and necrotic core development observed in 
the HFD-fed ApoA1KO/KOLDLRKO/KO mice.

Nevertheless, this study advances our understanding 
of the pathways by which HDL can protect against ath-
erosclerotic plaque development by demonstrating that 
HDL attenuates macrophage necroptosis by activating 
Akt signaling in macrophages in an SR-B1 and PDZK1-
dependent manner and suggest that this may contribute 
to attenuating the development of necrotic cores within 
atherosclerotic plaques.
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