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Serumapolipoprotein C3 (APOC3) predicts incident cardio-
vascular events in people with type 1 diabetes, and silenc-
ing of APOC3 prevents both lesion initiation and advanced
lesion necrotic core expansion in amousemodel of type 1
diabetes. APOC3 acts by slowing the clearance of
triglyceride-rich lipoproteins, but lipid-free APOC3 has re-
cently been reported to activate an inflammasome pathway
inmonocytes. We therefore investigated the contribution of
hematopoietic inflammasome pathways to atherosclerosis
inmousemodels of type 1 diabetes. LDL receptor–deficient
diabetes mouse models were transplanted with bone mar-
row from donors deficient in NOD, LRR and pyrin domain–
containing protein 3 (NLRP3), absent in melanoma 2 (AIM2)
or gasdermin D (GSDMD), an inflammasome-induced ex-
ecutor of pyroptotic cell death. Mice with diabetes exhib-
ited inflammasome activation and consistently, increased
plasma interleukin-1b (IL-1b) and IL-18. Hematopoietic de-
letions of NLRP3, AIM2, or GSDMD caused smaller athero-
sclerotic lesions in diabetic mice. The increased lesion
necrotic core size in diabetic mice was independent of
macrophage pyroptosis because hematopoietic GSDMD
deficiency failed to prevent necrotic core expansion in ad-
vanced lesions. Our findings demonstrate that AIM2 and
NLRP3 inflammasomes contribute to atherogenesis in dia-
betes and suggest that necrotic core expansion is indepen-
dent ofmacrophage pyroptosis.

Despite the success of statins in reducing cardiovascular
disease (CVD) events (1), CVD remains the leading cause
of death in the U.S. (1). Numerous efforts have been
made to reduce CVD mortality, but the trend has stalled,

in part because of the rising prevalence of diabetes (1). In-
dividuals with type 1 or type 2 diabetes have an increased
risk of atherosclerotic CVD (1). The persistently elevated
CVD risk among individuals with diabetes, despite lower-
ing LDL, suggests the presence of residual risks. Multiple
risk factors, including glucose (2,3), inflammation (4,5),
and abnormal metabolism of triglyceride-rich lipoproteins
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• The contribution of hematopoietic cell inflammasome
activation to atherosclerosis associated with type 1
diabetes is unknown.

• The goal of this study was to address whether hemato-
poietic NOD, LRR, and pyrin domain–containing protein 3
(NLRP3), absent inmelanoma 2 (AIM2) inflammasomes, or
the pyroptosis executioner gasdermin D (GSDMD) con-
tributes to atherosclerosis in mouse models of type 1
diabetes.

• Diabetic mice exhibited increased inflammasome acti-
vation, with hematopoietic deletions of NLRP3, AIM2,
or GSDMD causing smaller atherosclerotic lesions in
diabetic mice, but the increased lesion necrotic core
size in diabetic mice was independent of macrophage
pyroptosis.

• Further studies on whether inflammasome activation
contributes to cardiovascular complications in people
with type 1 diabetes are warranted.
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(TRLs) and their remnants (6–8), have been proposed as
contributors to residual risk.

Monocytes and macrophages play important roles in all
stages of atherosclerotic lesion development (5,9). The accu-
mulation of monocytes in response to lipoprotein accumula-
tion in the artery wall and their subsequent differentiation
intomacrophages exacerbate arterial inflammation (10).Mac-
rophages can undergo programmed cell death after taking up
lipoproteins, contributing to the lipid-rich, acellular necrotic
cores that characterize the progression of the advanced lesion
(9,10). Individuals with diabetes have increased lesional mac-
rophage content (based on CD681 immunoreactivity) and
necrotic cores that could contribute to the acceleration of ath-
erosclerosis (11) and CVD events (12). With the Canakinumab
Anti-inflammatory Thrombosis Outcome Study (CANTOS)
highlighting the causal involvement of interleukin-1b (IL-1b)
in atherosclerotic cardiovascular events in individuals with
and without diabetes (13), the roles of macrophages and
inflammation, especially the inflammasome pathways respon-
sible for the secretion of mature IL-1b and IL-18, in diabetes-
associated atherosclerosis have gained intense interest.

Apolipoprotein C3 (APOC3) has been reported to pre-
dict future CVD events in individuals with type 1 diabetes
from three different cohorts (14–16). Although APOC3
likely exacerbates diabetes-associated atherosclerosis pri-
marily via inhibiting the clearance of TRLs and their rem-
nants (7), lipid-free APOC3 has been shown to activate an
alternative inflammasome pathway in human and mouse
monocytes (17,18).

The findings above, together with a report demonstrating
that individuals with type 2 diabetes have elevated serum
levels of IL-1b and IL-18 (19), make it tempting to speculate
that inflammasome pathways could contribute to atheroscle-
rosis and clinical events in individuals with diabetes and that
inflammasome inhibition might be beneficial in diabetes.
Furthermore, statins can increase the incidence of type 2 dia-
betes through a mechanism that may involve inflammasome
activation (20,21). Hematopoietic deficiencies in essential
inflammasome components, such as NOD, LRR, and pyrin
domain–containing protein 3 (NLRP3) (22–24), absent in
melanoma 2 (AIM2) (25), apoptosis-associated speck-like
protein containing a CARD (ASC) (24), or caspase-1/11 (22),
have been reported to be atheroprotective in mice with dis-
eases that promote inflammasome activation. Moreover, a
recent study demonstrated that systemic inhibition of the
NLRP3 pathway using the small-molecule NLRP3 inhibitor
MCC950 is atheroprotective in diabetic APOE–deficient
mice (4). However, whether inflammasome components
contribute to diabetes-associated atherosclerosis via the he-
matopoietic compartment remains unexplored.

Upon activation of NLRP3 or AIM2 inflammasomes,
activated caspase-1 cleaves pro-IL-1b and pro-IL-18 into
their mature forms, which are secreted upon caspase-1
activation of the pore-forming protein gasdermin D
(GSDMD) (26). GSDMD activation also promotes proin-
flammatory cell death, called pyroptosis (26). Consistent

with the studies demonstrating that inflammasome path-
ways contribute to atherosclerosis, global GSDMD defi-
ciency has been reported to be atheroprotective in some
studies (27) but not others (25) in LDL receptor–deficient
(Ldlr�/�) mice. It is not known whether similar mecha-
nisms contribute to diabetes-accelerated atherosclerosis.

To address whether hematopoietic inflammasome activa-
tion and pyroptosis contribute to diabetes-associated athero-
sclerosis, we investigated the role of hematopoietic GSDMD,
AIM2, and NLRP3. We demonstrate that diabetes is associ-
ated with inflammasome activation and elevated plasma
IL-1b and IL-18. Furthermore, while both hematopoietic
NLRP3 and AIM2 inflammasomes and GSDMD contributed
to lesion development in diabetic mice, the necrotic core ex-
pansion could not be explained by macrophage pyroptosis
mediated by GSDMD, as hematopoietic GSDMD deficiency
failed to provide protection.

RESEARCH DESIGN AND METHODS

Mouse Models
All animal studies were approved by the institutional ani-
mal care and use committees of the University of Washing-
ton and Columbia University.

Virus-InducedMouseModel of Type 1Diabetes-Accelerated
Atherosclerosis
As described previously (28), Ldlr�/� mice expressing the
lymphocytic choriomeningitis virus (LCMV) glycoprotein
transgene (GpTg) under control of the rat insulin promoter,
allowing reliable induction of CD81 T-cell–mediated b-cell
destruction upon LCMV injection (Armstrong 53b; 1.3 × 104

plaque-forming units/mouse), were used as one of the mouse
models of type 1 diabetes–accelerated atherosclerosis. Litter-
mates without the glycoprotein transgene (Gp0) were used
for evaluating the possible effects of LCMV independent of
diabetes. Female mice were used in this study because the
NLRP3 inflammasome pathway has been reported to play a
more important role in atherosclerosis in female mice than in
male mice (29).

For the study on plasma analytes, 8- to 12-week-old female
Ldlr�/�;GpTg and Ldlr�/�;Gp0 mice on a C57BL/6J back-
ground were injected with LCMV (Armstrong 53b; 1.3 × 104

plaque-forming units/mouse) to serve as the diabetic group
and virus control group. Nondiabetic littermates received sa-
line. After the onset of diabetes, defined by blood glucose
>13.9 mmol/L, animals received insulin pellets (LinShin Can-
ada Inc.) to provide baseline insulin and liquid insulin injec-
tions (Lantus) as needed to prevent ketonuria and severe
weight loss. The mice were maintained on a low-fat diet
(LFD) described previously (28) for 4 weeks before the termi-
nation of the study.

For the atherosclerosis studies, 6- to 10-week-old female
Ldlr�/�;GpTg mice on a C57BL/6J background were main-
tained on a semipurified high-fat diet (HFD) for 12 weeks
to allow the formation of preexisting atherosclerosis le-
sions and to allow us to study the effect of diabetes and
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GSDMD on advanced lesions without confounding effects
on lesion initiation. The HFD contained 40% fat and 1.25%
added cholesterol (28). After 12 weeks of an HFD, the mice
were switched to chow diet to normalize plasma lipid levels
before being irradiated with 10 Gy from a cesium g-source
and receiving 5 × 106 bone marrow cells/recipient harvested
from mice with and without GSDMD deficiency. The donor
mice with clustered regularly interspaced short palindromic
repeats–edited GSDMD deficiency (30) were provided by
Genentech. The mice recovered for 5 weeks on a chow diet
before induction of diabetes with LCMV. After the onset of
diabetes, animals were maintained on an LFD for 4 weeks
before the termination of the study, according to a pub-
lished study design (31).

Mouse Model of Acute Inflammasome Activation
Eight- to 12-week-old female and male Gsdmd�/�,
Gsdmd1/1, Ldlr�/�;GpTg, and C57BL/6J mice received an
i.p. injection of 5 mg ultrapure lipopolysaccharide (LPS)
(List Laboratories) or saline. Four hours after the first in-
jection, animals received an i.p. injection of 5 mmol/L
ATP or PBS. The experiment was terminated 1 h after the
second injection. To investigate the role of hematopoietic
GSDMD in IL-18 and IL-1b release following inflammasome
activation, 8- to 12-week-old male Ldlr�/� mice received
bone marrow harvested frommice with and without GSDMD
deficiency. After a 5-week recovery on a chow diet, the mice
received ultrapure LPS and ATP injections. Solutions were
sterile filtered before the injections.

Streptozotocin-Induced Type 1 Diabetes Mouse Model
Eight- to 10-week-old female Ldlr�/� mice on a C57BL/6J
background were irradiated with 10.5 Gy from a cesium
g-source and received 4 × 106 bone marrow cells/recipient
harvested from female Nlrp3�/� (021302; The Jackson
Laboratory) mice, Aim2�/� (013144; The Jackson Laboratory)
mice, mice with double deficiencies of Nlrp3 and Aim2
(DKOs), or control wild-type mice. Mice recovered for 4 weeks
on a chow diet before streptozotocin (STZ) injection (50 mg/
kg i.p., 5 consecutive days) and were then switched to a West-
ern diet (TD.88137; Envigo) for 8 weeks before the termina-
tion of the experiment.

Atherosclerosis Study in Whole-Body GSDMD-Deficient
Mouse Model
Eight- to 12-week-old male mice with whole-body GSDMD
deficiency and wild-type littermate controls on a C57BL/6
background were maintained on a high-fat, high-sucrose diet
with added cholesterol (HFHS), as described previously (32),
for 16 weeks before the termination of the experiment. While
the mice were maintained on the HFHS diet, they received
weekly i.p. injections of a GalNAc-conjugated LDLR antisense
oligonucleotide (ASO) (5 mg/kg; Ionis Pharmaceuticals).

Genotyping
Genotyping for Ldlr, Nlrp3, and Aim2 was conducted by
following the manufacturer’s protocols (The Jackson

Laboratory). Gsdmd genotyping information is available
in Supplementary Fig. 1.

Analysis of Blood Glucose and Plasma Analytes
Blood glucose levels were measured with a glucometer
(OneTouch Ultra; LifeScan). Any values >33.3 mmol/L
were reported as 33.3 mmol/L, as they reached the maxi-
mum detection limit of the device. Plasma analytes were
measured with respective assays or kits described in
Supplementary Table 1.

Quantification of Atherosclerosis
The aortas were dissected after perfusion with PBS and fixed
with 10% phosphate-buffered formalin. The aortas were
opened longitudinally and stained with Sudan IV as previously
described (14,28). The aortic sinuses were fixed with 10%
phosphate-buffered formalin, paraffin embedded, then serially
sectioned for histological analysis. The sinus sections were
stained with Movat pentachrome stain or hematoxylin and
eosin to visualize lesion morphology. The sinuses were ana-
lyzed at three different sites, beginning at the appearance of
all three aortic valve leaflets, using ImageJ software. Lesional
Mac2, a-SMA, APOC3, APOB, and APOE immunoreactivity
was determined by immunofluorescence. Stained samples
were cover slipped with DAPI-containing mounting medium
(Vector Laboratories) before imaging and quantifying with a
fluorescence microscope (BZ-X800; Keyence). Lesion severity
was analyzed according to the scoring system described by
Stary et al. (33) as follows: 0 = no lesion, 1 = intimal change
only (matrix), 2 = fatty streak without dramatic matrix expan-
sion, 3 = fatty streaks with cholesterol clefts (extracellular lip-
ids), 4 = lesions with necrotic cores, 5 = lesions with
necrotic cores and abundant matrix, and 6 = ruptured le-
sions. The scores were summarized for each mouse. Inves-
tigators were blinded to the treatment groups during the
processing and analysis of the samples. Costained areas
were quantified before the single-stained areas. Details
on the antibodies and negative controls are available in
Supplementary Table 2 and Supplementary Figs. 2 and 3.

Flow Cytometry Analysis of Blood Leukocytes
Blood leukocyte populations were analyzed by flow cy-
tometry and a gating strategy determined using single-
stained and unstained controls (Supplementary Fig. 4
and Supplementary Table 3). Details on the antibodies
are available in Supplementary Table 4.

Immunoblotting
Peritoneal cavity cells were harvested immediately with cold
EDTA-containing PBS after experiment termination. A pro-
tease and phosphatase inhibitor cocktail (Thermo Fisher
Scientific) was added immediately after sample collection.
The samples were centrifuged at 400g for 5 min at 4�C to
isolate peritoneal cavity cells and fluid. Peritoneal cavity cells
were purified with an F4/80 Positive Selection Kit (Thermo
Fisher Scientific) to enrich the macrophage population,
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according to the manufacturer’s instructions. Enriched F4/
801 peritoneal cavity cells were lysed with radioimmunopreci-
pitation assay buffer (Thermo Fisher Scientific) containing a
protease and phosphatase inhibitor cocktail. Samples were
separated with SDS-PAGE and transferred to nitrocellulose
membranes. Membranes were probed with primary and sec-
ondary antibodies before imaging (LI-COR). Antibody infor-
mation is available in Supplementary Table 5.

Statistical Analysis
Power calculations were used to determine the number of ani-
mals per group. Investigators were blinded to the treatment
groups during sample processing and data analysis. Statistical
analyses were performed using GraphPad Prism 9.4.0 (Graph-
Pad Software). Normality tests were performed using the
D’Agostino and Pearson test. Data are displayed as mean ±
SEM. Based on the normality of the data, the data were ana-
lyzed with two-sided Mann-Whitney U test, Kruskal-Wallis
test, and Dunn multiple comparisons tests or with two-way
ANOVA followed by Tukey multiple comparisons test. P <
0.05 was considered statistically significant. Statistical outliers
were identified by Grubb test with a = 0.01. All removed sta-
tistical outliers are described in the figure legends.

Data and Resource Availability
The data sets generated and/or analyzed during the cur-
rent study are available from the corresponding author
upon reasonable request. No applicable resources were
generated or analyzed during the current study.

RESULTS

Diabetes Elevates Plasma Triglycerides, APOC3, and
Inflammasome Signatures
To investigate whether diabetes activates inflammasome
pathways, Ldlr�/�;GpTg mice were injected with saline or
LCMV and maintained on an LFD for 4 weeks (Fig. 1A).
The GpTg animals had elevated levels of blood glucose af-
ter LCMV injection compared with those that received sa-
line injections (Fig. 1B). Animals with blood glucose
>13.9 mmol/L were considered diabetic. To verify that
the effects of LCMV were due to diabetes and not only
the LCMV, a virus control group (Ldlr�/�;Gp0) was in-
cluded (Fig. 1A). Because of the lack of the GpTg in b-cells,
animals from the virus control group did not develop dia-
betes upon LCMV injection (Fig. 1B). Compared with non-
diabetic animals, diabetic animals demonstrated elevated
levels of plasma triglycerides, IL-18, IL-1b, and APOC3
(Fig. 1C–G). Consistent with the previous study by Ze-
winger et al. (17), elevated plasma APOC3 was accompa-
nied by elevated plasma IL-18 and IL-1b, suggesting that
activation of an inflammasome pathway in diabetic mice
could be related to elevated levels of APOC3. Moreover,
cleaved caspase-1 and the ratio of cleaved caspase-1 over
full-length caspase-1 were elevated in the peritoneal cavity
fluid from diabetic animals (Fig. 1H–J), further indicating in-
flammasome activation. Monocytosis and increased numbers

of Ly6Chigh monocytes, which have been suggested to contrib-
ute to atherosclerosis (34,35), were not observed in this
mouse model of type 1 diabetes (Supplementary Table 3). The
animals in the virus control group did not have these analytes
elevated compared with the nondiabetic animals. The pheno-
types of diabetic mice are therefore unlikely to be confounded
by LCMV.

Hematopoietic GSDMD Reduces Lesion Area but Does
Not Affect Atherosclerosis Lesion Phenotypes in
Diabetic Mice
To investigate whether diabetes accelerates the progression
of preexisting atherosclerotic lesions via a hematopoietic
GSDMD-dependent pathway, female Ldlr�/�;GpTg mice
with preexisting lesions received bone marrow transplants
from animals with or without GSDMD deficiency before
being rendered diabetic for 4 weeks (Fig. 2A). A subset of
animals was euthanized before diabetes induction to evalu-
ate the effects of genotypes on bone marrow reconstitution
efficiency and lesion morphologies. Bone marrow GSDMD-
deficient chimeras exhibited a 95–98% reconstitution in
the blood, spleen, or peritoneal cavity (Supplementary
Fig. 5A). Concurrently, hematopoietic deletion of GSDMD
did not affect lesion morphologies at baseline prior to in-
duction of diabetes (Supplementary Fig. 5B–I). After
4 weeks of an LFD, compared with nondiabetic animals, di-
abetic animals demonstrated elevated levels of blood glu-
cose, plasma triglycerides, cholesterol, IL-18, IL-1b, and
APOC3 (Fig. 2B–G), consistent with the short-term study
(Fig. 1). However, hematopoietic GSDMD deficiency did
not alter these levels. Current dogma predicts that myeloid
cells are the major source of IL-1b and IL-18 released upon
inflammasome and GSDMD activation (26). However, our
findings suggest that plasma IL-1b and IL-18 are secreted
by hematopoietic cells independently of GSDMD or are se-
creted by nonhematopoietic cells.

Although plasma IL-18 and IL-1b were not suppressed by
hematopoietic GSDMD deficiency in mice with diabetes, we
reasoned that GSDMD-mediated pyroptosis could contribute
to atherosclerosis progression and necrotic core expansion.
Similar to our previous studies (14,31) and a study in people
(11), aortic sinus necrotic core size was exacerbated by diabe-
tes without an effect on the size of preexisting sinus lesions
(Fig. 2H and I) and aortic en face Sudan IV area (Supple-
mentary Fig. 6A–C). Hematopoietic GSDMD deficiency
resulted in smaller lesions in diabetic mice but did not alter
necrotic core size in these mice (Fig. 2H and I). The lack of
effects of the hematopoietic GSDMD deficiency on necrotic
core size was not due to differences in monocytosis or accu-
mulation of lesional macrophages (quantified by Mac21

immunoreactivity) or smooth muscle cells (quantified by
a-SMA1 immunoreactivity) (Supplementary Tables 6 and
7 and Supplementary Fig. 7). The lack of protective effects
in this study suggest that diabetes exacerbates necrotic
core expansion via mechanisms independent of hemato-
poietic GSDMD. We can only speculate on the reason be-
hind the increased necrotic core area in nondiabetic mice
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with hematopoietic GSDMD deficiency (Fig. 2I). It is possible
that other cell death pathways are activated in GSDMD-
deficient cells (36) or that GSDMD deficiency results in in-
creased inflammasome activation through a feedback loop
mediated by the N-terminal GSDMD fragment (37). Such ef-
fects might be masked by the increased necrosis in diabetes.

To verify that whole-body deletion of GSDMD results
in protection from atherosclerosis development, as has

been reported by others (27), a control cohort of whole-
body GSDMD-deficient mice and wild-type littermate con-
trols were injected with LDLR ASO and fed an HFHS diet
to initiate and promote atherosclerosis (Supplementary
Fig. 1A). Whole-body GSDMD deficiency resulted in re-
duced lesion area, consistent with a previous study (27),
and reduced relative necrotic core area (Supplementary
Fig. 1B–D).

Figure 1—Diabetes leads to elevated plasma triglycerides, APOC3, and inflammasome signatures. Female Ldlr�/�;GpTg mice were ren-
dered diabetic (D) with LCMV. Saline was used as a control (nondiabetic [ND]). Ldlr�/�;Gp0 mice were injected with LCMV as a virus con-
trol. At the onset of diabetes, the animals were switched to a semipurified LFD with no added cholesterol and maintained for 4 weeks.
A: Schematic of the study design. B: Blood glucose levels. Glucose values >33.3 mmol/L are expressed as 33.3 mmol/L. C: Plasma tri-
glyceride levels. D: Plasma cholesterol levels. E: Plasma IL-18 levels. F: Plasma IL-1b levels. G: Plasma APOC3. H and I: Peritoneal cavity
fluid was immunoblotted for cleaved caspase-1 (Casp 1p20) and cleaved caspase-1 over full-length caspase-1 (Casp 1p20/Casp 1FL).
J: Representative immunoblot. The number of individual mice per group was 7–30. Normality tests were performed using the D’Agostino
and Pearson test. Statistical analyses were performed using Kruskal-Wallis test and Dunn multiple comparisons test in B–D, F, and G,
one-way ANOVA followed by Tukey multiple comparisons test in E, and Mann-Whitney U test in H and I. Outliers were removed based on
Grubbs test with a = 0.01: (1,0,0) data points were removed in F, (0,1) data points were removed in H, (0,1) data points were removed in
I, and no data points were removed in B–E andG. AU, arbitrary unit.
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Figure 2—Hematopoietic GSDMD deficiency does not prevent the effect of diabetes on lesion necrotic core expansion. Female Ldlr�/�;GpTg

mice were maintained on an HFD for 12 weeks to allow the formation of preexisting lesions. The mice were then lethally irradiated and received
bone marrow cells from animals with and without GSDMD deficiency. The animals were maintained on a chow diet and recovered for 5 weeks.
Mice were rendered diabetic (D) with LCMV. Saline was used as a control (nondiabetic [ND]). At the onset of diabetes, the animals were switched
to a semipurified LFDwith no added cholesterol andmaintained for 4 weeks. A subset of animals was euthanized after 5 weeks of recovery to eval-
uate lesion morphology before diabetes (baseline). A: Schematic of the study design. B: Blood glucose levels. Glucose values >33.3 mmol/L are
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Nonhematopoietic GSDMD Contributes to the Release
of Circulating IL-18 and IL-1b
To investigate whether hematopoietic GSDMD is responsible
for the release of IL-1b and IL-18 to plasma in vivo, animals
with and without whole-body or hematopoietic GSDMD defi-
ciency were treated with ultrapure LPS and ATP for acute in-
flammasome activation in the peritoneal cavity (Fig. 3A and
D). Animals with whole-body GSDMD deficiency exhibited
markedly suppressed plasma IL-1b and IL-18 levels upon in-
flammasome activation (Fig. 3B and C and Supplementary
Fig. 8). There were no marked differences in plasma IL-18 re-
sponses between male and female mice or between C57BL/6
mice and Ldlr�/�;GpTg mice to LPS and ATP stimulation
(Supplementary Fig. 8). These findings concur with previous
studies demonstrating that GSDMD contributes to the release
of IL-1b and IL-18 (26). However, hematopoietic GSDMD de-
ficiency failed to suppress plasma IL-1b and IL-18 levels upon
inflammasome activation (Fig. 3E and F), consistent with the
lack of plasma IL-1b and IL-18 reduction in diabetic mice
with hematopoietic GSDMD deficiency (Fig. 2E and F). Our
findings suggest that the release of IL-18 and IL-1b to the
plasma compartment might be mediated via nonhemato-
poietic cells in this model of acute inflammasome activation.

To further investigate whether diabetes induces inflam-
masome activation in macrophages through a GSDMD-
dependent pathway, we analyzed inflammasome activation in
F4/801 peritoneal macrophages. These studies confirmed the
successful deletion of GSDMD in F4/801 peritoneal cavity
macrophages. We were unable to detect increased levels of
cleaved (active) forms of GSDMD and caspase-1 in macro-
phage lysates from diabetic mice. However, diabetes increased
levels of cleaved GSDMD and caspase-1 in the peritoneal cav-
ity fluid through a mechanism that was independent of hema-
topoietic GSDMD deficiency (Supplementary Fig. 9). These
findings suggest that while inflammasome activation may
occur in macrophages (or possibly in other cell types) in dia-
betic mice, the release of cleaved caspase-1 is independent
of GSDMD.

Hematopoietic AIM2 and NLRP3 Deficiencies Do Not
Alter Blood Glucose, Serum Lipids, IL-1b, or IL-18 in
Diabetic Mice, but Hematopoietic NLRP3 Deficiency
Results in Reduced Serum APOC3 Levels
Previous studies demonstrated that hematopoietic inflam-
masome activation can promote lesion progression in
other models (22–25), which prompted the investigation
of whether hematopoietic AIM2, NLRP3, and DKOs,

upstream of GSDMD, can prevent early atherosclerosis ini-
tiation and progression under diabetic conditions. Female
Ldlr�/� mice received bone marrow transplants from do-
nors with AIM2 deficiency, NLRP3 deficiency, or DKOs be-
fore induction of diabetes and Western diet feeding for
8 weeks (Fig. 4A). Hematopoietic inflammasome deficien-
cies did not significantly affect blood glucose, serum trigly-
cerides, serum cholesterol levels, serum IL-1b or IL-18
levels (Fig. 4B–F), consistent with the lack of effect from
hematopoietic GSDMD deficiency (Fig. 2B–F). However,
hematopoietic NLRP3 deficiency resulted in lower serum
levels of APOC3, an effect observed both in diabetic mice
with NLRP3 deficiency and in DKO (Fig. 4G).

Hematopoietic AIM2 and NLRP3 Deficiencies
Suppress the Aortic Sinus Lesion Area but Not the
Relative Necrotic Core Area in Diabetic Mice
Diabetic mice with hematopoietic deletions of NLRP3 and/or
AIM2 had reduced sinus lesion size (Fig. 4H), which is consis-
tent with previous studies (22–25). However, the hematopoi-
etic deletions of NLRP3 and AIM2 failed to reduce the
relative necrotic core area (Fig. 4I). Neither NLRP3 nor AIM2
deficiency resulted in changes in lesion Mac21 area or
a-SMA1 area (Supplementary Fig. 10). Thus, hematopoietic
NLRP3 and AIM2 inflammasome activation contributes to le-
sion development (lesion area) but not to a relative expansion
of the necrotic core area or marked changes in cell type com-
position in diabetic mice at an 8-week time point of athero-
sclerosis. Importantly, although the STZ diabetic mice in this
experiment were less severely diabetic than the LCMV dia-
betic mice (as shown by their lower blood glucose levels) and
had higher serum cholesterol than the LCMV model because
of the Western diet, there were no significant differences be-
tween the STZmodel and the LCMVmodel of type 1 diabetes
in triglycerides, IL-18, IL-1b, sinus lesion area, relative ne-
crotic core area, or overall lesion severity (Supplementary
Table 8).

Diabetes Increases APOC3 and APOE Accumulation in
the Aortic Sinus Through a GSDMD-Independent
Mechanism
To further investigate the potential culprit responsible for
necrotic core expansion in diabetes-accelerated advanced
atherosclerosis, aortic sinuses harvested from animals with
and without diabetes and/or hematopoietic GSDMD defi-
ciency were immunostained for APOC3, APOB, and APOE,
apolipoproteins present on TRLs. Our data show that

expressed as 33.3 mmol/L. C: Plasma triglyceride levels. D: Plasma cholesterol levels. E: Plasma IL-18 levels. F: Plasma IL-1b levels. G: Plasma
APOC3 levels. H: Aortic sinus lesion area; 0 mm represents the first appearance of the three aortic valve leaflets. I: Aortic sinus percent necrotic
core area calculated as necrotic core area / lesion area. J: Representative aortic sinus lesions stained with Movat pentachrome stain. Representa-
tive necrotic core areas are circled in red. Data are mean ± SEM (n = 19–25 mice/group). Statistical analyses were performed by two-way ANOVA
followed by Tukeymultiple comparisons test. InB–G, lines between two groups indicate P values calculated bymultiple comparisons test, and the
text underneath the graphs indicates overall group effects (P values) as calculated by two-way ANOVA. In H and I, the text underneath the graphs
indicates group effects (P values) as calculated by the multiple comparisons test. Outliers were removed based on Grubbs test with a = 0.01:
(0,0,1,0) data points were removed in D, (0,0,1,1) data points were removed in F, (0,0,1,0) data points were removed in G, (0,0,0,0,0,0,0,1,1,1,0,1)
data points were removed inH, and no data points were removed inB,C, E, and I. BMT, bonemarrow transplant; KO, knockout; WT, wild type.
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diabetes not only elevates plasma APOC3 levels (Figs. 1F
and 2G) but also increases lesional APOC3 accumulation,
as measured by APOC31 immunoreactivity (Fig. 5A and F).
Lesional APOE1 immunoreactivity and lesion area positive
for both APOB and APOE were also increased under diabetic
conditions (Fig. 5B–E), consistent with the known APOC3
effect in inhibiting the clearance of TRLs and their remnants
(6–8). There was no effect of hematopoietic GSDMD defi-
ciency. Likewise, diabetic mice with hematopoietic DKO
showed no significant differences in either lesional APOC31

or APOB1APOE1 immunoreactivities (Supplementary Fig.
10). Together, these findings suggest that APOC3, through
abnormal metabolism of TRLs and their remnants, might be
indirectly responsible for accelerating necrotic core progres-
sion under diabetic conditions, consistent with our previous
studies (14,31).

DISCUSSION

Atherosclerosis is a chronic inflammatory disease that can
involve hematopoietic inflammasome activation. Previous
studies have demonstrated that hematopoietic deletion of es-
sential inflammasome components confers atheroprotection
under conditions associated with increased inflammasome

activation (22–25). With the clinical effectiveness of IL-1b
inhibition in preventing CVD events in individuals with and
without diabetes (13), the presence of a similar pathological
mechanism in diabetes-associated atherosclerosis becomes a
plausible hypothesis. The involvement of inflammasome
pathways in diabetes-associated atherosclerosis is further
supported by studies demonstrating that APOC3 predicts fu-
ture CVD events in individuals with type 1 diabetes (14–16)
and that delipidated APOC3 can induce alternative NLRP3
inflammasome activation in human monocytes (17,18).
Moreover, systemic inhibition of the NLRP3 inflammasome
pathway using a small-molecule inhibitor prevented athero-
sclerosis in diabetic mice (4). We can now show that mice
with type 1 diabetes do exhibit increased inflammasome acti-
vation, measured as elevated plasma IL-18 and IL-1b, and in-
creased levels of cleaved caspase-1 in the peritoneal cavity
interstitial fluid. Furthermore, our study provides strong evi-
dence that in diabetic mice hematopoietic NLRP3 and AIM2,
as well as GSDMD, contribute to lesion size but not to a rela-
tive increase in necrotic core expansion a feature associated
with clinical events in humans (12). Deletion of the cholesterol
exporters ABCA1 and ABCG1 inmyeloid cells is known to acti-
vate the NLRP3 inflammasome (22). Reduced expression of

Figure 3—Full-body but not hematopoietic GSDMD deficiency contributes to the release of circulating IL-18 and IL-1b. A–C: Male and fe-
male mice with and without whole-body GSDMD deficiency received i.p. injections of ultrapure LPS, ATP, or saline controls to induce in-
flammasome activation. A: Schematic of the study design. B: Plasma IL-18. C: Plasma IL-1b. Data are mean ± SEM (n = 3 mice/group in B
and C). Statistical analyses were performed using two-way ANOVA followed by Tukey multiple comparisons test. D–F: Male Ldlr�/�;GpTg

mice were lethally irradiated and received bone marrow cells from animals with and without GSDMD deficiency. The animals were main-
tained on a chow diet and recovered for 5 weeks. The mice were then injected with and without ultrapure LPS and ATP after 5 weeks of re-
covery. D: Schematic of the study design. E: Plasma IL-18. F: Plasma IL-1b. Data are mean ± SEM (n = 7, 5, 8, and 8 mice/group in E and
F). Statistical analyses were performed using two-way ANOVA followed by Tukey multiple comparisons test. In B and C and E and F, the
lines between two groups indicate P values between the groups as calculated by multiple comparisons test. In E and F, the text under-
neath the graphs indicates overall group effects (P values) as calculated by two-way ANOVA. Outliers were removed based on Grubbs
test with a = 0.01: no data points were removed in B and C and E and F. BMT, bone marrow transplant; KO, knockout; WT, wild type.

1006 Inflammasomes and Atherosclerosis in Diabetes Diabetes Volume 72, July 2023

https://doi.org/10.2337/figshare.22659121
https://doi.org/10.2337/figshare.22659121


these transporters in macrophages in the setting of diabetes
(38,39) might therefore contribute to NLRP3 activation. The
AIM2 inflammasome, which is potentially activated by cyto-
solic double-stranded DNA from phagocytosed dead cells or
damaged nuclei or mitochondria (40), has not previously
been shown to contribute to atherosclerosis in diabetes. Al-
though the mechanism whereby diabetes activates the AIM2
inflammasome needs further investigation, an interesting
possibility is that mitochondrial dysfunction in macrophages

from diabetic mice (41) could contribute to the activation of
the AIM2 inflammasome. Oxidative DNA damage has been
implicated in AIM2 activation and accelerated atherosclerosis
associated with clonal hematopoiesis (25).

Despite the increased inflammasome activation in dia-
betic mice, our results indicate that hematopoietic GSDMD
deletion does not reduce the release of IL-1b and IL-18 to
plasma. The lack of reduction in plasma IL-1b and IL-18
levels in animals with hematopoietic GSDMD deficiency

Figure 4—Hematopoietic AIM2, NLRP3, and DKO contribute to lesion area but not necrotic core area in the setting of diabetes. Female
Ldlr�/� mice were lethally irradiated and received bone marrow from mice with and without Nlrp3 deficiency (Nlrp3�/�), Aim2 deficiency
(Aim2�/�), or DKO. The animals were recovered on chow for 4 weeks before diabetes was induced with 5 days of STZ injections (50 mg/kg/day).
Animals were maintained on a Western diet (WD) for 8 weeks. A: Schematic of the study design. B: Blood glucose levels. Glucose values
>33.3 mmol/L are expressed as 33.3 mmol/L. Animals with average blood glucose <13.9 mmol/L were removed from the study. C: Serum
triglyceride levels. D: Serum cholesterol levels. E: Serum IL-18 levels. F: Serum IL-1b levels. G: Serum APOC3 levels. H: Aortic sinus lesion
area where 0 mm represents the first appearance of the three aortic valve leaflets. I: Aortic sinus necrotic core area calculated as percent of
lesion area. Data are mean ± SEM (n = 9–12 mice/group). Statistical analyses were performed using Kruskal-Wallis test and Dunn multiple
comparisons test in B–G and using two-way ANOVA followed by Tukey multiple comparisons test in H and I. Normality test was performed
using D’Agostino and Pearson test. In H and I, the text underneath the graphs indicates P values between the groups as calculated by the
multiple comparisons test. Outliers were removed based on Grubbs test with a = 0.01: (1,1,1,1) data points were removed in F, and no data
points were removed in B–E andG and H. BMT, bonemarrow transplant.
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suggests that IL-1b and IL-18 that reach the plasma pool
are secreted from hematopoietic cells via pathways inde-
pendent of GSDMD, such as through gasdermin E (26), or
potentially from nonhematopoietic cells. However, meas-
urements of plasma levels of IL-1b and IL-18 might not
capture local effects in tissues or on lesion development,
especially since IL-18 is expressed by nearly all epithelial
cells and keratinocytes, in addition to myeloid cells (42).

The inability of hematopoietic GSDMD deficiency to
suppress plasma IL-1b and IL-18 levels provided an op-
portunity to study the effects of the GSDMD pyroptotic

pathway on diabetes-associated atherosclerosis indepen-
dent of systemic proinflammatory cytokine suppression.
Macrophage cell death is considered a major contributor
to lesional necrotic core formation (26); however, whether
pyroptosis contributes to necrotic core formation under
diabetic conditions has remained unexplored. Pyroptosis
is defined as cell death mediated by GSDMD (43). Because
there are many other types of cell death, pyroptosis can
currently only be selectively measured in vivo as cell death
prevented by GSDMD deficiency (26). Consistent with pre-
vious studies (14,31), diabetes accelerated aortic sinus

Figure 5—Diabetes increases APOC3 and APOE accumulation in aortic sinus lesions, but hematopoietic GSDMD deficiency has no effect. Fe-
male Ldlr�/�;GpTg mice were maintained on an HFD for 12 weeks to allow the formation of preexisting lesions. Mice were lethally irradiated and
received bone marrow cells from animals with and without GSDMD deficiency. The animals were maintained on a chow diet and recovered for
5 weeks. Mice were rendered diabetic (D) with LCMV. Saline was used as a control (nondiabetic [ND]). At the onset of diabetes, the animals were
switched to a semipurified LFD with no added cholesterol and were maintained for 4 weeks. A: Aortic sinus APOC31 area. B: Aortic sinus total
APOB1 area. C: Aortic sinus total APOE1 area. D: Aortic sinus APOB1APOE1 area. E: Representative aortic sinuses with Mac2, APOB, and
APOE staining. F: Representative aortic sinuses with APOC3 staining. Immunofluorescence staining of Mac2, APOC3, APOB, and APOE were
conducted at 0 mm. Data are mean ± SEM (n = 20, 21, 21, and 20 mice/group in A; 19, 20, 21, 20 mice/group in B and D; and 20, 21, 22, and
20mice/group inC). Statistical analyses were performed by two-way ANOVA followed by Tukeymultiple comparisons test in A–D. The text under-
neath the graphs indicates overall group effects (P values) as calculated by two-way ANOVA. Outliers were removed based on Grubbs test with a
= 0.01: (0,0,0,1) data points were removed inA, and no data points were removed inB–D. KO, hematopoietic GSDMD knockout; WT, wild type.
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necrotic core expansion without increasing the lesion area of
preexisting lesions in our study. However, targeting hemato-
poietic GSDMD did not affect the relative necrotic core area,
suggesting that this aspect of diabetes-accelerated atheroscle-
rosis is governed by mechanisms independent of hematopoi-
etic GSDMD-mediated pyroptosis.

Altogether, our study provides evidence demonstrating
that while hematopoietic NLRP3, AIM2, and GSDMD do
not play critical roles in necrotic core expansion, they do
contribute to overall lesion size in diabetic mice. The reasons
for the different results on the role of hematopoietic
NLRP3, AIM2, and GSDMD on atherosclerosis in different
mouse models (22–25,44,45) are uncertain but could be re-
lated to female-specific effects (29) or the presence of differ-
ent factors that lead to increased inflammasome activation.
Together, these studies suggest a greater effect of hemato-
poietic inflammasome activation in mice or humans with
additional conditions or mutations that promote inflamma-
some activation, such as diabetes or clonal hematopoiesis as-
sociated with the JAK2 V617F variant (25).

Our results suggest that the relative necrotic core expan-
sion in lesions of diabetic mice involves a mechanism inde-
pendent of inflammasome activation and pyroptosis. There
are multiple risk factors associated with increased CVD risk
in individuals with diabetes (46), one of which could be ab-
normal metabolism of TRLs (6–8). We have previously
shown that silencing of APOC3 prevents lesion initiation, ne-
crotic core expansion, and accumulation of lesion APOC3 im-
munoreactivity in diabetic mice (14). Consistently, studies in
people have shown a correlation between plasma APOC3 and
necrotic core volume (47). The current study demonstrates
that diabetes increases the accumulation of immunoreactive
APOC3 and APOE, as well as colocalization of APOE and
APOB in the aortic sinus. TRLs and their remnants are APOB
lipoproteins that carry APOC3 and APOE (8). It is therefore
tempting to speculate that the increased necrotic core size in
diabetic mice could be due to accumulation of TRLs or TRL
remnants, which are readily taken up by macrophages (48)
and endothelial cells (49). However, some of the APOE is de-
rived from cells in the lesion rather than from the circulation.
The exact mechanism whereby increased APOC3 in diabetes
promotes lesion necrotic core expansion needs further inves-
tigation but could involve indirect effects mediated by TRL
remnants in endothelial cells, smooth muscle cells, or lesion
immune cell populations. It is possible that other forms of
cell death, such as ferroptosis or necroptosis (26), could con-
tribute to APOC3-mediated necrotic core expansion in the
setting of diabetes.

Our study sheds further light on the links between
NLRP3 and APOC3. APOC3 can activate an alternative
NLRP3 inflammasome pathway in both human and mouse
monocytes but only in its delipidated form (17,18). When
APOC3 is bound to lipid particles, which it is in the circula-
tion, this effect is lost (18). Moreover, silencing of APOC3
did not lower plasma IL-18 levels in our mouse model of
type 1 diabetes (18). It is therefore unlikely that APOC3

acts upstream of NLRP3 inflammasome activation. How-
ever, there is an association between an NLRP3 variant
that results in increased NLRP3 activation and plasma
APOC3 levels (50). Our finding that serum APOC3 levels
are lower in diabetic mice with hematopoietic NLRP3 defi-
ciency raises the possibility that NLRP3 might act up-
stream of APOC3 rather than downstream of APOC3
in vivo. It is, for example, possible that NLRP3 activation
in hepatic leukocytes results in increased APOC3 produc-
tion or reduced APOC3 clearance. Furthermore, since the
decrease in APOC3 levels (from 740 to 420 mg/mL) that
resulted from NLRP3 deficiency did not lead to a decrease
in necrotic core area, this suggests that a more extensive
reduction in APOC3 is required to prevent necrotic core ex-
pansion or that the association between plasma APOC3
and necrotic core area does not indicate direct causation.

Our study has several limitations. Although the two dif-
ferent type 1 diabetes models exhibited similar levels of
plasma IL-1b and IL-18 and similar lesion sizes and sever-
ity, direct quantitative comparisons are not possible. For
example, in the STZ diabetes experiment, hematopoietic
NLRP3 and AIM2 deficiencies were present during both le-
sion initiation and progression, whereas the GSDMD ex-
periment was designed to investigate effects on preexisting
lesions. Moreover, nondiabetic controls might have been
informative in the STZ experiment, as would inclusions of
male mice in all experiments. Also, it is likely that IL-1b
and IL-18 act locally within the lesion. Direct measure-
ments of inflammasome activation and release of mature
IL-1b and IL-18 in lesions of atherosclerosis are hampered
by the lack of antibodies able to distinguish mature and
proforms of these cytokines.

Despite these limitations, our findings demonstrate
that hematopoietic NLRP3, AIM2, and GSDMD promote
lesion development in the setting of diabetes but increased
necrotic core expansion is independent of hematopoietic
GSDMD or pyroptosis. Further studies are needed to clar-
ify the relative importance of inflammasome activation
and APOC3-containing TRL remnants in cardiovascular
complications of diabetes.
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