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Intermittent fasting promotes plaque D
regression and activates the BMALT-MERTK
efferocytosis axis
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Abstract

Background Atherosclerotic cardiovascular disease can progress despite intensive lipid lowering, highlighting the
need to identify local mechanisms that remodel established plaques. Intermittent fasting may engage metabolic,
circadian, and immune pathways relevant to this process.

Methods We used genome-wide association study structural equation modeling to construct circulatory plaque
burden (CPB) and integrated multi-omic data to prioritize candidate pathways. We then tested intermittent fasting
in a baseline-controlled Ldlr~/~ mouse induction—intervention model and evaluated the BMALT-MERTK efferocytosis
axis in macrophages.

Results Systems-genetic analyses linked systemic atherosclerotic burden to nutrient-response, circadian, and
efferocytosis-related pathways. In mice, intermittent fasting reduced plaque size relative to both the ad libitum-fed
and week-14 Baseline groups and improved structural features of plaque stability without additional endpoint lipid
lowering. Aortic and single-cell analyses prioritized macrophage BMALT-MERTK signaling. BMALT activated the Mertk
promoter and occupied the tested promoter region. Mertk re-expression rescued the efferocytosis defect caused by
Bmal1 knockdown, whereas MERTK inhibition reversed the benefit of BMAL1 overexpression.

Conclusions In this mouse model, intermittent fasting promoted remodeling of established atherosclerotic plaques,
with macrophage BMALT-MERTK signaling and efferocytosis identified as contributing mechanisms. These findings
provide mechanistic insight and highlight this lifestyle-linked axis as a candidate for future translational investigation
alongside established lipid-lowering therapy.

Plain English summary
Cardiovascular disease is often driven by atherosclerosis, in which fat, dead cells, and inflammatory debris
accumulate within artery walls. Cholesterol-lowering medicines are effective but do not always stop established
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plaques from progressing. In mice, intermittent fasting reduced plaque size and improved features of stability
despite endpoint blood lipid levels similar to those in freely fed controls. Macrophages act as "garbage collectors"
by removing dead cells from plagues. Our experiments showed that BMALT increased MERTK expression and
supported this clearance process; restoring Mertk rescued impaired clearance when Bmal1 was reduced. By
integrating human genetics with animal and cell experiments, our study suggests that intermittent fasting may
promote plaque remodeling partly through macrophage efferocytosis. These preclinical findings require further

testing in humans.

Keywords Atherosclerosis, Efferocytosis, Intermittent fasting, Macrophage, Plaque regression, Systems genetics

Background

Atherosclerotic cardiovascular disease (ASCVD) remains
a leading cause of morbidity and mortality worldwide.
Intensive lipid lowering substantially reduces cardiovas-
cular events, yet clinically significant residual risk per-
sists after recommended lipid targets are achieved [1-3].
Serial imaging studies also show heterogeneous plaque
responses, with regression occurring in some but not all
patients despite very low LDL-C [4-7]. Residual inflam-
matory risk remains prognostically important during
statin therapy [8]. These observations place the biology
of established plaque remodeling alongside systemic lipid
control as an important therapeutic question.

Intermittent fasting has emerged as a dietary approach
[9-11] that may influence cardiovascular biology [12].
Its reported effects include changes in insulin sensitivity
and adiposity [13, 14], oxidative-stress responses [15, 16],
and inflammatory signaling [17]. These findings provide a
rationale for studying fasting in atherosclerosis, but most
work has focused on systemic risk factors or lesion devel-
opment. Whether a defined fasting regimen can remodel
already-established plaques, and which plaque-resident
processes might mediate such an effect, remains less
clear.

Intermittent-fasting protocols differ in fasting dura-
tion, timing, and feeding pattern. Mechanistic reviews
and human studies have examined periodic fasting, early
time-restricted feeding, and alternate-day schedules [18,
19]. Observational data on eating-window length have
reported nonlinear associations with mortality that vary
across population subgroups [20], while experimental
work shows that metabolic and immune responses to
fasting vary with host metabolic state [21]. These findings
support precise description and context-specific inter-
pretation of each fasting intervention [20].

Macrophage handling of dying cells is a central deter-
minant of how established plaques evolve. Plaque
macrophages contribute to lipid accumulation and
inflammatory signaling [22], while also clearing apop-
totic cells through efferocytosis [23]. Efficient clearance
restrains secondary necrosis and supports tissue repair
and plaque stability [24]. Mertk is a major macrophage
receptor in this process, and impaired Mertk signal-
ing promotes apoptotic-cell accumulation and plaque

necrosis [25]. Bmall, a core circadian regulator, also
shapes myeloid inflammatory and metabolic programs
[26], raising the possibility that recurring fasting-feeding
cycles influence plaque remodeling through a Bmall-
Mertk connection.

Defective efferocytosis allows apoptotic cells to
accumulate and undergo secondary necrosis, ampli-
fying plaque inflammation [27, 28]. Several preclini-
cal approaches support the broader principle that
restoring macrophage clearance can favor inflamma-
tory resolution. Interventions directed at IRF5 [29],
SECTM1A-GITR-LXR«a signaling [30], and other com-
ponents of apoptotic-cell recognition and engulfment
[31], including CD47-directed strategies [32, 33], have
improved efferocytic activity in experimental settings. It
remains unknown whether nutritional timing can engage
an endogenous macrophage clearance program in estab-
lished plaques and whether the same pathway is sup-
ported by human vascular data. Addressing this question
requires evidence that connects population-level path-
way prioritization with cell-resolved and experimental
mechanism testing.

We therefore asked whether intermittent fasting could
remodel established atherosclerotic plaques and whether
macrophage Bmall-Mertk signaling contributes to this
response. We first integrated genetic information across
multiple arterial phenotypes to prioritize nutrient-
responsive and circadian pathways associated with sys-
temic atherosclerotic burden [34]. We then combined
an Ldlr-/-induction-intervention model with aortic tran-
scriptomics, public human single-cell datasets, plaque
histology, and macrophage experiments [35]. Our central
hypothesis was that intermittent fasting enhances Bmall-
dependent Mertk expression and efferocytosis, thereby
favoring remodeling of established plaques.

Methods

Reagents and antibodies

Dexamethasone (Cat# 40323ES25) was purchased from
Yeasen Biotechnology (Shanghai, China). 4’,6-diamid-
ino-2-phenylindole (DAPI) nuclear stain (Cat# D9542)
and Oil Red O (Cat# 00625) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). A terminal deoxy-
nucleotidyl transferase dUTP nick-end labeling (TUNEL)
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Apoptosis Assay Kit (Cat# A112-01) [36], Dual-Lucif-
erase Reporter Assay Kit (Cat# DL101), HiScript II 1st
Strand ¢cDNA Synthesis Kit (Cat# R211-01), and AceQ
qPCR SYBR Green Master Mix (Cat# Q111-02) were
purchased from Vazyme Biotech (Nanjing, China). The
Hematoxylin—-Eosin (HE) Stain Kit (Cat# G1120) and
Elastica van Gieson (EVG) staining kit (Cat# G1597)
were purchased from Solarbio (Beijing, China). CFDA-
SE (Cat# C1031) was purchased from Beyotime Biotech-
nology (Shanghai, China), and CellTracker Red CMTPX
(Cat# C34552), TRIzol (Cat# 15,596,026), Lipofectamine
RNAIMAX (Cat# 13,778,075), and Lipofectamine 2000
(Cat# 11,668,019) were purchased from Thermo Fisher
Scientific (Waltham, MA, USA).

Fetal bovine serum (FBS; Cat# S1303-500) was pur-
chased from Wijcell Biotechnology (Shanghai, China).
High-glucose Dulbecco's modified Eagle medium
(DMEM; Cat# BC-M-005-500 ml) and Roswell Park
Memorial Institute 1640 medium (RPMI-1640; Cat#
BC-M-002-500 ml) were purchased from Bio-Chan-
nel (Nanjing, China), red blood cell lysis buffer (Cat#
BL503B) from Biosharp (Hefei, China), recombinant
murine macrophage colony-stimulating factor (M-CSF;
Cat# 315-02) from PeproTech (Cranbury, NJ, USA), and
oxidized low-density lipoprotein (ox-LDL; Cat# YB-002)
from Yiyuan Biotechnologies (Guangzhou, China).
Mouse Bmall-targeting and negative-control small inter-
fering RNAs (siRNAs) were synthesized by GenePharma
(Shanghai, China). Primary antibodies included F4/80
(Cat# 28,463—1-AP), Bmall (Cat# 14,268—1-AP), Mac-2/
Galectin-3 (Cat# 60,207-1-Ig), MMP9 (Cat# 60,600—1-
Ig), CCL2/MCP-1 (Cat# 66,272—1-Ig), and IL-10 (Cat#
60,269-1-Ig), all from Proteintech (Wuhan, China);
CD68 (Cat# YM3050) from ImmunoWay; and TNF-a
(Cat# YP-mADb-15972) from UpingBio (China). A rabbit
polyclonal Mertk antibody (Cat# ab95925; Abcam, Cam-
bridge, UK) was used for single-marker plaque staining.
The dual Mertk/FLT3 kinase inhibitor MRX-2843 (Cat#
T16144; TargetMol) was used for pharmacological inhi-
bition. Fluorescence-conjugated secondary antibod-
ies against mouse and rabbit IgG (Cat# SA00013-1 and
SA00013-2) were purchased from Proteintech.

Animal models and dietary interventions

All animal experiments were approved by the Ani-
mal Ethics Committee of the Hefei Comprehensive
National Science Center Institute of Health and Medicine
(Approval No. IHM-AP-2024—-025) and followed the NIH
Guide for the Care and Use of Laboratory Animals. Eight-
week-old male Ldlr~/~ mice on a C57BL/6 ] background
were purchased from GemPharmatech (Nanjing, China).
Mice were housed in individually ventilated cages in a
specific pathogen-free facility at 23+1 °C and 60-70%
relative humidity under a 12 h light/12 h dark cycle, with
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lights on at 08:00 and off at 20:00, and with food and
water available ad libitum before the intervention. A total
of 24 mice entered the study. Eight mice were assigned to
each of the Baseline, ad libitum feeding, and intermittent
fasting groups, and all animals completed the planned
protocol without exclusion. The mouse was the inde-
pendent experimental unit; biochemical and histological
analyses included eight mice per group. The target group
size was eight mice per group; no formal a priori power
calculation was performed.

Mice were fed a proatherogenic diet containing
40 kcal% fat and 1.25% cholesterol (D12108C; Research
Diets, New Brunswick, NJ, USA) for 14 weeks [37]. At
week 14, all mice underwent blood collection for bio-
chemical analysis, after which eight mice were selected
using a computer-generated random-number sequence
and euthanized as the Baseline group. The remaining
16 mice were switched to a normal diet and randomly
allocated 1:1 to ad libitum feeding or 24 h intermittent
fasting for 4 weeks using a computer-generated random-
number sequence [38]. Intermittent fasting was defined
as 24 h of complete fasting with water available followed
by 24 h of ad libitum feeding, with this cycle repeated
throughout the intervention. Food was removed at 20:00
and restored 24 h later at 20:00; thus, each fasting interval
encompassed one complete light—dark cycle [12]. Body
weight and food intake were recorded every 48 h. Ter-
minal blood was collected from the ad libitum-fed and
intermittent-fasting groups immediately before euthana-
sia. Serum was separated at 400 x g for 20 min at 4 °C and
stored at-20 °C. Total cholesterol, triglycerides, LDL-
C, HDL-C, and nonesterified fatty acids were measured
using a Hitachi 3100 automated biochemical analyzer.

Histology and immunofluorescence analysis

The entire aorta, extending from the proximal ascending
aorta through the aortic arch and thoracic and abdominal
aorta to the iliac bifurcation, was isolated, and adventitial
adipose tissue was removed under a stereomicroscope.
The vessel was opened longitudinally, pinned flat, fixed
in 4% paraformaldehyde for 24 h, and stained with 0.5%
Oil Red O [39]. En face lesion burden was calculated as
Oil Red O-positive area divided by total intimal surface
area. Aortic roots were embedded in OCT and cut into
serial 6-pm cryosections. Sections were retained begin-
ning at the first appearance of the three aortic-valve leaf-
lets and continuously collected through the three-leaflet
region until this morphology was no longer present;
approximately 15 sections were retained per mouse. For
staining, sections were selected using randomized coded
identifiers, with section numbers and anatomic levels
matched as closely as possible across animals. Root sec-
tions were stained with Oil Red O, hematoxylin and eosin
(HE), and Elastica van Gieson (EVG) [40]. Plaque area,
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necrotic-core area, fibrous-cap area, and collagen-related
stability features were quantified from three anatomically
level-matched sections per mouse. Section-level mea-
surements were averaged within each mouse to yield one
value for group-level analysis.

For immunofluorescence, sections were blocked in
phosphate-buffered saline (PBS) containing 5% bovine
serum albumin for 1 h and incubated overnight at 4 °C
with the indicated primary antibodies. Mac-2 was used
as a broad plaque macrophage marker. The prespecified
co-staining combinations included Bmall with CD68
and the anti-inflammatory cytokine IL-10 with the mac-
rophage marker F4/80; TNF-a, CCL2, and MMP9 were
evaluated as marker-specific plaque signals. Mertk was
assessed by single-marker staining, whereas TUNEL and
Mac-2 co-staining was used to evaluate plaque apoptotic-
cell burden, its spatial relationship to macrophages, and
a histologic efferocytosis index. After washing, sections
were incubated with the corresponding fluorescence-
conjugated secondary antibodies for 1 h in the dark and
counterstained with DAPI. TUNEL staining was per-
formed according to the manufacturer's protocol [41].
For the MMP9 assay, parallel frozen sections were pro-
cessed without the MMP9 primary antibody and then
incubated with the corresponding fluorescent secondary
antibody. Fluorescence persisting along the vascular elas-
tic lamina in this primary-antibody-omission control was
classified as arterial-wall autofluorescence rather than
MMP9-specific signal [42, 43].

Three level-matched sections were analyzed for each
mouse using a Zeiss LSM 900 confocal microscope. At
least three nonoverlapping fields covering the plaque
region were acquired per section under identical marker-
specific settings. Thresholding, background subtraction,
and region-of-interest definitions were held constant
within each assay. Measurements from fields and sec-
tions were first averaged within each mouse, and each
mouse contributed one value to statistical analysis. Mac-
2-positive area and marker-specific signals were nor-
malized to total plaque area as appropriate. Mertk was
quantified from the single-marker images as relative
mean fluorescence intensity (MFI) within the prespeci-
fied plaque region, calculated as integrated plaque-region
fluorescence divided by plaque-region area, and was not
normalized to a macrophage co-stain. MMP9 and CCL2
were quantified as relative mean fluorescence intensity
(MFI) within the plaque region. Bmall was quantified as
relative MFI within CD68-positive plaque regions. For
IL10/F4/80 co-staining, IL10 served as an anti-inflamma-
tory marker and F4/80 as a macrophage marker; the two
fluorescence channels were quantified separately as rela-
tive MFI within the same prespecified plaque region of
interest, and no separate co-localization metric was cal-
culated. TUNEL-positive cell profiles within the plaque
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region were defined as apoptotic cells (ACs), and Mac-2
served as the spatial macrophage reference. An AC was
classified as Mac-2-positive macrophage-associated when
its red TUNEL signal overlapped with Mac-2 signal (yel-
low in merged images) or when the red AC was imme-
diately contacted and encircled by green Mac-2 signal.
TUNEL-positive ACs lacking adjacent or surrounding
Mac-2 signal were classified as free ACs. The histologic
efferocytosis index was calculated as the number of Mac-
2-positive macrophage-associated ACs divided by the
number of free ACs; a higher ratio indicates greater mac-
rophage association relative to the accumulation of free
apoptotic cells [24]. Elastic-lamina-adjacent fluorescence
identified in the MMP9 primary-antibody-omission con-
trols was excluded from the MMP9 measurement. Image
quantification was performed in Image] using coded
images. For all immunofluorescence analyses, regions of
interest were restricted to the aortic-root valve plaque
area. Signals from the outer arterial wall and elastic lam-
ina were excluded because elastin-rich structures can
produce nonspecific fluorescence and autofluorescence.

Cell culture

Both the human Jurkat T-cell line and the HEK293T cell
line were purchased from the American Type Culture
Collection (ATCC; Manassas, VA, USA). Jurkat cells were
cultured in suspension in standard Roswell Park Memo-
rial Institute 1640 medium (RPMI-1640) supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin. HEK293T cells were adherently cultured
in DMEM (high glucose) supplemented with 10% FBS
and 1% penicillin-streptomycin. All the cell lines were
maintained in a humidified incubator at 37 °C with 5%
CO,, passaged regularly, and tested for mycoplasma
contamination.

Primary bone marrow-derived macrophages (BMDM:s)
were isolated from the femurs and tibias of 4-week-
old male C57BL/6 ] wild-type mice. Marrow cells were
flushed with ice-cold sterile PBS, centrifuged at 4 °C, and
treated with red blood cell lysis buffer for 15 min on ice.
Cells were washed and cultured in complete DMEM/F12
containing 10% FBS and 20 ng/mL M-CSF [44] for 7 days,
with half-medium replacement every 2—-3 days. The use
of 4-week-old donors followed published BMDM pro-
tocols that generated mature macrophages after M-CSE
differentiation, and all donor-specific cultures were
matched for age, sex, and genetic background to limit
preparation-related heterogeneity [45, 46].

Macrophage intervention and in vitro efferocytosis assay

Differentiated BMDMs were exposed to 50 pg/mL ox-
LDL for 24 h [38]. The loss-of-function/rescue experi-
ment comprised four conditions: untreated control,
ox-LDL alone, ox-LDL plus Bmall knockdown, and
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ox-LDL plus Bmall knockdown with Mertk re-expres-
sion. The complementary overexpression/inhibitor
experiment comprised untreated control, ox-LDL alone,
ox-LDL plus Bmall overexpression, and ox-LDL plus
Bmall overexpression with MRX-2843. For the inhibi-
tor condition, BMDMs were treated with 150 nM MRX-
2843 for 2 h immediately before the efferocytosis assay.
Matched negative-control siRNA, empty vector, and
vehicle were used whenever the corresponding gene-tar-
geting reagent or inhibitor was absent. Bmall siRNA was
transfected using Lipofectamine RNAiIMAX, whereas
the Bmall and Mertk expression plasmids were trans-
fected using Lipofectamine 2000. Knockdown or overex-
pression and Mertk restoration were verified before the
efferocytosis assay. For the efferocytosis assays, BMDMs
were isolated separately from three donor mice. For each
condition, cells from each donor were maintained in a
separate culture dish, and each donor-specific dish con-
stituted one biological replicate (n=3 per condition).

Jurkat cells in logarithmic growth were collected at
1x10° cells/mL, washed once with sterile PBS, and gen-
tly resuspended in prewarmed phosphate-buffered saline
(PBS) containing 5 pM CFDA-SE. After incubation
for 15 min at 37 °C in the dark, the cells were pelleted,
resuspended in fresh complete Roswell Park Memo-
rial Institute 1640 medium (RPMI-1640), and incubated
for a further 30 min at 37 °C to allow intracellular pro-
cessing of the tracer. The labeled cells were then washed
twice with sterile PBS and treated with 1 uM dexameth-
asone for 7 h to generate apoptotic target cells [47, 48].
Before co-culture, the cells were centrifuged, the dexa-
methasone-containing medium was removed, and the
targets were washed three times with sterile PBS and
resuspended in dexamethasone-free complete medium.
BMDMs subjected to the indicated ox-LDL or siRNA
interventions were labeled in situ with CellTracker Red
CMTPX. Thus, dexamethasone was used only during
preparation of Jurkat target cells and was absent from the
macrophage-target co-culture.

CFDA-SE-labeled apoptotic Jurkat cells were added to
CellTracker Red-labeled BMDMs at a target-to-phago-
cyte ratio of 5:1 and incubated for 2 h at 37 °C in the dark.
The co-cultures were washed three times with sterile PBS
to remove free apoptotic cells and fixed in 4% parafor-
maldehyde for 15 min. Quantification was performed by
fluorescence microscopy rather than flow cytometry. For
each condition and donor-specific culture dish, two com-
pletely nonoverlapping fields were selected at random
and acquired under identical settings. The efferocytosis
index was calculated as the number of red macrophages
containing at least one internalized green apoptotic
target cell divided by the total number of red macro-
phages x 100% [41]. Each donor-specific dish represented
one biological replicate, and the two fields acquired from
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each dish were retained as separate field-level measure-
ments, yielding six plotted points from three donor mice
per condition.

Promoter mutagenesis and dual-luciferase reporter assay
Multiple potential Bmall-binding motifs in the upstream
regulatory region of the mouse Mertk gene were pre-
dicted using JASPAR [49] and ranked by relative pro-
file score. The two highest-scoring candidate sites were
selected for reporter analysis: candidate site 1 at-763
to—754 and candidate site 2 at—111 to-101 relative to
the transcription start site. WT1-Mertk contained ...C
AACGTGAC..., whereas MUT1-Mertk contained ... TG
GTACAGT.... WT2-Mertk contained ..GGCCACGCG
T..., whereas MUT2-Mertk contained ... AATTGTATA
C.... The matched mutations disrupted the core sequence
of each predicted Bmall-binding motif while preserving
promoter-fragment length.

Sequence-verified pGL3-Basic reporters containing
the wild-type or matched mutant Mertk promoter frag-
ments and the pcDNA3.1(+)-Bmall expression plas-
mid were obtained from GeneCreate (Wuhan, China).
In HEK293T cells, WT1, MUT1, WT2, and MUT?2
reporters were tested in parallel with the Bmall expres-
sion plasmid or matched empty vector. A complemen-
tary BMDM reporter experiment used four conditions:
pGL3-Basic + siNC, pGL3-Basic+siBmall, WT1 +siNC,
and WT1 +siBmall. Reporter and expression or siRNA
reagents were introduced using Lipofectamine 2000
or Lipofectamine RNAIMAX, as appropriate, and a
Renilla reporter was included as the internal transfec-
tion control. Cells were lysed 48 h after reporter trans-
fection, firefly and Renilla activities were measured using
the Dual-Luciferase Reporter Assay Kit, and promoter
activity was calculated as the firefly/Renilla ratio before
normalization to the corresponding control. These
experiments tested the effects of Bmall abundance and
mutation of the two predicted candidate sites on Mertk
promoter activity.

Cleavage under targets and release using nuclease assay

Cleavage under targets and release using nuclease fol-
lowed by quantitative PCR (CUT&RUN-qPCR) was
performed to examine Bmall occupancy at the Mertk
promoter in BMDMs. Assays were performed using the
Hyperactive pG-MNase CUT&RUN Assay Kit for PCR/
qPCR (Cat# HD103; Vazyme Biotech, Nanjing, China)
according to the manufacturer's instructions. Approxi-
mately 5 x 10° BMDMs were used per reaction. Cells were
incubated overnight at 4 °C with either 1 pg rabbit IgG
isotype-control antibody (Cat# HA722127; Hangzhou
HuaAn Biotechnology, Hangzhou, China) or 1 ug anti-
Bmall polyclonal antibody (Cat# 14,268—1-AP; Protein-
tech, Wuhan, China). Antibody-bound chromatin was
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subjected to pG-MNase-mediated cleavage and DNA
release, and the released DNA fragments were purified
using the DNA-purification buffers and spin columns
supplied with the kit.

Purified CUT&RUN DNA was analyzed by real-time
quantitative PCR using ChamQ SYBR qPCR Master
Mix (Cat# Q711; Vazyme Biotech) on an ABI ViiA 7
Real-Time PCR System (Thermo Fisher Scientific). Prim-
ers targeting the tested Mertk promoter region were
forward, 5'-ATTCGGCTTAGTTCTCCCCG-3’, and
reverse, 5-TGGCTACTGAAACGGAGTGC-3'. Rela-
tive enrichment of the Mertk promoter was calculated by
normalizing the anti-Bmall CUT&RUN signal to the IgG
control, with the IgG group set to 1.

RNA extraction and quantitative real-time PCR

Total cellular RNA was extracted using TRIzol reagent.
One microgram of total RNA was reverse-transcribed
into cDNA using the HiScript II 1st Strand cDNA Syn-
thesis Kit. qPCR amplification was subsequently per-
formed on a LightCycler 480 Real-Time PCR System
(Roche Diagnostics, Basel, Switzerland) using the AceQ
qPCR SYBR Green Master Mix. The relative expression
levels of target genes were quantified using the standard-
ized calculation method in the Roche LightCycler 480
software and normalized against B-actin as the internal
reference gene. The specific sequences of primers used
for the qPCR analysis are detailed in Supplementary
Table 8.

Transcriptome sequencing and data processing

Total RNA from aortic tissues and cultured cells that
passed quality assessment was used for library construc-
tion. Paired-end libraries were sequenced on an Illumina
NovaSeq 6000 by OE Biotech (Shanghai, China). Reads
were filtered with fastp v0.20.1 (-length_required 50)
[50], aligned to GRCm39 with HISAT2 v2.1.0 [51], and
counted with HTSeq-count v0.11.2 [52]. Differential
expression was analyzed with DESeq2 [53]; genes with
an absolute fold change>2 and a Benjamini—Hochberg
false-discovery-rate-adjusted P<0.05 were considered
differentially expressed. KEGG [54] and GSEA [55] were
used for pathway-level interpretation.

Population-level transcriptome correlation analysis

We obtained large-scale whole-blood transcriptome
sequencing data of human samples from the Geno-
type-Tissue Expression database (https://gtexportal.
org/) via the GEPIA web server (http://gepia.cancer-pk
u.cn/). After the TPM (Transcripts Per Million) expres-
sion matrix of the target genes was extracted, Spear-
man correlation analysis was performed to evaluate the
association between the expression levels of the human
homologs of Bmall and Mertk. Data visualization and
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related statistical tests were performed via the GEPIA
web server.

Genome-wide association study structural equation
modeling (GWAS-SEM) analysis

The same harmonized vascular-trait summary statis-
tics were processed with GenomicSEM [34, 56]. Mul-
tivariable LD score regression was used to estimate the
genetic covariance matrix and its sampling covariance
matrix; off-diagonal sampling covariances incorporated
the cross-trait LDSC intercepts so that covariance caused
by overlapping participants was not treated as inde-
pendent information. A single-factor model was fitted
by diagonally weighted least squares. This latent factor
was termed circulatory plaque burden (CPB) and inte-
grated the shared genetic covariance of carotid plaque,
coronary artery disease, peripheral artery disease, and
abdominal aortic phenotypes. Model fit was evaluated
using the chi-square statistic, comparative fit index, and
standardized root mean square residual, together with
the standardized factor loadings; the complete values
are reported in Supplementary Table 2. Common-factor
GWAS then estimated variant associations with CPB, fol-
lowed by SNP2GENE annotation in Functional Mapping
and Annotation (FUMA) [58] using P<5x 107 as the
genome-wide threshold.

Overall genetic correlation analysis

All input GWAS summary datasets listed in Supplemen-
tary Table 1 were derived from participants of Euro-
pean ancestry. Summary statistics were harmonized
to the same effect allele, and variants were retained
when INFO>0.9 and minor-allele frequency>0.01;
the extended major histocompatibility complex region
on chromosome 6 (25-34 Mb) was excluded. Global
genetic correlations were estimated by linkage disequi-
librium score regression [56] and high-definition likeli-
hood [57] using ancestry-matched linkage disequilibrium
information from the 1000 Genomes Project Phase 3
European reference panel. Cross-trait LD score regres-
sion intercepts were used to retain the sampling covari-
ance attributable to participant overlap between GWAS
datasets. These analyses tested whether fasting duration
and CPB shared genome-wide genetic architecture and
were not interpreted as estimating the effect of a fasting
intervention.

Pleiotropic association analysis

Shared genetic signals between fasting duration and CPB
were evaluated using pleiotropic analysis under a com-
posite null hypothesis (PLACO) [59] and Fisher's com-
bined probability method. Signals meeting P<5x107®
were mapped with iCPAGdb [60] using the 1000
Genomes reference panel [61] and subjected to pathway
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enrichment. This analysis was used to identify pleiotropic
loci and shared pathways; it did not estimate the direc-
tion or magnitude of a fasting intervention effect.

Gene-level association analysis and transcriptome-wide
association study (TWAS)

Multi-marker  Analysis of GenoMic Annotation
(MAGMA) [62] tested gene-level associations across
protein-coding genes and their + 10 kb regions, with sig-
nificance controlled by Bonferroni correction across the
genes tested. FUSION transcriptome-wide association
framework [63] integrated Genotype-Tissue Expression
(GTEx) project version 8 [64] expression quantitative-
trait-locus weights for transcriptome-wide association
analysis. These analyses prioritized genes whose inher-
ited association or genetically predicted expression con-
verged with CPB-related signals; TWAS associations
were not treated as functional confirmation or stand-
alone causal evidence.

Proteome-wide mendelian randomization (PW-MR)

Plasma protein quantitative trait loci (pQTLs) from the
deCODE cohort [65] were selected within a 1 Mb win-
dow at P<5x107®. Proteome-wide Mendelian random-
ization used the inverse-variance-weighted estimator,
with significance assessed using Bonferroni correction
across the proteins tested. Estimates were interpreted
as genetically supported directional associations con-
ditional on the relevance, independence, and exclusion-
restriction assumptions for the instruments.

Fine-mapping analysis

Fine-mapping Of CaUsal gene Sets (FOCUS) [66] esti-
mated gene-level posterior inclusion probabilities from
the expression-correlation covariance matrix. At the vari-
ant level, Sum of Single Effects (SuSiE) [67] generated
95% credible sets with a maximum of 10 causal variants,
and FINEMAP [68] calculated posterior probabilities for
cross-validation using the same maximum. Fine-mapping
outputs were used to narrow candidate genes and vari-
ants within associated regions and were not interpreted
as functional validation.

Single-cell transcriptome processing, macrophage-state
trajectory, and virtual network perturbation analysis
Single-cell datasets GSE314596, GSE184073, and
GSE253903 were processed independently in R version
4.6.0. The GSE253903 single-cell RNA-sequencing sub-
set comprised 12 carotid endarterectomy specimens,
including six from clinically symptomatic patients. In the
source cohort, symptomatic status was defined by stroke
or transient ischemic attack within 6 months before sur-
gery, whereas asymptomatic patients had no history of
ischemic events. For GSE184073, CD45-positive plaque
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cells from four patients with chronic coronary syndrome/
stable angina pectoris whose plaques lacked a high-inten-
sity signal on non-contrast T1-weighted magnetic reso-
nance imaging and three patients with acute coronary
syndrome were pooled within each clinical group before
single-cell RNA sequencing. We therefore refer to these
as chronic-coronary-syndrome/stable-angina-associated
and acute-coronary-syndrome-associated plaque groups,
rather than as histologically defined stable and unsta-
ble plaques. Because cells were nested within patients
and donor identity was not retained after pooling in
GSE184073, clinical-group comparisons were interpreted
as descriptive cell-level evidence rather than donor-
level inference. Genes detected in fewer than three cells
were removed. Cells were retained when they contained
50-6,000 detected genes, 100—50,000 unique molecular
identifier counts, and<20% mitochondrial transcripts.
Doublets were identified separately within each dataset
using DoubletFinder version 2.0.4 [69], with pN=0.25,
pK selected by the maximum mean—variance-normalized
bimodality coefficient for that dataset, an expected dou-
blet rate of 7.5%, and adjustment for the estimated homo-
typic-doublet proportion. After quality control, counts
were normalized with LogNormalize using a scale fac-
tor of 10,000 in Seurat version 4.4.0 [70]. The 2,000 most
variable genes were selected by the variance-stabilizing
transformation method, followed by scaling and princi-
pal-component analysis. Harmony version 1.2.0 (Korsun-
sky et al., 2019) was applied to the principal-component
space to reduce sample-level batch effects. The first 30
Harmony dimensions were used to construct the shared-
nearest-neighbor graph, perform Louvain clustering at
resolution 0.6, and generate uniform manifold approxi-
mation and projection (UMAP) coordinates. Monocle
3 [71] and scTenifoldKnk [35] were used for the down-
stream macrophage-state and virtual-perturbation analy-
ses described below.

Cluster-enriched genes were identified with a Wil-
coxon rank-sum test using a minimum detection fraction
of 0.25, absolute log2 fold change>0.25, and Benjamini-
Hochberg-adjusted P <0.05. Cell identities were assigned
manually from combinations of canonical lineage mark-
ers, with the marker evidence for each cluster checked
individually against the curated human marker records in
CellMarker 2.0 [72]. The macrophage subset was trans-
ferred to monocle3 version 1.3.7, a principal graph was
learned in the UMAP space, and cells were ordered along
the graph. The efferocytosis module score was calcu-
lated from the normalized expression of representative
apoptotic-cell recognition and clearance genes, includ-
ing Mertk, AXL, GAS6, MFGE8, TIMD4, STAB1, and
LRP1. The inflammation module score was calculated
in the same manner from representative inflammatory
genes, including IL1B, TNF, CCL2, CXCL8, NFKBI, and
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PTGS2. The 50 macrophages with the highest inflamma-
tion module scores were specified as root cells, defining
the high-inflammation end of each inferred trajectory.
For Fig. 5A and C, normalized expression of the Bmall
and Mertk homologs and the efferocytosis module score
were fitted along the rescaled pseudotime axis. Cell-level
Pearson correlations between normalized expression of
the Bmall and Mertk homologs were calculated sepa-
rately for macrophages from normal coronary arteries,
coronary artery plaques, asymptomatic carotid plaques,
and symptomatic carotid plaques. The cell-level Mertk
homolog expression distributions in stable and unstable
coronary plaques were compared using a two-sided Wil-
coxon rank-sum test.

For virtual perturbation, scTenifoldKnk constructed
five macrophage gene-regulatory subnetworks with ten-
sor rank 2 and simulated knockout of the human homo-
log of Bmall by setting its outgoing regulatory weights
to zero. Network-distance values were Box-Cox trans-
formed and standardized within each dataset. The result-
ing Z score is a within-dataset measure of how strongly
a gene's network relationships deviate from the unper-
turbed state: a larger value indicates a more pronounced
relative network disturbance after virtual knockout of the
Bmall homolog. It does not indicate whether the gene
is transcriptionally upregulated or downregulated, and
values were not compared quantitatively across differ-
ent datasets. Cell-level maps were used for visualization,
whereas cell-type summaries and phenotype compari-
sons were aggregated at the patient or sample level for
statistical inference. Virtual perturbation was performed
independently of the Monocle 3 pseudotime analysis,
so candidate ranking did not depend on trajectory root-
ing or pseudotime ordering. The model assumes that
the expression-derived network captures biologically
relevant regulatory structure and that setting outgo-
ing Bmall-homolog weights to zero approximates loss
of regulatory activity; accordingly, the output was used
for hypothesis generation rather than interpreted as an
experimental knockout or causal test. Robustness was
assessed by repeating the analysis in three independently
processed arterial macrophage datasets and prioritizing
only shared candidates. Formal sensitivity analyses using
alternative clustering, batch-correction, or network-
parameter settings were not performed.

Randomization, blinding, experimental units, and
statistical analysis

Statistical analyses were performed in R version 4.6.0.
After group allocation, animal, serum, and tissue samples
were assigned coded identifiers, and the order of bio-
chemical measurement, section selection, staining, image
acquisition, and initial image quantification was inter-
spersed across groups. Group labels remained concealed
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during these prespecified measurements and initial
quantification. After all prespecified measurements had
been completed, the code key was opened by the sole
first author, who assembled the final dataset and per-
formed the final statistical analysis and integration. The
mouse was the independent unit for animal experiments,
and a donor-specific BMDM culture or independently
repeated cell experiment was the unit for in vitro analy-
ses. For tissue analyses, measurements from multiple
sections or fields were averaged within the correspond-
ing mouse. For the BMDM efferocytosis assays, the two
field-level measurements from each donor-specific dish
were retained and displayed separately as nested mea-
surements, yielding six points from three donor mice per
condition. Data are presented as mean + standard error of
the mean (SEM) unless otherwise stated.

Before parametric testing, normality of animal and
cell outcome data was assessed using the Shapiro—Wilk
test and homogeneity of variance using Levene's test.
Two independent groups satisfying parametric assump-
tions were compared by an unpaired two-tailed Student's
t test; three or more groups were compared by one-way
ANOVA followed by Tukey's multiple-comparison test.
Outcomes not satisfying parametric assumptions were
analyzed using the corresponding prespecified nonpara-
metric test. Longitudinal body-weight and food-intake
data were analyzed with a two-way repeated-measures
framework that included group, time, and their inter-
action. Exact biological sample sizes are reported for
the corresponding outcomes, and in vitro results were
derived from at least three independent biological rep-
licates. The cell-level expression comparisons in Fig. 3H
and Supplementary Fig. 6B used two-sided Wilcoxon
rank-sum tests. Exact P values are displayed in the rel-
evant panels when available; otherwise, the figure legends
define the prespecified significance thresholds. Statistical
tests and multiple-comparison procedures are specified
in the corresponding legends. Package-specific models
were used for other transcriptomic, single-cell, and pop-
ulation-genetic analyses [73, 74].

CUT&RUN-qPCR group comparisons were performed
on ACt values using a paired two-sided Student's t test.
Normalization of the IgG signal to 1 was used only for
graphical presentation of relative promoter enrichment.

For bulk RNA sequencing, differential expression
was controlled at Benjamini—Hochberg FDR-adjusted
P<0.05. GWAS and PLACO analyses used P<5x107%
MAGMA and proteome-wide Mendelian randomization
used analysis-specific Bonferroni correction; and Bayes-
ian fine-mapping was summarized by posterior inclusion
probabilities, posterior probabilities, and 95% credible
sets. For other prespecified experimental analyses, two-
sided P <0.05 was considered statistically significant.
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(See figure on previous page.)

Fig. 1 Genetic construction of circulatory plague burden and plague remodeling with intermittent fasting. A Pairwise genome-wide genetic correla-
tions among carotid plaque, coronary artery disease (CAD), peripheral artery disease (PAD), and abdominal aortic (AA) phenotypes; color and circle size
represent the magnitude of the genetic correlation. B Single-factor genome-wide association study structural equation model (GWAS-SEM) used to
construct circulatory plaque burden (CPB), a latent variable representing shared inherited liability across the four vascular phenotypes. Values on the
paths are standardized factor loadings, with standard errors in parentheses. Model fit: comparative fit index=0.999, standardized root mean square
residual =0.030, .>=0.442, P=0.802. C Manhattan plot of the common-factor GWAS for CPB. The red dashed line marks the genome-wide significance
threshold (P <5x107%). D Functional enrichment of genes prioritized from CPB-associated loci; bubble size indicates the number of genes and color
indicates the adjusted P value. E Experimental design. Eight-week-old male LdIr/~ mice received a high-fat, high-cholesterol diet (HFD) for 14 weeks. A
randomly selected group was euthanized at week 14 as the intervention-start Baseline; the remaining mice were switched to a normal diet (ND) and
assigned to ad libitum feeding (AL) or intermittent fasting (IF), defined as alternating 24 h of complete fasting with water available and 24 h of ad libitum
feeding, for 4 weeks. F, G Representative en face Oil Red O staining of the whole aorta (F) and lesion area as a percentage of total intimal surface area
(G). Scale bar, 2 mm. H-J Representative Oil Red O and Elastica van Gieson (EVG) staining of level-matched aortic-root sections (H), with quantification of
plague area (I) and collagen content (J). Scale bars, 250 um (Oil Red O) and 100 um (EVG). For F-J, n=8 mice per group, and each point represents one
mouse. Data are mean + SEM. Group comparisons in G, |, and J used one-way ANOVA followed by Tukey's multiple-comparison test. All reported animal-

comparison P values are two-sided. *P < 0.05; ***P < 0.001

Results

GWAS-SEM constructs a systemic plaque burden index and
links it to nutrient-responsive processes

To examine the shared genetic basis of atherosclerotic
lesions across vascular territories, we first assessed
genetic correlations among carotid plaque, coronary
artery disease (CAD), peripheral artery disease (PAD),
and abdominal aortic (AA) phenotypes. All six pair-
wise correlations among the four traits were positive
and statistically significant (Fig. 1A). We therefore inte-
grated these traits into a latent variable termed cir-
culatory plaque burden (CPB) using genome-wide
association study structural equation modeling (GWAS-
SEM) [34, 56]. The model showed a good fit (compara-
tive fit index=0.999, standardized root mean square
residual =0.030, y?=0.442, P=0.802), with standardized
factor loadings ranging from 0.73 to 0.99 (Fig. 1B). A sub-
sequent genome-wide association analysis of CPB identi-
fied multiple association loci exceeding the genome-wide
significance threshold (P<5x107% Fig. 1C). The input
GWAS datasets and sample sizes are detailed in Supple-
mentary Table 1, and the complete GenomicSEM param-
eter estimates are provided in Supplementary Table 2.

To map the SNP-level associations to genes and bio-
logical processes, we analyzed the CPB GWAS summary
statistics using FUMA [58] and MAGMA [62]. MAGMA
yielded 54 reported gene-level associations meeting the
table-specific reporting threshold; these genes were sub-
jected to functional enrichment analysis (Supplementary
Table 4). The enriched pathways included scavenger-
receptor-mediated ligand uptake, cellular responses
to nutrient levels, receptor-mediated endocytosis, and
myeloid cell differentiation (Fig. 1D). Together, these
analyses defined a genetically informed index of systemic
atherosclerotic involvement and highlighted nutrient-
responsive processes among the biological pathways
associated with plaque burden.

Intermittent fasting reduces established plaque burden
and improves features of plaque stability

Motivated by the genetic association with nutrient-
responsive processes, we next examined the effect
of intermittent fasting on established atherosclerotic
lesions. Eight-week-old male Ldlr"/~ mice were fed a
high-fat, high-cholesterol diet for 14 weeks. At the end
of this induction period, one-third of the mice were ran-
domly selected and euthanized as the week-14 Baseline
group. The remaining mice were switched to a normal
diet and randomly assigned to either an ad libitum-fed
group or an alternate-day 24-h intermittent-fasting group
for four weeks (Fig. 1E).

To assess group comparability at week 14, serum lipid
levels and body weight were measured after the 14-week
induction period and before the four-week feeding inter-
vention. No significant differences in total cholesterol
(TC), triglycerides (TG), low-density lipoprotein cho-
lesterol (LDL-C), high-density lipoprotein cholesterol
(HDL-C), non-esterified fatty acids (NEFA), or body
weight were detected among mice allocated to the Base-
line, ad libitum-fed, and intermittent-fasting groups
(Supplementary Fig. 1A-F; all P>0.05), supporting bal-
ance in the assessed systemic variables at allocation.

Whole-aorta Oil Red O staining showed that lesion
area was greater in the ad libitum-fed group than at Base-
line. In contrast, the lesion area in the intermittent-fast-
ing group was lower than that in the ad libitum-fed group
and was also lower than that in the week-14 Baseline
group (Fig. 1F, G). Oil Red O staining of aortic-root sec-
tions showed a consistent pattern, with a smaller plaque
area in the intermittent-fasting group than in both the ad
libitum-fed and Baseline groups (Fig. 1H, I). At the group
level, plaque burden after intermittent fasting was lower
than the week-14 Baseline reference, supporting regres-
sion of established atherosclerotic lesions.

Elastica van Gieson staining further showed that plaque
collagen content was lower in the ad libitum-fed group
than at Baseline, whereas intermittent fasting increased
collagen content relative to both the ad libitum-fed and
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Baseline groups (Fig. 1H, J). Thus, the reduction in plaque  significant difference was detected between the ad libi-
burden induced by intermittent fasting was accompanied  tum-fed and Baseline groups (Fig. 2B). Fibrous-cap area
by increased collagen deposition, a structural feature was lower in the ad libitum-fed group than at Baseline
associated with greater plaque stability. (P<0.01). Intermittent fasting increased the fibrous-cap

Hematoxylin and eosin staining of aortic-root lesions  area relative to ad libitum feeding (P<0.01), although
was subsequently used to assess additional structural it remained lower than the Baseline value (P<0.05;
features of plaque composition (Fig. 2A). The necrotic-  Fig. 2C). Together with the increased collagen content
core fraction was lower in the intermittent-fasting group  shown in Fig. 1, these findings demonstrate that intermit-
than in both the concurrent ad libitum-fed group and tent fasting was associated with a smaller necrotic core
the week-14 Baseline group (both P<0.01), whereas no  and a greater fibrous component than ad libitum feeding,
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Fig. 2 Plague composition, systemic metabolic measures, and fasting-related genetic architecture. A-C Representative hematoxylin and eosin staining
of level-matched aortic-root plaques (A) and quantification of necrotic-core area as a percentage of plaque area (B) and fibrous-cap area (C). Dashed lines
delineate the necrotic core. Scale bar, 50 um. NC, necrotic core; FC, fibrous cap. D-H Serum total cholesterol (TC), triglycerides (TG), low-density lipopro-
tein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), and non-esterified fatty acids (NEFA) at the intervention-start Baseline or after the
4-week AL or IF intervention. I, J Body-weight trajectory and net weight change during the intervention. (K, L) Food intake over time and cumulative food
intake. For A-H, n=8 mice per group; for I-L, n=8 mice per AL or IF group. M Genetic correlation of fasting duration with CPB estimated by linkage dis-
equilibrium score regression (LDSC) and high-definition likelihood (HDL); exact P values are shown. Error bars denote 95% confidence intervals. N Enrich-
ment of phenotypes linked to pleiotropic loci shared by fasting duration and CPB; bubble size indicates the Serensen index and color indicates —log10(P).
Data in B-L are mean + SEM. B-H were analyzed by one-way ANOVA followed by Tukey's multiple-comparison test; | and K were analyzed using a two-way
repeated-measures framework including group, time, and their interaction; J and L were analyzed by unpaired two-sided Student's t test. All reported
animal-comparison P values are two-sided. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant
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two structural features consistent with a more favorable
plaque phenotype.

Plaque MMP9 and CCL2 signals provided comple-
mentary molecular readouts of this remodeling phe-
notype. Both signals were higher in the ad libitum-fed
group than at the week-14 Baseline and were lower in the
intermittent-fasting group than in both the ad libitum-
fed and Baseline groups (Supplementary Fig. 2A-D).
These changes accompanied the smaller necrotic core,
greater fibrous-cap area, and higher collagen content
observed with intermittent fasting, consistent with
reduced matrix-degrading and monocyte-recruiting sig-
nals within plaque regions.

Plaque remodeling with intermittent fasting occurs
without detectable additional endpoint lipid lowering

At the four-week endpoint, TC, TG, LDL-C, and NEFA
levels were lower, whereas HDL-C levels were higher, in
both intervention groups than in the week-14 Baseline
group (Fig. 2D-H). No significant difference between
the concurrent ad libitum-fed and intermittent-fasting
groups was detected for any of the five lipid variables.
Thus, the differences in plaque burden and composi-
tion between the intermittent-fasting and ad libitum-fed
groups occurred without a detectable additional reduc-
tion in endpoint circulating lipid levels in the intermit-
tent-fasting group. Because the study did not include
an age-matched chow-fed Ldlr"/~ group without prior
high-fat, high-cholesterol diet exposure or a wild-type
reference group, these measurements demonstrate lipid
lowering relative to the week-14 Baseline but do not
establish normalization to a nonatherogenic reference
range.

Body weight decreased rapidly after initiation of inter-
mittent fasting and remained lower throughout the inter-
vention, resulting in a greater net weight loss than in the
ad libitum-fed group (P<0.001; Fig. 21, J). In contrast,
cumulative food intake over the four-week interven-
tion did not differ significantly between the ad libitum-
fed and intermittent-fasting groups (P>0.05; Fig. 2K, L).
Thus, intermittent fasting altered body weight despite
comparable measured cumulative food intake.

Using published genome-wide association summary
statistics for fasting duration, we next examined its
shared genetic architecture with circulatory plaque bur-
den (CPB). Significant genetic correlations were detected
using both linkage disequilibrium score regression [56]
(LDSC; P=0.012) and high-definition likelihood [57]
(HDL; P=0.001; Fig. 2M). Analysis of pleiotropic loci
shared by fasting duration and CPB further identified
enrichment for chronotype measurement, coffee con-
sumption, insomnia, physical activity, and sleep dura-
tion (Fig. 2N). Together with the CPB enrichment for
myeloid differentiation, scavenger-receptor biology, and
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receptor-mediated endocytosis in Fig. 1D, these shared
circadian and behavioral signals pointed to an intersec-
tion between clock regulation and macrophage function
and prompted direct analysis of the aortic lesions.

Transcriptomic analyses identify Bmal1 as a circadian
regulator responsive to intermittent fasting in lesions

To investigate the molecular changes associated with
intermittent-fasting-induced plaque remodeling, we
performed whole-transcriptome RNA sequencing of
aortic tissues from the ad libitum-fed and intermittent-
fasting groups. Differential expression analysis identi-
fied broad transcriptional differences between the two
groups (Fig. 3A). Functional enrichment analysis of the
differentially expressed genes highlighted circadian-
rhythm-related pathways, including circadian rhythm,
circadian behavior, regulation of circadian rhythm, and
regulation of the circadian sleep/wake cycle (Fig. 3B).
Gene set enrichment analysis [55] further identified sig-
nificant differential enrichment of the circadian rhythm
gene set between the ad libitum-fed and intermittent-
fasting groups (normalized enrichment score= -1.412,
P=0.0069; Fig. 3D). Together, these analyses identified
circadian regulation as a prominent component of the
aortic transcriptional response to intermittent fasting.

Examination of the circadian-rhythm-related genes
revealed a selective rather than uniform transcriptional
response to intermittent fasting. The core clock fac-
tors Bmall and Npas2 were both significantly upregu-
lated in the intermittent-fasting group relative to the ad
libitum-fed group (Fig. 3C). Bmall was prioritized over
Npas2 because it is a central core-clock component with
established macrophage-intrinsic immune and metabolic
functions, providing a direct mechanistic bridge from the
lesion circadian signal to the macrophage/efferocytosis
hypothesis. This prioritization did not imply that Npas2
was biologically irrelevant; its role was not tested in the
present study.

We then examined transcripts corresponding to the
human homolog of Bmall in single-cell RNA-sequencing
data from GSE253903. The analyzed subset comprised
12 carotid endarterectomy specimens, six from clinically
symptomatic patients. Major immune and vascular pop-
ulations were identified in both clinical groups (Fig. 3E).
Among cells with detectable expression, macrophages
constituted the largest population in asymptomatic and
symptomatic plaques, accounting for 40.0% and 41.8%,
respectively, followed by T-lineage cells (Fig. 3F, G). The
plotted cell-level expression distribution was higher
in asymptomatic than symptomatic plaques (Fig. 3H).
Because clinical symptom status reflected recent stroke
or transient ischemic attack rather than a direct histo-
logical classification of plaque stability, we interpret this
finding as supporting a potential association between
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Fig. 3 Aortic transcriptomics identifies an intermittent-fasting-responsive circadian program and human plaque single-cell data localize expression of
the Bmal1 homolog. A Volcano plot of differentially expressed genes in plaque-bearing aortas from AL and IF mice (n=3 mice per group). Colored points
denote genes with an absolute fold change > 2 and Benjamini-Hochberg false-discovery-rate-adjusted P < 0.05. B Enrichment of circadian-rhythm-relat-
ed processes among the differentially expressed genes; bubble size indicates gene count and color indicates P value. C Row-scaled expression heatmap
of selected circadian-rhythm-related genes in AL and IF aortas (n=3 mice per group), highlighting Bmal1 and Npas2. D Gene set enrichment analysis of
the circadian-rhythm gene set (normalized enrichment score= —1.412, P=0.0069). E Uniform manifold approximation and projection (UMAP) of major
immune and vascular populations in asymptomatic and symptomatic human carotid plaques from GSE253903 (12 carotid endarterectomy specimens;
6 clinically symptomatic). In the source cohort, symptomatic status was defined by stroke or transient ischemic attack within 6 months before surgery,
whereas asymptomatic patients had no history of ischemic events. F, G Distribution of cells with detectable expression of the human Bmal1 homolog
among annotated cell populations in asymptomatic (F) and symptomatic (G) plagues; macrophages comprised 40.0% and 41.8% of positive cells, re-
spectively. H Cell-level expression distribution of the human Bmal1 homolog in asymptomatic and symptomatic plaques. The plotted comparison used
a two-sided Wilcoxon rank-sum test; ***P <0.001. Because cells are nested within donors and symptom status is not a direct histological classification of
plague stability, H is presented as descriptive cell-level evidence rather than donor-level statistical inference. DC, dendritic cell; SMC, smooth muscle cell
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Fig. 4 (See legend on next page.)

higher plaque Bmall expression and an asymptomatic
clinical phenotype.

Plaque immunofluorescence provided tissue-level sup-
port for this macrophage-linked Bmall response. Relative
Bmall fluorescence within CD68-positive plaque regions
was lower in the ad libitum-fed group than at the week-14

Baseline and was higher in the intermittent-fasting group
than in both groups (Supplementary Fig. 3 A, B).
Co-immunofluorescence staining was next used to
assess the anti-inflammatory cytokine IL10 in the context
of the plaque macrophage marker F4/80. IL10 signal was
lower in the ad libitum-fed group than at the week-14
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Fig.4 Single-cell virtual network perturbation prioritizes the Mertk homolog as a candidate Bmal1 effector, and intermittent fasting is associated with in-
creased plaque-region Mertk signal. A UMAP representation of major immune and vascular populations in normal human coronary arteries and coronary
artery plaques from GSE314596. B-D scTenifoldKnk virtual knockout of the human Bmal1 homolog in macrophages from normal coronary arteries (B),
coronary artery plaques (C), and carotid artery plaques (D; GSE253903). Network-distance values were standardized within each dataset. A larger positive
Z score indicates a greater relative deviation of a gene's network relationships from the unperturbed network; it does not indicate the direction of expres-
sion change, and Z scores should not be compared quantitatively across datasets. The horizontal dashed line denotes nominal P=0.05 and the vertical
dashed line denotes Z=0. E Intersection of genes significantly perturbed in the three virtual-knockout analyses, identifying nine shared candidates in-
cluding the Mertk homolog. F, G Representative single-marker immunofluorescence images of Mertk in aortic-root plaques (F) and relative plaque-region
mean fluorescence intensity (MFI; integrated plaque-region fluorescence divided by plaque-region area; G). Mertk is shown in red and nuclei in blue. Scale
bar, 50 um (applies to all images in F). Signal was quantified only within the prespecified plaque region; the outer arterial wall and elastic lamina were
excluded, and measurements from three level-matched sections were averaged to yield one value per mouse (n=8 mice per group). The single-marker
measurement was not interpreted as macrophage-specific abundance. Data are mean + SEM. Group comparisons in G used one-way ANOVA followed
by Tukey's multiple-comparison test. All reported animal-comparison P values are two-sided. ***P <0.001. Panel E is a set-intersection summary of shared

candidate genes and is not a cell-by-cell comparison

Baseline and was higher in the intermittent-fasting group
than in the ad libitum-fed group, although it remained
below the Baseline value. Conversely, F4/80 signal was
higher in the ad libitum-fed group than at Baseline and
was lower in the intermittent-fasting group than in both
groups (Supplementary Fig. 4A—C). The recovery of IL10
signal together with reduced F4/80 signal supports an
intermittent-fasting-associated shift toward a less inflam-
matory macrophage-associated plaque phenotype.

Single-cell virtual network perturbation identifies mertk as
a candidate downstream effector of Bmal1

Having identified Bmall as an intermittent-fasting-
responsive circadian regulator in plaque-bearing aor-
tas, we next sought to define its potential downstream
network in human atherosclerotic lesions. We analyzed
single-cell RNA-sequencing datasets from normal coro-
nary arteries, coronary artery plaques, and carotid artery
plaques. Uniform manifold approximation and projection
delineated the major immune and vascular cell popula-
tions in normal coronary arteries and coronary plaques
(Fig. 4A). We then performed an in silico knockout of
the human homolog of Bmall in macrophages from each
of the three arterial microenvironments using scTeni-
foldKnk [35]. This virtual knockout predicted extensive
network perturbations in normal coronary arteries, coro-
nary plaques, and carotid plaques (Fig. 4B-D), indicating
that the inferred macrophage network is context depen-
dent while retaining shared candidate downstream nodes
across arterial beds and disease states.

Intersection of the genes significantly perturbed by
this virtual knockout identified nine shared candidates
across the three datasets, including the Mertk homolog
(Fig. 4E). This gene encodes a TAM-family receptor
tyrosine kinase that mediates apoptotic-cell recogni-
tion and efferocytosis in macrophages. Given the cen-
tral role of defective efferocytosis in necrotic-core
expansion and plaque destabilization, this gene was
prioritized as a candidate downstream node for sub-
sequent analyses. Thus, the cross-dataset virtual-per-
turbation analysis connected Bmall-related network

perturbation to a macrophage pathway directly rel-
evant to the clearance of apoptotic cells.

Single-marker immunofluorescence showed lower
plaque-region Mertk fluorescence in the ad libitum-fed
group than in the week-14 Baseline group, whereas inter-
mittent fasting increased the signal relative to both the
ad libitum-fed and Baseline groups (Fig. 4F, G). Together
with the cross-dataset virtual perturbation, this in vivo
response prioritized Mertk as a candidate Bmall-associ-
ated effector for subsequent macrophage-state and func-
tional analyses.

Macrophage-state analyses and plaque imaging support
bmal1-mertk-associated efferocytosis

To examine whether the Bmall-Mertk relationship
extended across human arterial macrophage states,
we analyzed macrophage trajectories from GSE314596
and GSE253903. In coronary artery and carotid plaque
macrophages, expression of the Bmall and Mertk
homologs and the efferocytosis module score showed
coordinated state-dependent variation along the mac-
rophage pseudotime trajectory (Fig. 5A, C). Cell-level
expression of the two homologs was positively cor-
related in normal coronary arteries (R=0.40), coro-
nary artery plaques (R=0.45), asymptomatic carotid
plaques (R=0.56), and symptomatic carotid plaques
(R=0.49; P<5x107® for all comparisons; Fig. 5B, D).
In GTEx whole-blood transcriptomes, the two homo-
logs were also positively correlated (Spearman p = 0.66,
P=4.9x10"*; Supplementary Fig. 5). Across plaque
macrophage states and whole blood, these concordant
associations were consistent with Mertk as a candidate
downstream component of the Bmall-related pro-
gram, which was then tested experimentally.

We next quantified the spatial relationship between
macrophages and apoptotic cells in aortic-root
plaques. TUNEL-positive apoptotic cells overlap-
ping with or contacted and encircled by Mac-2-posi-
tive signal were classified as macrophage-associated,
whereas TUNEL-positive cells lacking adjacent Mac-2
signal were classified as free apoptotic cells (Fig. 5E).
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Fig. 5 (See legend on next page.)

The efferocytosis index, defined as the ratio of Mac-
2-positive macrophage-associated apoptotic cells to
free apoptotic cells, was lower in the ad libitum-fed
group than in the week-14 Baseline group (P <0.05)
and higher in the intermittent-fasting group than in
both the Baseline and ad libitum-fed groups (P <0.001
for both comparisons; n=8 mice per group; Fig. 5F).

Thus, intermittent fasting was associated with fewer
free apoptotic cells relative to macrophage-associated
apoptotic cells within plaque regions, consistent with
improved local efferocytic clearance.
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Fig. 5 Human arterial macrophage-state analyses and aortic-root imaging support Bmal1-Mertk-associated efferocytosis. A, C Pseudotime trajectories of
macrophages from human coronary artery microenvironments (A; GSE314596) and asymptomatic and symptomatic carotid plaques (C; GSE253903). Fit-
ted curves show state-dependent variation in normalized expression of the Bmal1 homolog (green), normalized expression of the Mertk homolog (blue),
and the efferocytosis module score (red); shaded bands denote confidence intervals. B, D Cell-level density plots and fitted linear relationships between
normalized expression of the Bmal1 and Mertk homologs in macrophages from normal coronary arteries and coronary artery plaques (B), and from
asymptomatic and symptomatic carotid plaques D. Pearson correlation coefficients (R) and P values are displayed in each panel. E Representative TUNEL
and Mac-2 immunofluorescence images of aortic-root plagues from the week-14 Baseline, ad libitum-fed (AL), and intermittent-fasting (IF) groups. Apop-
totic cells (ACs) are shown by TUNEL in red, macrophages by Mac-2 in green, and nuclei by DAPI in blue. In the merged images, upward-pointing arrows
identify macrophage-associated ACs, including red ACs overlapping with Mac-2 signal (yellow) or being contacted and encircled by green Mac-2 signal;
downward-pointing arrows identify free red ACs lacking adjacent or surrounding Mac-2 signal. Scale bar, 50 um. F Histologic efferocytosis index, calculat-
ed as Mac-2-positive macrophage-associated ACs divided by free ACs. A higher ratio indicates greater macrophage association relative to free apoptotic-
cell accumulation. n=8 mice per group, and each point represents one mouse. Data are mean+SEM and were analyzed by one-way ANOVA followed
by Tukey's multiple-comparison test. The displayed correlation and animal-comparison P values are two-sided. *P < 0.05; ***P<0.001. M, macrophage

Human plaque and systems-genetic analyses link mertk-
related clearance to plaque burden
Independent coronary plaque data provided comple-
mentary disease-state evidence. In GSE184073, the
plotted cell-level distribution of the Mertk homo-
log in macrophages was higher in chronic-coro-
nary-syndrome/stable-angina-associated than in
acute-coronary-syndrome-associated coronary plaque
cells (Supplementary Fig. 6A, B). The source study
pooled plaque CD45-positive cells from four chronic-cor-
onary-syndrome/stable-angina patients and three acute-
coronary-syndrome patients within each clinical group
before single-cell RNA sequencing, so donor-specific
expression was not available. This comparison was there-
fore treated as descriptive cell-level evidence and not as
a donor-level test of histological plaque stability. Never-
theless, the higher cell-level Mertk expression in chronic-
coronary-syndrome/stable-angina-associated ~ plaques
supports a potential association with a clinically more
stable, non-acute plaque phenotype. Across FUSION
transcriptome-wide association framework, FOCUS,
and SuSiE/FINEMAP analyses of CPB-associated signals,
prioritized gene sets were enriched for receptor-medi-
ated endocytosis, regulation of endocytosis, phagocytic
vesicles, scavenger-receptor activity, and apoptotic-cell
clearance (Supplementary Fig. 6C-E). The underlying
analyses yielded 61 transcriptome-wide significant gene-
panel associations, 120 FOCUS credible-set gene-panel
entries with posterior inclusion probability greater than
0.90, and 355 variant records supported by at least one of
SuSiE or FINEMAP (Supplementary Tables 5-7).
Proteome-wide Mendelian randomization identified
13 plasma protein-exposure associations representing 12
unique genes that remained significant after Bonferroni
correction (Supplementary Table 3). Among these, genet-
ically proxied higher circulating GAS6, a Mertk ligand,
was associated with lower CPB liability (OR=0.94,
95% CI 0.91-0.97; P=2.03x 10" Bonferroni-adjusted
P=0.0354; Supplementary Fig. 6F). These independent
plaque-expression and systems-genetic results provided
genetic support linking Mertk-related apoptotic-cell

clearance to systemic plaque burden and motivated sub-
sequent mechanistic testing.

Bmal1 maintains mertk expression and promotes mertk
promoter activity in macrophages

To test the relationship between Bmall and Mertk,
Bmall was silenced in mouse bone marrow-derived mac-
rophages. Bmall knockdown reduced Bmall, Mertk, and
Argl mRNA expression while increasing /15 and Nos2
expression (Fig. 6A—E). Immunoblotting confirmed lower
Bmall and Mertk protein abundance in siBmall-treated
cells (Fig. 6F, G). These results linked Bmall abundance
to Mertk expression and the macrophage transcriptional
state.

Transcriptome profiling provided broader support for
this relationship. Clearance- and repair-associated genes,
including Mertk, Abcal, Axl, Mfge8, Argl, Mrcl, 1110,
and Tgfbl, were lower after Bmall knockdown (Fig. 6H).
Gene set enrichment analysis identified significant
changes in ligand binding and uptake by scavenger recep-
tors, scavenging by class A receptors, and proinflamma-
tory/profibrotic mediator programs (Fig. 6I). Together
with the qPCR results, these data show that Bmall loss
remodeled macrophage receptor and inflammatory tran-
scriptional programs.

Promoter-sequence analysis identified two potential
Bmall-binding sites at - 763 to - 754 and - 111 to - 101
relative to the Mertk transcription start site (Fig. 6]).
In HEK293T cells, Bmall overexpression increased
activity of the WT1 Mertk promoter reporter, whereas
mutation of the first site reduced Bmall-responsive
reporter activity (Fig. 6K). The second predicted site
and its matched mutant were evaluated separately
(Supplementary Fig. 7 A); neither WT2 nor MUT?2
showed detectable Bmall-responsive reporter activity
(Supplementary Fig. 7B). These results supported site-
selective regulation and prioritized the first promoter
region for subsequent macrophage reporter and occu-
pancy analyses.

The regulatory effect was reproduced in macro-
phages: Bmall knockdown reduced WT1 Mertk pro-
moter activity in bone marrow-derived macrophages
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Fig. 6 Bmal1 maintains Mertk expression and directly regulates the Mertk promoter in macrophages. A-E Relative Bmal1, Mertk, Arg1, I11b, and Nos2
mMRNA expression in mouse bone marrow-derived macrophages (BMDM:s) transfected with negative-control siRNA (siNC) or Bmal1 siRNA (siBmal1; n=6
independent experiments). F, G Immunoblotting and densitometric quantification of Bmal1 and Mertk protein abundance after Bmal1 knockdown;
GAPDH was the loading control (n=3 independent experiments). H Row-scaled heatmap of clearance- and repair-associated transcripts after Bmal1
knockdown (n=3 independent experiments per group). | Gene set enrichment analysis showing altered scavenger-receptor and proinflammatory/profi-
brotic mediator programs; normalized enrichment scores (NES) and P values are displayed. J Schematic of the wild-type (WT1) and mutant (MUT1) Mertk
promoter constructs for the potential Bmal1-binding site at—763 to— 754 relative to the transcription start site. K Relative luciferase activity in HEK293T
cells transfected with the indicated empty reporter, WT1, or MUT1 reporter and Bmal1 expression or matched pcDNA3.1 empty vector (n=6 indepen-
dent experiments). L Relative luciferase activity in BMDMs transfected with pGL3-Basic or WT1 reporter together with siNC or siBmal1 (n=6 independent
experiments). M Schematic of the cleavage under targets and release using nuclease (CUT&RUN) assay. N CUT&RUN-gPCR measurement of Bmal1 occu-
pancy at the tested Mertk promoter region (n =3 paired independent experiments). IgG was normalized to 1 for graphical presentation; statistical analysis
was performed on ACt values. Data are mean +SEM. A-G were analyzed by unpaired two-sided Student's t test, Kand L by one-way ANOVA followed by
Tukey's multiple-comparison test, and N by paired two-sided Student's t test. All reported experimental-comparison P values are two-sided. *P < 0.05;

**P<0.01;***P<0.001. The second predicted promoter site and its reporter results are shown in Supplementary Fig. 7

(Fig. 6L). CUT&RUN-qPCR showed greater enrich-
ment of the tested Mertk promoter region in anti-
Bmall samples than in IgG controls (Fig. 6M, N),
supporting Bmall occupancy at this region. Together,
promoter mutagenesis, macrophage reporter analysis,
and chromatin occupancy support direct transcrip-
tional regulation of Mertk by Bmall.

Mertk mediates Bmal1-dependent preservation of
macrophage efferocytosis under lipid stress

We next tested whether Mertk functionally medi-
ated the effect of Bmall on macrophage efferocytosis.
CFDA-SE-labeled apoptotic Jurkat cells were co-cul-
tured with CMTPX-labeled bone marrow-derived
macrophages, and efferocytosis was quantified as the
proportion of macrophages containing internalized
apoptotic targets. Oxidized low-density lipoprotein
reduced efferocytic activity relative to the untreated
control, and Bmall knockdown further impaired effe-
rocytosis. Re-expression of Mertk in Bmall-deficient
macrophages restored efferocytic activity toward the
control level (Fig. 7A, B).

A complementary gain-of-function and inhibitor
experiment tested the same pathway in the opposite
direction. Bmall overexpression partially restored
efferocytosis in oxidized low-density lipoprotein-
treated macrophages, whereas Mertk inhibition with
MRX-2843 abolished this improvement and reduced
efferocytic activity (Fig. 7C, D). The concordant
genetic rescue and pharmacological inhibition results
identify Mertk activity as a functional mediator of the
pro-efferocytic effect of Bmall in this cellular setting.

Together, the in vivo plaque-remodeling phenotype,
multi-omic prioritization, promoter-level regulation,
and macrophage rescue experiments support a model
in which intermittent fasting engages a Bmall—Mertk
program that enhances apoptotic-cell clearance and
contributes to regression and favorable remodeling of
established plaques (Fig. 7E).

Discussion

Integrating population multi-omics with animal and
cellular experiments, this study shows that intermit-
tent fasting was associated with remodeling of estab-
lished atherosclerotic plaques and identifies macrophage
Bmall-Mertk signaling as a contributing mechanism. In
mice, intermittent fasting reduced plaque size relative to
both the ad libitum-fed and week-14 Baseline groups and
improved histological features of plaque stability, despite
comparable endpoint lipid profiles in the two interven-
tion groups. Aortic transcriptomic analyses prioritized
Bmall, whereas human single-cell, plaque-expression,
and systems-genetic analyses prioritized Mertk and
supported macrophage involvement. CUT&RUN sup-
ported Bmall occupancy at the examined Mertk pro-
moter region, promoter-reporter assays supported
Bmall-dependent Mertk promoter activation, and loss-
of-function and rescue experiments showed that Mertk
contributes to Bmall-associated macrophage efferocyto-
sis. Together, these findings connect a defined intermit-
tent-fasting regimen to local plaque remodeling while
avoiding the inference that the Bmall-Mertk axis is the
sole mediator.

The three-group design distinguishes plaque status at
intervention onset from subsequent changes after the
switch to normal diet. The week-14 Baseline group pro-
vides a cross-sectional reference for established lesions,
whereas the ad libitum-fed group indicates how plaques
behaved after the switch to normal diet without fast-
ing. Lesion burden was higher in ad libitum-fed mice
than at Baseline but lower in intermittent-fasting mice
than in both groups. At the group level, this pattern
is consistent with net plaque regression relative to the
week-14 reference, although the cross-sectional design
cannot completely exclude a contribution from suppres-
sion of ongoing progression. Baseline-sacrifice designs
have been used to infer regression in experimental ath-
erosclerosis [75, 76]. The 14-week induction period was
selected to generate substantial, histologically established
lesions while retaining a window in which plaque remod-
eling could be detected during the subsequent 4-week
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Fig.7 Mertk mediates Bmal1-dependent preservation of macrophage efferocytosis under lipid stress and supports a proposed working model of plaque
remodeling. A, B Representative images (A) and quantification (B) of efferocytosis in BMDMs under untreated control conditions, oxidized low-density
lipoprotein (ox-LDL) exposure, ox-LDL plus Bmal1 knockdown, or ox-LDL plus Bmal1 knockdown with Mertk re-expression. C, D Complementary gain-
of-function and inhibitor experiment under untreated control conditions, ox-LDL exposure, ox-LDL plus Bmal1 overexpression, or ox-LDL plus Bmal1
overexpression with the Mertk/FLT3 kinase inhibitor MRX-2843 (150 nM; 2-h pretreatment). Apoptotic Jurkat targets were labeled with CFDA-SE (green),
BMDMs with CMTPX (red), and nuclei with DAPI (blue). Scale bar, 50 um; the bar shown at the lower left of A applies to both A and C. The efferocytosis
index was the percentage of red macrophages containing at least one internalized green apoptotic target. For each condition, BMDMs isolated sepa-
rately from three donor mice were maintained in three donor-specific culture dishes, with each dish constituting one biological replicate (n=3). Two
completely nonoverlapping fields were acquired from each dish and retained as separate field-level measurements; therefore, six points are shown per
condition (two fields nested within each of three biological replicates). Data are mean = SEM and were analyzed by one-way ANOVA followed by Tukey's
multiple-comparison test. All reported experimental-comparison P values are two-sided. ***P<0.001. E Proposed working model integrating human
systems-genetic candidate prioritization with the mouse plague-remodeling phenotype and macrophage experiments. The functional Bmal1-Mertk
dependency was established in cultured macrophages; its contribution to the complete in vivo response to IF remains a proposed link that requires

macrophage-specific genetic validation. CFDA-SE, carboxyfluorescein diacetate succinimidyl ester; CMTPX, CellTracker Red CMTPX

intervention; it was not selected on the assumption that
lesion burden had reached a stable plateau. Baseline his-
tology demonstrated lipid-rich plaques with necrotic-
core, fibrous-cap, and collagen features, confirming
established lesion architecture but not temporal stabi-
lization. A longer induction interval, such as 18 weeks,
would provide a complementary test in more advanced
disease; however, lesion stage itself can alter regression
capacity, and a longer induction period alone would not
demonstrate that a stable plateau had been reached [31,
78]. Future studies incorporating multiple pre-interven-
tion sacrifice points, serial vascular imaging, and paral-
lel 14- and 18-week induction cohorts will be required to
distinguish within-animal regression from suppression
of ongoing progression more definitively. Established
lesions can continue to remodel after lipid lowering
through changes in monocyte recruitment, inflamma-
tory resolution, cell death, and matrix turnover (31, 77,
78]. The smaller lesions and more favorable stability fea-
tures observed during intermittent fasting [79—-81] there-
fore support local tissue remodeling beyond differences
captured by endpoint circulating lipid concentrations.
Consistent with this stage-dependent response, prior
work in Ldlr/~ mice showed that lesion size and macro-
phage area could initially increase after withdrawal of a
Western-type diet despite a marked reduction in plasma
cholesterol[78]. In the present study, the higher plaque
CCL2 signal in ad libitum-fed mice than at Baseline sup-
ports persistence of a monocyte-recruiting inflammatory
signal after the diet switch, whereas intermittent fasting
suppressed CCL2. However, CCL2 immunofluorescence
is a chemokine readout rather than a direct cell-tracking
measurement of monocyte influx.

The observed response should be interpreted as specific
to the intermittent-fasting schedule used here, because
fasting interventions differ in duration, timing, feeding
phase, and biological context [82]. Host metabolic state
can also modify fasting-associated immunometabolic
responses [83]. In this experiment, similar average daily
food intake between ad libitum-fed and intermittent-fast-
ing mice did not exclude effects of body-weight change or

temporal redistribution of energy intake [84]. The accom-
panying increase in the anti-inflammatory cytokine IL10,
together with lower F4/80, MMP9, and CCL2 plaque
signals, supports a less inflammatory macrophage-asso-
ciated plaque phenotype [21, 85]. These marker changes
may reflect an integrated response to fasting-feeding
transitions, energy balance, and circadian entrainment.
These data support a regimen-specific vascular effect
and should not be generalized to all intermittent-fasting
schedules.

Mechanistic evidence converged on a macrophage
Bmall-Mertk-efferocytosis axis. Bmall has established
roles in peripheral metabolic and immune regulation [86,
87] and in macrophage inflammatory programs [88—90].
In this study, Bmall knockdown reduced Mertk expres-
sion and efferocytosis, whereas Mertk re-expression
restored efferocytic activityy. CUT&RUN supported
Bmall occupancy at the examined predicted region
of the Mertk promoter, and reporter assays supported
Bmall-dependent promoter activation; these experi-
ments do not by themselves establish that the predicted
motif is required in vivo. Prior studies show that Mertk
dysfunction or cleavage impairs efferocytosis and pro-
motes apoptotic-cell accumulation and plaque necrosis
[91-93], whereas effective efferocytosis supports inflam-
matory resolution [94]. Concordant with the human
macrophage-state patterns and cultured-cell experi-
ments, intermittent fasting increased the plaque ratio
of Mac-2-positive macrophage-associated to free apop-
totic cells. Because this measure incorporates the spa-
tial relationship between macrophages and apoptotic
targets, it provides tissue-level support for enhanced
efferocytic engagement, whereas the cultured macro-
phage experiments provide the direct functional evi-
dence. The combined data therefore place Mertk as a
functional downstream contributor to Bmall-associated
macrophage efferocytosis. Bmall was prioritized over
the concurrently upregulated Npas2 because its estab-
lished macrophage-intrinsic functions provided a direct
route to test the macrophage/efferocytosis hypothesis;
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the present study does not exclude a contribution from
Npas2.

Population multi-omics and public human single-cell
analyses provide human relevance and candidate priori-
tization rather than direct evidence of an intermittent-
fasting effect in people [95, 96]. CPB represents shared
inherited liability across several arterial phenotypes; it is
not an individual-level plaque measure, and its genetic
associations cannot establish the effect of the mouse
intervention. Gene-level association, transcriptome-
wide association, proteome-wide Mendelian random-
ization, and fine-mapping converged on genes involved
in apoptotic-cell recognition, endocytosis, and clear-
ance, while cell-resolved analyses linked the human
homologs of Bmall and Mertk to macrophage states in
human plaques. These data strengthen the rationale for
experimental testing, but the observational single-cell
patterns and computational perturbations do not prove
that Bmall-Mertk signaling mediates fasting-associated
plaque remodeling in humans.

From a translational perspective, the results suggest two
testable directions rather than an immediate therapeutic
recommendation. ROR agonism and the clock-amplitude
modulator nobiletin can alter circadian programs [97,
98], and nobiletin-associated vascular effects have also
been linked to PPARG/CD36-dependent lipid handling
[99]. Plaque- or macrophage-targeted Mertk delivery has
shown preclinical activity in nanoparticle studies [100].
However, because Mertk also participates in immune and
platelet biology [25, 100, 101], future work should pri-
oritize cell-selective delivery, safety, dosing, and timing.
These observations make diet-independent modulation
biologically plausible, but no pharmacological strategy
has yet been shown to reproduce the complete plaque-
remodeling effect of intermittent fasting through selec-
tive BMAL1-MERTK activation. Clinical translation will
also require testing whether feasible human intermittent-
fasting schedules reproduce the vascular and immune
effects observed here.

Several limitations bound the interpretation of the ani-
mal and mechanistic findings. First, the Baseline group
was cross-sectional, and neither serial vascular imag-
ing nor additional pre-intervention time points were
obtained. The lower lesion burden in intermittent-fasting
mice is therefore consistent with group-level regression
but does not demonstrate within-animal regression or
establish that week-14 lesions had reached a stable pla-
teau. Second, pair-fed or weight-matched controls and
direct stress measurements were not included. Similar
average daily food intake cannot fully separate fasting
timing from energy distribution, weight change, meta-
bolic adaptation, or stress. Third, only male mice were
studied, limiting generalizability because sex may influ-
ence lipid metabolism, atherosclerosis progression,
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immune responses, and peripheral circadian rhythms.
Future studies should replicate these findings in female
mice and test for sex-by-intervention interactions. The
animals were maintained on a 12 h light/12 h dark cycle,
with food withdrawal and refeeding occurring at 20:00
and each 24 h fast spanning a complete light—dark cycle.
Nevertheless, the circadian phase of food withdrawal and
refeeding may influence Bmall expression, metabolic
switching, and immune responses. Thus, the observed
effects may reflect both fasting duration and the phase
of the fasting-refeeding cycle. Future phase-controlled
studies will be required to determine whether chang-
ing fasting onset modifies the vascular response. Fourth,
the mechanistic experiments focused on macrophages,
although T cells, B cells, vascular smooth-muscle cells,
and endothelial cells may also contribute [102]. Macro-
phage-specific Bmall or Mertk loss-of-function was not
tested during intermittent fasting in vivo, so the Bmall-
Mertk axis should be interpreted as contributory rather
than necessary. Finally, the plaque efferocytosis index was
derived from static spatial overlap, contact, or encircle-
ment between TUNEL-positive apoptotic cells and
Mac-2-positive macrophages. This morphology-based
measure cannot distinguish completed internalization
from surface adhesion or close apposition and should
therefore be interpreted as a histologic surrogate of effe-
rocytic engagement rather than a direct live-cell measure
of engulfment. Histological sampling also cannot capture
all spatial heterogeneity within established plaques, even
when sections and fields are averaged within each mouse.

The human and computational components impose
additional limits. The genetic analyses were derived pre-
dominantly from European-ancestry cohorts, restrict-
ing transferability across populations. Public single-cell
datasets are observational and remain sensitive to sam-
pling, dropout, batch correction, cell annotation, and
trajectory-root selection; pseudotime therefore repre-
sents an ordered cell-state manifold rather than observed
temporal progression. Symptomatic and asymptomatic
carotid plaque groups are not direct surrogates for histo-
logically unstable and stable plaques, and transcript-level
associations require independent protein-level confirma-
tion. Likewise, the pooled chronic-coronary-syndrome/
stable-angina and acute-coronary-syndrome plaque
samples in GSE184073 do not support donor-level infer-
ence. The mouse intermittent-fasting regimen should not
be equated with common human intermittent-fasting or
time-restricted-eating schedules. Replication in diverse
populations, independent plaque-tissue validation, in
vivo cell-specific perturbation, and prospective stud-
ies using clinically feasible schedules will be required to
establish generalizability and translational value. Virtual-
knockout rankings likewise depend on the inferred net-
work, preprocessing, and model settings. Cross-dataset
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concordance provides a robustness check, but formal
sensitivity analyses using alternative clustering, batch-

correction, or network-inference choices were not
performed.
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Additional file 1: Fig. ST Systemic variables were comparable at the
week-14 group-allocation point.Serum total cholesterol, triglycerides,
low-density lipoprotein cholesterol, high-density lipoprotein cholesterol,
and non-esterified fatty acids, respectively, after 14 weeks of high-fat, high-
cholesterol diet and before the group-specific intervention.Body weight
at the same time point. Group labels indicate subsequent allocation to the
week-14 Baseline, ad libitum-fed, or intermittent-fastinggroups; no group
had yet received the assigned intervention. n = 8 mice per group, and
each point represents one mouse. Data are mean + SEM and were ana-
lyzed by one-way ANOVA followed by Tukey's multiple-comparison test.
All reported animal-comparison P values are two-sided. ns, not significant.
Fig. S2 IF reduces plague MMP9 and CCL2 signals.Representative MMP9
immunofluorescence images of aortic-root plaquesand relative plaque-
region mean fluorescence intensityin the week-14 Baseline, ad libitum-fed,
and intermittent-fastinggroups.Representative CCL2 immunofluorescence
imagesand relative plaque-region MFI. MMP9 and CCL2 are shown in
green and nuclei in blue. Red boxes identify the enlarged plaque regions.
Scale bars, 500 um in overview images and 300 um in enlarged images.
Quantification was restricted to the prespecified aortic-root plaque region;
outer arterial-wall and elastic-lamina signals were excluded. n = 8 mice
per group, and each point represents one mouse. Data are mean + SEM
and were analyzed by one-way ANOVA followed by Tukey's multiple-
comparison test. All reported animal-comparison P values are two-sided.
*¥P < 0.01; **P < 0.001. Fig. S3 IF increases Bmal1 signal in CD68-positive
plaque regions.Representative Bmal1 and CD68 immunofluorescence
images of aortic-root plaques from the week-14 Baseline, ad libitum-fed,
and intermittent-fastinggroups. Bmal1 is shown in red, CD68 in green,

and nuclei in blue; yellow signal in merged images indicates spatial
overlap. Red boxes identify the enlarged plaque regions. Scale bars, 500
pm in overview images and 300 um in enlarged images.Relative Bmal1
MFI within CD68-positive plaque regions. n = 8 mice per group, and each
point represents one mouse. Data are mean + SEM and were analyzed

by one-way ANOVA followed by Tukey's multiple-comparison test. All
reported animal-comparison P values are two-sided. **P < 0.01; ***P <
0.001. Fig. S4 IF promotes an IL10-associated anti-inflammatory phenotype
in aortic-root plaques.Representative co-immunofluorescence images

of the anti-inflammatory cytokine IL10 and the macrophage marker

F4/80 in aortic-root plaques from the week-14 Baseline, ad libitum-fed,
and intermittent-fastinggroups. IL10 is shown in green, F4/80 in red, and
nuclei in blue. Red boxes identify the enlarged plaque regions. Scale bars,
500 um in overview images and 300 um in enlarged images.Relative
plague-region mean fluorescence intensityof IL10and F4/80, quantified
separately within the same prespecified plaque region of interest. n = 8
mice per group, and each point represents one mouse. Data are mean +
SEM and were analyzed by one-way ANOVA followed by Tukey's multiple-
comparison test. All reported animal-comparison P values are two-sided.
**P < 0.01; ***P < 0.001. Fig. S5 Bmal1 and Mertk homolog expression

is correlated in human whole blood. Scatter plot of log2-transformed
transcripts-per-million expression values for the Bmal1 and Mertk homo-
logs in GTEx whole-blood samples obtained through GEPIA. The analysis
included n = 337 samples, and each point represents one sample. The
Spearman P value is two-sided. Spearman correlation: p = 0.66, P = 4.9 x
10"* Fig. S6. Human plaque and systems-genetic analyses connect Mertk-
related clearance pathways with CPB.Uniform manifold approximation
and projectionof T cells, macrophages, B cells, and natural killercells from
chronic coronary syndrome/stable angina pectoris-associated and acute
coronary syndrome-associated human coronary plaques in GSE184073,
displayed in the panel as stable and unstable, respectively. The source data
pooled CD45-positive plaque cells from four CCS/SAP patients without
high-intensity plague signals on non-contrast T1-weighted magnetic
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resonance imaging and three ACS patients within each clinical group
before single-cell RNA sequencing.Cell-level distribution of normalized
Mertk homolog expression in macrophages from the two clinical groups.
The plotted comparison used a two-sided Wilcoxon rank-sum test; ***P

< 0.001. Because donor identity was not retained after pooling, this panel
is presented as a descriptive cell-level association rather than donor-level
or histological plaque-stability inference.Functional enrichment of genes
prioritized from circulatory plaque burdensummary statistics by FUSION
transcriptome-wide association analysis with Bonferroni correction, FOCUS
credible-set analysis, and shared SuSiE/FINEMAP credible sets. Bubble size
indicates gene count and color indicates P value. Complete gene- and
variant-level outputs are provided in Supplementary Tables 5-7.Forest
plot of circulating-protein associations with CPB that remained significant
after analysis-specific Bonferroni correction in proteome-wide Mendelian
randomization using deCODE pQTL instruments. Squares indicate odds
ratios and horizontal lines indicate 95% confidence intervals; the vertical
line denotes an odds ratio of 1. GAS6, a Mertk ligand, is highlighted in red.
Complete results are provided in Supplementary Table 3. Fig. 7 The second
predicted Mertk promoter site shows no detectable Bmal1-responsive
activity.Schematic of the wild-typeand matched mutantMertk promoter
constructs spanning the second predicted Bmal1-binding site at =111

to —101 relative to the transcription start site.Relative luciferase activity

in HEK293T cells transfected with pGL3-Basic, WT2, or MUT2 reporter
together with Bmal1 expression or matched pcDNA3.1 empty vector, as
indicated. Data are mean + SEM and were analyzed by one-way ANOVA
followed by Tukey's multiple-comparison test. All reported experimental-
comparison P values are two-sided. ns, not significant
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Additional file 9: Table S8: Primer sequences used for quantitative real-time
PCRanalysis

Authors’ contributions

ZF. performed the experiments, analyzed the data, and wrote the original
draft. H.Z. and CF. performed the experiments. Z.X. contributed to data
visualization. S.Z. conducted the bioinformatics and statistical analyses.

ZM, MW, and K.G. assisted with validation experiments. B.S. provided
methodological guidance.Y.D, B.Z, and Z.Y. designed and conceptualized the
study, acquired funding, and critically revised the manuscript. All authors have
read and approved the final version of the manuscript.

Data availability

All data supporting the findings of this study are available within the paper
and its additional files. The original transcriptome sequencing datasets
generated during the current study have not been deposited into a public
repository but are available from the corresponding authors upon reasonable
request. Publicly available datasets reanalyzed in this study (GSE253903,
GSE314596) are accessible via the NCBI GEO database at https://www.ncbi.n
Im.nih.gov/geo/query/acc.cgi?acc=GSE253903 and https://www.ncbi.nlm.n
ih.gov/geo/query/acc.cgi?acc=GSE314596. GTEx data were obtained via the
GTEx portal (https://gtexportal.org/). deCODE plasma proteomics data are
available as described in the original publication (Ferkingstad et al., Nature
Genetics, 2021).

Page 24 of 27

Declarations

Competing interests
The authors declare no competing interests.

Author details

'Department of Cardiology, Division of Life Sciences and Medicine, the
First Affiliated Hospital of USTC, University of Science and Technology of
China, Hefei, Anhui 230026, China

2Anhui Institute of Cardiovascular Disease, The First Affiliated Hospital of
USTC, University of Science and Technology of China, Hefei,

Anhui 230026, China

3Department of Anesthesiology, Division of Life Sciences and Medicine,
The First Affiliated Hospital of USTC, University of Science and Technology
of China, Hefei, Anhui 230026, China

“Department of Cardiology, Affiliated Anhui Provincial Hospital of Anhui
Medical University, Anhui Medical University, Hefei, Anhui 230032, China
°College of Food and Biological Engineering, Hefei University of
Technology, Hefei, Anhui 230601, China

Department of Infectious Diseases, Nanfang Hospital, Southern Medical
University, Guangzhou 510515, China

’Department of Physiology, Faculty of Basic Medical Sciences, Hubei
Key Laboratory of Embryonic Stem Cell Research, Hubei University of
Medicine, Shiyan, Hubei 442000, China

8State Key Laboratory of Medicinal Chemical Biology, Frontiers Science
Center for Cell Responses, College of Life Sciences, Nankai University,
Tianjin 300071, China

Received: 6 June 2026 / Accepted: 5 August 2026
Published online: 11 August 2026

References

1. Nordestgaard BG, Hegele RA. Residual lipid risk in atherosclerotic cardiovas-
cular disease. Eur Heart J. 2026. https://doi.org/10.1093/eurheartj/ehag087.

2. BayB,Tanner R, Gao M, et al."Residual cholesterol and inflammatory risk in
statin-treated patients undergoing percutaneous coronary interventiont,”
Eur Heart J. 2025;46(32):3167-77. https://doi.org/10.1093/eurheartj/ehaf196.

3. GalliM, Abbate A, Bonaca MP, et al. Residual cardiovascular risk in coronary
artery disease: from pathophysiology to established and novel therapies. Nat
Rev Cardiol. 2026. https://doi.org/10.1038/541569-026-01249-z.

4. Nicholls SJ, Puri R, Anderson T, et al. Effect of evolocumab on progression of
coronary disease in statin-treated patients: the GLAGOV randomized clinical
trial. JAMA. 2016;316(22):2373-84. https://doi.org/10.1001/jama.2016.16951.

5. Oshima A, Serruys PW, Garg S, et al. Adjunctive pharmacological strategies for
residual risk reduction after myocardial revascularisation. Eurolntervention.
2026;22(4):202-23. https://doi.org/10.4244/E1)-D-25-00598.

6. Hoogeveen RC, Ballantyne CM. Residual cardiovascular risk at low LDL: rem-
nants, lipoprotein(a), and inflammation. Clin Chem. 2021,67(1):143-53. https/
/doi.org/10.1093/clinchem/hvaa252.

7. Nicholls SJ, Ballantyne CM, Barter PJ, et al. Effect of two intensive statin regi-
mens on progression of coronary disease. N Engl J Med. 2011;365(22):2078-
87. https://doi.org/10.1056/NEJMoa1110874.

8. Ridker PM, Bhatt DL, Pradhan AD, et al. Inflammation and cholesterol
as predictors of cardiovascular events among patients receiving statin
therapy: a collaborative analysis of three randomised trials. Lancet.
2023;401(10384):1293-301. https://doi.org/10.1016/50140-6736(23)00215-5.

9. Diab R, Dimachkie L, Zein O, Dakroub A, Eid AH. Intermittent fasting regulates
metabolic homeostasis and improves cardiovascular health. Cell Biochem
Biophys. 2024;82(3):1583-97. https://doi.org/10.1007/512013-024-01314-9.

10.  Kibret KT, Peeters A, Tegegne TK, Mesfin YM, Nichols M. Intermittent fasting
for the prevention of cardiovascular disease risks: systematic review and
network meta-analysis. Curr Nutr Rep. 2025;14(1):93. https://doi.org/10.1007/
$13668-025-00684-7.

11.  Patikorn C, Roubal K, Veettil SK, et al. Intermittent fasting and obesity-related
health outcomes: an umbrella review of meta-analyses of randomized clinical
trials. JAMA Netw Open. 2021;4(12):e2139558. https://doi.org/10.1001/jaman
etworkopen.2021.39558.

12. de Cabo R, Mattson MP. Effects of intermittent fasting on health, aging, and
disease. N Engl J Med. 2019;381(26):2541-51. https://doi.org/10.1056/NEJMra
1905136.


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE253903
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE253903
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE314596
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE314596
https://gtexportal.org/
https://doi.org/10.1093/eurheartj/ehag087
https://doi.org/10.1093/eurheartj/ehaf196
https://doi.org/10.1038/s41569-026-01249-z
https://doi.org/10.1001/jama.2016.16951
https://doi.org/10.4244/EIJ-D-25-00598
https://doi.org/10.1093/clinchem/hvaa252
https://doi.org/10.1093/clinchem/hvaa252
https://doi.org/10.1056/NEJMoa1110874
https://doi.org/10.1016/S0140-6736(23)00215-5
https://doi.org/10.1007/s12013-024-01314-9
https://doi.org/10.1007/s13668-025-00684-7
https://doi.org/10.1007/s13668-025-00684-7
https://doi.org/10.1001/jamanetworkopen.2021.39558
https://doi.org/10.1001/jamanetworkopen.2021.39558
https://doi.org/10.1056/NEJMra1905136
https://doi.org/10.1056/NEJMra1905136

Feng et al. Cell Communication and Signaling

20.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

(2026) 24:598

Wang B, Wang C, Li H. The impact of intermittent fasting on body composi-
tion and cardiometabolic outcomes in overweight and obese adults: a
systematic review and meta-analysis of randomized controlled trials. Nutr J.
2025;24(1):120. https://doi.org/10.1186/512937-025-01178-6.

Abdullah SR, Iwani AKNZ, Zamri LA, et al. Visceral adiposity loss is associ-

ated with improvement in cardiometabolic markers: findings from a dietary
intervention study. Front Endocrinol. 2025;16:1576599. https://doi.org/10.338
9/fendo.2025.1576599.

Longo VD, Mattson MP. Fasting: molecular mechanisms and clinical applica-
tions. Cell Metab. 2014;19(2):181-92. https://doi.org/10.1016/j.cmet.2013.12.0
08.

Azemi AK, Mokhtar SS, Zin AAM, Leung SWS, Rasool AHG. The effects of
time-restricted feeding on early vascular, liver, and renal structural changes,
oxidative stress, and inflammation in obese rats. Sci Rep. 2025;15(1):36115.
https://doi.org/10.1038/541598-025-20502-y.

Sun M-L, Yao W, Wang X-Y, et al. Intermittent fasting and health outcomes:

an umbrella review of systematic reviews and meta-analyses of randomised
controlled trials. EClinicalMedicine. 2024;70:102519. https://doi.org/10.1016/j.
eclinm.2024.102519.

Stekovic S, Hofer SJ, Tripolt N, et al. Alternate day fasting improves physi-
ological and molecular markers of aging in healthy, non-obese humans. Cell
Metab. 2019;30(3):462-476.€6. https://doi.org/10.1016/j.cmet.2019.07.016.
Sutton EF, Beyl R, Early KS, Cefalu WT, Ravussin E, Peterson CM. Early time-
restricted feeding improves insulin sensitivity, blood pressure, and oxidative
stress even without weight loss in men with prediabetes. Cell Metab.
2018,27(6):1212-1221.e3. https://doi.org/10.1016/j.cmet.2018.04.010.

Mao Z, Grant H, Kritchevsky SB, Newman AB, Farsijani S. Association of eating
window with mortality among US adults: insights from a nationally represen-
tative study. Aging Cell. 2025;24(11):e70230. https://doi.org/10.1111/acel.702
30.

Asterholm IW, McDonald J, Blanchard P-G, et al. Lack of immunological
fitness'during fasting in metabolically challenged animals. J Lipid Res.
2012;53(7):1254-67. https://doi.org/10.1194/jIrM021725.

Tabas I, Bornfeldt KE. Macrophage phenotype and function in different stages
of atherosclerosis. Circ Res. 2016;118(4):653-67. https://doi.org/10.1161/CIRC
RESAHA.115.306256.

Doran AC, Yurdagul A, Tabas I. Efferocytosis in health and disease. Nat Rev
Immunol. 2020;20(4):254-67. https://doi.org/10.1038/541577-019-0240-6.
Yurdagul A, Subramanian M, Wang X, et al. Macrophage metabolism of apop-
totic cell-derived arginine promotes continual efferocytosis and resolution of
injury. Cell Metab. 2020;31(3):518-533.e10. https://doi.org/10.1016/j.cmet.202
0.01.001.

Thorp E, Cui D, Schrijvers DM, Kuriakose G, Tabas I. Mertk receptor mutation
reduces efferocytosis efficiency and promotes apoptotic cell accumulation
and plaque necrosis in atherosclerotic lesions of Apoe-/- mice. Arterioscler
Thromb Vasc Biol. 2008;28(8):1421-8. https://doi.org/10.1161/ATVBAHA.108.1
67197.

Huo M, Huang Y, Qu D, et al. Myeloid Bmal1 deletion increases monocyte
recruitment and worsens atherosclerosis. FASEB J. 2017;31(3):1097-106.
https://doi.org/10.1096/.201601030R.

Singh B, Li K, Cui K, et al. Defective efferocytosis of vascular cells in heart
disease. Front Cardiovasc Med. 2022;9:1031293. https://doi.org/10.3389/fcvm.
2022.1031293.

Jarr K-U, Kojima Y, Weissman IL, Leeper NJ. 2021 Jeffrey M. Hoeg award
lecture: defining the role of efferocytosis in cardiovascular disease: a focus

on the CD47 (cluster of differentiation 47) axis. Arterioscler Thromb Vasc Biol.
2022;42(6):e145-54. https://doi.org/10.1161/ATVBAHA.122.317049.

He Z, LuoY, Duan Z, et al. IRF5 siRNA nanoimmunotherapy: restoring mac-
rophage efferocytosis in atherosclerosis. Circulation. 2025;152(22):1564-81.
https://doi.org/10.1161/CIRCULATIONAHA.125.075352.

Wang X, DuW, LiY, et al. Macrophage-enriched Sectm1a promotes efficient
efferocytosis to attenuate ischemia/reperfusion-induced cardiac injury. JCI
Insight. 2024,9(5):173832. https://doi.org/10.1172/jciinsight.173832.
Boucher DM, Robichaud S, LorantV, et al. Age-related impairments in
immune cell efferocytosis and autophagy hinder atherosclerosis regression.
Arterioscler Thromb Vasc Biol. 2025;45(4):481-95. https://doi.org/10.1161/ATV
BAHA.124.321662.

Chen R, Zhang H, Tang B, et al. Macrophages in cardiovascular diseases:
molecular mechanisms and therapeutic targets. Signal Transduct Target Ther.
2024;9(1):130. https://doi.org/10.1038/541392-024-01840-1.

Bamezai S, Zhang Y, Kumari M, et al. Pro-efferocytic nanotherapies reduce
vascular inflammation without inducing anemia in a large animal model of

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

5T

52.

53.

54.

55.

56.

Page 25 of 27

atherosclerosis. Nat Commun. 2024;15(1):8034. https://doi.org/10.1038/54146
7-024-52005-1.

Grotzinger AD, Rhemtulla M, de Vlaming R, et al. Genomic SEM Provides
Insights into the Multivariate Genetic Architecture of Complex Traits. Nat
Hum Behav. 2019;3(5):513-25. https://doi.org/10.1038/541562-019-0566-x.
Osorio D, Zhong Y, Li G, et al. ScTenifoldKnk: an efficient virtual knockout

tool for gene function predictions via single-cell gene regulatory network
perturbation. Patterns. 2022;3(3):100434. https://doi.org/10.1016/j.patter.2022
.100434.

Li M, Wang Z-W, Fang L-J, Cheng S-Q, Wang X, Liu N-F. Programmed cell death
in atherosclerosis and vascular calcification. Cell Death Dis. 2022;13(5):467.
https://doi.org/10.1038/541419-022-04923-5.

Libby P, Buring JE, Badimon L, et al. Atherosclerosis. Nat Rev Dis Primers.
2019;5(1):56. https://doi.org/10.1038/541572-019-0106-z.

Libby P. The changing landscape of atherosclerosis. Nature.
2021,592(7855):524-33. https://doi.org/10.1038/s41586-021-03392-8.
Soehnlein O, Libby P. Targeting inflammation in atherosclerosis - from experi-
mental insights to the clinic. Nat Rev Drug Discov. 2021,20(8):589-610. https:/
/doi.org/10.1038/541573-021-00198-1.

Bennett MR, Sinha S, Owens GK. Vascular smooth muscle cells in atheroscle-
rosis. Circ Res. 2016;118(4):692-702. https://doi.org/10.1161/CIRCRESAHA.115
.306361.

Boada-Romero E, Martinez J, Heckmann BL, Green DR. The clearance of dead
cells by efferocytosis. Nat Rev Mol Cell Biol. 2020;21(7):398-414. https://doi.or
9/10.1038/541580-020-0232-1.

Croce AC, Bottiroli G. Autofluorescence spectroscopy and imaging: a tool for
biomedical research and diagnosis. Eur J Histochem EJH. 2014;58(4):2461.
https://doi.org/10.4081/ejh.2014.2461.

Zoumi A, Lu X, Kassab GS, Tromberg BJ. Imaging coronary artery microstruc-
ture using second-harmonic and two-photon fluorescence microscopy.
Biophys J. 2004;87(4):2778-86. https://doi.org/10.1529/biophysj.104.042887.
Cossarizza A, Chang H-D, Radbruch A, et al. Guidelines for the use of flow
cytometry and cell sorting in immunological studies (third edition). Eur J
Immunol. 2021;51(12):2708-3145. https://doi.org/10.1002/eji.202170126.

B.J, J.B,W.D, et al, "Major Vault Protein Suppresses Obesity and Atheroscle-
rosis through Inhibiting IKK-NF-kB Signaling Mediated Inflammation,’ Nature
communications. 2019;10(1). https://doi.org/10.1038/541467-019-09588-x.
Dasgupta P, Dorsey NJ, Li J, et al. The adaptor protein insulin receptor
substrate 2 inhibits alternative macrophage activation and allergic lung
inflammation. Sci Signal. 2016;9(433):ra63. https://doi.org/10.1126/scisignal.a
ad6724.

Kizawa Y, Furuya M, Saito K, Masuko T, Kusama T. Effects of dexamethasone
and aminophylline on survival of Jurkat and HL-60 cells. Biol Pharm Bull.
2006;29(2):281-5. https://doi.org/10.1248/bpb.29.281.

Lescoat A, Ballerie A, Lelong M, et al. Crystalline silica impairs efferocytosis
abilities of human and mouse macrophages: implication for silica-associated
systemic sclerosis. Front Immunol. 2020;11:219. https://doi.org/10.3389/fimm
u.2020.00219.

Takahashi JS. Transcriptional architecture of the mammalian circadian clock.
Nat Rev Genet. 2017;18(3):164-79. https://doi.org/10.1038/nrg.2016.150.
Chen S, Zhou Y, ChenY, Gu J. Fastp: an ultra-fast all-in-one FASTQ preproces-
sor. Bioinformatics. 2018;34(17):i884-90. https://doi.org/10.1093/bioinformati
cs/bty560.

Kim D, Paggi JM, Park C, Bennett C, Salzberg SL. Graph-based genome align-
ment and genotyping with HISAT2 and HISAT-Genotype. Nat Biotechnol.
2019;37(8):907-15. https://doi.org/10.1038/541587-019-0201-4.

Anders S, Pyl PT, Huber W. HTSeg-a Python framework to work with high-
throughput sequencing data. Bioinformatics. 2015;31(2):166-9. https.//doi.or
9/10.1093/bioinformatics/btu638.

Love MI, Huber W, Anders S. Moderated estimation of fold change and dis-
persion for RNA-Seq data with DESeq2. Genome Biol. 2014;15(12):550. https:/
/doi.org/10.1186/513059-014-0550-8.

Kanehisa M, Furumichi M, SatoY, Kawashima M, Ishiguro-Watanabe M. KEGG
for taxonomy-based analysis of pathways and genomes. Nucleic Acids Res.
2023;51(D1):D587-92. https://doi.org/10.1093/nar/gkac963.

Reimand J, Isserlin R, Voisin V, et al. Pathway enrichment analysis and visual-
ization of omics data using g:Profiler, GSEA, Cytoscape and EnrichmentMap.
Nat Protoc. 2019;14(2):482-517. https://doi.org/10.1038/541596-018-0103-9.
Bulik-Sullivan BK, Loh P-R, Finucane HK, et al. LD score regression distin-
guishes confounding from polygenicity in genome-wide association studies.
Nat Genet. 2015;47(3):291-5. https://doi.org/10.1038/ng.3211.


https://doi.org/10.1186/s12937-025-01178-6
https://doi.org/10.3389/fendo.2025.1576599
https://doi.org/10.3389/fendo.2025.1576599
https://doi.org/10.1016/j.cmet.2013.12.008
https://doi.org/10.1016/j.cmet.2013.12.008
https://doi.org/10.1038/s41598-025-20502-y
https://doi.org/10.1016/j.eclinm.2024.102519
https://doi.org/10.1016/j.eclinm.2024.102519
https://doi.org/10.1016/j.cmet.2019.07.016
https://doi.org/10.1016/j.cmet.2018.04.010
https://doi.org/10.1111/acel.70230
https://doi.org/10.1111/acel.70230
https://doi.org/10.1194/jlr.M021725
https://doi.org/10.1161/CIRCRESAHA.115.306256
https://doi.org/10.1161/CIRCRESAHA.115.306256
https://doi.org/10.1038/s41577-019-0240-6
https://doi.org/10.1016/j.cmet.2020.01.001
https://doi.org/10.1016/j.cmet.2020.01.001
https://doi.org/10.1161/ATVBAHA.108.167197
https://doi.org/10.1161/ATVBAHA.108.167197
https://doi.org/10.1096/fj.201601030R
https://doi.org/10.3389/fcvm.2022.1031293
https://doi.org/10.3389/fcvm.2022.1031293
https://doi.org/10.1161/ATVBAHA.122.317049
https://doi.org/10.1161/CIRCULATIONAHA.125.075352
https://doi.org/10.1172/jci.insight.173832
https://doi.org/10.1161/ATVBAHA.124.321662
https://doi.org/10.1161/ATVBAHA.124.321662
https://doi.org/10.1038/s41392-024-01840-1
https://doi.org/10.1038/s41467-024-52005-1
https://doi.org/10.1038/s41467-024-52005-1
https://doi.org/10.1038/s41562-019-0566-x
https://doi.org/10.1016/j.patter.2022.100434
https://doi.org/10.1016/j.patter.2022.100434
https://doi.org/10.1038/s41419-022-04923-5
https://doi.org/10.1038/s41572-019-0106-z
https://doi.org/10.1038/s41586-021-03392-8
https://doi.org/10.1038/s41573-021-00198-1
https://doi.org/10.1038/s41573-021-00198-1
https://doi.org/10.1161/CIRCRESAHA.115.306361
https://doi.org/10.1161/CIRCRESAHA.115.306361
https://doi.org/10.1038/s41580-020-0232-1
https://doi.org/10.1038/s41580-020-0232-1
https://doi.org/10.4081/ejh.2014.2461
https://doi.org/10.1529/biophysj.104.042887
https://doi.org/10.1002/eji.202170126
https://doi.org/10.1038/s41467-019-09588-x
https://doi.org/10.1126/scisignal.aad6724
https://doi.org/10.1126/scisignal.aad6724
https://doi.org/10.1248/bpb.29.281
https://doi.org/10.3389/fimmu.2020.00219
https://doi.org/10.3389/fimmu.2020.00219
https://doi.org/10.1038/nrg.2016.150
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1038/s41587-019-0201-4
https://doi.org/10.1093/bioinformatics/btu638
https://doi.org/10.1093/bioinformatics/btu638
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1093/nar/gkac963
https://doi.org/10.1038/s41596-018-0103-9
https://doi.org/10.1038/ng.3211

Feng et al. Cell Communication and Signaling

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

72.

73.

74.

75.

76.

77.

78.

(2026) 24:598

Ning Z, Pawitan Y, Shen X. High-definition likelihood inference of genetic
correlations across human complex traits. Nat Genet. 2020;52(8):859-64. http
s://doi.org/10.1038/541588-020-0653-y.

Watanabe K, Taskesen E, van Bochoven A, Posthuma D. Functional map-

ping and annotation of genetic associations with FUMA. Nat Commun.
2017;8(1):1826. https://doi.org/10.1038/541467-017-01261-5.

Ray D, Chatterjee N. A powerful method for pleiotropic analysis under com-
posite null hypothesis identifies novel shared loci between type 2 diabetes
and prostate cancer. PLoS Genet. 2020;16(12):21009218. https://doi.org/10.13
71/journal.pgen.1009218.

Wang L, Balmat TJ, Antonia AL, et al. An atlas connecting shared genetic
architecture of human diseases and molecular phenotypes provides insight
into COVID-19 susceptibility. Genome Med. 2021;13:83. https://doi.org/10.11
86/513073-021-00904-7.

1000 Genomes Project Consortium, Auton A, Brooks LD, et al. A global refer-
ence for human genetic variation. Nature. 2015;526(7571):68-74. https://doi.
0rg/10.1038/nature15393.

de Leeuw CA, Mooij JM, Heskes T, Posthuma D. MAGMA: generalized gene-
set analysis of GWAS data. PLoS Comput Biol. 2015;11(4):e1004219. https://do
i.org/10.1371/journal.pcbi.1004219.

Gusev A, Mancuso N, Won H, et al. Transcriptome-wide association study of
schizophrenia and chromatin activity yields mechanistic disease insights. Nat
Genet. 2018;50(4):538-48. https://doi.org/10.1038/541588-018-0092-1.

GTEx Consortium. The GTEx consortium atlas of genetic regulatory effects
across human tissues. Science. 2020;369(6509):1318-30. https://doi.org/10.11
26/science.aaz1776.

Ferkingstad E, Sulem P, Atlason BA, et al. Large-scale integration of the plasma
proteome with genetics and disease. Nat Genet. 2021;53(12):1712-21. https:/
/doi.org/10.1038/541588-021-00978-w.

Mancuso N, Freund MK, Johnson R, et al. Probabilistic fine-mapping of
transcriptome-wide association studies. Nat Genet. 2019;51(4):675-82. https./
/doi.org/10.1038/541588-019-0367-1.

Wang G, Sarkar A, Carbonetto P, Stephens M. A simple new approach to
variable selection in regression, with application to genetic fine mapping. J R
Stat Soc B Stat Methodol. 2020;82(5):1273-300. https://doi.org/10.1111/rssb.1
2388.

Benner C, Spencer CCA, Havulinna AS, Salomaa V, Ripatti S, Pirinen M. FINE-
MAP: efficient variable selection using summary data from genome-wide
association studies. Bioinformatics. 2016;32(10):1493-501. https://doi.org/10.
1093/bioinformatics/btw018.

McGinnis CS, Murrow LM, Gartner ZJ. DoubletFinder: doublet detection in
single-cell RNA sequencing data using artificial nearest neighbors. Cell Syst.
2019;8(4):329-337.e4. https://doi.org/10.1016/j.cels.2019.03.003.

Hao Y, Hao S, Andersen-Nissen E, et al. Integrated analysis of multimodal
single-cell data. Cell. 2021;184(13):3573-3587.e29. https://doi.org/10.1016/j.ce
112021.04.048.

Cao J, Spielmann M, Qiu X, et al. The single-cell transcriptional landscape of
mammalian organogenesis. Nature. 2019;566(7745):496-502. https://doi.org/
10.1038/541586-019-0969-x.

Hu G LiT, XuY, et al. CellMarker 2.0: an updated database of manually curated
cell markers in human/mouse and web tools based on scRNA-Seq data.
Nucleic Acids Res. 2023;51(D1):D870-6. https://doi.org/10.1093/nar/gkac947.
Hemani G, Zheng J, Elsworth B, et al. The MR-Base platform supports system-
atic causal inference across the human phenome. Elife. 2018;7:e34408. https./
/doi.org/10.7554/eLife.34408.

Ritchie ME, Phipson B, Wu D, et al. Limma powers differential expression
analyses for RNA-sequencing and microarray studies. Nucleic Acids Res.
2015;43(7):e47. https://doi.org/10.1093/nar/gkv007.

Stein'Y, Stein O. Does therapeutic intervention achieve slowing of progres-
sion or bona fide regression of atherosclerotic lesions? Arterioscler Thromb
Vasc Biol. 2001,21(2):183-8. https://doi.org/10.1161/01.atv.21.2.183.

Tangirala RK, Pratico D, FitzGerald GA, et al. Reduction of isoprostanes and
regression of advanced atherosclerosis by apolipoprotein E. J Biol Chem.
2001;276(1):261-6. https://doi.org/10.1074/jbc.M003324200.

Laskou M, Delbare S, Gildea M, et al. Platelets impair the resolution of
inflammation in atherosclerotic plaques in insulin-resistant mice after
lipid lowering. JCl Insight. 2025;10(21):e193593. https://doi.org/10.1172/jc
i.insight.193593.

ZhaoY, Ye D, Wang J, et al. Stage-specific remodeling of atherosclerotic
lesions upon cholesterol lowering in LDL receptor knockout mice. Am J
Pathol. 2011;179(3):1522-32. https://doi.org/10.1016/j.ajpath.2011.05.020.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9.

92.

93.

94.

95.

96.

97.

98.

99.

Page 26 of 27

Chaix A, Lin T, Ramms B, et al. Time-restricted feeding reduces atherosclerosis
in LDLR KO mice but not in ApoE knockout mice. Arterioscler Thromb Vasc
Biol. 2024,44(9):2069-87. https://doi.org/10.1161/ATVBAHA.124.320998.

Al Zein M, Zein O, Diab R, et al. Intermittent fasting favorably modulates
adipokines and potentially attenuates atherosclerosis. Biochem Pharmacol.
2023;218:115876. https://doi.org/10.1016/j.bcp.2023.115876.

Los J, Broeders W, Bahrar H, et al. Effect of 2 weeks of time-restricted eating
on innate immunity and systemic inflammation in patients with a history of
myocardial infarction: a randomized-controlled crossover study. J Am Heart
Assoc. 2026;15(8):e048092. https://doi.org/10.1161/JAHA.125.048092.

Pan C, Herrero-Fernandez B, Borja Almarcha C, et al. Time-restricted feeding
enhances early atherosclerosis in hypercholesterolemic mice. Circulation.
2023;147(9):774-7. https://doi.org/10.1161/CIRCULATIONAHA.122.063184.
Graham EL, Weir TL, Gentile CL. Exploring the impact of intermittent fasting
on vascular function and the immune system: a narrative review and novel
perspective. Arterioscler Thromb Vasc Biol. 2025;45(5):654-68. https://doi.org/
10.1161/ATVBAHA.125.322692.

Gugliucci A. Time-restricted eating, ANGPTL4, and reduction in residual
cardiovascular risk. J Clin Med. 2025;14(19):7026. https://doi.org/10.3390/jcm
14197026.

Zambuzzi WF, Ferreira MR, Wang Z, Peppelenbosch MP. A biochemical view
on intermittent fasting’s effects on human physiology—not always a benefi-
cial strategy. Biology (Basel). 2025;14(6):669. https://doi.org/10.3390/biology 1
4060669.

O'Siorain JR, Cox SL, Payet C, et al."Time-of-Day Control of Mitochondria
Regulates NLRP3 Inflammasome Activation in Macrophages’, FASEB journal:
official publication of the Federation of American Societies for. Exp Biol.
2024;38(24):e70235. https://doi.org/10.1096/.202400508RR.

ZengT, Liang L, Deng W, et al. BMALT plays a crucial role in immune
homeostasis during sepsis-induced acute lung injury. Biochem Pharmacol.
2024;226:116379. https://doi.org/10.1016/j.bcp.2024.116379.

Timmons GA, Carroll RG, O'Siorain JR, et al. The circadian clock protein BMALT1
acts as a metabolic sensor in macrophages to control the production of pro
IL-1B. Front Immunol. 2021;12:700431. https://doi.org/10.3389/fimmu.2021.7
00431.

Alexander RK, Liou Y-H, Knudsen NH, et al. Bmal1 integrates mitochondrial
metabolism and macrophage activation. Elife. 2020,9:e54090. https://doi.org/
10.7554/eLife.54090.

Pan X, O'Hare J, Mowdawalla C, Mota S, Wang N, Hussain MM. BmalT is
involved in the regulation of macrophage cholesterol homeostasis. JCI
Insight. 2025;10(21):e194304. https://doi.org/10.1172/jciinsight.194304.
Singhal A, Russo S, Dhawan UK, et al. TRIB3 links endoplasmic reticulum stress
to impaired efferocytosis in atherosclerosis. Circ Res. 2025;137(12):1422-42.
https://doi.org/10.1161/CIRCRESAHA.125.326839.

Cai B, Thorp EB, Doran AC, et al. MerTK receptor cleavage promotes

plague necrosis and defective resolution in atherosclerosis. J Clin Invest.
2017;127(2):564-8. https://doi.org/10.1172/JC190520.

Pandit R, Hillman H, Williams JW, Yurdagul A. More than a cleanup crew:

the expanding biology of efferocytosis. Arterioscler Thromb Vasc Biol.
2026;46(2):2323211. https;//doi.org/10.1161/ATVBAHA.125.323211.

Gerlach BD, Ampomah PB, Yurdagul A, et al. Efferocytosis induces macro-
phage proliferation to help resolve tissue injury. Cell Metab. 2021;33(12):2445-
2463.e8. https;//doi.org/10.1016/j.cmet.2021.10.015.

Ray A, Alabarse P, Malik R, et al. Single-cell transcriptome-wide Mendelian
randomization and colocalization analyses uncover cell-specific mechanisms
in atherosclerotic cardiovascular disease. Am J Hum Genet. 2025;112(7):1597-
609. https://doi.org/10.1016/j.ajhg.2025.06.001.

Intersecting single-cell transcriptomics and genome-wide association stud-
ies identifies crucial cell populations and candidate genes for atherosclerosis
- PubMed.

Wang Y, Kumar N, Nuhant P, et al. Identification of SR1078, a synthetic
agonist for the orphan nuclear receptors RORa and RORy. ACS Chem Biol.
2010;5(11):1029-34. https://doi.org/10.1021/cb100223d.

He B, Nohara K, Park N, et al. The small molecule nobiletin targets the molec-
ular oscillator to enhance circadian rhythms and protect against metabolic
syndrome. Cell Metab. 2016;23(4):610-21. https://doi.org/10.1016/j.cmet.201
6.03.007.

Wang H, Tian Q, Zhang R, et al. Nobiletin alleviates atherosclerosis by
inhibiting lipid uptake via the PPARG/CD36 pathway. Lipids Health Dis.
2024;23(1):76. https://doi.org/10.1186/512944-024-02049-5.

. Qiu'S, Liu J, Chen J, et al. Targeted delivery of MerTK protein via cell

membrane engineered nanoparticle enhances efferocytosis and


https://doi.org/10.1038/s41588-020-0653-y
https://doi.org/10.1038/s41588-020-0653-y
https://doi.org/10.1038/s41467-017-01261-5
https://doi.org/10.1371/journal.pgen.1009218
https://doi.org/10.1371/journal.pgen.1009218
https://doi.org/10.1186/s13073-021-00904-z
https://doi.org/10.1186/s13073-021-00904-z
https://doi.org/10.1038/nature15393
https://doi.org/10.1038/nature15393
https://doi.org/10.1371/journal.pcbi.1004219
https://doi.org/10.1371/journal.pcbi.1004219
https://doi.org/10.1038/s41588-018-0092-1
https://doi.org/10.1126/science.aaz1776
https://doi.org/10.1126/science.aaz1776
https://doi.org/10.1038/s41588-021-00978-w
https://doi.org/10.1038/s41588-021-00978-w
https://doi.org/10.1038/s41588-019-0367-1
https://doi.org/10.1038/s41588-019-0367-1
https://doi.org/10.1111/rssb.12388
https://doi.org/10.1111/rssb.12388
https://doi.org/10.1093/bioinformatics/btw018
https://doi.org/10.1093/bioinformatics/btw018
https://doi.org/10.1016/j.cels.2019.03.003
https://doi.org/10.1016/j.cell.2021.04.048
https://doi.org/10.1016/j.cell.2021.04.048
https://doi.org/10.1038/s41586-019-0969-x
https://doi.org/10.1038/s41586-019-0969-x
https://doi.org/10.1093/nar/gkac947
https://doi.org/10.7554/eLife.34408
https://doi.org/10.7554/eLife.34408
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1161/01.atv.21.2.183
https://doi.org/10.1074/jbc.M003324200
https://doi.org/10.1172/jci.insight.193593
https://doi.org/10.1172/jci.insight.193593
https://doi.org/10.1016/j.ajpath.2011.05.020
https://doi.org/10.1161/ATVBAHA.124.320998
https://doi.org/10.1016/j.bcp.2023.115876
https://doi.org/10.1161/JAHA.125.048092
https://doi.org/10.1161/CIRCULATIONAHA.122.063184
https://doi.org/10.1161/ATVBAHA.125.322692
https://doi.org/10.1161/ATVBAHA.125.322692
https://doi.org/10.3390/jcm14197026
https://doi.org/10.3390/jcm14197026
https://doi.org/10.3390/biology14060669
https://doi.org/10.3390/biology14060669
https://doi.org/10.1096/fj.202400508RR
https://doi.org/10.1016/j.bcp.2024.116379
https://doi.org/10.3389/fimmu.2021.700431
https://doi.org/10.3389/fimmu.2021.700431
https://doi.org/10.7554/eLife.54090
https://doi.org/10.7554/eLife.54090
https://doi.org/10.1172/jci.insight.194304
https://doi.org/10.1161/CIRCRESAHA.125.326839
https://doi.org/10.1172/JCI90520
https://doi.org/10.1161/ATVBAHA.125.323211
https://doi.org/10.1016/j.cmet.2021.10.015
https://doi.org/10.1016/j.ajhg.2025.06.001
https://doi.org/10.1021/cb100223d
https://doi.org/10.1016/j.cmet.2016.03.007
https://doi.org/10.1016/j.cmet.2016.03.007
https://doi.org/10.1186/s12944-024-02049-5

Feng et al. Cell Communication and Signaling (2026) 24:598

101.

102.

attenuates atherosclerosis in diabetic ApoE-/- mice. J Nanobiotechnology.
2024;22(1):178. https://doi.org/10.1186/512951-024-02463-y.

Zhang W, Mclver AL, Stashko MA, et al. Discovery of Mer specific tyrosine
kinase inhibitors for the treatment and prevention of thrombosis. J Med
Chem. 2013;56(23):9693-700. https://doi.org/10.1021/jm4013888.

Ngai D, Sukka SR, Tabas I. Crosstalk between efferocytic myeloid cells and

T-cells and its relevance to atherosclerosis. Front Immunol. 2024;15:1403150.

https://doi.org/10.3389/fimmu.2024.1403150.

Page 27 of 27

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1186/s12951-024-02463-y
https://doi.org/10.1021/jm4013888
https://doi.org/10.3389/fimmu.2024.1403150

	﻿Intermittent fasting promotes plaque regression and activates the BMAL1–MERTK efferocytosis axis
	﻿Abstract
	﻿Plain English summary
	﻿Background
	﻿Methods
	﻿Reagents and antibodies
	﻿Animal models and dietary interventions
	﻿Histology and immunofluorescence analysis
	﻿Cell culture
	﻿Macrophage intervention and in vitro efferocytosis assay
	﻿Promoter mutagenesis and dual-luciferase reporter assay
	﻿Cleavage under targets and release using nuclease assay
	﻿RNA extraction and quantitative real-time PCR
	﻿Transcriptome sequencing and data processing
	﻿Population-level transcriptome correlation analysis
	﻿Genome-wide association study structural equation modeling (GWAS-SEM) analysis
	﻿Overall genetic correlation analysis
	﻿Pleiotropic association analysis
	﻿Gene-level association analysis and transcriptome-wide association study (TWAS)
	﻿Proteome-wide mendelian randomization (PW-MR)
	﻿Fine-mapping analysis
	﻿Single-cell transcriptome processing, macrophage-state trajectory, and virtual network perturbation analysis
	﻿Randomization, blinding, experimental units, and statistical analysis

	﻿Results
	﻿GWAS-SEM constructs a systemic plaque burden index and links it to nutrient-responsive processes
	﻿Intermittent fasting reduces established plaque burden and improves features of plaque stability
	﻿Plaque remodeling with intermittent fasting occurs without detectable additional endpoint lipid lowering
	﻿Transcriptomic analyses identify Bmal1 as a circadian regulator responsive to intermittent fasting in lesions
	﻿Single-cell virtual network perturbation identifies mertk as a candidate downstream effector of Bmal1
	﻿Macrophage-state analyses and plaque imaging support bmal1-mertk-associated efferocytosis
	﻿Human plaque and systems-genetic analyses link mertk-related clearance to plaque burden
	﻿Bmal1 maintains mertk expression and promotes mertk promoter activity in macrophages
	﻿Mertk mediates Bmal1-dependent preservation of macrophage efferocytosis under lipid stress

	﻿Discussion
	﻿References


