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Aims Atherosclerosis (AS) is a leading cause of cardiovascular morbidity and mortality. Atherosclerotic lesions show increased levels of 
proteins associated with the fibroblast growth factor receptor (FGFR) pathway. However, the functional significance and mechan
isms governed by FGFR signalling in AS are not known. In the present study, we investigated fibroblast growth factor receptor 1 
(FGFR1) signalling in AS development and progression.

Methods 
and results

Examination of human atherosclerotic lesions and aortas of Apoe−/− mice fed a high-fat diet (HFD) showed increased levels of 
FGFR1 in macrophages. We deleted myeloid-expressed Fgfr1 in Apoe−/− mice and showed that Fgfr1 deficiency reduces athero
sclerotic lesions and lipid accumulations in both male and female mice upon HFD feeding. These protective effects of myeloid 
Fgfr1 deficiency were also observed when mice with intact FGFR1 were treated with FGFR inhibitor AZD4547. To understand 
the mechanistic basis of this protection, we harvested macrophages from mice and show that FGFR1 is required for macrophage 
inflammatory responses and uptake of oxidized LDL. RNA sequencing showed that FGFR1 activity is mediated through phospho
lipase-C-gamma (PLCγ) and the activation of nuclear factor-κB (NF-κB) but is independent of FGFR substrate 2.

Conclusion Our study provides evidence of a new FGFR1–PLCγ–NF-κB axis in macrophages in inflammatory AS, supporting FGFR1 as a po
tentially therapeutic target for AS-related diseases.
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1. Introduction
Atherosclerosis (AS) is a chronic inflammatory disease that results in aber
rant lipid accumulation in major arteries and is the main cause of cardiovas
cular morbidity and mortality.1–3 This vasculopathy is characterized by 
smooth muscle cell (SMC) hyperplasia, endothelial cell alterations, macro
phage infiltration, and lipid accumulation in the subendothelial space. These 
changes occur during a multistep process.4 The early phase of atherogen
esis relies on vascular endothelial cells undergoing inflammatory activation, 
allowing monocytes to enter the atheroma. Monocyte differentiation into 
tissue macrophages and internalization of lipoproteins allows these inflam
matory cells to generate into foam cells and secrete inflammatory cyto
kines. Macrophage death creates a necrotic core, destabilizing the plaque 
and potentially leading to rupture. Therefore, inflammatory reactions dic
tate both the early and late phases of AS and are responsible for plaque 
destabilization and the resulting myocardial infarction, stroke, and other 
cardiovascular complications.5,6

Fibroblast growth factor receptor 1 (FGFR1), a member of receptor 
tyrosine kinase family, has been implicated in a range of activities from 
growth, development, and carcinogenesis.7–9 Small-molecule inhibitors of 
FGFR1 are approved for clinical use for cancer treatment.10–13 Recently, 
activation of the FGFR1 signal pathway has been implicated in a host of 
chronic inflammatory diseases, including inflammatory cardiovascular 
diseases.14–17 Blockade of FGFR1 signalling pathway by selective inhibitors 
or genetic silencing also protects against lipopolysaccharide-induced sys
temic inflammation.18–20 Studies have revealed that fibroblast growth fac
tor 1 (FGF1)21,22 and FGF221 are expressed primarily in macrophages and 
SMCs, in both early and late atherosclerotic lesions. These two cell types 
also express FGFR1 in both simple and advanced lesions.23 These 

observations suggest a potential involvement of FGFR1 in human athero
genesis. Indeed, treatment of Apoe-deficient mice fed a high-fat diet 
(HFD) with a non-selective fibroblast growth factor receptor (FGFR) in
hibitor SU5402 showed significant reduction in neointima growth.24

Notwithstanding the important results, SU5402 is known to inhibit 
FGFR1–4 and other kinases, including mitogen-activated protein kinases, 
vascular endothelial growth factor signalling, and platelet derived growth 
factor signalling. Therefore, this potential involvement as well as the me
chanisms by which FGFR1 regulates inflammatory AS remains largely un
known. Detailed investigation of the role of FGFR1 in AS is needed.

In the present study, we examined FGFR1 in aortas of Apoe−/− mice fed a 
HFD and found that CD68-positive macrophages express FGFR1. We 
then knocked out Fgfr1 in Apoe−/− mice using myeloid-exclusive expression 
of lysozyme C (LysM) and showed that these Fgfr1-deificent mice are large
ly protected against HFD-induced atherosclerotic lesions. Both in vitro and 
in vivo studies show that oxidized low-density lipoprotein (ox-LDL)– 
mediated activation and inflammatory factor expression in macrophages 
depend on FGFR1. Mechanistically, FGFR1 links ox-LDL to nuclear factor 
kappa B (NF-κB) through phospholipase-C-gamma (PLCγ) but not the typ
ical FGFR substrate 2 (FRS2). Our study has provided new fundamental in
sight into macrophage FGFR1–PLCγ–NF-κB axis in AS.

2. Methods
2.1 Reagents and cells
FGFR1 inhibitor AZD454725 was obtained from Shanghai Kaiyu 
Pharmatech Technology Co. Ltd (Shanghai, China) and was dissolved in di
methyl sulfoxide for in vitro experiments and 1% sodium carboxyl methyl 
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cellulose (CMC-Na) for in vivo experiments. Human ox-LDL (cat#YB-002) 
and Dil (3,3′-dioctadecylindocarbocyanine)-labelled ox-LDL (cat# YB- 
0010) were obtained from Yiyuan Biomedical Technologies (Guangzhou, 
China). Antibodies against glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH; cat# 2118), FGFR1 (cat# 9740), PLCγ (cat# 2822), phosphory
lated (p−) PLCγ (Y783; cat# 2821), NF-κB p65 (NF-κB; cat# 8242), 
p-NF-κB p65 (S536; cat# 3033), and VCAM-1 (cat# 39036) were 
purchased from Cell Signaling Technology (Danvers, MA, USA). 
Antibodies against phosphorylated FGFR1 (Y654; cat# ab59l94), FRS2 
(cat# ab137458), p-FRS2 (Y436; cat# ab193363), α-smooth muscle actin 
(α-SMA; cat# ab124964), CD68 (cat# ab303565), and Ki67 (cat# 15580) 
were purchased from Abcam (Cambridge, MA, USA). Antibody against 
clathrin heavy chain (cat# sc-271178) was purchased from Santa 
Cruz Technology (Dallas, TX, USA). Antibodies against α-tubulin 
(cat# 11224-1-AP) and ApoB (cat# 20578-1-AP) were purchased from 
Proteintech Group (Rosemont, IL, USA). Antibody against monocyte/ 
macrophage MOMA2 (cat# MCA519G) was purchased from Bio-Rad 
Laboratories (Hercules, CA, USA). Allophycocyanin (APC)-conjugated 
anti-CD45R/B220 (cat# 103211), Phycoerythrin (PE)-conjugated 
anti-CD11b (cat# 101207), and Brilliant Violet 421–conjugated Ly6C 
(cat# 128031) were purchased from BioLegend (San Diego, CA). PE/ 
Cyanine7-conjugated anti-Ly6G/Ly6C (Gr1; E-AB-F1120H) was purchased 
from Elabscience Biotechnology Co. Ltd (Wuhan, China). Rabbit IgG (cat# 
AC042) and mouse IgG isotype controls (cat# AC011) were purchased 
from ABclonal Technology Co. Ltd (Wuhan, China).

Oil Red O staining kit and assay kits for total cholesterol (TCH; 
cat# A111-1-1), triglyceride (TG; cat# A110-1-1), LDL-cholesterol 
(LDL-C; cat# A113-1-1), and high-density lipoprotein-cholesterol 
(HDL-C; cat# A112-1-1) were purchased from Nanjing Jiancheng 
Bioengineering Institute (Nanjing, China).

Mouse primary peritoneal macrophages (MPMs) were prepared from 
C57BL/6J mice as described previously.26 In brief, C57BL/6J mice received 
an intraperitoneal injection of 6% thioglycollate solution (0.3 g beef extract, 
1 g tryptone, and 0.5 g sodium chloride dissolved in 100 mL ddH2O) and 
were kept in a pathogen-free condition for 3 days. Total MPMs were har
vested by washing the peritoneal cavity with RPMI-1640 medium and cen
trifuging and suspending the samples in RPMI-1640 medium supplemented 
with 10% foetal bovine serum, 100 U/mL penicillin, and 100 mg/mL strep
tomycin. RAW264.7 cells were obtained from the Shanghai Institute of 
Biochemistry and Cell Biology (Shanghai, China) and cultured in 
Dulbecco’s Modified Eagle’s Medium (Thermo Fisher, Waltham, MA) con
taining 4.5 g/L glucose and 10% foetal bovine serum (Thermo Fisher), and 
1× antibiotic-antimycotic (Thermo Fisher).

2.2 Human coronary artery sample analysis
The study was approved by the Clinical Pathology Center of the First 
Affiliated Hospital of Anhui Medical University (approval no. 2023188) 
and followed the Declaration of Helsinki. Each patient’s lineal consanguinity 
provided written informed consent. Autopsy specimens were obtained. 
Atherosclerotic coronary artery samples were from patients who had 
died from multiple organ failure or acute pulmonary oedema. AS was con
firmed by histopathology. Non-atherosclerotic (Non-AS) human coronary 
artery samples were obtained from individuals who had died from indus
trial injury or unexpected accident, with no histopathological determin
ation of AS. Sample details are provided in Supplementary material 
online, Table S1.

2.3 Mouse AS studies
Apoe−/− mice (strain: 002052) were purchased from the Jackson Laboratory 
(Bar Harbor, ME, USA). Fgfr1f/f mice (strain: T052281) and Lysozyme 2 Cre 
mice (LysM-Cre; strain: T055107) were purchased from GemPharmatech 
Co. Ltd (Nanjing, China). We crossbred LysM-Cre+/− mice with Fgfr1f/f 

mice to obtain Fgfr1f/+LysM-Cre+/− and Fgfr1f/+LysM-Cre−/− mice. Then, we 
bred Fgfr1f/+LysM-Cre+/− mice with Fgfr1f/+LysM-Cre−/− mice to generate 
myeloid-specific Fgfr1-deficient mice (Fgfr1f/fLysM-Cre+/−, abbreviated here 
as Fgfr1CKO). Subsequently, Apoe−/− mice were crossed with Fgfr1CKO mice 

to obtain Apoe+/−Fgfr1f/+LysM-Cre+/− and Apoe+/−Fgfr1f/+LysM-Cre−/− mice. 
Next, we bred Apoe+/−Fgfr1f/+LysM-Cre+/− mice with Apoe+/−Fgfr1f/+ 

LysM-Cre−/− mice to generate myeloid-specific Fgfr1-deficient Apoe−/− 

mice (Apoe−/−Fgfr1f/fLysM-Cre+/−; abbreviated here as double knockout, 
DKO). The littermates Apoe−/−Fgfr1f/fLysM-Cre−/− are abbreviated as 
AKO-F mice and Apoe−/−Fgfr1+/+LysM-Cre+/− are abbreviated as AKO-L 
mice. Genotyping was performed by polymerase chain reaction (PCR), 
using tail samples and primers listed in Supplementary material online, 
Table S2. PCR bands were separated using 1% agarose gel electrophoresis. 
Mice were housed at a constant room temperature with a 12:12 h light– 
dark cycle and fed a standard rodent diet. All animal care and experimental 
procedures were approved by the China Pharmaceutical University Animal 
Policy and Welfare Committee (approval no. 2020-11-007). Studies were 
performed in accordance with the guidelines from Directive 2010/63/EU 
of the European Parliament.

To induce atherosclerotic lesions, 8-week-old male AKO-F, AKO-L, and 
DKO mice were fed a HFD containing 21.2% fat and 0.2% cholesterol 
(TROPHIC Animal Feed High-tech Co. Ltd, Nantong, China; 
cat# TP26300) for 12 weeks. We also performed studies in female mice 
to assess the impact of sex in FGFR1-mediated AS using the same experi
mental schedule. In addition, to assess spontaneous atherosclerotic lesions 
in Apoe−/− mice, we fed male AKO-F and DKO mice with a normal diet 
(ND) containing 5% fat and 0% cholesterol (TROPHIC Animal Feed 
High-tech Co. Ltd, Nantong, China; cat# TP26322) for 52 weeks.

To confirm the role of FGFR1 in AS generation, we utilized a pharmaco
logical FGFR1 inhibition model. For this, male Apoe−/− mice were randomly 
divided into three weight-matched groups: mice fed a ND (ND), mice fed a 
HFD (HFD), and mice fed a HFD and treated with 10 mg/kg AZD4547 
every second day (HFD + AZD). In addition, male DKO mice were ran
domly divided into two weight-matched groups: mice fed a HFD (DKO) 
and mice fed a HFD and treated with 10 mg/kg AZD4547 every second 
day (DKO + AZD). AZD4547 was given by gavage for the entire 
12-week period. Control for AZD4547 consisted of 1% CMC-Na solution 
alone.

For all studies, body weights were recorded weekly. Mice were anaes
thetized by isoflurane inhalation (1.5%) and then euthanized by cervical dis
location, and the blood and aortas were collected. Aortic tissues were 
embedded in 4% paraformaldehyde for histological analysis or snap-frozen 
in liquid nitrogen for Oil Red O staining and gene and protein expression 
studies. Blood samples were used for determination of lipids, including total 
TG, HDL- and LDC-C, and TCH.

2.4 Histological analysis of atherosclerotic 
lesions
For analysis of plaque lesions in aortic sinus, the heart and proximal aorta 
were removed and embedded in optimum cutting temperature compound. 
Serial 8 μm thick cryosections were prepared from the middle portion of 
the ventricle to the aortic arch. Sections were stained with Oil Red O. To 
do this, sections were fixed in 10% formalin for 10 min and then incubated 
in 100% propylene glycol for 10 min at room temperature. Sections were 
incubated with Oil Red O solution for 10 min. A 60% propylene glycol so
lution was added for 1 min. Nuclei were stained in haematoxylin. For en face 
analyses, whole aorta was dissected out, opened longitudinally from heart 
to the iliac arteries, and stained with Oil Red O.

2.5 Tissue immunostaining
For chromogen staining, 8 μm thick sections were deparaffinized, hydrated, 
and subjected to heat induced antigen retrieval (0.01 M sodium citrate buf
fer, pH = 6.0). Slides were blocked with 3% hydrogen peroxide for 10 min 
and in 1% bovine serum albumin for 30 min. Primary antibody incubations 
were carried out overnight at 4°C (p-FGFR, FGFR1; 1:200). Horseradish 
peroxidase–conjugated secondary antibody (1:500) and DAB were used 
for detection. The specificity of FGFR1 immunohistochemical staining 
was determined by IgG isotype antibody and by using aortic lesions from 
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DKO mice. ImageJ analysis software version 1.53i (NIH; Bethesda, MD, 
USA) was used to determine staining-positive area.

For immunofluorescence staining, frozen section slides were fixed in cold 
methanol and permeabilized using 0.3% Triton X. Slides were then blocked 
using 5% bovine serum albumin for 30 min and incubated overnight with pri
mary antibodies (CD68, FGFR1, p-NF-κB p65, MOMA2, and Ki67, all at 
1:200). Negative control consisted of IgG isotype antibody or no primary 
antibody. Sections were washed three times with phosphate buffered saline 
(PBS) and then incubated with appropriate Alexa Fluor 488-, 594-, or 
647-conjugated secondary antibodies (1:500) for 1 h at room temperature. 
Slides were counterstained with DAPI (cat# P36935, Thermo Fisher).

2.6 Flow cytometry
Blood samples collected from mice were used for the analysis of leucocyte 
subsets. Forward scatter and side scatter were used to gate live cells, ex
cluding red blood cells, debris, and cell aggregates. Myeloid cells were iden
tified as CD11b+. Monocytes were identified as CD11b+ Ly6G−. Classical 
monocytes were measured as Ly6Chigh and non-classical monocytes as 
Ly6Clow. Neutrophils were identified as CD11b+Ly6G+. For these determi
nations, antibodies included APC-conjugated anti-CD45R/B220, 
PE-conjugated anti-CD11b, PE/Cyanine7-conjugated anti-Ly6G/Ly6C 
(Gr1), and Brilliant Violet 421–conjugated anti-Ly6C. Flow cytometry 
was performed in BD FACSAria™ III (BD Bioscience, USA).

Mouse aortic cells were obtained from enzymatic dissociation using tis
sue digestion containing 1 mg/mL collagenase I, 1 mg/mL collagenase II, and 
100 μg/mL DNase I. Fixable viability dye (eBioscience, cat#65-0865-14) 
was used for screening live cells. Myeloid cells were identified as 
CD11b+. Monocytes were identified as CD11b+Ly6G−. Classical mono
cytes were measured as Ly6Chigh and non-classical monocytes as 
Ly6Clow. Neutrophils were identified as CD11b+Ly6G+. Flow cytometry 
was performed in BD FACSAria™ III (BD Bioscience, USA).

2.7 Real-time quantitative PCR
Total RNA was isolated from cells and mouse tissues using TRIzol reagent 
(Invitrogen). Reverse transcription and quantitative PCR (qPCR) were car
ried out using a two-step M-MLV Platinum SYBR Green qPCR 
SuperMix-UDG kit (Thermo Fisher) in Eppendorf Mastercycler Realplex 
detection system (Eppendorf, Hamburg, Germany). Primers were ob
tained from Thermo Fisher (Shanghai, China). Primer sequences are listed 
in Supplementary material online, Table S3. mRNA levels of target genes 
were normalized to Actb.

2.8 RNA-seq and single-cell RNA-seq 
analysis
MPMs isolated from Fgfr1f/f and Fgfr1CKO mice were challenged with 
50 μg/mL ox-LDL for 12 h. Total RNA of MPMs, with or without ox-LDL 
challenge, was prepared with TRIzol reagent (Invitrogen), and RNA-seq 
was performed by Majorbio Technology Inc. (Shanghai, China). For data 
analysis, differentially expressed genes (DEGs) that showed four-fold alter
ation were identified by using P-adjust 0.05 as cut-off. Venn analysis, KEGG 
enrichment analysis, volcano analysis, and GSEA analysis were performed 
with online software (http://geneontology.org/). The DEGs in the high
lighted KEGG pathway are listed in Supplementary material online, 
Table S5. DEGs used in KEGG analysis were the intersection of the genome 
Fgfr1f/f vs. Fgfr1f/f + ox-LDL and the genome Fgfr1f/f + ox-LDL vs. Fgfr1CKO + 
ox-LDL listed in Supplementary material. All DEGs in the genome Fgfr1f/f vs. 
Fgfr1f/f + ox-LDL and the genome Fgfr1f/f + ox-LDL vs. Fgfr1CKO + ox-LDL 
are listed in Supplementary material, respectively.

For scRNA-seq, GSE214414 data sets were used. Top 2000 highly vari
able genes were calculated using the Seurat function FindVariableGenes 
(mean.function = FastExpMean, dispersion.function = FastLogVMR). 
Principal component analysis (PCA) was performed to reduce the dimen
sionality with RunPCA function. Graph-based clustering was performed 
to cluster cells according to the gene expression profile with the 
FindClusters function. Cells were visualized using a two-dimensional 

Uniform Manifold Approximation and Projection (UMAP) algorithm with 
the RunUMAP function. The FindAllMarkers function (test.use = presto) 
was used to identify marker genes of each cluster. DEGs were selected using 
the function FindMarkers (test.use = presto). A P < 0.05 and |log2fold
change| > 0.58 were set as the threshold for significantly differential expres
sion. The sequencing and bioinformatics analysis were provided by OE 
Biotech Co. Ltd (Shanghai, China).

2.9 Western immunoblotting
Lysates from cultured cells and mouse tissues were prepared and protein 
concentrations determined by the Bradford assay (Bio-Rad Laboratories, 
Hercules, CA). Proteins were separated using 10% sodium dodecyl sulfate 
(SDS)–polyacrylamide gel electrophoresis and electro-transferred to 
nitrocellulose membranes. Membranes were then blocked for 1.5 h at 
room temperature in Tris-buffered saline (pH 7.6) containing 0.05% 
Tween 20 and 5% non-fat dry milk. Primary antibody incubations were car
ried out at 4°C overnight. Secondary antibodies were applied for 1 h at 
room temperature. Immunoreactivity was visualized using enhanced 
chemiluminescence reagents (Bio-Rad Laboratories). Densitometric mea
surements were made using ImageJ. Representative blots are shown in the 
figures. All experiments were performed a minimum of three different 
times with three-plus replicates at each time point.

2.10 Immunoprecipitation
Cell lysates were pre-cleared with protein A/G magnetic beads to remove 
proteins binding to the beads, and part of the lysate was retained as an input 
sample. Then, the protein lysate was incubated with the corresponding pri
mary antibody overnight at 4°C. As a negative control (NC), equal amount 
of IgG isotype antibody was used. Samples were precipitated with protein 
A/G magnetic beads for 0.5 h at 4°C. Precipitated proteins were washed 
with ice cold lysis buffer for three times, and then, the washed protein G 
Sepharose beads were resuspended in a loading buffer containing SDS and 
then subjected to heat denaturation for 10 min at 100°C for subsequent im
munoblotting. Immunoblotting studies were repeated at least three times with 
different samples. Bands were quantified using ImageJ software.

2.11 Gene silencing in cell cultures
Gene silencing in cells was achieved using siRNA. siRNAs targeting Plcg1, Frs2, 
and control (scrambled; NC) were purchased from GenePharma Co. Ltd 
(Shanghai, China). Sequences are shown in Supplementary material online, 
Table S4. RAW264.7 cells were incubated with siRNA using Lipofectamine 
2000 (Thermo Fisher). Knockdown was confirmed by immunoblotting.

2.12 Ox-LDL uptake, signalling, and lipid 
accumulation
To investigate downstream signalling in response to ox-LDL, MPMs, har
vested from Fgfr1f/f and Fgfr1CKO mice, were incubated in fresh media con
taining 50 µg/mL ox-LDL for various time points. Western blotting was 
performed to examine FGFR activation. qPCR and enzyme-linked im
munosorbent assay (ELISA) were performed for inflammatory cytokine 
expression. To study ox-LDL uptake, MPMs harvested from Fgfr1f/f and 
Fgfr1CKO mice were incubated in fresh media containing 100 µg/mL 
ox-LDL for 24 h at 37°C. Cells were then fixed with 4% paraformaldehyde 
for 15 min, washed with PBS, and incubated with a 0.5% working solution 
of Oil Red O for 15 min. For some studies, labelled 50 µg/mL Dil-ox-LDL 
was used for 24 h at 37°C. Cells exposed to Dil-ox-LDL were counter
stained with DAPI, and fluorescence images were taken.

Where indicated, MPMs harvested from WT mice were pre-treated 
with 10 μM AZD4547 for 1 h before exposure to 100 µg/mL ox-LDL 
for Oil Red O staining. For fluorescence imaging studies, cells were pre- 
treated with AZD4547 and then exposed to 50 µg/mL Dil-ox-LDL for 
24 h. Cells were fixed, stained for Clathrin (Alexa Fluor 488 detection), 
and imaged.
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2.13 Inflammatory cytokine determinations
Lysates prepared from tissues and cell culture media were used to measure 
tumour necrosis factor alpha (TNF-α) and interleukin (IL)-6 protein levels 
by ELISA (eBioscience, San Diego, CA). The total quantity of the inflamma
tory factors was normalized to mL media or mg tissue.

2.14 Statistical analysis
All experiments were randomized and blinded. Data are reported as 
mean ± SEM. Statistical analysis was performed with GraphPad Prism 9.0 
software (San Diego, CA, USA). When comparing the difference between 
two groups, Student’s t-test (unpaired, two-tailed) was applied. We used 
one-way analysis of variance (ANOVA) followed by Bonferroni’s post hoc 
test when comparing more than two groups of data. P values of <0.05 
were considered to be statistically significant. Post-tests were run only if 
F achieved P < 0.05 and there was no significant variance in homogeneity.

3. Results
3.1 Macrophage FGFR1 is induced in AS
Atherosclerotic lesions were generated in Apoe−/− mice through HFD 
feeding for 12 weeks. We examined FGFR1 protein in atherosclerotic le
sions by immunohistochemistry and used phosphorylated FGFR1 as a 
proxy for receptor activity. Twelve weeks of HFD feeding in Apoe−/− 

mice increased FGFR1 and p-FGFR1 (Y654) immunoreactivity in athero
sclerotic lesions (Figure 1A; Supplementary material online, Figure S1A). 
We then analysed scRNA-seq data (GSE214414) from a study in which 
aorta tissues of ND-fed wild-type (WT ND) and HFD-fed Apoe−/− 

(Apoe−/− HFD) mice were used. We identified various cell types including 
T cells, B cells, endothelial cells, fibroblasts, macrophages, monocytes, neu
trophils, red blood cells, and SMCs, and the expression of FGFR1 was ana
lysed (Figure 1B; Supplementary material online, Figure S1B and C). The ratio 
(98.4%) of macrophages in tissues of Apoe−/− HFD mice was higher than 
that (11.1%) in tissues of WT ND mice, and the number of macrophages 
in tissues of Apoe−/− HFD mice was much bigger than monocytes and neu
trophils in the myeloid fraction (Figure 1C). Furthermore, we found that 
FGFR1 was expressed on macrophages and monocytes in tissues of 
Apoe−/− HFD mice and only expressed on monocytes in tissues of WT 
ND mice (Figure 1D and E). In addition, we can see that the total FGFR1 
expression in immune cells in arterial tissues of Apoe−/− HFD mice is 
much more than that in WT ND mice (Figure 1D and E).

We then performed double-immunofluorescence labelling of aortas of 
Apoe−/− mice fed a ND or HFD for FGFR1 and CD68 as a marker of macro
phages. Our results show co-localization of FGFR1 with CD68-positive cells 
in mouse atherosclerotic lesions (Figure 1F and G; Supplementary material 
online, Figure S2A and B). These studies suggest that HFD feeding induces 
infiltration of CD68+ macrophages in atherosclerotic lesions and these cells 
express FGFR1 (Figure 1F). To confirm these results in human AS, we exam
ined autopsy specimens from subjects with diagnosed AS and compared the 
results with non-atherosclerotic samples. As expected from our experi
mental studies, human AS was associated with an increased level of double 
positive cells expressing CD68 and FGFR1/p-FGFR1 (Figure 1H–K; 
Supplementary material online, Figure S2C–E). These findings show that 
AS is associated with elevated levels of phosphorylated and total FGFR1, 
primarily in macrophages.

3.2 Myeloid cell–specific Fgfr1 deficiency 
prevents lipid accumulation and 
atherogenesis in Apoe−/− HFD mice
As our studies pointed to elevated macrophage FGFR1 in atherosclerotic 
lesions, we generated myeloid-specific Fgfr1 deficiency to examine the 
functional significance of FGFR1 in AS development and progression. 
We bred Fgfr1-floxed mice with LysM-Cre mice. Genotyping and western 
blot assay confirmed the deletion of Fgfr1 in these mice (see 
Supplementary material online, Figure S3A and B). We then crossed 

Apoe−/− mice with Fgfr1CKO mice to generate Apoe−/−Fgfr1f/f LysM-Cre+/− 

DKO mice and compared them with Apoe−/−Fgfr1f/fLysM-Cre−/− (AKO-F) 
and Apoe−/−Fgfr1+/+LysM-Cre+/− (AKO-L) upon HFD feeding for 12 weeks 
(Figure 2A). We did not find any changes to monocyte and neutrophil num
bers in the peripheral blood when AKO-F and DKO mice were fed a HFD 
(see Supplementary material online, Figure S3C). HFD feeding of AKO-L 
and AKO-F mice led to plaque development along the aorta, while deletion 
of Fgfr1 in myeloid cells (DKO) prevented HFD-induced atherosclerotic le
sions in aortic arch (Figure 2B). Fgfr1 deficiency in myeloid cells did not 
change the body weight and serum lipid levels upon HFD feeding for 12 
weeks (Figure 2C–G). As anticipated, AKO-L and AKO-F mice showed fatty 
streaks along the length of their aortas as indicated by Oil Red O staining 
(Figure 2H and I ). Significantly reduced fatty streak and Oil Red O–positive 
areas were noted in DKO mice. Analysis of aortic roots showed that DKO 
mice have less lesion areas, necrotic area, and Oil Red O–positive staining 
than AKO-F or AKO-L mice upon HFD feeding (Figure 2J–N). Levels of 
macrophages and monocytes, marked with MOMA2-stained aortas, 
showed reduced immunoreactivity in DKO mice (Figure 2O and P; 
Supplementary material online, Figure S4A). Flow cytometric analysis of 
the aorta further validated a decrease in CD11b+ cells (including the pro
portional monocytes and neutrophils) in arterial tissues of HFD-fed DKO 
mice, compared with that in HFD-fed AKO-F mice (see Supplementary 
material online, Figure S4B). However, contractile SMCs showed no 
changes (see Supplementary material online, Figure S4C), which might re
sult from less effects of myeloid Fgfr1 deletion on SMC phenotypic switch
ing or few plaque instability in 12-week Apoe−/− HFD mice.

To determine whether sex is a variable in the involvement of myeloid 
Fgfr1 in atherosclerotic plaque development, we analysed tissues from fe
male AKO-F and DKO mice at the same age fed a HFD (Figure 3A). We 
also did not find differences in serum lipid levels between female AKO-F 
and DKO mice fed a HFD for 12 weeks (Figure 3B–E). We found that mye
loid Fgfr1 deficiency significantly reduces atherosclerotic plaques and Oil 
Red O–stained aortas in female mice (Figure 3F–H), like in male mice. 
Deleting Apoe gene has been shown to generate spontaneous AS develop
ment in mice with a long-time ND.27 Specifically, Apoe−/− mice show foam 
cell lesions and fibrous plaques around 20 weeks of age on ND. To examine 
whether Fgfr1 deficiency alters spontaneous AS development, we examined 
tissues of male AKO-F and DKO mice fed a ND for up to 52 weeks 
(Figure 3I). We found that myeloid-specific deficiency of Fgfr1 protected 
against spontaneous atherosclerotic plaque formation, without causing 
any changes to serum lipid levels (Figure 3J–P). These findings validate that 
myeloid-specific FGFR1 participates in aortic plaque formation and athero
genesis in mice.

3.3 Pharmacological inhibition of FGFR1 
prevents atherogenesis in Apoe−/− mice fed a 
HFD
We used a selective small-molecule inhibitor of FGFR1, AZD4547,25,28

in Apoe−/− mice to confirm the role of FGFR1 in AS. For these studies, 
Apoe−/− mice were fed a ND or HFD for 12 weeks. A cohort of Apoe−/− 

HFD mice were treated with AZD4547 every other day for the duration of 
the study (Figure 4A). As expected, HFD-induced atherosclerotic plaques, fatty 
streaks, aortic lesions, Oil Red O staining, and levels of macrophages were re
duced in mice treated with AZD4547 (Figure 4B–J). α-SMA–stained areas 
showed no changes in mice treated with AZD4547 (see Supplementary 
material online, Figure S5A and B). AZD4547 treatment did reduce 
HFD-induced innominate arterial tissue lipid accumulation, atherogenesis, 
and MOMA2 immunoreactivity in Apoe−/− mice fed a HFD (see 
Supplementary material online, Figure S5C–H). Interestingly, AZD4547 treat
ment also reduced HFD-mediated weight gain in mice and serum lipid levels, 
possibly indicating lipid metabolism changes in hepatocytes and adipocytes 
through FGFR1 alteration (see Supplementary material online, Figure S5I–L).

We used DKO mice to confirm our studies of FGFR1 pharmacological 
inhibition. For these studies, DKO mice were fed a HFD for 12 weeks. A 
HFD experimental group was treated with AZD4547 every other day for 
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Figure 1 FGFR1 is up-regulated and activated in AS. (A) Aortic tissues from Apoe−/− mice fed a ND or a HFD for 12 weeks were evaluated for total and 
p-FGFR1 by immunohistochemical staining. Immunoreactivity was detected by DAB. Tissues were counterstained with haematoxylin (scale bar = 100 μm). 
Immunoreactivity quantification is shown on the right (mean ± SEM; n = 4; ***P < 0.001). (B) UMAP plot of cell clusters (left) and FGFR1 expression (right) 
in aortas from WT ND mice and Apoe−/− HFD mice (GSE214414). (C ) UMAP plot of macrophages, monocytes, and neutrophils in aortas of WT ND and 
Apoe−/− HFD mice. The ratios of macrophages, monocytes, and neutrophils are shown. (D) UMAP plot of Fgfr1 expression in aortas of WT ND and Apoe−/ 

− HFD mice. Quantification of Fgfr1 distribution in macrophages, monocytes, and neutrophils is shown. (E) Boxplot of Fgfr1 expression in myeloid cells of 
WT ND and Apoe−/− HFD mice. (F and G) Aortic tissues from Apoe−/− mice fed a ND or a HFD were labelled with FGFR1 and macrophage marker CD68. 
Tissues were counterstained with DAPI. Representative staining images (F ) and quantification of positive cells (G) are shown (scale bar = 100 μm for upper 
panel; 30 μm for lower panels; mean ± SEM; n = 4; ***P < 0.001). (H and I ) Coronary artery tissues from patients with AS and non-AS were evaluated for 
FGFR1 immunoreactivity. Tissues were also labelled with CD68 and counterstained with DAPI. Representative images are shown in (H ) [scale bar = 50 
μm]. Quantification of immunoreactivity is presented in (I ) [mean ± SEM; n = 3; *P < 0.05]. (J and K ) Samples shown in (H ) and (I ) were stained for 
p-FGFR1 and CD68 and counterstained with DAPI. Representative images are shown in (J ) [scale bar = 50 μm]. Quantification of immunoreactivity is presented 
in (K ) [mean ± SEM; n = 3; ***P < 0.001]. Student’s t-test (unpaired, two-tailed) for (A), (G), (I ), and (K ). BC, B cell; EC, endothelial cell; FB, fibroblast; MP, macro
phage; MC, monocyte; NP, neutrophil; RC, red cell; SMC, smooth muscle cell; TC, T cell.
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Figure 2 Myeloid-specific Fgfr1 deficiency reduces atherosclerotic lesions in Apoe−/− mice. (A) Schematic showing generation of myeloid-specific 
Fgfr1-deficeint Apoe−/− mice. For these studies, AKO-F and AKO-L were compared with DKO mice. (B) Representative image of aortic arch from male 
AKO-F, AKO-L, and DKO mice fed a HFD for 12 weeks (scale bar = 1 mm). (C–G) Figures showing body weights of mice, TCH, TGs, and LDL- and HDL-C 
in male AKO-F, AKO-L, and DKO mice fed a HFD for 12 weeks (mean ± SEM; n = 10). (H ) Representative image of Oil Red O staining of en face 
aortas from male AKO-F, AKO-L, and DKO mice fed a HFD for 12 weeks (scale bar = 2.5 mm). (I ) Quantification of Oil Red O–stained aortas shown in (I ) 
[mean ± SEM; n = 10; **P < 0.01, ***P < 0.01]. (J ) Representative H&E-stained aortic root tissues from male AKO-F, AKO-L, and DKO mice after HFD feeding 
for 12 weeks (scale bar = 250 μm). (K and L) Quantification of atherosclerotic plaque area and necrotic area from H&E-stained sections (mean ± SEM; n = 10; 
**P < 0.01, ***P < 0.001). (M and N ) Representative image of Oil Red O staining of aortic root tissue sections (M; scale bar = 250 μm). Quantification of Oil Red 
O staining is shown in (N ) [mean ± SEM; n = 10; *P < 0.05, **P < 0.01]. (O and P) Immunostaining of aortic root tissues of male AKO-F, AKO-L, and DKO mice 
for monocyte/macrophage marker MOMA2. Tissues were counterstained with DAPI (scale bar = 250 μm). Quantification of immunoreactivity is shown in (P) 
[mean ± SEM; n = 10; ***P < 0.001]. One-way ANOVA followed by Bonferroni’s post hoc test for (C–G), (I ), (K ), (L), (N ), and (P). ns, not significant.
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the duration of the study (see Supplementary material online, Figure S6A). 
We found that AZD4547 treatment reduced body weight in HFD-fed 
DKO mice (see Supplementary material online, Figure S6B). Furthermore, 
AZD4547 did not alter the course of HFD-induced atherosclerotic plaques, 
fatty streaks, aortic lesions, necrotic area, Oil Red O positivity, and 
MOMA2-positive macrophage/monocyte infiltration (see Supplementary 
material online, Figure S6C–I). No changes were seen to α-SMA immunor
eactivity following AZD4547 treatment (see Supplementary material 
online, Figure S6J). These findings confirm the contribution of FGFR1 in 
AS and indicate that pharmacological inhibition of FGFR1 protects against 
atherosclerotic lipid accumulation and atherogenesis.

3.4 Role of FGFR1 in AS involves modulation 
of NF-κB inflammatory responses
AS is considered an inflammatory disease, and localized/activated macro
phages contribute significantly to disease initiation and progression.3 Our 

results showing that Fgfr1 deficiency in myeloid cells is protective against 
plaque development likely point to a direct or indirect role of FGFR1 in in
flammatory reactions. To gain such an insight, we harvested MPMs from 
Fgfr1f/f and Fgfr1CKO mice and then exposed the cells to 50 μg/mL 
ox-LDL and performed RNA-seq analysis. We compared the gene expres
sion profile among vehicle-treated Fgfr1f/f MPMs, Fgfr1f/f MPMs exposed to 
ox-LDL, and Fgfr1CKO MPMs exposed to ox-LDL (Figure 5A). KEGG enrich
ment analysis showed that Fgfr1 deficiency regulated inflammatory signal
ling pathway–related genes in ox-LDL–challenged MPMs (Figure 5B). We 
then analysed the RNA-seq data to find the potential signalling pathway(s) 
linking FGFR1 to inflammatory response. We found 588 down-regulated 
genes and 667 up-regulated genes when comparing ox-LDL-treated 
Fgfr1f/f MPMs with Fgfr1CKO MPMs (Figure 5C). A GSEA analysis showed sig
nificant changes to NF-κB signalling pathway (Figure 5D). To validate these 
results in vivo, we measured inflammatory cytokines IL-6 and TNF-α in ser
um from AKO-F and DKO mice fed a HFD for 12 weeks and showed that 
the levels are lower in DKO mice (Figure 5E and F ). These circulating 

Figure 3 Impact of myeloid-specific Fgfr1 in lipid accumulation in female mice and spontaneous atherosclerotic lesions. (A) Schematic showing experimental 
groups and design to investigate the impact of myeloid Fgfr1 deficiency in female Apoe−/− mice. (B–E) Levels of TCH, TGs, and LDL- and HDL-C in female AKO-F 
and DKO mice fed a HFD for 12 weeks (mean ± SEM; n = 9). (F ) Representative image showing thoracic aortic arch (ascending aorta, brachiocephalic, left com
mon carotid, left subclavian, and part of the descending aorta) in female AKO-F and DKO mice fed a HFD (scale bar = 1 mm). (G and H ) Representative Oil Red 
O staining of dissected aortas from mice (G) and quantification (H ) of stained area (scale bar = 2.5 mm; mean ± SEM; n = 9; ***P < 0.001). (I ) Schematic showing 
experimental groups and design to investigate the impact of myeloid Fgfr1 deficiency on spontaneous atherosclerotic lesion development. Male AKO-F and DKO 
mice were fed a normal diet for 52 weeks. (J–M) Levels of TCH, TGs, and LDL- and HDL-C in male AKO-F and DKO mice fed a ND for 52 weeks (mean ± SEM; 
n = 9–12). (N ) Representative image showing thoracic aortic arch (ascending aorta, brachiocephalic, left common carotid, left subclavian, and part of the des
cending aorta) of mice at 52 weeks (scale bar = 1 mm). (O and P) Representative Oil Red O staining of dissected aortas from mice (O) and quantification (P) of 
stained area (scale bar = 2.5 mm; mean ± SEM; n = 9–12; ***P < 0.001). Student’s t-test (unpaired, two-tailed) for (B–E), (H ), (J–M ), and (P). ns, not significant.
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Figure 4 FGFR1 inhibition reduces HFD-induced AS in mice. (A) Male Apoe−/− mice were fed a HFD or ND for 12 weeks. A cohort in each group was 
treated with AZD4547 (AZD) for the duration of the study. Aortic and innominate arterial tissues were harvested and analysed. (B) Representative image 
and quantification of Oil Red O staining (B) of en face aortas from male Apoe−/− mice (scale bar = 2.5 mm; mean ± SEM; n = 9–10; ***P < 0.001). (C–H) 
Gross aortic arch (C, scale bar = 1 mm), representative H&E and quantification of lesion area and necrotic areas (D–F), representative Oil Red O–stained sec
tions (G), and measurement of Oil Red O staining (H ) are shown (scale bar = 250 μm; mean ± SEM; n = 9–10; **P < 0.01, ***P < 0.001). (I and J ) 
Immunostaining of aortic root tissues of male Apoe−/− mice for monocyte/macrophage marker MOMA2. Tissues were counterstained with DAPI (scale 
bar = 250 μm). Quantification of immunoreactivity is shown as positively stained area (as %; mean ± SEM; n = 9–10; ***P < 0.001). One-way ANOVA fol
lowed by Bonferroni’s post hoc test for (B), (E), (F ), (H ), and (J ).
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Figure 5 Myeloid-specific Fgfr1 deficiency reduces HFD-induced inflammatory responses in mice. (A and B) MPMs were harvested from Fgfr1f/f and Fgfr1CKO 

mice. Cells were exposed to 50 μg/mL ox-LDL for 12 h, and RNA was sequenced. Figure showing a Venn plot (A) and KEGG enrichment analysis (B). 
Inflammatory factor enrichment is shown in coloured box in (B). (C and D) Figure showing volcano (C ) and GSEA (D) plot from RNA-seq data. (E and F ) 
Levels of circulating inflammatory factors IL-6 (E) and TNF-α (F ) were measured in male AKO-F and DKO mice fed a HFD for 12 weeks (mean ± SEM; 
n = 10; *P < 0.05, ***P < 0.001). (G and H ) The protein levels of arterial inflammatory factors IL-6 (G) and TNF-α (H ) were measured in male AKO-F and 
DKO mice fed a HFD for 12 weeks. Target protein levels were normalized to total tissue protein (mean ± SEM; n = 10; **P < 0.01). (I and J ) The mRNA levels 
of arterial inflammatory factors Tnfa (I ) and Il6 (J ) were measured in male AKO-F and DKO mice fed a HFD for 12 weeks. Target mRNA levels were normalized to 
Actb (mean ± SEM; n = 6; *P < 0.05). (K and L) mRNA levels of arterial tissue inflammatory factors Il6 (K ) and Tnfa (L) were measured in male Apoe−/− mice fed a 
ND, HFD, or HFD with AZD4547 treatment for 12 weeks. mRNA levels were normalized to Actb (mean ± SEM; n = 6; *P < 0.05, **P < 0.01). 
(M) Immunostaining of aortic root tissues from AKO-F and DKO mice fed a HFD for 12 weeks for MOMA2 and phosphorylated NF-κB p65. Tissues were 
counterstained with DAPI (scale bar = 50 μm). Quantification is shown on the right (mean ± SEM; n = 6; ***P < 0.001). (N ) Immunostaining of aortic root tis
sues from male Apoe−/− mice fed a HFD or a HFD with AZD4547 treatment for 12 weeks for MOMA2 and phosphorylated NF-κB p65. Tissues were counter
stained with DAPI (scale bar = 50 μm). Quantification is shown on the right (mean ± SEM; n = 6; ***P < 0.001). Student’s t-test (unpaired, two-tailed) for (E–J ), 
(M), and (N ). One-way ANOVA followed by Bonferroni’s post hoc test for (K ) and (L).
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cytokine levels were mirrored in protein and mRNA measurements for 
IL-6 and TNF-α in arterial tissues harvested from mice (Figure 5G and J ). 
We confirmed these results in Apoe−/− mice fed a HFD and treated with 
AZD4547. AZD4547 prevented HFD-induced Il6 and Tnfa expression 
(Figure 5K and L). We also examined the levels of chemokines and adhesion 
factors. Myeloid Fgfr1 deletion reduced the mRNA expression of Mcp1 and 
Vcam1 and the protein expression of VCAM-1 in arterial tissues of Apoe−/− 

HFD mice (see Supplementary material online, Figure S7A–D), without in
fluences on Ki67 level in macrophages (see Supplementary material online, 
Figure S7E and F), indicating that myeloid Fgfr1 deletion reduced macro
phage infiltration, rather than macrophage proliferation, in mouse athero
sclerotic plaques. As NF-κB is a classical and obligatory transcriptional 
factor regulating inflammatory gene expression, we hypothesized that 
FGFR1 regulates inflammation through activating NF-κB. We stained aor
tas for phosphorylated NF-κB p65 and showed that FGFR1 blockage, gen
etic and pharmacological, significantly decreases p-NF-κB levels in 
MOMA2-positive cells (Figure 5M and N ). These results suggest that 
macrophage FGFR1 modulates NF-κB inflammatory responses in experi
mental AS.

3.5 FGFR1 induces NF-κB activation and 
inflammatory cytokines through PLCγ
To investigate the mechanisms by which FGFR1 modulates NF-κB and in
flammatory reactions, we exposed MPMs from Fgfr1f/f mice to 50 μg/mL 
ox-LDL for 5 or 15 min and probed for FGFR1 activation. Levels of 
phospho-FGFR1 increased rapidly in cells indicating that ox-LDL can acti
vate FGFR1 signalling (Figure 6A). Two of the well-known downstream sig
nalling mediators, PLCγ29 and FRS2,30 were also phosphorylated in MPMs 
exposed to ox-LDL (Figure 6A and B). Associated with ox-LDL–induced 
FGFR1 activity, we noted increased expression of inflammatory factors 
in MPMs (Figure 6C–H) and PLCγ (see Supplementary material online, 
Figure S8A) and NF-κB phosphorylation (Figure 6I). These inductions 
were not seen in cells isolated from Fgfr1CKO mice (Figure 6C–I). 
Furthermore, inhibition of FGFR1 by AZD4547 in MPMs harvested from 
WT mice also suppressed ox-LDL–induced inflammatory factors (see 
Supplementary material online, Figure S8B–E). These results show that 
FGFR1 may mediate ox-LDL–induced NF-κB activation and inflammatory 
responses in macrophages. We then investigated whether PLCγ or FRS2 
was required for ox-LDL-FGFR1 to induce inflammatory responses in 
macrophages. We knocked down the expression of PLCγ and FRS2 in 
RAW264.7 macrophages (Figure 6J and K ) and then exposed the cells to 
50 μg/mL ox-LDL. Interestingly, deficiency in PLCγ but not FRS2 prevented 
NF-κB p65 phosphorylation upon ox-LDL exposure (Figure 6L and M ) and 
reduced the levels of inflammatory factor expression (Figure 6P). These 
studies suggest that FGFR1 signalling through PLCγ is required in macro
phages to induce inflammatory factors in response to ox-LDL.

3.6 FGFR1 stimulates uptake of ox-LDL in 
macrophages
Lastly, we determined whether macrophage FGFR1 activity was involved in 
the uptake/phagocytosis of ox-LDL. MPMs from Fgfr1f/f and Fgfr1CKO mice 
were exposed to 100 μg/mL ox-LDL for 24 h, and intracellular lipid accu
mulation was assessed by Oil Red O staining of cells. Increased Oil Red O 
staining was seen in MPMs from Fgfr1f/f but not from Fgfr1CKO mice upon 
ox-LDL exposure (Figure 7A and B). We confirmed these results with ex
posure of MPMs to Dil-labelled ox-LDL and immunofluorescence staining 
(Figure 7C and D). Pharmacological inhibition of FGFR1 by AZD4547 sup
pressed ox-LDL uptake in WT MPMs (Figure 7E and F ). The phagocytosed 
ox-LDL appeared as punctate Dil-ox-LDL label, which co-localized to 
clathrin, an important regulator of the endocytic pathway (Figure 7G 
and H ). Pre-treatment of cells with AZD4547 reduced intracellular 
Dil-ox-LDL labelling. Assessment of ApoB and FGFR1 interaction by 
co-immunoprecipitation suggested that ox-LDL may not bind to FGFR1 
(see Supplementary material online, Figure S9A), indicating that FGFR1 
may regulate phagocytosis of ox-LDL instead. We examined the 

expression of scavenger receptor CD36 in aortic tissues isolated from 
AKO-F and DKO mice. The levels of Cd36 were significantly reduced in 
DKO mice fed a HFD compared with AKO-F mice (see Supplementary 
material online, Figure S9B). The levels of Scarb1, Abca1, and Abcg1, how
ever, were not altered in DKO mice (see Supplementary material online, 
Figure S9B). Moreover, Cd36 levels were reduced in MPMs from Fgfr1CKO 

upon ox-LDL exposure compared with MPMs from Fgfr1f/f mice, but no 
differences were noted in Scarb1, Abca1, and Abcg1 levels (see 
Supplementary material online, Figure S9C). CD36 protein levels also 
showed an increase in Fgfr1f/f MPMs upon ox-LDL exposure but not in 
MPMs harvested from Fgfr1CKO mice (see Supplementary material online, 
Figure S9D). The results show that macrophages uptake ox-LDL in a 
FGFR1/CD36-dependent manner.

4. Discussion
The key findings of our study are that (i) atherosclerotic lesions show ele
vated FGFR1 and Fgfr1 deficiency in myeloid cells significantly reduces aor
tic tissue inflammatory reactions, lipid accumulation, and lesions in Apoe−/− 

mice maintained on a HFD; (ii) ox-LDL activates FGFR1 in macrophages to 
induce the expression of inflammatory cytokines and chemokines; and (iii) 
FGFR1 activity leads to PLCγ and NF-κB activation and ox-LDL uptake in 
macrophages. Together, these results provide evidence of a novel FGFR1 
signalling mechanism in atheromatous growth.

FGFR1 plays a critical role during growth and development. Aberrant 
FGFR1, through overexpression and mutations, are also linked to carcino
genesis.31,32 In addition, activation of FGFR1 has been implicated in a host of 
cardiovascular and inflammatory diseases.15–20 For example, blocking 
FGFR1 improves left ventricular hypertrophy and function in nephrectomy 
rats,17 and overexpression of FGFR1 in cardiomyocytes causes hypertroph
ic cardiomyopathy.16 In terms of inflammatory conditions, FGFR1 is impli
cated in acute septic injury18–20 through disruption of lipopolysaccharide 
signalling and injury. Pharmacological inhibition of FGFR1 suppresses inflam
matory responses and shock in septic mice.19 Activating FGFR1 also results 
in the amplification of inflammatory responses33 and increases the level of 
TNF production.34 In AS, previous reports had shown expression of FGFR1 
in macrophages within human atheromas.22 Treatment of Apoe−/− mice 
with SU5402 significant reduced atheroma generation induced by HFD.24

However, SU5402 is known to inhibit disparate signalling pathways.35 A 
more recent study used a specific allosteric FGFR1 inhibitor SSR128129E 
in Apoe−/− mice maintained on ND for up to 5 months and showed reduced 
spontaneous lesions.36 Although AS was not the primary focus of the study 
by Dol-Gleizes et al.36 or examined in detail, it did provide supporting evi
dence that FGFR1 is involved.

Our results confirm the elevated levels of macrophage FGFR1 in human 
and experimental atherosclerotic lesions. One possibility for the apparent 
increase in FGFR1 in aortic plaques is that infiltrating monocytes may be 
the major contributors to the increased expression. Indeed, we show 
that FGFR1 primarily localizes to CD68-positive macrophages in athero
sclerotic lesions. Our in vitro data show that ox-LDL challenge did not in
duce FGFR1 expression in macrophages. These results indicate that 
increased FGFR1 in atherosclerotic lesions may come from the increased 
monocyte infiltration. HFD feeding of mice in vivo or ox-LDL challenge of 
MPMs in vitro induces FGFR1 phosphorylation, indicating FGFR1 activation 
to atherosclerotic lesion development. These ideas promoted us to gener
ate and examine myeloid-specific Fgfr1-deficient mice and to test whether 
pharmacological inhibitor of FGFR1 prevents AS. We report that myeloid 
Fgfr1-deficient mice are remarkably protected against HFD-induced lesions 
in the aorta, as well as towards lipid accumulation, inflammatory cytokine 
expression, and immune cell infiltration. Systemic treatment of mice with 
AZD4547 also prevented atherosclerotic lesions in mice. Although 
previous studies have implicated FGFR1 in inflammatory systems,18–20

we provide empirical evidence of specific macrophage-derived FGFR1 in 
AS through the regulation of inflammatory responses.

FGFR1 activates a wide range of downstream signalling proteins includ
ing Rho GTPases, mitogen-activated protein kinases, protein kinases B and 
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C, and NF-κB.37,38 Though it is not clear from our study as to how ox-LDL 
activates FGFR1, we did find that the eventual NF-κB activation was differ
entially regulated by SH2-binding signalling intermediates of FGFR1. 
Specifically, we found that downstream of ox-LDL-FGFR1 activation, 

only Plcg1 promoted the production of inflammatory cytokines by macro
phages. Knockdown of Frs2 did not reduce inflammatory cytokines or 
NF-κB activation following ox-LDL exposure of macrophages. This may 
implicate secondary mediators of PLCγ pathway37 (diacylglycerol, inositol 

Figure 6 Ox-LDL induces inflammatory cytokines in macrophages through FGFR1 and PLCγ. (A and B) MPMs were harvested from Fgfr1f/f mice and cultured 
with 50 μg/mL ox-LDL for indicated time points. Immunoblotting was performed to assess phosphorylation of FGFR1, FRS2, and PLCγ. Representative blots 
and quantification are shown. α-Tubulin and total proteins were used as controls (mean ± SEM; n = 3; *P < 0.05, **P < 0.01). (C–F) MPMs harvested from 
Fgfr1f/f and Fgfr1CKO mice and exposed to 50 μg/mL ox-LDL for 24 h. mRNA levels of inflammatory factors were measured. Actb was used for normalization 
(mean ± SEM; n = 3; *P < 0.05, **P < 0.01, ***P < 0.001). (G and H ) Levels of TNF-α and IL-6 proteins in cell culture media. Cells were treated as indicated in 
(C–F ) [mean ± SEM; n = 6; ***P < 0.001]. (I) MPMs from Fgfr1f/f and Fgfr1CKO mice were exposed to 50 μg/mL ox-LDL for 15 min. Levels of phospho-NF-κB 
p65 were measured by immunoblotting. Representative blots and quantification are shown. α-Tubulin was used as loading control (mean ± SEM; n = 3; 
*P < 0.05, **P < 0.01). (J and K ) RAW264.7 cells were transfected with siRNA against Plcg1 (J ) and Frs2 (K ). Scrambled sequences were used as NC. 
Knockdown efficiency was measured by immunoblotting. GAPDH was used as loading control. (L and M ) RAW264.7 cells transfected with Plcg1 or Frs2 
siRNA were exposed to 50 μg/mL ox-LDL for 15 min. Levels of phospho-NF-κB p65 were measured by immunoblotting. Representative blots and quanti
fication are shown. α-Tubulin was used as loading control (mean ± SEM; n = 3; **P < 0.01). (N–P) RAW264.7 cells with Plcg1 or Frs2 knocked down were 
exposed to 50 μg/mL ox-LDL for 24 h. Inflammatory factor expression was measured. Target protein levels were normalized to total protein measurement 
from cultures (N and O), and mRNA (P) was normalized to Actb (mean ± SEM; n = 3; *P < 0.05, **P < 0.01, ***P < 0.001). One-way ANOVA followed by 
Bonferroni’s post hoc test for (A–I ) and (M–P). ns, not significant.
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Figure 7 Myeloid FGFR1 is required for ox-LDL uptake. (A and B) MPMs from Fgfr1f/f and Fgfr1CKO mice were exposed to 100 μg/mL ox-LDL for 24 h. Lipid 
accumulation in cells was measured by staining for Oil Red O. Cells were counterstained with haematoxylin (A; scale bar = 50 μm). Quantification of Oil Red O 
staining is shown in (B) [mean ± SEM; n = 3; ***P < 0.001]. (C and D) MPMs from Fgfr1f/f and Fgfr1CKO mice were exposed to 50 μg/mL Dil-ox-LDL for 24 h. 
Cells were counterstained with DAPI and immunofluorescence images were taken (C; scale bar = 25 μm). Quantification of Dil-ox-LDL staining is shown in (D) 
[mean ± SEM; n = 3; ***P < 0.001]. (E and F ) MPMs from WT mice were pre-treated with 10 μM AZD4547 for 1 h. Cells were then exposed to 100 μg/mL 
ox-LDL for 24 h. Lipid accumulation was detected by Oil Red O staining (E; scale bar = 75 μm). Quantification of Oil Red O staining is shown in (F ) [mean ±  
SEM; n = 3; *P < 0.05]. (G and H ) MPMs from WT mice were pre-treated with 10 μM AZD4547 for 1 h and then exposed to 50 μg/mL Dil-ox-LDL for 24 
h. Cells were counterstained with DAPI, and immunofluorescence images were taken (G; scale bar = 10 μm). Quantification of Dil-ox-LDL uptake is shown in 
(H ) [mean ± SEM; n = 3; ***P < 0.001]. One-way ANOVA followed by Bonferroni’s post hoc test for (B), (D), (F ), and (H ).
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triphosphate, intracellular calcium, and protein kinase C) in ox-LDL– 
mediated inflammatory reactions. Elucidation of both upstream 
(ox-LDL–mediated FGFR1 activation) and downstream (PLCγ-mediated 
NF-κB activation) secondary messengers in inflammatory AS would be crit
ical for future studies.

Although we focused on FGFR1 signalling in macrophages, it is important 
to acknowledge that FGFR1 signalling in other cell types may participate in 
AS. The scRNA-seq data and immunostaining analysis also found FGFR1 
expression in endothelial cells and SMCs. Previous studies have hinted at 
important FGFR1 signalling in both endothelial and SMC alterations.39,40

Endothelial cell–specific knockout of FGFR1 leads to activation of trans
forming growth factor β signalling and endothelial-to-mesenchymal transi
tion in mice.41 In endothelial cells, angiogenic FGFR1 activity42 may also 
alter macrophage numbers.43 Similarly, FGFR1 activity has been reported 
to regulate the proliferation of SMCs.39,44,45 Although our data showed 
that myeloid FGFR1 deficiency did not affect the phenotypic switching of 
SMCs, studies examining the role of FGFR1 in other cell types related to 
AS are interesting and deserve further investigation in the future.

Another issue worth investigating is the impact of FGFR1 in other tissues. 
Our data show that systemic FGFR1 inhibition by AZD4547 reduces body 
weight gain and serum lipid levels in mice fed a HFD (see Supplementary 
material online, Figure S5I–L). These changes were not observed in myeloid- 
specific Fgfr1-deficient mice a HFD (Figure 2C–G). These data indicated that 
inhibition of FGFR1 in other tissues (e.g. liver and adipose tissue) by 

AZD4547 may affect lipid metabolism in mice, which is in line with evidence 
generated from other systems. It has been reported that activation of FGF1/ 
FGFR1 signalling pathway promotes adipogenesis.46 Using FGFR1 inhibitor 
treatment and specific FGFR1 knockdown in adipocytes, another study re
vealed a role for FGFR1 in adipogenesis and identified FGFR1 as a potential 
therapeutic target to reduce obesity.47 Also, antibody-mediated FGFR1 
neutralization increased glucose uptake in white and brown adipose tissue 
to protect mice from diet-induced obesity48 and reduced body weight 
gain.49 In addition, silencing Fgfr1 expression blocked free fatty acid–induced 
lipid accumulation in mouse hepatocytes.50 These studies suggest that 
pharmacological inhibition of FGFR1 may have broader protection against 
HFD-induced AS, highlighting the advantage of FGFR1 inhibitor in the ther
apy of AS-related disease.

In summary, we have provided direct evidence of a novel FGFR1–PLCγ– 
NF-κB signalling mechanism in the promotion of atheromatous growth. 
We demonstrated that Fgfr1 deletion in myeloid cells of Apoe-deficient 
mice affords protection against HFD-induced atherosclerotic lesions, lipid 
accumulation, and inflammatory reactions. In macrophage culture studies, 
we show that ox-LDL induces inflammatory factors through FGFR1 and 
PLCγ. Although our mechanistic studies point to macrophage-driven 
FGFR1 activity as the culprit, broad inhibition of FGFR1 likely is as effective 
in reducing atherogenesis. AZD4547 and other emerging inhibitors of 
FGFR1 are potentially therapeutic agents, particularly since these are al
ready in Phase I and II clinical trials for cancer treatment.51

Translational perspective
Atherosclerosis is a chronic inflammatory disease with high morbidity and mortality rates worldwide. This study shows that either myeloid Fgfr1 de
ficiency or pharmacological FGFR1 inhibitor reduces aortic tissue inflammatory reactions, lipid accumulation, and atherosclerotic lesions by inhibiting 
PLCγ–NF-κB activation and oxidized LDL uptake in macrophages. Small-molecule FGFR1 inhibitors have already been used in the clinic for cancer 
treatment. Therefore, our study provides evidence of a novel FGFR1 signalling mechanism in atherosclerosis and sheds new light on the application 
of FGFR1 inhibitors as potential therapeutic agents for treating atherosclerosis-related diseases.

Supplementary material
Supplementary material is available at Cardiovascular Research online.
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