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A B S T R A C T   

Loss of perivascular adipose tissue (PVAT) impairs endothelial function and enhances atherosclerosis. However, 
the roles of PVAT thermoregulation in vascular inflammation and the development of atherosclerosis remains 
unclear. Bone morphogenetic protein 4 (BMP4) transforms white adipocyte to beige adipocyte, while promotes a 
brown-to-white shift in inter-scapular brown adipose tissue (BAT). Here, we found that knockdown of BMP4 in 
PVAT reduced expression of brown adipocyte-characteristic genes and increased endothelial inflammation in 
vitro co-culture system. Ablating BMP4 expression either in adipose tissues or specifically in BAT in ApoE− /−

mice demonstrated a marked exacerbation of atherosclerotic plaque formation in vivo. We further demonstrated 
that proinflammatory factors (especially IL-1β) increased in the supernatant of BMP4 knockdown adipocytes. 
Overexpression of BMP4 in adipose tissues promotes browning of PVAT and protects against atherosclerosis in 
ApoE− /− mice. These findings uncover an organ crosstalk between PVAT and blood endothelial cells that is 
engaged in atherosclerosis.   

1. Introduction 

Atherosclerosis is a chronic inflammatory disease intimately associ
ated with metabolic syndrome [1,2]. The atherogenic process starts with 
the accumulation of lipoproteins in the subendothelial space and sub
sequent endothelial dysfunction [3,4]. Although multiple lines of 
incontrovertible evidence have proven a causal role for low-density li
poprotein (LDL) cholesterol in atherosclerosis, cardiovascular diseases 
still occur when LDL clearance is enhanced [5]. Increasing proof points 
to the role of inflammation as the culprit in atherosclerosis [6,7]. In 
metabolic syndrome, adipocytes secrete factors, such as free fatty acids 
and proinflammatory cytokines, which increase the risk of atheroscle
rosis [8]. Furthermore, a recent study demonstrated that murine peri
vascular adipose tissue (PVAT) is resistant to diet-induced macrophage 
infiltration, and thus may play an important role in protecting the 
vascular bed from inflammatory stress [9]. Although the concept that 

inflammation plays a key role in the pathophysiology of atherosclerosis 
has gained considerable attention, its inciting has not yet been fully 
elucidated. 

PVAT, as a local adipose tissue depot surrounding blood vessels, has 
emerged as an active component of the blood vessel wall and shares 
common features with brown adipose tissue (BAT) [10]. Several studies 
have demonstrated that activation of BAT metabolism significantly re
duces the development of atherosclerosis due to low levels of plasma 
triglycerides and cholesterol [11–13]. Mild cold stimulation activates 
PVAT metabolism, that is, enhances thermoregulation of PVAT, which 
also has effect of resisting atherosclerosis [10]. Furthermore, over
expression of a mitochondrial membrane protein, mitoNEET, in PVAT 
has been shown to increase PVAT-dependent thermogenesis, leading to 
significantly downregulated PVAT inflammatory gene expression and 
reduced atherosclerosis [14]. Moreover, our previous study showed that 
uncoupling protein 1(UCP1) and other brown-related proteins had 
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reduced expression in pericardial adipose tissue from patients with 
coronary artery disease (CAD) compared with non-CAD patients [15]. 
Consistently, Suho Kim et al. found that PVAT at atherosclerotic plaque 
sites typically showed agglomerated lipid droplets but decreased UCP1 
in the advanced stage of atherosclerosis [16]. Therefore, impaired PVAT 
metabolism may be involved in CAD, and the underlying mechanisms 
require further investigation. 

Bone morphogenetic protein 4 (BMP4) is an important regulator of 
adipogenesis by committing mesenchymal precursor cells into the adi
pogenic lineage [17]. BMP4 can induce UCP1 expression in human ad
ipose stromal cells when combined with BMP7 and activate a full 
program of brown adipogenesis in C3H10T1/2 pluripotent cells [18,19]. 
Furthermore, we found that BMP4 also enhances browning of white 
adipocytes, as previously shown in transgenic mice overexpressing 
BMP4 in fat [20]. Mechanistically, overexpression of BMP4 in white 
adipose tissue (WAT) activates the p38/MAPK/ATF2/PGC1α pathway. 
However, larger areas of BAT, with increased lipid droplet size and 
reduced UCP1 expression, were also found in BMP4 transgenic and 
AAV-BMP4-infusion animal models [21,22]. Thus, although BMP4 is 
known to exert different effects on WAT and BAT, the function of BMP4 
on PVAT remains unclear. 

Here, we report that the expression of BMP4 is high in normal PVAT, 
but decreased in murine and human PVAT with atherosclerosis. More
over, adipocyte-specific loss of BMP4 promoted a brown-to-white tran
sition in PVAT, and aggravated the inflammatory responses of 
endothelial cells, thereby promoting the development of atherosclerosis 
in apolipoprotein E deficient (ApoE− /− ) mice. By contrast, over
expression of BMP4 in adipocytes stimulated browning of PVAT, 
inhibited inflammatory responses, and protected against atheroscle
rosis. Furthermore, our results show that knockdown of BMP4 in adi
pocytes resulted in increased proinflammatory cytokine production, 
including tumor necrosis factor alpha (TNFα), interleukin 1β (IL-1β), 
interleukin 6 (IL-6) and C–C motif chemokine ligand 2 (CCL2/MCP1), all 
of which trigger endothelial cell inflammation. Collectively, our data 
suggest that BMP4 is a critical mediator of PVAT metabolism and protect 
against the development of atherosclerosis by inhibiting inflammation. 

2. Materials and methods 

2.1. Experimental design 

The objective of this study was to investigate thermoregulation of 
PVAT in endothelial inflammation and the development of atheroscle
rosis. We treated HUVECs with conditioned medium from different 
brown adipocytes and measured the endothelial cell inflammation by 
Western blot and qPCR. We ablated BMP4 expression either in adipose 
tissues or specifically in BAT in ApoE− /− mice to generate two types of 
BMP4-KO mice. We fed mice with a Western diet (WD) to induce 
atherosclerosis, examined the PVAT metabolic activity by performing 
IHC, Western blot and qPCR, and measured the development of 
atherosclerosis by performing Oil Red staining on the whole aorta and 
aortic sinus. To investigate whether overexpression of BMP4 in PVAT 
protect against atherosclerosis, we measured PVAT metabolic activity 
and atherosclerosis of BMP4-Tg ApoE− /− mice. All mouse experiments 
were independently replicated at least twice. The cell culture experi
ments were performed using triplicates and repeated at least three times. 
We did not exclude any data points or mice unless a technical issue or a 
human error had occurred. 

2.2. Human adipose tissue samples 

Human adipose tissues were obtained from patients who underwent 
heart surgery in Shanghai Jiaotong University Affiliated Xinhua Hospi
tal. Detailed information of regarding the patients is shown in Supple
mental Table S1. Briefly, samples were obtained from the following 
sites: epicardial adipose tissue (EAT) over the aortic root; paracardial 

adipose tissue (PAT) from the inner midcourse and the diaphragm; and 
thoracic subcutaneous adipose tissue (SAT) from the sternotomy inci
sion at the manubrium sterni. Fat samples were trimmed of connective 
tissue and superficial blood vessels, bisected, and stored separately at 
− 80 ◦C until further processing. This study was approved by the Ethics 
Committees of Shanghai Medical College, Fudan University and was 
performed in accordance with the principle of the Helsinki Declaration 
II. Written informed consent was obtained from each participant. 

2.3. Animals 

To generate mice with an adipocyte-specific knockout of BMP4, 
BMP4fl/fl mice (generously provided by Brigid Hogan, Department of 
Cell Biology, Duke University Medical Center, Durham, NC) were 
crossed with mice expressing Cre recombinase under the control of the 
adipocyte-specific promoter aP2/Fabp4 or UCP1. The generation of 
BMP4-Tg mice has been previously described [20]. Briefly, male 
ApoE− /− mice were purchased from GemPharmatech Co., Ltd. For the 
atherosclerosis study, BMP4fl/fl, BMP4ΔaP2 and BMP4ΔUCP1 were cross
bred with ApoE− /− mice on the C57BL/6 background to produce 
BMP4fl/fl ApoE− /− , BMP4ΔaP2 ApoE− /− and BMP4ΔUCP1 ApoE− /− mice, 
respectively. Similarly, BMP4-Tg mice and their littermates were 
crossbred with ApoE− /− mice on the C57BL/6 background to produce 
BMP4-Tg ApoE− /− and their control mice referred as ApoE− /− . All mice 
were housed in a temperature-controlled animal facility (23 ◦C) with a 
12 h:12 h light-dark cycle. All mice were given free access to water and 
rodent chow before a WD (42% fat, 0.2% total cholesterol, TD.88137; 
Harlan Teklad). Eight-week-old male BMP4fl/fl ApoE− /− , BMP4ΔaP2 

ApoE− /− and BMP4ΔUCP1 ApoE− /− mice were fed a WD for 16 weeks to 
investigate the development of atherosclerosis. To investigate whether 
BMP4 in PVAT mediates a resistance to atherosclerosis, ApoE− /− and 
BMP4 Tg ApoE− /− mice were fed a WD for 20 weeks. The littermates 
were compared in all experiments described here. The old ApoE− /− mice 
were 18 months old, and young ApoE− /− mice were 2 months old. The 
old and young ApoE− /− mice were fed with a chow diet. All of the 
studies were approved by the Animal Care and Use Committee of the 
Fudan University Shanghai Medical College, and followed the NIH 
guidelines on the care and use of animals. 

2.4. Mouse PVAT sample collection 

Samples (20 mg–40mg) were isolated from thoracic aortic PVAT, and 
stored at − 80 ◦C until further processing. 

2.5. Cell culture 

Immortalized brown preadipocytes has been described previously 
[23]. 

Human umbilical vein endothelial cells (ScienCell Research Labo
ratories, San Diego, USA) were cultured on collagenase-coated dishes 
with endothelium cell basal medium (ScienCell Research Laboratories, 
San Diego, USA) containing 5% fetal bovine serum (FBS), streptomycin 
(100 IU/mL), penicillin (100 IU/mL) and amphotericin B (10 μg/L). To 
activate endothelial cells and induce endothelial inflammation, HUVECs 
were treated with TNFα (10 ng/mL; Sino Biological, China) for 24 h 
before co-cultured experiments. 

Human dermal fibroblasts (ScienCell Research Laboratories, San 
Diego, USA) were cultured using the human fibroblast growth medium 
(ScienCell Research Laboratories, San Diego, USA) containing 2% FBS, 
streptomycin (100 IU/mL) and penicillin (100 IU/mL). 

Mouse C2C12 cell lines were purchased from American Type Culture 
Collection (ATCC, Manassas, VA, USA). C2C12 cells were cultured in 
growth medium (GM), which supplemented DMEM (Gibco, USA) with 
10% fetal bovine serum and 1% penicillin–streptomycin (Biological 
Industries, Israel). To induce cell differentiation, culture medium was 
switched to differentiation medium (DM) with 2% horse serum and 1% 
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penicillin–streptomycin (Biological Industries, Israel). All cell lines were 
maintained at 37 ◦C with 5% CO2 with corresponding medium. 

2.6. Ex vivo fat tissue explant culture and co-culture experiments 

The mice were sacrificed, and equal amounts of adipose tissues 
(inguinal, gonadal, BAT, and perivascular adipose tissue) were rinsed in 
phosphate-buffered saline (PBS) and incubated in Dulbecco’s modified 
Eagle’s medium or Ham’s F12 medium (Gibco, USA). Co-culture ex
periments were conducted in 12-well transwell plates with 0.4–μm pore- 
sized filters (Corning Costar, USA). Adipose tissues were placed in each 
transwell insert with HUVECs seeded onto the bottom chamber. Both 
adipose tissues and HUVECs were washed with PBS before the co-culture 
experiments. 

2.7. Adenoviral expression vectors 

The adenoviral expression vector pAd/CMV/V5-DEST (Invitrogen, 
Carlsbad, CA, USA) encoding BMP4 was constructed according to the 
manufacturer’s protocol. The BMP4 sequence was amplified using the 
following primers 5′- ATGATTC CTGGTAACCGAA -3′ (forward) and 5′- 
TCAGCGGCATCCACAC-3′ (reverse). The adenoviral expression vector 
pBlock-it (Invitrogen, Carlsbad, CA, USA) encoding shRNA of the BMP4 
and PGC1α genes was constructed according to the manufacturer’s 
protocols. The sequence for shBMP4 was as following: CACCGGATTA
CATGAGGGATCTTTACGAATAAAGATCCCTCATGTAATCC. The sequen 
ce for shPGC1α has been previously described [20]. 

The brown adipocyte differentiation method is described in the cell 
culture section. On day 6, we infected the adipocytes (in 3.5 cm dishes) 
with 5000 PFU of adenovirus (Ad-shLacZ or Ad-shBMP4, Ad-LacZ or Ad- 
BMP4, Ad-shLacZ or Ad-shPGC1α) supplemented with 8 μg/mL of pol
ybrene (Sigma, USA) to enhance adenovirus infection efficiency. The 
media was refreshed after 24 h, and after 48 h, the media was harvested 
as conditioned medium for further experiments. 

2.8. RNA sequencing 

Total RNA was purified from PVAT of BMP4fl/fl ApoE− /− and 
BMP4ΔaP2 ApoE− /− mice. Each group had three mice. Uniquely indexed 
libraries were generated for each sample using the NEBNext UltraTM 
RNA Library Prep Kit for Illumina (NEB, USA), according to the manu
facturer’s instructions. The indexed libraries were sequenced using the 
Illumina Hiseq platform, generating 125 bp long paired-end reads, 
yielding a minimum of ~20 million total reads per sample. After 
assessing sequence quality, STAR was used to map reads to the mouse 
genome (mm10) with default setting values. Mapping efficiency was 
>95% in all experiments. Then mapped reads were annotated, and the 
FPKM (fragments per kilo base per million mapped reads) was calcu
lated with genecode M19 annotation reference. A total of 10,818 pro
tein–coding genes with FPKM ≥1 were used for differential expression 
analysis with a fold change of 1.5 as a cutoff. The results demonstrated 
that 1218 genes were up-regulated and 410 genes were down-regulated 
in the BMP4-KO group. The altered genes were used for gene ontology 
analysis in KEGG pathways. Pathways with p value < 0.00015 were 
exported and visualized in Cytoscape v.3.4.0. 

2.9. Collection of cell culture supernatants for proteomics 

Immortalized brown preadipocytes were seeded in 3.5 cm dishes and 
induced to mature brown adipocytes. After a 6-day induction period, 
cells were treated with pAd-BMP4 shRNA. 24 h later, the cells were 
washed three times with PBS, and then cultured in serum-free MEM 
medium (without phenol red [Gibco, USA]) supplemented with non- 
essential amino acids (NEAA) and L-glutamine. After 24 h serum-free 
culture, the supernatant was collected and filtered by MILLEX®-HP fil
ter unit (0.45 mm pore size, Merck Millipore Ltd.). The filtered 

supernatant was concentrated by Amicon® Ultra-15 3K devices (Merck 
Millipore Ltd.). The concentrated supernatant samples were ready for 
proteomic analysis. 

2.10. Quantitative PCR 

Total RNA was extracted by TRIzol (Life Technologies, Carlsbad, CA, 
USA) and stored in diethyl pyrocarbonate (DEPC) H2O at − 20 ◦C. cDNA 
was synthesized from total RNA using the RevertAid First Strand cDNA 
Synthesis Kit (Thermo Fisher Scientific, USA), and 2 μg cDNA was 
amplified by qPCR. Next, the levels of multiple mRNAs, as indicated in 
the corresponding figures, were analyzed by qPCR using the primers 
shown in the Supplemental Table S2. The relative amount of each mRNA 
was calculated after normalization to the corresponding 18S mRNA, and 
the results were expressed as fold change relative to the control group. 

2.11. Western blot 

Western blot analyses were performed as previously described [15]. 
Primary antibodies against the following proteins were used: UCP1 
(Abcam, ab155117, 1:1000), PGC1α(Abcam, ab54481, 1:1000), 
VCAM-1 (Abcam, 134047, 1:1000), BMP4 (Millipore, MAB1049, 
1:1000), β-tubulin (ProteinTech Group, 66240-1-Ig, 1：10000), phos
pho- IκBα (Cell Signaling, 2859, 1:1000), IκBα (Cell Signaling, 4814, 
1:1000), phospho-p65 (Cell Signaling, 3033, 1:1000), p65 (Cell 
Signaling, 8242, 1:1000), FASN(ProteinTech Group, 10624-2-AP, 1： 
1000), SCD1(Cell Signaling, 2794, 1:1000), ATGL (Cell Signaling, 2138, 
1:1000) and HSL (Santa Cruz, sc-74489, 1:1000). 

2.12. Histological analysis 

Immunohistochemistry was performed using a rabbit ABC Staining 
System (Vector Laboratories, Burlingame, CA, USA) according to the 
protocol provided by the manufacturer. Briefly, paraffin embedded 
sections were deparaffinized, rehydrated, microwaved in 0.01 mol/L 
citrate buffer for 30 min for antigen retrieval, and incubated in 3% 
hydrogen peroxide for 15 min to quench endogenous peroxidase. Sec
tions were further incubated in 1.5% blocking serum in PBS overnight 
and then incubated with a rabbit anti-UCP1 or anti-F4/80 monoclonal 
antibody for 30 min at room temperature, followed with a biotinylated 
secondary antibody for 30 min at room temperature and AB enzyme 
reagent for 30 min. Thereafter, the sections were incubated with 150 μl 
of peroxidase substrate for 45 s, mounted, and observed under a mi
croscope. For immunofluorescence analysis, anti-UCP1 (Abcam, 
ab155117, 1:100), and anti-F4/80 (Abcam, ab6640, 1:100) were 
applied. 

2.13. ELISA 

IL-1β levels in mice plasma were quantitated using an ELISA kits 
(Catalog# ELM-ILb, RayBiotech, USA) according to the manufacturer’s 
instructions. 

2.14. Assessment of aortic atherosclerotic lesion areas 

Mouse aortas were perfused with PBS followed by 10% formalin or 
4% paraformaldehyde. The aortas were pinned on a black wax pan and 
stained with Oil Red O. Images of the aorta were captured with camera 
(Catalog#MH-24, Nikon, Japan). Images were analyzed using Image Pro 
Plus software. For histological analysis of atherosclerotic lesions in the 
aortic sinus, hearts in the atrioventricular valve region were embedded 
in OCT for frozen sectioning, and serial 5-μm-thick sections were stained 
with Oil Red O. 
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2.15. Plasma parameters and lipoprotein profiles 

Mice were fasted overnight, and blood samples were collected by 
retroorbital bleeding methods. Sera were prepared and used for mea
surements. Total triglycerides (TG), total cholesterol (TC), low-density 
lipoprotein-cholesterol (LDL-C) and high-density lipoprotein-choles
terol (HDL-C) levels were determined using the Sysmex Chemix-180 
automatic biochemical analysis device (Sysmex Infosystems). 

2.16. Statistical analysis 

All data are shown as the mean ± SEM. GraphPad Prism 8.0 software 
(GraphPad Software, San Diego, CA, USA) was used to present the data. 
Statistical comparisons between two groups were performed by un
paired Student’s t-test, and comparisons among groups of three or more 
were performed by analysis of variance (ANOVA). Groups were 

considered significantly different if P values were <0.05. Pearson’s 
correlations between BMP4, brown-related genes and white-related 
genes were calculated. The numbers per group in the figure legends 
refer to the number of mice per group. 

3. Results 

3.1. BMP4 expression is decreased in perivascular adipose tissue from 
mice and humans with atherosclerosis 

Two types of adipose tissue exist in humans and mammals: white 
(inguinal and gonadal) and brown (interscapular and perivascular) ad
ipose tissue. BMP4 has a dual function in adipose tissue by inducing a 
white-to-brown change in WAT while inhibiting the acquisition of a 
brown phenotype in brown adipocytes. However, its role in PVAT dur
ing the development of atherosclerosis is still undefined. Therefore, to 

Fig. 1. Interaction between BMP4, PVAT metabolism and CAD. (A)Western blot analysis and quantification (B) of UCP1 and BMP4 expression in different 
adipose tissues (n = 3). (C) Relative mRNA levels of UCP1 and BMP4 were measured by qPCR. (n = 9). (D) Representative images corresponding to en face Oil Red O 
staining of the atherosclerotic lesion of whole aortas from WT and ApoE− /− mice. (E) Western blot analysis and quantification (F) of UCP1, PGC1α and BMP4 in PVAT 
of WT or ApoE− /− mice. (G) Relative mRNA levels of BMP4 UCP1, Cidea and PGC1α were measured by qPCR. (n = 3). (H) Correlation analysis of co-expression of 
BMP4 and UCP1 in human SAT, EAT and PAT. (I) Correlation analysis of co-expression of BMP4 and brown-related genes (PGC1α, Cidea, PRDM16) in human SAT, 
EAT and PAT. (J) Relative mRNA levels of BMP4 were determined in PAT and EAT of patients with coronary artery diseases (CAD) or those without. Values are 
means ± S.E.M. *P < 0.05, **P < 0.01, ***P < 0.001 by unpaired Student’s t-test (F, G and J) or one-way analysis of variance (ANOVA) (B and C). Pearson’s 
correlations between BMP4, and brown-related genes were calculated. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 

W. Mu et al.                                                                                                                                                                                                                                     



Redox Biology 43 (2021) 101979

5

answer this question, we first examined the expression of BMP4 in PVAT 
under physiological and pathological conditions. Our results showed 
that BMP4 was expressed in different adipose depots with the highest 
level in PVAT, which was approximately 1.5-fold (protein level) protein 

level and 4-fold (mRNA level) higher than inguinal WAT (iWAT). 
(Fig. 1A-C). Next, we examined BMP4 expression in PVAT from mice 
with atherosclerosis. We fed wild type (WT) and ApoE− /− mice with 
western diet (WD) for 21 weeks (Figs. S1A and S1B). The results 

Fig. 2. Absence of BMP4 in PVAT produces a white-like phenotype. (A) Oil Red O staining of adipocytes differentiated from brown preadipocytes on day 8. (B) 
Western blot analysis of UCP1, Cidea, PGC1α, aP2, PPARγ and C/EBPβ in brown adipocytes with LacZ knockdown or BMP4 knockdown. (C) Relative mRNA levels of 
BMP4, UCP1, Cidea, PGC1α, aP2, PPARγ and C/EBPα in brown adipocytes with LacZ knockdown or BMP4 knockdown. (D)Schema of FABP4/aP2-Cre-BMP4flox/flox 

mouse models. (E) Gross picture of adult mouse thoracic aortic PVAT. (F) Representative HE and IHC(UCP1) microscopic picture of PVAT isolated from BMP4fl/fl 

ApoE− /− and BMP4ΔaP2 ApoE− /− mice fed with WD for 16 weeks. (G) Western blot analysis and quantification (H) of BMP4, UCP1 PGC1α, aP2, PPARγ and C/EBPβ in 
PVAT of BMP4fl/fl ApoE− /− and BMP4ΔaP2 ApoE− /− mice fed with WD for 16 weeks (n = 6–9). (I) Relative mRNA levels of BMP4, UCP1, Cidea, PGC1α, aP2, PPARγ 
and C/EBPα in PVAT of BMP4fl/fl ApoE− /− and BMP4ΔaP2 ApoE− /− mice fed with WD for 16 weeks (n = 7). (J) Schema of UCP1-Cre-BMP4flox/flox mouse models. (K) 
Representative HE and IHC(UCP1) microscopic picture of PVAT isolated from BMP4fl/fl ApoE− /− and BMP4ΔUCP1 ApoE− /− mice fed with WD for 16 weeks. (L) 
Western blot analysis and quantification (M) of BMP4, UCP1, Cidea, PGC1α, aP2, PPARγ and C/EBPβ in PVAT of BMP4fl/fl ApoE− /− and BMP4ΔUCP1 ApoE− /− mice 
fed with WD for 16 weeks (n = 6–9). (N) Relative mRNA levels of BMP4, UCP1, Cidea, PGC1α, aP2, PPARγ and C/EBPα in PVAT of BMP4fl/fl ApoE− /− and BMP4ΔUCP1 

ApoE− /− mice fed with WD for 16 weeks (n = 7). Values are means ± S.E.M. *P < 0.05, **P < 0.01, ***P < 0.001 by unpaired Student’s t-test (C, H, I, M and N). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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demonstrated that ApoE− /− mice exhibited greater atherosclerotic le
sions in the whole aorta than the WT mice (Fig. 1D). Notably, the 
expression of BMP4, UCP1 and PGC1α was significantly decreased in 
PVAT of ApoE− /− mice (Fig. 1E and F). Previous studies have demon
strated that mice housed in thermoneutral conditions, displayed signif
icant adipose tissue inflammation and atherosclerosis development 
[24]. Therefore, we housed wild-type mice at 22 ◦C or 30 ◦C for 3 weeks 
and examined the changes in the expression of BMP4 and brown-related 
genes in PVAT. We observed that the PVAT of mice housed at 30 ◦C 
displayed less mRNA expression in BMP4 and brown-related genes than 
the PVAT of mice housed at 22 ◦C (Fig. 1G). These results are in 
agreement with our previous work, which showed that the expression of 
UCP1 and brown-related proteins was lower in pericardial fat from pa
tients with CAD than from those without [15]. 

Given that the level of BMP4 in human WAT is inversely correlated 
with BMI [20], we collected paracardial adipose tissue (PAT), epicardial 
adipose tissue (EAT) and subcutaneous adipose tissue (SAT) from pa
tients with and without coronary heart disease (CAD) undergoing 
valvular heart surgery for the following study. As shown in Supple
mentary Table S1, CAD patients were older than those without CAD, and 
women had a lower incidence of development CAD. In addition, we 
observed that CAD patients have larger waist size and more likely to 
have a history of hypertension. Next, we examined the expression level 
of BMP4 along with some brown and white-related genes. Correlation 
analysis indicates that the expression of BMP4 in different types of 
human adipose tissues was positively correlated with the expression of 
UCP1 and other brown-related genes (Fig. 1H and I), but not with the 
expression of white-related genes (Fig. S2A). In addition, the expression 
of BMP4 in human pericardial adipose tissue (PAT and EAT) was 
decreased in patients with CAD compared with those without (Fig. 1J). 
Taken together, these results indicate that the brown adipose charac
teristics of PVAT are closely associated with BMP4 expression, and 
decreased in vascular diseases. 

3.2. Absence of BMP4 in PVAT produces a white-like phenotype 

To explore whether BMP4 has a regulatory effect on the browning of 
PVAT, BMP4 was knocked down in immortalized brown preadipocytes 
with a BMP4 shRNA. Oil Red O staining showed that BMP4 knockdown 
had no influence on the adipogenic differentiation of brown adipocytes 
(Fig. 2A). However, knockdown of BMP4 resulted in a reduced expres
sion of brown-related genes (UCP1, Cidea, PGC1α) and slightly 
increased expression of white-related genes (aP2, PPARγ, C/EBPα, C/ 
EBPβ) (Fig. 2B and C).To further explore the roles of BMP4 in PVAT in 
vivo, we generated two transgenic mouse models with BMP4 and ApoE 
double knockout (BMP4-KO), by crossing adipocyte-specific BMP4-null 
(BMP4ΔaP2) [20] mice and UCP1-specific BMP4-null (BMP4ΔUCP1) mice 
with ApoE− /− mice (Fig. 2D and J). After feeding on a WD for 16 weeks, 
there was no significant difference in body weight and food intake be
tween BMP4ΔaP2 ApoE− /− and BMP4fl/fl ApoE− /− mice (Figs. S3B–S3C). 
We isolated thoracic aortic PVAT from BMP4-KO and the control mice 
for the following study (Fig. 2E). BMP4ΔaP2 ApoE− /− mice demonstrated 
a significant reduction, but not total ablation, of BMP4 mRNA and 
protein expression compared with the BMP4fl/fl ApoE− /− mice 
(Fig. 2G− I). Moreover, hematoxylin and eosin (H&E) staining showed 
dramatic morphological changes in perivascular adipocytes of 
BMP4ΔaP2 ApoE− /− mice, including larger adipocyte size and less mul
tilocular lipid droplets as compared with BMP4fl/fl ApoE− /− mice 
(Fig. 2F). In addition, immunohistochemical analysis demonstrated 
lower expression levels of UCP1 in PVAT of BMP4ΔaP2 ApoE− /− mice 
compared with BMP4fl/fl ApoE− /− mice (Fig. 2F). Using quantitative 
PCR and Western blot, we further confirmed that the expression of 
UCP1, Cidea and PGC1α was down-regulated in PVAT of BMP4ΔaP2 

ApoE− /− mice, whereas we observed no significant changes in the 
expression of white-related genes (Fig. 2G-I). Considering PVAT owns 
brown-like characteristics, to confirm the function of BMP4 on PVAT 

metabolism, more selective UCP1-cre-driven brown adipocyte-specific 
knockout models were developed (Fig. 2J). After feeding on a WD for 
16 weeks, there was no significant difference in body weight and food 
intake between BMP4ΔUCP1 ApoE− /− and BMP4fl/fl ApoE− /− mice (data 
not shown). Consistently, BMP4ΔUCP1 ApoE− /− mice showed larger 
adipocyte size and lower expression levels of UCP1 than BMP4fl/fl 

ApoE− /− mice (Fig. 2K). In addition, BMP4ΔUCP1 ApoE− /− mice showed 
reduced expression of brown-related genes compared with BMP4fl/fl 

ApoE− /− mice (Fig. 2L–N). These data suggest that the knockout of 
BMP4 in adipose tissue disrupted the metabolism of PVAT and promoted 
a shift toward a white-like adipocyte phenotype in PVAT. 

3.3. Absence of BMP4 in PVAT decreases the fatty acid metabolism 

To understand the molecular mechanism that underlies the brown to 
white-like adipocyte shift in PVAT of BMP4-KO mice, we performed 
RNA sequencing for detailed analysis of the genome-wide gene expres
sion profile in PVAT from BMP4ΔaP2 ApoE− /− and BMP4fl/fl ApoE− /−

mice. BMP4 knockout altered the expression of 1628 differentially 
expressed genes, of which 1218 genes were up-regulated and 410 genes 
were down-regulated (Fig. 3A and B). Functional annotation using the 
Gene Ontology database showed that most of the down-regulated genes 
were involved in metabolism, especially lipid metabolism (Fig. 3C). 
Moreover, several lipid metabolism-related genes, including MGLL, 
CPT2, ACAD11, ACSS2, PDK4, ACC, FASN, THEM5, SCD1, had reduced 
expression in the PVAT of BMP4-KO mice (Fig. 3D). Consistent with 
alterations in the genetic profile, decreased expression of several key 
lipid metabolism-related genes was validated by qPCR analysis (Fig. 3E). 
To further validate the function of BMP4 on lipid metabolism of PVAT, 
we isolated PVAT from BMP4ΔaP2 ApoE− /− and BMP4ΔUCP1 ApoE− /−

mice and examined the expression levels of genes associated with lipo
genesis (FASN and SCD1) and lipolysis (HSL and ATGL). As shown in 
Fig. 3F–I, deficiency of BMP4 dramatically decreased the expression of 
the genes. Constantly, qPCR and Western blot analysis showed that 
knockdown of BMP4 in mature brown adipocytes drastically reduced 
the expression of genes associated with lipogenesis and lipolysis (Fig. 3J 
and K). In summary, these data illustrate that BMP4 knockout in PVAT 
leads to impaired PVAT metabolism, suggesting a potential role for 
BMP4 in regulating PVAT function during the progression of 
atherosclerosis. 

3.4. BMP4 knockout adipocytes increase endothelial inflammation in 
vitro 

Metabolic dysfunction in PVAT has not yet been considered in the 
clinical definition of atherosclerosis [25]. The considerable alteration of 
gene expression involved in lipid metabolism in BMP4-knockout PVAT 
prompted us to explore the effects on blood vessels. Inflammation is one 
of the primary causal factors of atherosclerosis. Blood vessels are 
composed of intimal endothelial cells, media smooth muscle cells and 
adventitia fibroblasts, all of which play important roles in vascular 
function [26]. Thus, we tested the response of human umbilical vein 
endothelial cells (HUVECs), C2C12 myoblasts and human dermal fi
broblasts (HDFs) to inflammatory stimuli TNFα. Our results demon
strated that the expression of inflammatory factors was higher in 
HUVECs than C2C12 myoblasts and HDFs (Fig. S4A), and that exposure 
to TNFα resulted in increased expression of MCP1, IL-6 in HUVECs. 
These data suggested that intimal endothelial cells may be the most 
sensitive cell type to inflammation. Therefore, we focused on the in
flammatory response of HUVECs in the remainder of the study. 

To establish the inflammatory effects of brown adipocyte on 
HUVECs, we first incubated HUVECs with conditioned medium obtained 
from brown adipocytes with BMP4 knockdown (Fig. 4A). qPCR analysis 
revealed that the mRNA expression of proinflammatory genes (VCAM-1, 
ICAM-1, MCP1, IL-6 and IL-1β) was increased by~2–30-fold in HUVECs 
incubated with conditioned medium obtained from brown adipocytes 
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with BMP4 knockdown, compared with cells incubated with the control 
conditioned medium (Fig. 4B). In addition, Western blot analysis sug
gested that HUVECs incubated with conditioned medium obtained from 
brown adipocytes with BMP4 knockdown increased protein expression 
level of VCAM-1 (Fig. 4C). To explore whether adipocytes with BMP4 
overexpression have an effect of improving HUVEC inflammation, we 
incubated HUVECs with conditioned medium obtained from brown 
adipocytes with BMP4 overexpression (Fig. 4D). The results showed that 
the mRNA expression of proinflammatory genes was reduced 
by~30–70% in HUVECs with conditioned medium obtained from brown 

adipocyte with BMP4 overexpression compared with the controls 
(Fig. 4E). Moreover, Western blot analysis demonstrated lower expres
sion of VCAM-1 in HUVECs with conditioned medium obtained from 
brown adipocyte with BMP4 overexpression than the controls (Fig. 4F). 

Given the metabolic differences between WAT and BAT, which may 
influence the function of HUVECs differently, we co-cultured different 
adipose tissues with HUVECs pretreated with TNFα in a transwell system 
(Fig. 4G). The mRNA level of the proinflammatory genes VCAM-1, 
ICAM-1, MCP1, IL-6 and IL-1β, was lower in HUVECs co-cultured with 
BAT and PVAT (Fig. S4B). We also observed that PVAT of ApoE− /− mice 

Fig. 3. Absence of BMP4 in PVAT decreases the fatty acid metabolism. (A) Pie graph of RNA sequencing comparing PVAT of BMP4fl/fl ApoE− /− with BMP4ΔaP2 

ApoE− /− mice. (B) Volcano plot of RNA sequencing comparing PVAT of BMP4fl/fl ApoE− /− with BMP4ΔaP2 ApoE− /− mice. (C) Gene ontology analysis for down
regulated genes in KEGG pathways, pathways with p value < 0.00015 were listed. (D) Down-regulated genes in PVAT of BMP4ΔaP2 ApoE− /− mice identified by RNA 
sequencing are marked in red. (E) qPCR validation of genes selected from the pathways in (D). (F) Western blot analysis and quantification (G) of FASN, SCD1, HSL 
and ATGL in PVAT of BMP4fl/fl ApoE− /− and BMP4ΔaP2 ApoE− /− mice fed with WD for 16 weeks (n = 9). (H) Western blot analysis and quantification (I) of FASN, 
SCD1, HSL and ATGL in PVAT of BMP4fl/fl ApoE− /− and BMP4ΔUCP1 ApoE− /− mice fed with WD for 16 weeks (n = 3). (J) Western blot analysis of FASN, SCD1, HSL 
and ATGL in brown adipocytes with LacZ knockdown or BMP4 knockdown. (K) Relative mRNA levels of FASN, SCD1, HSL and ATGL in brown adipocytes with LacZ 
knockdown or BMP4 knockdown. Values are means ± S.E.M. *P < 0.05, **P < 0.01, ***P < 0.001 by unpaired Student’s t-test (E, G, I, and K). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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increased proinflammatory gene expression in TNFa-pretreated HUVECs 
compared with the WT mice. In addition, PVAT of old ApoE− /− mice 
showed more severe proinflammatory capability than young ApoE− /−

mice (Figs. S4C and S4D). These data indicate that the metabolic activity 
of adipose tissue is positively related to its anti-inflammatory activity. 

To investigate whether BMP4-mediated activation of PVAT 

metabolism promotes anti-inflammatory activity, we co-cultured PVAT 
from BMP4ΔaP2 ApoE− /− and BMP4fl/fl ApoE− /− mice with TNFα pre
treated HUVECs and investigated changes in proinflammatory gene 
expression. The PVAT from BMP4ΔaP2 ApoE− /− mice induced expression 
of proinflammatory molecules, generally with a 2–3-fold increase in 
mRNA levels (Fig. 4H). Similarly, the protein level of VCAM-1 was 

Fig. 4. BMP4 knockout adipocyte increase endothelial inflammation in vitro. (A) Relative mRNA levels of BMP4 in brown adipocytes with BMP4 knockdown 
and the controls. (B) Relative mRNA levels of VCAM-1, ICAM-1, MCP1, IL-6 and IL1β in TNFα pretreated HUVECs incubated with conditioned medium from brown 
adipocytes with BMP4 knockdown and the controls. (C) Western blot analysis of VCAM-1 expression in TNFα pre-treated HUVECs incubated with conditioned 
medium from brown adipocytes with BMP4 knockdown and the controls. (D) Relative mRNA expression levels of BMP4 in brown adipocytes with BMP4 over
expression and the controls. (E) Relative mRNA levels of VCAM-1, ICAM-1, MCP1, IL-6 and IL1β in TNFα pre-treated HUVECs incubated with conditioned medium 
from brown adipocytes with BMP4 overexpression and the controls. (F) Western blot analysis of VCAM-1 expression in TNFα pre-treated HUVECs incubated with 
conditioned medium from brown adipocytes with BMP4 overexpression and the controls. (G)Schematic of the transwell coculture chamber. (H) Relative mRNA levels 
of VCAM-1, ICAM-1, MCP1, IL-6 and IL1β in TNFα pre-treated HUVECs that were co-cultured for 24 h with PVAT isolated from BMP4fl/fl ApoE− /− and BMP4ΔaP2 

ApoE− /− mice fed with WD for 16 weeks (n = 6). (I) Western blot analysis of VCAM-1 in TNFα pre-treated HUVECs that were co-cultured for 24 h with PVAT isolated 
from BMP4fl/fl ApoE− /− and BMP4ΔaP2 ApoE− /− mice fed with WD for 16 weeks (n = 3). (J) Relative mRNA levels of BMP4 in PVAT of BMP4fl/fl ApoE− /− and 
BMP4ΔaP2 ApoE− /− mice fed with WD for 20 weeks (n = 6). (K) Relative mRNA levels of VCAM-1, ICAM-1, MCP1, IL-6 and IL1β in TNFα pre-treated HUVECs that 
were co-cultured for 24 h with PVAT isolated from ApoE− /− and BMP4-Tg ApoE− /− mice fed with WD for 20 weeks (n = 6). (L) Western blot analysis of VCAM-1 
expression in TNFα pre-treated HUVECs that were co-cultured for 24 h with PVAT isolated from ApoE− /− and BMP4-Tg ApoE− /− mice fed with WD for 20 weeks (n =
3). Values are means ± S.E.M. *P < 0.05, **P < 0.01, ***P < 0.001 by unpaired Student’s t-test (H, J and K) or one-way analysis of variance (ANOVA) (A and B, D 
and E). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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drastically increased in HUVECs co-cultured with PVAT from BMP4ΔaP2 

ApoE− /− mice compared to the controls (Fig. 4I). Next, we generated 
ApoE− /− mice with adipocyte specific overexpression of BMP4 (BMP4- 
Tg ApoE− /− ) driven by the aP2 promoter. PVAT derived from BMP4-Tg 
ApoE− /− mice displayed markedly increased BMP4 mRNA expression 
(Fig. 4J). Using a transwell assay, we confirmed that PVAT of BMP4-Tg 
ApoE− /− mice significantly reduced HUVECs inflammation, as demon
strated by a drastic decline in the mRNA and protein level of proin
flammatory genes (Fig. 4K and L). 

As a metabolically active endocrine tissue, adipose tissue produces 
various secreted factors, including BMP4. To understand whether the 
protective effect of PVAT from BMP4-Tg ApoE− /− mice on HUVEC 
inflammation is dependent on activation of the PVAT metabolism, we 
incubated HUVECs with recombinant mouse BMP4 (10, 20 and 40 ng/ 
mL) and examined the expression of proinflammatory genes. BMP4 did 
not induce proinflammatory gene expression, indicating that BMP4 was 
not a direct regulator of endothelial cells inflammation (Figs. S4E and 
S4F). 

3.5. BMP4 deficiency accelerates atherosclerotic plaque formation in 
ApoE− /− mice 

Inflammation is recognized as playing a key role in the development 
of atherosclerosis. Therefore, we explored the pathophysiological roles 
of adipocyte-derived BMP4 in atherosclerosis. Gross examination by 
general Oil Red O staining revealed that arteries, including the aorta 
arch, thoracic artery, abdominal artery, and common iliac artery, con
tained widespread atherosclerotic plaques throughout the artery stem 
both in BMP4fl/fl ApoE− /− and BMP4ΔaP2 ApoE− /− mice. Noticeably, the 
average sizes of plaque areas were larger in arteries of BMP4ΔaP2 ApoE− / 

− mice, (2.0-fold greater) compared with the littermate ApoE− /− mice 
(Fig. 5A and B). Furthermore, quantification of lipid deposition in the 
aortic sinus, via Oil Red O staining, revealed that BMP4ΔaP2 ApoE− /−

mice had ã2-fold increase in aortic lipid accumulation and ~3-fold in
crease in atherosclerotic plaques (Fig. 5C–E). We further confirmed that 
aortas from BMP4ΔaP2 ApoE− /− mice have high VCAM-1 expression 
compared with the controls (Fig. 5F and G). These data indicate that 
BMP4 knockout in adipose tissues promotes the development of vascular 
inflammation and atherosclerosis. Activation of lipolysis in adipose tis
sue is likely to alter blood lipid profiles. Indeed, metabolic parameter 
analysis exhibited a significant increase in plasma total cholesterol (TC) 
and low-density lipoprotein-cholesterol (LDL-C) in BMP4ΔaP2 ApoE− /−

mice (Fig. 5H), suggesting that the reduced metabolic activity of PVAT 
and other adipose tissues in BMP4ΔaP2 ApoE− /− mice may result in 
dyslipidemia. In another model, the aorta from BMP4ΔUCP1 ApoE− /−

mice showed an approximately 2-fold increase of atherosclerotic pla
ques (Fig. 5I and J). Quantification of Oil Red O staining on the aortic 
sinus similarly revealed an approximately 2-fold increase in aortic lipid 
accumulation and a modest increase in atherosclerotic plaques in 
BMP4ΔUCP1 ApoE− /− mice (Fig. 5K–M). Western blot analysis suggested 
that aortas from BMP4ΔUCP1 ApoE− /− mice have a high level of 
expression of VCAM-1 compared with the controls (Fig. 5N–O). 
Remarkably, there was no significant difference in TC and LDL-C be
tween BMP4ΔUCP1 ApoE− /− and BMP4fl/fl ApoE− /− mice (Figure 5P). 
suggesting that BMP4 knockout in BAT exacerbates local inflammation 
in atherosclerotic lesions without influencing systemic lipoprotein 
composition. 

3.6. Overexpression of BMP4 in adipocytes promotes browning of PVAT 
and inhibits atherosclerosis in ApoE− /− mice 

BMP4-Tg ApoE− /− mice were generated to explore whether BMP4 
overexpression in brown adipocytes may represent a therapeutic 
approach to counteract atherosclerosis by inducing browning of PVAT. 
The body weight and food intake were lower in TG mice on a WD 
(Figs. S5A–S5C). H&E staining showed that the size of perivascular 

adipocytes was reduced in BMP4-Tg ApoE− /− mice, and IHC showed 
higher expression of UCP1 in the PVAT of BMP4-Tg ApoE− /− compared 
with the control group (Fig. 6A). These data suggest that BMP4 plays a 
key role in activating PVAT metabolism. In support of this notion, the 
mRNA and protein levels of UCP1 and PGC1α were found to be increased 
in the PVAT of BMP4-Tg ApoE− /− mice (Fig. 6B-D). Additionally, Oil 
Red O staining of the whole aorta and aortic sinus revealed significantly 
less plaques in BMP4-Tg ApoE− /− mice than in the controls (Fig. 6E-I), 
supporting the idea that activation of the PVAT metabolism has a pro
tective effect on atherosclerosis. Furthermore, VCAM-1 expression was 
reduced in the aortas of BMP4-Tg ApoE− /− mice (Fig. 6J and K). The 
plasma levels of total triglyceride (TG), cholesterol (TC), low-density 
lipoprotein-cholesterol (LDL-C) and high-density lipoprotein-choles
terol (HDL-C) showed no significant differences (Figure 6L), suggesting 
that BMP4 overexpression in brown adipocytes had no clear effect on 
hypertriglyceridemia and hypercholesterolemia. 

Previous studies have suggested that increased BAT or beige adipose 
tissue accelerates the clearance of plasma lipids and protects against 
atherosclerosis development [13,27]. To exclude the potential contri
bution of BAT to the observed reduction in atherosclerosis, we examined 
BAT metabolic activity in BMP4-Tg ApoE− /− mice and its corresponding 
control mice. H&E staining and IHC indicated that adipocyte morphol
ogies of BAT with BMP4 overexpression were bigger than the controls 
(Fig. S5D). Western blot analysis further confirmed that BMP4 over
expression decreases the activation of BAT metabolism (Figs. S5E and 
S5F). Taken together, these results reveal that overexpression of BMP4 
in adipose tissue can activate PVAT metabolism, thereby protecting 
against the development of vascular inflammation and atherosclerosis. 

3.7. BMP4 knockdown in brown adipocytes increases the secretion of 
proinflammatory factors 

We next performed gene ontology (GO) enrichment analysis on the 
up-regulated genes found by RNA sequencing from BMP4ΔaP2 ApoE− /−

mice and BMP4fl/fl ApoE− /− mice. The results of BMP4 knockout in 
PVAT showed activation of many immune response pathways (Fig. 7A), 
indicating the proinflammatory function of BMP4 knockout in adipo
cytes. We selected genes from T cell activation pathway to confirm with 
qPCR, and the results showed that all the genes were up-regulated in the 
PVAT of BMP4ΔaP2 ApoE− /− mice compared to the controls (Fig. 7B). 
Meanwhile, we examined the expression of pro-inflammatory macro
phages marker F4/80 in PVAT of BMP4ΔaP2 ApoE− /− mice and 
BMP4ΔUCP1 ApoE− /− mice. We found that PVAT of BMP4ΔaP2 ApoE− /−

mice had ̃a3-fold and PVAT of BMP4ΔUCP1 ApoE− /− mice had a~2,5-fold 
increase in macrophage infiltration compared with the control mice 
(Fig. 7C and E). In addition, we observed that the mRNA expression of 
inflammatory cytokines was dramatically increased, particularly IL-1β, 
in the PVAT of BMP4ΔaP2 ApoE− /− mice compared with the controls 
(Fig. 7D). By contrast, the expression of M2 macrophage genes (Arg1 and 
Mrc1) was not significantly different between BMP4ΔaP2 ApoE− /− and 
BMP4fl/fl ApoE− /− mice (Fig. 7D). We observed the same phenotype in 
the PVAT of BMP4ΔUCP1 ApoE− /− mice by qPCR analysis (Fig. 7F). 
Correspondingly, PVAT of BMP-Tg ApoE− /− mice displayed ã75% 
reduction in macrophage infiltration, and a significant reduction in 
proinflammatory gene expression compared to the controls (Fig. 7G and 
H). To explore whether WAT have an effect on atherosclerosis in 
BMP4ΔUCP1 ApoE− /− mice, we examined the mRNA expression of 
brown-related genes, white-related genes, proinflammatory genes and 
M2 genes in iWAT and gonadal WAT (gWAT). There were no significant 
changes in gene expression in iWAT (Fig. S6A); however, the white- 
related genes aP2, PPARγ, the proinflammatory gene MCP1, and M2 
gene Mrc1 were slightly increased in gWAT (Fig. S6B). 

We further performed proteomic analysis to identify candidate pro
teins mediating the adipocytes effects on HUVEC inflammation (Fig. 7I). 
We found that the release of several proteins was increased, among them 
the most significant was CCL2/MCP1 (Fig. 7J). These data suggest that 
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Fig. 5. BMP4 deficiency accelerates atherosclerotic plaque formation in ApoE¡/¡mice. (A) En face Oil Red O staining of whole aortas from BMP4fl/fl ApoE− /− , 
BMP4ΔaP2 ApoE− /− mice fed with WD for 16 weeks. (B) Quantification of atherosclerotic lesion size in the whole aortas (n = 7). (C) Representative oil red O staining 
of cross-sections of aortic sinus. (D) Quantification of positive area for oil red O staining (n = 8–9). (E) Quantification of average lesion size in aortic sinus (n = 8–9). 
(F) Western blot analysis and quantification (G) of VCAM-1 expression (n = 3). (H) The levels of plasma total triglyceride (TG), cholesterol (TC) and low-density 
lipoprotein-cholesterol (LDL-C) and high-density lipoprotein-cholesterol (HDL-C) in mice (n = 17). (I) En face Oil Red O staining of whole aortas from BMP4fl/fl 

ApoE− /− , BMP4ΔUCP1 ApoE− /− mice fed with WD for 16 weeks. (J) Quantification of atherosclerotic lesion size in the whole aortas (n = 7). (K) Representative oil red 
O staining of cross-sections of aortic sinus. (L) Quantification of positive area for oil red O staining (n = 5–6). (M) Quantification of average lesion size in aortic sinus 
(n = 5–6). (N) Western blot analysis and quantification (O) of VCAM-1 expression (n = 3). (P) The levels of plasma TG, TC and LDL-C and HDL-C in mice (n = 10). 
Values are means ± S.E.M. *P < 0.05, **P < 0.01, ***P < 0.001 by unpaired Student’s t-test (B, D, E, G, H, J, L, M, N, O and P). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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adipocyte-derived proinflammatory factors might initiate the inflam
matory response of HUVCEs in a paracrine manner. Thus, we examined 
the level of classical adipocyte-derived proinflammatory factors, 
including TNFα, IL-1β, IL-6 and MCP1 in brown adipocytes. We 
confirmed that BMP4 knockdown induced adipocyte inflammation, as 
indicated by the increased expression of proinflammatory factors 
(Fig. 7K). Moreover, MCP1 had the highest expression compared with 
the other proinflammatory factors, which may explain why MCP1 was 
the only cytokine found by proteomics analysis (Figure 7L). To further 
understand which of these factors is the most important in mediating the 
inflammatory response, HUVECs were treated with different factors (all 
10 ng/mL) or different concentrations according to corresponding 
expression levels in adipocytes. Western blot analysis suggested that 
only TNFα and IL-1β could directly initiate HUVEC inflammation, and 
that IL-1β induced more significant inflammation than TNFα in the 
physiological level (Figure 7M). These data indicated that IL-1β plays 
more important role in regulating HUVEC inflammation as an adipocyte- 
derived factor. The results of quantitative ELISA further confirmed 
higher IL-1β levels in conditioned medium from brown adipocytes with 
BMP4 knockdown than controls (Figure 7N). However, there was no 
significant difference in plasma IL-1β between BMP4ΔaP2 ApoE− /− and 
BMP4fl/fl ApoE− /− mice (Figure 7O). A similar result was observed in 

plasma IL-1β BMP4ΔUCP1 ApoE− /− and BMP4fl/fl ApoE− /− mice 
(Figure 7O). These data suggest that BMP4 deficiency in perivascular 
adipocytes increased production of IL-1β, which contributes to endo
thelial cells inflammation. 

NF-κB is a key transcription factor governing the expression of most 
proinflammatory genes. To understand whether BMP4-medicated in
flammatory responses are dependent on activation of NF-κB signaling 
pathway, we examined the expression of proteins involved in NF-κB 
signaling pathway when BMP4 was knocked down. The results show 
that knockdown of BMP4 strongly stimulates the phosphorylation of IκB 
and p65, and IκB degradation, which led to translocation of the NF-κB 
complex into the nucleus to initiate transcription (Figure 7P). Further
more, when brown adipocytes were treated with BMS-345541, a highly 
selective inhibitor of IκB kinase, BMP4 knockdown induced phosphor
ylation of IκB and p65 was effectively reversed (Figure 7Q), and BMP4 
knockdown induced over-production of proinflammatory factors was 
decreased (Figure 7R). 

3.8. BMP4 knockdown impairs PGC1α mediated lipid metabolism in 
brown adipocytes 

We previously showed that, PGC1α is a key factor in BMP4- 

Fig. 6. Overexpression of BMP4 in adipocyte promotes browning of PVAT and inhibits atherosclerosis in ApoE¡/¡mice. Male ApoE− /− and BMP4-Tg ApoE− / 

− mice were fed with WD for 20 weeks. (A) Representative HE and IHC(UCP1) microscopic picture of PVAT isolated from ApoE− /− and BMP4-Tg ApoE− /− mice. (B) 
Western blot analysis and quantification (C) of BMP4, UCP1 PGC1α, aP2, PPARγ and C/EBPβ in PVAT of ApoE− /− and BMP4-Tg ApoE− /− mice (n = 4). (D) Relative 
mRNA levels of UCP1, Cidea PGC1α, aP2, PPARγ and C/EBPα in PVAT of ApoE− /− and BMP4-Tg ApoE− /− mice (n = 6). (E) En face Oil Red O staining of whole aortas 
from ApoE− /− and BMP4-Tg ApoE− /− mice. (F) Quantification of atherosclerotic lesion size in the whole aortas (n = 7). (G) Representative Oil Red O staining of 
cross-sections of aortic sinus. (H) Quantification of positive area for oil red O staining (n = 3–5). (I) Quantification of average lesion size in aortic sinus (n = 3–5). (J) 
Western blot analysis and quantification (K) of VCAM-1 expression (n = 3). (L)The levels of plasma TG, TC, LDL-C and HDL-C in mice (n = 14–16). Values are means 
± S.E.M. *P < 0.05, **P < 0.01, ***P < 0.001 by unpaired Student’s t-test (C, D, F, H, I, K and L). (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 
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Fig. 7. BMP4 knockdown in brown adi
pocytes increase adipocyte inflammation 
and pro-inflammatory factors secretion. 
(A) Gene ontology analysis for up-regulated 
genes in KEGG pathways, pathways with p 
value < 0.00015 were listed. (B) qPCR vali
dation of genes selected from the T cell acti
vation pathways. (C) Immunohistochemical 
staining of F4/80 expression in PVAT of 
BMP4fl/fl ApoE− /− and BMP4ΔaP2 ApoE− /−

mice. The right graph shows the quantifica
tion of F4/80 positive cells in C (n = 5). (D) 
Relative mRNA levels of BMP4, UCP1, Cidea, 
PGC1α, aP2, PPARγ and C/EBPα in PVAT of 
BMP4fl/fl ApoE− /− and BMP4ΔaP2 ApoE− /−

mice fed with WD for 16 weeks (n = 5). (E) 
Immunohistochemical staining of F4/80 
expression in PVAT of BMP4fl/fl ApoE− /− and 
BMP4ΔUCP1 ApoE− /− mice. The right graph 
shows the quantification of F4/80 positive 
cells in C (n = 5). (F) Relative mRNA levels of 
BMP4, UCP1, Cidea, PGC1α, aP2, PPARγ and 
C/EBPα in PVAT of BMP4fl/fl ApoE− /− and 
BMP4ΔUCP1 ApoE− /− mice fed with WD for 
16 weeks (n = 5). (G) Immunohistochemical 
staining of F4/80 expression in PVAT of 
ApoE− /− and BMP4-Tg ApoE− /− mice. The 
right graph shows the quantification of F4/80 
positive cells in C (n = 3–4). (H) Relative 
mRNA levels of BMP4, UCP1, Cidea, PGC1α, 
aP2, PPARγ and C/EBPα in PVAT of ApoE− /−

and BMP4-Tg ApoE− /− mice fed with WD for 
20 weeks (n = 5). (I) Workflow. Graphical 
representation of the collection of brown 
adipocytes supernatant for proteomic anal
ysis. (J) Volcano plot of adipocyte- 
conditioned medium proteome comparing 
BMP4 knockdown with lacZ knockdown. (K) 
Relative mRNA levels of TNFα，IL1β, IL-6 
and MCP1 in brown adipocytes with BMP4 
knockdown or the controls. (L) Correspond
ing mRNA expression levels of TNFα，IL1β, 
IL-6 and MCP1 in brown adipocyte. (M) 
Western blot analysis of VCAM-1 expression 
in HUVECs. (N) Levels of the inflammatory 
cytokines IL1β in the medium from adipocyte 
with BMP4 knockdown and LacZ knock
down. (O) Plasma concentrations of IL1β in 
WD-fed BMP4fl/fl ApoE− /− , BMP4ΔaP2 

ApoE− /− and BMP4ΔUCP1 ApoE− /− mice. (P) 
Western blot analysis of p-IκBα, IκBα, p-p65, 
and p65 in brown adipocytes with BMP4 
knockdown or lacZ knockdown. (Q) Western 
blot analysis of p-IκBα, IκBα, p-p65, and p65 
in brown adipocytes cultured with or without 
NF-κB pathway inhibitor BMS-345541. (R) 
Relative mRNA levels of TNFα，IL1β, IL-6 
and MCP1 in brown adipocytes cultured 
with or without NF-κB pathway inhibitor 
BMS-345541. Values are means ± S.E.M. *P 
< 0.05, **P < 0.01, ***P < 0.001 by un
paired Student’s t-test (B to H, N and O), one- 
way analysis of variance (ANOVA) (K and L) 
or two-way analysis of variance (ANOVA) 
(R). (For interpretation of the references to 
colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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medicated browning. To investigate whether PGC1α exerts its effects on 
BMP4-medicated adipocytes inflammation, we first examined the 
PGC1α protein level when BMP4 was overexpressed in brown adipo
cytes. As expected, BMP4 overexpression activated PGC1α expression 
(Fig. S7A). When BMP4 was knocked down, mRNA expression of PGC1α, 
and that of genes involved in lipid metabolism were drastically 
decreased (Figs. 2G and 3E). To further examine whether BMP4- 
medicated adipocyte inflammation is dependent on PGC1α, we 

knocked down PGC1α expression in immortalized brown preadipocytes 
with a PGC1α shRNA and examined the impact on proinflammatory 
gene expression (Fig. 8A). As expected, the expression of proin
flammatory genes increased in brown adipocytes with PGC1α knock
down compared with those in the controls (Fig. 8B), in a pattern similar 
to that observed in BMP4-knockdown adipocytes (Fig. 7K). Further
more, we incubated HUVECs with conditioned medium obtained from 
brown adipocytes with PGC1α knockdown, and found a significant 

Fig. 8. BMP4 knockdown impair PGC1α mediated fatty acid metabolism and activate NF-κB signaling in brown adipocytes.(A)Relative mRNA levels of 
PGC1α in brown adipocytes with PGC1α knockdown or lacZ knockdown. (B) Relative mRNA levels of TNFα，IL1β, IL-6 and MCP1 in brown adipocytes with PGC1α 
knockdown or lacZ knockdown. (C) Relative mRNA levels of VCAM-1, ICAM-1, MCP1, IL-6 and IL1β were determined in TNFα pre-treated HUVEC incubated with 
conditioned medium from brown adipocyte with PGC1α knockdown or lacZ knockdown. (D) Oil Red O staining of brown adipocytes differentiated from SVF on day 
8. (E) Relative mRNA levels of PGC1α in brown adipocytes differentiated from SVF with PGC1α knockdown or lacZ knockdown. (F) Relative mRNA levels of TNFα， 
IL1β, IL-6 and MCP1 brown adipocytes differentiated from SVF with PGC1α knockdown or lacZ knockdown. (G) Relative mRNA levels of VCAM-1, ICAM-1, MCP1, IL- 
6 and IL1β were determined in TNFα pre-treated HUVEC incubated with conditioned medium from brown adipocytes differentiated from SVF with PGC1α 
knockdown or lacZ knockdown. (H) Western blot analysis of VCAM-1 expression in HUVECs incubated with conditioned medium from brown adipocytes differ
entiated from SVF with PGC1α knockdown or lacZ knockdown. (I) Model illustrating the mechanism of BMP4-medicated adipocyte metabolism activation inhibit 
inflammation and atherosclerosis. BMP4 signaling activate PGC1α, which erect positive effect on adipocyte lipid metabolism by promote genes expression of 
lipogenesis (FASN and SCD1) and lipolysis (HSL and ATGL). The active lipid metabolism inhibits adipocyte inflammation thereby reduces proinflammatory factors 
secretion. BMP4 deficiency disrupts this positive effect. Impaired lipid metabolism activates NF-κB pathway thereby increases proinflammatory factors secretion 
which initiates HUVEC inflammation and leads to atherosclerosis. Values are means ± S.E.M. *P < 0.05, **P < 0.01, ***P < 0.001 by unpaired Student’s t-test (A to 
C, E to G). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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increase in proinflammatory gene expression (Fig. 8C). To further 
explore whether perivascular adipocytes play a key role in regulating 
HUVEC inflammation, we isolated stromal vascular fraction (SVF) cells 
from the PVAT of ApoE− /− mice and induced them to differentiate into 
brown adipocytes (Fig. 8D). We knocked down PGC1α expression in SVF 
with a PGC1α shRNA (Fig. 8E) and observed induced expression of 
proinflammatory genes (Fig. 8F) and reduced expression of lipid 
metabolism-related genes (Fig. S7B). In addition, we incubated HUVECs 
with conditioned medium obtained from SVF with PGC1α knockdown, 
which resulted in a significant increase in proinflammatory gene 
expression (Fig. 8G and H). These data indicate that PGC1α knockdown 
in perivascular adipocytes recapitulates the BMP4 knockdown pheno
type of decreased fatty acid metabolism and increased adipocyte 
inflammation. 

4. Discussion 

Bone morphogenetic proteins (BMPs) were initially described as in
ducers of bone formation but are now also known to be involved in the 
development of adipose tissue and adipogenic differentiation [17,28]. 
BMP7 is most strongly linked to brown adipogenesis, as gene deletion of 
BMP7 in mice was shown to result in a 70% reduction in BAT at birth 
[29]. Mice with BAT specific deletion of BMPRIA, a receptor of BMP7 
and BMP4 signaling, also demonstrated impaired cervical BAT forma
tion [30]. However, overexpression of BMP4 in adipocytes was shown to 
activate the browning of white adipose tissue while inhibit the acqui
sition of a brown phenotype in brown adipose tissue [20,21]. Although 
the roles of BMP4 in WAT and BAT have been well studied, the role of 
BMP4 in PVAT is unknown. Here, we found that BMP4 is mostly 
expressed in PVAT and to a much lesser extent in BAT, demonstrating 
the important function of BMP4 in regulating the metabolism of PVAT. 
In humans, beige adipose tissue was found mainly in the neck, peri
cardial, surrounding the great vessels and around the kidney, while BAT 
found in the interscapular region has a predominant role in the infant 
[31]. Through clinical sample analysis, we documented that the 
expression of BMP4 is associated with browning in subcutaneous and 
pericardial adipose tissue, which were found to be an active beige fat 
through PET/CT [32]. 

Berbée et al. activated BAT using the β3-AR agonist CL316243 in 
hyperlipidemic APOE*3-Leiden.CETP (E3L.CETP) mice, which have an 
intact apoE-LDLR pathway, and found that BAT activation accelerated 
plasma clearance and uptake of cholesterol-rich remnants by the liver 
[27]. Thus, activation of adipose tissue metabolism may be a potential 
target to combat atherosclerosis. Our previous study has shown that 
brown-related proteins were lower in CAD pericardia fat [15]. Here, we 
show that the expression of BMP4 in PVAT in atherosclerotic mice and 
patients with CAD decreased dramatically, suggesting that BMP4 in 
PVAT is closely associated with CAD. By contrasts, Dong et al. reported 
that cold induced BAT activation and browning of WAT enhanced 
lipolysis, which led to aggravated hypercholesterolemia and athero
sclerosis development in ApoE− /− and LDLR− /− mice [33], suggesting 
that an intact apoE-LDLR pathway is necessary for the uptake of the 
formed triglyceride-rich lipoprotein (TRL) remnants. Therefore, a 
gentler way to promote browning of adipose tissue is needed to combat 
atherosclerosis. Our previous study found that BMP4 overexpression in 
adipose tissue stimulates adipocytes within beige cells in subcutaneous 
depots [20]. Using genetic engineering approaches to specifically ablate 
BMP4 in white or brown adipocytes, the expression of brown-related 
genes in PVAT was decreased, which resulted in the development of 
atherosclerosis. In addition, overexpression of BMP4 mediated activa
tion of the PVAT metabolism, and, as such, the development of 
atherosclerosis was attenuated. These data indicate that the expression 
of BMP4 and brown-related genes in PVAT may have a regulatory effect 
on the development of atherosclerosis. 

In BMP4ΔaP2 ApoE− /− mice, we observed significantly increased 
levels of total cholesterol (TC) and low-density lipoprotein-cholesterol 

(LDL-C) compared with the control mice; this is different from the results 
of our previous model, which demonstrated that mice with BMP4 
deletion in adipocytes exhibited increased serum triglyceride levels but 
unchanged free fatty acid and cholesterol levels [20]. One possible 
reason for these differences the ApoE− /− genetic background. As 
elevated cholesterol is a contributing for atherosclerosis, the vascular 
phenotype of BMP4ΔaP2 ApoE− /− mice at least partially resulted from 
systematic high level of cholesterol. However, although BMP4ΔUCP1 

ApoE− /− mice did not show an increase in TC and LDL-C levels, they still 
showed a significant increase in vascular inflammation and atheroscle
rosis development. Comparing BMP4ΔaP2 ApoE− /− and BMP4ΔUCP1 

ApoE− /− mice, both models showed an approximately 2-fold increase in 
atherosclerotic plaques, which illustrated that the increase in TC and 
LDL-C in BMP4ΔaP2 ApoE− /− did not contribute to more serious plaques. 
Moreover, overexpression of BMP4 activated PVAT metabolism and 
alleviated atherosclerosis without changing the level of plasma TC, TG, 
LDL and HDL. These data suggest that development of atherosclerosis in 
BMP4ΔaP2 ApoE− /− mice is the result of high cholesterol level and local 
inflammation, while the development of atherosclerosis in BMP4ΔUCP1 

ApoE− /− mice only results from local inflammation. Taken together, our 
results highlight the importance of the direct local effect of PVAT on 
atherosclerosis. 

According to the current view, cold induced BAT activation is 
accompanied by enhanced lipolysis [34]. Global or adipocyte specific 
ATGL knockout mice exhibited a lipolytic defect in BAT, and as a result, 
the mice were unable to maintain body temperature upon acute cold, 
leading to severe BAT hypertrophy due to TG accumulation [35]. 
Therefore, lipolysis is essential for cold-induced non-shivering thermo
genesis, because BAT-derived fatty acids play a critical role in UCP1 
activation and act as a primary fuel substrate [34]. Besides the activation 
of lipolysis, de novo lipogenesis (DNL) positively correlates with ther
mogenesis in BAT, as well as insulin sensitivity in WAT [36,37]. 
Sanchez-Gurmaches et al. showed that DNL is almost maximally induced 
when mice are transferred from thermoneutral conditions to room 
temperature, a mild cold stimulus for mice [38]. Here, we observed that 
knockout of BMP4 enlarged the size of adipocytes in PVAT, and 
down-regulated fatty acid metabolism related genes such as FASN, ACC, 
ATGL and HSL, which could reflect impaired PVAT fatty acid meta
bolism, involving both lipolysis and lipogenesis. PGC1α, as an important 
transcriptional coactivator for the expression of UCP1, turns on several 
key components of the adaptative thermogenic program in brown fat, 
including fuel intake, fatty-acid oxidation, mitochondrial biogenesis, 
and increased oxygen consumption [39]. Here, we found that knock
down of PGC1α in PVAT inhibited the expression of fatty acid meta
bolism related genes (Fig. S7B). Furthermore, we demonstrated that 
PGC1α is a key factor in BMP4-medicated PVAT metabolism activation, 
which is similar to its role in mediating the BMP4-induced white-
to-brown adipocyte shift. 

Obesity-induced adipocyte hypertrophy promotes the synthesis and 
secretion of cytokines such as TNFα, interleukins (ILs), and C–C motif 
chemokine ligands (CCLs), which stimulate inflammation [40]. Adipose 
tissue inflammation is an emerging factor contributing to cardiovascular 
disease [41,42]. With regard to adipose tissue inflammation, much 
attention has been focused on the function of immune cells, while the 
“immune-like” function of adipocyte should be noted, which expresses 
various innate immune receptors and proinflammatory cytokines [43, 
44]. IHC staining of F4/80 demonstrated that BMP4 knockout PVAT 
exhibits more F4/80 positive macrophages per area, while BMP4 TG 
PVAT has fewer macrophages. Recent studies have shown that paracrine 
factors from local adipose tissues, that is, PVAT and pericardial adipose 
tissues, may be more directly associated with the development of CAD 
[45,46]. Here we demonstrate that BMP4 knockdown in perivascular 
adipocyte activates NF-κB signaling, leading to the release of down
stream proinflammatory factors, especially IL-1β, which triggers endo
thelial inflammation and atherosclerosis. 

Dyslipidemia and inflammation are pathological conditions that 

W. Mu et al.                                                                                                                                                                                                                                     



Redox Biology 43 (2021) 101979

15

damage the endothelium, triggering vascular remodeling and the 
development of atherosclerosis. In our data, we found that BMP4- 
regulated PVAT metabolism participates in the development of athero
sclerosis largely through the local inflammatory changes rather than 
circulatory lipid alteration. In addition, our findings provide novel in
sights into the mechanisms by which BMP4 inhibits the expression of 
proinflammatory factors in perivascular adipocytes and has a direct anti- 
inflammatory effect on endothelial cells, thereby preventing the devel
opment of atherosclerosis. Therefore, targeting BMP4 in PVAT may 
represent a promising anti-inflammatory therapeutic strategy for 
atherosclerosis. 
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