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Abstract 

Background Chronic inflammation plays a crucial role in the progression of cardiac fibrosis. This 
study investigated whether inflammation exacerbated the progression of cardiac fibrosis in 
high-fat-fed apolipoprotein E knockout (ApoE KO) mice via endothelial-mesenchymal transition 
(EndMT).  
Methods Twenty-four male ApoE KO mice were divided into normal chow diet (Control), 
high-fat diet (HFD), or high-fat diet plus 10% casein injection (inflamed) groups for 8 weeks. The 
body weight of ApoE KO mice was measured at each week. The lipid profile and serum amyloid A 
(SAA) levels were examined using clinical biochemistry and enzyme-linked immunosorbent assays, 
respectively. Cardiac lipid and collagen accumulation was visualised with haematoxylin-eosin (HE) 
and Masson’s trichrome staining. EndMT-related molecule expression was examined by im-
munohistochemistry and Western blotting.  
Results SAA levels were increased in the inflamed group compared with the HFD and control 
groups, suggesting that inflammation was successfully induced. There were no differences in body 
weight among three groups at each week. Interestingly, inflammation significantly reduced serum 
total cholesterol, triglyceride, and low-density lipoprotein (LDL) levels compared with the HFD 
mice. However, both foam cell formation in cardiac blood vessels and cardiac collagen deposition 
were increased in the inflamed group, as demonstrated by HE and Masson trichrome staining. 
Furthermore, inflammation reduced protein expression of CD31 and increased protein expres-
sion of alpha-smooth muscle actin (α-SMA) and collagen I, which contribute to cardiac EndMT.  
Conclusions Inflammatory stress exacerbates the progression of cardiac fibrosis in high-fat-fed 
ApoE KO mice via EndMT, suggesting that hyperlipidaemia and inflammation act synergistically to 
redistribute plasma lipids to cardiac tissues and accelerate the progression of cardiac fibrosis. 
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Introduction 
Cardiac fibrosis is a common feature in patients 

with advanced cardiac failure regardless of the aeti-
ology of cardiomyopathy [1]. Cardiac fibrosis, which 

is associated with decreased microvasculature and the 
disruption of normal myocardial structure, results 
from an excessive deposition of extracellular matrix, 
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which is mediated by the recruitment of fibroblasts. 
However, the origin of these fibroblasts in the adult 
heart is unclear [2]. Traditionally, adult fibroblasts are 
derived directly from embryonic mesenchymal cells 
and increase in number only because of the prolifera-
tion of resident fibroblasts. Recent studies have sug-
gested that during fibrosis, bone marrow–derived 
fibroblasts and endothelial cells contribute to fibro-
blast accumulation through endothelial-mesenchymal 
transition (EndMT) in addition to the proliferation of 
resident fibroblasts [3, 4]. During EndMT, resident 
endothelial cells delaminate from an organised cell 
layer and invade the underlying tissue. This mesen-
chymal phenotype is characterised by reduced ex-
pression of endothelial markers, such as CD31 or 
vascular endothelial cadherin, and increased expres-
sion of mesenchymal markers, such as fibro-
blast-specific protein-1, collagen I, or α-smooth mus-
cle actin (α-SMA), as well as the loss of cell–cell junc-
tions and the acquisition of invasive and migratory 
properties. Thus, EndMT-derived cells function as 
fibroblasts in damaged tissue and may have an im-
portant role in tissue remodelling and fibrosis [5-8].  

Chronic inflammation and hyperlipidaemia are 
recognised as two risk factors for cardiac fibrosis [9, 
10]. Recent studies demonstrated that inflammation 
and dyslipidaemia act synergistically in organ injuries 
[11, 12]. Ruan and colleagues demonstrated that 
inflammatory stress exacerbated lipid accumulation 
via disruption of LDL receptor (LDLr) feedback reg-
ulation in the aorta, liver or kidney [13-15]. However, 
the synergistic mechanism of inflammation and 
dyslipidaemia in heart damage has not been defined. 
The present study sought to explore whether 
inflammation exacerbates the progression of cardiac 
fibrosis in high-fat-fed apolipoprotein E knockout 
(ApoE KO) mice via EndMT. 

Materials and methods 
Animal Model  

Male ApoE KO mice on a C57BL/6 genetic 
background were studied using protocols that were 
approved by the Southeast University Committee on 
the Ethics of Animal Experiments. 

Eight-week-old ApoE KO mice were fed normal 
chow (control group, n=8), a high-fat Western diet 
containing 21% fat and 0.15% cholesterol (HFD group, 
n=8), or a high-fat diet plus daily subcutaneous injec-
tions of 0.5 mL 10% casein (inflamed group, n=8). The 
body weight of mice was measured by electron bal-
ance at each week. After 8 weeks, blood samples were 
taken to assess serum amyloid A (SAA) levels and 
serum lipid profiles (total cholesterol, triglyceride, 

LDL and HDL), and heart samples were used for 
histology.  

Enzyme-Linked Immunosorbent Assay 
SAA serum levels were assessed with kits (Invi-

trogen, USA).  

Lipid profile assessment 
The serum lipid profile in ApoE KO mice (total 

cholesterol, triglycerides, LDL and HDL) was meas-
ured at the Zhong Da Hospital’s Clinical Biochemistry 
Department laboratory.  

Tissue processing  
Heart sections were rinsed with saline and 

placed in 10% buffered formalin. After treatment, 
representative sections were embedded in paraffin. 

Haematoxylin-eosin (HE) Staining  
Paraffin-embedded hearts were sectioned and 

dewaxed. Sections were stained for 15 minutes with 
haematoxylin, followed by 1% eosin for 3 minutes. 
After dehydration, resinene was used to seal the sec-
tions to transparency. The sections were observed 
under light microscopy (×400). 

Masson’s trichrome staining 
Paraffin-embedded hearts (3 μm) were sliced 

and dewaxed. Myocardial fibrosis was assessed with 
Masson's trichrome stain. Results were observed un-
der light microscopy (×100). 

Immunohistochemistry 
Paraffin-embedded sections (4 μm) were sub-

jected to immunohistochemistry. After deparaffinisa-
tion, sections were placed in citrate-buffered solution 
(pH 6.0) and heated for antigen retrieval. Endogenous 
peroxidase activity was blocked with 3% hydrogen 
peroxide treatment, and nonspecific binding was 
blocked with 10% goat serum. Sections were incu-
bated with rabbit anti-mouse primary collagen I an-
tibodies (Abcam, UK) overnight at 4℃, followed by 
incubation with biotinylated secondary antibodies. 
Finally, diaminobenzidine tetrahydrochloride sub-
strate was used for the colour reaction. Staining was 
observed by light microscopy (×100). 

Western blot 
Equal amounts of total protein from ApoE KO 

mouse heart homogenates was separated by sodium 
dodecyl sulphate polyacrylamide gel electrophoresis 
(SDS-PAGE). After transfer, membranes were blocked 
with blocking buffer for 1 hour at room temperature. 
Membranes were then incubated with mouse an-
ti-mouse or rabbit anti-mouse CD31, α-SMA, or col-
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lagen I primary antibodies (Abcam, UK) overnight at 
4℃, followed by incubation with horseradish peroxi-
dase–labelled secondary antibodies for 2 hours. Fi-
nally, signals were detected using enhanced chemi-
luminescence (Amersham Biosciences, UK). 

Statistical analysis 
All of the data are expressed as the mean ± 

standard deviation (SD) and were processed with 
SPSS software 13.0. A one-Way ANOVA was used to 
compare continuous variables among the three 
groups where appropriate. Differences were consid-
ered to be significant if the P value was less than 0.05.  

Results 
ApoE KO mouse serum SAA level analysis 
with or without casein injection 

We induced inflammatory atherosclerosis in 
ApoE KO mice by injecting them with 10% casein. We 
found that serum SAA was significantly increased in 
the casein-injected mice compared with the controls, 
suggesting that systemic inflammation was success-
fully induced (Figure 1). 

There were no differences in body weight 
change among three groups at each week 

To exclude the effect of body weight on serum 
levels of total cholesterol, triglyceride LDL, and HDL, 
we measured the body weight of ApoE KO mice, and 
found that there were no differences in body weight 
change at each week among three groups (Figure 2). 

Chronic inflammation decreased serum lipid 
levels compared with the HFD mice 

As shown in Figure 3, there were significantly 
increased serum total cholesterol, triglyceride and 
LDL levels in high-fat-fed ApoE KO mice compared 
with the controls. However, serum total cholesterol, 
triglyceride and LDL levels were decreased in the 
casein-injected ApoE KO mice compared with the 
HFD mice (Figure 3). 

Inflammation increased foam cell formation in 
cardiac blood vessels and exacerbated cardiac 
fibrosis in high-fat-fed ApoE KO mice 

Using HE and Masson’s trichrome staining, we 
determined that the high-fat diet induced foam cell 
formation in cardiac blood vessels (Figure 4A) and 
cardiac collagen deposition compared with the con-
trol (Figure 4B, 4C). Meanwhile, immunohistochem-
istry demonstrated that collagen I protein expression 
was significantly increased in the HFD and inflamed 
groups compared with the control (Figure 4D). Inter-
estingly, although the serum total cholesterol, tri-

glyceride, and LDL levels in the inflamed group were 
lower than in the HFD group, the degree of foam cell 
formation and cardiac fibrosis in the inflamed group 
was enhanced compared with the HFD group. 

 

 
Fig. 1 Serum SAA levels at experimental termination (n=8). 
ApoE KO mice were fed normal chow (Control) or Western diet for eight 
weeks without (HFD group) or with 10% casein injections (Inflamed 
group). Abbreviations: SAA, serum amyloid A. *p<0.001 vs. Control.  

 
Fig. 2 Body weight change at each week (n=8). ApoE KO mice were 
fed normal chow (Control) or Western diet for eight weeks without (HFD 
group) or with 10% casein injections (Inflamed group). The body weight 
change was measured at each week. 

 

 
Fig. 3 Serum lipid profile analysis at experimental termination 
(n=8). ApoE KO mice were fed normal chow (Control) or Western diet 
for eight weeks without (HFD group) or with 10% casein injections (In-
flamed group). Abbreviations: TC, total cholesterol; TG, triglyceride; LDL, 
low-density lipoprotein; HDL, high-density lipoprotein; *p<0.05 vs. Con-
trol, **p<0.001 vs. Control, ***p<0.001 vs. HFD group. 
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Fig. 4 Effect of inflammation on lipid deposition in cardiac blood vessels and cardiac collagen deposition in high-fat-fed ApoE KO mice 
(n=8). ApoE KO mice were fed normal chow (Control) or Western diet for eight weeks without (HFD group) or with 10% casein injections (Inflamed 
group). Cardiac blood vessel lipid deposition was assessed by HE staining (A, original magnification×400), and cardiac collagen deposition was assessed by 
Masson’s trichrome (B, blue colour, original magnification×100) and the values of semiquantitative analysis for the positive areas are expressed as the Mean 
±SD from six ApoE KO mice at each group. *p < 0.001 vs. control, **p<0.01 vs. HFD group (C). The collagen I protein expression was measured by 
immunohistochemical staining (D, brown colour, original magnification×100).  
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Fig. 5 Inflammation accelerated hyperlipidaemia-mediated cardiac fibrosis by contributing to EndMT (n=8). ApoE KO mice were fed 
normal chow (Control) or Western diet for eight weeks without (HFD group) or with 10% casein injections (Inflamed group). Collagen I, CD31, and 
α-SMA protein expression was assessed by Western blot (A and B). The histogram represented Mean ± SD of the densitometric scans of the protein bands 
from eight ApoE KO mice per group, normalized by comparison with β-actin .*p<0.01 vs. control, **p<0.001 vs. control, ***p<0.001 vs. HFD group. 

 
Inflammation accelerated lipid-mediated car-
diac fibrosis by contributing to EndMT 

To assess the possible mechanisms of hyperlipi-
daemia and inflammation-induced cardiac fibrosis, 
we evaluated the effects of inflammation on the pro-
tein expression of EndMT biomarkers collagen I, 
CD31 and α-SMA in the ApoE KO mouse hearts. 
Western blot demonstrated that inflammation signif-
icantly increased the expression of collagen I and 
α-SMA but decreased CD31 protein expression in 
high-fat-fed ApoE KO mice (Fig 5A and 5B). These 
data suggest that inflammation exacerbates the pro-
gression of dyslipidemia-induced cardiac fibrosis via 
EndMT. 

Discussion 
Cardiac fibrosis is a multi-factorial disease that 

occurs in several pathological processes, including 
hypertension, diabetes, radiation, viral myocarditis, 
and genetic mutations [16]. Inflammatory stress and 
dyslipidaemia synergise to cause organ injuries 
[13-15, 17]. Thus, this study investigated the role of 

both inflammatory stress and dyslipidaemia in car-
diac fibrosis, as well as possible mechanisms for their 
synergy, using ApoE KO mice. 

We subcutaneously injected the high-fat-fed 
ApoE KO mice with 10% casein and successfully in-
duced inflammatory atherosclerosis, as shown by 
significantly increased plasma SAA levels compared 
with the HFD group. These results demonstrated that 
inflammatory stress markedly exacerbated lipid ac-
cumulation in cardiac blood vessels and cardiac col-
lagen deposition, which contributed to the progres-
sion of cardiac fibrosis. Interestingly, serum total 
cholesterol, triglyceride and LDL levels in the ca-
sein-injected mice were lower than in the HFD group. 
In order to exclude the factors from reduced food in-
take or increased fecal excretion, we checked the body 
weight in three groups of mice. As shown by Figure 2, 
there were no differences about body weight change 
at each week among three groups. The results suggest 
that the balance of food intake and fecal excretion in 
casein injection group was roughly equivalent to that 
in the control and HFD group. Our previous in vivo 
and in vitro studies demonstrated that inflammatory 
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stress disrupted cholesterol homeostasis through 
dysregulation of the LDLr pathway and exacerbated 
the progression of atherosclerosis, vascular calcifica-
tion, and liver injury [14, 18, 19]. Therefore, inflam-
matory stress may induce lipid redistribution from 
the circulation to the cardiac tissues, thereby causing 
hypolipidaemia and cardiac fibrosis [20].  

To explore potential mechanisms, we further 
assessed the effects of dyslipidaemia and inflamma-
tory stress on EndMT in ApoE KO mouse hearts. Our 
results demonstrated that hyperlipidaemia upregu-
lated the protein expression of collagen I and α-SMA 
but decreased the expression of CD31, interestingly, 
which were deteriorated by inflammation. These data 
suggest that inflammatory stress and hyperlipidaemia 
in combination contribute to the progression of car-
diac fibrosis via EndMT.  

Recently, other studies reported that inflamma-
tory stress plays an essential role in cardiac fibrosis. 
Alvarez et al. demonstrated that autoim-
mune-associated congenital heart blockage might 
result from pathogenic cross-talk between cardiac 
inflammatory and profibrotic pathways. Immune 
complexes stimulated fibrosis in human foetal cardiac 
fibroblasts through Toll-like receptor 7 [21]. Clinical 
studies demonstrated that myocardial tissue from 
patients with cardiac fibrosis exhibited the activation 
of nuclear factor-kappa B (NF-κB) and increased 
NF-κB-regulated gene expression [22, 23]. In addition 
to cardiac fibrosis, Chaudhuri demonstrated that 
long-term exposure to tumour necrosis factor (TNF-α) 
or interleukin-1β (IL-1β) induced permanent trans-
formation of human epithelioid dermal microvascular 
endothelial cells into myofibroblasts in cell culture, 
demonstrating that EndMT might be involved in skin 
fibrogenesis [24]. Yamauchi reported that TNF-α in-
duced EndMT in lung carcinoma via TGF-β signalling 
[25]. Our previous study also demonstrated that high 
glucose induced endothelial damage via an angioten-
sin II-mediated EndMT, and subsequently caused 
cardiovascular events in diabetes [26]. 

Dyslipidaemia was also strongly associated with 
the progression of cardiac fibrosis [9]. Qin et al. 
demonstrated that simvastatin inhibited cardiac hy-
pertrophy and fibrosis by reducing total cholesterol 
and matrix metalloproteinase-9 levels in Western di-
et-fed Apolipoprotein E-deficient mice [27]. Wendt et 
al. suggested a link between hypercholesterolemia 
and left ventricular fibrosis in Dahl salt-sensitive rats, 
which are genetically modulated by chromosome 19 
[28].  

In summary, our findings demonstrated for the 
first time that inflammatory stress exacerbates the 
progression of cardiac fibrosis in high-fat-fed ApoE 

KO mice via EndMT, suggesting that hyperlipidaemia 
and inflammation synergise to redistribute lipid from 
the plasma to the heart, thereby accelerating the pro-
gression of cardiac fibrosis. 
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