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Hypercholesterolemia ApoE−/− mice showed age-
dependent aortic stiffening3), cardiac hypertrophy3), 
and fibrosis4). Similar to the aging factor, homocyste-
ine (Hcy) is another risk factor, which can lead to ath-
erosclerotic vascular disease5, 6) and may accelerate the 
process of hypercholesterolemia-induced cardiac 
remodeling. Hcy is an amino acid-containing sulfy-
dryl from methionine. The normal concentration of 
circulating Hcy is approximately 10 µmol/l, while the 
level of Hcy in hyperhomocysteinemia (HHcy) 
exceeds 15 µmol/l7). Plasma Hcy level was closely rela-
tive to left ventricular myocardial hypertrophy and left 

Introduction

Epidemiological studies revealed that hypercho-
lesterolemia or dyslipidemia was an independent deter-
minant of increased left ventricular mass in patients1, 2). 
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cle cell calcification by attenuating ERS30, 31). IMD 
can inhibit inflammation in diabetic and hyperlipid-
emia rats and rats with salt-sensitive hypertension32-34). 
However, whether IMD prevents myocardial fibrosis 
by inhibiting ERS and inflammation induced by Hcy 
in ApoE−/− mice has not been investigated. In the 
present study, we aimed to investigate the role and its 
possible mechanisms of IMD in myocardial fibrosis in 
ApoE−/− mice and rat CFs treated with Hcy.

Materials and Methods

Materials
All animal care and experimental protocols com-

plied with the Guide for the Care and Use of Labora-
tory Animals published by the US National Institutes 
of Health (NIH Publication, 8th Edition, 2011) and 
were approved by the Animal Care Committee of 
Peking University Health Science Center. Male 
ApoE−/− mice (25±1 g) were obtained from the Ani-
mal Center, Peking University Health Science Center 
(Beijing). Synthetic human IMD1–53 was from Phoe-
nix Pharmaceuticals (Belmont, CA, USA). Antibodies 
for collagen Ⅰ and Ⅲ, glucose-regulated protein 78 
(GRP78), GRP94, phosphorylated inositol requiring 
enzyme 1α (p-IRE1α) and IRE1α, activating tran-
scription factor 6 (ATF6), ATF4, spliced-X-box-bind-
ing protein-1 (s-XBP-1), nuclear factor-κB (NF-κB) 
p65, and TGF-β1 were from Abcam PLC (Cambridge, 
UK). Antibodies for glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH), α-smooth muscle actin (α-SMA), 
tumor necrosis factor-α (TNF-α), interleukin-6 (IL-
6), IL-1β, monocyte chemotactic protein-1 (MCP-1), 
and all secondary antibodies were from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA). Antibodies for 
phosphorylated protein kinase receptor-like ER kinase 
(p-PERK) and PERK, phosphorylated eukaryotic 
translation initiation factor 2α (p-eIF2α) and eIF2α, 
and phosphorylated c-Jun N-terminal kinase (p-JNK) 
and JNK were from Cell Signaling Technology (Dan-
vers, MA, USA). Nitrocellulose membrane was from 
Hybond-C (Amersham Life Science, Buckinghamshire, 
UK), and the enhanced chemiluminescence (ECL) kit 
and Trizol reagent were from Applygen Technologies 
(Beijing). Deoxy ribonucleoside triphosphate was from 
Clontech (Palo Alto, CA, USA). Moloney murine leu-
kemia virus (MMLV) reverse transcriptase, Taq DNA 
polymerase, Rnasin, and oligo (dT) were from Pro-
mega (Madison, WI, USA). Eva Green was from Bio-
tium (Hayward, CA, USA). The sequences of oligo-
nucleotide primers for real-time PCR amplification 
(Table 1) were synthesized by Beijing AuGCT DNA-
SYN Biotechnology. Hcy and Hoechst 33342 were 
from Sigma (St. Louis, MO, USA). Other chemicals 

ventricle mass fraction8, 9). In addition, Hcy led to sev-
eral heart morphological alterations including myocar-
dial fibrosis and myocardial hypertrophy in vivo and 
in vitro7, 10-12).

Endoplasmic reticulum stress (ERS) is a subcel-
lular process of ER homeostasis imbalance and func-
tion disorder13). Moderate ERS can enhance ER regu-
lating ability and restore ER homeostasis13). However, 
prolonged and/or overwhelming severe ERS can 
induce cell apoptosis and organ damage14). Growing 
evidences from experimental and clinical research 
indicate that ERS is involved in several processes of 
cardiovascular diseases such as atherosclerosis, vascular 
calcification, myocardium ischemic-reperfusion injury, 
ischemic heart disease, cardiac fibrosis, and hypertro-
phy15-17). Inhibition of ERS with 4-phenyl butyric acid 
can attenuate myocardial fibrosis induced by isoprena-
line or angiotensin Ⅱ (Ang Ⅱ)18, 19). Therefore, inhib-
iting ERS may provide cardiovascular protection.

Inflammation, a pathological response to various 
stimulators, is involved in myocardial fibrosis20, 21). 
Inflammatory cytokines have profibrotic effects by acti-
vating transforming growth factor-β1 (TGF-β1) sig-
naling pathways in cardiac fibroblasts (CFs) and pro-
moting CFs transforming into myofibroblasts22). Acti-
vated TGF-β1 can also upregulate collagen and fibro-
nectin synthesis to promote extracellular matrix depo-
sition23). Therefore, abrogation of inflammation might 
be a promising strategy for inhibiting myocardial fibro-
sis.

Circulating biologically active polypeptides and 
local autocrine/paracrine network imbalance in the 
heart are involved in the development of cardiovascu-
lar diseases24, 25). Intermedin (IMD) or adrenomedul-
lin 2, a novel paracrine/autocrine biologically active 
polypeptide, is related to the calcitonin/calcitonin gene-
related peptide family. Human IMD gene is located 
on the distal arm of chromosome 22, and its prepro-
peptide is composed of 148 amino acids, named pre-
pro-IMD. Prepro-IMD can yield IMD1–47 (prepro-
IMD101–147), IMD8–47 (prepro-IMD108–147), and IMD1–53 
(prepro-IMD93–145) by proteolytic cleavage and amida-
tion26). IMD has the similar effects with adrenomedul-
lin. Adrenomedullin receptor activity modifying pro-
tein (RAMP)2 system can maintain vascular integrity 
and homeostasis27). IMD can also maintain cardiovas-
cular homeostasis via its calcitonin receptor-like recep-
tor (CRLR)/RAMP complexes26). Our previous study 
showed that in CFs, endogenous IMD was signifi-
cantly decreased in response to Ang Ⅱ treatment, and 
administration of IMD1–53 suppressed Ang Ⅱ-induced 
activation of CFs and hypertrophy of cardiomyo-
cytes28, 29). In addition, IMD1–53 can protect against 
myocardial ischemia injury and vascular smooth mus-
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anti-MCP-1 (1:500), anti-p-PERK and anti-PERK 
(both 1:500), anti-p-eIF2α (1:500), anti-eIF2α 
(1:1,000), and anti-p-JNK and anti-JNK (both 1:500) 
overnight at 4°C. After three washes for 5 min each in 
TBST (20 mmol/L Tris –HCl (pH 7.6), 150 mmol/L 
NaCl, and 0.1%Tween 20), membranes were incu-
bated with secondary antibody (horseradish peroxi-
dase-conjugated anti-mouse, anti-goat, or anti-rabbit 
IgG) for 1 h at room temperature (RT). The reaction 
was visualized by ECL. Protein levels were analyzed by 
use of NIH Image and normalized to that of GAPDH. 
All experiments were repeated at least three times.

Quantitative Real-Time PCR Analysis
Trizol reagent was used to extract total RNA 

from heart tissue. An amount of 2.0 µg RNA was 
reverse transcribed into cDNA with MMLV and oligo 
(dT) primer. The real-time PCR (7500 Fast Real-
Time PCR System, Applied Biosystems, USA) was 
used to amplify cDNA. The amount of PCR product 
formed in each cycle was evaluated by Eva Green fluo-
rescence. Relative quantification involved the 2－ΔΔCt 
method, with GAPDH as a reference. The primers for 
real-time PCR are in Table 1.

Immunofluorescence Assay of CFs
After a rinse with phosphate-buffered solution 

(PBS) three times, CFs were fixed with 4% parafor-
maldehyde at RT for 15 min, permeabilized with 
0.1% TritonX-100 at RT for 10 min, sealed with 3% 
bovine serum albumin (BSA)/PBS at RT for 10 min, 
incubated with antibody α-SMA (1:100, diluted in 
0.5% BSA/PBS) at 37°C for 1 h, then anti-rabbit IgG 
(1:500, diluted in 0.5% BSA/PBS) at 37°C for 1 h in 
the dark, then Hoechst 33342 (10 µg/ml, diluted in 
0.5% BSA/PBS) at RT for 5 min in the dark, mounted 
with 50% glycerin, and observed under an immuno-
fluorescence microscope.

Hematoxylin and Eosin and Picrosirius Red 
Staining

Mouse whole hearts were excised and fixed in 
4% paraformaldehyde; embedded in paraffin; cut into 
5-µm-thick sections; stained with hematoxylin for 15 
min and with eosin for 3 min; underwent ethanol 
dehydration, xylene transparency, and neutral gum 
mounting; and observed under a microscope. Other 
slices were placed into 0.1% picrate Sirius-red dye 
solution for 1 min; then underwent ethanol dehydra-
tion, xylene transparency, and neutral gum mounting; 
and observed under a microscope.

Statistical Analysis
Graphpad software (GraphPad Prism v5.00 for 

and reagents were of analytical grade.

Myocardial Fibrosis Model in ApoE−/− Mice
As described previously35, 36) with minor modifi-

cation, 8-week-old male ApoE−/− mice (25±1 g) were 
randomly divided into three groups: (1) control (n=  
15), normal drinking water, or (2) Hcy (n=18), Hcy 
(1.8 g/L dissolved in drinking water) for 6 weeks from 
the 18th week, or (3) Hcy plus IMD (n=18), IMD1–53 
(300 ng/kg/h dissolved in sterile saline) infused subcu-
taneously via Alzet mini-osmotic pumps (2004 and 
2002, Cupertino, CA, USA) for 6 weeks at the same 
time as Hcy treatment as described earlier. All the 
ApoE−/− mice were given high fat diet (21% lard and 
0.15% cholesterol) for 16 weeks from the eighth week. 
At the end of the experiment, all animals were killed 
by exsanguination, and hearts were quickly collected 
for further analysis.

Preparation of Primary Neonatal CFs and Hcy 
Treatment

Neonatal rat CFs were isolated from 1- to 2-day-
old SD rats. Briefly, after being washed in Hank’s bal-
anced salt solution (HBSS), the rat myocardium was 
cut into pieces and digested in HBSS including tryp-
sin (0.05%) and collagenase (0.055%). The superna-
tant was collected and added to high-glucose Dulbec-
co’s modified Eagle medium (DMEM) containing 
10% fetal bovine serum (FBS). After centrifugation 
for 10 min at 1,000 rpm, the cell suspension was fil-
tered with a sterile stainless steel cell cribble and plated 
at 37°C for 90 min to allow CFs to attach to culture 
dishes. Then the medium, which mostly contained 
cardiomyocytes, was decanted, and the purified CFs 
were cultured in fresh DMEM containing 10% FBS. 
Before reagent treatment, cells were starved with 
serum-free medium for 24 h. After incubation with 
IMD1–53 (10－7 mol/L) for 30 min, CFs were stimulated 
with Hcy (2×10－4 mol/L) for 24 h as described12).

Western Blot Analysis
Mouse whole heart or rat CFs were homogenized 

in lysis buffer. Equal amounts of protein samples were 
loaded and separated on 10% SDS-PAGE and then 
transferred to nitrocellulose membranes for 3 h at 4°C 
and 200 mA. After incubation in 5% nonfat milk for 
1 h, membranes were incubated with the following 
primary antibodies: anti-GAPDH (1:2,000), anti-
GRP78 and anti-GRP94 (both 1:3,000), anti-ATF6 
(1:1,000), anti-ATF4 (1:3,000), anti-collagen Ⅰ and Ⅲ 
(both 1:4,000), anti-p-IRE1α and anti-IRE1α (both 
1:500), anti-s-XBP-1 and anti-NF-κB (both 1:1,000), 
anti-TGF-β1 (1:500), anti-α-SMA (1:4,000), anti-
TNF-α (1:500), anti-IL-6 and anti-IL-1β (both 1:500), 
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diomyocytes induced by Hcy (Fig.2a). In addition, 
IMD1–53 infusion significantly reduced atrial natri-
uretic peptide (ANP) and brain natriuretic peptide 
(BNP) mRNA expression and ratio of heart weight to 
body weight (HW/BW) by 32.4%, 50.2%, and 37.6% 
(all P＜0.01; Fig.2b–d), respectively, with Hcy treat-
ment. However, the functional parameters of apoE−/− 
mice such as systolic blood pressure and diastolic 
blood pressure have no significant difference among 
control, Hcy, and IMD1–53 treatment groups (Table 2).

IMD1–53 Inhibited Myocardial ERS Induced by Hcy 
In Vivo and In Vitro

ERS is involved in cardiac hypertrophy and fibro-
sis13, 15). Our previous studies indicated that IMD1–53 
can inhibit ERS and reduce myocardial ischemia injury 
and vascular calcification30, 31). Here we investigated 
whether IMD1–53 could reduce ERS in the ApoE−/− 
mice myocardium and in CFs induced by Hcy. In 
vivo, IMD1–53 treatment decreased the protein expres-
sion of the ERS markers GRP78, GRP94, ATF6, 
p-IRE1α, s-XBP-1, p-PERK, p-eIF2α, and ATF4 by 
22.8%, 42.9%, 29.0%, 46.2%, 21.8%, 39.6% (all P＜
0.05), 26.0%, and 34.5% (both P＜0.01; Fig.3a and 
b), respectively, compared with Hcy alone. In vitro, 
IMD1–53 pretreatment significantly attenuated Hcy-
upregulated GRP94, GRP78, p-PERK, p-IRE1α, 
s-XBP-1, ATF4, ATF6, and p-eIF2α protein expres-
sion in CFs by 26.1%, 36.0%, 32.4%, 42.7%, 45.7% 
(all P＜0.05), 34.7%, 42.0%, and 31.7% (all P＜0.01; 
Fig.3c and d), respectively, compared with Hcy alone. 
Therefore, IMD can inhibit ERS in the ApoE−/− 
mouse myocardium and CFs induced by Hcy.

IMD1–53 Inhibited Inflammation Induced by Hcy 
In Vivo and In Vitro

Compelling evidence affirmed that inflammation 
contributes to myocardial fibrosis and hypertrophy20, 21). 

Windows; GraphPad Software Inc., San Diego, CA, 
USA) was used for analyzing data, which were 
expressed as mean±SD. Comparisons across two 
groups were analyzed by Student’s t test. Comparisons 
among more than two groups were analyzed by one-
way analysis of variance followed by Student –New-
man–Keuls test. A P＜0.05 was considered signifi-
cant.

Results

IMD1–53 Inhibited Myocardial Fibrosis In Vivo and 
In Vitro

Our previous in vitro experiments found that 
IMD inhibited CFs transforming into myofibroblasts 
induced by Ang Ⅱ28). In the present study, we investi-
gated whether IMD1–53 could inhibit myocardial fibro-
sis and hypertrophy in ApoE−/− mice and rat CFs 
with Hcy treatment. In vivo, picrosirius red staining 
showed that IMD1–53 treatment reduced collagen depo-
sition in myocardial interstitial areas with Hcy treat-
ment (Fig.1a). Administration of IMD1–53 markedly 
reduced the mRNA levels of collagen Ⅰ and Ⅲ by 
53.9% and 57.6% (both P＜0.05) and the protein 
levels by 43.8% (P＜0.01) and 54.4% (P＜0.05; 
Fig.1b and c), respectively, compared with Hcy alone. 
In vitro, IMD1–53 pretreatment decreased the protein 
levels of collagen Ⅰ, collagen Ⅲ, and α-SMA by 54.1% 
(P＜0.05), 39.2%, and 25.5% (both P＜0.01; Fig.1d), 
respectively, compared with Hcy alone. Moreover, 
immunofluorescence revealed that Hcy-treated CFs 
showed upregulated α-SMA expression, which was 
reduced with IMD1–53 treatment (Fig.1e). Therefore, 
IMD1–53 directly suppressed CFs differentiating into 
myofibroblasts and myocardial fibrosis induced by 
Hcy.

H&E staining in mouse hearts in vivo revealed 
that IMD1–53 attenuated the cross-sectional area of car-

Table 1. Primer sequences for real-time PCR

Gene Upstream primer (5’-3’) Downstream primer (5’-3’) AnnT (°C)

ANP
BNP
Collagen Ⅰ
Collagen Ⅲ
TNF-α
IL-6
MCP-1
IL-1β
GAPDH

CAGAGAGTGAGCCGAGACAG
TCTGGGACCACCTTTGAAGT
ATCCTGCCGATGTCGCTAT
CATGACTGTCCCACGTAAGCA
CGTCGTAGCAAACCACCAAG
GCCTTCTTGGGACTGATGCT
AGGGACTGAGGCACTCCAGA
CTCACAAGCAGAGCACAAGC
AGGGACTGAGGCACTCCAGA

AGCCCTTGGTGATGGAGAAG
TGTTGTGGCAAGTTTGTGCT
CCACAAGCGTGCTGTAGGT
ATTCGCCTTCATTTGATCCCA
GAGATAGCAAATCGGCTGACG
TGCCATTGCACAACTCTTTTC
TGACGACGAGACTTCCAGACTACA
TCCAGCCCATACTTTAGGAAGA
TGACGACGAGACTTCCAGACTACA

58
58
60
58
60
60
58
58
58

AnnT, Annealing temperature; ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; TNF-α, tumor necrosis factor a; IL-6, interleukin 6; 
MCP-1, monocyte chemotactic protein 1; IL-1β, interleukin 1β.
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Fig.1.
Intermedin1–53 (IMD1–53) inhibited myocar-
dial fibrosis induced by homocysteine (Hcy) 
in vivo and in vitro. Picrosirius red staining 
(a) of myocardial interstitial collagen deposi-
tion. Bar, 50 µm. Quantitative real-time PCR 
analysis of mRNA levels (b) of collagen Ⅰ 
and Ⅲ in the myocardium of apolipoprotein 
E-deficient (ApoE−/−) mice in vivo. Results 
are relative to glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH). Western blot 
analysis of protein levels (c) of collagen Ⅰ 
and Ⅲ in the myocardium of ApoE−/− mice 
in vivo. Western blot analysis of protein lev-
els (d) of collagen Ⅰ and Ⅲ and α-smooth 
muscle actin (α-SMA) in rat cardiac fibro-
blasts (CFs) in vitro. GAPDH was a loading 
control. Data are mean±SD, n=3 in each 
group; ＊P＜0.05 and ＊＊P＜0.01 versus Con. 
#P＜0.05 and ##P＜0.01 versus Hcy. (e) 
Immunofluorescence analysis of myofibro-
blasts differentiated from CFs with α-SMA 
antibody and Hoechst 33342 staining in 
Con, Hcy, Hcy＋IMD groups. Bar, 100 µm.
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Changes of Receptor System and Post-Receptor 
Pathways of IMD in Myocardial Fibrosis Induced 
by Hcy in ApoE−/− Mice

In this study, we first examined expression of 
IMD receptor system. It was found that Hcy increased 
protein expression of CRLR, RAMP2, and RAMP3 in 
apoE−/− mice myocardium by 120.2%, 92.2%, and 
85.0% (all P＜0.05), respectively, compared with con-
trol group (Fig.5a and b). However, protein levels of 
RAMP1 between control group and Hcy group 
revealed no significant differences (Fig.5a and b). 
IMD1–53 supplementation increased the ratio of phos-
phorylated/total protein kinase A (PKA) and phos-
phorylated/total extracellular regulated protein kinase 
(ERK)1/2 in apoE−/− mice myocardium by 61.0% 
(P＜0.01) and 35.8% (P＜0.05) (Fig.5c and d), 
respectively, compared with Hcy alone. However, the 
ratio of phosphorylated/total Akt between Hcy and 
Hcy＋IMD group showed no significant differences 
(Fig.5c and d).

Here, we investigated whether IMD1–53 could reduce 
inflammation in ApoE−/− mice and rat CFs induced 
by Hcy. In myocardium of ApoE−/− mice, administra-
tion of IMD1–53 reduced the mRNA levels of inflam-
mation hallmarkers such as IL-6, TNF-α, MCP-1, and 
IL-1β in the mouse myocardium by 52.2% (P＜0.05), 
56.0%, 79.1%, and 30.4% (all P＜0.01) (Fig.4a), 
respectively, compared with Hcy alone. Meanwhile, 
IMD1–53 administration attenuated the protein levels 
of TNF-α, IL-6, MCP-1, IL-1β, NF-κB p65, p-JNK, 
and TGF-β1 by 44.0%, 37.1%, 42.1%, 39.8%, 33.6% 
(all P＜0.01), 28.1%, and 28.6% (both P＜0.05; Fig.4b 
and c), respectively, compared with Hcy alone. In 
vitro, IMD1–53 treatment decreased TNF-α, MCP-1, 
IL-1β, NF-κB p65, p-JNK, TGF-β1, and IL-6 pro-
tein expression by 35.2%, 44.2%, 39.0%, 34.3%, 
27.6%, 33.5% (all P＜0.05), and 47.3% (P＜0.01) 
(Fig.4d and e), respectively, in CFs treated with Hcy 
compared with Hcy alone.

Fig.2. Intermedin1–53 inhibited myocardial hypertrophy induced by homocysteine (Hcy) in vivo in ApoE−/− mice. H&E staining 
(a) in mouse myocardium. Bar, 50 µm. Quantitative real-time PCR analysis of mRNA levels of atrial natriuretic peptide (b) 
and brain natriuretic peptide (c) in mouse myocardium. Results are relative to glyceraldehyde-3-phosphate dehydrogenase. 
(d) Ratio of heart weight to body weight. Data are mean±SD, at least n=4 in each group; ＊＊P＜0.01 versus Con. ##P＜0.01 
versus Hcy.
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resisting the development of cardiovascular diseases24, 25). 
The level of endogenous IMD, a novel biologically 
active protective polypeptide, was significantly decreased 
in response to Ang Ⅱ stimuli28). In addition, exoge-
nous IMD1–53 suppressed an Ang Ⅱ-induced fibrotic 
response in CFs and Ang Ⅱ-induced hypertrophic 
response in cardiomyocytes28, 29). Here, we discovered 
that Hcy increased protein expression of CRLR, 
RAMP2, and RAMP3 in apoE−/− mice myocardium, 
which were consistent with those reported by Nishi-
kimi and Yang28, 38). In addition, compared with Hcy 
alone, IMD1–53 supplementation further activated 
cAMP/PKA and ERK1/2 post-receptor pathways, 
which were similar to those reported previously28, 39, 40). 
IMD1–53 also inhibited Hcy-induced upregulation of 
myocardial fibrotic biomakers such as collagen Ⅰ and 
Ⅲ and myocardial interstitial collagen deposition in 
ApoE−/− mice. It attenuated cardiomyocyte cross-sec-
tional area, HW/BW, and mRNA levels of ANP and 
BNP in the myocardium of ApoE−/− mice treated 
with Hcy and directly attenuated collagen Ⅰ and Ⅲ 
synthesis in CFs and inhibited CFs transforming into 
myofibroblasts with Hcy treatment. Therefore, IMD1–53 
conferred significant cardioprotection against myocar-
dial fibrosis with Hcy treatment.

The ER, the factory of eukaryotic cells, has a 
variety of biological effects, such as regulating the syn-
thesis and secretion of protein, lipids, cholesterol, gly-
cans, and calcium homeostasis41-43). Many cellular 
stressors such as Hcy, viruses, metabolic factors, and 
hypoxia can injure fibroblasts44, 45), resulting in ERS. 
To maintain homeostasis, a cascade of pathways called 
adaptive unfolded protein response (UPR) was acti-
vated. Chaperone proteins such as GRP78 and GRP94 
dissociated from ER transmembrane sensors, such as 
PERK, ATF6, and IRE1α, and combined with a lot 
of unfolded or misfolded proteins to promote the cor-
rect protein folding. Meanwhile, PERK, ATF6, and 
IRE1α were also initiated with chaperone protein dis-
sociation to decrease the influx of nascent proteins 
into the ER, increase ER-associated protein degrada-

Discussion

The major finding of the present study is that 
IMD protects against myocardial fibrosis by inhibiting 
myocardial ERS and inflammation induced by Hcy. 
IMD1–53 significantly attenuated myocardial intersti-
tial collagen deposition induced by Hcy in ApoE−/− 
mice. IMD1–53 obviously inhibited Hcy-induced myo-
cardial hypertrophy in vivo, as indicated by cardio-
myocyte cross-sectional area, HW/BW ratio, and ANP 
and BNP levels. IMD1–53 inhibited the Hcy-induced 
upregulation of ERS markers such as GRP78, GRP94, 
ATF6, ATF4, and s-XBP-1 and ameliorated the Hcy-
induced phosphorylation of IRE1α, PERK, and eIF2α 
in vivo and in vitro. Also, it decreased the Hcy-induced 
expression of inflammation markers such as TNF-α, 
MCP-1, IL-6, and IL-1β in vivo and in vitro. IMD1–53 
also inhibited Hcy-activated NF-κB, TGF-β1, and 
JNK in vivo and in vitro.

Previous studies showed that hypercholesterolemia 
ApoE−/− mice exhibited age-dependent cardiac fibro-
sis4), hypertrophy3), and aortic stiffening3). Similar to 
the aging factor, Hcy can lead to atherosclerotic vascu-
lar disease5) and may accelerate the process of hyper-
cholesterolemia-induced cardiac remodeling. In this 
study, we established cardiac fibrosis model in ApoE−/− 
mice with Hcy treatment for 6 weeks from the 18th 
week, which has the similar pathogenesis of cardiac 
fibrosis occurring in human hypercholesterolemia with 
HHcy. We found that ApoE−/− mice fed a high fat 
diet for 24 weeks without Hcy showed small amounts 
of collagen deposition and hypertrophic effects, which 
were consistent with previous report37). Moreover, Hcy-
treated mice showed significantly increased collagen 
deposition and expression of fibrotic biomakers such 
as collagen Ⅰ and Ⅲ in myocardium, which indicates a 
fibrotic process. Meanwhile, Hcy had pro-hypertro-
phic effects, as indicated by cardiomyocyte cross-sec-
tional area, HW/BW ratio, and ANP and BNP levels.

Previous studies have shown that biologically 
active polypeptides play vitol roles in promoting or 

Table 2. The functional parameters of apolipoprotein E-deficient mice with control, homocysteine and 
intermedin1–53 treatment

Control Hcy Hcy＋IMD

HW/BW (mg/g)
SBP (mmHg)
DBP (mmHg)
MBP (mmHg)

4.45±0.23
112.33±10.30

87.33±10.04
95.67±9.27

6.59±1.12＊＊

117.89±6.49
84.33±8.76
95.52±5.97

4.11±0.68##

117.78±10.60
86.56±10.65
96.96±8.38

Data are shown as mean±SD, n=3 at least in each group. ＊＊P＜0.01 versus control, ##P＜0.01 versus Hcy, respec-
tively. HW/BW, heartweight/body weight; HR, heartrate; SBP, systolic blood pressure; DBP, diastolic blood pres-
sure; MBP, mean blood pressure.
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Fig.3.
Intermedin1–53 attenuated 
endoplasmic reticulum stress 
(ERS) induced by homocys-
teine (Hcy) in vivo and in 
vitro. Western blot analysis 
of protein levels (a, b) of 
ERS hallmarkers such as 
glucose-regulated protein 78 
(GRP78) and GRP94, acti-
vating transcription factor 6 
(ATF6), phosphorylated 
inositol-requiring enzyme 
1α (p-IRE1α), spliced-X-
box-binding prote in-1 
(s-XBP-1), phosphorylated 
protein kinase receptor-like 
ER kinase (p-PERK), phos-
phorylated eukaryotic trans-
lation initiation factor 2α 
(p-eIF2α) and ATF4 in the 
myocardium of ApoE−/− 
mice in vivo. Western blot 
analysis of protein levels (c, 
d) of ERS hallmarkers such 
as ATF6, ATF4, GRP94, 
GRP78, p-eIF2α, p-PERK, 
p-IRE1α, and s-XBP-1 in 
rat cardiac fibroblasts in 
vitro. Glyceraldehyde-3-
phosphate dehydrogenase 
was a loading control. Data 
are mean±SD, n=3 in each 
group; ＊P＜0.05 and ＊＊P＜
0.01 versus Con. #P＜0.05 
and ##P＜0.01 versus Hcy.
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Fig.4.
Intermedin1–53 attenuated homocysteine (Hcy)-
induced inflammation in vivo and in vitro. Quanti-
tative real-time PCR analysis of mRNA levels (a) of 
inflammation hallmarkers such as tumor necrosis 
factor-α (TNF-α), monocyte chemotactic protein-1 
(MCP-1), interleukin-6 (IL-6) and IL-1β in the 
myocardium of ApoE−/− mice in vivo. Western blot 
analysis of protein levels (b, c) of TNF-α, IL-6, 
MCP-1, IL-1β, nuclear factor-κB (NF-κB) p65, 
phosphorylated c-Jun N-terminal kinase (p-JNK), 
and transforming growth factor β-1 (TGF-β1) in 
the myocardium of ApoE−/− mice in vivo. Western 
blot analysis of protein levels (d, e) of TNF-α, IL-6, 
MCP-1, IL-1β, NF-κB p65, p-JNK, and TGF-β1 
in rat cardiac fibroblasts in vitro. Glyceraldehyde-3-
phosphate dehydrogenase was a loading control. 
Data are mean±SD, n=3 in each group; ＊P＜0.05 
and ＊＊P＜0.01 versus Con. #P＜0.05 and ##P＜0.01 
versus Hcy.
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that IMD1–53 inhibited Hcy-activated myocardial ERS 
in ApoE−/− mice, as shown by levels of ERS markers 
such as GRP78, GRP94, ATF6, s-XBP-1, ATF4, 
IRE1α, PERK, and eIF2α, which was further con-
firmed in CFs, which were in accordance with our 

tion, and enhance the ER capacity to fold incoming 
proteins16). In the event of excessive and prolonged 
ERS, terminal UPR was activated, which can lead to 
apoptosis, inflammation, fibroblasts activation, and 
ultimately fibrosis development15, 16). Here we found 

Fig.5. Western blot analysis of protein levels (a, b) of calcitonin receptor-like receptor, receptor activity modifying protein 
(RAMP)1, RAMP2, and RAMP3 in apoE−/− mice myocardium treated with homocysteine (Hcy). Glyceraldehyde-3-phos-
phate dehydrogenase was a loading control. Western blot analysis of protein levels (c, d) of phosphorylated Akt, total Akt, 
phosphorylated protein kinase A (PKA), total PKA, phosphorylated extracellular regulated protein kinase (ERK)1/2, and 
total ERK1/2 in apoE−/− mice myocardium. Data are mean±SD, n=3 in each group; ＊P＜0.05 and ＊＊P＜0.01 versus 
Con. #P＜0.05 and ##P＜0.01 versus Hcy.
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ERK1/2 phosphorylation and decreased JNK phos-
phorylation compared with Hcy alone. Hence, ERK1/2 
post-receptor pathways also probably involved in IMD 
suppressing JNK activation, which needed further 
investigation. All the above results suggest that IMD1–53 
may protect against myocardial fibrosis via an anti-
inflammatory effect. However, the precise relationship 
between IMD1–53 and inflammation needs further 
investigation.

In summary, we found that myocardial para-
crine/autocrine factor IMD protected against myocar-
dial fibrosis via inhibiting ERS and inflammation in 
ApoE−/− mice treated with Hcy. The cardiac-protec-
tive peptide IMD may be a novel pharmacologic tar-
get to treat myocardial fibrosis occurring in hypercho-
lesterolemia with HHcy.
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