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ORIGINAL RESEARCH

Recombinant Soluble Corin Improves 
Cardiac Function in Mouse Models of Heart 
Failure
Yayan Niu, MS; Shengnan Zhang, MS; Xiabing Gu, BS; Tiantian Zhou, PhD; Feng Li, MS; Meng Liu, PhD; 
Qingyu Wu , MD, PhD; Ningzheng Dong, MD, PhD

BACKGROUND: Corin is a transmembrane protease that activates ANP and BNP (atrial and B- type natriuretic peptides). Impaired 
corin expression and function are associated with heart failure. In this study, we characterized a soluble form of corin (sCorin) 
and examined its effects on cardiac morphology and function in mouse heart failure models.

METHODS AND RESULTS: sCorin, consisting of the full- length extracellular fragment of human corin with an engineered activation 
site, was expressed in Chinese hamster ovary cells, purified from the conditioned medium with affinity chromatography, and 
characterized in pro- ANP processing assays in vitro and pharmacokinetic studies in mice. Effects of sCorin on mouse models 
of heart failure induced by left coronary artery ligation and transverse aortic constriction were assessed by ELISA analysis 
of plasma markers, histologic examination, and echocardiography. We showed that purified and activated sCorin converted 
pro- ANP to ANP that stimulated cGMP production in cultured cells. In mice, intravenously and intraperitoneally administered 
sCorin had plasma half- lives of 3.5±0.1 and 8.3±0.3 hour, respectively. In the mouse heart failure models, intraperitoneal in-
jection of sCorin increased plasma ANP, BNP, and cGMP levels; lowered plasma levels of NT- proANP (N- terminal- pro- ANP), 
angiotensin II, and aldosterone; reduced cardiac hypertrophy and fibrosis; and improved cardiac function.

CONCLUSIONS: We show that sCorin treatment enhanced natriuretic peptide processing and activity, suppressed the renin- 
angiotensin- aldosterone system, and improved cardiac morphology and function in mice with failing hearts.
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ANP and BNP (atrial and B- type natriuretic pep-
tides, respectively) are key hormones of the 
cardiac endocrine mechanism, which increases 

vasodilation, natriuresis, and diuresis to regulate cardio-
vascular homeostasis.1– 3 ANP- mediated signaling also 
serves as an antihypertrophic and anti- inflammatory 
mechanism in the heart.4– 7 Like most peptide hor-
mones, the natriuretic peptides are synthesized in 
precursor forms, that is, pro- ANP and pro- BNP, which 
are converted to active ANP and BNP by proteolytic 
processing. In patients with heart failure (HF), circulat-
ing pro- ANP and pro- BNP levels are highly elevated, 

suggesting an underlying rate- limiting step in natri-
uretic peptide processing in failing hearts.8– 10

Corin is a transmembrane protease that processes the 
natriuretic peptides, particularly pro- ANP, in the heart.11,12 
In mice, Corin gene deletion or rearrangement prevents 
pro- ANP processing, resulting in cardiac hypertrophy 
and declined cardiac function in an age- dependent man-
ner.13– 15 Pregnant corin- deficient mice also exhibit gesta-
tional hypertension and cardiac hypertrophy, resembling 
peripartum cardiomyopathy in patients.16– 19 In patients 
with HF, reduced corin expression and activity are asso-
ciated with impaired natriuretic peptide processing and 
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worsening cardiac function.20– 22 Consistently, low levels 
of circulating corin have been reported in patients with 
HF with poor clinical outcomes.23– 26 These data indicate 
that reduced corin expression and activity are part of the 
pathological mechanism in HF.

Recombinant natriuretic peptides are used in pa-
tients with HF to reduce body fluid retention, lower 
blood pressure, and ameliorate cardiac function.1,27 
As shown in a recent study, the vasodilatory and natri-
uretic/diuretic activities of ANP are mediated by distinct 
residues.28 In principle, increased corin expression and 
activity in failing hearts could enhance natriuretic pep-
tide production in vivo. In agreement with this hypoth-
esis, transgenic overexpression of corin in the heart 
enhanced cardiac function and prolonged survival in 
mouse models of cardiomyopathy.29,30 These results 
suggest that corin- based approaches may be consid-
ered as a strategy to treat HF.

Corin is a type II transmembrane protein. The N- 
terminal cytoplasmic fragment and the transmem-
brane domain are unnecessary for natriuretic peptide 

processing.31 In this study, we expressed a soluble 
form of corin consisting of the entire extracellular re-
gion. We show that administration of the soluble corin 
(sCorin) reduced cardiac hypertrophy and improved 
cardiac function in mouse models of HF induced by 
left coronary artery ligation and transverse aortic con-
striction (TAC).

METHODS
The authors declare that all supporting data are pre-
sented in the article and the supplementary materials. 
The raw data that support the findings of this study are 
available from the corresponding authors upon rea-
sonable request.

Expression Vector
To express a soluble form of human corin, a cDNA 
fragment (nucleotides 463– 3219 of corin cDNA32) was 
amplified by polymerase chain reaction and inserted 
into the vector pMH3 (Addgene). The resulting plas-
mid encodes a soluble corin consisting of an Igκ signal 
peptide and a 919- amino- acid extracellular fragment 
of corin (residues 124– 1042) with C- terminal V5 and 
His tags. Site- directed mutagenesis was performed 
to replace the RMNKR (residues 797– 801) sequence 
at the corin activation site with a sequence (DDDDK) 
cleavable by enteropeptidase (also called enteroki-
nase) (Figure 1A).

Expression of Soluble Corin
Chinese hamster ovary– derived CHO- K1 cells 
(NingBoMingZhou Tech, China)33 were cultured in 
DMEM/F12 (Corning, Corning, NY) medium with 10% 
FBS (Gemini Bio Products, West Sacramento, CA) 
at 37˚C in a humidified incubator with 5% CO2. The 
plasmid expressing sCorin was transfected into the 
cells using PolyJet reagents (SignaGen Laboratories, 
Gaithersburg, MD). Stable clones were selected in 
DMEM/F12 medium containing 10% FBS and G418 
(1  mg/mL, Life Technologies, Carlsbad, CA) and 
screened by western blotting using an anti- V5 anti-
body (1:5000 dilution; Invitrogen,) for corin expres-
sion. Positive clones were expanded in serum- free 
OPTI- MEMI medium (Life Technologies) with 1 mg/
mL G418.

Purification of Soluble Corin
The conditioned medium containing sCorin was cen-
trifuged (233g, 5  minutes), filtered through a 0.22- 
μm membrane (Millipore, Billerica, MA), and loaded 
onto a 5- mL Ni- Sepharose column (HisTrap HP, GE 
Healthcare, Chicago, IL) equilibrated with 20 mmol/L 
Tris- HCI, 300 mmol/L NaCl, and 5 mmol/L imidazole 

CLINICAL PERSPECTIVE

What Is New?
• This study shows that a recombinant soluble 

form of corin activates ANP (atrial natriuretic 
peptide) in vitro and has desired pharmacoki-
netic properties in mice.

• When administered intraperitoneally in mice, 
the soluble corin enhances natriuretic peptide 
activity in plasma, reduces cardiac hypertrophy 
and fibrosis, and improves cardiac function in 2 
models of heart failure.

What Are the Clinical Implications?
• Corin is a serine protease that activates natriu-

retic peptides in the heart.
• High levels of unprocessed natriuretic peptides 

in patients with heart failure indicate that corin 
activity is a rate- limiting factor in failing hearts.

• Our results suggest that recombinant forms of 
corin may be used as therapeutic agents to in-
crease natriuretic peptide activity and improve 
cardiac function in patients with heart failure.

Nonstandard Abbreviations and Acronyms

BW body weight
sCorin soluble corin
TAC transverse aortic constriction
TL tibia length
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(pH 8.0). After washing with 40  mL of a gradient 
(5%– 60%) solution (Buffer B) (20  mmol/L Tris- HCl, 
300 mmol/L NaCl, and 250 mmol/L imidazole, pH 8.0), 
proteins were eluted with Buffer B and dialyzed again 
with PBS. Fractions containing sCorin were verified 
by western blotting with the anti- V5 antibody. Purified 
protein was quantified with a Bradford assay (Thermo 
Fisher Scientific, Waltham, MA) and stored at −80˚C 
until use.

Activation of Soluble Corin by 
Enterokinase and Western Blotting
Purified sCorin (2.5  μg) was incubated with recom-
binant enterokinase (1– 15  U/mL) (BBI Life Sciences, 

Shanghai, China) in 100 mmol/L Tris- HCl, pH 7.5, and 
10  mmol/L CaCl2 at 25°C for 2  hours. Enterokinase 
was removed from the solution using EKapture beads 
(Novagen, Madison, WI) and centrifugation (233g, 
10  minutes). Enterokinase- treated sCorin was mixed 
with a Laemmli sample buffer (Bio- Rad Laboratories, 
Hercules, CA) with (reducing) or without (nonreduc-
ing) β- mercaptoethanol (2.5% v/v) and analyzed by 
SDS- PAGE and western blotting using a horserad-
ish peroxidase– conjugated anti- V5 antibody (1:5000 
dilution; Invitrogen). After 2  hours at 37°C, the blot 
was washed and incubated with a solution con-
taining an enhanced chemiluminescent substrate 
(NcmECL Ultra; NCM Biotech, Newport, RI) at room 
temperature for 1  minute. The blot was exposed to 

Figure 1. Characterization of soluble corin (sCorin) and pharmacokinetic studies in mice.
A, Corin protein domains are illustrated. The RMNKR sequence at the activation cleavage site (arrowhead) is shown. A disulfide bond 
(s- s) linking the propeptide region and the protease domain is indicated. sCorin consists of an Igκ signal peptide and the extracellular 
fragment of corin, in which the RMNKR sequence is replaced by DDDDK that is cleavable by enterokinase. B, Enterokinase- activated 
sCorin (top panel) converted pro- ANP to ANP (lower panel), as indicated by western blotting under reducing conditions. C, Soluble 
corin activated ANP- stimulated cGMP production in cell- based assays. P values were analyzed by 1- way ANOVA and Tukey’s post 
hoc analysis. D and E, Soluble corin was injected intravenously (D) or intraperitoneally (E) in mice (n=7 per group). Plasma samples 
were collected over time. Soluble corin was analyzed by western blotting under nonreducing conditions (top panels) and ELISA 
(lower panels) to calculate plasma half- lives. ANP indicates atrial natriuretic peptide; Fz, frizzled; LDLR, LDL receptor; SR, scavenger 
receptor; TM, transmembrane; and V, V5 tag.
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a chemiluminescent imager (Imager 600; Amersham 
Biosciences, Amersham, UK).

Pro- ANP Processing by Soluble Corin
HEK293 cells (ATCC, CRL- 1573, authenticated 
by short tandem repeat profiling) were cultured in 
DMEM (Corning) with 10% FBS. A plasmid express-
ing human pro- ANP with a C- terminal V5 tag31 was 
transfected into the cells using PolyJet reagents, as 
described above. To examine the activity of sCorin, 
human pro- ANP in the conditioned medium from the 
transfected HEK293 cells was incubated with puri-
fied sCorin without or with enterokinase treatment. 
sCorin activation and pro- ANP to ANP conversion 
were analyzed by western blotting. To verify the activ-
ity of sCorin– activated ANP, pro- ANP without or with 
sCorin treatment was added to baby hamster kidney 
cells (NingBoMingZhou Tech, China) cultured in 96- 
well plates with MEM medium (Hyclone Laboratories, 
Logan, UT) and 10% FBS. After 30 minutes at 37°C, 
the cells were lysed with 1% (v/v) Nonidet P- 40 in a 
solution with 5% (v/v) glycerol, 25 mmol/L Tris- HCl (pH 
7.4), 150 mmol/L NaCl, 1 mmol/L EDTA, and 2% (v/v) 
a protease inhibitor mixture (Thermo Fisher Scientific). 
Levels of cGMP in cell lysates were examined by ELISA 
(Enzo Life Sciences, Farmingdale, NY).

Pharmacokinetic Studies in Mice
Experiments in mice were approved by the Animal 
Use and Care Committee of Soochow University and 
conducted in accordance with the approved protocol 
(201603A181) and the National Institutes of Health guide-
lines for the ethical treatment and handling of animals 
in research. The mice were housed in ventilated cages 
with free access to food and water at a temperature-
  and humidity- controlled pathogen- free facility with 
12/12- hour light- dark cycles. Wild- type C57BL/6 mice 
(10-  to 12- week- old males) (n=7 per group) were used. 
Purified and enterokinase- activated sCorin (3  mg/kg, 
as suggested in a previous study14) or equal volume of 
vehicle was injected intravenously or intraperitoneally in 
mice randomized in unblinded groups. At different times, 
orbital sinus blood was collected in tubes with EDTA and 
centrifuged at 2095g for 10 minutes at room tempera-
ture. Levels of plasma sCorin were determined by west-
ern blotting and ELISA (R&D Systems, Minneapolis, MN).

Mouse Models of HF
Male C57BL/6 mice (10-  to 12- week- old) (n=9– 10 per 
group) were anesthetized with 1.5% (v/v) isoflurane in 
oxygen with a flow rate of 0.3 L/min. An acute myo-
cardial infarction (MI) model was performed, in which 
the left descending coronary artery was closed perma-
nently with a 6- 0 silk suture.34 In sham controls, similar 

surgical procedures were done without the coronary 
artery ligation. In another model, in which HF was in-
duced by TAC, the aortic arch was constricted between 
the brachiocephalic trunk and the left carotid artery 
with a 7- 0 silk suture and a 27- gauge needle.35 In sham 
controls, the aorta was exposed surgically without the 
suture constriction. Mice were given 0.1  mg/kg bu-
prenorphine for postsurgery analgesia every 12 hours 
as needed up to 48 hours. Mice that died or without a 
reduction of the left ventricular ejection fraction below 
50% 1  week after the surgery in the MI model were 
excluded from further study. For sCorin treatment, puri-
fied and enterokinase- activated sCorin (3 mg/kg) or an 
equal volume of vehicle was injected (intraperitoneally 
daily for 3– 7 weeks), starting at 1 week after surgery. 
To assess cardiac function, mice were anesthetized 
with 1.5% (v/v) isoflurane in oxygen. Transthoracic 
echocardiogram (Vevo 2100 with a 30- MHz probe; 
VisualSonics, Toronto, Canada) was performed before 
and weekly after the surgery (up to 8 weeks).

Histologic Analysis
Mice were euthanized by exsanguination following 
isoflurane inhalation (5% in oxygen, 0.3 L/min). Hearts 
and lungs were quickly isolated, weighed, fixed with 
4% (v/v) paraformaldehyde, and embedded in paraf-
fin. Sections (4  μm in thickness) were prepared for 
histologic analysis, as described previously.36 For the 
MI model, transverse heart sections were made from 
the ligation site to the apex at 200- µm intervals. The 
sections were stained alternately with hematoxylin and 
eosin (general morphology), triphenyl tetrazolium chlo-
ride (tissue viability), Masson’s trichrome (fibrosis), and 
Prussian blue (iron- containing macrophages). To cal-
culate fibrotic areas, the ratio of collagen- positive area 
in Masson’s trichrome staining versus the total left ven-
tricular (LV) section area was analyzed using Image- 
Pro- Plus (V6.0; Media Cybernetics, Rockville, MD).37 
To measure cardiomyocyte size, 5 sections per heart 
were stained with rhodamine- conjugated wheat germ 
agglutinin (Vector Laboratories, Burlingame, CA). Five 
randomly selected fields per section were analyzed in 
a blinded manner. Short axis diameters of at least 200 
intact myocytes were measured at the nucleus plane 
with Image- Pro- Plus software.16

Measurements of Plasma Factors and 
cGMP in Tissues
At 4  weeks after MI or 8  weeks after TAC surgery, 
blood and LV tissues were collected. ELISA kits were 
used to measure plasma levels of ANP (E- EL- M0166c; 
Elabscience, Houston, TX), BNP (E- EL- M0204c; 
Elabscience), N- terminal (NT)- pro- ANP (SEA484Mu; 
Cloud- Clone Corporation, Houston, TX), cGMP 
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(ADI- 900- 013; Enzo Life Sciences), angiotensin II (EIAM- 
ANGII- 1; RayBiotech, Norcross, GA) and aldosterone 
(E- EL- 0070c; Elabscience). In NT- pro- ANP ELISA, the 
polyclonal antibody was against a pro- ANP fragment 
(Asn25- Arg122), overlapping with NT- pro- ANP and pro- 
ANP moieties. To measure cGMP levels in heart tissues, 
LV samples were weighed and homogenized in the lysis 
buffer described above. cGMP levels in tissue homoge-
nates were measured by ELISA. All ELISA procedures 
were done according to manufacturers’ protocols.

Statistical Analysis
Data were analyzed using Prism 8.0 (Graphpad 
Software, La Jolla, CA). Quantitative data are pre-
sented in mean±SEM. Comparisons between 2 groups 
were done using Student’s t test. Data from 3 or more 
groups were analyzed with one- way ANOVA followed 
by Tukey’s post hoc analysis. P values  <  0.05 were 
considered as statistically significant.

RESULTS
Expression, Purification, and Activation of 
Soluble Corin
Corin is a multidomain protease (Figure  1A). The 
N- terminal cytoplasmic tail is followed with a trans-
membrane domain and an extracellular region that 

includes 2 frizzled domains, 8 low- density lipopro-
tein receptor repeats, a scavenger receptor domain, 
and a serine protease domain. Corin is synthesized 
as a zymogen, which is activated on the cell surface 
by proprotein convertase subtilisin/kexin 6 at a con-
served site (Figure 1A).38 Previously, a soluble form 
of corin, consisting of an Igκ signal peptide and the 
entire extracellular region of corin (Figure  1B), was 
found active in cell- based pro- ANP processing stud-
ies.31 The proprotein convertase subtilisin/kexin 6 
cleavage site could be replaced by an enterokinase 
cleavage site (Figure 1B),31 allowing better controlled 
activation of the sCorin before it was administered 
in vivo.

We expressed sCorin with the enterokinase ac-
tivation site in CHO- K1 cells and purified it from the 
conditioned medium by affinity chromatography. In 
SDS- PAGE followed by Coomassie blue staining and 
western blotting, sCorin appeared as a single band of 
~150 kDa (Figure S1A). Purified sCorin was activated 
by recombinant enterokinase in a dose- dependent 
manner, as shown by western blotting under reduc-
ing and nonreducing conditions (Figure  S1B). The 
enterokinase- activated sCorin converted human 
pro- ANP to ANP, as indicated by western blotting 
(Figure 1B). The sCorin- generated ANP exhibited the 
activity in stimulating cGMP generation in a cell- based 
assay (Figure 1C).

Figure 2. Left ventricular (LV) function in sham- operated mice and mice with myocardial infarction (MI) that were treated 
with vehicle or soluble corin (sCorin).
Echocardiography was done before (0  week) and after (1– 4  weeks) the surgery to examine ejection fraction (EF) (A), fractional 
shortening (FS) (B), LV end- diastolic dimension (LVEDD) (C) and volume (LVEDV) (D), and LV end- systolic dimension (LVESD) (E) and 
volume (LVESV) (F). Data are mean± SEM; n=9- 10 per group. P values among 3 groups at the same time point were analyzed by 1- way 
ANOVA and Tukey’s post hoc analysis.
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Pharmacokinetic Studies of Soluble Corin
We next did pharmacokinetic studies in mice. After 
intravenous injection, sCorin was detected by west-
ern blotting and ELISA in plasma samples collected 
up to 12 hour with a calculated half- life of 3.5±0.1 hour 
(Figure 1D). In parallel experiments, in which sCorin was 
injected intraperitoneally, plasma sCorin levels peaked 
at ~2 hour and decreased gradually over time. The cal-
culated plasma half- life was 8.3±0.3 hour (Figure 1E). 
These results indicate that sCorin can be administered 
either intravenously or intraperitoneally to achieve de-
tectable plasma levels in mice.

Soluble Corin Improves Cardiac Function 
in Mice With HF Induced by MI
We tested a mouse HF model induced by left coro-
nary artery ligation and acute MI. Cardiac function 
was assessed by echocardiography before and after 
the surgery (Figure S2A and S2B). Compared with 
mice in the sham group, mice of the MI group had de-
creased ejection fraction (68.4±1.6 versus 38.4±4.0%) 
and fractional shortening (37.4±1.2 versus 18.6±2.2%), 

increased left ventricular end- diastolic dimension 
(3.5±0.1 versus 4.3±0.1  mm) and volume (52.1±3.8 
versus 81.5±4.0  μL), and increased LV end- systolic 
dimension (2.2±0.1 versus 3.5±0.1  mm) and volume 
(16.7±1.8 versus 49.6±2.3  μL) (Figure S2C through 
S2H). In histologic analysis, cardiac sections from 
the mice with MI had less viable myocytes and more 
scar tissues and fibrosis, as indicated by Masson’s 
trichrome and triphenyl tetrazolium chloride staining 
(Figure S3A and S3B). Prussian blue staining revealed 
more iron- containing macrophages in lung sections 
from mice with MI (Figure S3C and S3D). These results 
are consistent with reported findings in this common 
mouse model of HF.37

To examine the efficacy of sCorin, we injected 
purified and enterokinase- activated sCorin or ve-
hicle in mice that had MI (intraperitoneally daily for 
3 weeks, starting at 1 week after surgery) (Figure S4). 
As expected, mice with MI had reduced cardiac 
function, compared with that in sham controls 
(Figure 2A through 2F). Within the MI group, mice re-
ceiving sCorin had better cardiac function compared 
with that in vehicle- treated mice, as indicated by 

Figure 3. Analysis of heart and lung tissues in sham- operated mice and mice with MI that were treated with vehicle or 
soluble corin (sCorin).
A and B, Ratios of heart weight (HW) were normalized to body weight (BW) (A) or tibia length (TL) (B). C and D, Ratios of lung weight 
(LW) were normalized to BW (C) or TL (D). Data are mean±SEM. P values were analyzed by 1- way ANOVA and Tukey’s post hoc 
analysis. E, Serial heart sections from the left coronary artery ligation site toward the apex were stained with Masson’s trichrome. 
Scale bars: 100 μm. Scar areas (blue) were quantified by Image- Pro- Plus software. Quantitative data (mean±SEM) are shown in (F). P 
values were analyzed by 1- way ANOVA and Tukey’s post hoc analysis.
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increased ejection fraction and fractional shortening 
and decreased LV end- diastolic dimension, LV end- 
diastolic volume, LV end- systolic dimension, and LV 
end- systolic volume, starting at 2 weeks after sCorin 
injection (Figure 2A through 2F).

At 4  weeks after surgery, we analyzed hearts 
and lungs from the mice. Compared with those in 
the sham group, mice in the MI group had increased 
cardiac hypertrophy and pulmonary congestion, as 
indicated by increased ratios of heart weight and 
lung weight versus body weight (BW) or tibia length 
(TL), respectively (Figure 3A through 3D). Within 
the MI group, heart weight/BW or heart weight/TL 
and lung weight/BW or lung weight/TL ratios were 
lower in sCorin– treated mice than vehicle- treated 
mice (Figure 3A through 3D). In Masson’s trichrome- 
stained serial heart sections, scar tissues and fibrosis 
were less in sCorin- treated mice than vehicle- treated 
mice (Figure 3E and 3F).

In plasma samples collected at 4 weeks after sur-
gery (Figure 4A through 4F), decreased levels of ANP 
and cGMP and increased levels of NT- pro- ANP, angio-
tensin II, and aldosterone were found in the MI group, 
compared with those in the sham group. Levels of 

plasma BNP were similar between the sham group 
and the vehicle- treated MI group (Figure  4B). Within 
the MI group, sCorin– treated mice had higher levels 
of plasma ANP, BNP, and cGMP (Figure 4A through 
4C) and lower levels of plasma NT- pro- ANP, angio-
tensin, and aldosterone (Figure 4D through 4F), com-
pared with those in vehicle- treated mice. In LV tissues 
collected at 4 weeks after surgery, cGMP levels were 
higher in sCorin– treated mice than vehicle- treated mice 
(Figure  4G). These results indicate that sCorin treat-
ment enhanced natriuretic peptide processing and 
activity, inhibited the renin- angiotensin- aldosterone 
system, and improved cardiac function in the mouse 
model of HF induced by acute MI.

Soluble Corin Improves Cardiac Function 
in Mice With HF Induced by TAC

To verify our findings, we tested another mouse HF 
model induced by TAC. As reported, TAC reduced 
cardiac function (Figure S5) and caused cardiac hy-
pertrophy (Figure S6), as shown by echocardiogra-
phy and histologic analysis. We treated mice with 
peritoneal injection of enterokinase- activated sCorin 

Figure 4. Analysis of plasma factors and left ventricular (LV) cGMP levels in sham- operated mice and mice with myocardial 
infarction (MI) treated with vehicle or soluble corin (sCorin).
Plasma samples were collected at 4 weeks after surgery. Levels of ANP (A), BNP (B), cGMP (C), NT- pro- ANP (D), angiotensin II (E), 
and aldosterone (F) in plasma samples and cGMP levels in LV tissues (G) were analyzed by ELISA. Data are mean±SEM. P values were 
analyzed by one- way ANOVA and Tukey’s post hoc analysis. ANP indicates atrial natriuretic peptide; BNP, B- type natriuretic peptide; 
and NT- pro- ANP, N- terminal proatrial natriuretic peptide.
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or vehicle (intraperitoneally daily for 7 weeks, start-
ing at 1 week after surgery) (Figure S7). Compared 
with vehicle- treated mice, sCorin– treated mice had 
improved cardiac function, as indicated by increased 
ejection fraction and fractional shortening, and de-
creased LV end- diastolic dimension, LV end- diastolic 
volume, LV end- systolic dimension, and LV end- 
systolic volume, starting at 5 weeks after sCorin in-
jection (Figure 5A through 5F).

At 8 weeks after surgery, sCorin- treated mice were 
found to have smaller hearts (Figure  6A and Figure 
S8A) and reduced heart weight that was normalized 
to BW or TL (Figure 6B and 6C), compared with those 
in vehicle- treated mice. Unlike in the MI model, pulmo-
nary congestion was less severe in the TAC model. 
Compared with vehicle- treated mice, sCorin– treated 
mice had reduced lung weight/BW and lung weight/
TL ratios, although the difference was not statistically 
significant (Figure S8B and S8C).

In hematoxylin and eosin– , wheat germ agglutinin– , 
and Masson’s trichrome– stained heart sections prepared 
at 8 weeks after surgery, increased cardiomyocyte diam-
eters and fibrosis were found in mice with TAC, compared 
with the sham controls (Figure 6D through 6F). Within the 
TAC group, myocyte hypertrophy and cardiac fibrosis 
were less severe in sCorin– treated mice, compared with 
those in vehicle- treated mice (Figure 6D through 6F).

Compared with vehicle treatment, sCorin treat-
ment increased ANP, BNP, and cGMP levels (Figure 7A 

through 7C) and decreased plasma NT- pro- ANP, an-
giotensin II, and aldosterone levels (Figure 7D through 
7F) in plasma samples collected at 8 weeks after TAC. 
Levels of cGMP in LV tissues collected at 8  weeks 
after TAC were also higher in sCorin– treated mice than 
vehicle- treated mice (Figure  7G). These results are 
consistent with findings in the MI model, indicating the 
therapeutic efficacy of sCorin in mouse models of HF.

DISCUSSION
In this study, we tested the hypothesis of using recom-
binant corin to enhance natriuretic peptide activity as 
a therapeutic strategy to improve cardiac morphology 
and function in HF. We expressed and purified sCorin, 
consisting of the extracellular region of corin and an en-
gineered enterokinase activation site. We showed that 
enterokinase- activated sCorin converted pro- ANP to 
biologically active ANP, which in turn stimulated cGMP 
production in cultured cells. Importantly, we found 
that sCorin can be administered either intravenously 
or intraperitoneally to achieve detectable plasma lev-
els in mice. The observed plasma half- lives of sCorin, 
administered intravenously and intraperitoneally, were 
>3 hours and >8 hours, respectively, much longer than 
those of recombinant ANP and BNP (<15 minutes).39

Under physiological conditions, protease activi-
ties are tightly regulated to prevent undesired con-
sequences. For example, tissue- type plasminogen 

Figure 5. Left ventricular (LV) function in sham- operated mice and mice with transverse aortic constriction (TAC) that were 
treated with vehicle or soluble corin (sCorin).
Echocardiography was done before (0  week) and after (2– 8  weeks) the surgery to examine ejection fraction (EF) (A), fractional 
shortening (FS) (B), LV end- diastolic dimension (LVEDD) (C) and volume (LVEDV) (D), and LV end- systolic dimension (LVESD) (E) and 
volume (LVESV) (F). Data are mean±SEM; n=9 per group. P values among 3 groups at the same time point were analyzed by 1- way 
ANOVA and Tukey’s post hoc analysis.
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activator activity is inhibited by plasminogen activator 
inhibitor- 1 in plasma. Tissue- type plasminogen activa-
tor is used as a thrombolytic agent to treat acute MI 
and stroke.40 To achieve better thrombolytic efficacy in 
patients, a mutant tissue- type plasminogen activator 
has been engineered to be more resistant to plasmin-
ogen activator inhibitor- 1 inhibition and hence a longer 
half- life in circulation.41 To date, no physiological corin 
inhibitors have been found. Corin- mediated pro- ANP 
processing occurs in the presence of human plasma.31 
Such a plasma- resistant characteristic suggests that 
recombinant forms of corin likely remain active in 
circulation.

The natriuretic peptide function is mediated by 
the receptor- dependent stimulation of intracellu-
lar cGMP production.2 In healthy individuals and 
patients with HF, intravenous infusion of ANP or 

BNP increased plasma cGMP levels.42,43 In a ca-
nine model, intravenous bolus injection of pro- ANP 
also increased plasma cGMP levels,44 suggesting 
that exogenous pro- ANP may be converted to ANP 
in vivo. Consistently, we found higher plasma ANP, 
BNP, and cGMP levels in sCorin– treated mice than 
vehicle- treated mice. We also observed lower levels 
of NT- pro- ANP in sCorin– treated mice. The antibody 
in the NT- pro- ANP ELISA kit recognizes both NT- 
pro- ANP and pro- ANP moieties. It is unclear if the 
results actually reflect lower plasma pro- ANP levels 
in sCorin– treated mice. ANP is known to antago-
nize the renin- angiotensin- aldosterone system.1,3 
We detected reduced plasma levels of angiotensin 
II and aldosterone in sCorin– treated mice. Moreover, 
sCorin- treated mice had higher cGMP levels in LV tis-
sues. These data indicate that sCorin is functional in 

Figure 6. Analysis of heart tissues in sham- operated mice and mice with transverse aortic constriction (TAC) treated with 
vehicle or soluble corin (sCorin).
A, Representative heart images (top panels) and hematoxylin and eosin (H&E)- stained sections (lower panels) were from mice at 
8 weeks after surgery. Scale bars: 1 mm. B and C, Ratios of heart weight (HW) to body weight (BW) (B) or tibia length (TL) (C) were 
calculated. Data are mean±SEM. P values were analyzed by one- way ANOVA and Tukey’s post hoc analysis. D, Representative heart 
sections stained by hematoxylin and eosin, wheat germ agglutinin (WGA), and Masson’s trichrome. Scale bars are indicated. E, Short- 
axis cardiomyocyte diameters at the nucleus plane were measured. Data are mean±SEM from 200 individual cardiomyocytes in >3 
randomly selected section from each mouse. n=8 per group. P values were analyzed by 1- way ANOVA and Tukey’s post hoc analysis. 
F, Areas of fibrosis (blue in Masson’s trichrome- stained sections) were quantified by Image- Pro- Plus software. Data are mean±SEM. 
n=8 per group. P values were analyzed by one- way ANOVA and Tukey’s post hoc analysis.
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vivo in promoting natriuretic peptide processing and 
activity, which enhances natriuretic peptide recep-
tor- A signaling and suppresses the renin- angiotensin- 
aldosterone system. Importantly, we showed that 
sCorin treatment improved cardiac morphology and 
function in 2 independent mouse models of HF.

In addition to its systemic function in lowering blood 
volume and pressure, which reduces cardiac hyper-
trophy indirectly, ANP also has a direct antihypertro-
phic function in the heart.5– 7 The molecular mechanism 
underlying the direct antihypertrophic function of ANP 
is not fully elucidated. Recently, corin overexpression 
was shown to inhibit oxidative stress– induced apop-
tosis in cultured cardiomyocytes via a mechanism in-
volving PI3K/AKT and NF- κB signaling pathways.45 In 
transgenic mouse models, corin overexpression in the 
heart reduced cardiomyocyte death and the mortality 
caused by cardiomyopathy.29,30 These data indicate 
a local corin- ANP signaling mechanism important for 
cardiomyocyte homeostasis and survival. Consistently, 
sCorin- treated mice had reduced cardiac hypertrophy 
and fibrosis, compared with those in vehicle- treated 
mice, indicating a beneficial effect of sCorin on cardiac 

morphology and function in the mouse HF models 
caused by acute MI and pressure overload.

The primary function of proteases is to cleave pep-
tide bonds. Recently, it was reported that overexpres-
sion of a catalytically inactive corin mutant ameliorated 
cardiac function in mice with dilated cardiomyopathy.46 
This finding is intriguing, although the underlying bio-
chemical basis remains unclear. In recent years, non-
catalytic activities have been reported in other cell 
membrane– bound serine proteases, including prosta-
sin47,48 and matriptase- 2,49 which are crucial in epithelial 
function and iron metabolism, respectively.50– 52 Within 
the natriuretic peptide family, corin activates pro- ANP 
and pro- BNP, but not pro- C- type natriuretic peptide.53 
It is possible that corin has other noncatalytic func-
tion(s) that are yet to be discovered. Future studies are 
required to determine if a catalytically inactive form of 
soluble corin is efficacious in animal models of HF.

Strengths of this study include in vitro and pharma-
cokinetic characterization of sCorin and demonstration 
of beneficial effects of sCorin on natriuretic peptide ac-
tivity and cardiac morphology and function in 2 inde-
pendent mouse models of HF. Our experiments involve 

Figure 7. Analysis of plasma factors and left ventricular (LV) cGMP levels in sham- operated mice and mice with transverse 
aortic constriction (TAC) treated with vehicle or soluble corin (sCorin). Plasma samples were collected at 8 weeks after 
surgery.
Levels of ANP (A), BNP (B), cGMP (C), NT- pro- ANP (D), angiotensin II (E), and aldosterone (F) in plasma samples and cGMP levels in 
LV tissues (G) were analyzed by ELISA. Data are mean±SEM. P values were analyzed by 1- way ANOVA and Tukey’s post hoc analysis. 
ANP indicates atrial natriuretic peptide; BNP, B- type natriuretic peptide; NT- pro- ANP, N- terminal proatrial natriuretic peptide; and 
Veh, vehicle.
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multiple complementary approaches, including bio-
chemical, cellular, histologic, and echocardiographic 
analyses. It should be pointed out that our study is 
mostly translational but not mechanism oriented. Future 
studies are required to understand the local versus 
systemic and the catalytic versus noncatalytic activities 
of corin in improving the function of failing hearts.

In conclusion, corin is a key protease in the na-
triuretic peptide system. Here, we show that a solu-
ble form of recombinant corin was biologically active 
and had desired in vivo pharmacokinetic profiles. In 
2 mouse models of HF, intraperitoneally administered 
sCorin enhanced natriuretic peptide activity, inhibited 
the renin- angiotensin- aldosterone system, reduced 
cardiac hypertrophy and fibrosis, and improved car-
diac function. These results suggest that recombinant 
corin– based strategies may be used to develop new 
agents to treat HF.
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SUPPLEMENTAL MATERIAL 

 

 

 



Figure S1. Analysis of purified and enterokinase (EK)-activated sCorin. 

 

 

A, sCorin was expressed in CHO-K1 cells, purified by affinity chromatography, and analyzed by 

SDS-PAGE followed by Coomassie blue staining (left panel) and western blotting using an anti-

V5 antibody (right panel). B, sCorin treated with increasing concentrations of EK was analyzed 

by western blotting under reducing (top panel) and non-reducing (lower panel) conditions. The 

corin protease domain fragment (corin-p) after activation cleavage is indicated. Data are 

representative at least three experiments. 

  



Figure S2. Myocardial infarction (MI)-induced HF model in mice. 

 

Left coronary artery ligation or sham operation was performed in male C57BL/6 mice (10-12-week 

old) (n = 7 per group). Echocardiography was used to assess cardiac function before (0 w) and 

one week post-surgery, as illustrated in (A). Representative echocardiographic images are shown 

in (B). Values of ejection fraction (EF) (C), fractional shortening (FS) (D), LV end diastolic 

dimension (LVEDD) (E) and volume (LVEDV) (F), and LV end systolic dimension (LVESD) (G) 

and volume (LVESV) (H) are shown. Data are mean ± SEM. P values were analyzed by one-way 

ANOVA and Tukey’s post hoc analysis. 

  



Figure S3. Analysis of heart and lung tissues in sham-operated mice and mice with MI 
caused by left coronary artery ligation. 

 

Tissues were collected at one week post-surgery. A, Representative heart sections stained by 

Masson’s trichrome. Scar tissues are in blue. Scale bars: 100 μm. B, Serial heart sections from 

the left coronary artery ligation site forward the apex were stained by triphenyl tetrazolium chloride 

(TTC). Scale bars: 200 μm. C, Representative lung sections stained by Prussian blue to indicate 

iron-containing macrophages (arrows). D, Quantitative data of Prussian blue-stained lung 

sections. Data are mean ± SEM. P values were analyzed by Student’s t test. 

  



Figure S4. sCorin treatment in MI-induced mouse HF model. 

 

A, Illustration of echocardiography and sCorin or vehicle (Veh) treatment in mice. B, 

Representative echocardiographic images in sham-operated mice and mice with MI that were 

treated with vehicle (Veh) or sCorin. 

  



Figure S5. Transverse aortic constriction (TAC)-induced HF model in mice. 

 

TAC or sham operation was performed in male C57BL/6 mice (10-12-week old) (n = 8 per group). 

Echocardiography was used to assess cardiac function before (baseline at 0 w) and after (2-8 w) 

the surgery, as illustrated in (A). Representative echocardiographic images are shown in (B). 

Values of ejection fraction (EF) (C), fractional shortening (FS) (D), LV end diastolic dimension 

(LVEDD) (E) and volume (LVEDV) (F), and LV end systolic dimension (LVESD) (G) and volume 

(LVESV) (H) at 8 weeks post-surgery are shown. Data are mean ± SEM. P values were analyzed 

by one-way ANOVA and Tukey’s post hoc analysis. 

  



Figure S6. Analysis of heart tissues in sham-operated mice and mice with TAC. 

 

Tissues were collected at 8 weeks post-surgery. A, Representative heart images (top panels) and 

sections stained by H&E (lower panels). Scale bars: 1 mm. B, Relative heart sizes indicated by 

areas of heart images analyzed by Image-Pro-Plus software. C, Ratios of heart weight (HW) to 

body weight (BW). Data are mean ± SEM. P values were analyzed by Student’s t test. 

  



Figure S7. sCorin treatment in TAC-induced mouse HF model. 

 

A, Illustration of echocardiography and sCorin or vehicle (Veh) treatment in mice. B, 

Representative echocardiographic images in sham-operated mice and mice with TAC that were 

treated with vehicle (Veh) or sCorin. 

  



Figure S8. Analysis of hearts and lungs in sham-operated mice and mice with TAC. 

 

A, Hearts from sham-operated mice and mice with TAC with vehicle (Veh) or sCorin treatment 

were collected at 8 weeks post-surgery. Relative heart sizes indicated by areas of heart images 

analyzed by Image-Pro-Plus software. B and C, Values of lung weight (LW) were normalized with 

body weight (BW) (B) or tibia length (TL) (C). Data are mean ± SEM. P values were analyzed by 

one-way ANOVA and Tukey’s post hoc analysis. 

 


