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Novel Antihypertension Mechanism of b-Glucan by Corin
and ANP-Mediated Natriuresis in Mice
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ABSTRACT
Many of the b-glucans are known to have antihypertensive activities, but, except for angio-
tensin-converting enzyme II inhibition, the underlying mechanisms remain unclear. Corin is
an atrial natriuretic peptide (ANP)-converting enzyme. Activated corin cleaves pro-ANP to
ANP, which regulates water–sodium balance and lowers blood pressure. Here, we reported a
novel antihypertensive mechanism of b-glucans, involved with corin and ANP in mice. We
showed that multiple oral administrations of b-glucan induced the expression of corin and
ANP, and also increased natriuresis in mice. Microarray analysis showed that corin gene
expression was only upregulated in mice liver by multiple, not single, oral administrations of
the b-glucan fraction of Phellinus baumii (BGF). Corin was induced in liver and kidney tissues
by the b-glucans from zymosan and barley, as well as by BGF. In addition to P. baumii,
b-glucans from two other mushrooms, Phellinus linteus and Ganoderma lucidum, also
induced corin mRNA expression in mouse liver. ELISA immunoassays showed that ANP pro-
duction was increased in liver tissue by all the b-glucans tested, but not in the heart and
kidney. Urinary sodium excretion was significantly increased by treatment with b-glucans in
the order of BGF, zymosan, and barley, both in 1% normal and 10% high-sodium diets. In
conclusion, we found that the oral administration of b-glucans could induce corin expres-
sion, ANP production, and sodium excretion in mice. Our findings will be helpful for investi-
gations of b-glucans in corin and ANP-related fields, including blood pressure, salt–water
balance, and circulation.
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1. Introduction

Hypertension is a leading cause of morbidity and
mortality from stroke, myocardial infarction, heart
failure, and ischemic heart diseases. Crisis symptoms
associated with hypertension are cerebral infarction
or hemorrhage, acute pulmonary edema and hyper-
tensive encephalopathy [1]. Many of the conven-
tional medicines were developed to treat
hypertension by acting as diuretics, adrenergic
receptor agonist/antagonists, calcium channel block-
ers, angiotensin-converting enzyme (ACE) inhibi-
tors, aldosterone antagonists, and vasodilators [2].
Genes responsible for inducing hypertension include
renin (REN), ACE, Na-Cl cotransporter (SLC12A3),
and endothelin receptor type A (EDNRA). In con-
trast, blood pressure-lowering genes were reported
by the Framingham Heart Study (FHS) [3]. These
include solute carrier family 12 member 3
(SLC12A3), SLC12A1, and KCNJ1. Different from
genes, vasoconstricting peptides, such as angiotensin
II, endothelins, and neuropeptide Y, and vasodilat-
ing peptides, such as bradykinin, ANP, BNP, CGRP,
and VIP, have been reported [4].

Corin is an important enzyme in the natriuretic
peptide system and its gene was first identified as
an unusual mosaic serine protease from human
heart. As a transmembrane protein, corin has vari-
ous extracellular domains containing two frizzled-
like cysteine-rich motifs, seven LDL receptor
repeats, a macrophage scavenger receptor-like
domain, and a trypsin-like protease domain [5].
Among the extracellular domains of corin, the tryp-
sin-like protease domain is responsible for the proc-
essing of pro-ANP to active ANP, which is
responsible for various biological functions, such as
natriuresis, vasodilation, and anticancer activities.
Diseases associated with corin include preeclampsia
and eclampsia. Pregnant corin- or ANP-deficient
mice were shown to develop high blood pressure
and proteinuria, characteristics of pre-eclampsia [6].

ANP peptide can be produced in the heart by the
enzymatic action of corin. ANP is a 28-amino acid
peptide that belongs to a family of cardiac hor-
mones, performing a crucial role in the cardiovascu-
lar homeostasis of blood volume and pressure
regulation. In the heart, ANP is originally
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synthesized as a 151-amino acid pre-propeptide.
Through signal peptide processing in the endoplas-
mic reticulum, pro-ANP is produced in atrial cardi-
omyocyte granules by the removal of a signal
peptide with the aid of signal peptidase. Pro-ANP is
further proteolytically cleaved by the convertase
corin, producing mature ANP (COOH-terminal)
and an NH2-terminal propeptide. The latter is fur-
ther cleaved to three natriuretic heart hormones,
long-acting natriuretic peptide (LANP), vessel dila-
tor (VSDL), and kaliuretic peptide (KP) [7]. All the
corin-mediated heart hormones of ANP, LANP,
VSDL, and KP have natriuresis functions, as well as
very strong anticancer activities [8].

b-Glucan is one of the most abundant forms of
polysaccharides found on the cell wall of fungi,
mushrooms, and cereals. Glucans can be synthesized
either as an a-glucan or b-glucan, depending on the
type of linkage between the constituting subunits.
As mammalians do not have b-glucanase, orally
administered b-glucans reach the intestine in an
intact state and can be absorbed into the intestinal
membrane, finally reaching the circulating systems
[9]. Therefore, orally administered b-glucans show
many biological activities including antitumor,
immunomodulating, bone injury healing, anti-dia-
betic, cholesterol-lowering, and antigenotoxic activ-
ities [10]. b-Glucans have been reported to have
antihypertensive efficacy in hypertensive and hyper-
lipidemic persons, patients with type 2 diabetes,
hypertensive patients, and obese persons [11].
However, most of the previous research did not elu-
cidate the antihypertensive mechanism of b-glucans.
Antihypertensive polysaccharides have also been
obtained from various sources, including microbes,
Gastrodia elata Blume, oysters, and brown alga,
with the ability to block the ANP receptor, increase
nitric oxide (NO), and inhibit ACE II [12,13].

We previously demonstrated that polysaccharide
of P. linteus [14] prevented tumor metastasis by
inducing tissue inhibitor of metalloproteinase-1
(TIMP-1) and IL-23 in mice and RAW264.7 cells.
We also reported that b-glucan from P. baumii
induced flavin-containing monooxygenase (FMO)
and activated NADPH oxidase, suggesting that
b-glucan could enhance the detoxification of xeno-
biotics and macrophage-mediated phagocytosis,
respectively [15,16]. In this study, we reported the
induction of corin gene expression by oral b-glucan
treatment, which led to an increase in natriuresis by
augmenting ANP production in mice. In addition to
b-glucan from mushrooms, we also showed that
b-glucans from Saccharomyces cereviceae and
Hordeum vulgare had ANP-augmenting properties.
Although b-glucan has been reported to have anti-
hypertensive properties, the mechanism of action

has not yet been reported. As far as we know, this
report on corin expression and ANP production is
the first one elucidating the antihypertensive mech-
anism of b-glucan. As ANP has powerful antihyper-
tensive activity, ANP-inducing b-glucans from
natural products can be applied to hypertensive
patients without any side effects.

2. Materials and methods

2.1. Materials and chemicals

The b-glucan fraction (BGF) was obtained from the
carpophores of P. baumii as described previously
[16]. Briefly, dried and powdered carpophores were
extracted with distilled water at 100 �C for 10 h. The
filtered extract was concentrated in vacuo, and three
volumes of ethanol were added at 4 �C for 4 h to
precipitate the crude BGF. The crude BGF was puri-
fied by passing through a Sephacryl S-400HR col-
umn (Sigma-Aldrich, St. Louis, MO, USA) and BGF
was obtained as a strong single band. The b-glucan
content in the BGF was 84% by analysis with a
mushroom and yeast assay kit (Megazyme, Bray,
Ireland). b-Glucans of yeast zymosan A from
Saccharomyces cerevisiae and barley were obtained
from Sigma-Aldrich. Mouse diets containing 1%
normal and 10% high-salt were obtained from
Samtako (Osan, Korea).

The polymerase chain reaction (PCR) primers for
corin and GAPDH were synthesized by
Cosmogenetech (Seoul, Korea). The forward and
reverse primer sequences (50!30) of corin were
50GTC CGC ATT ATT CCT CTG GA30 and 50

CAA ACC AGA GGA CCA CCA CT30, respectively.
Those of GAPDH were 50 ACC GCA GCT AGG
AAT AAT GGA ATA 30 and 50 CTT TCG CTC
TGG TCC GTC TT 30, respectively. Oligo deoxythy-
mine, 5X reaction buffer, Moloney murine leukemia
virus (M-MLV) reverse transcriptase, and SYBR
green qPCR PreMIX were obtained from
Enzynomics (Daejeon, Korea).

2.2. Animal treatment for microarray

To perform microarray analysis for the induction
of some genes in the liver, heart, and kidney,
crude BGF was orally administered to ICR mice at
a concentration of 100mg/kg (n¼ 3 mice/group)
in a volume of 0.25mL once per day for one or
seven days. Total RNA extracts were obtained
from the liver, heart, and kidney as described pre-
viously [15]. Briefly, after a single (SOA) or mul-
tiple (MOA) oral administrations of crude BGF in
mice over seven days, total mRNA was obtained
from the liver for microarray. To obtain total
RNA extract from the liver, about 200mg of liver
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tissue was treated with 1.5mL of an RNA-stabiliz-
ing reagent (Sigma-Aldrich) to preserve the total
RNAs. After a quality analysis of the RNA, only
the well-stabilized RNA samples were analyzed
using a mouse gene 1.0 ST array (Affymetrix Inc.,
Santa Clara, CA, USA).

2.3. Real-time PCR

BGF or zymosan was administered to ICR male mice
(8weeks old, n¼ 4, Samtako) at a concentration of
100mg/kg for seven days. Total mRNA was obtained
as previously reported [15]. Tissues (0.2 g) from the
liver, heart, and kidney of the mice were washed with
phosphate-buffered saline (PBS) and lysed with 1mL
Trizol reagent (Favorgen, Ping-Tung, Taiwan) for
5min. The RNA-containing aqueous phase was
obtained by adding 250lL chloroform (Sigma-
Aldrich) and the RNA was precipitated with 550lL of
isopropyl alcohol (Sigma-Aldrich). The obtained RNA
pellet was washed with 1mL of 75% ethanol/DEPC
and dissolved in 50lL of RNase-free DEPC water.
First-strand complementary DNA (cDNA) was syn-
thesized using Moloney murine leukemia virus (M-
MLV) reverse transcriptase (Promega, Madison, WI,
USA), which is an RNA-dependent DNA polymerase.
Mixtures of 2lg mRNA, 1lL 0.5lg/lL oligo dT
(Enzynomics, Daejeon, Korea), and 4lL DEPC-
treated water were incubated at 70 �C for 10min, then
placed on ice for at least 5min. The final reaction
mixture was prepared by adding 4lL of 5X reaction
buffer, 2lL of 10mmol/L DNTP mixture (Promega),
2.4lL double-distilled water, and 0.1lL RNase inhibi-
tor. The reaction was incubated at 42 �C for 3min
and 1lL M-MLV reverse transcriptase was added, fol-
lowed by further incubation for 60min at 42 �C.
cDNA synthesis was terminated by heating at 70 �C
for five min. The products were stored at �20 �C until
PCR analysis. To determine corin mRNA expression
in the mouse liver, lung, and kidney, real-time PCR
(RT-PCR) amplification was performed by adding Taq
polymerase to RT-PCR plates (multi-well PCR plates,
96-well clear; Bio-Rad, Hercules, CA, USA) containing
2 X Ampigene qPCR Green Mix Lo-Rox (Enzo Life
Science, Farmingdale, NY, USA), cDNA, and primers
specific for corin. The PCR plates were covered with
optical adhesive covers (Applied Biosystems, Foster
City, CA, USA) and centrifuged for 5min at
1,500 rpm. Amplification was performed by heating
for 2min at 95 �C (polymerase activation), followed
by repeated 40 cycles of 30 s at 95 �C (denaturation),
30 s at 65 �C (annealing/extension), and 1min at 72 �C
using an RT-PCR machine (CFX-Connect; Bio-Rad).
The PCR products were analyzed by 1% agarose gel
electrophoresis.

2.4. ELISA assay of ANP peptide

ANP peptides were extracted from the heart, liver,
and kidney of mice that were orally administered
100mg/kg/day of b-glucans from yeast, barley, and
P. baumii for seven days. Briefly, tissues (0.5 g) from
the organs were washed with PBS, followed by add-
ing 1mL PRO-PREP protein extraction solution
(Intron Biotechnology, Sungnamsi, Korea) and lysed
by adding bead-beater (TACO-prep; PhileKorea,
Seoul, Korea) at 4 �C using a homogenizer
(Wheaton, Millville, NJ, USA). The homogenized
tissues were centrifuged at 600 g for 10min and the
supernatants were again centrifuged at 15,000 g for
5min and the supernatants were finally centrifuged
at 15,000 g for 30min at 4 �C. The protein concen-
trations of the obtained tissue supernatants were
determined by the Bradford assay, which measures
the optical density of 2 lL tissue supernatant and
200 lL of 1X solution of protein assay dye reagent
concentrate (Bio-Rad) diluted with ultra-pure dis-
tilled water at 595 nm. The ANP concentrations in
the tissue supernatants were measured by the
RayBio Mouse ANP Enzyme Immunoassay Kit
(RayBiotech, Peachtree Corners, GA, USA). Briefly,
the microplate wells were treated with 100 lL of
anti-ANP antibody solution for 1.5 h at room tem-
perature with 1 cycle/sec shaking. The solution in
the well was discarded and washed four times with
200 lL of 1X wash buffer solution. Samples of
100 lL were added to each well and incubated for
2.5 h at room temperature with 1 cycle/sec shaking
and the solution was discarded and washed four
times with wash buffer. The plate was incubated for
45min at room temperature with shaking after add-
ing 100 lL of HRP-streptavidin solution to each
well. The solution in the well was discarded and
washed four times with wash buffer. Finally, the
plate was incubated at room temperature in the
dark with 1 cycle/sec shaking after adding 100lL of
TMB One-Step substrate reagent. After 30min incu-
bation, 50lL of stop solution was added to each
well and the OD450 was measured immediately with
a spectrophotometer.

2.5. Urinary excreted sodium assay

Mouse urine was collected in a specially designed
metabolic cage (4 mice/group). Before the experi-
ment, the ICR mice were acclimated to the labora-
tory environment for five days. Urine was collected
every day from day 1 to day 21 with the daily oral
administration of 100mg/kg/day BGF or zymosan
in mice fed normal diet (1% sodium) or high-
sodium diet (10% sodium). The body weights and
amount of diet and water consumed were measured
every day. The sodium contents of the urine were
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measured in 96-well clear flat-bottomed plates using
a BioVision Sodium Assay Kit (K391-100; Biovision,
Milpitas, CA, USA), which employs sodium ions as
a cofactor for the enzymatic activity of b-galactosi-
dase. Briefly, 10lL of the collected urine, 20 lL of
b-galactosidase, and 10lL of 10mM Na assay buffer
were added to the microplate wells and the plates
were incubated for 10min in the dark at 37 �C.
After incubation, 40 lL of the substrate solution was
added to each well and the plate was incubated for
30min at 37 �C in the dark. Then, 100 lL of Na
developer was added to each well, mixed well, and
the optical density was measured at 405 nm. Urinary
sodium concentrations were calculated by the fol-
lowing equation:

sodium concentration ðnmol=lLÞ ¼ B=V�D

where, B was the amount of sodium in the sample
well from the standard curve (nmol), V was the
sample volume added to the reaction well (lL), and
D was the sample dilution factor.

2.6. Statistical analysis

All values are expressed as mean ± standard devi-
ation. One-way analysis of variance (ANOVA) was
used to detect statistical significance. A value of
p< 0.05 was considered to be significant.

3. Results

3.1. Microarray analysis of mouse liver gene

To find novel functions of b-glucan from Phellinus
baumii, BGF was orally administered to ICR mice
for one or seven days at a concentration of 100mg/
kg/day. Among the modulated gene expression in
the liver by microarray analysis, we were interested
in proteolysis-associated gene expression and found
that genes for five proteins, phospholipid transfer
protein (PLTP), solute carrier family 3 member 1
(SLC3A1), cystatin 3 (CST3), corin, and serpin fam-
ily A member 7 (Serpin A7), were increased or
decreased in the liver. The average fold-changes in
PLTP, SLC3A1, and CST3 were 2.2, 0.5, and 0.5,
respectively, from a SOA of BGF. Those of corin
and Serpin A7 were 5.8 and 0.4, respectively, by
MOA (Table 1). As the corin expression was the
most strongly increased among the five proteolysis-
associated genes, we further investigated the effect
of corin on the biological activities in mice.

3.2. Validation of corin expression by RT-
PCR analysis

Microarray analysis of liver genes showed that BGF
induced corin 5.8-fold compared to the untreated

control group. We further validated the mRNA
expression of corin in mice liver and kidney tissues
by RT-PCR analysis. In addition to the BGF of
mushroom, b-glucans of yeast zymosan A from
Saccharomyces cerevisiae and barley were also ana-
lyzed by PCR. For the RT-PCR analysis of corin,
cDNA was constructed from the mRNAs obtained
from the liver and kidney tissues of ICR mice orally
administered BGF or the b-glucan of zymosan or
barley at 100mg/kg/day for seven consecutive days.
The PCR analysis of corin showed that the fold-
increases in corin expression in liver tissue by the
zymosan, barley, and BGF treatments were 10.7,
38.3, and 8.3, respectively, compared to the PBS-
treated control group. The expression of corin in
kidney tissue following treatment with zymosan,
barley, and BGF was increased 171.7-, 388.3-, and
330.0-fold, respectively, compared to the control
group (Figure 1(A)). Not only did mushroom b-glu-
can and BGF induce corin expression in mouse liver
and kidney tissues, but yeast and barley b-glucans
increased corin expression in kidney tissue much
more than in liver tissue. We also investigated
whether b-glucans from other mushrooms could
induce corin in mice. The RT-PCR analysis showed
that the b-glucans from P. baumii, P. linteus, and
Ganoderma lucidum also induced the expression of
corin in mouse liver tissue 2.4-, 1.7-, and 3.2-fold,
respectively, compared to the control group
(Figure 1(B)).

3.3. Production of ANP by corin in mice

Corin or pro-ANP convertase is a membrane-bound
protein enzyme with a trypsin-like protease domain.
The enzyme domain breaks down pro-ANP (126
amino acids) into ANP (28 amino acids) and an N-
terminal peptide (98 amino acids). Since corin
expression was induced by the treatment of mice
with b-glucans of P. baumii, yeast, and barley, ANP
production should be increased in tissues such as
liver, heart, and kidney. The amount of ANP pro-
duced was measured using an anti-ANP polyclonal
antibody in an ELISA immunoassay. The amount of
ANP from the heart tissue of mice treated with
zymosan, barley, and BGF for seven days was
129.8 ± 31.9 (112.5% of the control value of
115.3 ± 44.2), 71.6 ± 17.1 (62.1% of the control), and
106.8 ± 52.0 pg/mL (92.6% of the control), respect-
ively. The amount of ANP produced by the kidney
following zymosan, barley, and BGF treatment was
128.5 ± 7.2 (96.6% of the control value of
133.0 ± 8.1), 127.9 ± 6.4 (96.2% of the control), and
112.9 ± 6.7 pg/mL (84.9% of the control), respect-
ively. The liver ANP produced from zymosan, bar-
ley, and BGF treatment was 664.7 ± 5.4 (111.9% of
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the control value of 593.7 ± 144.2), 733.0 ± 92.8
(123.5% of the control), and 746.1 ± 43.1 pg/mL
(125.7% of the control), respectively (Figure 2). The
ELISA immunoassay showed that ANP production
was significantly increased in the liver tissue of mice
administered barley b-glucans (123.5%) or BGF
(125.7%) for seven days.

3.4. Urinary excretion of sodium by ANP in mice

ANP has various biological activities, such as natri-
uresis, diuresis, vasodilation, smooth muscle relax-
ation, and anticancer activities. Among the various
activities of ANP, we were interested in natriuresis,
which is related to the antihypertensive mechanism
of b-glucan. The mice were orally administered
zymosan or barley b-glucans or BGF for 21 days at
100mg/kg/day along with a 10% sodium diet (high-
salt diet). Body weight, food intake, and water
intake were measured daily during the 21 days of
oral treatment with the b-glucans. Body weight

changes of the control, zymosan, barley, and BGF
groups over 21 days were 4.65, 6.17, 4.10, and 5.48 g,
respectively. The total food intake amounts in the
control, zymosan, barley, and BGF groups were
96.4, 104.3, 100.3, and 94.0 g, respectively, during
the 21 days of oral b-glucan administration to the
mice. Water intake in the control, zymosan, barley,
and BGF groups was 677.5, 751.2, 698.3, and
632.5 g, respectively (Figure 3). When the mice were
fed 10% sodium diet instead of normal 1% sodium
diet, neither food and water intake nor body weight
was affected during the 21 days of administration of
zymosan and barley b-glucans and BGF.

We next measured the amount of urinary sodium
excreted by mice fed 1% and 10% sodium diets. The
mice fed 1% normal diet and BGF or zymosan and
barley b-glucans showed higher urinary sodium
excretion during the first four days compared to the
control group. From the 5th day, the barley group
showed a natriuresis pattern similar to the control
group. In contrast, the BGF and zymosan groups

Table 1. Expression of proteolysis-associated genes in mice liver by single (SOA) or multiple oral (MOA) BGF administrations.

Gene symbol Biological activity NOA

Expression in liver (log2)
Average

fold changeControl BGF

PLTP � Transportation of lipid and cholesterol
� Vitamin E biosynthetic process
� Sperm motility

SOA 9.7 10.8 2.2

SLC3A1 � Amino acid transport in membrane
� Proteolysis
� Reabsorption of cystine in the kidney

SOA 10.1 9.1 0.5

Corin � Regulation of systemic arterial blood pressure by atrial natriuretic peptide
� Proteolysis
� Peptide hormone processing
� Neuron differentiation
� Protein maturation by peptide bond cleavage

SOA 8.2 6.8 0.4
MOA 6.6 9.2 5.8

CST3 � Biomarker of kidney or cardiovascular diseases
� Regulation of Alzheimer’s disease
� Inhibition of lysosomal proteinases

SOA 12.5 11.5 0.5

Serpin A7 � Transportation of thyroid hormones in the serum
� High affinity for T4 and T3 hormones

MOA 10.6 9.4 0.4

BGF was orally administered at 100mg/kg/day to ICR mice (n¼ 5) for one or seven days. NOA: number of oral administration; BGF: b-glucan fraction
of Phellinus baumii; SOA: single oral administration; MOA: multiple oral administration for seven days. PLTP: phospholipid transfer protein; SLC3A1:
solute carrier family 3 member 1; CST3: cystatin 3; Serpin A7: serpin family A member 7.

Figure 1. Real-time PCR of corin mRNA expression in mice tissues. (A) ICR mice (n¼ 4) were orally administered zymosan, bar-
ley b-glucan, and BGF at 100mg/kg for seven consecutive days. RT-PCR analysis of corin was performed on the mRNAs of
mice liver and kidney tissues. (B) RT-PCR analysis of corin was performed on the kidney tissue of ICR mice treated with b-glu-
cans from Phellinus baumii, Phellinus linteus, and Ganoderma lucidum at 100mg/kg for seven consecutive days. CON: control;
ZYM: b-glucan of yeast zymosan A from Saccharomyces cerevisiae; BAR: b-glucan of barley; BGF: b-glucan fraction of carpo-
phores of Phellinus baumii. The values are expressed as the average± SD. �p< 0.01, ��p< 0.005.
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showed higher natriuresis than the control group.
When we calculated the average urinary sodium
excretion of the treated groups fed 1% sodium diet
for eight days, the average sodium values of the
zymosan, barley, and BGF groups were 567.8 ± 42.8
(191.2% of the control value of 296.9 ± 23.5),
391.3 ± 21.1 (131.8% of the control), and 639.4 ± 26.7
(215.3% of the control) mM sodium, respectively
(Figure 4). During the first four days mice fed the
10% sodium diet, the zymosan and barley groups
showed similar natriuresis patterns as the control.
The BGF group showed a lower natriuresis pattern
than the control group during this period. However,
after the ninth day, the BGF and zymosan groups
showed much higher excretion of sodium than the
control group until the 19th day of treatment. In
mice fed the 10% sodium diet, the average sodium
values of the zymosan, barley, and BGF groups were
1,195.0 ± 17.5 (126.5% of the control value of
944.9 ± 10.6), 1,072.4 ± 12.2 (113.5% of the control)
and 1,276.7 ± 22.1 (135.1% of the control) mM
sodium, respectively (Figure 5). Overall, both zymo-
san b-glucan and BGF increased urinary sodium
excretion in both the normal and high-sodium diet-
fed mice.

4. Discussion

In this report, we showed that corin gene expression
was upregulated by multiple oral administrations of
b-glucans obtained from the carpophores of several
mushrooms, including P. baumii, P. linteus, and G.
lucidum. We also found increased production of

ANP in the liver of mice treated orally with b-glu-
cans from yeast, barley, and mushrooms. To dem-
onstrate the antihypertensive action of those
b-glucans, we determined the amount of sodium
excreted in mouse urine and showed that the urin-
ary excretion of sodium was increased both in nor-
mal and high-salt diet-fed mice by treatments with
various b-glucans, presumably through the produc-
tion of ANP by the increased expression of corin. In
our microarray assay, an SOA of BGF did not
induce corin in the mouse liver (0.4-fold change),
but MOA for seven days induced a 5.8-fold change
compared to the untreated control group. The major
function of corin is to cleave pro-ANP to ANP,
which has natriuretic activity, thereby lowering
blood pressure. Our finding that corin was induced
by b-glucans led us to investigate the antihyperten-
sive mechanism of b-glucans. Some mushroom
b-glucans have been reported to have antihyperten-
sive activities. The b-glucan of G. lucidum reduced
systolic pressure in hypertensive patients [11].
Mushroom powders from Lentinus edodes and
Grifola frondosa decreased blood pressure in spon-
taneously hypertensive rats [17]. No studies have yet
reported the antihypertensive effect of b-glucan in
relation to corin expression or natriuresis in animals
or humans.

Corin is synthesized as a zymogen that is acti-
vated by proprotein convertase subtilisin/kexin-6
(PCSK6) [18]. Although most abundantly expressed
in the atria of the heart, corin can also be expressed
in non-cardiac tissues, such as kidneys, bones, and
pregnant uteri [5,6]. In our experiment, corin induc-
tion was detected in the liver of mice by an mRNA
microarray assay. When we compared the expres-
sion of corin induced by b-glucans in mice tissues,
the expression was much stronger in the kidneys
than in the liver. Renal corin expression is import-
ant because decreased renal corin expression con-
tributes to sodium retention in proteinuric kidney
diseases [19]. Although the corin gene is expressed
in the human heart and kidney, corin protein was
reported to be expressed in the normal human
heart, kidney, and circulating blood. Interestingly,
circulating corin protein was significantly higher in
men than women and was weakly positively corre-
lated with age [20]. It has been reported that high
levels of circulating corin were associated with a risk
of cardiovascular diseases, such as hypertension,
heart failure, myocardial infarction, preeclampsia,
and stroke, suggesting that circulating corin might
serve as a biomarker for cardiovascular diseases
[21]. In our experiment, the induction of corin
mRNA gene expression by b-glucan was confirmed
in mice liver. However, we do not have data on the

Figure 2. Effects of b-glucans on the production of ANP in
various mice tissues. ICR mice (n¼ 6) were orally adminis-
tered zymosan, barley b-glucan, and BGF at 100mg/kg/day
for seven consecutive days. ANP peptides were extracted
from the heart, kidney, and liver of mice with protein extrac-
tion kit solution by lysing with a bead-beater homogenizer.
The ANP concentrations were determined by an ELISA kit for
mouse ANP by measuring the OD450 with a spectrophotom-
eter. CON: control; ZYM: b-glucan of yeast zymosan A from
Saccharomyces cerevisiae; BAR: b-glucan of barley; BGF:
b-glucan fraction of carpophores of Phellinus baumii. The val-
ues are expressed as the average ± SD. �p< 0.01.

404 S. J. LEE ET AL.



levels of circulating corin protein induced by b-glu-
can treatment.

The proper regulation of corin expression in the
membrane is important. Transcription factor
GATA-4 is a major factor in the control of corin
expression in cardiomyocytes [22]. Expressed corin
and PCSK6 in the nucleus move separately to the
cell surface, where PCSK6 activates zymogen corin
to active corin. To downregulate corin activity in

the membrane, ectodomain shedding of corin occurs
in the cardiomyocytes. After shedding, circulating
corin loses its activity due to cleavage of the active
site, which can be a protective mechanism of the
proteolytic enzyme of corin. Thus, for the regulation
of corin activity, protease-mediated shedding from
the cell surface is essential for reducing corin activ-
ity in the cardiomyocytes. However, under patho-
physiological conditions, corin expression is

Figure 3. Effects of orally administered b-glucans on changes in body weight and food and water intakes in high-salt diet-fed
mice. ICR mice (n¼ 4) kept in metabolic cages and were orally administered zymosan, barley b-glucan, and BGF at 100mg/
kg/day for seven consecutive days. Mouse body weight (A), food (B) and water (C) intakes were measured daily. CON: control;
ZYM: b-glucan of yeast zymosan A from Saccharomyces cerevisiae; BAR: b-glucan of barley; BGF: b-glucan fraction of carpo-
phores of Phellinus baumii. The values are expressed as the average± SD.

Figure 4. Effect of orally administered b-glucan on sodium excretion in normal-salt-fed mice. b-Glucans of zymosan, barley,
and BGF were orally administered at 100mg/kg/day to ICR mouse (n¼ 4) for eight days by feeding with normal-salt diet. (A)
Urinary sodium excretion in mice fed a normal-salt diet for eight days. (B) Average urinary sodium excretion in mice fed a nor-
mal-salt diet for eight days. The values are expressed as the average ± SE. �p< 0.01, ��p< 0.005.
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downregulated in diabetic cardiomyopathy [23],
heart failure [24], and radiation-induced heart injury
[25]. Therefore, high corin gene and protein expres-
sion are important for the prevention of hyperten-
sion and heart failure.

In our experiment, ANP levels, the corin-medi-
ated cleavage product, were increased only in the
liver, not in the heart and kidney (Figure 2). The
liver consistently expressed both corin and ANP by
treatment with the b-glucans. As the major tissue
producing ANP is the atria of the heart, the ANP
increased by b-glucan in the liver might come from
the heart. Atrial ANP could be secreted in response
to an increase in blood pressure or blood volume.
To regulate blood pressure, increased ANP can tar-
get kidneys and cause a decrease in sodium
reabsorption, resulting in decreases in blood fluid
and blood pressure by sodium excretion. In add-
ition, ANP also affects blood vessels by promoting
vasodilation. In our 1% normal sodium diet study,
b-glucans increased sodium excretion after three
days of the treatment (Figure 4). This means that
the induction of corin and the production of ANP
in mice organs may require two or three days. Since
urinary sodium excretion was increased in mice fed
1% sodium diet, we wanted to investigate the effect
of b-glucan in mice fed a 10% sodium diet. In the
high-sodium diet condition, b-glucans did not
increase sodium excretion until day 9 of the treat-
ment. Treatment with b-glucans clearly increased
urinary sodium excretion from day 10, with
increased excretion following treatment with zymo-
san or BGF. Although we did not measure blood
pressure, increased urinary sodium excretion by
treatment with b-glucans might contribute to lower-
ing blood pressure. Among the b-glucans tested,
yeast and mushroom b-glucans showed the highest
urinary sodium excretions. Zymosan was reported
to induce hypotension instantly in a rat model.
However, it was caused by acute inflammation due
to the activation of the Syk/IŒB-a/NF-ŒB signaling

pathway by zymosan treatment [26]. In our data,
barley b-glucan showed the lowest excretion of urin-
ary sodium both in mice fed the 1% and 10%
sodium diets. In addition to the ANP, other pepti-
des from the N-terminal peptide of pro-ANP,
including LANP and VSDL, might have contributed
to increasing the urinary sodium excretion in our
mice experiment. Among the natriuretic hormones
of the N-terminal peptide of pro-ANP, ANP was
reported to have the strongest natriuresis properties
and the other hormones (LANP and VSDL) showed
slightly weaker natriuresis than ANP [27].

The underlying antihypertensive mechanisms of
b-glucan have not been well elucidated. However,
insulin sensitivity improved by b-glucan may con-
tribute to the reduction in systolic blood pressure
(SBP) and diastolic blood pressure (DBP) [28].
Blood pressure regulation by b-glucan also could be
associated with the excretion of vascular endothelial
growth factor (VEGF), which induces endothelium-
dependent vasodilation [29]. As the ANP receptor
signal is associated with vasodilation, blood pressure
could be regulated by the specific binding of poly-
saccharide with the guanyl cyclase (GC)-linked ANP
receptor in glomeruli [12]. The induction of NO
and inhibition of ACE II could be a mechanism by
which blood pressure is regulated by polysaccharides
[30]. Finally, b-glucan-induced gut microbiota alter-
ation could be a potential mechanism of reduced
cardiovascular disease risk [31].

Our data showed that corin and ANP, as well as
urinary sodium excretion, were increased in mice by
b-glucan treatment. The orally administered b-glu-
cans of zymosan, barley, and P. baumii induced the
corin gene in mouse liver. b-Glucans of other mush-
rooms, including P. linteus and G. lucidum, also
induced corin gene expression in the kidney
(Figure 1). We also observed the increased produc-
tion of ANP in mouse liver by b-glucans from
zymosan, barley, and P. baumii by ELISA assays
(Figure 2). All the b-glucans tested increased the

Figure 5. Effect of orally administered b-glucan on sodium excretion in high-salt-fed mice. b-Glucans of zymosan, barley, and
BGF were orally administered at a concentration of 100mg/kg/day to ICR mouse (n¼ 4) for 21 days by feeding with high-salt
diet. (A) Sodium excretion in urine of high-salt fed mice for 21 days; (B) Average sodium excretion in urine of high-salt fed
mice for 21 days. Values are average ± SE. �p< 0.01, ��p< 0.005.
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urinary excretion of sodium, both in mice fed 1%
normal and 10% high-sodium diets (Figures 4 and
5). Therefore, we propose that corin, ANP, and
natriuresis are the major antihypertensive mecha-
nisms of b-glucan in mice (Figure 6). Corin induced
by b-glucan acts at the beginning of ANP cascade
signaling to regulate salt-water balance and blood
pressure. The increased ANP binds to the ANP
receptor, and the intensified receptor’s signal lowers
blood pressure by promoting the excretion of
sodium from the kidney into the urine (natriuresis),
diuresis and vasodilation, which lower blood volume
and pressure. Vasodilation due to cGMP by ANP
could be an additional antihypertensive function, as
reported by Chen et al. [32]. They reported that
ANP induced a substantial, dose-dependent, rapid,
and sustained increase in cGMP, whereas NO
yielded a weak and transient increase in cGMP.

The intestinal absorption mechanism of high
molecular weight b-glucan has long been reported.
Rice et al. [33] demonstrated that orally administered
fluorescent glucans could be absorbed either by intes-
tinal epithelial cells (IECs) or M cells of gut-associ-
ated lymphoid tissue (GALT). The internalization of
glucan by M cells within Payer’s Patches was dectin-
1 and toll-like receptor (TLR)2-dependent, but
internalization by IEC was not dectin-1-dependent.
Orally administered b-glucans were translocated from
the gastrointestinal tract into the systemic circulation
without any transporters. In another report, b-glu-
cans from barley and yeast whole glucan particles
(WGP) were used in mice. Orally administered
b-glucans were taken up by macrophages that trans-
ported them to the spleen, lymph nodes, and bone
marrow. Sandvik et al. [34] reported that significant
levels of b-glucans were absorbed into the circulation
and detected in serum in experimental rats. When
the serum concentration resulting from oral adminis-
tration was compared to those from subcutaneous
injections, the subcutaneous injection group had lev-
els approximately 40-fold higher, despite a 10-fold
lower dose. Since humans lack cleavage enzymes,
intact b-glucans arriving in the intestine could be
absorbed by sampling through M cells of the Peyer’s
patches without any digestion. This could be the rea-
son why orally administered b-glucans show bio-
logical activities in concentration-independent
patterns [9]. Although dectin-1 and complement
receptor 3 (CR3) are known as b-glucan receptors
[35], we did not reveal how glucans induced corin
gene expression in this report. Further research is
necessary to elucidate the exact mechanism by which
glucans induce corin gene expression.
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