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Table I Echocardiographic data for sham-operated and operated Lmna“ * and Lmna mice
IVSd (mm) PWd (mm) LVM (mg) LVEDD (mm) LVESD (mm) LVFS (%) LVEF (%) Heart rate
{beats/min)
Data for male mice aged 3—-4, 6—7, and 9-10 months
3—4 months of age
Sham-Lmna™'* (n = 12) 047 + 001 0.52 + 0.02 383 +2.40 2.99 + 007 174 + 004 417 + 070 794 + 0.66 481 + 18
Cast-Lmna™'* (n = 13) 048 + 001 0.50 + 0.02 314 +2.05 268 + 009 1.60 + 0.05 404 + 051 783 + 0.60 471+ 12
Sham-Lmng 2227222 () = 15) 0.50 + 0.01 049 + 0.02 447 +2.08 327 + 0.09* 233 + 0.10%% 28.9 4 132wk 62.6 + 1.85%% 471+ 12
Cast-Lmng"?22PH22P (4 — 15 048 + 0.01 047 + 002 393 +322 313 + 0111 2.09 + 00911t 33.2 + 135111# 69.4 + 1.7311# 511+ 15
6—7 months of age
Sham-Lmna ™'+ (n = 12) 048 + 0.01 0.54 + 0.03 464 +2.14 327 +0.06 1.80 + 0.06 452 + 128 82.1+ 1.12 488 + 11
Cast-Lmna™™ (n = 13) 048 + 001 0.51 + 002 392 + 1.84 3.03 + 0.09 176 + 007 421+ 104 80.0 + 1.04 480 + 11
Sham-LmngH222PH222P () — 15) 048 + 0.02 0.45 + 0.02 584 +3.10 3.98 £ 0.11%% 328 + 0.13##* 18.0 £ 1.18%%* 45.0 4 2465w 517 +17
Cast-Lmnag"222PM222P () — 14 047 + 003 046 + 002 419 £293% 330 + 0061#¥# 234 4 007 990 4 q3tttEE o35 4 q7qHHEERE 5qg 414
9-10 months of age
Sham-Lmna ™' (n = 12) 0.54 + 0.02 0.54 + 003 529 +3.26 3.38 + 0.05 191 + 003 43.5 + 091 81.0 + 0.85 494 + 10
Cast-Lmna™'™ (n = 13) 048 + 002 0.53 + 002 414 +2.04 3.08 + 0.08 1.78 + 006 439 + 1.05 815 + 1.11 506 + 12
Sham-Lmng 222PH222P () — 5y 0.39 + 0.02%* 0.33 4+ 0.03%* 541+ 498 451 4 022 3.93 + 023w 12.9 + 179%#x 33.9 4 4415 484 + 21
Cast-Lmna 22PH222P () — 17) 047 £ 0017 047 £ 003111 524 + 146t 372 £ 044HE# 997 4 07HHF 909 4 1.861HHF 50.2 + 35911 533+ 14
Data for female mice aged 3—4, 6—7, and 9-10 months
3-4 months of age
Sham-Lmna™* (n = 10) 044 + 001 0.48 + 0.03 317 £143 2.83 + 0.08 161 + 007 433+ 198 80.5 + 1.72 531+ 16
OVX-Lmna™* (n = 11) 048 + 001 0.49 + 0.03 324 +2.63 275 + 0.07 158 + 0.05 428+ 103 80.6 + 1.01 514 + 18
Sham-Lmna™2227H222P (1 — 13} 046 + 0.02 0.46 + 002 386 +2.74 347 £ 012" 2.15 + 0.12% 327 + 157 68.4 + 2,127 508 + 13
OVX-Lmng"H?22PH222P () — 15 0.50 + 0.02 0.49 + 0.02 345 +2.03 2.81 + 0.08% 1.87 + 0071t 329 + 15311t 68.9 + 23011t 473+ 9
6—7 months of age
Sham-Lmna*'* (n=9) 044 + 001 049 + 0.04 389 + 1.71 3.16 + 007 186 + 004 4134035 78.8 + 0.44 483+ 13
OVX-Lmna™* (n=11) 0.50 + 0.01 0.51 + 0.02 439 +198 3.19 £ 0.06 183 + 0.05 4.7+ 084 804 + 0.74 487 + 18
Sham-£mngH?227H222P (h — 13) 045 + 0.01 0514002 423 + 1.67 324 +008 2.33 4 0.10%%* 28.3 + 1.70%%k 61.8 4 2.45%%k 515 4 10
OVX-Lmng"222H222P () — q5) 047 + 0.01 047 + 002 407 +1.83 322 + 005 235 + 0,05t 27.3 + 0.841HH 60.5 + 132111 488 + 11
9—-10 months of age
Sham-Lmna*'* (n=9) 052 +0.02 0.58 + 0.04 50.1 + 2.90 323+ 009 186 + 0.06 449 4+ 1.75 822 + 145 486 + 12
OVX-Lmna™™ (n = 10) 052 + 001 0.55 + 0.04 483 + 4.66 3234012 184 + 007 4324097 80.8 + 1.00 527 + 11
Sham-LmngH223PH222P () — g) 046 + 003 0.47 + 0.03%* 560 + 3.10 391 + 0.18%* 318 4 027 19.1 4 2,175 46.7 + 3.86%%* 506 4 14
OVX-Lmng 222PH222P (1) = 13y 047 + 001 045 + 003 46.6 +2.06 353 + 009 276 + 0ttt 226 + 16371 522 + 2851t 519 + 13

Cardiac function was evaluated by transthoracic echocardiographic analyses of the left ventricle (LV): the left ventricular mass (LVM) and the percentage of left ventricular ejection fraction (LVEF) and fractional shortening (LVFS) were calculated as follows:
[(IVSd+PWd+EDD)3-EDD3] x 1.055 and (LVEDD-LVESD)/LVEDD x 100, respectively.

IVSd, interventricular septal wall thickness in diastole; LVEDD, left ventricular end-diastolic diameter; LVEF, left ventricular ejection fraction; LVESD, left ventricular end-systolic diameter; PWd, posterior wall thickness in diastole.

#P < .05, #P < 0.01, and *¥*P < 0.001, vs. age- and sex-matched Sham-Lmna+/+ mice.

P < 0.05, TP < 0.01,and 1P < 0.001, vs. age- and sex-matched Cast- or OVX-Lmna-+/+ mice.

#p < 0.05, ##p < 0.01, and #Hip < 0.001, vs. age- and sex-matched Sham-LmnaH222P/H222P mice.
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Table 2 Echocardiographic data from Lmna*'" and Lmna mice treated with testosterone or flutamide

IVSd (mm) PWd (mm) LVM (mg) LVEDD (mm) LVESD (mm) LVFS (%) LVEF (%) Heart rate {(bpm)
Data for mice aged 4 months .
Sham-Lmna™*'* (male, n = 5) 055+002  051+002 450 +350  3.12 4009 171 + 0.09 439 + 057 814 + 0.61 511+ 26
Cast+Testosterone-Lmna ™' (male, n = 5) 053+002  051+0.02 425+284  3.06+013 164 +0.05 4414097 822 +0.88 496 + 5
Flutamide-Lmna™*'™* (male, n = 5) 0514003 054 +0.03 457 £519  3.174+009 171 £ 005 430 + 025 805 +0.18 528 + 3
Sham-Lmna ™22 (qale, 0 = 19) 0.52 + 0.01 052 +0.02 5114252  341+008 245 + 0.07 2814078 622 + 1.14 492 + 13
Cast-Lmna™2PM22P (male, n = 14) 048 + 001 0.56 + 0.02 486 +255 3314007 227 +0.06 327 +076% 690 4+ 092 523415
Cast+ Testosterone-Lmna 2" (male n = 14) 052 + 002 0.55 + 0.04 507 +376  3.324 005 221 + 0.05* 334 40745 690 4+ 0984 521 4+ 13
Flutamide-Lmna" 2P (male, n = 10) 0.53 + 0.01 0.55 + 0.02 5534279 3474005 247 +0.04 28.8 + 039 635 + 046 547 + 11
Sham-Lmna ™' (female, n = 5) 043 + 0.02 0.54 + 0.03 377 +£408  3.01+008 167 +0.05 43.1 4063 80.8 + 0.67 544 + 8
Testosterone-Lmna ™'+ (female, n = 5) 046 + 0.02 0.55 +0.02 414 + 2.86 3.08 4+ 0.04 1.68 4+ 0.02 42.7 +0.52 80.9 + 0.60 564 +7
Sham-Lmna"222PH22F (famale, n = 17) 048 +002 056+ 0.02 459 +211 320+ 009 222 +0.09 329 +0.74 685 + 1.61 516 + 11
Testosterone-Lmna™22PM222P (female, n = 10) 051+ 002 0.56 + 0.03 476+343 3204003 224 +0.02 320 + 066 677 +0.75 537 + 12
Data for mice aged 6 months
Sham-Lmna™'* (male, n = 5) 052 + 0.04 057 + 0.06 495 +745 323+ 006 182 +0.04 437 + 044 814 + 0.41 551 4+ 16
Cast -+ Testosterone-Lmna™*'* (male,n =15) 0.52 +0.02 0.59 + 0.05 483 + 395 3.14 4+ 0.06 1.76 + 0.05 422 4+ 045 802 4+ 0.48 511 +3
Flutamide-Lmna*’* (male, n = 5) 0514002 0.60 + 0.03 502 +528 3214009 1.82 + 0.05 4354032 814 +0.28 526 + 8
Sham-Lmng 222222 (male, n = 15) 044 + 0.02 045 +0.02 534+277 350+ 0.11 319 +0.14 187 + 140 463 + 2.63 540 + 15
Cast-Lmna"222PH222P (ale n = 13) 044 + 0.01 0.50 + 0.02 4814272 3.54+008* 253 +0.08%% 2854+ 091% 627 41218 505 + 14
Cast+ Testosterone-Lmna™#2FH222P (ale n = 10) 042 + 0.03 042 + 0.03 567 +280 419 +0.12 346 +0.13 175 +£136 440 +2.89 504 +9
Flutamide-Lmna"#227M222% (mate n = 8) 047 + 0.02 048 + 0.03 499 +298 359+ 005 2.62 + 0.05%* 269 + 057%% 616 +093%* 553 + 14
Sham-Lmna™'* (female, n = 5) 048 + 001 057 +0.02 459 +263  3.18+ 006 1.85 + 0.03 420 +020 80.1 + 0.18 547 +7
Testosterone-Lmna™*'* (female, n = 5) 047 + 001 0.61 4 0.04 469 +355  3.15+ 005 179 + 0.02 43.1+036 80.8 + 037 576 +17
Sham-Lmna™2#2FH222P (fomale, n = 17) 048 + 0.01 0.50 + 0.02 446 +167 329+ 006 237 +0.07 283 + 128 620 + 1.86 529 + 11
Testosterone-Lmna ™22 (female, n = 9) 0.39 + 0.03 039 +0.03 473 +487 398+ 0.13% 321 4 0.14%% 19.5 4+ 123%% 484 4£233%* 528418

Cardiac function was evaluated by transthoracic echocardiographic analyses of the left ventricle (LV): the left ventricular mass (LVM) and the percentage of left ventricular ejection fraction (LVEF) and fractional shortening (LVFS) were calculated as follows:
[(IVSd+PWd+EDD)3-EDD3] x 1.055 and (LVEDD-LVESD)/LVEDD x 100, respectively.

IVSd, interventricular septal wall thickness in diastole; LVEDD, left ventricular end-diastolic diameter; LVEF, left ventricular ejection fraction; LVESD, left ventricular end-systolic diameter; PWd, posterior wall thickness in diastole.
#P < 0.05, #+P < 0.01, and *##pP < 0.001, vs. age-, sex~, and genotype-matched Sham-operated mice.
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3.8 Altered expression of genes and proteins
related with cardiac remodelling in hearts

from Lmna"?22PH222P mice

Abnormal regulation of gene or protein expression involved in the
sarcomere organization, cardiac hormones, proto-oncogene, and extra-
cellular matrix remodelling is associated with DCM and CHF,** and SRF
is required for the induction of cardiac remodelling-associated genes in-
cluding Nppa, Nppb, Myh7, and Fos2® We investi gated the gene expres-
sion profiles in the hearts from Lmna"22PH222 ice It was observed
that the expression of Nppa, Nppb, and Myh7 at the mRNA level was
increased in the hearts from sham-operated male Lmnqg"?22F/H222P
mice, and that the up-regulation was suppressed in the hearts from
castrated or flutamide-treated male Lmna™**""22% mice (Figure 5).
In addition, significant increase in expression of proto-oncogene Fos
and extracellular matrix remodelling-related genes, such as Tgfb7,
Tgfb2, and Col1a2, was found in the hearts from the sham-operated
male Lmng"#*2"H222P mice, which were suppressed by the castration
or flutamide treatment (Figure 5). Expression of Nppa, Nppb, Myh7,
and Col7a2 was significantly increased in the hearts from testosterone-
treated female Lmng" 2222 ice (Figure 5). Moreover, altered ex-
pression of atrial natriuretic peptide and B-myosin heavy chain
encoded by Nppa and Myh7, respectively, was confirmed at the
protein levels (see Supplementary material online, Figure 59).

3.9 Accumulation of androgen-related
proteins in nuclei of cardiomyocytes from
LmnaH222PH222P |

Next, we investigated the expression of AR in the hearts from
Lmna™'* and Lmna"#2PM222° mice (Table 2). Western blot analyses
showed an increased expression of AR in both total protein and
nuclear extracts from the Lmna"?*%M222% hearts,
gender (Figure 6A and B). The nuclear accumulation of AR was accom-
panied by the AR co-factors, SRF and FHL2, in the male Lmna™*2®
H222p hearts, but not in the female Lmng"?22PH2220 haa s
(Figure 6C and D). The increased nuclear accumulation of SRF and
FHL2 was suppressed in the castrated male Lmng™#PH2P e,
whereas no difference was observed in the expression of AR
between sham-operated and castrated male Lmng™#22PH222P ice
(Figure 6C). On the other hand, no nuclear accumulation of AR,
SRF, or FHL2 was observed in the soleus
the Lmna"#*H222 ice (see Supplementary material online,
Figure $10). These observations suggested that the nuclear accumula-
tion of androgen-related proteins was specific to the heart muscle,
not the skeletal muscles, in Lmng"'?22P/H222P
ent with the findings that the gender difference was observed only for

cardiac function and not for skeletal muscle symptoms in the
LmngH222PiH222P 10

irrespective of

muscle from

mice, which was consist-

mice.

4. Discussion

Sex hormones mediate their function by activation of specific receptors.
Upon activation, sex hormone receptors translocate into nuclei, where
they bind hormone response elementsin the regulatory region of target
genes, and, together with co-activators and other transcription factors,
initiate transcription. In this context, androgens including testosterone
mediate their action via AR, and androgen-activated AR exerts its bio-
logical effect via complex formation with co-regulators?® In this study,

we demonstrated the increased expression and nuclear accumulation
of AR in the hearts from the DCM patients carrying the p.R225X muta-

H222PMH222P hice. Quite interestingly, we found con-

tion and the Lmna
comitantly nuclear accumulation of SRF and FHL2 in cardiomyocytes
from the human DCM patients and mice. It was reported that SRF and
FHL2 formed a complex with AR to act as co-activators of
AR-dependent transcription.**** SRF is required for the induction of
cardiac remodelling-related genes including Nppa, Nppb, Myh7, and
Fos™® of which expression was increased in the Lmng"#22P/H222P
hearts. In addition, FHL2 is preferentially expressed in the cardiac
muscleand onlya little in the skeletal muscles.® These observations sug-
gested that the cardiomyocyte-specific nuclear accumulation of
AR-FHL2-SRF complex induced by testosterone was involved in the
disease progression of DCM caused by specific LMNA mutations. It is
noteworthy that overexpression of AR accelerated nuclear accumula-
tion of FHL2 and SRFin NRCs in the presence of testosterone, and silen-
cing of FHL2 suppressed the translocation of SRF into the nuclei. It is
thereforeimplied that a blockade of SRF—AR—FHL2 complex formation
might be a therapeutic strategy for adverse effect of testosterone in
DCM caused by LMNA mutation. It may be advocating that a high dose
testosterone treatment might not be beneficial for CHF, especially for
individuals whose AR expression would be increased in the heart,
because nuclear accumulation of AR in the cardiac muscles is associated
with higher mortality and severity of cardiac dysfunction.

Significant gender differences in morbidity and mortality of human
CHF including DCM has been recognized.®*”*® Hormone-replacement
therapy appeared to improve survival in post-menopausal women with
systolic dysfunction.?” In addition, it has been demonstrated that males
displayed more prominent abnormalities in cardiac function than
females, and female-related phenotypes could be mimicked by adminis-
tration of estradiol in males and ovariectomized females in mice.® These
observations suggested the role of oestrogen as a cardiac protector. On
the other hand, potential influence of androgens on the cardiac hyper-
trophy and fibrosis in mice was described in some reports,'**° and a
low dose testosterone supplementation improves cardiac functional
capacity in CHF patients.>’ However, the adverse or beneficial role of
androgens in cardiovascular risk is not fully understood. In this study,
we revealed a deleterious role of testosterone in the progression of
DCM in a mouse model caused by the LMNA mutations.

Castration significantly improved cardiac function and survival prog-
nosis of the male LmngH222/H222°P
also improved survival prognosis, albeit to less extent, of the female
LmngH222PiH222P
ducedinthe ovary, it was speculated that aslight improvement of survival
H220PIH222P | v e

mice. Interestingly, ovariectomy
mice. Because a small amount of testosterone is pro-

prognosis in the ovariectomized female Lmna
to the elimination of ovarian testosterone. Ve also demonstrated that
the testosterone significantly worsened the cardiac function in the

H222P/H222P mice and female LmnaHZlZP/HZZZP

castrated male Lmna
mice, indicating the impact of testosterone on disease progression.
Because the increased expression of AR was observed in the hearts
from both male and female Lmna"™2*™#2%" mice, it was suggested
that the presence of both testosterone and AR played pivotal roles in
the cardiac phenotype of Lmng™#22FH222F

The up-regulation of extracellular matrix remodelling-related genes
in the male LmngH?22P/H222P
castration or treatment with the AR antagonist. This finding was consist-
ent with the significant inhibition of interstitial fibrosis in the hearts from
castrated or flutamide-treated male Lmna"™*22"H2227 mice, Onthe other
hand, a long-term treatment with testosterone increased the cardiac

mice.

mice was significantly suppressed by the

—238—
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Figure5 Expression of cardiac remodelling-related genesin LVs from Lmna™'* and Lmna H222PIH222P 1ice. Quantitative real-time RT—PCR data showing the steady-state mRNA levels of Nppa, Nppb,

Myh7, Fos, Tgfb1, Tgfb2, and Col1a2, which encode for atrial natriuretic peptide precursor, brain natriuretic peptide precursor, -myosin heavy chain, c-fos, TGF-f4, TGF-B,,and type | collagen a2 chain,

respectively. Bars indicate the mRNA level in LVs normalized to Gapdh as calculated by the ASCT method. Data are arbitrarily shown as fold-induction and the expression of each gene in LV from a

sham-operated Lmna™'* mouse was defined as 1.00 AU. Data are expressed as means + SEM for n = 6 per group. Other marks and abbreviations are the same as in the legends to Figure 4.
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Figure 6 Expression ofandrogen-related proteinsin LVs from mice at 6 months of age. (A) Representative immunoblots for AR intotal protein extracts
from LVs of male and female mice are shown. Labelling with antibody against GAPDH is shown as the loading control. (B) Representativeimmunoblots for
AR in nuclear fraction from LV of male and female mice are shown. Labelling with antibody against a nuclear protein, emerin, is shown asthe loading control.
(Cand D) Expression of AR, SRF, and FHL2 in the nuclear extracts from LVs of sham-operated and operated male (C) and female (D) mice. Labelling with
antibody against emerin is shown as the loading control. Data are arbitrarily shown as fold-inductions and the expression of each protein in LV from a
sham-operated Lmna™'™ mouse was defined as 1.00 AU. Data are expressed as means + SEM for n = 4 to 8 per group. Other marks and abbreviations
are the same as in the legends to Figure 4.
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fibrosis in the female LmngH?22P/H222F

that either castration or treatment with flutamide attenuated the
cardiac fibrosis in GC-A KO mice."* However, nuclear accumulation
of AR was not observed in the hearts from the GC-A KO mice in this
study. These observations suggested that testosterone played a role in
the cardiac remodelling including interstitial fibrosis, but molecular
mechanisms underlying the gender difference in the cardiac dysfunction
due to the LMNA mutations would be different from that caused by the
knock-out of the GC-A gene.

There are some limitations in this study. First, it is not resolved how
the specific LMNA mutations lead to the cardiomyocyte-specific
nuclear accumulation of AR. Second, we have not evaluated the angio-
genesis in the hearts, which is a hallmark of cardiac remodelling. These
issues should be further investigated to elucidate the molecular mechan-

mice. it was previously reported

isms for the gender difference.

In conclusion, we revealed that the nuclear accumulation of AR—
FHL2—-SRF complex was associated with specific LMNA mutations
showing the gender difference in disease progression of DCM. We
also demonstrated a deleterious effect of testosterone on the DCM
phenotypes and survival prognosis in the LmnaH P22 mice. Our
findings implicated that a blockade of AR signalling might be beneficial
for preserving cardiac function in the DCM patients, when nuclearaccu-
mulation of AR could be found in their hearts. Nuclear AR accumulation
could be a biomarker for prediction of harmful side effects in testoster-
one supplement therapy for CHF.*’

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Abstract

Objective: Thrombin, the final coagulation product of the coagulation cascade, has been demonstrated to have many
physiological effects, including pro-fibrotic actions via protease-activated receptor (PAR)-1. Recent investigations have
demonstrated that activation of the cardiac local coagulation system was associated with atrial fibrillation. However, the
distribution of thrombin in the heart, especially difference between the atria and the ventricle, remains to be clarified. We
herein investigated the expression of thrombin and other related proteins, as well as tissue fibrosis, in the human left atria
and left ventricle:

Methods: We examined the expression of thrombin and other related molecules in the autopsied hearts of patients with
and without atrial fibrillation. An immunohistochemical analysis was performed in the left atria and the left ventricle.

Results: The thrombin was immunohistologically detected in both the left atria and the left ventricles. Other than in the
myocardium, the expression of thrombin was observed in the endocardium and the subendocardium of the left atrium.
Thrombin was more highly expressed in. the left atrium compared to the left ventricle, which was concomitant with more
tissue fibrosis and inflammation, as detected by CD68 expression, in. the left atrium. We also confirmed the expression of
prothrombin in the left atrium. The expression of PAR-1 was observed in the endocardium, subendocardium and
myocardlum in the left atrium. In patients with atrial fibrillation, strong thrombin expression was observed in the left atrium.

Conclusions: The strong expression levels of thrombin, prothrombin and PAR-1 were demonstrated in the atrial tissues of
human autopsied hearts.
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In this study, we investigated the expression of thrombin and
other related molecules in the left atrium and left ventricle of
patients with and without atrial fibrillation.

Introduction

Thrombin, the final coagulation product of the coagulation
cascade, plays various physiological roles, including pro-fibrotic

actions via protease-activated receptor (PAR)-1, PAR-2 and PAR- Methods

4 [1]. PAR-1 is also involved in vessel wound healing and
revascularization [2], platelet procoagulant activity [3] and gastric
contraction [4]. In lung tissue, the induction of myofibroblasts
occurs primarily via the actions of PAR-1 [5], [6], and a recent
study demonstrated the importance of PAR-1 in the pathogenesis
of fibrosis in cardiac fibroblasts [7].

Recent clinical investigations have demonstrated that the local
coagulation system in the heart is activated in patients with atrial
fibrillation [8], [9], [10]. Thrombin is known to exist in several
tissues, such as the endothelium [11] and fibroblasts [12].
However, there have been few reports that have immunohisto-
logically analyzed the distribution of thrombin in the heart, or the
roles of tissue thrombin in the inflammatory process and fibrosis,
which is a substrate of atrial tachyarrhythmias [13].

PLOS ONE | www.plosone.org

Informed consent have been obtained and all clinical investi-
gation have been conducted according to the principles expressed
in the Declaration of Helsinki. We have obtained approval from
the Ethics Committee of Jikei University School of Medicine. We
did not conduct research outside of our country of residence. The
full names of our cthics committees and the institutions/hospitals
we are associated with are “the Ethics Committee of Jikei
University School of Medicine”. Participants have provided their
written informed consent to participate in this study. An
immunohistochemical analysis of the expression and localization
of thrombin, prothrombin, PAR-1 and CD68 was performed in 7
patients (patient 1: a 71-year-old male who died of ischemic colitis
and septic shock and had no history of atrial fibrillation, patient 2:
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Figure 1. The results of the immunohistochemical analysis of the expression of thrombin, CD68, prothrombin and PAR-1 in the LA
and the LV around the endocardium obtained from human autopsied hearts of patients without any history of AF (x40). The
expression of thrombin, CD68, prothrombin and PAR-1 was evident in the LA around the thick subendocardial space of the LA. LA: left atrium, LV: left

ventricle.
doi:10.1371/journal.pone.0065817.g001

an 85-year-old male who died of hepatocellular carcinoma caused
by hepatitis C virus infection and had no history of atrial
fibrillation, patient 3: a 67-year-old male who died of chronic
lymphocytic lymphoma and had no history of atrial fibrillation,
patient 4: a 77-year-old male who died of pneumonia and had no
history of atrial fibrillation, patient 5: a 50-year-old male who died
of acute myeloid leukemia and had no history of atrial fibrillation,
patient 6: a 75-year-old male who died of intrahepatic bile duct
carcinoma who had a history of paroxysmal atrial fibrillation,
patient 7: a 69-year-old male who died of pneumonia and had a
history of ventricular tachycardia and atrial fibrillation).

Sections obtained from formalin-fixed, paraffin-embedded
specimens were stained with hematoxylin and eosin and Masson
trichrome stain. For the immunohistochemical analyses, sections
were deparaffinized and digested with 0.05% subtilisin. The
inactivation of endogenous peroxidase activity was performed by
incubation in 3% HyOj in methanol for 30 minutes. After several
washes in phosphate buffered saline (PBS), the slides were heated
in a microwave oven at 121°C for antigen retrieval. After being
cooled at room temperature and washed with PBS, the sections
were incubated with blocking solution for one hour at room
temperature. Then, after PBS washing, the tissues were bordered
with a pap-pen. The sections were incubated with mouse
monoclonal antibodies against thrombin (Santa Cruz, Delaware
Avenue, CA), PAR-1 (Santa Cruz, Delaware Avenue, CA), PAR-2
(Santa Cruz, Delaware Avenue, CA), PAR-4 (Santa Cruz,
Delaware Avenue, CA), alpha-smooth muscle actin (0SMA)
(Dako, Carpenteria, CGA) and CD68 (Dako, Carpenteria, CA), or
with rabbit polyclonal antibodies against prothrombin (Bioworld

PLOS ONE | www.plosone.org

Technology, England) and PAR-3 (Santa Cruz, Delaware Avenue,
CA) for 30 minutes at room temperature following standard
protocols. The antigen retrieval was changed based on the primary
antibodies used. For the thrombin and PAR-4 antibodies, antigen
retrieval was performed in citric acid buffer (pH 6.0, 0.01 M) for
10 minutes. For the PAR-1 antibody, antigen retrieval was
performed in target retrieval solution with a high pH (Dako,
Carpenteria, CA) for 10 minutes. For the prothrombin and CD68
antibodies, antigen retrieval was carried out in protease for one
minute. The sections were visualized using Nikon Eclipse 801 with
a Nikon Digital Camera DXM 1200. CD68-positive cells were
enumerated using a x40 objective lens as described previously
[14]. The fields were chosen at random by blind and sequential
movement of the mechanical stage. Very large vessels were
excluded from the counts. At least 20 random fields were counted.
The immunohistochemical staining was scored subjectively on a
semi-quantitative scale of 0—4 (0 = no staining, 1 = weak staining,
2= moderate staining, 3 = strong staining, 4 = intense staining),
as described previously [15]. Statistical comparisons between
groups were performed using the Wilcoxon test. All statistical
analyses were performed using the SPSS software program
(version 21, SPSS Japan Inc., Tokyo, Japan), and differences
were considered to be statistically significant for values of p<<0.05.

Results

The immunohistochemical analysis demonstrated the expres-
sion of tissue thrombin to be observed in the endocardium,
subendocardium and myocardium in the left atrium (LA) and the

June 2013 | Volume 8 | Issue 6 | e65817
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left ventricle (LV) in all five patients without a history of AF
(Figure 1). In the myocardium of the LA, as in the endocardium,
the thrombin expression levels were higher in the LA compared to
the LV (Figure 1, averaged scores: 2.4 vs. 0.8 in the endocardium/
subendocardium, 2.6 vs. 1.0 in the myocardium, p<0.05). The
CD68 positivity was also more prominent in the endocardium/
subendocardium of the LA than the LV (Figure 1, 5.9/high power
field (LA) vs. 3.7/high power field (LV), p<0.05). Masson
trichrome staining showed that more fibrosis was present in the
subendocardial space and interstitium of the LA compared to that
of the LV, which was concomitant with the thrombin expression
(Figure 2).

We also investigated the expression of prothrombin and PAR-1
in the LA and LV, and found that they were both detected in the
endocardium, subendocardium and myocardium of the LA in all
of the studied patients without a history of AF (Figure 1). The
semi-quantitative scores of the prothrombin expression were
higher in the LA compared to the LV (Figure 1, averaged scores:
3.4 vs. 1.0 in the endocardium/subendocardium, 2.8 vs. 1.2 in the
myocardium, p<<0.05). The PAR-1 expression was also stronger in
the LA compared to the LV (Figure 1, averaged scores: 2.4 vs. 0.8
in the endocardium/subendocardium, 2.2 vs. 0.8 in the myocar-
dium, p<<0.05). We also examined the expression levels of these
molecules in tissue specimens from other organs, and significant
thrombin, prothrombin and PAR-1 expression was detected in the
liver, which also served as a positive control for prothrombin
expression, and in the pulmonary artery wall (Figure 3).

We next examined the expression of thrombin and other related
molecules in patients with atrial fibrillation. An immunchistolog-
ical analysis of the LA from patients with AF showed strong
thrombin expression in the myocardium and thick, fibrotic
subendocardial space of the LA (averaged scores: 3.0 in the
endocardium/subendocardium, 3.5 in the myocardium) (Figure 4)
as well as strong prothrombin expression (averaged scores: 3.5 in
the endocardium/subendocardium and 4 in the myocardium) and
PAR-1 expression (averaged scores: 3.5 in the endocardium/
subendocardium and 2.5 in the myocardium) (Figure 4). The tissue
thrombin detected in the subendocardial space of LA was co-
localized with CD68-positive areas, indicating that some of the
thrombin was derived from macrophages (Figure 5). PAR-4,
another important thrombin receptor, was positively stained in the
LA (Figure 6), whereas PAR-2 and PAR-3 expression were barely
observed in the LA (data not shown). Of note, some of the tissue
thrombin in the subendocardial space of the LA was co-localized
with the aSMA expression, which is a marker of the profibrogenic
myofibroblast phenotype (Figure 6). These findings suggest that
thrombin plays an important role in promoting atrial fibrosis

LA

&
Patient 2 :

thrombin Masson
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through the conversion of cardiac fibroblasts to a profibrogenic
phenotype.

Discussion

The present study demonstrated, for the first time, that the
prominent local expression of thrombin can be detected immu-
nohistochemically in the human atrium, and that this expression
was partially associated with the CD68 expression and tissue
fibrosis.

Recent data suggest the possible involvement of the coagulation
system in various fibrotic diseases, including pulmonary fibrosis.
The process of activating the coagulation system depends on the
actions of thrombin. There are four types of thrombin receptors:
PAR-1, PAR-2, PAR-3 and PAR-4. These thrombin receptors are
members of the G-protein-coupled receptor (GPCR) family [16].
Previous studies have reported that the various physiological roles
of thrombin are mediated through the actions of PAR-1 in cardiac
fibroblasts”. Thrombin interacts with PAR-1, PAR-2 and PAR-4,
and cleaves their N-terminus to unveil the pentapeptide [16]. The
existence of thrombin in several tissues has been suggested in
previous reports [11], [12], [16]. Akar et al. demonstrated that
activation of the cardiac local coagulation system was associated
with paroxysmal attacks of atrial fibrillation [9]. These previous
investigations prompted us to immunchistologically analyze the
expression levels of thrombin and related molecules in the human
heart. In the present study, we investigated the expression levels of
thrombin and prothrombin in the LA, in which we were able to
detect both thrombin and prothrombin in the endocardium,
subendocardium and myocardium. In addition, our data provide
evidence that PAR-1 and PAR-4 are expressed in the atrial tissue,
thus suggesting that thrombin plays an important functional role in
the atria. Notably, the co-localization of the CD68-stained areas
with the expression of prothrombin and thrombin revealed that
the source of thrombin could be invasive macrophages present in
the atrium. Yamashita et al. demonstrated active adhesion and
recruitment of macrophages across the endocardium in human
fibrillating atria, with local inflammatory responses around the
endocardial regions [17]. Our observations prompted us to
hypothesize that the inflammation and the subsequent fibrotic
changes induced by invasive macrophages around the atrial
endocardium may be at least partly mediated by thrombin. The
present study demonstrated that increased thrombin expression
was observed in the rich fibrotic areas, especially in the LAs of the
patients with a history of AF. A recent investigation demonstrated
that thrombin induced the conversion of cardiac fibroblasts to a
profibrogenic myofibroblast phenotype, as indicated by aSMA
expression, via PAR-1 activation and an increase in collagen
synthesis [7]. Our present observations demonstrated that aSMA

Masson

thrombin

Figure 2. The results of the immunohistochemical analysis of the thrombin expression and Masson trichrome staining in the serial
sections obtained from patient (x10). LA: left atrium, LV: left ventricle. A larger fibrotic area was observed in the LA than in the LV.

doi:10.1371/journal.pone.0065817.g002
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(patient 1)

Figure 3. The results of an immunohistochemical analysis of the expression of thrombin, prothrombin and PAR-1 in the pulmonary
artery and liver of human autopsied tissues. The expression of thrombin, prothrombin and PAR-1 was confirmed in the liver (positive control).
Thrombin was sparsely stained, and both prothrombin and PAR-1 were distinctly detected in the pulmonary artery.

doi:10.1371/journal.pone.0065817.g003

was co-localized with the thrombin expression, especially in the
sub-endocardial region. Taken together, these findings suggest that
tissue thrombin in the atria may promote atrial fibrosis, which can
cause atrial tachyarrhythmias. Recent findings have shown that
PAR-1 and PAR-4 activation both contribute to cardiac remod-
eling and influence cardiac inflammation [18], [19]. PAR-1 and
PAR-4 signaling might also be related to tissue fibrosis in the atria.
The precise reason why increased thrombin expression was

thrombin CD68

Patient 6
(AF®)

Patient 7
{AF+)

observed in the LA of the patients with a history of AF remains
to be determined. However, it was reported that oxidant stress
may enhance the thrombin expression in brain endothelial cells
[20]. It is therefore possible that elevated oxidative stress, which is
associated with the pathogenesis of AF [21], may lead to the
upregulation of thrombin expression. Further studies are required
to determine the physiological and pathological roles of tissue
thrombin.

prothrombin PAR-1

Figure 4. The results of an immunohistochemical analysis of the expression of thrombin, CD68, prothrombin and PAR-1 in the LA of
autopsied hearts from patients with AF (AF(+): patient 6 and patient 7) (x40). Thrombin was highly expressed in the myofibers, as well as
the endocardium and subendocardium. CD68 positivity was noted in the LA, but was comparable to that in the patients without AF. Prothrombin
and PAR-1 were highly detected in these sections in the LA. LA: left atrium.

doi10.1371/journal.pone.0065817.g004
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Masson
patient 7 (AF+)

thrombin CD68

Figure 5. The results of an immunohistochemical analysis of the expression of thrombin and CD68, as well as Masson trichrome
staining, in the serial sections of the LA from the autopsied heart of a patient with AF (patient 7). Notably, the co-localization of the
CD68-stained areas with the thrombin expression was revealed, indicating that the source of thrombin could be invasive macrophages present in the
atria. A thick fibrotic sub-endocardial layer was present in the LA, as indicated by Masson trichrome staining. Masson: Masson trichrome staining, LA:

left atrium, AF: atrial fibrillation.
doi:10.1371/journal.pone.0065817.g005

The present study demonstrated the staining for thrombin in the
human atria tissue. Two mechanisms; the expression and the
clearance, were estimated to underlie the staining of thrombin. In
the endothelium, thrombin co-localizes with thrombomodulin,
and they are both internalized and removed from the circulation
by the endothelium [11]. The clearance of thrombin from the
circulation occurs via two pathways [22]. One pathway involves
the endothelial route discussed above, and the other involves its

removal by the liver. Antithrombin III binds to thrombin, and the
thrombin-antithrombin III complex is removed by the liver [22].
Therefore, the endothelium and liver both clear thrombin from
the circulation. Although the presence of the tissue thrombin
outside of the endothelium has been reported in chick embryonic
fibroblasts [12], the role of tissue thrombin has not been elucidated
[12]. The presence of prothrombin in tissues has also been
reported in a previous study [23]. Functionally intact prothrombin

thrombin

aSMA

PAR-1

Masson

HE
patient 7 (AF+)

Figure 6. The results of an immunohistochemical analysis of the expression of thrombin, aSMA, PAR-1 and PAR-4, as well as
Masson trichrome staining and HE staining, in the serial sections of the LA from the autopsied heart of a patient with AF (patient 7).
Co-localization of the «SMA-stained areas with the thrombin expression was noted in the fibrotic sub-endocardial layer of the LA, as determined by
Masson trichrome staining. Masson: Masson trichrome staining, LA: left atrium, AF: atrial fibrillation.

doi:10.1371/journal.pone.0065817.g006
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is widely distributed among various tissues, including the
myocardium; however, the physiological significance of tissue
prothrombin remains unclear [23]. Although the thrombin of the
atrial tissue may be derived from the cleared thrombin from the
circulation across the endocardium and the vascular endothelium,
the possibility of local production of thrombin in the atria cannot
be ruled out.

In conclusion, the expression of thrombin in the atrial tissues of
human autopsied hearts was demonstrated. Further research is
needed to determine the physiological and pathological roles of
atrial tissue thrombin.
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Abstract We aimed to investigate whether atrial natri-
uretic peptide (ANP) attenuates angiotensin II (Ang II)-
induced myocardial remodeling and to clarify the possible
molecular mechanisms involved. Thirty-five 8-week-old
male Wistar—Kyoto rats were divided into control, Ang II,
Ang II + ANP, and ANP groups. The Ang I and Ang II +
ANP rats received 1 pg/kg/min Ang II for 14 days. The
Ang I + ANP and ANP rats also received 0.1 pg/kg/min
ANP intravenously. The Ang II and Ang II 4+ ANP rats
showed comparable blood pressure. Left ventricular
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fractional shortening and ejection fraction were lower in
the Ang II rats than in controls; these indices were higher
(P < 0.001) in the Ang IT 4+ ANP rats than in the Ang II
rats. In the Ang II rats, the peak velocity of mitral early
inflow and its ratio to atrial contraction-related peak flow
velocity were lower, and the deceleration time of mitral
early inflow was significantly prolonged; these changes
were decreased by ANP. Percent fibrosis was higher (P <
0.001) and average myocyte diameters greater (P < 0.01)
in the Ang II rats than in controls. ANP decreased both
myocardial fibrosis (P < 0.01) and myocyte hypertrophy
(P < 0.01). Macrophage infiltration, expression of mRNA
levels of collagen types I and III, monocyte chemotactic
protein-1, and a profibrotic/proinflammatory molecule,
tenascin-C (TN-C) were increased in the Ang II rats; ANP
significantly decreased these changes. In vitro, Ang II
increased expression of TN-C and endothelin-1 (ET-1) in
cardiac fibroblasts, which were reduced by ANP. ET-1
upregulated TN-C expression via endothelin type A
receptor. These results suggest that ANP may protect the
heart from Ang Il-induced remodeling by attenuating
inflammation, at least partly through endothelin 1/endo-
thelin receptor A cascade.

Keywords ANP - Cardiac remodeling - Tenascin-C -
Inflammation - Endothelin-1

Introduction

Atrial natriuretic peptide (ANP) was originally identified as
a diuretic/natriuretic and vasodilating hormone released by
the heart in response to myocardial stretch and overload.
Recent reports have demonstrated that ANP exerts various
beneficial effects on the heart [1-3], For example. ANP
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suppresses the renin-angiotensin-aldosterone system
(RAAS), endothelin synthesis, and sympathetic nerve
activity [4], whereas it enhances adiponectin production
and regulates cell growth and apoptosis (reviewed in
[5, 6]), as a circulating hormone as well as a local autocrine
and/or paracrine factor. Indeed, ANP exhibits therapeutic
efficacy against chronic heart failure [7-9], acute heart
failure [10-13], and acute myocardial infarction [14~17] in
humans as well as rat models of acute myocardial infarc-
tion—reperfusion [18] and autoimmune myocarditis [19].
However, the detailed molecular mechanisms of these
cardioprotective functions remain uncertain.

Left ventricular (L'V) remodeling is an important factor
related to the prognosis of heart disease. Histological fea-
tures of LV remodeling include interstitial fibrosis and
myocyte hypertrophy. Enhanced myocardial stiffness
caused by increased interstitial fibrosis is known to lead to
diastolic heart failure. Recently, increasing attention has
been paid to the fact that RAAS overactivation-mediated
inflammation plays a significant role in the development of
cardiac fibrosis during ventricular remodeling [20-23].
Fibrotic lesions are formed via a multistep process of syn-
thesis and degradation of various extracellular matrix mol-
ecules, including tenascin-C (TN-C). TN-C is an
extracellular glycoprotein that is weakly expressed in heal-
thy adult hearts, but it is transiently upregulated in associa-
tion with tissue injury and inflammation [24-30]. This
specific expression pattern makes TN-C a valuable marker
for inflammatory disease activity [25, 27]. Using a mouse
model, we previously reported that TN-C may be involved in
the progression of hypertensive myocardial fibrosis and that
elevated TN-C expression may be a marker for active pro-
gression of fibrosis in the heart [28]. Furthermore, TN-C has
diverse biological functions and is considered to be a key
molecule during the progression of inflammation and fibrosis
(reviewed in [31, 32]). We investigated whether ANP
attenuates cardiac fibrosis in a rat model of Ang II-induced
ventricular remodeling and the molecular mechanism
involved, especially focusing on TN-C. Cardiac function,
histological changes, and expression of molecules related to
fibrosis and inflammation, which include collagen type I,
collagen type I, TN-C, monocyte chemotactic protein-1
(MCP-1), and endothelin-1 (ET-1) were examined in the
heart of model rats treated with Ang IT with or without ANP.
Furthermore, the direct effects of ANP on TN-C synthesis
and the signaling pathways involved were studied in cultured
cardiac fibroblasts.

Materials and methods

Animal experiments were performed in accordance with
the Guide for the Care and Use of Laboratory Animals

published by the US National Institutes of Health (pub-
lication no. 85-23, revised 1996), and the study was
approved by our Institutional Animal Research Commit-
tee. Experiments were performed on 8-week-old male
Wistar-Kyoto rats that weighed 250-280 g before study
initiation. The rats were fed a standard rat-chow diet and
had free access to tap water. Thirty-five rats were ran-
domly divided into four treatment groups (control, n = 10;
Ang II, n = 10; Ang II + ANP, n = 10, ANP, n = 5). All
rats were anesthetized with 3 % isoflurane on a volume-
cycled ventilator (Univentor; Bio Research Center,
Nagoya, Japan) for small animals. In Ang I and Ang II +
ANP groups, a midline incision was made in the lumbar
region for insertion of osmotic mini-pumps (model 2002;
ALZET, Palo Alto, CA, USA; mean filling volume, 0.234
ml) filled with Ang II (Peptide Institute, Osaka, Japan),
which was infused at 1 pg/kg/min for 14 days. The dose
used in this study was determined on the basis of pre-
liminary experiments. For the administration of saline or
ANP, control, Ang IT + ANP, and ANP groups bearing
the mini-pump were fitted with a fluid-delivery infusion
pump (10 ml Infu-disk; MED-e-CELL, San Diego, CA,
USA) attached to the back. These external infusion pumps
were filled with saline or carperitide, a recombinant
o-human ANP (Daiichi-Sankyo Pharmaceutical, NY,
USA), dissolved in distilled water and released at 0.1 pg/
kg/min for 14 days. The pump was connected to the right
or left jugular vein by a small polyethylene catheter. The
rats were weighed on days 0, 3, 6, 10, and 14, and sys-
tolic blood pressure and heart rate were measured using a
tail-cuff method without anesthesia on the same days. On
day 14, the rats were deeply anesthetized with isoflurane
and euthanized. The hearts were dissected and weighed,
and a part of the ventricle was separated from the heart,
frozen in RNAlater (Ambion, Huntington, UK), and
stored at —80 °C until use.

Echocardiographic measures of cardiac function

LV function was assessed using a two-dimensional guided
M-mode ultrasound system (VIVID7; GE Medical Sys-
tems, Tokyo, Japan). Images of the short-axis view of the
left ventricle at the level of the papillary muscle were
recorded to assess cardiac function. The end-diastolic LV
dimension (LVDd) and end-systolic LV dimension (LLVDs)
were measured directly by echocardiography. The LV
fractional shortening (FS) and LV ejection fraction (EF)
were calculated as percentages from the LVDd and LVDs
values. The LV diastolic function was evaluated by
recording the pulse-wave Doppler spectra of transmitral
flow. The peak velocity of mitral early inflow (E), its ratio
to atrial contraction-related flow peak velocity (E/A), and
the deceleration time of mitral early inflow (DcT) were also
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measured. Echocardiography was performed on the 14th
day after study initiation in all rats.

Histological analysis

Histological analysis was performed on five hearts from
each group. The left ventricle was removed, fixed in 4 %
paraformaldehyde, and embedded in paraffin. Three-
micrometer-thick sections were prepared and stained with
hematoxylin—eosin for evaluation of myocyte hypertrophy
and with Sirius Red for evaluation of myocardial fibrosis.
To determine the average myocyte size, the shortest
transverse diameter was measured in 50 transverse sections
per heart (x200 magnification), which contained the cross
section of a myocyte with its nucleus. To determine the
percent area of myocardial interstitial and perivascular
fibrosis, the Scion imaging system (Scion, Frederick, MD,
USA) was used as described previously [28]. To evaluate
TN-C expression and the number of macrophages in the
myocardium, we performed immunohistochemistry as
described previously [33]. In brief, a mouse monoclonal
antibody for TN-C (4F10TT; IBL, Gunma, Japan; 1:100
dilution) and a mouse monoclonal antibody against the
macrophage marker cluster of differentiation 68 (CDG6S;
DAKO Japan, Tokyo, Japan; 1:100 dilution) were used.
Immunoreactivity was evaluated using the avidin—biotin—
peroxidase complex method (ScyTek Laboratories, Logan,
UT, USA). The reactions were visualized using diam-
inobenzidine, and nuclei were counterstained with hema-
toxylin. Quantitative analysis of tissue macrophages was
performed using the CD68 antibody stain. For each-spec-
imen, three randomly selected photomicrographs (x400
magnification) of the anterior, lateral, and posterior ven-
tricular walls, as well as the interventricular septum, were
examined (12 fields/specimen). The numbers of CD68-
positive cells were counted in each region and expressed as
the number of inflammatory cells per unit area (1 mm?).
Immunofluorescence double labeling was applied to
colocalize TN-C, and either a-smooth muscle actin (SMA)-
positive cells or macrophages. Anti-o~-SMA mouse mono-
clonal primary antibodies (Thermo Fisher Scientific,
Yokohama, Japan; 1:100 dilution) were used for the
detection of a-SMA-positive cells, and anti-CD68§ mouse
monoclonal primary antibodies (DAKO Japan; 1:100
dilution) were used for detection of macrophages. Biotin-
ylated antimouse immunoglobulins (EPOS; Dako Japan;
1:250 dilution) were then used as part of the enhanced
polymer one-step staining system, followed by incubation
in streptavidin labeled with Alexa 448 (Molecular Probes,
Eugene, OR, USA; 1:300 dilution). For detection of TN-C,
anti-TN-C polyclonal rabbit antibody [33], and goat anti-
rabbit immunoglobulins labeled with Alexa 555 (Molecu-
lar Probes; 1:300 dilution) were used. Fluoromount

@ Springer

(Diagnostic BioSystem, Pleasanton, CA, USA) was used to
mount stained sections on coverslips. Laser scanning con-
focal fluorescence microscopy combined with differential
interference contrast imaging was performed using LSM
510 META Ver. 3.2 (Zeiss, Gottingen, Germany). Bright-
ness and contrast adjustments along with necessary crop-
ping were performed using Photoshop Elements 8.0
(Adobe, San José, CA, USA).

Real-time reverse transcription—polymerase chain
reaction (real-time RT-PCR)

Total RNA was isolated from five hearts from each group
and real-time RT-PCR performed to measure the mRNA
expression levels of collagen type I, collagen type III,
TN-C, MCP-1, ET-1, and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). Quantitative PCR was per-
formed using a Light Cycler (LightCycler FastStart DNA
Master PLUS SYBR Green I; Roche Diagnostics; Mann-
heim, Germany). Amplification specificity was checked
using a melting curve according to the manufacturer’s
instructions. The mRNA expression of each target was
normalized to that of GAPDH. The forward and reverse
primers are listed in Table 1.

Cell cultures

Cardiac fibroblasts were obtained from the ventricles of
Wistar-Kyoto rats and grown in Iscove’s modified

Table 1 Oligonucleotide primers used for real-time RT-PCR

Gene Primers

Collagen type I
5'-GCT TGG ATG GCT GCA C-3
5'-GGT GGG AGG GAA CCA GAT T-3/

Forward
Reverse

Collagen type III

Forward 5'-GGA AAA GAT GGA TCA AGT GGA C-3'

Reverse 5'-CTG GCT GTC CAG GGT GAC-3'
MCP-1

Forward 5'-ATG CAG GTC TCT GTC ACG-3

Reverse 5'-CAT TGG GAT CAT CTT GCC-3'
TN-C

Forward 5'-ACC AAC TGT GCC CTG TCC TA-3'

Reverse 5'-GAT TTC GGA AGT TGC TGG GT-3’
ET-1

Forward 5'-AGC TGG GAA AGA AGT GTA TC-3'

Reverse 5'-TCT GTA GAG TTC CGC TTT CA-3
GAPDH

Forward 5-TAC ACT GAG GAC CAG GTT G-3'

Reverse 5'-CCC TGT TGC TGT AGC CAT A-3'
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Dulbecco’s medium (IMDM) supplemented with 10 %
fetal bovine serum as described previously [34]. The
experiments were performed on secondary cultures. Cells
were plated in Multiwell 6-well plates (Becton-Dickin-
son, Franklin Lakes, NJ, USA) at 3 x 10° cells/well
for 48 h in serum-free IMDM, and then treated with
ET-1 3 x 107, 1 x 10%, 3 x 10% and 1 x 107 mol/l)
or Ang II (1 x 107° mol/l) for 6 h. To determine
whether ET-1 is involved in the upregulation of Ang
Il-induced (1 x 10™° mol/l) TN-C mRNA expression,
the endothelin receptor (ET-R) antagonist bosentan
(1 x 107%or 1 x 10™> mol/l) was also used. To clarify
the signaling pathways induced by Ang II, we coapplied
the selective endothelin A receptor (ET-RA) antagonist
BQ 123 (1 x 1077,3 x 1077, and 1 x 107° mol/l) and/
or the selective endothelin B receptor (ET-RB) antago-
nist BQ 788 (1 x 1077, 3 x 1077, and 1 x 107 mol/l).
To examine if ANP blocks Ang Il-induced
TN-C expression, the cells were pretreated with ANP
(1 x 1078 or 1 x 1077 mol/l) for 6 h and then stimu-
lated with Ang II (1 x 107 mol/l) for 6 h. Total RNA
was isolated from the treated cells using ISOGEN
(Nippon Gene, Toyama, Japan), and the relative ET-1 or
TN-C mRNA levels were determined by quantitative
real-time RT-PCR.

Statistical analyses

All quantitative data are expressed as means + standard
deviation (SD). Numeric data were statistically evaluated
by 1-way analysis of variance, followed by the Tukey-
Kramer method for multiple comparisons. A P value less
than 0.05 was considered to be statistically significant.

Results

Systolic blood pressure, heart rate, body weight,
and heart weight/body weight ratio

The rats were subjected to Ang II infusion for 14 days, with
or without administration of ANP. Compared with the con-
trols (114 £ 5 mmHg), the Ang I and Ang IT + ANP rats
showed elevated SBP (Ang II, 204 £ 36 mmHg; Ang IT +
ANP, 201 £ 22 mmHg; P < 0.001). The Ang II rats had a
significantly higher heart rate than the controls (control, 338
= 12 beats/min; Ang II, 432 =+ 53 beats/min; P < 0.001). In
addition, the Ang IT and Ang IT + ANP rats had significantly
lower body weights than the controls (control, 317 + 18 g;
AngIl, 216 + 46 g; Ang IT + ANP, 225 445 g; P <0.001).
The Ang II rats had a significantly greater average heart
welght/body weight ratio than the controls (control, 3.20 £
0.55mg/g; Angll, 4.20+ 1.02mg/g; P <0.05). The Ang Il +
ANP rats had a slightly, but not significantly, lower heart
weight/body weight ratio compared with the Ang IT rats (Ang
I+ ANP, 4.04 £ 0.78 mg/g; P =0.90; Table 2). There were
no significant differences between controls and ANP-alone
rats in systolic blood pressure, heart rate, body weight, and
heart weight/body weight ratio.

AngIT and Ang IT + ANP rats showed comparable blood
pressure and heart rate throughout the time course (Fig. 1).

Cardiac function

LVES and EF were significantly lower in the Ang Il rats than
in the controls (P < 0.001), whereas the Ang II 4+ ANP rats
exhibited significantly higher LVFS and EF than the Ang IT
rats (P < 0.001). On the basis of Doppler spectra for

Table 2 Systolic blood pressure, heart rate, body weight, heart weight/body weight ratio, and echocardiographic parameters on day 14

Control (n = 10) Ang I (n = 10) Ang I + ANP (n = 10) ANP (n = 5)
Systolic blood pressure (mmHg) 114 + 5 204 4 36%* 201 = 22%* 127 £5
Heart rate (beats/min) 338 &+ 12 432 + 53%% 431 + 76 352 + 27
Body weight (g) 317 £ 18 216 + 46%* 225 £ 45%* 306 & 4
Heart weight/body weight (mg/g) 3.20 £0.55 420 £ 1.02* 4,04 £ 0.78 244 £ 0.11
LVDd (mm) 6.00 £ 0.35 4.14 £ 0.09** 4.36 £ 0.66 526 +£1.20
LVDs (mm) 2.57 £ 037 2.12 + 0.38* 1.83 £ 0.30 2.68 +0.77
EF (%) 921 £2.5 86.6 £ 2.5%* 91.9 £ 2.17 848 + 8.8
FS (%) - 579 £ 4.0 48.6 & 3.1%* 56.9 + 4.17 48.5 £ 10.3
E (cm/s) 0.78 + 0.07 0.52 + 0.08** 0.58 + 0.09 0.61 £ 0.12
E/A 2.60 + 0.27 1.98 + 0.16%* 2.13 + 0.23 247 £ 041
DcT (ms) 674 + 4.1 81.6 & 5.5%* 70.6 + 3.07 65.83 &= 4.8

Values are mean = SD

LVDd left ventricular end-diastolic diameter, LVDs left ventricular end-systolic diameter, EF ejection fraction, FS fractional shortening, E peak
velocity of mitral early inflow, E/A ratio of mitral early inflow peak velocity to atrial contraction-related flow peak velocity, DcT deceleration

time

* P < (.05 versus control, ** P < 0.001 versus control, T P < 0.001 versus Ang II
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transmitral flow, the AngII rats showed significant decreases
in E and E/A ratio, in addition to a significant prolongation of
the DcT, compared with the controls (E, P < 0.001; E/A,
P < 0.001; DcT, P < 0.001). Coadministration of ANP
reversed the Ang II-mediated suppression of E and the
EJA ratio, as well as the decreased DcT (E, P = 0.22; E/A,
P =0.30; DcT, P <0.001; Table 2), indicating that ANP can
partially reverse Ang Il-induced ventricular dysfunction.
There were no significant differences between controls and
ANP-alone rats in echocardiographic parameters.

Myocyte hypertrophy
The average myocyte diameter was significantly greater in

the Ang II rats than in the controls (P < 0.001). ANP coad-
ministration significantly decreased myocyte diameter

@ Springer

Time (days)

(P <0.01; Fig. 2a, b). Compared with controls, the average
myocyte diameter in ANP-alone rats showed no significant
difference.

Myocardial fibrosis

The percent areas of myocardial fibrosis were significantly
greater in the Ang Il-treated rats than in the controls
(P < 0.001). ANP coadministration significantly decreased
interstitial fibrosis (P < 0.01; Fig. 3a, b). The mRNA levels
of fibrotic indicators collagen type I (Fig. 3¢) and collagen
type II (Fig. 3d) were higher in the Ang II rats than in the
controls, whereas ANP coadministration significantly
decreased the mRNA levels of collagen type I (Fig. 3¢) and
collagen type III (Fig. 3d).
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Fig. 2 Histological changes in the rat myocardium induced by
chronic Ang II infusion. a Light micrographs of hematoxylin—eosin-
stained sections (scale bar 50 pum). b The diameter of the myocytes.
Values are expressed as mean + SD. Control control rats, Ang Il

Compared with controls, the percent areas of myocardial
fibrosis in ANP-alone rats showed no significant difference.
In addition, the mRNA levels of collagen type I and collagen
type II of ANP-alone rats also showed no significant
difference. :

Cardiac inflammation

Immunostaining for TN-C is shown in Fig. 4a. The average
TN-C-positive area was larger in the Ang II rats than in the
controls, and again TN-C immunoreactivity was decreased
by ANP coadministration. Similarly, the total number of
CD68-positive cells per unit area (1 mm?) was significantly
greater in the Ang II rats than in the controls (P < 0.001;
Fig. 4b, d). This increase was significantly decreased by ANP
coadministration (P < 0.05; Fig. 4b, d). mRNA levels of
TN-C (Fig. 4c) and MCP-1 (Fig. 4e) were increased in the
Ang II rats compared with the controls, whereas ANP
coadministration significantly decreased both TN-C (Fig. 4¢)
and MCP-1 (Fig. 4e) mRNA levels. Compared with controls,
TN-C-positive area and the total number of CD68-positive
cells in ANP-alone rats showed no significant difference.
In addition, the mRNA levels of TN-C and MCP-1 of

angiotensin II-treated rats, Ang II + ANP Ang II plus atrial natriuretic
peptide-treated rats, ANP atrial natriuretic peptide-treated rats.
kP < 0.001 vs. the control group, TP < 0.01 vs. the Ang II group

ANP-alone rats also showed no significant difference. The
mRNA level of ET-1 was higher in the Ang II rats than in the
controls. The mRNA level of ET-1 was decreasedin the AngII
+ ANP rats compared with the Ang II rats, but the difference
was not statistically significant (P = 0.38, data not shown).

Confocal laser scanning microscopy

In the fibrotic area shown in Fig. 4a, b, by confocal laser
scanning microscopy a large number of CD68-positive
macrophages and o-SMA-positive cells, presumably myo-
fibroblasts, was observed. We then compared whether TN-C
immunopositivity colocalized with CD68 and «-SMA pos-
itivity. Most of the a-SMA-positive cells were found to be
negative for TN-C staining (Fig. 5a), and CD68-positive
macrophages were negative for TN-C staining (Fig. 5b).

Effects of ANP on TN-C synthesis by cardiac
fibroblasts in culture

The effects of Ang II on TN-C and ET-1 gene expres-

sion, and the role of ET-1 receptors in Ang II- and ANP-
mediated regulation of TN-C gene expression, were
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Fig. 3 Histological features of Ang Il-induced myocardial fibrosis.
a Light micrographs of Sirius Red staining (scale bar 100 pm).
b Percent area of myocardial interstitial and perivascular fibrosis.
¢ Relative mRNA levels of collagen 1. d Relative mRNA levels of
collagen IIl. Values are expressed as mean &+ SD. Control control

examined in cultured cardiac fibroblasts by quantitative
real-time RT-PCR. Ang II administration increased TN-C
mRNA expression, and ANP coadministration signifi-
cantly reversed this upregulation (Fig. 6a). In addition,
Ang II increased ET-1 mRNA expression, whereas ANP
coadministration significantly reversed this upregulation
(Fig. 6b). Treatment of cultured cells with ET-1 signif-
icantly increased TN-C mRNA expression in a dose-
dependent manner (Fig. 6c¢). Upregulation of Ang
II-induced TN-C mRNA expression was significantly
blocked by the ET-R antagonist bosentan and the ET-RA
antagonist BQ123 (Fig. 6d, e), but not by the ET-RB
antagonist BQ 788 (Fig. 6f).

Discussion

The present study clearly demonstrated that ANP treatment
attenuates Ang Il-induced cardiac inflammation, fibrosis,
and hypertrophy, and improves systolic and/or diastolic
cardiac function of the rat model.

It has been suggested that ANP may inhibit adverse
cardiac remodeling by preventing cardiomyocyte
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rats, Ang II angiotensin Il-treated rats, Ang Il + ANP Ang II plus
atrial natriuretic peptide-treated rats, ANP atrial natriuretic peptide-
treated rats. *P < 0.05, **P < 0.01 vs. the control group, TP < 0.03,
TP < 0.01 vs. the Ang II group

hypertrophy and fibrosis based on G kinase activation [19,
35-37] in experiments using cultured cells and a natriuretic
peptide receptor-deficient mice [38-40]. In our present
study, ANP administration to rats significantly reversed
Ang II-induced myocyte hypertrophy and fibrosis, which
supports previous findings. Furthermore, we found that
ANP obviously reduced infiltration of macrophages as well
as expression of TN-C, an inflammatory marker, induced
by Ang IT administration.

The clinical significance of RAAS-mediated chronic
myocardial inflammation is well recognized (reviewed in
[41]). Inflammation and fibrosis are closely related; indeed,
multiple factors associated with chronic inflammation are
believed to induce fibrosis. Among these factors, matri-
cellular proteins, a category of extracellular matrix mole-
cules, have attracted considerable attention [31, 42].
Matricellular proteins do not contribute to the formation of
fibers or basement membrane but rather serve as biological
mediators by interacting directly with cells or regulating
the activities of growth factors, cytokines, proteases, and
other extracellular matrix proteins [43, 44]. TN-C is a
typical matricellular protein expressed transiently at
restricted sites during embryonic development, tissue
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Fig. 4 a Changes in TN-C immunoreactivity in response to Ang II
(scale bar 100 um). b Immunostaining for CD68 (scale bar 100 pm).
¢ Relative mRNA level of TN-C. d Total number of CD68-positive
cells per unit area (1 mm?). e Relative mRNA level of MCP-1. Values
are expressed as mean &= SD. Control control rats, Ang Il angiotensin

injury, inflammation, and fibrosis [45, 46]. Several lines of
evidence suggest that TN-C could act as a profibrotic and
proinflammatory modulator by enhancing macrophage
activity [31, 47, 48]. In fact, deletion of the TN-C gene in
mice attenuates hepatitis and liver fibrosis [49], rheumatoid
arthritis [50], and fibrosis after myocardial infarction [51].

Several reports have suggested that ANP may have an
anti-inflammatory effect [52, 53] and may inhibit macro-
phage activity [54]. We proposed that ANP may weaken
inflammation by downregulation of TN-C, a modulator of
inflammation.

In general, major sources of TN-C in myocardium could
be the interstitial fibroblasts, as we have previously reported
[25, 33]. Ang I upregulates TN-C expression in cultured
cardiac fibroblasts as well as proinflammatory cytokines,
growth factors, and reactive oxygen species [28]. We spec-
ulate that Ang II may stimulate interstitial fibroblasts to
induce TN-C expression, which is reduced by ANP.

II-treated rats, Ang II + ANP Ang II plus atrial natriuretic peptide-
treated rats, ANP atrial natriuretic peptide-treated rats. *P < 0.05,
##xP < 0,001 vs. the control group, TP < 0.05, TP < 0.001 vs. the
Ang II group

Using cultured cardiac fibroblasts, we found that ANP
suppressed TN-C expression induced by Ang II. We
investigated the role of ET-1 in Ang IVTN-C signaling
because several recent studies have linked ET-1 to fibrosis,
inflammation, and cardiovascular remodeling in the
downstream signaling of Ang II [55]. Furthermore, it is
well known that ANP suppresses gene expression of ET-1
of cardiac fibroblasts, as an autocrine/paracrine factor
[56, 57], attributable to G kinase [56]. We first confirmed
that Ang II upregulated ET-1 expression, which was sup-
pressed by ANP, as reported previously [56]. Second, we
examined if ET-1 is involved in TN-C upregulation by Ang
II in fibroblasts. Dual ET-R and ET-RA blockade signifi-
cantly suppressed TN-C upregulation, whereas ET-RB
blockade did not. Conversely, ET-1 increased TN-C
expression. Taken together, these in vitro results suggested
that ANP may suppress Ang Il-induced TN-C synthesis, at
least in part, by inhibiting the ET-1/ET-RA signaling
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