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Constrictive pericarditis with massive pericardial effusion

Mari Nakabeppu (® **, Shun ljuin (® !, and Naoki Tateishi’
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*Corresponding author. Tel: +81 992231151, Email: mary.berry.happy@gmail.com

A 27-year-old man was admitted to our hospital for the investi-
gation of pericardial effusion (PE) and ascites. Despite the accu-
mulation of excessive pericardial fluid, vital signs of cardiac
tamponade were not observed. He had no prior medical history
except for a blunt chest trauma 10 years earlier.
Echocardiography showed a tiny heart in extraordinarily re-
tained massive PE (panel A, Supplementary data online, Video
S1). Computed tomography (CT) revealed a distended overfill-
ing pericardial cavity that remarkably compressed his heart and
lung (panels B and C). Magnetic resonance imaging showed a
thickened pericardium and a respiratory septal bounce phenom-
enon (see Supplementary data online, Video S2). Heart catheter- | |,
ization followed by a pericardial drainage of gigantic 6500 mL /% = -.,m..
amount of exudative fluid suggested constrictive property of dia- ] ‘.fdJ' '
stolic square root sign in left and right ventricular simultaneous “saarerot® siga
pressure tracings (panel D). He was diagnosed with effusive—

constrictive pericarditis. Despite the removal of pericardial fluid and the treatment with anti-inflammatory medications, the underlying
pericardial constricted property continued to cause symptoms. He underwent a surgical removal of the thickened pericardium uneventfully
(panel E). Further analysis of the volume of the thoracic cavity utilizing a comprehensive 3D-rendered CT revealed a significantly greater
pre-operative volume of 9569 mL compared with the post-operative volume of 5903 mL (panel F, Supplementary data online, Video S3).
This is the first report to suggest that the compensative and elastic ability of both the thoracic and pericardial cavities plays a role in protecting
hemodynamics in effusive—constrictive pericarditis.

Supplementary data is available at European Heart Journal online.

This report did not receive any funding from government, commercial, or non-profit organizations. The authors have submitted their declar-
ation, which can be found in Supplementary material online. The data underlying this article are available in the article and in its online
supplementary material. Supplementary material is available at European Heart Journal online.

© The Author(s) 2023. Published by Oxford University Press on behalf of the European Society of Cardiology. All rights reserved. For permissions, please e-mail:
journals.permissions@oup.com
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Right heart failure due to compression of right
ventricular outflow tract by post-operative
aortic pseudoaneurysm
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A 78-year-old man presented with effort dyspnoea and oedema.
He had undergone a replacement of ascending aorta for acute aortic
dissection 3 years earlier, and no problems have been detected in post-
operative computed tomography (CT). Echocardiogram showed a
compressed right ventricle from extra-cardiac structures, resulting in
right ventricular outflow tract (RVOT) stenosis and subsequent pul-
monary hypertension (Panel A; Supplementary data online, Video S7).
Computed tomography revealed a huge aortic pseudoaneurysm origin-
ating from peripheral anastomosis of the artificial aortic graft, which
compressed the right ventricle as well as the superior vena cava, right
atrium, and pulmonary artery (Panels B and C; Supplementary data
online, Video $2). Additional reconstructed 3D-rendered CT clearly de-
monstrated that the RVOT was pinched and constricted by the aortic
pseudoaneurysm (Panels D and E; Supplementary data online, Video S3).
He was diagnosed with right heart failure due to compression around
the RVOT by post-operative aortic pseudoaneurysm. He underwent a
redo with a total arch replacement with an open stent graft to release
the compression. During surgery, we found bleeding at the anastomosis
between the graft and the aorta. We considered that the aortic tissue
was fragile and the aortic wall would be dissected one after another by
suturing haemostasis, so we added Bentall surgery. Post-operative
computed tomography revealed the expanded RVOT (Panel F
Supplementary data online, Video $4) resulting in a haemodynamic nor-
malization. He was discharged home 77 days after surgery. This is the
first case of an aortic pseudoaneurysm that compressed the RVOT
and led to a right heart failure.

Supplementary material is available at European Heart Journal — Case
Reports online.
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Successful sutureless repair of multiple left
ventricular free wall ruptures due to Takotsubo
cardiomyopathy: a case report

Hiroto Yasumura' ®, Koji Tao', Ryo Imada', Yushi Yamashita', Naoki Tateishi' and Tamahiro Kinjo'

Abstract

Background Takotsubo cardiomyopathy (TCM) is a temporary and reversible systolic abnormality of the left ventricu-
lar apical area resembling a myocardial infarction. Cardiac rupture due to TCM is a rare but fatal complication. Without
cardiac surgery, 94% of patients with left ventricular free wall rupture (LVFWR) due to TCM die. Furthermore, successful
surgical cases are rare. We report herein the successful treatment of multiple LVFWRs due to TCM using a sutureless

repair.

Case presentation An 80-year-old man quarreled with his daughter and had a sudden onset of chest pain. He

was transferred to our hospital in shock. Electrocardiography showed ST elevation and contrast-enhanced com-
puted tomography revealed a bloody pericardial effusion. Emergent coronary angiography showed no significant
stenosis. Cardiac arrest ensued because of cardiac tamponade. Emergent surgery was undertaken and three oozing
lacerations on the lateral and inferior walls were noted. A sutureless repair was performed using TachoSil® patches.
We also applied Surgicel Nu-Knit® absorbable hemostat with Hydrofit® where TachoSil® failed to completely adhere
because of hematoma formation and achieved complete hemostasis. We diagnosed the ruptures due to TCM accord-
ing to the Mayo criteria. The patient was discharged on postoperative day 71.

Conclusions A sutureless repair using TachoSil® patches and Surgicel® with Hydrofit® is a minimally invasive
and effective method for the treatment of multiple LVFWRs due to TCM.

Keywords Takotsubo cardiomyopathy, Left ventricular rupture, Sutureless repair

Background

Takotsubo cardiomyopathy (TCM), also known as “bro-
ken heart syndrome” or “apical ballooning syndrome’; is a
temporary and reversible systolic abnormality of the left
ventricular apical area resembling a myocardial infarc-
tion in the absence of coronary artery disease [1]. Car-
diac rupture due to TCM is a rare but fatal complication.
Without cardiac surgery, 17 of 18 (94%) patients with left

*Correspondence:

Hiroto Yasumura

hiroto1331255@yahoo.co,jp

! Department of Cardiovascular Surgery, National Hospital Organization
Kagoshima Medical Center, 8-1, Shiroyamacho, Kagoshima, Kagoshima
892-0853, Japan

@ Springer Open

ventricular free wall rupture (LVFWR) due to TCM died
[2]. Furthermore, successful surgical reports are rare. The
cardiac surgeries for LVFWR generally involve suture
or sutureless repair. The former technique includes lin-
ear closure, infarctectomy, and closure or patch closure,
whereas the latter technique includes repair with a col-
lagen patch, such as TachoSil® (CSL Behring, Pennsylva-
nia, USA) [3]. In the current report, we present a patient
with multiple LVFWRs due to TCM that were success-
fully treated using a sutureless repair.

Case presentation

An 80-year-old man bitterly quarreled with his daugh-
ter at night in the summer and had the sudden onset of
chest pain while in the shower. He was transferred to

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.
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our hospital. He had been followed by cardiologists for
suspected vasospasm angina, non-sustained ventricular
tachycardia, and paroxysmal atrial fibrillation. On physi-
cal examination the arterial pressure was 70/59 mmHg
and the heart rate was 99 beats per minute. The labora-
tory data showed an elevated troponin I level (2437 pg/
mL [reference value, <26.2 pg/mL]) and an elevated
creatine kinase (CK) level (443 U/L [reference value,
59-248 U/L]). Electrocardiography showed ST eleva-
tion in leads I, aVL, and V3-V6 (Fig. 1a). Transthoracic
echocardiography (TTE) showed that the ventricles were
compressed by a substantial pericardial effusion. Con-
trast-enhanced computed tomography revealed a bloody
pericardial effusion and a focal low-density area in the
lateral wall covered with a hematoma (Fig. 1b). Emer-
gent coronary angiography showed that there was no
significant stenosis (Fig. 1c, d). He had a pulseless electri-
cal activity arrest due to cardiac tamponade shortly after
intra-aortic balloon pumping (IABP) was established.
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Cardiopulmonary resuscitation and pericardiocentesis
restored spontaneous circulation. The hemoglobin level
of the >500 mL drainage fluid was 12 g/dL and did not
decrease despite the low blood pressure. Therefore, we
performed emergent surgery. Four hours after the diag-
nosis of LVFWR, a median sternotomy was performed
and the femoral artery was simultaneously exposed for
cardiopulmonary bypass (CPB). The lateral wall of the
left ventricle was covered with a viscous hematoma. After
removing the hematoma and manually elevating the
heart, we noted three oozing lacerations [two on the lat-
eral wall (Fig. 2a) and one on the inferior wall (Fig. 2b)].
An oozing-type LVFWR was diagnosed and a suture-
less repair was performed using TachoSil® fibrin sealant
patches (9.5 cmx4.8 cm and 4.8 cm X 4.8 cm; Fig. 2b, c).
Surgicel Nu-Knit® absorbable hemostat (Ethicon, New
Jersey, USA) with Hydrofit® (Terumo, Tokyo, Japan) were
also applied to the areas where TachoSil® failed to com-
pletely adhere because of hematoma formation. In so

5

Fig. 1 Findings on admission. a Electrocardiography showed ST elevation in leads |, aVL, and V3-V6. b A contrast-enhanced computed tomography
scan revealed a substantial pericardial effusion and a focal low-density area covered with hematoma in the lateral wall (orange arrow). ¢, d
Emergent coronary angiography showed that there was no significant stenosis. LAD left anterior descending artery
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Fig. 2 Intraoperative findings. a Manual elevation of the heart enabled us to note two o0ozing lacerations on the lateral wall (yellow arrows).
b TachosSil® (blue arrow) was applied to the oozing lacerations surrounded by a hematoma on the lateral wall but did not adhere completely
because of a wet scaffold. Surgicel Nu-Knit® absorbable hemostat with Hydrofit® successfully adhered to the lacerations. Another laceration
was noted on the inferior wall (yellow arrow). ¢ TachoSil® (blue arrow) successfully adhered to the laceration on the inferior wall

doing, complete hemostasis was achieved. Hemodynamic
parameter was stable with catecholamines decreasing.
He was withdrawn from IABP under dobutamine 1 y(ug/
kg/min) and noradrenaline 0.07 y on postoperative day
(POD) 3 to prevent catheter related blood stream infec-
tion and begin rehabilitation. He was withdrawn from the
respirator on POD 7. The peak CK level was 3729 U/L.
TTE showed no pseudoaneurysm on POD 66. There was
also no evidence of cardiomyopathy, cerebrovascular dis-
ease, or pheochromocytoma, which met the Mayo Clinic

Table 1 Mayo Clinic criteria for Takotsubo cardiomyopathy

diagnostic criteria for TCM (Table 1) [4]. He was dis-
charged from the hospital on POD 71.

Discussion

TCM is a temporary, reversible, benign disease, which is
often triggered by intense physical or emotional stress.
In this case, the patient had no physical stress and a bit-
ter quarrel was considered to trigger TCM. The most
serious complication of TCM is LVFWR and rupture of
the ventricular septum. The etiology of TCM rupture is

1. Transient hypokinesis, akinesis, or dyskinesis of the left ventricular mid segments
with or without apical involvement; the regional wall motion abnormalities extend
beyond a single epicardial vascular distribution; a stressful trigger is often, but not always

present
2. Absence of obstructive coronary disease or angiographic evidence of acute plaque rupture
3. New electrocardiographic abnormalities (either ST-segment elevation and/or T-wave inver-

sion) or modest elevation in cardiac troponin

Absence of pheochromocytoma or myocarditis
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unrelated to an acute myocardial infarction (AMI) [5].
Emotional stress increases catecholamine release. Direct
catecholamine toxicity on the cardiac muscle cells causes
contraction band necrosis, inflammatory cell infiltration,
and localized fibrosis [6, 7]. One histopathological case
report of LVEFWR due to TCM described that myocardial
injury involved both ischemic and catecholaminergic eti-
ology [8].

Although TCM rupture occurred within an hour after
a quarrel in our case, it generally occurs on days 2-5 of
hospitalization [2]. Therefore, LVFWR due to TCM is
rare, but should be considered in the differential diag-
nosis of an unexpected pericardial effusion in the emer-
gency room and on the ward. In our case, there was no
significant stenosis of the coronary arteries, thus we did
not suspect the presence of TCM and did not perform
left ventriculography to confirm TCM.

LVFWR is often accompanied with an AMI and is one
of the most severe life-threatening mechanical complica-
tions. LVFWR develops in up to 2% of patients with an
AMI and accounts for 14—26% of deaths after an AMI [9,
10]. By contrast, LVFWR develops in 1.89% of patients
with TCM and accounts for 77% of deaths after TCM
[2]. The high mortality rate of LVEWR due to TCM may
in part be because AMI is under the watchful eyes of a
cardiologist. However, TCM is often caused by stress and
other non-cardiovascular diseases, and rupture occurs
abruptly under the care of non-cardiologists, thus forcing
physicians to withdraw or withhold treatment.

The patient presented herein had an excellent outcome
because of prompt diagnosis and appropriate surgical
repair. Case reports on the successful surgical repair of
LVFWR due to TCM are rare. Indeed, we found only four
such surgical cases [11-14] in a PubMed search (Table 2).
These case reports lacked detailed descriptions about the
rupture type and surgery performed. Our case involved

Table 2 Successful surgical case reports of LVFWR due to TCM
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oozing-type LVFWRs and a sutureless repair using col-
lagen patches without CPB. The advantage of a sutureless
repair includes the avoidance of CPB and systemic hep-
arinization, and avoidance of suturing a fragile myocar-
dium [3]. Therefore, in cases with multiple oozing-type
LVFWRs, sutureless repair is feasible and effective.
Sutureless repair may cause postoperative complica-
tions, such as re-rupture and pseudoaneurysm. Suture-
less repair with TachoSil®/TachoComb® collagen patches
(Nycomed, Zurich, Switzerland) is a major emergent
treatment option for LVFWR. TachoSil is a medicated
sponge coated with human fibrinogen and thrombin and
facilitate secondary hemostasis; however, the re-rup-
ture rate after sutureless repair for oozing-type LVFWR
due to an AMI was reported to be 12% (4 of 33 cases),
occurring on POD 0 in 3 patients and on POD 5 in 1
patient [15]. The re-rupture rate after sutureless repair
for a blowout-type LVFWR due to an AMI has been
reported to be 0-100% in a limited number of cases [15,
16]. Among patients with re-rupture of an LVFWR, the
noteworthy intraoperative findings at the time of initial
sutureless surgery with TachoSil®/TachoComb® included
wet and unstable scaffold-like oozing of blood from mul-
tiple areas of the epicardium, bulging of the infarcted
myocardium in the systolic phase, a severely edematous
heart, and a large hematoma in the epicardium [15]. In
the present case, TachoSil® did not completely adhere
to the oozing laceration with a hematoma, but Surgicel®
with Hydrofit® sealant successfully adhered to the lac-
erations. Cases involving the successful use of Hydrofit®
sealant for an LVFWR have been recently reported, even
for a blowout rupture [17, 18]. Hydrofit® is a viscous
diisocyanate prepolymer and has high affinity for wet
scaffolds. Water contact initiates the chemical change
to form elastomer and adhere rapidly[19]. Surgicel® is
an oxidized cellulose polyanhydroglucuronic acid and is

Author(s) and year of Age (years) Gender (F/M) LVFWR site Rupture type  CPB(+) Surgery Death(+)
publication
Ishida et al. (2005) [11] 67 F Unknown Unknown Unknown Unknown -
Zalewska-Adamiec et al. 74 F Apex Blow out - Suture on a double-layered  —
(2016) [12] Teflon pad
Kudaiberdiew et al. (2017) 63 F Inferior lateral wall ~ Unknown + Resection of LV pseudoa- -
[13] neurysm and pericardial
patch repair
Al-Tkrit et al. (2020) [14] 77 F Unknown Unknown - Large patch repair +
Present case 80 M Lateral, inferior wall  Multiple oozing — Sutureless repair -

with TachoSil®
patch and Surgicel®
with Hydrofit®

LVFWR left ventricular free wall rupture, CPB cardiopulmonary bypass
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able to hold or contain water and blood, which facilitates
clot formation. Thus, Hydrofit® is usually reinforced with
Surgicel® [17]. The use of Hydrofit® sealant and Surgicel®
at the wet scaffold leads to effective hemostasis and pro-
vides a dry scaffold for adherence of TachoSil®/TachoC-
omb®. Depending on the condition of the epicardium, a
multidisciplinary hemostat approach is imperative for an
LVEFWR.

Conclusions

Sutureless repair using a TachoSil® patch and Surgi-
cel® with Hydrofit® is a minimally invasive and effective
method for the treatment of multiple LVFWRs due to
TCM.

Abbreviations

TCM Takotsubo cardiomyopathy
LVFWR  Left ventricular free wall rupture
IABP Intra-aortic balloon pumping
POD Postoperative day

AMI Acute myocardial infarction
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Abstract

Herein, we report a case of carotid artery stenting with proximal flow protection for severe stenosis of
the left internal carotid artery using transbrachial and transradial artery approaches. Because an ab-
dominal aortic aneurysm was present, we avoided the transfemoral approach. The procedure was suc-
cessfully performed with a combination of an 8-Fr balloon guide catheter and microballoon catheter
on separate axes. No complications such as pseudoaneurysm, thrombosis, or dissection were observed
at the puncture site. The patient was discharged without complications and showed good outcomes at
3 months. This technique may offer a useful alternative for patients with severe stenosis who cannot

be treated using a femoral artery approach.

Keywords: carotid artery stenting, proximal protection, transbrachial, transradial, internal carotid artery stenosis

Introduction

The proximal protection (PP) method during carotid ar-
tery stenting (CAS) is useful for patients at high risk of
distal embolization, such as those with severe internal ca-
rotid artery (ICA) stenosis or large amounts of unstable
plaque.” The transfemoral approach is commonly used for
the PP method during CAS. However, advancing a guide
catheter from the femoral artery to the carotid artery is
difficult in patients with a tortuous aortic arch, supraaor-
tic dissection, aortic disease, or unfavorable femoral artery
occlusion. We report here a case of CAS with an alterna-
tive PP method using a balloon guide catheter (BGC) and
microballoon catheter (MBC) in combination with trans-
brachial and transradial approaches to yield favorable out-
comes.

Case Report

A 67-year-old man presented to our hospital after severe
stenosis of the left ICA was incidentally found during
screening carotid ultrasonography performed to investigate
mild memory dysfunction. His medical history included hy-
pertension, dyslipidemia, and an abdominal aortic aneu-
rysm 44 mm in diameter (Fig. 1A). The patient was also a
current smoker, with a 40-year history of smoking one
pack of cigarettes a day. The patient had a history of
chronic obstructive pulmonary disease, and preoperative
evaluation of spirometry function showed a decreased
forced expiratory volume in 1 second of 51%. Magnetic
resonance imaging (MRI) demonstrated no abnormalities
such as old cerebral infarction or ischemic changes, but
magnetic resonance angiography demonstrated a de-
creased signal from the left intracranial ICA due to severe
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Fig. 1 A) Computed tomography (CT) shows an abdominal aortic aneurysm, 44 mm in diameter. B) Magnetic resonance angiog-
raphy of the head reveals a decreased signal from the left intracranial internal carotid artery (ICA) due to severe stenosis (white
arrow). C) Time-of-flight magnetic resonance imaging demonstrates a high-intensity signal of the common carotid artery (CCA).
D) Magnetization-prepared rapid gradient echo imaging shows a high-intensity signal in the CCA. E) T1-weighted black blood im-
aging reveals a high-intensity signal from the CCA, suggesting a vulnerable plaque. F) Left CCA angiography (lateral view) shows
anterograde string-like filling of the ICA beyond the carotid bifurcation. G) Left CCA injection (frontal view) demonstrates pro-
longed cerebral circulation time in the left cerebral hemisphere. H) Contrast-enhanced CT angiography shows a bovine-type arch
of the aorta. I, J) Right brachial angiography demonstrates a well-developed deep brachial artery (black arrow). K) Vascular echo-
cardiography shows that the right brachial artery at the cubital fossa has a vascular diameter of approximately 4.7 mm.

stenosis (Fig. 1B). Carotid ultrasonography revealed a vul-
nerable plaque at the origin of the left ICA and an in-
crease in peak systolic velocity to 400 cm/s. MRI of the
neck plaque demonstrated high-intensity signals on time-
of-flight imaging (Fig. 1C), magnetization-prepared rapid
gradient echo imaging (Fig. 1D), and T1-weighted black
blood imaging (Fig. 1E). On the basis of these findings, we
diagnosed a vulnerable plaque with intraplaque hemor-
rhage. Left carotid angiography revealed anterograde
string-like filling of the ICA beyond the carotid bifurcation
(Fig. 1F) and showed that the stenosis had prolonged
cerebral circulation time in the left cerebral hemisphere
(Fig. 1G). A collateral pathway via the ipsilateral posterior
communicating artery was also observed. Right brachial
angiography showed no prominent coiling or bending of
the brachial artery (Fig. 1H) and a well-developed deep
brachial artery (Fig. 1I). Contrast-enhanced computed to-
mography angiography (CTA) revealed a bovine aortic arch
(Fig. 1J). Vascular echocardiography showed that the right
brachial artery at the cubital fossa had a vascular diameter
of approximately 4.7 mm (Fig. 1K). Because of the problem
of decreased respiratory function, we considered that ca-
rotid endarterectomy and direct carotid artery puncture
requiring general anesthesia should be avoided because of
the risk of postoperative respiratory complications. To ad-
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dress severe carotid stenosis, CAS was planned after ob-
taining an informed consent.

Clinical course and procedure

Because of the large amount of plaque and near-
occlusion, we considered that CAS using the PP method
was desirable to adequately prevent distal embolization
during the passage of the stenosis. However, due to the ab-
dominal aortic aneurysm, the transfemoral artery approach
was considered a high risk, so we decided to use an upper
limb for the approach route. A PP device such as a Mo.Ma
(Medtronic, Minneapolis, MN, USA) would have been desir-
able in this case but was avoided because of the high risk
of puncture complications due to the need to puncture the
brachial artery with an 8- or 9-Fr sheath. Furthermore, be-
cause two types of balloon are required to perform the PP
method, we decided to perform CAS using a combined ip-
silateral transbrachial and transradial approach wherein
the BGC and MBC are guided from the brachial and radial
arteries, respectively. An approach using the right and left
upper limbs was also considered, but given the possibility
of access difficulty due to the bovine-type bifurcation of
the left common carotid artery (CCA), a tandem puncture
was performed ipsilaterally instead.

The procedure was performed with the patient awake

NMC Case Report Journal Vol. 10, 2023
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Fig. 2 Angiography during carotid artery stenting. A) An 8-Fr balloon guide catheter (BGC) is navigated from the right brachial
artery (white arrowhead), and a 4-Fr catheter is guided from the right radial artery (white arrow). B) BGC and 4-Fr catheter navi-
gated to the left common carotid artery (CCA). C) Fluoroscopic lateral view in which postdilation has been performed after place-
ment of the carotid stent using a flow-reversal system with a microballoon catheter (MBC) (black arrow) and a BGC (black arrow-
head). D) Left CCA injection (lateral view) after all procedures were completed. E) Left CCA angiography (frontal view) reveals no
contrast-enhanced defect. F, G) Contrast-enhanced computed tomography angiography after 5 days of intervention shows no
puncture site complications in the right brachial (F) and radial (G) arteries.

and under minimal sedation. Venipuncture was first per-
formed through the right femoral vein, placing a 3-Fr
sheath for arterial blood return. The right brachial artery
was punctured with an 18-G needle, and a 0.035-inch-
diameter guidewire was inserted into the outer casing to
the subclavian artery. An 8-Fr BGC (OPTIMO; Tokai Medi-
cal Products, Aichi, Japan) with a dilator (TMP dilator [;
Tokai Medical Products) was inserted into the lumen of
the BGC and advanced into the right subclavian artery
along the guidewire. After systemic heparinization, a 4-Fr
sheath was inserted into the right radial artery, and a 4-Fr
catheter (JB2 100 cm; Medikit, Tokyo, Japan) was carefully
navigated into the left CCA (Fig. 2A, B). When advancing
the 4-Fr catheter, no resistance attributable to interference
with the BGC was encountered. Then, the 8-Fr BGC was
navigated into the left CCA. The subsequent treatment
procedure is shown in Fig. 3. A 0.014-inch microguidewire
(CHIKAIL Asahi Intecc, Aichi, Japan) was placed deep into
the external carotid artery (ECA), and the MBC (Pinnacle
blue 20; Tokai Medical Products) was placed at the origin
of the ECA along the microguidewire. Then the ECA and
CCA were occluded with the BGC and MBC, forming a

NMC Case Report Journal Vol. 10, 2023
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flow-reversal procedure. At that time, we confirmed the
absence of side leakage aside from the gap between the
BGC and shaft of the MBC. Using the roadmap technique,
the 0.014-inch microguidewire was carefully advanced
across the stenotic lesion while applying manual blood
suction from the BGC, and dilation was performed using a
2.0 mm x 40 mm balloon catheter (Coyote; Boston Scien-
tific, Natick, MA, USA) at the site of stenosis. The mi-
croguidewire was subsequently exchanged for a Spider Rx
distal filter protection device (Medtronic/Covidien), which
was positioned within the left distal ICA. Because the left
superior thyroid artery bifurcated from the left CCA, the
procedure with ECA and CCA occlusions was continued.
Predilation was performed using a 4.0 mm x 40 mm bal-
loon catheter (Sterling; Boston Scientific) at the site of
stenosis. After that, an 8 mm x 30 mm carotid stent (CAS-
PER Rx; MicroVention, Terumo, Tustin, CA, USA) was
placed. Postdilation was performed using a 4.5 mm x 40
mm balloon catheter (Sterling; Boston Scientific) at the
site of stenosis (Fig. 2C). After the left ECA and CCA bal-
loons were deflated, all procedures were completed. The
brachial artery was manually hemostatic for 20 minutes,
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Fig. 3 Schematic illustration of treatment procedures during carotid artery stenting. A) After placement of the balloon guide
catheter (BGC) and a 4-Fr catheter. B) The microguidewire (MG) is inserted deep into the external carotid artery (ECA), with the
microballoon catheter (MBC) placed at the origin of the ECA alongside the MG. C) The ECA and common carotid artery are oc-
cluded with the BGC and MBC, forming a flow-reversed system. The MG is advanced across the stenotic lesion. D) The MG is ex-
changed for a filter protection (FP) device after angioplasty with the balloon catheter (BC). Predilation and postdilation with BC
and placement of a carotid stent (CS) are performed. E) The MBC is deflated and removed first; then, the BGC is deflated. All pro-

cedures are completed.

followed by fixation with a hemostatic tape at a pressure
of 60 mmHg for 6 hours. The radial artery was fixed with a
band for 4 hours to achieve hemostasis. Left CCA injection
showed no contrast-enhanced defect (Fig. 2D, E). No pe-
rioperative complications were observed, and ultrasonogra-
phy showed no plaque protrusion. Contrast-enhanced CTA
5 days after CAS showed no abnormalities in the right bra-
chial (Fig. 2F) and radial (Fig. 2G) arteries. Finally, the pa-
tient was discharged with a modified Rankin scale score of
0. On follow-up at 3 months after discharge, modified
Rankin scale score remained 0. Consent for publishing this
report was obtained from the patient.

Discussion

Endovascular treatment via a brachial or radial ap-
proach has been increasing in recent years, and CAS is no
exception. This case was novel in that CAS was performed
using PP method via the brachial and radial arteries. The
key points of this case can be divided into PP via transbra-
chial and transradial artery approaches and points to keep
in mind when performing this procedure, along with a dis-
cussion of the literature.

46

PP method via the transbrachial and transradial arter-
ies

In this case, the transfemoral approach was avoided be-
cause of the presence of an abdominal aortic aneurysm,
and the transfemoral approach is commonly used when
CAS is performed using a PP method.” Previous studies
have shown that CAS using the PP method has a low risk
of perioperative cerebral infarction."” This is achieved us-
ing a dedicated PP device such as Mo.Ma or GORE (Gore
& Associates, Flagstaff, AZ, USA), but the transbrachial ap-
proach is rarely used because of problems with device di-
ameter, stiffness, and arterial bifurcation morphology. As of
2022, the PercuSurge Guardwire (Medtronic) is no longer
available, so the Parodi method, which uses the BGC and
PercuSurge Guardwire in combination to block the ECA
and CCA, cannot be performed.” In this method, a Per-
cuSurge Guardwire was placed coaxially in the BGC and
implanted in the ECA to create a flow-reversal circuit;
however, currently, no device with a balloon can be in-
serted coaxially when performing CAS. Therefore, we per-
formed CAS using the PP method with the BGC and MBC
on separate axes, using both transbrachial and transradial
approaches.

Relatively few reports in the literature on CAS have de-
scribed using a transbrachial or transradial approach with
the PP method. Montrsi et al.” prospectively reviewed the

NMC Case Report Journal Vol. 10, 2023



Alternative Proximal Protection Methods during CAS

outcomes and complications of CAS performed using
transbrachial or transradial approaches. They inserted an
8-Fr sheath into the brachial or radial artery and per-
formed 61 CAS procedures under PP method using an 8-Fr
Mo.Ma. The mean stenosis rate was 87.8% in the European
Carotid Surgery Trial.” The brachial artery was used in 31
cases (51%) and the radial artery in 30 cases (49%), and
the procedure was completed in 55 cases (90%). Of the six
patients for whom the procedure could not be completed,
Mo.Ma could not be induced because of anatomical rea-
sons in one patient (1.6%), and the blockade was not toler-
ated by five patients (8.1%). Complications included pseu-
doaneurysm of the brachial artery in one case (1.6%) and
acute occlusion of the radial artery after surgery in two of
30 cases (6.6%). The present report is rare in that the 8-Fr
sheath was inserted not only via a transbrachial approach
but also via a transradial approach, and the procedure was
performed using Mo.Ma.

Points when performing this procedure

The following is a list of points to be considered in this
procedure. First, the diameter of the brachial artery is im-
portant. In this procedure, two catheters are navigated
from the same upper extremity through the brachial ar-
tery. For example, the outer diameter of an 8-Fr BGC is ap-
proximately 2.7 mm and that of a 4-Fr catheter is approxi-
mately 1.3 mm, so the brachial artery must have an inner
diameter of >4.0 mm. In this case, the diameter of the bra-
chial artery was measured preoperatively using echocar-
diography and confirmed as 4.7 mm, and thus, the proce-
dure was deemed feasible. The diameter of the brachial ar-
tery is estimated to be approximately 4.5 and 3.5 mm in
adult men and women, respectively.”” The order of punc-
ture is also important, and the brachial artery should be
punctured first. If the radial artery is punctured first to
guide the device, the puncture of the brachial artery may
damage the device. To reduce puncture site complications
as much as possible, BGC was inserted using a 5-Fr long
dilator into the brachial artery without a sheath. Koge et
al.” reported a case in which a BGC was safely guided into
the CCA without the need for a sheath, using a dedicated
6-Fr long dilator in combination with a 9-Fr BGC. How-
ever, in the cardiovascular field, bleeding complications at
the puncture site were observed in 2.3% of patients using
the transbrachial approach,” which is higher than the rate
of 2.0%'"” seen when using the transfemoral approach. Fur-
thermore, 6-Fr intra-aortic balloon pumping has reportedly
shown fewer puncture site complications than 8-Fr IABP."”
Another report found that the insertion of a sheath with a
diameter larger than 8-Fr was associated with pseudoaneu-
rysm as a complication at the puncture site."” In other
words, the brachial artery approach using an 8-Fr sheath is
considered a high risk in Japanese patients who have
smaller arterial diameters than Westerners. We used a
sheathless technique with an 8-Fr BGC to reduce the size
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of the puncture site to that of a 6-Fr sheath. However, the
risk of puncture site complications in the upper extremi-
ties is expected to increase due to ipsilateral radial artery
puncture in addition to brachial artery puncture. It might
have been better to remove the 4-Fr catheter after dilating
the MBC to reduce the risk of upper extremity ischemia.
This procedure is indicated only for very specific cases
with large brachial arteries and is not recommended for
universal use in Japanese patients, who, as already men-
tioned, have smaller arterial diameters in the upper ex-
tremities than Westerners.

The order of hemostasis may also be important. In our
case, hemostasis was applied to the brachial artery, which
has a large volume of perfusion to the upper limb, fol-
lowed by hemostasis of the radial artery. However, if hemo-
stasis was applied to the brachial artery while a sheath
was inserted into the radial artery, perfusion to the ulnar
artery, which is a collateral blood vessel, would be re-
duced, possibly resulting in further hypoperfusion inhibi-
tion. The collateral vessels function in the deep brachial
artery” when the brachial artery is occluded and in the in-
terosseous artery when the radial and ulnar arteries are
occluded. Therefore, evaluating this information preopera-
tively would be desirable.

Difficulty in guiding the device should also be noted. In
particular, in left-sided lesions with a normally shaped aor-
tic arch (e.g., arch type I), the angle of bifurcation of the
CCA is so steep that the device may vector toward the as-
cending aorta and slide off during device advancement. In
the present case, the device was easily guided to the left
CCA because the aortic arch was the bovine type. How-
ever, an MBC could conceivably be guided from the left
upper extremity using a Simmons-type guiding catheter.

With the method we applied, the MBC is guided in par-
allel with the BGC and implanted at the origin of the ECA,
rather than coaxially with the BGC. Therefore, when the
balloon of the BGC is inflated, a gap exists between the
shaft of the MBC and BGC, which may prevent complete
blockage of progressive blood flow. In this case, we used a
contrast medium to check for residual progressive blood
flow after the blood flow was supposed to have been
blocked. Fortunately, we confirmed that complete blood
flow blockage had been achieved. However, depending on
the degree of balloon expansion of the guiding catheter,
leakage or damage to the vessel wall may occur. Caution is
therefore warranted. Another attractive point is the ease of
balloon positioning: the distance between ECA and CCA
balloons cannot be changed in Mo.Ma.

This presents a review of the literature. This technique
may be useful in CAS for ICA stenosis with severe stenosis
where intraoperative distal embolization is a concern,
when a conventional transfemoral approach is difficult,
and when anatomical access is considered possible.
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Conclusion

We have described a case of CAS with the PP method
for severe left ICA stenosis using a combination of trans-
brachial and transradial artery approaches. This method
may be effective in cases of severe stenosis with a high
risk of distal embolization and anatomical abnormalities
preventing the use of the femoral artery approach.
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Picture 3.

A 50-year-old man presented with left-sided hemiparesis.
He had no smoking history, and his occupation was a desk
job. Magnetic resonance imaging demonstrated signal hyper-
intensity on diffusion-weighted imaging and occlusion of the
right internal carotid artery (ICA). Right carotid angiography
showed dissection (white arrow) (Picture 1). Mechanical
thrombectomy and carotid artery stenting were also per-
formed. Contrast-enhanced computed tomography angiogra-
phy revealed that the right styloid process (red arrows) and
right ICA were not in anatomic contact in the normal head
position (Picture 2); however, in the retroflexed position,
both were adjoined (Picture 3). Because right buccal pain
was induced by the retroflexed position, we diagnosed the
patient with Eagle syndrome. Reduced cerebral blood flow
has been reported in the forward-bending (1) and right-
rotated positions (2). This is a rare case of a prolonged sty-

loid process that caused damage to the right ICA due to
head retroflexion.
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Holter Electrocardiographic Approach to Predicting Outcomes
of Pediatric Patients With Long QT Syndrome

Masao Yoshinaga, MD, PhD; Yumiko Ninomiya, MD; Yuji Tanaka, MD, PhD;
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Minoru Horie, MD, PhD; Hiromitsu Ogata, PhD

Background: This study was performed to clarify the clinical findings of pediatric patients diagnosed with long QT syndrome (LQTS)
through electrocardiographic screening programs and to predict their outcome using Holter electrocardiographic approaches.

Methods and Results: This retrospective study included pediatric patients with a Schwartz score of >3.5 who visited the National
Hospital Organization Kagoshima Medical Center between April 2005 and March 2019. Resting 12-lead and Holter electrocardio-
grams were recorded at every visit. The maximum resting QTc and maximum Holter QTc values among all recordings were used
for statistical analyses. To test the prognostic value of QTc for the appearance of cardiac events after the first hospital visit, receiver
operating characteristic curves were used to calculate the area under the curve (AUC). Among 207 patients, 181 (87%) were diag-
nosed through screening programs. The prevalence of cardiac events after the first hospital visit was 4% (8/207). Among QTc at
diagnosis, maximum resting QTc, and maximum Holter QTc, only maximum Holter QTc value was a predictor (P=0.02) of cardiac
events after the hospital visit in multivariate regression analysis. The AUC of the maximum Holter QTc was significantly superior to
that of maximum resting QTc.

Conclusions: The maximum Holter QTc value can be used to predict the appearance of symptoms in pediatric patients with LQTS.

Key Words: Children; Holter electrocardiogram; Long QT syndrome; Prognosis; Screening

l odg QT syndrome (LQTS) is a genetic disorder longed QT intervals. Many patients are asymptomatic at

characterized by abnormal ventricular myocardial diagnosis in the program,? partly because they may be
repolarization and prolongation of the QT interval screened before the appearance of cardiac events. This
on an electrocardiogram (ECG).!* LQTS-related cardiac means that the development of LQTS-related cardiac
events include syncope or life-threatening arrhythmic events could be prevented if careful examinations are per-
events, such as aborted cardiac arrest (ACA) or sudden formed and follow-up strategies are implemented from the
cardiac death (SCD). Since the first description of 4 patients first visit. However, there are no recent reports on all clini-
. with deafness and a long QT interval in 19574 considerable cal findings and outcomes of patients who have been diag-
progress has been made in understanding the genetics, nosed through the ECG screening program.
pathogenesis, diagnosis, and treatment of LQTS.!3 Sub- QTec values on resting 12-lead ECGs are generally used
stantial improvements in patient outcomes have recently to predict the appearance of LQTS-related cardiac
been seen.® However, life-threatening arrhythmic events events.222 A Jonger QTc value is an independent predictor
still occur in a certain percentage of patients according to for cardiac events in patients with Type 1 and 2 LQTS
relatively recent reports from both single-centers913-15.18 (LQTI1 and LQT?2, respectively).?* Holter monitoring of
and multicenter studies.68.10-12.16.17.19 the QT interval showed more frequent QT prolongation
A nationwide, school-based ECG screening program for during the night-time hours than during daytime hours in
heart disease in Ist, 7th, and 10th graders in Japan was patients with LQT2 and LQT3.2# QTc values reached their
established in 1994, and participation is mandatory. This maximum at night or early in the morning in both pediat-
program has identified children and adolescents with pro- ric controls and pediatric patients with LQTS.% In our
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clinical experience, QTc values at night are quite different
from those on a routine ECG recorded during daytime
hours in the hospital (Figure 1). These findings suggest that
we should consider the maximum QTc values among
repeated Holter ECGs; however, the use of the QTc value
on Holter ECGs remains controversial.!8:26

Therefore, the aims of the present study were to clarify
the outcomes of young patients with LQTS in the era of
the ECG screening program in a single center where fol-
low-up strategies were unified, and to determine whether
QTc values from Holter ECG recordings are applicable
and useful for predicting the appearance of cardiac events.

Methods

Study Population

This retrospective study included 207 infants, children, and
adolescents who were diagnosed as a high probability of
LQTS (i.e., an LQTS [Schwartz] score of >3.5) at the
National Hospital Organization Kagoshima Medical Center
between April 2005 and March 2019 and who were diag-
nosed before 20 years of age. Kagoshima City has a popu-
lation of approximately 600,000. In 2005, an outpatient
clinic for inherited arrhythmias was established at the
National Hospital Organization Kagoshima Medical Cen-
ter. Children and adolescents who were screened through
the screening program in Kagoshima City all attended this
center from 2008 to 2013, within the study period. There-
after, most (but not all) children and adolescents identified
through the screening program also attended the center.
The end of the study was set to March 2019 to allow for a
longer follow-up period for recent patients. Outcomes were
finally checked on March 31, 2022.

The study was approved by the Ethics Committee of the
National Hospital Organization Kagoshima Medical Center
(No. 30-69). The procedures in this study were performed
in accordance with the Declaration of Helsinki and the
ethical standards of the institutional committee on human
experimentation.

Patients who had secondary causes of LQTS or who had
congenital heart diseases, epilepsy, and attention deficit
hyperactivity disorder were excluded. Patients with Jervell
and Lange-Nielsen syndrome were also excluded because
this disease has an extremely severe clinical course. LQTS-
related cardiac events were defined as syncope, seizure,
documented torsade de pointes (TdP), ACA, SCD, and
appropriate implantable cardioverter defibrillator (ICD)
shock; however, there were no patients with either SCD or
ICD shock in the present study. Syncope was defined as a
sudden loss of consciousness with spontaneous recovery
and excluded all events assessed to be likely vasovagal in
nature (e.g., emotional reactions, heat or dehydration, or
abrupt postural changes).’ All patients were primarily fol-
lowed by a single cardiologist (M.Y.).

Patients were classified by diagnostic events into a
screened group or a clinical (not screened) group. The
screened group comprised patients who were screened by
the program. The clinical group included patients who
visited the hospital with LQTS-related cardiac events,
those who were diagnosed by a familial study, and those
who were diagnosed by chance, namely during the course
of examinations for.other conditions, such as heart mur-
mur, palpitation, or chest pain.
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ECG Recording and Measurement of QT/RR Intervals

The patients and their parents were asked to visit the out-
patient clinic at least once a year. A resting 12-lead ECG
and a Holter ECG were recorded at each visit in all patients,
including infants. A Master 2-step test (if possible) and a
treadmill exercise test (if needed) were also performed.
Chest radiography, serum biochemistry, and echocardiog-
raphy were performed at the first visit.

One of the authors (M.Y.) manually measured 3 con-
secutive QT/RR intervals in lead V5 on resting ECGs using
the tangent method. Each QT interval was corrected by the
Bazett formula and Fridericia formula (termed QTcB and
QTcF, respectively). The mean QTc value of 3 consecutive
beats was calculated. After obtaining QTc values from
each visit, the maximum QTc value among all repeated
resting ECGs was termed the maximum resting QTc and
used for analysis.

For measurement of QT intervals on Holter ECGs
(SCM-8000 System, V54-11; Fukuda Denshi, Tokyo, Japan),
5 representative periods were selected to exclude selection
bias: night-time sleeping, wake up time, and daytime activ-
ities in the morning, afternoon, and evening. Each period
was arbitrarily defined as 02:00-04:00, 06:00-08:00, 10:00—
12:00, 14:00-16:00, and 20:00-22:00 hours, respectively. In
each period, ECGs at maximum, mean, and minimum
heart rates were chosen. To obtain QTc values near the
longest QTc, we tried to find the place where the heart rate
increased abruptly from background heart rate
(Figure 1B,C), or where notched T waves were present, or
where the appearance of peak of T waves was late
(Figure 1B). Three consecutive QT/RR intervals with sta-
ble RR intervals in Lead CM5 were manually measured in
the same way as resting ECGs. Among all QTc values
obtained throughout the day and among all Holter ECGs
recorded at each visit, the maximum QTc value on Holter
ECGs was termed the maximum Holter QTc and used for
analysis.

Follow-up Strategies

All patients were asked to adhere to the following at their

first visit:

1. Patients are allowed to swim under the supervision of a
person or persons able to perform resuscitation. If the
patient has a long QTc value, they should not swim.

. Patients are able to participate in competitive sports if:
they have not experienced syncope during exercise; they
do not have findings of worsening of QTc during the
treadmill exercise test; there is at least | instructor who
can perform resuscitation present during the sports
activity; and if an automated external defibrillator is
available on site.

3. Patients must not take QT-prolonging medications. The
patients and their parents were asked to bring a list of
any QT-prolonging drugs to give to their doctors at
their first hospital. The note was handed to the patient
and parents at the first visit.

Medication was started if LQTS-related cardiac events
occurred in patents with a diagnosis of LQTS.™ For -
asymptomatic patients, medication was recommended
based on the longest QTcF value on Holter ECGs during
follow-up. The mean difference between the longest Holter
QTcF and the resting QTcB on the same day in the same
patient was around 50 or 60ms at the beginning of the
study (it finally reached a mean [£SD] of 69+45ms in this
study). If the longest Holter QTcF a patient was around or
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Figure 1. (A B) Differences in QTc
values between the resting electrocar-
diogram (ECG) (A) and Holter ECG
(B) in a 12-year-old girl who was
screened by an ECG screening pro-
gram because of a prolonged QT
interval. (A) Resting ECG on the
patient’s first hospital visit showed a
QT interval of 0.53s, an RR interval of
1.25s, and QT intervals corrected by
the Bazett formula and Fridericia for-
mula (QTcB and QTcF, respectively)
of 0.474 and 0.492, respectively, on
the marked beat (O). The Holter
recording was started on the same
day of the patient’s first hospital visit.
(B) Continuous Holter ECG recording
during sleep at 00:52 hours the next
day. The QTc value was extremely
prolonged during the Holter record-
ing. (C) Changes in QTc values in
consecutive beats from QT-1to QT-42
in (B) showing changes in QTcB (Left)
and QTcF (Right). Genetic testing
using a next-generation sequencer
failed to reveal a pathogenic variant.
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Event (-)
No. (%) subjects 199 (96)
Female sex 84 (42)
No. (%) screened by the program 124 (87)
At diagnosis
Age (years) 12.5[7.7-13.2]
Heart rate (beats/min) 75 [67-85]
QTcB (resting) (ms) 483 [472-497]
Schwartz score 4.5[4.0-5.0]
Genotype tested 116 (58)
Genotype determined? 36 (31)
LQT1 . 13
LQT2 ) 15
LQT3 2
Other g 6
Family history of LQTS 45 (23)
Family history of SCD 2(1)
Overall cardiac events 2(1)
Cardiac events before visit 2(1)
Syncope/seizure 2
Documented TdP 0
Aborted cardiac arrest 0
Therapy y
Oral 46 (23)
B-blocker : 24
Na channel blocker ' 15
B-blocker and Na channel blocker 7
ICD/LCSD 0/0
Follow-up period (years) 5.7 [3.3-7.8]
QTc values at various times
QTcF at diagnosis (resting) (ms) 467 [451-479]
Maximum QTcB (resting) (ms) 484 [476-499]
Maximum QTcF (resting) (ms) 469 [454-486]
Maximum QTcB (Holter) (ms) 549 [533-574]
Maximum QTcF (Holter) (ms) 512 [491-532]

Event (+) P value Total
8 (4) . 207 (100)
7 (88) 0.02 91 (44)
7 (88) 0.26 181 (87)
12.8[8.9-13.2] 0.57 12,5 [7.8-13.2)
65 [62-74] 0.047 74 [66-85]
481 [468-490] 0.81 483 [472-497)
6.0 [5.6-6.8] <0.001 4.5[4.0-5.0]
8 (100) 0.02 124 (60)
5 (63) 0.1 41 (33)
g ' 15
3 18
0 2
0 6
1(13) 0.69 46 (22)
0(0) >0.99 2(1)
8(100) <0.001 10 (5)
2 (25) 0.008 4(2)
8 . g 10
0 0
0
8 (100) <0.001 54 (26)
3 27
1 16
4 11
0/0 . 0/0
10.4[9.2-10.9] <0.001 6.0[3.4-8.2]
472 [457-482] 00,28 468 [452-481]
499 [476-524] 0.16 486 [477-503]
487 [473-521] 0.01 471 [456-490]
614 [599-631] <0.001 553 [534-580]
582 [548-598] © <0.001 514 [493-540]

Unless indicated otherwise, values are expressed as n (%) or the median [interquartile range]. AThe percentages were calculated as (number
determined)/(number tested)x100. Statistical analyses were performed using the Mann-Whitney test or Fisher's exact probability test. ICD,
implantable cardioverter defibrillator; LCSD, left cardiac sympathetic denervation; LQT1, LQT2, LQT3, long QT syndrome types 1, 2, and 3,
respectively; LQTS, long QT syndrome; QTcB, QT interval corrected by Bazett's formula; QTcF, QT interval corrected by Fridericia’s formula;

SCD, sudden cardiac arrest; TdP, torsade de pointes.

more than 530ms (470+60ms), medication was recom-
mended because the established criterion for starting med-
ication is a QTcB of >470 ms on the resting ECG.2!

Genetic Testing

Genetic testing was performed for patients whose maxi-
mum Holter QTcF was around or greater than 500 ms or
whose parents requested genetic testing. Until 2018, Sanger
sequencing was performed in Kagoshima Medical Center
for potassium voltage-gated channel subfamily Q member
1 (KCNQI), potassium voltage-gated channel subfamily H
member 2 (KCNH2), sodium voltage-gated channel alpha
subunit 5 (SCN5A), potassium voltage-gated channel sub-
family E regulatory subunit 1 (KCNEI), and potassium
voltage-gated channel subfamily E regulatory subunit 2
(KCNE2). When we failed to detect any pathogenic vari-
ants, and after 2018 generally, genetic analyses were per-
formed using HaloPlex HS custom panels (Agilent
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Technologies, Santa Clara, CA, USA) that included 56
genes related to inherited arrhythmia syndrome and a
bench-top next-generation sequencer (MiSeq; Illumina,
San Diego, CA, USA). The data obtained were analyzed
using SureCall software (Agilent Technologies) in Shiga
University of Medical Science.'? Based on the Clinical
Genome Resource (ClinGen),?” LQTS-related genes were
limited to the following: KCNQI, KCNH2, SCN3A,
KCNEI, KCNJ2, and calcium voltage-gated channel sub-
unit alphal C (CACNAIC). No patients in this study had
calmodulin or triadin gene mutations.

Statistical Analysis

Statistical analyses were performed using statistical soft-
ware (IBM®™ SPSS® Statistics v23.0; IBM Japan, Ltd.,
Tokyo, Japan). Data are expressed as the median and
interquartile range (IQR). Statistical analyses were per-
formed using the Mann-Whitney test or Fisher’s exact
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Varisblas Pislsiaihss Univariate regression Multivariate regression (n=207)
n OR 95% CI P value OR 95% CI P value

Age Per age 207 1.05 0.85-1.30 0.64
Female sex? Male 207 9.58 1.16-79.4 0.04 8.72 0.49-156 0.14
Schwartz score Per point 207 9.13 267-31.2 <0.001 6.64 0.74-59.8 0.09
Pathogenic variants ~ Absent 124 3.70 0.84-16.3 0.08
Family history of Absent 207 0.49 0.06-4.08 0.51
LQTS ‘
Clinical group® Screened group 207 0.99 0.12-8.42 >0.99
Cardiac events Absent 207 328 3.94-273 0.001 1.04 0.009-121 0.99
before visit
QTcB at diagnosis Per QTcB 207 1,799 2.4E-10-1.4E+16 0.62
Maximum QTcB Per maximum 207 6.0E+7 1.59-2.3E+15 0.04 1.2E-13  1.2E-37-1.3E+11 0.29
(resting) QTcB :
Maximum QTcB Per maximum 207 28E+35 1.8E+17-4.5E+53  <0.001 9.3E+28 1.4E+6-6.3E+51 0.01
(Holter) Holter QTcB
Follow-up period Per year 207 1.47 1.16-1.86 - 0.002 1.29 0.92-1.80 0.14

ASex was dichotomized (boys=1, girls=2). ®Diagnosis by screening or clinically was dichotomized (screened group=1, clinical group=2). Cl,
confidence interval; OR, odds ratio. Other abbreviations as in Table 1.

Variables it Univariate regression Multivariate regression (n=207)

n OR 95% CI P value OR 95% CI P value
Age Per age 207 1.07 0.88-1.29 0.52
Female sex? Male sex 207 5.49 1.14-26.5 0.03 3.85 0.62-8.90 0.19
Schwartz score Per point 207 11.6 3.28-40.7 <0.001 5.08 1.20-21.6 0.03
Pathogenic variants®  Absent 124 5.49 1.34-22.5 0.02
Family history of Absent 207 0.38 0.05-3.04 0.36 1.20 0.31-4.67 0.79
LQTS
Clinical group® Screened group 207 1.80 0.36-8.99 0.47
Cardiac events Absent 207  5.3E+10 0.000— 0.999
before visit
QTcB at diagnosis Per QTcB 207 3.2E+10 0.001-1.1E+18 0.16 )
Maximum QTcB Per maximum 207 5.7E+8 45.1-7.3E+15 0.02 0.002 8.1E-19-8-5.7E+12  0.73
(rest) QTcB :
Maximum QTcB Per maximum 207 16E+32 7.1E+16-3.4E+47  <0.001 5.0E+26 3.4E+7-7.3E+45 0.006
(Holter) Holter QTcB
Follow-up period Per year 207 1.30 1.07-1.57 0.009 1.04 0.81-1.34 0.77

ASex was dichotomized (boys=1, girls=2). 8The presence of a pathogenic variant was not used as an independent variable in the multivariate
regression analysis because the number of patients who were tested was limited to 124. In the multivariate regression analysis with 124
patients, the presence of a pathogenic variant was not a significant predictor of the overall appearance of cardiac events (data not shown).
CDiagnosis by screening or clinically was dichotomized (screened group=1, clinical group=2). Other abbreviations as in Tables 1,2.

probability test. To predict the presence or absence of
cardiac events, logistic regression analysis was performed
using the following as independent variables: age at diag-
nosis, sex, presence or absence of the pathogenic variant,
family history of LQTS, screened or clinical (not screened)
diagnosis, cardiac events before the first visit, resting QTc
at diagnosis, maximum resting QTc value, maximum
Holter QTc value, and follow-up period. To test the prog-
nostic value of QTc for the presence of cardiac events,
receiver operating characteristic (ROC) curves were used
to calculate the area under the curve (AUC). To determine
the cut-off QTc, Youden’s index and the distance from the
point (0,1) and the ROC plots were used. Two-sided
P<0.05 was considered statistically significant.
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Results

The characteristics of patients classified by the presence or
absence of cardiac events after the hospital visit are pre-
sented in Table 1. The mean age and mean QTc values at
diagnosis did not differ between the 2 groups; however,
maximum resting QTcF, maximum Holter QTc¢B, and
maximum Holter QTcF were significantly longer in the
group with than without cardiac events after the first hos-
pital visit (P=0.01, P<0.001, and P<0.001, respectively). In
addition, the median Schwartz score was higher in the
group with than without cardiac events (P<0.001), primar-
ily because the Schwartz score awards 1 or 2 points for the
presence of cardiac events (Supplementary Table 1). The
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Figure 2. Receiver operating characteristic
curves of 4 QTc values for predicting (A) the
appearance of cardiac events after the first
hospital visit and (B) the presence of overall
cardiac events. Lines represent the maxi-
mum (Max) Holter QT interval corrected by
the Fridericia formula (QTcF; a), Max Holter
QT interval corrected by the Bazett formula
(QTcB; b), Max resting QTcF (c), and Max
resting QTcB (d). (A) The areas under the
curve (AUCs) and 95% confidence intervals
(Cls) for (a), (b), (c), and (d) were 0.942
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(0.888-0.996), 0.938 (0.858-1.017), 0.770
(0.635-0.905), and 0.646 (0.426-0.866),
respectively. P values for differences in
AUCs were as follows: P=0.86 for (a) vs. (b);
P=0.009 for (a) vs. (c); P=0.003 for (a) vs.
(d); P=0.01 for (b) vs. (c); P=0.002 for (b)
vs. (d); and P=0.049 for (c) vs. (d). (B) The
AUCs and 95% Cls for (a), (b), (c), and (d)
were 0.910 (0.829-0.990), 0.928 (0.856-
0.999), '0.790 (0.675-0.905), and 0.653
(0.455-0.851), respectively. P values for dif-
ferences in AUCs were as follows: P=0.52
for (a) vs. (b); P=0.06 for (a) vs. (c); P=0.003
for (a) vs. (d); P=0.01 for (b) vs. (c); P=0.001
for (b) vs. (d); and P=0.02 for (c) vs. (d).

prevalence of cardiac events before the first hospital visit
was also higher in the group with than without cardiac
events (P=0.008; Table 1).

Of the 207 patients, 181 (87%) were diagnosed through
the screening program (Supplementary Table 2). Of the 26
patients in the clinical group, 1 was diagnosed by the pres-
ence of cardiac events, 8 were diagnosed by a familial
study, and 17 were diagnosed by chance. The mean age of
patients was lower in the clinical than screened group
(P<0.001). The risk for the appearance of cardiac events
after the first hospital visit did not differ between the 2
groups (Supplementary Table 2).

The diagnostic yield of genetic testing was low (33%;
Table 1), even though patients who underwent such testing
were analyzed using next-generation sequencers. The prev-
alence of the overall presence of cardiac events was signifi-
cantly higher in patients with than without pathogenic
variants (7/41 [17.1%)] vs. 3/83 [3.6%], respectively; P=0.01).

Predictive factors for the appearance of cardiac events
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after the first hospital visit were determined using QTcB
values as markers of the QT interval (Table 2). Univariate
regression analysis showed that female sex, Schwartz score,
cardiac events before the first hospital visit, maximum rest-
ing QTc value, maximum Holter QTc values, and the fol-
low-up period were significant predictors of the appearance
of cardiac events. Multivariate regression analysis showed
that longer maximum Holter QTc was the sole predictive
factor among all variables (P=0.01). When QTCcF values
were used instead of QTcB values, the predictor in the
multivariate logistic regression analysis was the same
(Supplementary Table 3).

Predictive factors for the overall presence of cardiac
events were determined using QTcB values as markers of
the QT interval (Table 3). Univariate regression analysis
showed that female sex, Schwartz score, the presence of
pathogenic variants, maximum resting QTcB, maximum
Holter QTcB, and follow-up period were significant pre-
dictors of the appearance of cardiac events. Multivariate
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Cut-off (ms) Sensitivity Specificity PPV NPV Y?:g::!s Distance
a. Maximum resting QTcB value
2470 1.000 0.176 0.047 1.000 1.176 0.824
>480 0.750 0.317 0.042 0.969 1.067 0.728
>490 0.625 0.628 0.063 0.977 1.253 0.528*
=500 0.500 0.759 0.077 0.974 1.259* 0.555
2510 0.375 0.819 0.077 0.970 1.194 0.651
>520 0.250 0.915 0.105 0.968 1.165 0.755
2530 0.125 0.930 0.067 0.964 1.055 0.878
b. Maximum resting QTcF value
=450 1.000 0.181 0.047 1.000 1.181 0.819
2460 1.000 0.322 0.056 1.000 1.322 0.678
=470 1.000 0.518 0.077 1.000 1.518* 0.482
>480 0.625 0.698 0.077 0.979 1.323 0.481*
2490 0.500 0.779 0.083 0.975 1.279 0.547
=500 0.375 0.879 0.111 0.972 1.254 0.637
>510 0.375 0.920 0.158 0.973 1.295 0.630
¢. Maximum Holter QTcB value
>550 1.000 0.508 0.075 - 1.000 1.508 0.492
>560 - 1.000 0.618 0.095 1.000 1.618 0.382
>570 0.875 0.724 0.113 0.993 1.599 0.303
>580 0.875 0.799 0.149 0.994 1.674 0.237
=590 0.875 0.879 0.226 0.994 1.754* 0.174*
>600 0.750 0.945 0.353 0.989 1.695 0.256
>610 0.500 0.980 0.500 0.980 1.480 0.500
d. Maximum Holter QTcF value
=510 1.000 0.467 0.070 1.000 1.467 0.533
>520 1.000 0.613 0.094 1.000 1.613 0.387
>530 1.000 0.739 0.133 1.000 1.739 0.261
2540 1.000 0.814 0.178 1.000 1.814* 0.186*
=550 0.750 0.859 0.176 0.988 1.609 0.287
>560 0.625 0.925 0.250 0.984 1.550 0.383
2570 0.625 0.970 0.455 0.985 1.595 0.376

“Best values of Youden’s index and the distance in each QTc values. Youden's index denotes (sensitivity+specificity—1); the largest value is
the best value. Distance denotes the shortest distance between the point (0,1) and the receiver operating characteristic (ROC) plot, that
minimizes ([1-sensitivity]*+[1-specificity]?)°5; the smallest value is the best value. NPV, negative predictive value; PPV, positive predictive

value. Other abbreviations as in Table 1.

regression analysis showed that a longer maximum Holter
QTcB and Schwarz score were independent predictors of
the appearance of cardiac events. When QTcF values were
used instead of QTcB values, the predictors in the multi-
variate logistic regression analysis were the same
(Supplementary Table 4).

To determine which QTc value more effectively pre-
dicted the appearance of cardiac events, ROC curves were
created for maximum Holter QTcB and maximum Holter
QTCcF values. For this analysis, the maximum resting QTc
values were also included (Figure 2) because Holter ECGs
were not routinely tested. The ROC curves to predict the
appearance of cardiac events after the visit to the National
Hospital Organization Kagoshima Medical Center are
shown in Figure 2A. The AUCs of the maximum Holter
QTc values were significantly superior to those of the max-
imum resting QTc values. The ROC curves to predict the
overall presence of cardiac events are shown in Figure 2B.
The AUCs of the maximum Holter QTc values were supe-
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rior to those of the maximum resting QTc values, except
between the maximum Holter QTcF and the maximum
resting QTcF (P=0.055).

The best cut-off values for maximum resting QTcB,
maximum resting QTcF, maximum Holter QTcB, and
maximum Holter QTcF to predict the appearance of
events after the first hospital visit as assessed by Youden’s
index and by the shortest distance (in parentheses) were
2500 (2490), 2470 (=480), =590 (=590), and >540 (>540)
ms, respectively (Table 4). The sensitivity of the best cut-
offs values for maximum resting QTcB, maximum resting
QTcF, maximum Holter QTcB, and maximum Holter
QTCcF by Youden’s index and by the shortest distance (in
parentheses) was 0.500 (0.625), 1.000 (0.625), 0.875 (0.875),
and 1.000 (1.000), respectively. The best cut-off values for
the overall presence of cardiac events were the same as
those for the appearance of events after the first hospital
visit (Supplementary Table 5).
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Discussion

The present study showed that the prevalence of cardiac
events after the first hospital visit was 4%. Multiple logistic
regression analysis revealed that the maximum Holter QTc
value was the sole predictor of the appearance of cardiac
events after the first hospital visit (P=0.02). Using the max-
imum Holter QTc value is appropriate to predict the
appearance of symptoms in pediatric patients with LQTS.

Risk of Cardiac Events After the First Hospital Visit

Relatively recent reports have shown that the risk for
LQTS-related cardiac events is high at about or more than
a few dozen percent.®1416-18 A possible reason for the high
risk in these studies may be that the data included cardiac
events before the first hospital visit in areas where the
screening program was not present. Rohatgi et al reported
that 27.4% of patients of their entire cohort were symp-
tomatic at the first visit and that the risk of the appearance
of cardiac events after this visit in the symptomatic patients
was 25.2% (42/166 patients), compared with a risk of 1.8%
(8/440 patients) for patients without symptoms at their first
visit (P<0.001).5 In the present study, the prevalence of
cardiac events after the first hospital visit was 50% (2/4) in
previously symptomatic patients and 3.0% (6/203) in
asymptomatic patients (P=0.008).These data suggest that
if patients begin follow-up while asymptomatic, as in the
era of ECG screening programs, if they are given enough
information about strategies such as sophisticated preven-
tive procedures!s or precision medicine,? and if informa-
tion is sufficiently conveyed to patients and their families,
we would be able to decrease the risk for cardiac events to
a reasonably low level. We should then consider using QTc
values based on Holter recordings to predict the appear-
ance of cardiac events after the first hospital visit.

QTc Values on Holter ECG Recordings

QTec values on resting 12-lead ECGs are generally used to
predict the appearance of LQTS-related cardiac events.2!
QTc values on Holter recordings are well known to be
quite longer than those on resting 12-lead ECGs 23252
Holter recordings provide around 100,000 QT/RR pairs
per day. Therefore, automated or semiautomated measure-
ments of QT intervals have been adopted to differentiate
the data of patients with LQTS from those of normal or
control individuals.!8232.3%0 However, data obtained by
automated QT measurement do not seem to be applicable
for clinical use because QT intervals at higher or lower
heart rates'82 or too-long or too-short QT intervals? are
automatically discarded by the software. In our experience,
automatic measurement of too-long or too-short QTc val-
ues must be extensively checked, particularly when the
isoelectronic baseline fluctuates or biphasic T waves, low-
voltage T waves, and artifacts are present. In addition,
many studies used 1 Holter recording per patient to evalu-
ate the QTc values of patients with LQTS. We should use
‘the longest QTc values among repeated Holter ECGs, as
for repeated resting 12-lead ECGs.2! Therefore, in the pres-
ent study we: (1) manually measured Holter recordings;?$
(2) chose 5 representative periods in a day and obtained 3
ECGs (maximum, average, and minimum heart rates)
from each period; and (3) recorded Holter ECGs at every
patient’s visit. Finally, we used the maximum Holter QTc
value throughout the day and among repeated Holter
recordings.
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Of the 3 QTc values (i.e., resting QTc at diagnosis, max-
imum resting QTc, and maximum Holter QTc), the maxi-
mum Holter QTc value obtained using our methodology
was the sole predictor of the appearance of cardiac events
after the first hospital visit (Table 2; Supplementary Table 3).
The maximum Holter QTc was one of the independent
predictors of the overall presence of cardiac events
(Table 3; Supplementary Table 4). We believe that the max-
imum QTc on Holter ECGs should be considered for the
prediction of cardiac events in patients with LQTS; how-
ever, no reports have addressed the maximum Holter QTc
values among repeated recordings of Holter ECGs. Future
studies should be performed to validate the present data to
determine whether the maximum Holter QTc is indepen-
dently predictive of the appearance of new cardiac symp-
toms for all symptomatic patients at diagnosis or for all
patients with pathogenic variants. The cut-off values in this
study should also be validated.

Genetic Testing

The yield of genetic testing in the present study (33%) was
much lower than in previous studies (around 70%!2 or
80%73"). The genetically determined prevalence of LQTS is
at least 1 in 2,534 among apparently healthy live births
(i.e., in the general population).?? The probability of diag-
nosing LQTS through ECGs in the general population is 1
in 988 among 7th graders (aged 12 years) according to the
criteria of the HRS/EHRA/APHRS expert consensus
statement.?’ Therefore, the estimated yield of genetic test-
ing in the general population with ECG-determined LQTS
is 39% (988 divided by 2,534). In a large study involving
44,596 otherwise healthy infants in Italy, the prevalence of
disease-causing variants in infants with a QTcB of >470ms
was 43% (12/28 infants).3? These data suggest that the yield
of genetic testing in patients from the general population
who were diagnosed through an ECG is around 40%.

Study Limitations

This study had 3 main limitations. First, many patients
were asymptomatic at their first visit and more than half
did not have pathogenic variants, although one of the aims
of this study was to clarify the outcome of those patients.
The statistical analysis of a resting QTc of 2470 ms, which
is the recommended value at which medication should be
started, revealed that the sensitivity was 100% but the
specificity was 17.6% (Table 4). Additional studies are
needed for patients in areas where proactive cardiogenetic
counseling programs? or school-based ECG screening pro-
grams'®2 exist. Second, the number of patients with car-
diac events after the first hospital visit was also very small
(8/207 patients [4%]). This may be an advantage of the
screening program but a disadvantage for statistical
robustness. An increase in the number of patients with
cardiac events after the visit is not desired; however, a large
number of patients with symptoms should be obtained.
Finally, a gene-specific statistical analysis revealed that the
maximum Holter QTc value was not a significant predictor
of the appearance of cardiac events in patients with LQT]1
or LQT2 (Supplementary Table 5), probably because of a
small number of patients with pathogenic mutations and
those with cardiac events. Further studies are also needed
to investigate this issue ‘after increasing the number of
patients with each pathogenic mutation and those with
cardiac events.
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Conclusions

The present study showed that the prevalence of cardiac
events after the first hospital visit was 4%. Multivariate
logistic regression analysis revealed that the maximum
Holter QTc was the sole predictive factor for the appear-
ance of cardiac events after the first hospital visit. These
data indicate that the maximum Holter QTc should be
considered when predicting the appearance of cardiac
events, although the data should be validated in areas
where there are no screening programs.
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Food-dependent Cushing’s syndrome due to unilateral
adrenocortical adenoma with cortisol secretion without
ACTH elevation detected in peripheral blood by the CRH
test: a case report

Miwa Makino" ), Nobuyuki Koriyama®’, Nami Kojima'-?, Takuya Tobo'»? and Yoshihiko Nishio?

U Department of Diabetes and Endocrine Medicine, National Hospital Organization Kagoshima Medical Center, Kagoshima
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Kagoshima University, Kagoshima 890-8520, Japan

Abstract. We report an extremely rare case of a 61-year old woman with food-dependent Cushing’s syndrome (FDC) due to
unilateral adrenocortical adenoma (UAA) with cortisol (CORT) secretion without ACTH elevation detected in peripheral
blood by the CRH test. She was on oral medications for hypertension and depression, and presented weight gain, general
fatigue, muscle weakness, and hypokalemia. Despite the fact that the diurnal variation of ACTH was always suppressed, a
diurnal variation in CORT was observed, in the form of low levels in the early morning and high levels in the afternoon. An
increase in CORT was shown in a 75 g-oral glucose tolerance test (OGTT) and in a mixed meal tolerance test, but no change
in CORT levels was seen in intravenous glucose tolerance tests. Elevated CORT levels were observed in response to
intravenous injection of CRH, although ACTH levels were always below the measured sensitivity. Laparoscopic left
adrenalectomy was performed, which resulted in postoperative improvement in potassium and ACTH levels and
disappearance of the CORT secretory response in the OGTT. Clear expression of glucose-dependent insulinotropic
polypeptide receptor (GIPR), CRH and CRH receptor 2 (CRHR2) were confirmed in the surgically-resected UAA specimen
by molecular and immunohistochemical analyses, suggesting the involvement of not only GIPR, but also CRH and CRHR2

in FDC.

Key words: Food-dependent Cushing’s syndrome, Glucose-dependent insulinotropic polypeptide, CRH, CRH receptor 2

PRIMARY CUSHING’S SYNDROME results from
chronic hypercortisolemic exposure of glucocorticoid
and mineralocorticoid receptors due to ACTH-
independent cortisol (CORT) overproduction associated
with adrenocortical tumors, bilateral macronodular adre-
nal hyperplasia (BMAH) or primary pigmented nodular
adrenal dysplasia [1]. Ectopic expression and orthotopic

activation of various G protéin-coupled hormone recep-
tors (GPCRs), especially in BMAH and unilateral adre-
nocortical adenoma (UAA), have also been shown to
produce cortisol [1, 2]. Since the 1987 report by Hamet
et al. [3] of food-dependent Cushing’s syndrome (FDC)
due to ectopic expression of the glucose-dependent insu-
linotropic polypeptide (GIP) receptor (GIPR), normally
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insulinotropic  polypeptide; GIPR, GIP receptor; HPA,
Hypothalamus-pituitary-adrenal; AAs, Adrenocortical adenomas;
HbAlc, Glycosylated hemoglobin; DHEA-S, Dehydroepiandrosterone
sulphate; CT, Computed tomography; MRI, Magnetic resonance
imaging; MMTT, Mixed meal tolerance test; IVGTT, Intravenous
glucose tolerance test; CRH, CRH gene; CRHRI, CRHRI gene;
CRHR2, CRHR2 gene; GIPR, GIPR gene; GLP-IR, GLP-IR gene;
GHPDH, Glyceraldehyde-3-phosphate dehydrogenase gene; PA,
Patient’s resected adrenocortical adenoma tissue blocks; CA,
Non-functioning adrenocortical adenoma tissue blocks; RT-PCR,
Real-time polymerase chain reaction; AC; value, Average C;
values; GAPDH, Glyceraldehyde-3-phosphate dehydrogenase
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expressed in pancreatic B cells, adipocytes, osteoblasts,
etc., there have been a total of 38 reported cases of FDC,
with 25 cases of BMAH and 13 cases of UAA [4-22],
although their exact prevalence is still unknown.

CRH is a major regulator of the hypothalamus-
_pituitary-adrenal (HPA) axis, and is released from the
hypothalamus in response to stress, causing the anterior
pituitary to secrete ACTH into the blood. It exerts its
effects on many peripheral tissues as an important medi-
ator of autonomic, behavioral and immune responses
[23]. CRH exerts its effects in most tissues by binding to
the CRH receptor (CRHR), a member of the seven-
transmembrane GPCR superfamily, which induces a
change in receptor structure and activation of heterotri-
meric G proteins, followed by an increase in cyclic AMP
(cAMP) levels via activation of adenylate cyclase [24].
Two types of CRHRs have been cloned, CRHRI and
CRHR2 [24], and mRNAs encoding them have been
reported to be overexpressed 6-fold in adrenocortical
adenomas (AAs) and 10- to 60-fold in CORT-producing
AAs [23].

Here, we report a rare case of a 61-year old woman
with FDC due to UAA with CORT secretion without
ACTH elevation detected in peripheral blood by the
CRH test.

Case Presentation

The patient was a 61-year-old woman with no special
medical or family history. At the age of 51 years, she
was diagnosed with hypertension and was started on
antihypertensive medication. She had also been
depressed since that time. At the age of 57 years, she
began to notice weight gain, fatigue and muscle weak-
ness. She was referred to our cardiology department with
the chief complaint of respiratory distress at the age of
61 years. Although there was no evidence of ischemic
‘heart disease, arrhythmia or congestive heart failure, she
was noted to have treatment-resistant hypertension
(148/84 mmHg) and hypokalemia (2.9 mmol/L), and a
25 mm-sized tumor was observed in the left adrenal
gland on CT, which led her to our department for endo-
crinological examination. At the time of her first visit to
our department, she was receiving spironolactone 75 mg,
nifedipine 80 mg, bisoprolol fumarate 5 mg, ethyl
icosapentate 1,800 mg, mosapride citrate 15 mg,
duloxetine hydrochloride 60 mg, etizolam 0.5 mg,
triazolam 0.25 mg and mirtazapine 15 mg daily for the
treatment of hypertension and depression, and lorazepam
0.5 mg was used as required during episodes of
increased anxiety.

The patient was 156.3 c¢m tall, weighed 70.3 kg, had a
body mass index of 28.8 kg/m? body temperature of

36.1°C, blood pressure of 148/84 mmHg, and pulse rate
of 88 beats/min with regular rhythm. She showed no
cognitive dysfunctions, and had no pigmentation of the
skin and oral mucosa. Her cardiopulmonary examination
was normal. She had no abnormal abdominal and neuro-
logical findings or skeletal abnormalities. She had exag-
gerated facial roundness, central obesity, a dorsocervical
fat pad, and multiple subcutaneous hemorrhages on both
upper and lower extremities. There were no reddish-
purple striae or edema in her lower legs bilaterally.
She was a non-drinker and non-smoker. Suspecting
Cushing’s syndrome, we performed laboratory tests and
imaging studies to confirm the diagnosis and identify the
cause. Her serum levels of potassium, total protein and

.albumin were inappropriately low (Table 1). Serum

lactate  dehydrogenase, low density lipoprotein-
cholesterol, triglycerides, sodium and glycosylated
hemoglobin (HbAlc) levels were all elevated (Table 1).
ACTH levels were suppressed to <1.5 pg/mL throughout
the day. Dehydroepiandrosterone sulphate (DHEA-S)
was in the low normal range (47 pg/dL) and uri-
nary CORT was elevated (124 pg/day) (Table 1).
Dexamethasone | mg did not suppress serum CORT
levels to <5 pg/dL (Table 1). On the other hand, her
fasting serum CORT level at 8:00 a.m. was as low as
3.84 pg/mL, but increased during the day to 19.9 pg/mL
at 16:00 and 14.0 pg/mL at 23:00. In addition, elevated
CORT levels (from 4.6 to 16.2 pug/dL) were observed in
response to intravenous injection. of 100 pg of human
CRH, although ACTH levels were always below mea-
surement sensitivity (<1.5 pg/mL) (Table 2). Both com-
puted tomography (CT) and magnetic resonance imaging
(MRI) displayed a tumor 25 mm in size, presunied to be
an adenoma, on the left adrenal gland. No tumor was
found in the right adrenal gland (Fig. 1A, B). A circular
shaped area of highly abnormal tracer uptake was seen at
the site of the left adrenal tumor, with diminished tracer
accumulation in the right adrenal gland on "'iodine (I)-
adosterol scintigraphy (Fig. 1C). Blood glucose levels on
a 75 g-oral glucose tolerance test (OGTT) were main-
tained above 200 mg/dL from 30 min to 120 min after
loading, indicating a diabetic-type blood glucose transi-
tion (Fig. 2A). Blood glucose transition in the mixed
meal tolerance test (MMTT) and intravenous glucose
tolerance test (IVGTT) peaked at 30 min after the
glucose load (>200 mg/dL) and decreased thereafter, but
showed a tendency to rise again 120 min after the load
only in the MMTT (Fig. 2A). In addition, insulin
changes in OGTT and MMTT peaked at 30 min after
loading (>100 mg/dL), decreased thereafter, and showed
a tendency to rise again after 120 min (Fig. 2B). On the
other hand, the peak value of insulin in the IVGTT was
<30 pU/mL (Fig. 2B). Furthermore, an increase in
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Table 1 Laboratory findings

AST 39 IU/L
ALT ) 22 IU/L _
LDH 273 IU/L [124-222]
ALP 116 IU/L
y-GTP 82 IU/L [9-32]
Alb 3.72 g/dL [4.10-5.10]
Na 147 mmol/L [138-145]
K 33mmol/L  [3.6-4.8]
Cl 109 mmol/L
. ) Ca 9 mg/dL

Biochemistry - 3.5 mg/dL
LDL-C 161 mg/dL [65-163]
HDL-C 68 mg/dL
TG 326 mg/dL [30-117]
BUN 9.1 mg/dL
Cr 0.82 mg/dL
eGFR 54mL/min/1.73m>  [60<]
UA 6.9 mg/dL
FBG 105 mg/dL
HbA,, 6.5% [4.9-6.0]

The reference ranges are shown in squarc brackets. WBC, white blood cells; Neu,
neutrophils; Lym, lymphocytes; Baso, basophils; Eosin, eosinophils; Mono, monocytes; AST,
aspartate aminotransferase; ALT, alanine aminotransferase; LDH, lactate dehydrogenase;
ALP, alkaline phosphatase; y-GTP, y-glutamyltransferase; Alb, albumin; Na, sodium; K,
potassium; Cl, chloride; Ca, calcium; IP, inorganic phosphorus; LDL-C, low-density
lipoprotein-cholesterol; HDL-C, high-density lipoprotein-C; TG, triglycerides; BUN, blood
urca nitrogen; Cr, creatinine; ¢GFR, estimated glomerular filtration rate; UA, uric acid; FBG,
fasting blood glucose; HbA,., glycosylated hemoglobin; ACTH, adrenocorticotropic
hormone; CORT, cortisol; DHEA-S, dehydroepiandrosterone sulphate; U-CORT, urinary-
~ cortisol; U-MN, urinary-metanephrine; U-NMN, urinary-normetanephrine; DST, dexamethasone
suppression test.
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Table 2 CRH test results A 2501
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100 pg of human CRH was injected intravenously. CRH, (—g 501
corticotropin-releasing hormone; ACTH, adrenocorticotropic 0
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3 150
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Time (min)
Fig.2 Changes in blood glucose, insulin and cortisol levels in
the OGTT, MMTT and IVGTT
A shows changes in blood glucose levels, B shows
changes in insulin levels, and C shows changes in cortisol
levels. The closed circles, open circles and closed
triangles represent the OGTT, MMTT and IVGTT,
respectively. OGTT, 75 g-oral glucose tolerance test;
MMTT, mixed meal tolerance test; IVGTT, intravenous
C glucose tolerance test.

Fig. 1 Imaging for the adrenocortical adenoma

The arrowheads highlight an approximately 25 mm tumor
in the left adrenal gland on computed tomography (A) and
magnetic resonance imaging (B). The arrow indicates high
accumulation in the left adrenal gland tumor on "*'iodine
(I)-adosterol scintigraphy (C), while accumulation in the
right adrenal gland was suppressed and unclear.

CORT was shown in the OGTT and MMTT, but no
change in CORT was seen in the IVGTT (Fig. 2C). A
diagnosis of FDC was made based on the fact that
CORT secretion was only observed when nutrients were
administered orally via the gastrointestinal tract, and not
following their intravenous administration.

Since the patient desired resection of the AA on her
left adrenal gland, laparoscopic left adrenalectomy was
performed. The size of the resected tumor was 26 x 25 x
20 mm, and the pathological diagnosis was benign
adrenocortical adenoma. Postoperatively, her serum K

levels improved compared to those before surgery.
Furthermore, at 8 months postoperatively, her morning
fasting ACTH level had recovered from less than mea-
surement sensitivity to 7.4 pg/mL. The CORT secretory
response in the OGTT also disappeared (Table 3).

RT-PCR

In order to identify the expression of the CRH gene
(CRH), CRHRI1 gene (CRHRI1), CRHR2 gene (CRHR?2),
GIPR gene (GIPR) and GLP-1R gene (GLP-IR), total
RNA extraction from both, the patient’s resected adreno-
cortical adenoma tissue blocks (patient’s adenoma, PA)
and non-functioning adrenocortical adenoma tissue
blocks removed from a 54-year-old woman (control
adenoma, CA) (Biovit, Detroit, USA), was performed.
Next, we performed real-time polymerase chain reaction
(RT-PCR) testing for the glyceraldehyde-3-phosphate
dehydrogenase gene (GHPDH), CRH, CRHRI, CRHR?2,
GIPR and GLP-IR according to the manufacturers’
instructions. Differences in the average C; values (ACy
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Table3 OGTT after tumor resection

0 30 60 90 120 min
Insulin 7.2 (16.0) 194.1 (165) 26.7 (27.0) 100.1 (17.9) 90.3 (56.0) uU/mL

CORT 8.53 (4.54) 8.78 (29.5) 6.97 (26.0) 6.24 (23.9) 5.62 (30.0)

pg/dL

OGTT, 75 g-oral glucose tolerance test; ACTH, adrenocorticotropic hormone; CORT, cortisol. The numbers in brackets indicate the
respective preoperative values. .

Table 4 Average ACr values and fold changes in CRH, CRHR1, CRHR2, GIPR and GLP-IR by RT-PCR

CRH CRHRI CRHR2 GIPR GLP-1R
Sample .
Name Average Fold Average Fold Average Fold Average Fold Average Fold
ACr Change ACt Change AC+ Change ACr Change ACr Change

CA 16.6 , UD 18.4 108 19.1

PA, the patient’s resected adrenocortical adenoma tissue blocks; CA, non-functioning adrenocortical adenoma tissue blocks (control); CRH,
corticotropin-releasing hormone gene; CRHRI, CRH receptor 1 gene; CRHR2, CRH receptor 2 gene; GIPR, Glucose-dependent
insulinotropic polypeptide receptor gene; GLP-1R, glucagon-like peptide-1 receptor gene; RT-PCR, real-time polymerase chain reaction;
Cr, threshold cycle; Average ACy, Average Cy of CRH, CRHRI, CRHR2, GIPR or GLP-1R—Average C; of GAPDH (glyceraldehyde-3-
phosphate dehydrogenase gene); Fold Change, gene expression ratio of each gene in PA relative to CA (control sample). These were

calculated by AACt power of 2. AAC; value, Average AC; of PA—Average ACy of control sample. Technical replicates; 2.

value) for CRH, CRHR2, GIPR and GLP-IR were 15.5,
15.5, 2.8 and 15.9, respectively in PA, although CRHRI
was not detected (Table 4). Fold-changes in PA for CRH,
CRHR2, GIPR and GLP-1R were 2.08, 7.26, 258.03 and
8.75, respectively (Table 4). These tests were conducted
by the Technical Support Center of DNA Chip Research
Institute, Inc., Tokyo, Japan.

Western Blotting

Western blotting was performed using CRH/CRF
rabbit polyclonal antibody (LSBio, Seattle, Washington,
USA), CRHR2/CRF2 Receptor rabbit polyclonal anti-
body (LSBio), GLP-1R rabbit polyclonal antibody
(Novus Biologicals, Littleton, Colorado, USA), GIPR
rabbit polyclonal antibody (GeneTex Inc., Irvine,
California, USA) and anti-GAPDH mouse monoclonal
antibody (Bio-Rad Laboratories Inc., Hercules, California,
USA) to identify the protein expression of CRH,
CRHR2, GIPR and GLP-1R in PA and CA tissue. Bands
were detected near 25-37 kDa (CRH) and near 50 kDa
(CRHR?2) in both the PA and CA tissues. Further, a band
around 25 kDa (CRHR2) was identified in PA tissue, but
not in CA tissue. In addition, the bands presumed to be
GIPR and GLP-1R around 50 kDa showed stronger sig-
nals in PA than in CA. All of these immunoreaction pro-
cedures and evaluations were performed by GenoStaff
Co., Ltd., Tokyo, Japan (Fig. 3).

Immunohistochemical Staining

Immunohistochemical staining was performed on a
4% paraformaldehyde phosphate buffer solution-fixed
tissue block from the resected PA. Coloration of both the
vessels and the entire tissue was confirmed to be GIPR-
positive (Fig. 4). Pathological processing and evaluation
was performed by GenoStaff Co., Ltd.

Discussion

Although the exact prevalence of FDC is unknown, a
total of 38 cases have been reported worldwide [4-22].
GIPR is reportedly not expressed in normal adrenocorti-
cal tissue [7], although its ectopic expression has been
shown to be a cause of FDC. Our patient had several
characteristic physical findings of Cushing’s syndrome,
such as full exaggerated facial roundness and central
obesity, and, although there was no evidence of neutro-
penia, she manifested hypokalemia, hyperglycemia and
dyslipidemia (Table 1). In addition, 24-h urinary CORT
was elevated and CORT levels were not suppressed by
cither 1 mg and 8 mg dexamethasone (Table 1), a left
adrenal adenoma was observed on CT and MRI (Fig. 1A,
B), and strong accumulation of *'I-adosterol in the same
tumor and suppressed uptake on the non-tumor side were
also observed (Fig. 1C). Hence, a diagnosis of Cushing’s
syndrome due to UAA was made. Furthermore, despite
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CRH, corticotropin-releasing hormone; CRHR2, CRH receptor 2; GIPR, glucose-dependent insulinotropic polypeptide receptor;
GLP-1R, glucagon-like peptide-1 receptor; GAPDH, glyceraldehyde-3-phosphate dehydrogenase. Lane 1 indicates the patient’s
resected adrenocortical adenoma tissue, and lane 2 indicates non-functioning adrenocortical adenoma tissue from another patient
(control). Lane 2 showed no expression of GAPDH. The parts surrounded by the red dashed lines indicate bands detected around
25-37 kDa, 50 kDa, 50 kDa and 50 kDa in the left adrenal gland tissue, which were considered to correspond to CRH, CRHR2,

GIPR and GLP-1R, respectively.

Fig. 4

Immunohistochemical staining of GIPR in the patient’s
resccted adrenocortical adenoma

The lower left inset shows a negative control using normal
rabbit immunoglobulin. The upper right inset shows a
positive control of human pancreatic tissue stained using
rabbit polyclonal anti-human GIPR antibodies. The inset
at the lower right shows a weakly magnified photo of the
patient’s resected adrenocortical adenoma. GIPR, glucose-
dependent insulinotropic polypeptide receptor.

the fact that the diurnal variation of ACTH was always
suppressed, a diurnal variation in CORT was observed,
which was characterized by a low level at 6:00 and high
levels at 16:00 and 23:00 (Table 1). Reznik Y et al
reported that plasma GIP  concentrations are usually
maximal after meal intake, at around 200 pmol/L, and

are very low, at approximately 20 pmol/L, during fasting
[5], and this low GIP level, coupled with suppression of
ACTH, might be responsible for the specific finding of
low early morning CORT levels. Since the findings in
our patient were consistent with the characteristics of
FDC, OGTT, MMTT and IVGTT were performed. Since
CORT secretion was stimulated only by OGTT and
MMTT (Fig. 2), the involvement of incretin was
inferred, which was the basis for the diagnosis of FDC
in this case.

FDC has been recognized in BMAH, which is pre-
sumably due to the acquisition of mutations during
adrenal embryogenesis, as well as in UAA, presumably
due to the expansion of single-cell clones that abnor-
mally express GIPR [6]. The ectopic expression of GIPR
in UAA has been suggested as being due to somatic
mutations in the DNA segments that regulate their
expression, and might also be related to abnormal
mRNA splicing [9]. On the other hand, since GIP has
been shown to stimulate DNA synthesis in tumor cells, it
has been speculated that GIPR might also be involved in
tumor cell development [9]. In a previous study, a
somatic mutation in p. Ser45Cys of B-catenin/CTNNBI,
a mediator in the WNT signaling pathway, was identified
in one of the UAAs expressing the GIP receptor, which
might contribute to tumor cell development [22]. Both
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the PA and CA showed expression of the GIPR gene and
protein. However, the expression was clearly increased
in PA compared to CA (Table 2 and Fig. 3). In PA,
GLP-1R gene and protein expression was also elevated
compared to in the CA (Table 2 and Fig. 3). Chabre O et
al. reported that adrenal tumors stimulated to secrete
CORT by any type of food intake in vivo were also
stimulated by GIP, but not by GLP-1, in vitro [9]. GLP-1
has been shown to have no effect on cortisol production
at concentrations of up to 107 pmol/L [19], while total
GLP-1 concentrations in normal subjects are only
elevated up to 40 pmol/L after dietary intake [23].
Furthermore, in immunohistochemical staining, the
entire PA was stained GIPR-positive (Fig. 4). Thus, in
our case, overexpression of GIPR in the UAA was also
considered to be the cause of FDC. However, a limitation
of our study is that we did not examine GPCRs other
than GIPR, GLP-1R and CRHR, nor did we search for
genes involved in tumor growth.

In this case, the CRH test showed CORT secretion
without ACTH elevation in peripheral blood (Table 2).
In previous reports, cases in which either both ACTH
and CORT were non-responsive [4, 6] or both these hor-
mones were responsive [13, 14] to CRH administration
have been observed, but this is the first report of a CORT
response without an ACTH response in peripheral blood.
It has been reported that the expression of mRNA encod-
ing CRHR1 and CRHR2 is very high in tissue specimens
rich in adrenocortical cells, with 6-fold overexpression in
AA and 10- to 60-fold overexpression in CORT-
producing AA [24], which supports the observations in
our case. Although CRHRI1 gene expression was not
observed in both the PA and CA, CRHR2 gene and pro-
tein expression was observed in both, with stronger
expression in PA compared to CA (Table 2 and Fig. 3).
The expression of CRHR2 is surprising, since the
expression of CRHR1, which is supposed to be highly
expressed in the anterior pituitary, is instead expected
[25]. Splice variants called o, B, and y have been identi-
fied in CRHR2, which are speculated to contribute to its

diversity in binding efficiency or affinity with CRH and -

CRH-related agonists, and to its ability to acquire multi-
ple signaling pathway activation capabilities [26]. We
speculate that a splice variant of CRHR2 might have
triggered cortisol overproduction, mediated by the action
of CRH, for which it has a low affinity, in our case. A
truncated form of CRHR2a (CRHR2a-tr) has been iden-
tified in rat amygdala. CRHR2o-tr is a truncated CRHR
(approximately 26 kDa) consisting of 236 amino acids,
including the first three transmembrane domains and part
of the fourth transmembrane domain of CRHR2a, and
has been reported to bind to CRH with low affinity, but
not to other ligands [27]. As seen in Fig. 3, in our case, a

strong band was observed at around 26 kDa in the PA
tissue, but not in CA tissue. We speculate that this
protein, which suggests a truncated splicing variant of
CRHR2, might have been involved in expression of the
CRH effect. Furthermore, complex formation and func-
tional interactions between different receptors have
recently been reported in G protein-coupled receptors
(adenosine Al receptor and type-1 metabotropic gluta-
mate receptor) [28]. Hence, we speculated that the
CRHR2-tr-mediated signal might functionally share or
amplify the cortisol-producing signal of GIPR, which
could be the reason for the cortisol secretory response to
the CRH stimulation test in this case. On the other hand,
ectopic ACTH production in adrenocortical cells in
Cushing’s syndrome has been reported in a few BMAH
and UAA cases [l, 29, 30], and expression of
propiomelanocortin mRNA and ACTH in BMAH has
also been confirmed [31]. ACTH gradients in adrenal
venous sampling have also been demonstrated in two
patients with BMAH [31]. These reports led us to specu-
late that, in the present case, CRH might have stimulated
cortisol secretion vig paracrine secretion of ACTH
locally in the AA. A limitation of our study is that we did
not examine the expression of ACTH or urocortin, which
are known ligands for CRHR2 [32], in PA, nor did we
examine stimulation-secretion linkage in vitro (e.g.,
batch incubation or perfusion experiments) or perform
adrenal venous sampling. Furthermore, we consider it a
limitation that we did not measure ACTH by other
highly sensitive assays or bioassays.

The finding of CRH gene expression in PA and CA is
interesting. In humans, cortisol has been reported to
stimulate placental CRH [33]. It is possible that a posi-
tive feedback system by CORT also exists in UAA,
which might be involved in the overproduction of CORT.
Furthermore, we speculated that autocrine-paracrine
mechanisms in the UAA might be involved in the over-
production of CORT and tumor growth. Further studies
on this topic are required in the future.

In conclusion, we report an extremely rare case of
FDC due to UAA with CORT secretion without ACTH
elevation detected in peripheral blood by the CRH test,
in ‘which clear expression of GIPR, CRH and CRHR2
were confirmed in the surgically-resected UAA speci-
men by molecular and immunohistochemical analysis. In
addition, we found a relative increase in mRNA expres-
sion of these receptors in the PA compared to CA, sug-
gesting the involvement of not only GIPR, but also CRH
and CRHR2 in FDC.
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A Rare Case of Painless Destructive Thyroiditis Resulting in
Thyroid Storm
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Abstract:

Thyroid storm is a life-threatening clinical condition that is usually triggered by untreated or interrupted
treatment of Graves’ disease, leading to the sudden onset of severe thyrotoxicosis, which requires an immedi-
ate diagnosis and treatment based on diagnostic criteria. Cases of thyroid storm caused by painless/painless
subacute thyroiditis are very rare. We herein report an 85-year-old man with features of severe thyrotoxicosis
caused by painless/painless subacute thyroiditis who had no uptake of ™" TcO; and was negative for thyroid-
stimulating hormone receptor antibodies. In thyroid storm patients in whom the findings are inconsistent with
Graves’ disease, careful follow-up and management are necessary, assuming the possibility of painless or
painless subacute thyroiditis.
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Introduction

Thyroid storm is a life-threatening situation caused by
high thyroid hormone levels and physical stress, leading to
multiple organ failure. A high fever, circulatory failure, im-
paired consciousness, diarrhea, jaundice, and other symp-
toms are common in thyroid storm. The treatment includes
antithyroid medication, inorganic iodine, and corticosteroids.
Although most cases are caused by poorly controlled
Graves’ disease, other causes, such as thyroid-stimulating
hormone (TSH)-producing tumors and destructive thyroiditis
(due to immune checkpoint inhibitors, amiodarone, or lith-
ium therapy), have also been reported (1, 2).

Painless thyroiditis is usually characterized by mild to
moderate thyrotoxicosis, moderate goiter, a low radioiodine
uptake, and negativity for TSH receptor antibodies. His-
tologically, the thyroid gland shows lymphocytic infiltration,
sometimes with germinal centers, focal Hiirthle cell changes,
and/or focal hyperplasia of the thyroid epithelium surround-
ing the areas of lymphocytic infiltration (3). Painless thy-
roiditis is an autoimmune-mediated inflammation of the thy-
roid gland, with release of thyroid hormones resulting in

transient hyperthyroidism, lasting about two months before
recovery, and usually does not require treatment. Subse-
quently, a period of hypothyroidism often ensues, before re-
covery of the thyroid function. The timing of the transition
to permanent hypothyroidism can be early or late, ranging
from many years to decades later (4).

Subacute thyroiditis tends to present with pain in the an-
terior neck followed by upper respiratory tract infection or
sore throat and is postulated as being caused by viral infec-
tion. Inflammatory symptoms, such as nodular or diffuse en-
largement of the goiter with spontaneous pain, tenderness
and a fever, are also seen, as are symptoms of thyrotoxico-
sis, such as palpitations (5). Echography shows an indistinct
hypoechoic area with reduced blood flow signals, in line
with the induration, enlargement or pain, and in about 60%
of cases, enlarged lymph nodes around the thyroid gland are
reported (6) It is rare in children and the elderly (7), and
most cases heal within a few months, although about 20%
relapse during recovery (8, 9), and 15% develop permanent
hypothyroidism (9).

We herein report a rare case of a patient who developed
thyroid storm secondary to painless destructive thyroiditis.
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Figure 1.

Electrocardiography and chest radiography findings. a) Electrocardiography showed

tachycardic atrial fibrillation. b) Posteroanterior chest radiography. The arrowheads indicate peri-
bronchial cuffing, and the arrow indicates pleural thickening-like findings.

Case Report

An 85-year-old Japanese man (163.0 cm tall, weighing
50.7 kg, body mass index 19.1 kg/m®) with atrial fibrillation
and Lewy body dementia presented to the emergency de-
partment of another hospital with a fever and palpitations
(Day 0). The fever and palpitations did not improve despite
the use of antipyretics, and the patient was admitted to the
hospital six days later with congestive heart failure.

Laboratory tests after admission revealed thyrotoxicosis
with TSH <0.007 plU/mL [normal value (NV): 0.61-4.23]
and free T4 >7.77 ng/dL (NV: 0.76-1.65). Fifteen milli-
grams of thiamazole was started on Day 10 but was discon-
tinued because of TSH receptor antibody (TRAb) negativity.
On the same day, he developed psychiatric symptoms, wa-
tery diarrhea, and a high fever of 40.6°C. Due to suspicion
of thyroid storm, the patient was urgently transferred to our
hospital and admitted to our department.

A physical examination on admission showed an impaired
consciousness (Glasgow Coma Scale score: E3V2MS5), fever
of 38-40°C, blood pressure of 85/53 mmHg, peripheral oxy-
gen saturation on pulse oximetry (SpO.) of 97.0% under 1
L/min oxygen via a nasal cannula, and tachycardia with ar-
rhythmia (136 beats/min). There was no cervical swelling,
and no vascular murmur was noted. Coarse crackles were
present in both lung fields, and intestinal peristalsis was in-
creased. An electrocardiogram showed tachycardic atrial fib-
rillation (132/min) with no ST-T changes (Fig. 1a). Chest X-
ray demonstrated congestion in the lung fields bilaterally,
along with pleural effusion and peribronchial cuffing, with a
cardiothoracic ratio of 59.7% (Fig. 1b). An ultrasound ex-
amination of the thyroid gland showed no glandular enlarge-
ment (estimated thyroid volume approximately 17 g) and no
hypervascularization. The thyroid parenchyma showed het-
erogeneous echogenicity, with a hypoechoic area 14 mm in
size in the left lobe (Fig. 2).

The laboratory findings at the time of admission showed
an increased leukocyte count [white blood cells (WBCs)]

with leftward nuclear migration, elevated C-reactive protein
(CRP) levels, mild anemia, and coagulation abnormalities
[WBCs 21,820/uL, neutrophils 201,000/uL lymphocytes
1,100/uL, CRP level 4.89 mg/dL, hemoglobin (Hb) level
10.1 g/dL, prothrombin time-international normalized ratio
(PT-INR) 2.09, fibrinogen degradation product level 6.32 pg/
mL, and D-dimer (D-D) level 1.72 ug/mL] (Table). In addi-
tion, alkaline  phosphatase ~ (ALP), -
glutamyltransferase  (y-GTP), direct bilirubin (D-Bil),
adrenocorticotropic hormone (ACTH), cortisol (CORT), and
brain natriuretic peptide (BNP) values (ALP 172 U/L, vy-
GTP 131 U/L, D-Bil 0.58 mg/dL, ACTH 211 pg/mL, CORT
20.2 pg/dL and BNP 497.5 pg/dL) and a decrease in the es-
timated glomerular filtration rate (eGFR) and albumin (Alb)
level (eGFR 40.7 mL/min/1.73 m’> and Alb 2.42 g/dL) were
observed (Table).

The results of endocrinological tests were as follows:
TSH: 0.028 plU/mL; free T4: 5.27 ng/dL; and free T3:
14.32 pg/mL (NV: 2.48-4.14). Since the patient’s laboratory
test findings met the diagnostic criteria of thyrotoxicosis,
and given that he had relevant symptoms, such as central
nervous system effects, a fever, tachycardia, cardiovascular
dysfunction, and watery diarrhea, thyroid storm was diag-
nosed as the probable cause of his condition (2, 3).

The patient was subsequently admitted to the intensive
care unit for intensive monitoring. Oxygen was administered
via a nasal cannula at 4-5 L/min on day 1, with mainte-
nance of SpO, at 94-96%; after day 2, similar SpO, levels
were maintained by an oxygen flow of 1-2 L/min via nasal
cannula. He was cooled and managed with a continuous in-
fusion of landiolol (3 ), 5 mg propranolol, hydrocortisone
(100 mg %8 h), 30 mg thiamazole, and 200 mg iodide ad-
ministered orally via a gastric tube. With this treatment, his
level of consciousness improved to E4V4MS5 the next day,
and his thyroid hormone levels improved relatively quickly
to free T4 of 1.85 ng/dL and free T3 of 5.5 pg/mL on the
6th day from the start of treatment. Since the patient’s heart
rate remained under control from the second day of starting
treatment, the dose of propranolol was increased to 7.5 mg,

elevated
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Figure 2. Thyroid ultrasound. a) The thyroid gland showed no enlargement and presented hetero-
geneous parenchyma. b) Right thyroid lobe in a sagittal view (41x21x19 mm). ¢) Thyroid doppler
ultrasound showed no hypervascularization. d) Sagittal view of the left thyroid lobe (42x23x17 mm)
showed the presence of a 14-mm hypoechoic area. The estimated thyroid volume was approximately
17 g.

and landiolol was reduced to 2 y following the advice of the
cardiologist. Landiolol was further reduced to 1 y on the 4th
day and discontinued on the 5th day. Subsequently, propra-
nolol was reduced to 5 mg on the 13th day, and to 2.5 mg
on the 23rd day.

Since the patient’s thyroglobulin levels were elevated [537
ng/mL (NV: <33.7)] with the various thyroid antibody titers
remaining within normal limits [anti-thyroglobulin antibody:
11.1 TU/mL (NV: <28.0); anti-thyroid peroxidase antibody:
4.7 IU/mL (NV: <16.0); TRAb (3rd): 0.7 IU/L (NV: <2.0),
and thyroid-stimulating antibody (TSAb): 104% (NV:
<120)], the possibility of transient thyrotoxicosis caused by
thyroid follicular cell destruction was considered. In addi-
tion, although the patient received daily doses of rivarox-
aban 10 mg, azosemide 30 mg, donepezil 5 mg, levodopa
200 mg/benserazide hydrochloride 50 mg, ramelteon 8 mg,
lemborexant 5 mg, and 1.5 mg of clonazepam prior to the
onset of thyroid storm, induction of thyroiditis by these
drugs was ruled out.

Since there were several criteria that were inconsistent
with Graves’ disease, such as rapid improvement of the thy-
roid hormone levels and TRAb or TSAb negativity, scintig-
raphy was performed to identify the cause of the thyrotoxi-
cosis. Scintigraphy of the thyroid gland showed a radioac-
tive *"TcO, uptake of 0% (TSH value 0.813 plU/mL follow-
ing a 50-mg dose of inorganic iodine administration on day
12), confirming the diagnosis of thyrotoxicosis due to de-
structive thyroiditis (Fig. 3). The patient’s thyroid hormone

levels normalized after 10 days without recurrence after ta-
pering of hydrocortisone, thiamazole, and iodide. However,
because of a further reduction in the thyroid hormone levels
and a TSH value of 11.9 pIU/mL on Day 26, levothyroxine
replacement therapy was started. The patient’s level of con-
sciousness did not improve beyond the Glasgow Coma Scale
(GCS) score of E4V4M5 on day 2 of admission, probably
due in part to Lewy body dementia, and he had difficulty
with oral intake. However, his body weight increased by
about 2 kg. On day 54, the patient was transferred back to
the referring hospital to continue levothyroxine supplementa-
tion (Fig. 4).

Discussion

We suspected that physiological stress resulting from in-
fectious disease had increased the ACTH levels via stimula-
tion by inflammatory cytokines, such as Interleukin-6, lead-
ing to increased cortisol secretion, so we ruled out concomi-
tant adrenal insufficiency.

Our patient had thyrotoxicosis with central nervous sys-
tem symptoms, a fever over 38°C, tachycardia over 130/min,
heart failure symptoms, and watery diarrhea, which led us to
definitively diagnose him with thyroid storm (10). An evalu-
ation using the Burch-Wartofsky point scale (11) also re-
vealed a total score of 75 points, indicating a strong possi-
bility of thyroid storm. However, the low total GCS score of
10 points in this patient only improved to 13 points despite
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Table. Laboratory Findings on Admission.

Peripheral blood WBC
NEUT (Neut)
LYMPH (Lymph)
RBC
Hb
MCV
MCH
MCHC
HCT
PLT
Coagulation profile ~ PT
PT-INR
APTT
Fib
FDP
D-dimer
Biochemistry AST
ALT
LDH
ALP
y-GTP
T-Bil
D-Bil
CK
TP
Alb
BUN
CRE
eGFR
FPG
CRP
Na
K
Cl
Urinalysis Protein
WBC
Occult blood
Others ACTH
CORT
BNP

SARS-CoV-2 PCR

21,820 /uL. (3,300-8,600)
20.1 (92.0) x103/uL (%) [1.50-7.50 (42.0-74.0)]
1.1 (5.0) x103/uL (%) [1.00-4.00 (18.0-50.0)]

330 x10%uL (435-555)
10.1 g/dL. (13.7-16.8)
86.1 fL
30.6 pg
35.6 g/dL (31.7-35.3)
28.4 % (40.7-50.1)
22.4 x10%/uL

34 % (82.7-117.7)
2.09 (0.98-1.08)
303 s
390 mg/dL
6.32 pg/mL (<5)
1.72 pg/mL (<1)

33 U/L

15 U/L
221 U/L

172 U/L (38-113)
131 U/L (13-64)
0.94 mg/dL
0.58 mg/dL (0.00-0.30)
124 U/L
5.39 g/dL (6.60-8.10)
2.42 g/dL (4.10-5.10)
29.7 mg/dL (8.0-20.0)

1.3 mg/dL (0.65-1.07)
40.7 mL/min/1.73 m? (60<)
104 mg/dL
4.89 mg/dL (0.00-0.14)
138 mmol/L

3.9 mmol/L

102 mmol/L

Q)

Q)

O]
211 pg/mL (7.2-63.3)
20.2 pg/dL (7.1-19.6)

497.5 pg/mL (0.0-18.4)
Q)

The reference ranges of data showing abnormal values are shown in brackets. WBC: white blood cell, NEUT:

neutrophil (absolute value), Neut: neutrophil (percentage), LYMPH: lymphocyte (absolute value), Lymph: lym-

phocyte (percentage), RBC: red blood cell, Hb: hemoglobin, MCV: mean corpuscular volume, MCH: mean cor-

puscular hemoglobin, MCHC: mean corpuscular hemoglobin concentration, HCT: hematocrit, PLT: platelets, PT:

prothrombin time, PT-INR: prothrombin time-international normalized ratio, APTT: activated partial thrombo-

plastin time, Fib: fibrinogen, FDP: fibrin/fibrinogen degradation products, AST: aspartate aminotransferase, ALT:

alanine aminotransferase, LDH: lactate dehydrogenase, ALP: alkaline phosphatase, »-GTP: y-glutamyltransferase,
ChE: cholinesterase, T-Bil: total bilirubin, D-Bil: direct bilirubin, CK: creatine kinase, TP: total protein, Alb: al-
bumin, Na: sodium, K: potassium, Cl: chloride, BUN: blood urea nitrogen, CRE: creatinine, UA: uric acid, eGFR:

estimated glomerular filtration rate, FPG: fasting blood glucose, CRP: C-reactive protein, ACTH: adrenocortico-

tropic hormone, CORT: cortisol, BNP: brain natriuretic peptide, SARS-CoV-2: severe acute respiratory syndrome

coronavirus 2

a rapid recovery of his other symptoms, suggesting the diffi- tively diagnosed by two different sets of criteria, the clinical
culty in making judgments regarding central nervous system picture was confounded by the absence of multiorgan fail-

symptoms in cases complicated by dementia.

ure (12) and limited improvement in neurological symptoms

In the present case, although thyroid storm was defini- with treatment. Thyroid storm is a very rare condition with
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Figure 4. The patient’s clinical course. Treatment for thyroid storm that was presumed to be

caused by Grave’s disease was commenced after the patient’s admission to the hospital. Subsequently,
the patient’s thyroid hormone levels improved relatively quickly and normalized without recurrence
after tapering of hydrocortisone, thiamazole, and iodide. Thereafter, the further reduction of hor-
mone levels continued, and levothyroxine replacement therapy was started on Day 29.

an annual incidence of just two cases per million people in
Japan (10). It consists of severe hyperthyroidism with physi-
ologic decompensation of one or more organ systems and
carries a relatively high mortality rate (about
10%) (10, 13, 14). Graves’ disease is the most common

causative disease (about 98%), in which withdrawal of anti-
thyroid therapy might trigger thyroid storm (10). In contrast,
since destructive thyroiditis typically causes only mild to
moderate thyrotoxicosis, it only rarely causes thyroid storm.
In a nationwide survey conducted in Japan in 2012, only 5
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cases of destructive thyroiditis were reported among 356
with thyroid storm (10), although there have been reports of
subacute thyroiditis (15-19) and drug (immune checkpoint
inhibitors, amiodarone, or lithium)-induced destructive thy-
roiditis leading to thyroid storm (1, 2).

A literature search revealed only one previous report of
painless thyroiditis causing thyroid storm (20), indicating
that it is extremely rare. The reason why thyroid storm due
to subacute thyroiditis is reported more frequently than that
due to painless thyroiditis is because subacute thyroiditis
produces a strong inflammatory response, which might lead
to thyroid storm due to the production of inflammatory cy-
tokines and their effect on thyroid hormone metabo-
lism (13). Furthermore, it has been reported that subacute
thyroiditis is significantly more prone to causing hypoalbu-
minemia than painless thyroiditis (21), and the state of
physical wasting due to intense inflammation might be a
contributing factor. It is interesting that the case reported by
Harada et al. was confirmed at pathological autopsy to be
advanced chronic thyroiditis, possibly atrophic thyroidi-
tis (20), and that the laboratory findings and course of the
disease were very similar to those of our case.

In the present case, we were unable to identify any obvi-
ous risk factors for the development of thyroid storm. Given
the elevated WBC and neutrophil counts and CRP level at
the time of admission (Table), and the fact that the risk fac-
tors for Graves’ disease leading to thyroid storm include in-
fection and stress, in addition to those related to treatment
and examinations, we speculate that some infection might
have been involved in this case. A thyroid storm might oc-
cur in an elderly person with physiological impairment fol-
lowing the induction of thyrotoxicosis by painless thyroiditis
and when the patient is under some kind of stress or infec-
tion. The mortality rate has been reported to be significantly
higher in older patients with thyroid crisis than in younger
patients (14). It is speculated that the low frequency of typi-
cal symptoms and the coexistence of nonspecific signs and
symptoms caused by other diseases and aging might delay
the diagnosis and treatment in this patient group (22), so
they require more careful attention than others.

In cases of thyroid storm due to destructive thyroiditis,
antithyroid drugs and inorganic iodine are ineffective and
should not be administered. However, in the present case, it
took five days for the TSH receptor antibody status to be
known. In medical institutions where a real-time definitive
diagnosis is as difficult as in our hospital, we believe that
the high mortality rate of thyroid storm and the infrequency
of the causative disease should not deter the prompt initia-
tion of treatment (including the administration of antithyroid
drugs and inorganic iodine) as in thyroid storm due to
Graves’ disease. However, if Graves’ disease is ruled out,
antithyroid drugs and inorganic iodine, which are ineffective
for thyrotoxicosis due to destructive thyroiditis, should be
promptly and rapidly discontinued, since high doses of an-
tithyroid drugs can cause adverse drug reactions, such as
liver dysfunction and agranulocytosis, which require careful

monitoring.

In the present case, the diagnosis of destructive thyroiditis
was made with an emphasis on the radioactive *"TcQO, up-
take of 0%, but its diagnostic accuracy is limited by the fact
that the result was obtained after a large dose of inorganic
iodine had been administered.

Thyrotoxicosis varies in severity, and its course is usually
not protracted and might not require treatment. However,
about 10% of patients with painless thyroiditis have recur-
rent episodes, and several authors have reported troublesome
and recurrent cases requiring total thyroidectomy or radioac-
tive iodine therapy. In our case, however, since a hypoechoic
area was identified in the left lobe of the thyroid gland on
ultrasound (Fig. 2d) and his CRP level was elevated (4.89
mg/dL) (Table), the possibility of painless subacute thyroidi-
tis, which Neupane et al. reported as a cause of an unknown
fever (23), could not be excluded.

Recently, cases of painless subacute thyroiditis have been
reported in relation to COVID-19 infection (24). However,
there have been no reports of painless subacute thyroiditis
leading to thyroid storm, and if painless subacute thyroiditis
was indeed the cause of the destructive thyroiditis in our
case, this would make it the first such report. A limitation of
this report is that we were unable to confirm the histological
findings in the thyroid gland.

Conclusion

We herein report a rare case of thyroid storm presumably
due to painless thyroiditis or painless subacute thyroiditis.
The triggers for this patient’s thyroid storm were not clear.
Thyroid storm is a highly fatal condition that should be di-
agnosed and treated promptly using diagnostic criteria.
While Graves’ disease is the most common cause of thyroid
storms, in cases with contradictory findings, the possibility
of destructive thyroiditis, such as painless thyroiditis or
painless subacute thyroiditis, should also be considered.

Written, informed consent was obtained from the patient and
his family for publication of this case report and all accompany-
ing images.
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Abstract

Apocrine carcinoma cases with sebaceous differentiation have not been reported and
can be misdiagnosed as sebaceous carcinoma. We present two cases of apocrine car-
cinoma with marked sebocyte-like cytological features. Tumors were observed in the
left axilla of a 68-year-old man (Case 1) and the right axilla of a 72-year-old man
(Case 2). Both patients presented with multiple lymph node metastases. Histopathol-
ogy revealed densely distributed solid nests of tumor cells containing foamy cyto-
plasm and enlarged round nuclei with prominent nucleoli. The tumor cells diffusely
expressed adipophilin, PRAME (cytoplasmic pattern), androgen receptor, BerEP4, and
GCDFP15 but did not express p63 in both cases. PIK3CA E726K and H1047R muta-
tions were detected in Cases 1 and 2, respectively. Tumor location in the axilla, the
presence of eosinophilic granular cytoplasm, prominent nucleoli, and PIK3CA muta-
tions, immunoreactivity for BerEP4 and GCDFP15, and lack of p63 immunoexpres-
sion findings matched apocrine carcinoma characteristics, but not sebaceous
carcinoma. Thus, apocrine carcinoma can demonstrate intracytoplasmic lipid accumu-
lation and rarely exhibit sebocyte-like cytological features. Apocrine carcinoma
should be distinguished from sebaceous carcinoma due to the former's higher meta-

static potential and lack of association with Muir-Torre syndrome.

KEYWORDS
adipophilin, apocrine carcinoma, PIK3CA, sebaceous carcinoma, sebaceous differentiation
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1 | INTRODUCTION

From the perspective of tumor cell differentiation, cutaneous
appendageal tumors can be classified into those with apocrine,
eccrine, follicular, or sebaceous differentiation, each of which includes

FIGURE 1 Clinical findings of Case 1. A 7.5 x 5.0 cm
subcutaneous mass was seen in the patient's left axilla before
chemotherapy.

(A)

FIGURE 2 Histopathologic findings
of Case 1. (A) Whole biopsy

section before chemotherapy (H&E stain,
% 20). (B) Vacuolated or foamy cytoplasm
in the tumor cells (H&E stain, x 600).

(C) Excised specimen section after
chemotherapy (H&E stain, x10).

(D) Vacuolated tumor cells with
degeneration due to chemotherapy (H&E
stain, x1000). (E) Eosinophilic granular
cytoplasm of the tumor cells, which can
often be seen in typical apocrine
carcinoma (H&E stain, x1000).

Cice R

several benign and malignant tumor types.! Most tumors usually
present with one type of cellular differentiation; however, several
cases of cutaneous appendageal tumors with biphenotypic or multiline-
age differentiation have been reported. For instance, there have been
case reports previously of sebaceoma with apocrine differentiation®™*
and sebaceous carcinoma with apocrine differentiation.>8 Follicular
or apocrine/eccrine tumors often show sebaceous differentiation. For
example, trichoblastoma, basal cell carcinoma, apocrine mixed tumor,
poroma, porocarcinoma, microcystic adnexal carcinoma, and adenoid
cystic carcinoma can exhibit sebaceous differentiation.”** Generally, it
is considered that adnexal tumors with apocrine, follicular, or seba-
ceous differentiation can show another cell differentiation of the
folliculo-sebaceous-apocrine unit. However, there have been no
reports of apocrine carcinoma with sebaceous differentiation.

Herein, we bridge this gap and present two cases of apocrine

carcinoma with sebocyte-like cytological features.

2 | CASE REPORTS

The study has been approved by the research ethics committees of
KMC (Ref: 2023-1) and SCCH (Ref: T2023-16).
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A 68-year-old man presented with a subcutaneous tumor
(7.5 x 5.0 cm) in the left axilla (Figure 1). The tumor had grown gradu-
ally and irregularly for 2 years. Positron emission tomography-
computed tomography revealed multiple lymph node metastases with
a maximum diameter of 45 mm. After a diagnosis of apocrine carci-
noma was made by evaluating the biopsy sample, dose-dense therapy
with doxorubicin and cyclophosphamide and other chemotherapies
(carboplatin, paclitaxel, and pembrolizumab) were administered as
neoadjuvant therapies. The tumor decreased in size (partial response)
and was excised. Lymph node dissection revealed multiple metastases
to the axillary and cervical lymph nodes.

Tumor biopsy revealed fragmented tumor tissue composed
of solid tumor nests without glandular structures (Figure 2A).
Numerous tumor cells harbored foamy cytoplasm (Figure 2B). The
tumor excision revealed a subcutaneous multinodular tumor with a
central fibrosing scar (Figure 2C). No glandular formation was seen.
The tumor cells had sebocyte-like bubbly cytoplasm (Figure 2D) or

eosinophilic granular cytoplasm (Figure 2E). Both tumor cell types

had prominent nucleoli (Figure 2D,E). Cytoplasmic degeneration

due to chemotherapy was observed in most of the tumor cells
(Figure 2D).

Immunohistochemically, the tumor cells were diffusely positive
for adipophilin (Figure 3A,B) and PRAME (Figure 3C,D) in the cyto-
plasm. Androgen receptor, BerEP4 (Figure 3E), and GCDFP15 were
strongly and diffusely expressed. No p63+ tumor cells were observed
(Figure 3F). Estrogen receptor and progesterone receptor were
completely negative for the tumor cells.

Panel sequencing using FoundationOne® CDx (Foundation Medi-
cine, Inc.) revealed PIK3CA E726K mutation and CDK12 deletion in
exons 11-13.

22 | Case2

The patient was a 72-year-old man with a 14 x 8 mm skin tumor on
his right axilla. He had been aware of the tumor for 1 year. Surgical
excision of the primary tumor and dissection of the regional lymph
nodes were performed. Recurrence in the cervical lymph nodes was
confirmed 6 years after surgery; however, no recurrence had been

confirmed for 7 years since the first recurrence.

FIGURE 3 Immunohistochemical
findings of Case 1. (A) Diffuse expression
of adipophilin (adipophilin immunostain,
% 20). (B) Cytoplasmic adipophilin
expression with vacuolated pattern
(adipophilin immunostain, x600).

(C) Diffuse expression of PRAME (PRAME
immunostain, x20). (D) Cytoplasmic
PRAME expression with vacuolated
pattern (PRAME immunostain, x600).

(E) Diffuse and strong expression of
BerEP4 (BerEP4 immunostain, x200).

(F) Lack of p63 expression (p63
immunostain, x200).
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Histopathology revealed a relatively well-circumscribed tumor
with no fibrous capsules in the dermis and superficial subcutis
(Figure 4A). The tumor was composed of solid tumor nests, over half
of which contained tumor cells with foamy cytoplasm (Figure 4B).
The remaining nests were composed of tumor cells with eosinophilic
granular cytoplasm (Figure 4C). Glandular formations with apocrine
snouts were also frequently observed. Both tumor cell types har-
bored prominent nucleoli. The tumor nests were compactly distrib-
uted with little stromal component in the tumor area.

Diffuse immunoexpression of adipophilin (Figure 5A) and PRAME
(Figure 5B) was observed in the cytoplasm of most tumor cells. Andro-
gen receptor (Figure 5C), BerEP4 (Figure 5D), and GCDFP15
(Figure 5E) were diffusely positive in the tumor cells, but p63 was
completely negative (Figure 5F). Estrogen receptor and progesterone
receptor were completely negative for the tumor cells. The PIK3CA
H1047R mutation was detected by panel sequencing in the tumor

in Case 2.

FIGURE 4 Histopathologic findings
of Case 2. (A) Excised specimen

section for the primary tumor (H&E stain,
% 10). (B) The tumor cells with sebocyte-
like cytological change (H&E stain, x200).
(C) Glandular tumor cells with apocrine
snouts (H&E stain, x400).

S WiLey | -

3 | DISCUSSION

This is a report of two cases describing an apocrine carcinoma with
sebocyte-like (sebocytoid) cytological features. Both patients in this
study presented with sebocyte-like cytological features across a broad
area of the tumors rather than in the focal area; thus, their histopa-
thology resembled that of sebaceous carcinoma. Apocrine carcinoma
was diagnosed based on the location of the axilla, presence of lymph
node metastases, focal but definitive eosinophilic granular cytoplasm
of the tumor cells, prominent and large nucleoli, immunoreactivity for
BerEP4, negativity for p63, and PIK3CA mutation.

Apocrine carcinoma is an exclusionary diagnostic concept of a
malignant tumor with apocrine and eccrine differentiation, which
manifests unequivocal signs of apocrine secretion.® To make a defini-
tive diagnosis of apocrine carcinoma, no association with any pre-

existing well-defined benign sweat gland tumors nor specific glandular

origin (ciliary glands/Moll glands, ceruminous glands, or anogenital
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mammary-like glands) must be confirmed.! However, the tumor type

typically favors the site of the axilla and presents with frequent
PIK3CA mutations.*® Histopathologically, apocrine carcinoma can
demonstrate various structural growth patterns, including glandular,
cribriform, solid, and infiltrative patterns; however, the condition does
not usually show other appendageal differentiation. Cytopathologi-
cally, cytoplasmic zymogen granules and large nucleoli can be
observed. The two cases in this study presented all of the above
characteristics.

A few studies have reported that cutaneous or mammary apocrine

carcinomas exhibit adipophilin immunoreactivity,*”

although there
have been no reports of apocrine carcinomas morphologically showing
sebaceous differentiation. In addition, salivary duct carcinoma, which is
a close relative of apocrine carcinoma, and lung adenocarcinoma with
apocrine-like features can also show an immunoexpression of adipo-
philin.*®*? Therefore, it should be considered that apocrine carcinomas
and their relatives can exhibit intracytoplasmic lipid accumulation.
Moreover, various melanocytic tumors occasionally show intracyto-
plasmic lipid accumulation and sebocyte-like cytological features. Cytolog-
ical features can be observed in banal melanocytic nevi, dysplastic nevi,

BAP1-inactivated melanocytic tumors, blue nevi, and melanomas.?°-2°

80

FIGURE 5 Immunohistochemical
findings of Case 2. (A) Diffuse
immunoexpression of adipophilin
(adipophilin immunostain, x200).

(B) Diffuse cytoplasmic
immunoexpression of PRAME (PRAME
immunostain, x200). (C) Diffuse positivity
for androgen receptor (androgen receptor
immunostain, x200). (D) Diffuse
membranous expression of BerEP4
(BerEP4 immunostain, x200).

(E) GCDFP15 immunoexpression was
seen in all tumor cells (GCDFP15
immunostain, x200). (F) Complete
negativity of p63 nuclear expression (p63
immunostain, x200).

Such findings in apocrine carcinomas and melanocytic tumors
may be due to intracytoplasmic lipid accumulation or lipidization;
however, not as a result of the differentiation toward sebocytes.
Immunohistochemically, the tumor cells in the present cases of apo-
crine carcinoma were not similar to sebocytes because the tumor cells
were positive for BerEP4 and negative for p63.2672% Melanocytic
tumors, as in the above cases, also preserve melanocytic differentia-
tion but do not show sebocytic differentiation. Thus, labeling the con-
dition as apocrine carcinomas with sebocyte-like cytological features
would be more appropriate than apocrine carcinomas with sebaceous
differentiation. The label for sebocytoid apocrine carcinoma would
also be acceptable; however, seboapocrine carcinoma or seboapocrine
lesion, which may be terminologically confused with sebocytoid apo-
crine carcinoma, have been used in previous studies of sebaceous car-
cinoma or sebaceoma with apocrine differentiation.?®

Sebaceous carcinoma is a significant and unique differential diag-
nosis for apocrine carcinoma with sebocyte-like cytological features.
However, apocrine carcinoma demonstrates a higher rate of lymph
node or distant metastasis than sebaceous carcinoma and is not asso-
ciated with Muir-Torre syndrome, unlike sebaceous carcinoma.t>??

Thus, it would be significant to distinguish apocrine carcinoma from



SASAKI-SAITO ET AL.

apocrine carcinoma is usually

5

sebaceous carcinoma. Clinically,

observed in the axilla of elderly men,> and sebaceous carcinoma
shows a slight predominance in women and is rarely located in the
axilla.*>2% Cytoplasmic zymogen granules and prominent large nucle-
oli, which are characteristic of apocrine carcinoma, are not observed
in sebaceous carcinoma. While both tumors express the epithelial

152627 ¢opg-

membrane antigen, androgen receptor, and adipophilin,
ceous carcinoma is definitely positive for p63 but usually negative for
BerEP4, unlike apocrine carcinoma.>?¢28 |n addition, PIK3CA muta-
tions, which are frequently confirmed in apocrine carcinoma,® are not
observed in sebaceous carcinoma,®® although genetic sequencing for
PIK3CA is not consistently necessary for the differential diagnosis.
Here, we presented two cases of apocrine carcinoma with
sebocyte-like cytological features. The study showed that apocrine
carcinomas can potentially exhibit intracytoplasmic lipid accumulation
and rarely resemble sebaceous carcinomas. All the findings, including
the tumor site of the axilla, presence of the eosinophilic granular cyto-
plasm and prominent nucleoli, positivity for BerEP4, negativity for
p63, and PIK3CA mutations, correspond with apocrine carcinoma and
not sebaceous carcinoma. It is clinically significant to distinguish apo-
crine carcinoma from sebaceous carcinoma because of the higher
metastatic potential and lack of association with Muir-Torre syn-

drome seen in apocrine carcinoma.
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Abstract: An alarmin, interleukin (IL)-33 is a danger signal that causes inflammation, inducing
chemotactic proteins such as monocyte chemoattractant protein (MCP)-1 in various cells. As statins
have pleiotropic actions including anti-inflammatory properties, we investigated the effects of sim-
vastatin on IL-33-induced MCP-1 expression in human umbilical vein endothelial cells (HUVECs).
HUVECs were stimulated with IL-33 in the presence or absence of simvastatin. Gene expression and
protein secretion of MCP-1, phosphorylation of mitogen-activated protein kinase (MAPK), nuclear
translocation of phosphorylated c-Jun, and human monocyte migration were investigated. Immuno-
cytochemical staining and Western immunoblot analysis revealed that IL-33 augmented MCP-1
protein expression in HUVECs. Real-time reverse transcription-polymerase chain reaction (RT-PCR)
and enzyme-linked immunosorbent assay (ELISA) showed that IL-33 significantly increased MCP-1
mRNA and protein secretion, which were suppressed by c-jun N-terminal kinase (JNK) inhibitor
SP600125 and p38 MAPK inhibitor SB203580. Simvastatin inhibited IL-33-induced MCP-1 mRNA,
protein secretion, phosphorylation of JNK and c-Jun. Additionally, the IL-33-induced nuclear translo-
cation of phosphorylated c-Jun and THP-1 monocyte migration were also blocked by simvastatin.
This study demonstrated that IL-33 induces MCP-1 expression via the JNK and p38 MAPK pathways
in HUVECs, and that simvastatin inhibits MCP-1 production by selectively suppressing JNK. Sim-
vastatin may inhibit the progression of IL-33-induced inflammation via suppressing JNK to prevent
MCP-1 production.

Keywords: interleukin-33; monocyte chemoattractant protein-1; cell migration; mitogen-activated
protein kinase; cytokine; statins

1. Introduction

Interleukin (IL)-33, originally identified as a nuclear factor in postcapillary high en-
dothelial venules, is a ligand for the orphan IL-1 family receptor suppression of tumori-
genicity (ST) 2 [1]. As a cytokine, IL-33 is released from various cells in response to tissue
damage or mechanical strain to alert the immune system [2,3]. IL-33 acts as a danger signal
with potent inflammatory properties, and therefore it is called an “alarmin”. IL-33 binds
to its transmembrane receptor ST2 on the inflammatory cells, inducing Th2-associated
cytokines and chemokines [1,4]. The signal transduction system induced by IL-33 includes
nuclear factor-kappa B (NFkB) and mitogen-activated protein kinases (MAPKSs), such as
extracellular signal-regulated kinase (ERK)1/2, p38 MAPK, and c-jun N-terminal kinase
(JNK) [1,5]. We recently reported that IL-33 increased the gene and protein expressions
of chemokines, such as growth-regulated oncogene (GRO)-« and IL-8 in human vascular
endothelial cells [6,7]. Using an antibody array assay, we also showed that IL-33 enhanced
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monocyte chemoattractant protein (MCP)-1 expression in human vascular endothelial
cells [7]. Monocyte chemoattractant protein (MCP)-1, also called C-C motif chemokine
ligand (CCL) 2, is a key member of the CC chemokine family that is involved in the
pathophysiology of inflammatory diseases, and the findings that MCP-1 is a downstream
molecule of IL-33 are supported by several other investigations [8-15]. Besides the property
of migrating monocytes into the site of inflammation, MCP-1 also promotes migration of
cancer cells [16-20]. In addition, accumulating evidence has demonstrated that IL-33 also
promotes migration of normal cells [21-23] as well as cancer cells [24-26]. Hu et al. re-
vealed that IL-33 and its receptor ST2 were co-expressed in decidual stromal cells, and IL-33
promoted migration of decidual stromal cells by upregulating MCP-1 via the ERK1/2 sig-
naling pathway [27]. However, the precise role of MCP-1 on IL-33-mediated cell migration
remains undefined.

Statins, 3-hydroxy-3-methylglutaryl CoA (HMG-CoA) reductase inhibitors, have been
established as a primary and secondary prevention of cardiovascular events by lowering
low-density lipoprotein cholesterol [28]. In addition to the cholesterol-lowering effect,
statins have pleiotropic actions, including attenuation of vascular inflammation, improved
endothelial cell function, stabilization of atherosclerotic plaque, decreased vascular smooth
muscle cell migration and proliferation, and inhibition of platelet aggregation [29,30]. We
previously reported that simvastatin suppressed IL-6-induced monocyte chemotaxis and
MCP-1 expression in human vascular endothelial cells [31]. Likewise, simvastatin caused
an inhibition of C-reactive protein-mediated MCP-1 secretion and migration in human
primary monocytes [32]. In addition, simvastatin inhibited MCP-1 synthesis in peripheral
blood mononuclear cells exposed to lipopolysaccharide and in human endothelial cells
exposed to IL-1f3 [33]. However, the specific mechanisms by which statins suppress MCP-1
and cell migration are not fully understood.

In the present study, we hypothesized that statins could suppress IL-33-induced
monocyte chemotaxis through inhibiting MCP-1 expression. Thus, this study was designed
to investigate the effects of simvastatin on IL-33-induced monocyte chemotaxis and MCP-1
expression in human umbilical vein endothelial cells (HUVECs), specifically focusing on
the signal transduction system of MAPK pathways.

2. Results
2.1. Immunocytochemical Staining for MCP-1

Immunocytochemical staining showed faint positive immunoreactivities for MCP-1
in untreated HUVECs, and the intensity of immunoreactivity for MCP-1 in HUVECs was
enhanced by the treatment with 10~° mol/L of IL-33 for 24 h (Figure 1A). In addition, the
cells treated with normal IgG, instead of the primary antibody against MCP-1, demon-
strated no immunoreactivity for MCP-1. Semiquantitative analysis showed a significant
increase in the intensity of immunoreactivity for MCP-1 in IL-33-stimulated cells compared
with the untreated cells (Figure 1B).
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Figure 1. Interleukin (IL)-33-stimulated monocyte chemoattractant protein (MCP)-1 protein expres-
sion in human umbilical vein endothelial cells (HUVECsS). (A) Representative immunocytochemical
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staining showing the localization of MCP-1 in HUVECs with or without exposure to 10~ mol/L
of IL-33 for 24 h. Intensity of immunoreactivity for MCP-1 was increased in HUVECs treated
with IL-33 compared with the untreated cells. Original magnification: x400. Scale bar = 50 pm.
(B) Semiquantitative analysis of staining intensity of immunoreactivity for MCP-1. * p < 0.05 vs.
untreated cells.

2.2. Western Immunoblot Analysis for MCP-1

Immunocytochemical findings were supported by Western immunoblot analysis of
the cell lysates using anti-MCP-1 antibody (Figure 2A). As shown in Figure 2B, treatment
with 1072 mol/L of IL-33 resulted in a significant increase in MCP-1 protein expression
in HUVECs.
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Figure 2. (A) Western immunoblot analysis of the whole-cell lysates using anti-MCP-1 antibody in
HUVECs with or without exposure to 10~? mol/L of IL-33 for 24 h. (B) Bars represent densitometric
data of each expression signal after normalization to 3-actin and relative to the untreated cells. MCP-1
protein expression was increased in HUVECS treated with IL-33 compared with the untreated cells.
* p < 0.05 vs. untreated cells.

2.3. IL-33-Induced Gene Expression and Protein Secretion of MCP-1 in HUVECs

Real-time reverse transcription—polymerase chain reaction (RT-PCR) demonstrated
that treatment with IL-33 (10~'2 to 1078 mol/L) resulted in an increase in MCP-1 mRNA
in a dose-dependent manner with a statistical significance at 1072 and 10~ mol/L of
IL-33 (Figure 3A). As shown in Figure 3B, IL-33 at the dose of 10~ mol/L significantly
increased MCP-1 mRNA between 4 and 24 h, peaking at 8 h after stimulation with IL-33.
An enzyme-linked immunosorbent assay (ELISA) showed that IL-33 increased MCP-1
protein secretion from HUVECs in a dose-dependent manner with a significant increase at
the doses over 107! mol/L (Figure 3C), and in a time-dependent manner with a significant
increase between 8 and 24 h of IL-33 treatment (Figure 3D).
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Figure 3. Cont.
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Figure 3. IL-33-stimulated gene expression and protein secretion of MCP-1 in HUVECs. (A) MCP-1
mRNA expression in HUVECs after treatment with the indicated concentrations of IL-33 for 8 h
(n = 3), as evaluated by real-time reverse transcription—polymerase chain reaction (RT-PCR). (B) Time
course of MCP-1 mRNA after treatment with 10~° mol/L of IL-33 (n = 3), as evaluated by real-
time RT-PCR. Bars represent MCP-1 mRNA after normalization to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) mRNA and relative to the untreated control (cont) in (A) and 0 h in (B).
(C) MCP-1 concentrations in the supernatant after treatment with the indicated concentrations of
IL-33 for 24 h (n = 6), as analyzed by enzyme-linked immunosorbent assay (ELISA). Bars represent
MCP-1 protein secretion per 10° cells. (D) Time course of MCP-1 concentrations in the supernatant
after treatment with 10~ mol/L of IL-33 (closed circles, n = 6), as analyzed by ELISA. Spontaneous
secretion of MCP-1 without IL-33 treatment is shown in open circles (1 = 6), as analyzed by ELISA.
*p <0.05 vs. cont in (A,C), vs. 0 hin (B), and vs. each control at the same time in (D).

2.4. IL-33-Induced Phosphorylation of JNK, p38 MAPK, and ERK1/2 in HUVECs

HUVECs were exposed to IL-33 for different time periods (5-120 min), and their
protein extracts were examined by Western immunoblot analysis. IL-33 induced the
phosphorylation of JNK (Figure 4A), peaking at 30 min and declining at 60 min. In addition,
IL-33 induced the phosphorylation of p38 MAPK (Figure 4B) and ERK1/2 (Figure 4C),
peaking between 15 min and 30 min and declining at 60 min.
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Figure 4. IL-33-activated mitogen-activated protein kinase (MAPK) pathway in HUVECs. (A-C)
Western immunoblot analysis showed that IL-33 stimulated the phosphorylation of c-jun N-terminal
kinase (JNK) (A), p38 MAPK (B), and extracellular signal-regulated kinase (ERK) 1/2 (C). HUVECs
were treated with 10~2 mol/L of IL-33 for 5, 15, 30, 60, and 120 min. Bars represent results from
densitometric analyses of each phosphorylation signal after normalization to total protein and
relative to the untreated control (0 min). Blots are representative of three independent experiments.
*p <0.05 vs. 0 min.

2.5. Effects of Pharmacological Inhibitors of MAPK Signaling Pathways on Gene Expression and
Protein Secretion of MCP-1 in HUVECs

Involvement of the MAPK pathway in the IL-33-induced gene expression and protein
secretion of MCP-1 was examined using pharmacological inhibitors of MAPK, such as
SP600125 (JNK inhibitor), SB203580 (p38 MAPK inhibitor), and PD98059 (ERK1/2 inhibitor).
HUVECs were pretreated with these pharmacological inhibitors for 2 h, followed by
stimulation with IL-33 (10~2 mol/L) for 8 h to measure MCP-1 mRNA expression, and for
24 h to examine MCP-1 protein secretion from HUVECs. Real-time RT-PCR demonstrated
that the IL-33-induced increase in MCP-1 mRNA expression was significantly suppressed
by the pretreatment with SP600125 and SB203580 in HUVECs (Figure 5A). As shown in
Figure 5B, the IL-33-induced increase in MCP-1 protein secretion from HUVECs was also
significantly attenuated by the pretreatment with SP600125 and SB203580. In contrast,
PD98059 had no effect on the IL-33-induced upregulation of gene expression or protein
secretion of MCP-1 in HUVECs.
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Figure 5. Effects of pharmacological inhibitors of MAPK pathway on IL-33-induced gene expression and
protein secretion of MCP-1 in HUVECs. (A,B) HUVECs were pre-incubated with SP600125 (30 umol/L),
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SB203580 (10 umol/L), and PD98059 (30 umol/L) for 2 h, followed by stimulation with IL-33
(10=2 mol/L) for 8 h ((A), MCP-1 mRNA) or with IL-33 (10~2 mol/L) for 24 h ((B), MCP-1 se-
cretion). MCP-1 mRNA was evaluated by real-time RT-PCR ((A), n = 3), and MCP-1 concentration
was examined by ELISA ((B), n = 6). * p < 0.05 vs. untreated control. t p < 0.05 vs. IL-33.

2.6. Effects of Simvastatin on Cell Viability

MTT assay was used to examine cytotoxicity of various doses of simvastatin to the
cultured HUVECs. No significant changes in cell viability were observed in HUVECs
treated with simvastatin at a dose of less than 10 pmol/L (Figure 6). However, 100 umol/L
of simvastatin significantly decreased cell viability, and therefore this dose was not used in
the present study.
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Figure 6. Effects of simvastatin on cell viability. HUVECs were treated with different concentrations
of simvastatin for 24 h. Cell viability was measured by MTT assay. The results are expressed as
percentage of the untreated control, and each value represents five independent experiments (1 = 5).
* p < 0.05 vs. untreated control (cont).

2.7. Effects of Simvastatin on IL-33-Induced Gene Expression and Protein Secretion of MCP-1
in HUVECs

To investigate the effects of simvastatin on IL-33-induced gene expression and protein
secretion of MCP-1, HUVECs were pretreated with various concentrations of simvastatin
(0.1, 1, 10 pmol /L), followed by stimulation with IL-33 (10’9 mol/L) for 8 h to examine
MCP-1 mRNA expression, and for 24 h to measure MCP-1 protein secretion from HUVECs.
The IL-33-induced increase in MCP-1 mRNA expression was significantly inhibited by
10 umol/L of simvastatin (Figure 7A). As shown in Figure 7B, the IL-33-induced MCP-1
protein secretion from HUVECs for 24 h was also significantly suppressed by 10 umol/L
of simvastatin.
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Figure 7. Effects of simvastatin on gene expression and protein secretion MCP-1 in HUVECs. IL-33-
induced MCP-1 gene expression (A) and MCP-1 protein secretion (B) were suppressed by simvastatin.
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HUVECs were treated with IL-33 (10~2 mol/L) for 8 h (A) or 24 h (B) with or without pretreatment
with simvastatin (0.1 to 10 umol/L). Bars represent MCP-1 mRNA after normalization to GAPDH
mRNA and relative to the untreated control in (A). Bars represent MCP-1 protein secretion per
10° cells in (B). * p <0.05 vs. untreated control. t p < 0.05 vs. IL-33.

2.8. Effects of Simvastatin on IL-33-Stimulated Phosphorylation of INK and p38 MAPK
in HUVECs

To evaluate whether simvastatin suppresses JNK and p38 MAPK activity, the phospho-
rylation of JNK and p38 MAPK was examined by Western immunoblot analysis. HUVECs
were pretreated with various concentrations of simvastatin and then incubated with IL-33
(10~ mol/L) for 15 min. IL-33-stimulated JNK phosphorylation was significantly inhibited
by simvastatin at the dose of 10 umol/L (Figure 8A). However, simvastatin had no effect
on the phosphorylation of p38 MAPK (Figure 8B).
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Figure 8. Effects of simvastatin on IL-33-induced phosphorylation of JNK, p38 MAPK, and c-Jun.
(A,B) Simvastatin dose-dependently suppressed phosphorylation of JNK (A) but did not inhibit
phosphorylation of p38 MAPK (B). HUVECs were pretreated with simvastatin and then incubated
with IL-33 (10~ mol/L) for 15 min. Bars represent results from densitometric analyses of each
phosphorylation signal after normalization to total protein and relative to the untreated control. Blots
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are representative of three independent experiments. * p < 0.05 vs. untreated control. * p < 0.05 vs. IL-
33. (C) Time course of IL-33-induced phosphorylation of c-Jun as evaluated by Western immunoblot
analysis. HUVECs were treated with IL-33 (10~ mol/L) for the indicated time periods. Bars
represent results from densitometric analyses of each phosphorylation signal after normalization to
total protein and relative to the untreated control (0 min). Blots are representative of three independent
experiments. * p < 0.05 vs. 0 min. t p < 0.05 vs. IL-33. (D) Simvastatin dose-dependently suppressed
phosphorylation of c-Jun. HUVECs were pretreated with simvastatin and then incubated with IL-33
(1072 mol/L) for 30 min. Bars represent results from densitometric analyses of each phosphorylation
signal after normalization to total protein and relative to the untreated control. Blots are representative
of three independent experiments. * p < 0.05 vs. untreated control. t p < 0.05 vs. IL-33.

2.9. Effects of Simvastatin on 1L-33-Stimulated Phosphorylation of c-Jun in HUVECs

To determine the downstream signaling pathway of JNK, phosphorylation of c-Jun
was assessed by Western immunoblot analysis. IL-33 induced the phosphorylation of c-Jun,
peaking at 30 min and declining at 120 min (Figure 8C). The effects of simvastatin on the
phosphorylation of c-Jun were examined by the pretreatment of HUVECs with various
concentrations of simvastatin, followed by stimulation with IL-33 (10~ mol /L) for 30 min.
IL-33-stimulated c-Jun phosphorylation was significantly suppressed by the addition of
simvastatin at the dose of 10 pmol/L (Figure 8D).

2.10. Immunofluorescence Staining

HUVECs were pre-incubated with simvastatin followed by incubation with IL-33 for
30 min, and immunofluorescence staining was performed to examine whether simvastatin
affects the translocation of c-Jun to the nucleus by inhibiting IL-33-induced c-Jun phospho-
rylation. The immunofluorescence signal of phospho-c-Jun was localized in the nuclei of
HUVEC:s after incubation with IL-33 for 30 min compared with the untreated control cells
(Figure 9A). The phospho-c-Jun activation by IL-33 was inhibited by simvastatin at the dose
of 10 umol/L. The addition of mevalonate reversed the phosphorylation. The percentage
of phospho-c-Jun-positive cell nuclei was significantly increased by IL-33 stimulation, and
simvastatin treatment reduced the number of phospho-c-Jun-positive cells, which was
reversed by the addition of mevalonate (Figure 9B).
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Figure 9. Effects of simvastatin on IL-33-induced translocation of phospho-c-Jun to the nucleus as
determined by immunofluorescence staining. HUVECs were pretreated with simvastatin (10 pmol /L)
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or simvastatin plus mevalonate (100 umol/L), followed by additional incubation with IL-33
(10~2 mol/L) for 30 min. (A) Representative immunofluorescence images showing the localization of
phospho-c-Jun in HUVECs. Red staining indicates the specific Alexa staining for phospho-c-Jun, and
blue staining indicates the nuclei (Hoechst 33342). Original magnification: x400. Scale bar = 50 pum.
(B) Percentages of phospho-c-Jun-positive cells relative to total cell numbers. * p < 0.05 vs. untreated
control. t p < 0.05 vs. IL-33.

2.11. Simvastatin Reduces THP-1 Monocyte Chemotaxis Enhanced by IL-33-Induced MCP-1

The culture medium from IL-33-treated HUVECs increased migration of THP-1 cells
compared with that from the untreated cells. Pre-incubation of the culture medium with
goat anti-human MCP-1 polyclonal antibody inhibited IL-33-enhanced THP-1 migration;
however, goat IgG had no effect on THP-1 monocyte migration, indicating that IL-33-
induced THP-1 monocyte migration was, at least in part, due to the chemotactic actions
of MCP-1 (Figure 10). Pretreatment of HUVECs with simvastatin at a concentration of
10 umol/L suppressed IL-33-enhanced THP-1 monocyte migration, and the addition of
mevalonate reversed the THP-1 monocyte migration (Figure 10).
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L-33 - + +
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Simvastatin - - =
Mevalonate - - -
Goatlg6 —-— — — — -
MCP-1 - - - - = - %
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I+ + | +
|
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Figure 10. Effects of simvastatin on THP-1 monocyte migration as determined by chemotaxis assay.
Relative migration indicates the ratio of migrating THP-1 cells towards the culture medium from
HUVECs treated with various reagents relative to those from the untreated cells. THP-1 monocyte
chemotaxis was promoted in response to the culture medium treated with 10~° mol/L of IL-33. Pre-
incubation of the culture medium with polyclonal anti-MCP-1 antibody (80 pug/mL), but not with goat
IgG, resulted in an inhibition of chemotaxis. Simvastatin (10 umol/L) inhibited IL-33-induced THP-1
monocyte chemotaxis, which was reversed by the addition of mevalonate. Recombinant human
MCP-1 (100 nmol/L) served as a positive control. Bars represent mean & SD of three independent
experiments. * p < 0.05 vs. untreated control. T p < 0.05 vs. IL-33.

3. Discussion

Chemokines are small-molecule inflammatory proteins that are divided into four
canonical subclasses according to the position of N-terminal cysteine residues: C, CC,
CXC, and CX3C chemokines [34]. MCP-1, also known as CCL2, plays a central role in the
pathogenesis of several different disease processes, including vascular permeability and
attraction of immune cells during metastasis, various neurological disorders, autoimmune
disease, obesity, and atherosclerosis [35]. We previously reported that IL-33 enhanced
MCP-1 protein expression in HUVECs by the method of antibody array assay [7]. Previous
studies also demonstrated that IL-33 increased MCP-1 expression in various cells, including
human and mouse mast cells [8,10,12,14], human corneal epithelial cells [11], human
vascular endothelial cells [9,15], and human cancer cells [13,26]. In the present study,
immunocytochemical examination and Western immunoblot assay revealed that IL-33
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increased MCP-1 protein expression in HUVECs. In addition, real-time PCR and ELISA
demonstrated that IL-33 increased gene expression and protein secretion of MCP-1 in a
dose- and time-dependent manner in HUVECs. The biological roles of IL-33-induced
MCP-1 upregulation in various cells need further investigation.

Extracellular IL-33 binds transmembrane receptor ST2 and causes ST2-dependent
signaling pathways including MAPK pathways, such as ERK1/2, p38 MAPK, and JNK.
Signal transduction pathways involved in IL-33-induced MCP-1 activation were investi-
gated by previous studies. Yagami et al. demonstrated that the IL-33-mediated synthesis of
MCP-1 were dramatically and dose-dependently reduced by the addition of p38 MAPK
inhibitor SB202190 but not by ERK inhibitor PD98059, indicating that p38 MAPK is re-
quired for the IL-33-mediated increase in MCP-1 in human vascular endothelial cells [15].
Another study showed that p38 MAPK inhibition with SB203580 suppressed IL-33-induced
MCP-1 secretion without inhibiting MCP-1 gene expression in human skin mast cells,
suggesting post-transcriptional involvement [10]. IL-33-induced MCP-1 gene expression
was significantly inhibited by either MEK inhibitor U0126 or p38 MAPK inhibitor SB203580,
suggesting that both ERK1/2 and p38 MAPK pathways are involved in the IL-33-induced
upregulation of MCP-1 in bone marrow-derived mast cells [14]. In the present study,
upregulation of MCP-1 mRNA and protein secretion induced by IL-33 in HUVECs was
significantly suppressed by p38 MAPK inhibitor SB203580 and JNK inhibitor SP600124,
suggesting that IL-33-induced MCP-1 upregulation involves both p38 MAPK and JNK
pathways in HUVECs. These findings were supported by the previous investigation that
stimulation of human mast cells with IL-33 significantly increased MCP-1 secretion via p38
MAPK and JNK pathways, with a higher concentration of JNK inhibitor required to inhibit
MCP-1 release in human mast cells [8]. Further studies are required to explore the role of
the MAPK pathways in the biological actions of IL-33 in various types of cells.

Cell migration is essential for proper immune response, wound repair, and tissue
homeostasis, while aberrant cell migration is found in various pathological conditions [36].
MCP-1 plays an important role in migration of not only monocytes/macrophages but also
cancer cells. MCP-1 induces cancer cell abscission, migration, and invasion in both autocrine
and paracrine manners, playing a pivotal role in tumor metastasis [19,20]. In addition to
the cell-migrating properties of MCP-1, accumulating evidence has revealed that IL-33 also
promotes migration of various cells. IL-33 increased the migration of human endothelial
cells, playing an important role in angiogenesis [21] and lymphangiogenesis [22]. IL-33
also stimulated the migration and invasion of human gastric cancer cells [24], human lung
cancer cells [25], and human esophageal cancer cells [26]. Lin et al. demonstrated that IL-33
enhanced cell migration and invasion via inducing the epithelial-to-mesenchymal transition
by JNK activation in human glioma cells [37]. Tjota et al. [38] demonstrated that IL-33
promoted the expression of multiple chemokines including MCP-1 and that exogenous
recombinant IL-33 migrated monocytes to the lung interstitium. The significant roles of
IL-33-induced MCP-1 were examined by other investigations. Hu et al. reported that IL-33
and its receptor ST2 were co-expressed in decidual stromal cells, and IL-33 stimulated the
activation of NFkB and ERK1/2 to increase the expression of MCP-1, thereby promoting the
migration and invasion of decidual stromal cells [27]. IL-33 promoted cancer cell migration
and invasion via inducing epithelial-to-mesenchymal transition by the activation of MCP-1
in esophageal squamous cell carcinoma [26]. Although these findings raise the possibility
that IL-33 might promote cell migration via activating MCP-1 in various cells, the precise
roles of MCP-1 on IL-33-promoted normal or cancer cell migration remain undefined. In the
current study, we confirmed that IL-33 promoted THP-1 migration, which was significantly
suppressed by anti-MCP-1 antibody, suggesting that MCP-1 induced by IL-33 plays an
important role in the migration of monocytes. Taken together, these results suggest that
IL-33 is involved in the pathophysiology of cell migration due to upregulation of MCP-1 in
vascular endothelial cells.

Statins, HMG-CoA reductase inhibitors, are cholesterol-lowering drugs that are widely
prescribed in the treatment of cardiovascular diseases. Statins exert numerous pleiotropic
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effects including anti-inflammatory actions [30]. Indeed, we have already demonstrated
that simvastatin reduces IL-6-induced monocyte chemotaxis and MCP-1 expression in
human vascular endothelial cells by inhibiting the Janus kinase-signal transducers and acti-
vators of transcription (JAK-STAT) pathway [31]. The effects of statins on IL-33-mediated
inflammation have been reported in the literature. Montecucco et al. demonstrated that
simvastatin inhibited C-reactive protein-induced MCP-1 secretion and monocyte migration
through the inhibition of the ERK1/2 signaling pathway [32]. Romano et al. reported that
simvastatin also caused a dose-dependent inhibition of MCP-1 production in peripheral
blood mononuclear cells exposed to lipopolysaccharide and in human endothelial cells
exposed to IL-1f [33]. The present study revealed that simvastatin suppressed MCP-1
gene expression and protein secretion induced by IL-33 in HUVECs. Furthermore, it is
interesting that simvastatin only suppressed the IL-33-mediated phospho-JNK pathway
but not the p38 MAPK pathway. In addition, simvastatin suppressed the phosphorylation
of c-Jun and its translocation to the nucleus in HUVECs in the present study. These findings
suggest that simvastatin may act as a JNK inhibitor in the treatment of inflammation.

The simvastatin concentrations used in the present study are higher than the therapeu-
tic plasma concentrations of simvastatin in clinical situations with humans. The present
study demonstrated that 10 pmol/L of simvastatin inhibited the gene expression and
protein secretion of MCP-1 as well as the phosphorylation of JNK and c-Jun in HUVECs.
In pharmacokinetic studies, Lilja et al. [39] reported that the maximal plasma concentra-
tions of simvastatin in human subjects receiving 40 mg of simvastatin daily were almost
5-30 ng/mL (0.01-0.07 umol/L). However, previous in vitro studies have also reported
that simvastatin is used with similar concentrations as those of the current study in mono-
cytes, osteoblasts, and vascular endothelial cells [31,40,41]. In addition, the duration of
exposure to statins in HUVECs should be considered in the in vitro cell culture experiments.
Despite low levels of simvastatin in plasma, cells are constantly exposed to simvastatin
and may be accumulated intracellularly. As the time of exposure of cells to simvastatin
is very short, usually only for an hour, any significant inhibition of the MCP-1 gene and
protein expression induced by IL-33 might require higher concentrations of simvastatin in
the in vitro experiments. The clinical relevance of simvastatin concentrations in the in vitro
studies needs further investigation.

4. Materials and Methods
4.1. Regents

Recombinant human IL-33 was purchased from Pepro Tech (Rocky Hill, NJ, USA).
The mouse monoclonal anti-human MCP-1 antibody was from Santa Cruz Biotechnol-
ogy (Heidelberg, Germany). The rabbit polyclonal antibodies for JNK, phospho-JNK
(Thr183/Tyr185), p38, phospho-p38 (Thr180/Tyr182), ERK1/2, phospho-ERK1/2 (p42/44
MAPK), c-Jun, and phospho-c-Jun (Ser73) were obtained from Cell Signaling Technology
(Beverly, MA, USA). SP600125 (JNK inhibitor) was purchased from BIOMOL (Plymouth
Meeting, PA, USA). Simvastatin, PD98059 (ERK1/2 inhibitor), and SB203580 (p38 MAPK
inhibitor) were purchased from FUJIFILM Wako Pure Chemical (Osaka, Japan). Mevalonate
was obtained from Sigma (St Louis, MO, USA).

4.2. Cell Culture of HUVECs

HUVECs were purchased from Kurabo (Osaka, Japan) and seeded in plastic plates
precoated with type I collagen (Asahi Techno Glass, Nagoya, Japan) and were maintained
in endothelial cell growth medium (Promo cell, Heidelberg, Germany) supplemented
with 0.5 pg/mL fungizone, 0.25 pg/mL amphotericin B, 100 pug/mL streptomycin, and
100 U/mL penicillin (Life Technologies, Carlsbad, CA, USA).

4.3. Immunocytochemical Staining

HUVECs incubated on a Biocoat slide glass (BD Biosciences, San Jose, CA, USA) were
fixed with 4% buffered paraformaldehyde (FUJIFILM Wako Pure Chemical, Osaka, Japan)
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for 20 min. The indirect immunoperoxidase method was used for the immunocytochemical
analysis as described previously [42]. The primary antibody against MCP-1 was used
at 100-fold dilution. The specificity of the staining was confirmed by substitution of the
normal mouse IgG for the primary antibody. The intensity of staining was semiquantita-
tively evaluated by two independent examiners. Grades for the staining intensity ranged
from 0 to 3, with 0 indicating no staining; 1, weak staining; 2, moderate staining; and
3, strong staining.

4.4. Western Immunoblot Analysis

Western immunoblot analysis was performed as described previously with some
modifications [42,43]. In brief, HUVECs were lysed with ice-cold cell lysis buffer together
with phenylmethylsulphonyl fluoride and protease inhibitor cocktail. The harvested cells
were resuspended in sodium dodecyl sulfate sample buffer and dithiothreitol, sonicated,
and boiled for 5 min. They were separated by 4-12% NuPAGE Bis-Tris gels (Life Tech-
nologies, Carlsbad, CA, USA) and transferred to a polyvinylidene difluoride membrane
by electroblotting for 2 h. The membrane was soaked in 5% nonfat dry milk blocking
buffer. The membrane was then incubated with the primary antibody overnight at 4 °C at
concentrations as suggested by the manufacturer, followed by incubation with horseradish
peroxidase-conjugated secondary antibody (Cell Signaling Technology, Beverly, MA, USA)
for 1 h. The protein bands were visualized by ECL prime (GE Healthcare, Buckinghamshire,
UK), and the intensities of the blots were analyzed by a ChemiDoc Touch Imaging System
(Bio-Rad, Hercules, CA, USA).

4.5. Total RNA Extraction and Real-Time RT-PCR

A Pure Link RNA Mini kit (Invitrogen, Carlsbad, CA, USA) was used for the extraction
of total RNA from HUVECs, and cDNA was synthesized with a Superscript VILO cDNA
Synthesis kit (Invitrogen, Carlsbad, CA, USA). Real-time PCR was performed using Power
SYBR Green PCR Master Mix (Applied Biosystems, Warrington, UK) on a CFX connect
thermal cycler (Bio-Rad, Hercules, CA, USA). The value of each cDNA was calculated using
the AACq method and normalized to the value of the housekeeping gene glyceraldehyde-
3-phosphate dehydrogenase (GAPDH).

Oligonucleotide PCR primers targeting MCP-1 mRNA were designed according to
a previous report [44], and the specificity of the primers was confirmed by BLAST search
and melting curve analysis. The primer sequences are shown in Table 1.

Table 1. Primers and amplicons of real-time RT-PCR.

Gene Name Primer Sequences Position Amplicon Size
(Forward/Reverse) (nt) (bp)
MCP-1 F: 5-CATAGCAGCCACCTTCATTCC-3' 109-129 185
R: 5’-TCTCCTTGGCCACAATGGTC-3' 274-293
GAPDH F: 5-GCACCGTCAAGGCTGAGAAC-3 361-380 138
R: 5-TGGTGAAGACGCCAGTGGA-3' 498-516

The reaction conditions were as follows: activation step at 95 °C for 10 min, followed
by 40 cycles of denaturation at 95 °C for 15 s and annealing/extension at 60 °C for 1 min.

4.6. Enzyme-Linked Immunosorbent Assay (ELISA)

Concentrations of MCP-1 in the culture medium were determined by using a human
MCP-1 ELISA kit (R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s
protocol. The optical densities of samples and standards were measured spectropho-
tometrically with an iMark microplate reader (BIORAD, Hercules, CA, USA). MCP-1
concentrations were determined by comparison of the optical density results with the
standard curve.
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4.7. Cell Viability

Cell viability was determined based on the MTT assay (Roche, Mannheim, Germany).
HUVECs were treated with 0.01, 0.1, 1, 10, or 100 umol/L simvastatin for 24 h, after which
0.5 mg/mL MTT solution was added to the culture medium, and then incubated for 4 h.
After adding dimethyl sulfoxide to the cells, the absorbance at 570 nm was measured
with an iMark microplate reader (BIORAD, Hercules, CA, USA). The survival rates of the
simvastatin-treated cells were compared with those of the control untreated cells.

4.8. Immunofluorescence Staining

HUVEC:s plated on a BioCoat slide glass (BD biosciences, San Jose, CA, USA) were
fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton X-100. They were
blocked with normal horse serum for 30 min and incubated with the rabbit phospho-c-Jun
antibody at 800-fold dilution overnight. Then, they were washed and incubated with
anti-rabbit IgG-Alexa (Cell Signaling Technology, Beverly, MA, USA) at 250-fold dilution
for 1 h, and the nuclei were counterstained with Hoechst 33342 (Invitrogen, Carlsbad,
CA, USA) for 5 min. Images were analyzed by fluorescence microscope (Olympus, Tokyo,
Japan). The percentage of phospho-c-Jun-positive cell nuclei was evaluated in five fields of
each slide.

4.9. Chemotaxis Assay

A microchemotaxis chamber with polyvinylpyrrolidone-free polycarbonate filter (5 um
pore size) was used for the chemotaxis assay. THP-1 monocytic cells (8 x 10° cells/mL)
were plated in the upper wells of ChemoTx microplates (Neuro Probe Inc. Gaithersburg,
MD, USA). The culture medium derived from untreated or IL-33-treated cells was added to
the lower wells. The number of THP-1 cells migrated to the lower chamber was counted
by a hemocytometer. The culture medium from the untreated cells supplemented with
recombinant human MCP-1 at 100 nmol/L (PeproTech, Rocky Hill, NT, USA) served as a
positive control. Normal goat IgG (R&D Systems, Minneapolis, MN, USA) was used as a
negative control. To evaluate MCP-1 specific chemotaxis, anti-human MCP-1 polyclonal
antibody (R&D Systems, Minneapolis, MN, USA) was added at 80 pg/mL to neutralize the
secreted MCP-1.

4.10. Statistical Analysis

Data are shown as mean £ SD. Each data point represents the average of three
to six independent experiments. Statistical significance of the data was assessed by
one-way ANOVA with the Tukey-Kramer’s post hoc test. p value < 0.05 was considered
statistically significant.

5. Conclusions

In conclusion, the present study demonstrated that IL-33 induces gene expression and
protein secretion of MCP-1 through the activation of the JNK and p38 MAPK pathways in
human vascular endothelial cells. Furthermore, simvastatin suppressed MCP-1 production
by selectively inhibiting the JNK pathway. We speculate that the increase in local and
circulating IL-33 levels in patients with inflammatory disease would stimulate the vascular
endothelial cells to enhance MCP-1 production via the JNK and p38 MAPK pathways.
Simvastatin could reduce IL-33-mediated MCP-1 production by inhibiting the J]NK pathway
and suppressing the recruitment of monocytes into the inflammatory lesions. These findings
indicate that simvastatin may be potentially utilized as a novel therapeutic strategy for
IL-33-associated inflammation.
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Abstract: Plasma concentrations of a pleiotropic cytokine, interleukin (IL)-6, are increased in patients
with cardiac myxoma. We investigated the regulation of IL-6 in cardiac myxoma. Immunohisto-
chemical staining and reverse transcription-polymerase chain reaction (RT-PCR) revealed that IL-6
and its receptors, IL-6 receptor (IL-6R) and gp130, co-existed in the myxoma cells. Myxoma cells
were cultured, and an antibody array assay showed that a conditioned medium derived from the
cultured myxoma cells contained increased amounts of IL-6. Signal transducer and activator of
transcription (STAT) 3 and Akt were constitutively phosphorylated in the myxoma cells. An enzyme-
linked immunosorbent assay (ELISA) showed that the myxoma cells spontaneously secreted IL-6
into the culture medium. Real-time PCR revealed that stimulation with IL-6 + soluble IL-6R (SIL6R)
significantly increased IL-6 mRNA in the myxoma cells. Pharmacological inhibitors of STAT3 and
Akt inhibited the IL-6 + sIL-6R-induced gene expression of IL-6 and the spontaneous secretion of IL-6.
In addition, IL-6 + sIL-6R-induced translocation of phosphorylated STAT3 to the nucleus was also
blocked by STAT3 inhibitors. This study has demonstrated that IL-6 increases its own production
via STAT3 and Akt pathways in cardiac myxoma cells. Autocrine regulation of IL-6 may play an
important role in the pathophysiology of patients with cardiac myxoma.

Keywords: myxoma; interleukin-6; autocrine; STAT3; Akt

1. Introduction

Interleukin (IL)-6 is a multifunctional cytokine that plays important roles in immune
regulation, inflammation, metabolism, and tissue regeneration [1,2]. In IL-6 classic sig-
naling, IL-6 binds to IL-6-transmembrane receptor (IL-6R) and subsequent recruitment
of the transmembrane gp130, activating the intracellular signal transduction system, in-
cluding Janus kinase (JAK)-signal transducer and activator of transcription (STAT) 3,
phosphatidylinositol-3-kinase (PI3K)/Akt, and mitogen-activated protein kinase [3]. A
soluble form of IL-6R (sIL-6R) is released from the cell surface by proteolysis or by IL-6
mRNA alternative splicing. The cells lacking transmembrane IL-6R are not responsive
to IL-6; however, they respond to IL-6 in the presence of sIL-6R. Thus, the IL-6 + sIL-6R
complex binds to transmembrane gp130 on the cells that do not express transmembrane
IL-6R, and this process is known as IL-6 trans-signaling [4]. Nowadays, sIL-6R is con-
sidered as an agonist molecule, allowing IL-6 to have an effect on the cells lacking IL-6R
but ubiquitously expressing transmembrane gp130 [5]. In addition, IL-6 is produced by
a variety of cells, such as T cells, B cells, monocytes-macrophages, fibroblasts, epidermal
keratinocytes, endothelial cells, mesangial cells, and tumor cells, including cardiac myxoma
cells in the human body [6].
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Cardiac myxoma is the most common primary tumor of the heart [7]. The clinical
presentation of cardiac myxoma typically involves triad of intracardiac obstruction, em-
bolization, and constitutional symptoms [8]. Accumulating evidence has revealed that
cardiac myxomas spontaneously produce IL-6 [9-17], which is associated with the con-
stitutional symptoms in patients with cardiac myxoma. Immunohistochemical studies in
patients with cardiac myxoma demonstrated that 70 to 80% of tumors showed immunohis-
tochemical expression of IL-6 [18,19]. Increased gene expression of IL-6 was also found in
the cardiac myxoma tissue by using the method of reverse transcription-polymerase chain
reaction (RT-PCR) [17] and in situ hybridization [13]. A positive correlation between plasma
levels of IL-6 and tumor size was observed in patients with cardiac myxoma [16,20,21].
Specifically, Endo et al. showed that patients with constitutional symptoms had signifi-
cantly larger tumors than those without constitutional signs, suggesting that the production
of IL-6 increased in proportion to tumor size [22]. In contrast, other investigators reported
that peripheral monocytes contributed to the elevated production of IL-6 in patients with
cardiac myxoma [23]. The regulation of IL-6 in patients with cardiac myxoma has not been
clarified yet.

In the present study, we hypothesized that IL-6 was produced in an autocrine and
paracrine manner through the activation of STAT3 and Akt signaling pathways in the
cardiac myxoma cells. Therefore, this study was designed to investigate the production and
secretion of IL-6 in the cardiac myxoma cells, specifically focusing on the signal transduction
system of STAT3 and Akt pathways.

2. Results
2.1. Patient Profile

A 70-year-old woman presented with transient dizziness due to ischemic cerebral
infarctions. Laboratory tests showed a leukocyte count of 9370 cells/mL, C-reactive protein
of 0.48 mg/dL, and IL-6 of 3.29 pg/mL. Echocardiographic examination in search of
possible embolic sources for cerebral infarction showed a large mass in the left atrium.
Cardiac surgery was performed and ellipsoidal 50 x 80 x 55 mm3 smooth and glossy tumor
adherent to the interatrial septum was resected from the heart. Histological examination
revealed that the polygonal, spindle-shaped or stellate cells which had oval nuclei and
eosinophilic cytoplasm, exhibiting cords or nests, were surrounded by mucoid matrix (HE
staining in Figure 1). The nuclei of the tumor cells were without pleomorphism or mitosis,
and the tumor was diagnosed as cardiac myxoma. The study protocol was approved by
the institutional review board, and informed consent was given by the patient.
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Figure 1. Inmunohistochemical staining and hematoxylin-eosin (HE) staining in the cardiac myxoma
tissue. Representative immunocytochemical staining showing the localization of IL-6 and its receptor
complexes, IL-6R and gp130, and calretinin, together with additional HE staining in the cardiac myxoma
tissue. Normal IgG served as a negative control. Original magnification; x400. Scale bar = 50 um.
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2.2. Immunohistochemical Staining in the Cardiac Myxoma Tissue

Immunohistochemical staining revealed positive immunoreactivities for IL-6, IL-6R,
and gp130 in the polygonal, spindle-shaped, or stellate cells of cardiac myxoma (Figure 1).
In addition, these myxoma cells showed a strong expression of calretinin. No immunoreac-
tivities were detected in the myxoma tissue when treated with normal IgG instead of the
respective primary antibodies.

2.3. Immunocytochemical Staining in the Cardiac Myxoma Cells

Immunocytochemical staining showed positive immunoreactivities for IL-6, IL-6R,
and gp130 in the cultured myxoma cells (Figure 2). Immunoreactivities for calretinin
was also positive in the myxoma cells. The cells treated with normal IgG instead of the
respective primary antibodies demonstrated no immunoreactivities.
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Figure 2. Immunocytochemical staining in the cultured cardiac myxoma cells. Representative
immunocytochemical staining showing the localization of IL-6 and its receptor complexes, IL-6R
and gp130, and calretinin in the cultured myxoma cells. Normal IgG served as a negative control.
Original magnification; x400. Scale bar = 50 um.

2.4. Gene Expression of IL-6 and Its Receptor Complexes in the Cardiac Myxoma Cells

To investigate the gene expressions of IL-6, and its receptor complexes, IL-6R and
gp130 in the cardiac myxoma cells, total RNA was extracted from the cultured myxoma
cells, examined by using RI-PCR, and the results were compared with those in the cultured
human umbilical vein endothelial cells (HUVECs). RT-PCR with specific primers demon-
strated that both myxoma cells and HUVECs yielded positive products for IL-6, and its
receptor complexes, IL-6R and gp130 (Figure 3). However, gene expression of calretinin
was detected only in the myxoma cells, but not in the cultured HUVECs.

Myxoma HUVECs

IL-6

IL-6R

gp130

calretinin

GAPDH

Figure 3. Gene expression of IL-6, IL-6R, gp130, and calretinin in the cardiac myxoma cells. Total
RNA was isolated from the cultured cardiac myxoma cells and human umbilical endothelial cells
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(HUVECs). Reverse transcription-polymerase chain reaction (RT-PCR) was performed using specific
primer pairs for IL-6, IL-6R, gp130, calretinin, and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). PCR reaction was performed using 40 cycles and the PCR products of 149, 124, 107, 118
and 138 bp corresponded to the IL-6, IL-6R, gp130, calretinin, and GAPDH transcripts, respectively.

2.5. Antibody Array Assay

The antibody array assay was used to investigate the protein secreted from the cultured
myxoma cells. The culture supernatant of myxoma cells incubated for 7 days were analyzed
using a dot blot array. IL-6 was markedly increased in the supernatant of the myxoma
cells compared with control culture media (Figure 4). In addition to IL-6, monocyte
chemoattractant protein (MCP)-1, granulocyte-macrophage colony-stimulating factor (GM-
CSF), and platelet-derived growth factor (PDGF)-BB were also increased in the supernatant
of the cultured myxoma cells.
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Figure 4. Screening of secreted proteins in the supernatant of the cultured cardiac myxoma cells
using antibody array. The culture supernatant of the myxoma cells contained significant amounts
of IL-6, monocyte chemoattractant protein (MCP)-1, granulocyte-macrophage colony-stimulating
factor (GM-CSF), and platelet-derived growth factor (PDGF)-BB compared with control medium
without incubation. POS, positive control; NEG, negative control. For other abbreviations, see RayBio
C-Series Human Cytokine Antibody Array C1000 (AAH-CYT-6).

2.6. Culture Supernatant of the Myxoma Cells Induced STAT3 Phosphorylation in HUVECs

We next examined whether the culture supernatant derived from the myxoma cells
have transferrable biologic properties to stimulate STAT3 phosphorylation in cultured
HUVECs. The myxoma cells were incubated for 7 days, and the supernatant was added to
HUVECs, incubated for 30 min, and subjected to Western immunoblot analysis. Culture
supernatant derived from the myxoma cells caused activation of STAT3, which was atten-
uated by the addition of anti-IL-6 antibody, but not by control IgG (Figure 5), suggesting
that STAT3 activating properties in the culture supernatant were due, at least in part, to the
biological activity of transferable IL-6.
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Myxoma supernatant

control IgG IL-6 Ab
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Figure 5. STAT3 phosphorylation induced by the culture supernatant of the cardiac myxoma cells.

The culture supernatant derived from the cardiac myxoma cells incubated for 7 days was added to
HUVECs and were incubated for 30 min in the presence and absence of anti-IL-6 antibody. Total
protein extracts were examined by Western immunoblot analysis.

2.7. Constitutive Phosphorylation of STAT3 and Akt in the Cardiac Myxoma Cells

To determine the phosphorylation status of STAT3 and Akt, the cultured myxoma
cells were washed with phosphate-buffered saline, incubated in fresh medium, and left
untreated for 24 h. As shown in Figure 6, Western immunoblot analysis demonstrated
that STAT3 and Akt were constitutively phosphorylated according to time within 24 h.
STAT3 was gradually phosphorylated from 16 to 24 h, although total STAT3 protein was
unchanged for 24 h. Phosphorylation of Akt occurred from 4 to 24 h, which was earlier
than STAT3 phosphorylation. Similarly, the total Akt protein was not changed for 24 h. On
the other hand, STAT1 was not phosphorylated for 24 h.
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Figure 6. Constitutive phosphorylation of STAT3 and Akt in the cultured cardiac myxoma cells.
Cultured cardiac myxoma cells were either unwashed (UW) or washed with phosphate-buffered
saline, incubated in fresh culture medium, and left untreated for 1, 4, 8, 16, and 24 h. Total protein
extracts were examined by Western immunoblot analysis.

2.8. Secretion of IL-6 from the Cardiac Myxoma Cells

To further examine whether cultured myxoma cells actually secrete IL-6 to the culture
medium, the cells were washed with phosphate-buffered saline and incubated in the fresh
medium. The supernatant was collected at 8, 16, and 24 h, and the concentration of IL-6 was
measured by ELISA. The results were compared with those of HUVECs. Cultured myxoma
cells spontaneously secreted considerable amounts of IL-6 into the culture medium from 8
to 24 h (Figure 7A). The addition of antibody against IL-6R or gp130 reduced the secretion
of IL-6 from the myxoma cells (Figure 7B). To elucidate the signal transduction pathways
accounting for the secretion of IL-6, pharmacological inhibitors were used to interfere with
STAT3 and Akt pathways. As shown in Figure 7C, the secretion of IL-6 from the myxoma
cells was significantly inhibited by the treatment with AG490 (JAK2 inhibitor, 100 pmol/L),
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piceatannol (STAT1/3 inhibitor, 100 umol/L), LLL12 (STAT3 inhibitor, 10 umol/L), and
Ly294002 (PI3K/ Akt inhibitor, 30 umol/L) (Figure 7C).
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Figure 7. Spontaneous secretion of IL-6 from the cultured cardiac myxoma cells: (A) the cultured
myxoma cells were washed and incubated in fresh medium. Culture supernatant was collected at
8, 16, and 24 h, measured by ELISA (closed circle), and compared with those of HUVECs (open
triangle). IL-6 protein secretion increased in a time-dependent manner. * p < 0.05 vs. IL-6 levels
in HUVECs at the indicated time; (B) the myxoma cells were incubated in fresh medium in the
presence or absence of antibody against gp130 or IL-6R. Addition of antibody against gp130 or
IL-6R reduced spontaneous secretion of IL-6. * p < 0.05 vs. spontaneous IL-6 secretion (control);
and (C) effects of pharmacological inhibitors of STAT3 and Akt on spontaneous secretion of IL-6
from the cultured myxoma cells. The myxoma cells were pretreated with AG490 (100 umol/L),
piceatannol (100 umol/L), LLL12 (10 umol/L), and Ly294002 (30 umol/L), and IL-6 protein secretion
was examined by ELISA (n = 6). * p < 0.05 vs. IL-6 secretion without any pretreatment (control).

2.9. Effects of STAT3 siRNA Transfection on the Secretion of IL-6 from the Cardiac Myxoma Cells

To further confirm the role of STAT3 in the secretion of IL-6, we transfected antibody-
free myxoma cells with STAT3 siRNA. The efficacy of the transfection of siRNA is shown in
Figure 8A. Transfection of STAT3 for 48 h reduced STAT3 expression by 56%. Transfection of
STATS3 significantly attenuated spontaneous IL-6 secretion from the myxoma cells compared
with control-scrambled siRNA transfection (Figure 8B).

2.10. Effects of IL-6 + sIL-6R on the Gene Expression of IL-6 in the Cardiac Myxoma Cells

Real-time PCR demonstrated that treatment with IL-6 + sIL-6R resulted in an increase
in IL-6 mRNA in a time-dependent manner with a statistical significance at 4 to 24 h
(Figure 9A). To examine whether signaling pathways, such as STAT3 and Akt, were in-
volved in the IL-6 + sIL-6R-induced IL-6 autoregulation, the cultured myxoma cells were
pre-treated with pharmacological inhibitors of STAT3 and Akt for 2 h, followed by stimu-
lation with IL-6 + sIL-6R for 4 h to measure IL-6 mRNA in the myxoma cells. Real-time
PCR demonstrated that IL-6 + sIL-6R-induced increase in IL-6 mRNA was significantly
suppressed by the pretreatment with JAK-STAT inhibitors, such as AG490, piceatannol,
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and LLL12 in the myxoma cells (Figure 9B). Akt inhibitor, Ly294002 also decreased IL-6 +
sIL-6R-induced increase in IL-6 mRNA as well.
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Figure 8. Effects of STAT3 siRNA on the spontaneous secretion of IL-6 from the cardiac myxoma cells.
Antibody-free cardiac myxoma cells were transfected with control scrambled siRNA or STAT3 siRNA
(100 nmol /L) for 48 h and kept untreated for 24 h: (A) cell lysates were evaluated for knock-down
of STAT3 by Western immunoblot analysis. 3-Actin was used for loading control; and (B) IL-6
concentration in the supernatant as measured by ELISA (n = 6). Bars represent IL-6 protein secretion
per 10° cells (n = 6). * p <0.05 vs. scrambled control siRNA.

2.11. Effects of IL-6 + sIL-6R on the Phosphorylation of STAT3 and Akt in the Cardiac
Myxoma Cells

The cultured myxoma cells were exposed to IL-6 + sIL-6R for different time periods
(5 to 120 min), and their protein extracts were examined by Western immunoblot analysis.
IL-6 + sIL-6R stimulated the phosphorylation of STAT3, peaking at 15 to 30 min, and
declined thereafter (Figure 10A). On the other hand, IL-6 + sIL-6R induced phosphorylation
of Akt at 5 to 15 min and declined at 30 min (Figure 10B).

2.12. Immunofluorescence Staining

To examine whether inhibition of JAK-STAT pathway affects the translocation of
phosphorylated STAT3 to the nucleus, the cultured myxoma cells were pretreated with
AG490 followed by incubation with IL-6 + sIL-6R for 30 min. The immunofluorescence
signal of phosphorylated STAT3 located in the nuclei of the myxoma cells after incubation
with IL-6 + sIL-6R for 30 min was compared with the untreated control cells (Figure 11).
The translocation of phosphorylated STAT3 to the nucleus induced by IL-6 + sIL-6R was
inhibited by AG490 at the dose of 100 umol/L.
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Figure 9. IL-6 + sIL-6R-stimulated IL-6 gene expression in the cardiac myxoma cells: (A) time
course of IL-6 mRNA after treatment with IL-6 (1 nmol/L) + sIL-6R (1 nmol/L), as evaluated by
real-time PCR. Bars represent IL-6 mRNA after normalization to GAPDH mRNA and relative to 0 h
(n=3). *p <0.05vs. 0 h; and (B) effects of pharmacological inhibitors of STAT3 and Akt on IL-6 +
sIL-6R-stimulated IL-6 mRNA in the cultured myxoma cells. The myxoma cells were preincubated
with AG490 (100 pumol/L), piceatannol (100 umol/L), LLL12 (10 umol/L), and Ly294002 (30 umol/L).
* p < 0.05 vs. the untreated control. t p < 0.05 vs. IL-6 + sIL-6R.
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Figure 10. Phosphorylation of STAT3 (A); and Akt (B) in the cardiac myxoma cells treated with IL-6
(1 nmol/L) + sIL-6R (1 nmol/L). Cultured myxoma cells were treated with IL-6 + sIL-6R for 5, 15, 30,
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60, and 120 min. Bars represent densitometric data of each expression signal after normalization to

respective total protein and relative to the untreated cells (1 = 3). * p < 0.05 vs. 0 min.
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Figure 11. Immunofluorescence staining showing the effects of pharmacological inhibitor of STAT3 on
IL-6 + sIL-6R-induced translocation of phosphorylated STAT3 to the nucleus in the cardiac myxoma
cells. The cells were pretreated with AG490 (100 umol/L) followed by additional incubation with
IL-6 (1 nmol/L) + sIL-6R (1 nmol/L) for 30 min. Red staining indicates the specific Alexa staining for
phosphorylated STAT3, and blue staining indicates the nuclei (Hoechst 33342). Original magnification;
x400. Scale bar = 50 pm.

3. Discussion

The present study demonstrated that human cardiac myxoma cells express IL-6 and
its receptor complexes, IL-6R and gp130. Immunohistochemical staining in the excised
cardiac myxoma tissue as well as immunocytochemical staining in the cultured cardiac
myxoma cells demonstrated that IL-6 and its receptor complexes, such as IL-6R and gp130,
were co-localized in the cardiac myxoma cells. In addition, the RT-PCR study showed
the expressions of IL-6 mRNA, IL-6R mRNA, and gp130 mRNA in the myxoma cells,
together with calretinin mRINA. Calretinin is a calcium-binding protein principally ex-
pressed in neurons [24]. Nowadays, calretinin is considered as a reliable marker for cardiac
myxoma [25-27], and, therefore, we used the protein and gene expression of calretinin as
a validation analysis for the myxoma cells. The presence of ligand and receptors of IL-6
in the myxoma cells supports the idea that both the classic and trans-signaling pathway
are involved in the signal transduction system of IL-6 in the human cardiac myxoma cells.
It is difficult to measure IL-6 protein levels in the presence of exogenously added IL-6.
Therefore, we analyzed the gene expression of IL-6 mRNA to investigate the role of IL-6
on the myxoma cells. In the present study, myxoma cells were treated with exogenous
IL-6 + sIL-6R, and mRNA was isolated and analyzed by real-time PCR. Thus, we analyzed
trans-signaling by using IL-6 + sIL-6R for activation of IL-6 mRNA and found that IL-6
trans-signaling caused autocrine activation of IL-6 gene expression through STAT3 and
PI3K/ Akt pathways in the myxoma cells.

The clinical characteristics of cardiac myxoma include intracardiac obstruction, em-
bolization, and constitutional symptoms such as malaise, fever, anorexia, arthralgia, and
weight loss [8]. Since the initial study by Hirano et al. [9], accumulating evidence has
demonstrated that cardiac myxomas constitutively produce considerable amounts of
IL-6 [10-17], explaining the underlying pathophysiology of inflammatory and immune
features of constitutional symptoms observed in these patients with cardiac myxoma. Pre-
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vious studies reported that plasma levels of IL-6 were positively correlated with tumor size
in patients with cardiac myxoma [16,20-22,28]. Mendoza et al., showing the significant
correlation between serum IL-6 concentration and primary tumor size, has demonstrated
that the overproduction of IL-6 by cardiac myxoma is responsible for the immunological
abnormalities and constitutional symptoms seen in patients with cardiac myxoma [20].
Endo et al. analyzed constitutional signs in 204 patients with cardiac myxoma, in whom
90 cases were with constitutional signs, 92 without constitutional signs, with 22 classi-
fied as undetermined [22]. The authors demonstrated that patients with constitutional
signs had significantly larger tumors than those without constitutional signs, suggesting
that the production of IL-6 increases in proportion to tumor size, and that constitutional
signs result when IL-6 concentrations exceed a certain threshold [22]. More precise analy-
ses of the relationship between constitutional symptoms and plasma IL-6 concentrations
are warranted.

In the present study, the cardiac myxoma cells constitutively produced and secreted
considerable amounts of IL-6. IL-6 concentrations in the supernatant of myxoma cells
increased in a time-dependent manner. As for the source of IL-6 in patients with cardiac
myxoma, the present cell culture study, together with other previous studies [9,10,14,29,30],
directly demonstrated that IL-6 was produced and secreted from the cardiac myxoma
cells in vitro. Therefore, it seems likely that circulating IL-6 in patients with cardiac myx-
oma is derived from the neoplastic myxoma cells. On the other hand, Garcia-Zubiri et al.
demonstrated the contribution of peripheral monocytes to the increased IL-6 serum levels
in a patient with cardiac myxoma [23]. The authors presented a 69-year-old patient with
cardiac myxoma, in which 74.4% of peripheral blood monocytes produced IL-6, and the
percentage of monocytes producing IL-6 was significantly decreased at one month after
surgical resection of the cardiac myxoma [23]. Morishima et al. reported a rare case of
IL-6-producing cardiac myxoma resembling multicentric Castleman’s disease with lym-
phadenopathy and abnormal plasma cell infiltration in bone marrow [31]. In addition, other
investigators reported that IL-6 secreted by the cardiac myxoma caused the mediastinal
lymphadenopathy, and resection of the myxoma tissue resulted in resolution of mediastinal
lymphadenopathy together with a reduction in IL-6 levels to normal levels [32,33]. In
the present study, Figure 5 showed that secreted IL-6 in the supernatant was biologically
transferable and caused STAT3 activation in vascular endothelial cells that were adjacent to
myxoma cells in the body. Therefore, it seems possible that IL-6 produced by the neoplastic
myxoma cells provokes the activation of monocytes-macrophages to secrete additional IL-6,
causing mediastinal lymphadenopathy and multicentric Castleman’s disease in patients
with cardiac myxoma. Likewise, normal cardiac myocytes might also be influenced by IL-6
secreted from the neoplastic cardiac myxoma cells and might cause ventricular hypertrophy
in a patient with cardiac myxoma [34]. Further studies are needed to address these issues.

Since the initial study by Hirano et al. [9], several groups of investigators have isolated
and cultured the cardiac myxoma cells, and secreted molecules, including IL-6, in the
supernatant have been investigated [10,14,29,30,35]. Besides IL-6, Sakamoto et al. reported
that the culture supernatant of cardiac myxoma cells contained significant amounts of
IL-8, growth-regulated oncogene (GRO)-«, endothelin (ET)-1, big ET-1, and vascular en-
dothelia growth factor (VEGF) [14,29,30,35]. The present antibody array assay analysis
demonstrated that, in addition to IL-6, the culture supernatant of myxoma cells incubated
for 7 days included considerable amounts of molecules such as MCP-1, GM-CSF, and
PDGEF-BB. These findings were supported by findings in previous investigations indicating
that these bioactive molecules were expressed in the cardiac myxomas [16,36,37]. Zhang
et al. demonstrated in an immunohistochemical analysis of 17 cardiac myxoma tissues
that MCP-1 was found in the cytoplasm of the myxoma cells, and that the proportions of
MCP-1-positive myxoma cells were significantly correlated with an increased micro-vessel
count [37], suggesting the role of MCP-1 in angiogenesis associated with tumor growth. We
and other investigators reported that IL-6 induced MCP-1 in human vascular endothelial
cells [38,39] and peripheral mononuclear cells [40], suggesting the possibility that IL-6
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secreted from the cardiac myxoma cells stimulates MCP-1 production in the myxoma
cells or various other cells around. On the other hand, stimulation of vascular smooth
muscle cells with MCP-1 resulted in a concentration- and time-dependent secretion of
IL-6 [41]. In addition, by using immunohistochemical staining procedures, Gaumann et al.
showed that PDGF-BB was present in the cardiac myxoma cells [36]. PDGF-BB increased
the expression of IL-6 in cultures of osteoblasts from fetal rat calvariae [42]. Soeparwata
et al. reported that one patient out of four patients with cardiac myxoma, in whom plasma
GM-CSF concentrations were measured, showed an increased level of GM-CSEF [16]. IL-6 is
a potent inducer of GM-CSF expression by post-transcriptional stabilization of the GM-CSF
mRNA [43], and GM-CSF significantly increased I1-6 secretion via extracellular signal-
regulated kinase (ERK)1/2 pathway in macrophages [44]. As mentioned above, cardiac
myxoma cells produce significant amounts of IL-8, GRO-«, ET-1, and VEGF, in addition to
IL-6 in vitro. The present study added MCP-1, PDGF-BB, and GM-CSF as new members to
the secreted substances of the cardiac myxoma cells. These biologically active molecules
have pleiotropic properties. Although the precise causative and functional roles of these
factors in the cardiac myxoma cells remain unknown, IL-6 and these substances have an
important role in inflammation, tumor growth, angiogenesis, and tumor cell migration
in the cardiac myxomas. Crosstalk among these molecules in the cardiac myxoma cells
is intriguing, and further studies are required to elucidate the role of bioactive molecules
secreted from the cardiac myxoma cells.

In the present study, stimulation with IL-6 + sIL-6R resulted in an increase in IL-6
mRNA, and pharmacological inhibitors against JAK/STAT3 and PI3L/ Akt inhibited the IL-
6 + sIL-6R-induced activation of IL-6 mRNA in the myxoma cells. Likewise, Franchimont
et al. demonstrated that IL-6 + sIL-6R induced IL-6 mRNA in rat osteoblastic cells at the
transcriptional levels, enhancing IL-6 rates of transcription and promoter activity [45]. The
present study also demonstrated that STAT3 was constitutively phosphorylated together
with spontaneous secretion of IL-6 in the cultured myxoma cells. Constitutive STAT3
phosphorylation, in association with IL-6 secretion, has been demonstrated in previous
investigations [46—49]. Huang et al. showed that the lung adenocarcinoma cells sponta-
neously secreted IL-6 and possessed constitutively activated STAT3, and that inhibitors of
JAK2/STAT3 and PI3-K/Akt pathways downregulated IL-6 secretion in these cells [46].
Schuringa et al. reported that the autocrine and paracrine secretion of IL-6 caused the consti-
tutive activation of STAT3 in acute myelogenous leukemia cells [47]. A small GTPase, Racl,
stimulated STAT3 activation through the induction of an autocrine IL-6 feedback loop that
leads to the activation of the JAK/STAT pathway [50]. Hirano reported an amplification
mechanism for the production of IL-6 and various other cytokines and chemokines through
a synergistic interaction between STAT3 and nuclear factor kappa B (NF-«B) and advocated
“IL-6 amplifier (IL-6 Amp)” [51]. IL-6 might exert its biological actions as an autocrine
and/or paracrine factor in the cardiac myxoma cells in a similar fashion as other human
tumor cells [46-48,52]. Further studies are needed for the precise role of the production of
IL-6 in patients with cardiac myxoma.

4. Materials and Methods
4.1. Reagent

Recombinant IL-6 and sIL-6R were purchased from Pepro Tech (Rocky Hill, NJ, USA).
The monoclonal antibodies against IL-6, gp130, and 3-actin were from Santa Cruz Biotech-
nology (Heidelberg, Germany). The polyclonal antibodies against STAT1, phospho-STAT1
(Tyr701), STAT3, phospho-STAT3 (Tyr705), Akt, phospho-Akt (Ser473) were obtained from
Cell Signaling Technology (Beverly, MA, USA). The polyclonal antibodies against IL-6R
and calretinin were purchased from GeneTex (Irvine, CA, USA). AG490 (JAK?2 inhibitor),
piceatannol (STAT1/3 inhibitor), and LY294002 (PI3K/Akt inhibitor) were purchased
from FUJIFILM Wako Pure Chemical (Osaka, Japan). LLL12 was from BioVision (Mil-
pitas, CA, USA). The reagents of siRNA were obtained from Santa Cruz Biotechnology
(Heidelberg, Germany).
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4.2. Culture of Cardiac Myxoma Cells

Cardiac myxoma tissue obtained by surgery was minced into small pieces, and dis-
sected tissues were treated with collagenase and trypsin before being dissociated and
plated in plastic plates precoated with type I collagen (Asahi Techno Glass, Nagoya,
Japan). The cells were maintained in culture media containing TIL Media I (IBL, Fujioka,
Japan)/Medium 199 (Thermo Fisher Scientific, Waltham, MA, USA) (1:1) supplemented
with 10% fetal bovine serum (Life Technologies, Carlsbad, CA, USA), 0.5 mg/mL fungi-
zone, 0.25 mg/mL amphotericin B, 100 mg/mL streptomycin, and 100 U/mL penicillin
(Life Technologies, Carlsbad, CA, USA). The cells were incubated at 37 °C in a humidified
incubator with 5% CO,.

4.3. Culture of Human Umbilical Vein Endothelial Cells (HUVECs)

HUVECs were purchased from Kurabo (Osaka, Japan), and seeded in plastic plates
precoated with type I collagen (Asahi Techno Glass, Nagoya, Japan). The cells were
maintained in an endothelial cell growth medium (Promo cell, Heidelberg, Germany)
supplemented with 0.5 mg/mL fungizone, 0.25 mg/mL amphotericin B, 100 mg/mL
streptomycin, 100 U/mL penicillin (Life Technologies, Carlsbad, CA, USA). The cells were
kept at 37 °C in a humidified incubator with 5% CO,.

4.4. Immunohistochemical Staining in the Cardiac Myxoma Tissue

The expression and distribution of IL-6 and its receptors, IL-6R and gp130, as well as
calretinin in the cardiac myxoma tissue were analyzed by immunohistochemical staining.
Cardiac myxoma tissue was fixed with 10% buffered formaldehyde (FUJIFILM Wako
Pure Chemical, Osaka, Japan), and embedded in paraffin. Four-um sections of paraffin-
embedded tissue were immunohistochemically stained based on the procedure described
in the previous study [53]. The primary antibodies against IL-6, IL-6R, gp130, and calretinin
were used at 50-fold dilution. The specificity of the immunostaining was confirmed
by substitution of the normal IgG for the primary antibody. Images were taken under
microscope at x400 magnification, and expressions of immunostaining in myxoma were
analyzed by microscope (Olympus, Tokyo, Japan).

4.5. Immunocytochemical Staining in the Cardiac Myxoma Cells

Myxoma cells plated on a Biocoat slide glass (BD Biosciences, San Jose, CA, USA) were
fixed with 1% buffered paraformaldehyde (FUJIFILM Wako Pure Chemical, Osaka, Japan)
for 20 min. The indirect immunoperoxidase method was used for the immunocytochemical
analysis, as described previously [53]. The primary antibodies against IL-6, IL-6R, gp130,
and calretinin were used at a 50-fold dilution. The specificity of the immunostaining
was confirmed by substitution of the normal IgG for the primary antibody. Images were
taken under microscope at x400 magnification, and expression of immunostaining in the
myxoma cells were analyzed by microscope (Olympus, Tokyo, Japan).

4.6. Antibody Array Assay

To identify the protein secreted by the myxoma cells, we used the antibody array
of RayBio C-Series Human Cytokine Antibody Array C1000 (AAH-CYT-6) (RayBiotech,
Norcross, GA, USA). The culture supernatant of the myxoma cells, incubated for 7 days, was
applied to each membrane array, and the expression levels of the proteins were analyzed
according to the manufacturer’s instructions.

4.7. Western Immunoblot Analysis

The cultured myxoma cells were lysed in an ice-cold cell lysis buffer with a protease
inhibitor cocktail. Protein samples resuspended in a sodium dodecyl sulfate buffer and
dithiothreitol were separated by 4-12% NuPAGE Bis-Tris gels (Life Technologies, Carlsbad,
CA, USA). They were transferred to a polyvinylidene difluoride membrane by electroblot-
ting for 7 min using a Trans-Blot Turbo (Bio-Rad, Hercules, CA, USA). The membrane was
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incubated with the primary antibody overnight at 4 °C at concentrations recommended by
the manufacturer. Subsequently, the membrane was incubated with horseradish peroxidase-
conjugated secondary antibody (Cell Signaling Technology, Beverly, MA, USA) for 1 h. The
blots were detected using ECL prime (GE Healthcare, Buckinghamshire, UK), and analyzed
by a ChemiDoc Touch Imaging System (Bio-Rad, Hercules, CA, USA).

4.8. RT-PCR

Total RNA was extracted from the cultured cardiac myxoma cells and HUVECs using
a Pure Link RNA Mini kit (Invitrogen, Carlsbad, CA USA). cDNA was synthesized with a
Superscript VILO ¢cDNA Synthesis kit (Invitrogen, Carlsbad, CA USA). PCR was performed
by using the primer pairs described in Table 1. The specificity of the primers was confirmed
by a BLAST search and melting curve analysis. Amplification was performed for 40 cycles
with a CFX connect thermal cycler (Bio-Rad, Hercules, CA, USA). The housekeeping gene
GAPDH was used as a positive internal control for the PCR action. The PCR products were
electrophoretically size-fractionated on an agarose gel, stained with ethidium bromide to
visualize DNA bands, and analyzed to determine the presence of the gene.

Table 1. Primers of RT-PCR.

Gene Name Sequence5’-3/ Accession Number
] (Forward) ACRCACCTCTTCAGAACGAATTG
IL-6 (Reverse) CCATCTTTGGAAGGTTCAGGTTG NM_000600.3
] (Forward) CACGCCTTGGACAGAATCC
IL-6R (Reverse) GCTTGTCGCATTTGCAGAATC NM_181359
(Forward) TCAAATCCCTACTCCTTCACTTAC
gp130 (Reverse) TGGTGAGGAAAATAAACAAGGC NM_175767
.. (Forward) TGCCTGTCCAGGAAAACTTC
Calretinin (Reverse) TCATGCTCGTCAATGTAGCC NM_0017404
GAPDH (Forward) GCACCGTCAAGGCTGAGAAC NM._002046

(Reverse) TGGTGAAGACGCCAGTGGA

4.9. Real-Time PCR

Semi-quantitative real-time-PCR was performed using Power SYBR Green PCR Master
Mix (Applied Biosystems, Warrington, UK) on a CFX connect thermal cycler (Bio-Rad,
Hercules, CA, USA). The value of each cDNA was calculated using the AACq method and
normalized to the value of GAPDH.

4.10. Transfection with Small Interfering RNA (siRNA)

Transfection with siRNA was performed according to the manufacturer’s protocol
(Santa Cruz Biotechnology, Santa Cruz, CA, USA). Transfection complexes were prepared
using the siRNA reagent, transfection medium, and STAT3 siRNA, and delivered to cell
monolayers with a 100 nmol/L final concentration of siRNA duplexes. A scrambled control
siRNA was used as a negative control.

4.11. Enzyme-Linked Immunosorbent Assay (ELISA)

Concentrations of IL-6 in the culture medium were determined using a human IL-6
ELISA kit (R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s protocol.
Concentrations of IL-6 were determined by comparison of the optical density results with
the standard curve.

4.12. Immunofluorescence Staining

The cardiac myxoma cells plated on a BioCoat slide glass (BD biosciences, San Jose, CA,
USA) were stimulated with IL-6 + sIL-6R in the presence or absence of AG490 for 30 min.
The cells were incubated with the antibody against phospho-STAT3 at 50-fold dilution
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overnight. They were incubated with anti-rabbit IgG-Alexa (Cell Signaling Technology,
Beverly, MA, USA) at 250-fold dilution for 1 h, and the nuclei were counterstained with
Hoechst 33342 (Invitrogen, Carlsbad, CA, USA) for 5 min. The stained cells were analyzed
by fluorescence microscope (Olympus, Tokyo, Japan).

4.13. Statistical Analysis

Results of the quantitative studies are expressed as mean + SEM. Each data point
represents the average of three to six independent experiments. A one-way ANOVA test
was used to make comparisons among three or more groups and Tukey—Kramer’s post hoc
test was used to identify differences between two groups. p value < 0.05 was considered
statistically significant.

5. Conclusions

In conclusion, the present study demonstrated that IL-6 increases its own production
and secretion via the activation of STAT3 and Akt pathways in cardiac myxoma cells.
Autocrine regulation of IL-6 may play an important role in the pathophysiology of patients
with cardiac myxoma.
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Abstract: Vascular endothelial growth factor (VEGF) induces monocyte chemoattractant protein-1
(MCP-1) and plays an important role in vascular inflammation and atherosclerosis. We investigated
the mechanisms of VEGF-induced MCP-1 expression and the effects of eicosapentaenoic acid (EPA)
in human umbilical vein endothelial cells (HUVECsS). Real-time reverse transcription polymerase
chain reaction (RT-PCR) and enzyme-linked immunosorbent assay (ELISA) demonstrated that VEGF
enhanced MCP-1 gene expression and protein secretion in HUVECs. Western immunoblot analysis
revealed that VEGF induced the phosphorylation of p38 mitogen-activated protein kinase (MAPK)
and inhibitor of nuclear factor (NF)-«B (IkB). Treatment with pharmacological inhibitors of p38 MAPK
(SB203580) or NF-«kB (BAY11-7085) significantly suppressed VEGF-induced MCP-1 in HUVECs. EPA
inhibited VEGF-induced MCP-1 mRNA, protein secretion, phosphorylation of p38 MAPK, and the
translocation of phospho-p65 to the nucleus. Additionally, VEGF also stimulated gene expressions of
interleukin (IL)-6 and IL-8, which were suppressed by SB203580, BAY11-7085, and EPA. The present
study has demonstrated that VEGF-induced activation of MCP-1, IL-6, and IL-8 involves the p38
MAPK and NF-«B signaling pathways and that EPA inhibits VEGF-induced MCP-1, IL-6, and IL-8
via suppressing these signaling pathways. This study supports EPA as a beneficial anti-inflammatory
and anti-atherogenic drug to reduce the VEGF-induced activation of proinflammatory cytokine
and chemokines.

Keywords: eicosapentaenoic acid; vascular endothelial growth factor; monocyte chemoattractant
protein-1; mitogen-activated protein kinase; nuclear factor-kappa B; vascular endothelial cells

1. Introduction

Atherosclerosis is recognized as a chronic inflammatory disease of the vessel wall [1].
Neo-angiogenesis is deeply involved in plaque instability and causes consequent plaque
rupture. Vascular endothelial growth factor (VEGF), which plays an important role in
angiogenesis, causing cell proliferation, apoptosis inhibition, increased vascular perme-
ability, vasodilatation, and recruitment of inflammatory cells to the injury site [2—4], is
involved in the development of atherosclerosis and furthers cardiovascular diseases [5].
The VEGEF signal transduction system involves the phosphoinositide-3-kinase (PI3K)/Akt,
p38 mitogen-activated protein kinase (MAPK), and extracellular signal-regulated kinase
(ERK) 1/2, and nuclear factor-kappa B (NF-«B) pathways [3,6]. On the other hand, mono-
cyte chemoattractant protein (MCP)-1, also called CC-motif ligand (CCL) 2, is a member
of the CC chemokine family and promotes cell migration and infiltration of inflammatory
cells like monocytes/macrophages [7]. Accumulating evidence has revealed that VEGF
induces MCP-1 in human and bovine vascular endothelial cells [6,8], and MCP-1 induces
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VEGF in an opposite fashion [9,10], delineating a positive feedback loop between VEGF and
MCP-1. In addition, interleukin (IL)-6, a multi-functional proinflammatory cytokine, and
IL-8, another chemokine known as CXCLS, are both involved in the pathophysiology of
inflammation and atherosclerosis [11-13]. However, the precise relationship between these
interleukins and VEGF in the pathophysiology of vascular inflammation and atherosclerosis
still remains unclarified.

Although statins are prescribed worldwide for atherosclerotic cardiovascular dis-
ease, high triglyceride levels may persist in some patients despite statin therapy. Several
triglyceride-lowering drugs are available, including fibrates, niacin, and omega-3 polyunsat-
urated fatty acids, of which prescription omega-3 polyunsaturated fatty acids have the best
tolerability and safety profile [14,15]. Eicosapentaenoic acid (EPA) is a long-chain omega-3
polyunsaturated fatty acid that is mainly obtained from marine blue fish. EPA reduces
both pro-inflammatory cytokines and chemokines and has been recently used as a drug for
hyperlipidemia, preventing atherosclerotic cardiovascular lesions [16]. Matsumoto et al.
showed that the administration of EPA suppressed the development of atherosclerotic
lesions in a mouse model of hyperlipidemia [17]. The authors also demonstrated that EPA
treatment attenuated TNF-x-induced up-regulation of MCP-1 in HUVECs [17]. In addition,
Koto et al. reported that EPA treatment resulted in a significant inhibition of MCP-1 in
tissue necrosis factor (TNF)-a-stimulated murine vascular endothelial cells and that of
VEGEF in lipopolysaccharide (LPS)-stimulated murine macrophages [18].

The present study was designed to investigate the signaling pathways involved in the
VEGF-induced activation of MCP-1, IL-6, and IL-8 in human umbilical vein endothelial
cells (HUVECs). We also elucidated the effects of EPA on the VEGF-induced expressions of
MCP-1, IL-6, and IL-8 in HUVECs.

2. Results
2.1. VEGF-Induced Gene Expression and Protein Secretion of MCP-1 in HUVECs

Real-time reverse transcription polymerase chain reaction (RT-PCR) showed that VEGF
significantly enhanced MCP-1 mRNA expression in HUVECs at 1 to 4 h, peaking at 4 h after
stimulating with VEGF and declined at 8 h (Figure 1A). HUVECs treated with VEGF for 4 h
expressed MCP-1 mRNA, with a significant increase at doses of 5 to 20 ng/mL (Figure 1B).
Enzyme-linked immunosorbent assay (ELISA) demonstrated that VEGF stimulated the
secretion of the MCP-1 protein from HUVECs, peaking at 24 h compared with untreated
control (Figure 1C). The MCP-1 protein secretion that was stimulated by treatment with
VEGEF for 24 h was significantly increased at doses of 5 to 20 ng/mL of VEGF in HUVECs
(Figure 1D).

2.2. VEGF-Induced Phosphorylation of p38 MAPK and IxB in HUVECs

HUVECs were stimulated by VEGEF for different time periods (5-120 min), and the
protein extracts were examined by Western immunoblot analysis. VEGF phosphorylated
p38 MAPK and inhibitor of NF-kB (IkB), peaking at 5 to 15 min and declining at 60 min
(Figure 2A). In addition, VEGF phosphorylated the signaling pathways of p38 MAPK and
IkB in a dose-dependent manner (Figure 2B).

2.3. Effects of Pharmacological Inhibitors of the p38 MAPK and NF-xB Signaling Pathways on
VEGF-Induced Gene Expression and Protein Secretion of MCP-1 in HUVECs

To examine whether the p38 MAPK and NF-kB signaling pathways are involved in
the VEGF-induced gene expression and protein secretion of MCP-1, SB203580 (p38 MAPK
inhibitor) and Bay11-7085 (NF-«B inhibitor) were used, followed by stimulation with VEGE.
As shown in Figure 3A, the VEGF-induced gene expression of MCP-1 was significantly
inhibited by pretreatment with SB203580 and Bay11-7085. Similarly, the pharmacological
inhibitors SB203580 and Bay11-7085 suppressed the VEGF-induced protein secretion of
MCP-1 from HUVECs (Figure 3B).
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Figure 1. Vascular endothelial growth factor (VEGF)-stimulated gene expression and protein secretion
of monocyte chemoattractant protein (MCP)-1 in human umbilical vein endothelial cells (HUVECs).
(A) Time course of MCP-1 mRNA expression after treatment with 10 ng/mL of VEGF (n = 3), as
evaluated by real-time reverse transcription polymerase chain reaction (RT-PCR). (B) MCP-1 mRNA
expression in HUVECs after treatment with the indicated concentrations of VEGF for 4 h (n = 3), as
evaluated by real-time RT-PCR. Bars represent MCP-1 mRNA after normalization to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) mRNA and relative to 0 h in (A) and untreated control (cont) in (B).
(C) Time course of MCP-1 concentrations in the culture supernatant after treatment with 10 ng/mL
of VEGF (closed bars, n = 6), as analyzed by ELISA. The control, secretion of MCP-1 without VEGF
treatment, is shown in open bars (1 = 6), as analyzed by ELISA. (D) MCP-1 concentrations in the
culture supernatant after treatment with the indicated concentrations of VEGF for 24 h (n = 6), as
analyzed by ELISA. * p < 0.05 vs. 0 hin (A), vs. untreated control (cont) in (B,D), and vs. each control
at the same time in (C).
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Figure 2. Western immunoblot analysis showing VEGF-stimulated phosphorylation of p38 mitogen-
activated protein kinase (MAPK) and inhibitor of nuclear factor (NF)-kappa B (I«kB) in HUVECs.
(A) HUVECs were treated with 10 ng/mL of VEGEF for 5, 15, 30, 60, and 120 min. (B) HUVECs were
treated with different concentrations of VEGF (0.5, 1, 5, 10, and 20 ng/mL) for 5 min.
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Figure 3. Effects of pharmacological inhibitors of the p38 MAPK and NF-«B pathways on VEGF-
induced gene expression (A) and protein secretion (B) of MCP-1 in HUVECs. HUVECs were preincu-
bated with SB203580 (10 umol/L) and BAY11-7085 (10 pmol/L) for 2 h, followed by stimulation with
VEGF (10 ng/mL) for 4 h to examine MCP-1 mRNA (A) or for 24 h to measure MCP-1 protein concen-
tration (B). MCP-1 mRNA was evaluated by real-time RT-PCR ((A), nn = 3), and MCP-1 concentration
was examined by ELISA ((B), n = 6). * p <0.05 vs. untreated control. 1 p <0.05 vs. VEGE.

2.4. Effects of EPA on Cell Viability

The cytotoxicity of various doses of EPA to the cultured HUVECs was examined using
the MTT assay. The cell viability of HUVECs was not changed by treatment with EPA
at doses of less than 100 umol/L (Figure 4). Although no changes in cell viability were
observed in HUVECs at a dose of 100 umol/L of EPA, we used EPA at doses of 10 and
30 pmol/L instead of 100 pmol/L in the present experiments, considering the concentration
used in the previous studies [19].

o
- i

Relative cell viability (AU)
(=]
o
*

cont 10 30 100 300
EPA (pmoliL)

Figure 4. HUVEC viability when subjected to different concentrations (10, 30, 100, 300 umol/L)
of eicosapentaenoic acid (EPA) for 24 h. Cell viability was measured using the MTT assay. The
results are expressed as a percentage of the untreated control (cont), and each value represents eight
independent experiments (1 = 8). * p < 0.05 vs. untreated control (cont).

2.5. Effects of EPA on the VEGF-Induced Gene Expression and Protein Secretion of MCP-1 in HUVECs

To elucidate the effects of EPA on the VEGF-induced gene expression and protein
secretion of MCP-1, HUVECs were pretreated with various concentrations of EPA (10 and
30 umol/L) overnight, followed by stimulation with VEGF for 4 h to examine MCP-1 gene
expression in HUVECs and for 24 h to measure MCP-1 protein secretion from HUVECs.
The treatment with EPA (10 and 30 pmol/L) significantly inhibited the VEGF-induced
increase in MCP-1 gene expression in HUVECs (Figure 5A). On the other hand, the VEGF-
stimulated increase in MCP-1 protein secretion from HUVECs was significantly suppressed
only at the dose of 30 umol/L of EPA (Figure 5B).
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Figure 5. Effects of EPA on the gene expression and protein secretion of MCP-1 in HUVECs. VEGF-
induced MCP-1 mRNA (A) and MCP-1 protein concentration (B) were suppressed by EPA. HUVECs
were treated with VEGF (10 ng/mL) for 4 h (A) or 24 h (B) with or without pretreatment with EPA
(10 and 30 pmol/L). Bars represent MCP-1 mRNA after normalization to GAPDH mRNA and relative
to the untreated control in (A). Bars represent MCP-1 protein concentrations in (B). * p < 0.05 vs.
untreated control. T p < 0.05 vs. VEGF.

2.6. Effects of SB203580, BAY11-7085, and EPA on the VEGF-Induced Gene Expression of IL-6
and IL-8 in HUVECs

Real-time PCR demonstrated that VEGF significantly increased the gene expression of
IL-6 and IL-8 in HUVECs. SB203580 (p38 MAPK inhibitor), BAY11-7085 (NF-«B inhibitor),
and EPA significantly inhibited the VEGF-stimulated gene expression of IL-6 (Figure 6A)
and IL-8 (Figure 6B) in HUVECs.
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Figure 6. Effects of SB203580, BAY11-7085, and EPA on the VEGF-stimulated gene expression of IL-6
mRNA (A) and IL-8 mRNA (B) in HUVECs. HUVECs were preincubated with SB203580 (10 umol/L)
or BAY11-7085 (10 umol/L) for 2 h each and EPA (10 and 30 pmol/L) overnight, then stimulated
using VEGF (10 ng/mL) for 4 h to examine gene expression of IL-6 and IL-8. Bars represent IL-6
mRNA (A) and IL-8 mRNA (B) after normalization to GAPDH mRNA and relative to the untreated
control. * p < 0.05 vs. untreated control. t p < 0.05 vs. VEGE.
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2.7. Effects of EPA on the VEGF-Stimulated Phosphorylation of p38 MAPK in HUVECs

To investigate whether the VEGF-induced phosphorylation of p38 MAPK was sup-
pressed by EPA, HUVECs were pretreated with various concentrations of EPA (10 and
30 pmol/L) overnight, followed by stimulation with VEGF for 5 min. Western immunoblot
analysis revealed that EPA slightly but significantly inhibited the VEGF-induced phospho-
rylation of p38 MAPK (Figure 7).

P-p38 S - - - .43

TIP3 - - - - 43

(kDa)
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Figure 7. Effects of EPA on the VEGF-induced phosphorylation of p38 MAPK. EPA suppressed the
phosphorylation of p38 MAPK in HUVECs. HUVECs were pretreated with EPA (10 and 30 umol/L)
overnight, then incubated with VEGF (10 ng/mL) for 5 min. Bars represent the results from the
densitometric analyses of each phosphorylation signal after normalization to total protein and relative
to the untreated control. Blots are representative of three independent experiments. * p < 0.05 vs.
untreated control. T p <0.05 vs. VEGF.

2.8. Immunofluorescence Staining

Immunofluorescence staining was used to examine whether EPA affects the transloca-
tion of phospho-p65 to the nucleus by suppressing VEGF-stimulated p65 phosphorylation.
HUVECs were pretreated with EPA or Bay11-7085, followed by treatment with VEGF for
60 min. The immunofluorescence signal of phospho-p65 was localized in the nuclei of
HUVECs after incubation with VEGF for 60 min compared with untreated control cells.
VEGEF-induced phospho-p65 activation was inhibited by EPA at the dose of 30 umol/L
(Figure 8). Similarly, Bay11-7085 attenuated the VEGF-induced translocation of phospho-
p65 to the nucleus.
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Figure 8. Effects of EPA and BAY11-7085 on VEGF-induced translocation of phospho-p65 to the
nucleus, as determined by immunofluorescence staining. HUVECs were pretreated with EPA
(30 umol /L) or BAY11-7085 (10 pmol/L), followed by an additional incubation with VEGF (10 ng/mL)
for 60 min. Representative immunofluorescence image showing the localization of phospho-p65
in HUVECs. Red staining indicates the specific Alexa staining for phospho-p65, and blue staining
indicates the nuclei (Hoechst 33342). Original magnification, x400. Scale bar = 50 pm.

3. Discussion

Atherosclerosis is characterized by chronic inflammation of the vessel wall [1]. Neo-
angiogenesis in atherosclerotic plaques is associated with unstable plaque formation and
consequent rupture risk. VEGF plays a pivotal role in angiogenesis, causing recruitment of
inflammatory cells to the injury site, and is involved in the development of atherosclerosis
and furthers cardiovascular diseases [5]. EPA, a representative of the omega-3 polyunsat-
urated fatty acids, is known to reduce plaque instability and plaque inflammation [20].
The current study has demonstrated that EPA significantly inhibited the VEGF-stimulated
activation of proinflammatory cytokines and chemokines in the vascular endothelial cells
and provides new insights into the roles of EPA in the pathophysiology of vascular inflam-
mation and atherosclerosis.

MCP-1 and IL-8 are the chemokines that recruit monocytes/macrophages and neu-
trophils to the sites of action, respectively. MCP-1 is a member of the CC class of chemokine
supergene family, whereas IL-8 is of the CXC class, both of which play important roles
in the inflammatory diseases [11] and are implicated in atherogenesis [12]. On the other
hand, IL-6 is a multi-functional proinflammatory cytokine that is involved in immune
regulation, inflammation, metabolism, and tissue regeneration [21,22]. Recently, a causal
role for IL-6 in systemic atherothrombosis and aneurysm formation and the potential role
of IL-6 inhibition in stable coronary disease, acute coronary syndromes, heart failure, and
the atherothrombotic complications associated with chronic kidney disease and end-stage
renal failure have been reported [13]. In the present study, EPA effectively suppressed the
VEGF-induced activation of chemokines (MCP-1 and IL-8), as well as a proinflammatory
cytokine (IL-6), in the vascular endothelial cells. EPA inhibits monocyte recruitment to the
atherosclerotic lesions and subsequent conversion to macrophages and foam cells, reducing
atherosclerotic plaque formation and the vulnerability to rupture [17,20]. These beneficial
actions of EPA may be related to the suppressing effects of EPA on the VEGF-induced
activation of chemokines (MCP-1 and IL-8) and a proinflammatory cytokine (IL-6), as
shown in the present study.
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The current study showed that VEGF stimulated MCP-1 gene expression and protein
secretion in the human vascular endothelial cells. We sought to investigate the signal
transduction pathways involved in the VEGF-induced MCP-1 activation and found that
VEGF-induced MCP-1 activation occurred through activation of the p38 MAPK and NF-
kB pathways in the human vascular endothelial cells. The finding that VEGF induces
MCP-1 expression in the vascular endothelium is supported by previous studies [6,8].
Marumo et al. demonstrated that VEGF induced the gene expression and protein secretion
of MCP-1 via the activation of NF-«kB and activator protein (AP)-1 binding activity in bovine
retinal endothelial cells, suggesting an important role for VEGF-induced MCP-1 in the
development of microvascular angiopathy. Using the selective ERK1/2 inhibitor PD98059,
the authors also found that induction of MCP-1 expression by VEGF was also dependent
on the ERK1/2 pathway [6]. Yamada et al. revealed that MCP-1 was an important factor in
the angiogenesis process and the vascular leakage induced by VEGF and that AP-1 was
directly involved in the VEGF-induced MCP-1 expression in the vascular endothelium [8].
On the other hand, several investigations have reported MCP-1-induced VEGF activation
in the literature. Parenti et al. showed that MCP-1 increased the expressions of VEGF
mRNA and protein and that MCP-1 stimulated proliferation and migration of rat vascular
smooth muscle cells through the activation of endogenous VEGF [10]. Other investigators
have demonstrated that MCP-1 stimulated VEGF production through the activation of
ERK1/2 in human aortic endothelial cells [9]. These findings reveal that angiogenic VEGF
induces chemotactic MCP-1 expression and that MCP-1 also induces VEGF in an opposite
fashion, delineating a positive feedback regulatory loop between VEGF and MCP-1 in
the vascular endothelium. Crosstalk between VEGF and MCP-1 is intriguing and needs
further investigation.

EPA, a representative of the omega-3 polyunsaturated fatty acids, has been clinically
prescribed in patients with hyperlipidemia. EPA has a variety of pharmacological proper-
ties including lowering triglycerides [23], improvement of endothelial function via nitric
oxide production [24], vasodilatation [24,25], and anti-inflammatory actions [26]. MCP-1
is an important chemokine that plays a crucial role in pathological conditions, such as
cardiovascular diseases including atherosclerosis, brain pathologies, bone and joint dis-
orders, respiratory infections, endothelial dysfunction, and cancer [7]. In this study, EPA
treatment effectively inhibited VEGF-mediated MCP-1 induction by suppressing the signal
transduction systems of the p38 MAPK and NF-«B signaling pathways. Previous stud-
ies also investigated the inhibitory properties of EPA on MCP-1 expression. Matsumoto
et al. conducted a study on a mouse model of hyperlipidemia and demonstrated that the
administration of EPA reduced the development of atherosclerotic lesions in this animal
model [17]. The atherosclerotic plaques of EPA-fed mice revealed a stable morphology in
association with a lower deposition of lipids and a reduced accumulation of macrophages
and an increase in smooth muscle cells and collagen content. In addition, EPA treatment
attenuated the TNF-a-induced up-regulation of adhesion molecules and MCP-1 in HU-
VECs [17]. EPA effectively decreased LPS-induced NF-«B activation and MCP-1 expression
in human proximal tubular cells [27]. Akekura et al. demonstrated that EPA inhibited the
LPS-induced phosphorylation of the NF-kB p65 subunit in a mouse monocyte/macrophage
cell line [28]. EPA partially but significantly suppressed LPS-induced MCP-1 gene expres-
sion in these cells in vitro. The authors also showed that MCP-1 expression was induced in
the adventitia of intracranial aneurysm and that its expression was remarkably suppressed
in the intracranial aneurysm lesions from EPA-treated rats [28]. EPA suppressed TNF-
a-stimulated MCP-1 transcription by preventing NF-kB activation in an ERK-dependent
fashion in the cultured rat mesangial cells [29]. In addition, Koto et al. performed in vitro
experiments and showed that EPA treatment led to a significant inhibition of the mRNA
expression and protein levels of MCP-1 in TNF-«-stimulated murine brain-derived capil-
lary endothelial cells and decreased VEGF mRNA and protein secretion in LPS-stimulated
murine macrophages [18].
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Other investigators have also reported on the biological properties of EPA to suppress
VEGF expression. Yang et al. demonstrated that treatment with EPA for 48 h resulted
in a dose-dependent suppression of VEGF-induced proliferation in bovine carotid artery
endothelial cells [30]. VEGF-activated MAPK was also inhibited by treatment with EPA in
these cells [30]. Serum-starvation-induced constitutive VEGF expression was reduced by
treatment with EPA through inhibition of the ERK1/2 signaling pathway in human colon
cancer cells [19]. EPA dose-dependently suppressed cell proliferation and wound repair
in cultured human microvascular endothelial cells, and EPA significantly suppressed the
gene expression and protein secretion of VEGF in both normoxia and hypoxia culture con-
ditions [31]. Tevar et al. investigated the effects of supplemental dietary EPA in an animal
model of progressive malignancy and found that EPA supplementation inhibited tumor
growth, potentially through alterations in the expression of the pro-angiogenic VEGF [32].
These findings demonstrate that EPA inhibits MCP-1 and/or VEGF and might play an
important role in the underlying mechanisms of the beneficial effects in the treatment of
vascular inflammation and atherosclerosis. Further studies are required to investigate the
role of EPA in vascular inflammation and atherosclerosis.

Although the present study indicates a plausible role for EPA in the VEGF-induced
activations of MCP-1, IL-6, and IL-8 in vascular endothelial cells, it has some limitations.
First, we used HUVECs as representative vascular endothelial cells in the current study.
However, there is significant endothelial cell phenotype heterogeneity across the vascu-
lar tree [33]. At present, no single endothelial cell line is representative of the endothe-
lium in all blood vessels [34] and HUVECs are commonly used in in vitro experiments
for endothelial-derived gene expression and the protein secretion of cytokines, such as
IL-8 [35], GRO- [36], and MCP-1 [37]. Second, the current study is an in vitro cell culture
study and does not involve preclinical or clinical data. Inflammation is central to the
pathophysiology of atherosclerosis. The present study demonstrated that EPA suppressed
the VEGF-induced activation of a proinflammatory cytokine (IL-6) and some chemokines
(MCP-1 and IL-8), delineating a possible role for EPA in the treatment of atherosclerosis
due to anti-inflammatory properties. Third, secretion studies of IL-6 and IL-8 are lacking
because of the depletion of the supernatant samples. However, it is likely that the secretion
pattern of IL-6 and IL-8 resembles that of MCP-1, because the gene expression of these
interleukins is similar to that of MCP-1. Further studies using ELISA are needed to confirm
the secretion of IL-6 and IL-8 in HUVECs stimulated by VEGF in the presence and absence
of EPA.

4. Materials and Methods
4.1. Regents

Recombinant human VEGF was obtained from PeproTech (Rocky Hill, NJ, USA).
The rabbit polyclonal antibodies for p38, phospho-p38 (Thr180/Tyr182), IkB, phospho-
IkB (Ser32/36), and phospho-p65 (Ser536) were obtained from Cell Signaling Technology
(Beverly, MA, USA). The rabbit polyclonal anti-GAPDH antibody was from Santa Cruz
Biotechnology (Heidelberg, Germany). Pharmacological inhibitors SB203580 (p38 MAPK
inhibitor) and BAY11-7085 (NF-«kB inhibitor) were purchased from FUJIFILM Wako Pure
Chemical (Osaka, Japan) and Cayman Chemical (Ann Arbor, MI, USA), respectively. EPA
was purchased from Merck (Darmstadt, Germany).

4.2. Cell Culture of HUVECs

HUVECs were purchased from Kurabo (Osaka, Japan), seeded in plastic plates
pre-coated with type I collagen (Asahi Techno Glass, Nagoya, Japan), and maintained
in medium 199 (Life Technologies, Carsbad, CA, USA) supplemented with 10% heat-
inactivated fetal calf serum, 0.5 ug/mL fungizone, 0.25 pg/mL amphotericin B, 100 pg/mL
streptomycin, 100 U/mL penicillin (all Life Technologies, Carlsbad, CA, USA), 14 U/mL
heparin (Ajinomoto, Tokyo, Japan), 20 pg/mL endothelial cell growth supplement (Kohjin
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Bio, Saitama, Japan), and 10 pg/mL human epidermal growth factor (PeproTech, Rocky Hill,
CT, USA). HUVECs were cultured at 37 °C in 5% CO, and 95% air in a humidified atmosphere.

4.3. Total RNA Extraction and Real-Time RT-PCR

Total RNA was extracted from HUVECs using the Pure Link RNA Mini Kit (Invitrogen,
Carlsbad, CA, USA). The cDNA was synthesized using the Superscript VILO cDNA
Synthesis kit (Invitrogen, Carlsbad, CA, USA). Real-time PCR using Power SYBR Green
PCR Master Mix (Applied Biosystems, Warrington, UK) was carried out on a CFX connect
thermal cycler (Bio-Rad, Hercules, CA, USA). The value of each cDNA was calculated
using the AACq method and normalized to the value of the housekeeping gene GAPDH.

Oligonucleotide PCR primers targeting human MCP-1 mRNA were designed accord-
ing to a previous report [37] and primers targeting human GAPDH mRNA were purchased
from TaKaRa (Shiga, Japan); the specificity of the primer sets was verified by a basic local
alignment search tool (BLAST) search and melting-curve analysis. The primer sequences
and accession numbers are shown in Table 1. The reaction conditions were as follows: an
activation step at 95 °C for 10 min, followed by 40 cycles of denaturation at 95 °C for 15 s
and annealing/extension at 60 °C for 1 min.

Table 1. Primers for real-time RT-PCR.

Primer Sequences
(Forward/Reverse)

F: 5-CATAGCAGCCACCTTCATTCC-3'

Gene Name Accession Number

MeP R: 5-TCTCCTTGGCCACAATGGTC-3' NM_002982.3
16 Ry CCATCTTIGOAAGOTICAGGTIGY  NM-0006003
s o5 ACTCCTIGGCARAACTGCACS  NML0n0ss43

CAPDH F: 5'-GCACCGTCAAGGCTGAGAAC-3' NM 002046

R: 5-TGGTGAAGACGCCAGTGGA-3’

4.4. Enzyme-Linked Immunosorbent Assay (ELISA)

The concentrations of MCP-1 in the culture medium were determined by using a
human MCP-1 ELISA kit (R&D Systems, Minneapolis, MN, USA) according to the man-
ufacturer’s protocol. The optical densities of the samples and standards were measured
spectrophotometrically with an iMark microplate reader (BIORAD, Hercules, CA, USA).
MCP-1 concentrations were evaluated by comparing the optical density with the stan-
dard curve.

4.5. Western Immunoblot Analysis

Western immunoblot analysis was performed as previously reported, with some
modifications. HUVECs were harvested in ice-cold cell lysis buffer together with phenyl-
methylsulphonyl fluoride and a protease inhibitor cocktail. The proteins were resuspended
in sodium dodecyl sulfate sample buffer and dithiothreitol, sonicated, and boiled for 5 min.
They were separated by 4-12% NuPAGE Bis-Tris gels (Life Technologies, Carlsbad, CA,
USA) and transferred to a polyvinylidene difluoride membrane with a Trans-Blot Turbo
Transfer System (Bio-Rad, Hercules, CA, USA) for 7 min. The membrane was soaked in a
5% nonfat dry milk blocking buffer. The membrane was then incubated with the primary
antibody overnight at 4 °C in the concentrations suggested by the manufacturer, followed
by 1 h incubation with horseradish-peroxidase-conjugated secondary antibody (Cell Sig-
naling Technology, Beverly, MA, USA). ECL prime (GE Healthcare, Buckinghamshire, UK)
was used to visualize the protein bands, and the intensities of the blots were quantified by
a ChemiDoc Touch Imaging System (Bio-Rad, Hercules, CA, USA).
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4.6. Cell Viability

Cell viability was assessed using the MTT assay (Roche, Mannheim, Germany). HU-
VECs were treated with 10, 30, 100, or 300 umol/L of EPA overnight, after which 0.5 mg/mL
MTT solution was added to the culture medium and then the samples were incubated for
4 h. After they were incubated with dimethyl sulfoxide overnight, the cell viability was
measured with an iMark microplate reader (BIORAD, Hercules, CA, USA). The survival
rates of the EPA-treated cells were compared with those of the untreated control cells.

4.7. Immunofluorescence Staining

After fixation with 1% paraformaldehyde, HUVECs were permeabilized with 0.1%
Triton X-100 and blocked with normal horse serum for 30 min. The cells were incubated
with a rabbit p65 antibody at a 100-fold dilution overnight. They were then washed and
incubated with anti-rabbit IgG-Alexa (Cell Signaling Technology, Beverly, MA, USA) at
a dilution of 250-fold for 1 h, and the nuclei were counterstained using Hoechst 33342
(Invitrogen, Carlsbad, CA, USA). Images were analyzed using a fluorescence microscope
(Olympus, Tokyo, Japan).

4.8. Statistical Analysis

Data are shown as mean =+ SD. The average of three to eight independent experiments
were represented in each data point. The statistical significance of the data was assessed
using one-way ANOVA with Tukey-Kramer’s post hoc test. A p value <0.05 was considered
statistically significant.

5. Conclusions

The present study has demonstrated that VEGF induces MCP-1 expression via the p38
MAPK and NF-«B signaling pathways and that EPA inhibits these signaling pathways and
suppresses VEGF-induced MCP-1 expression in the human vascular endothelial cells. This
study supports the properties of EPA as a beneficial anti-inflammatory and anti-atherogenic
drug in the treatment of vascular inflammation and atherosclerosis.
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AP-1 activator protein-1

BLAST basic local alignment search tool
CCL2 CC-motif ligand 2

ELISA enzyme-linked immunosorbent assay
EPA eicosapentaenoic acid
ERK extracellular signal-regulated kinase
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GAPDH  glyceraldehyde-3-phosphate dehydrogenase
HUVECs human vascular endothelial cells

IkB inhibitor of nuclear factor-kappa B

LPS lipopolysaccharide

MAPK mitogen-activated protein kinase

MCP-1 monocyte chemoattractant protein-1

NF-«B nuclear factor-kappa B

PI3K phosphoinositide-3-kinase

RT-PCR  reverse transcription polymerase chain reaction
TNF tissue necrosis factor

VEGF vascular endothelial growth factor

References

1. Libby, P; Ridker, PM.; Maseri, A. Inflammation and atherosclerosis. Circulation 2002, 105, 1135-1143. [CrossRef]

2. Apte, RS,; Chen, D.S,; Ferrara, N. VEGF in Signaling and Disease: Beyond Discovery and Development. Cell 2019, 176, 1248-1264.
[CrossRef]

3. Melincovici, C.S.; Bosca, A.B.; Susman, S.; Marginean, M.; Mihu, C.; Istrate, M.; Moldovan, I.M.; Roman, A.L.; Mihu, C.M.
Vascular endothelial growth factor (VEGF)—Key factor in normal and pathological angiogenesis. Rom. J. Morphol. Embryol. 2018,
59, 455-467. [PubMed]

4. Shibuya, M. Structure and function of VEGF/VEGF-receptor system involved in angiogenesis. Cell Struct. Funct. 2001, 26, 25-35.
[CrossRef] [PubMed]

5. Dabravolski, S.A.; Khotina, V.A.; Omelchenko, A.V,; Kalmykov, V.A.; Orekhov, A.N. The Role of the VEGF Family in Atheroscle-
rosis Development and Its Potential as Treatment Targets. Int. . Mol. Sci. 2022, 23, 931. [CrossRef] [PubMed]

6. Marumo, T.; Schini-Kerth, V.B.; Busse, R. Vascular endothelial growth factor activates nuclear factor-kappaB and induces
monocyte chemoattractant protein-1 in bovine retinal endothelial cells. Diabetes 1999, 48, 1131-1137. [CrossRef]

7.  Singh, S.; Anshita, D.; Ravichandiran, V. MCP-1: Function, regulation, and involvement in disease. Int. Immunopharmacol. 2021,
101 Pt B, 107598. [CrossRef]

8.  Yamada, M.; Kim, S.; Egashira, K.; Takeya, M.; Ikeda, T.; Mimura, O.; Iwao, H. Molecular mechanism and role of endothelial
monocyte chemoattractant protein-1 induction by vascular endothelial growth factor. Arterioscler. Thromb. Vasc. Biol. 2003, 23,
1996-2001. [CrossRef]

9. Hong, K.H.; Ry, J.; Han, K.H. Monocyte chemoattractant protein-1-induced angiogenesis is mediated by vascular endothelial
growth factor-A. Blood 2005, 105, 1405-1407. [CrossRef] [PubMed]

10. Parenti, A.; Bellik, L.; Brogelli, L.; Filippi, S.; Ledda, F. Endogenous VEGF-A is responsible for mitogenic effects of MCP-1 on
vascular smooth muscle cells. Am. . Physiol. Heart Circ. Physiol. 2004, 286, H1978-H1984. [CrossRef]

11. Mukaida, N.; Harada, A.; Matsushima, K. Interleukin-8 (IL-8) and monocyte chemotactic and activating factor (MCAF/MCP-1),
chemokines essentially involved in inflammatory and immune reactions. Cytokine Growth Factor Rev. 1998, 9, 9-23. [CrossRef]

12. Boisvert, W.A. Modulation of atherogenesis by chemokines. Trends Cardiovasc. Med. 2004, 14, 161-165. [CrossRef] [PubMed]

13. Ridker, PM.; Rane, M. Interleukin-6 Signaling and Anti-Interleukin-6 Therapeutics in Cardiovascular Disease. Circ. Res. 2021, 128,
1728-1746. [CrossRef]

14. Budoff, M. Triglycerides and Triglyceride-Rich Lipoproteins in the Causal Pathway of Cardiovascular Disease. Am. J. Cardiol.
2016, 118, 138-145. [CrossRef]

15. Hilleman, D.; Smer, A. Prescription Omega-3 Fatty Acid Products and Dietary Supplements Are Not Interchangeable. Manag.
Care 2016, 25, 46-52.

16. Crupi, R.; Cuzzocrea, S. Role of EPA in Inflammation: Mechanisms, Effects, and Clinical Relevance. Biomolecules 2022, 12, 242.
[CrossRef] [PubMed]

17.  Matsumoto, M.; Sata, M.; Fukuda, D.; Tanaka, K.; Soma, M.; Hirata, Y.; Nagai, R. Orally administered eicosapentaenoic acid
reduces and stabilizes atherosclerotic lesions in ApoE-deficient mice. Atherosclerosis 2008, 197, 524-533. [CrossRef] [PubMed]

18. Koto, T.; Nagai, N.; Mochimaru, H.; Kurihara, T.; Izumi-Nagai, K.; Satofuka, S.; Shinoda, H.; Noda, K.; Ozawa, Y.; Inoue, M.; et al.
Eicosapentaenoic acid is anti-inflammatory in preventing choroidal neovascularization in mice. Investig. Ophthalmol. Vis. Sci.
2007, 48, 4328-4334. [CrossRef]

19. Calviello, G.; Di Nicuolo, E; Gragnoli, S.; Piccioni, E.; Serini, S.; Maggiano, N.; Tringali, G.; Navarra, P.; Ranelletti, FO.; Palozza, P.
n-3 PUFAs reduce VEGF expression in human colon cancer cells modulating the COX-2/PGE2 induced ERK-1 and -2 and
HIF-1alpha induction pathway. Carcinogenesis 2004, 25, 2303-2310. [CrossRef]

20. Cawood, A.L; Ding, R.; Napper, FL.; Young, R H.; Williams, J.A.; Ward, M.].; Gudmundsen, O.; Vige, R.; Payne, S.P; Ye, S; et al.
Eicosapentaenoic acid (EPA) from highly concentrated n-3 fatty acid ethyl esters is incorporated into advanced atherosclerotic
plaques and higher plaque EPA is associated with decreased plaque inflammation and increased stability. Atherosclerosis 2010,
212,252-259. [CrossRef]

21. Ishihara, K.; Hirano, T. IL-6 in autoimmune disease and chronic inflammatory proliferative disease. Cytokine Growth Factor Rev.

2002, 13, 357-368. [CrossRef]

126


https://doi.org/10.1161/hc0902.104353
https://doi.org/10.1016/j.cell.2019.01.021
https://www.ncbi.nlm.nih.gov/pubmed/30173249
https://doi.org/10.1247/csf.26.25
https://www.ncbi.nlm.nih.gov/pubmed/11345501
https://doi.org/10.3390/ijms23020931
https://www.ncbi.nlm.nih.gov/pubmed/35055117
https://doi.org/10.2337/diabetes.48.5.1131
https://doi.org/10.1016/j.intimp.2021.107598
https://doi.org/10.1161/01.ATV.0000096208.80992.63
https://doi.org/10.1182/blood-2004-08-3178
https://www.ncbi.nlm.nih.gov/pubmed/15498848
https://doi.org/10.1152/ajpheart.00414.2003
https://doi.org/10.1016/S1359-6101(97)00022-1
https://doi.org/10.1016/j.tcm.2004.02.006
https://www.ncbi.nlm.nih.gov/pubmed/15177267
https://doi.org/10.1161/CIRCRESAHA.121.319077
https://doi.org/10.1016/j.amjcard.2016.04.004
https://doi.org/10.3390/biom12020242
https://www.ncbi.nlm.nih.gov/pubmed/35204743
https://doi.org/10.1016/j.atherosclerosis.2007.07.023
https://www.ncbi.nlm.nih.gov/pubmed/17765904
https://doi.org/10.1167/iovs.06-1148
https://doi.org/10.1093/carcin/bgh265
https://doi.org/10.1016/j.atherosclerosis.2010.05.022
https://doi.org/10.1016/S1359-6101(02)00027-8

Int. J. Mol. Sci. 2024, 25, 2749 13 of 13

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Kang, S.; Tanaka, T.; Narazaki, M.; Kishimoto, T. Targeting Interleukin-6 Signaling in Clinic. Immunity 2019, 50, 1007-1023. [CrossRef]
Patel, A.A.; Budoff, M.]. Effects of eicosapentaenoic acid and docosahexaenoic acid on lipoproteins in hypertriglyceridemia. Curr.
Opin. Endocrinol. Diabetes Obes. 2016, 23, 145-149. [CrossRef]

Tagawa, H.; Shimokawa, H.; Tagawa, T.; Kuroiwa-Matsumoto, M.; Hirooka, Y.; Takeshita, A. Long-term treatment with
eicosapentaenoic acid augments both nitric oxide-mediated and non-nitric oxide-mediated endothelium-dependent forearm
vasodilatation in patients with coronary artery disease. J. Cardiovasc. Pharmacol. 1999, 33, 633—640. [CrossRef]

Bercea, C.I.; Cottrell, G.S.; Tamagnini, F.; McNeish, A.]. Omega-3 polyunsaturated fatty acids and hypertension: A review of
vasodilatory mechanisms of docosahexaenoic acid and eicosapentaenoic acid. Br. |. Pharmacol. 2021, 178, 860-877. [CrossRef]
Wardhana; Surachmanto, E.S.; Datau, E.A. The role of omega-3 fatty acids contained in olive oil on chronic inflammation.
Acta Med. Indones. 2011, 43, 138-143. [PubMed]

Li, H.; Ruan, X.Z.; Powis, S.H.; Fernando, R.; Mon, W.Y.; Wheeler, D.C.; Moorhead, ].F; Varghese, Z. EPA and DHA reduce
LPS-induced inflammation responses in HK-2 cells: Evidence for a PPAR-gamma-dependent mechanism. Kidney Int. 2005, 67,
867-874. [CrossRef] [PubMed]

Abekura, Y.; Ono, I.; Kawashima, A.; Takizawa, K.; Koseki, H.; Miyata, H.; Shimizu, K.; Oka, M.; Kushamae, M.; Miyamoto, S.;
et al. Eicosapentaenoic acid prevents the progression of intracranial aneurysms in rats. J. Neuroinflamm. 2020, 17, 129. [CrossRef]
[PubMed]

Diaz Encarnacion, M.M.; Warner, G.M.; Cheng, J.; Gray, C.E.; Nath, K.A.; Grande, J.P. n-3 Fatty acids block TNF-«-stimulated
MCP-1 expression in rat mesangial cells. Am. J. Physiol. Renal Physiol. 2011, 300, F1142-F1151. [CrossRef] [PubMed]

Yang, S.P.; Morita, I.; Murota, S.I. Eicosapentaenoic acid attenuates vascular endothelial growth factor-induced proliferation via
inhibiting Flk-1 receptor expression in bovine carotid artery endothelial cells. J. Cell. Physiol. 1998, 176, 342-349. [CrossRef]
Zhuang, W.; Wang, G.; Li, L.; Lin, G.; Deng, Z. Omega-3 polyunsaturated fatty acids reduce vascular endothelial growth factor
production and suppress endothelial wound repair. J. Cardiovasc. Transl. Res. 2013, 6, 287-293. [CrossRef] [PubMed]

Tevar, R.; Jho, D.H.; Babcock, T.; Helton, W.S.; Espat, N.J. Omega-3 fatty acid supplementation reduces tumor growth and vascular
endothelial growth factor expression in a model of progressive non-metastasizing malignancy. JPEN ]. Parenter. Enteral Nutr.
2002, 26, 285-289. [CrossRef] [PubMed]

Aird, W.C. Endothelial cell heterogeneity. Cold Spring Harb. Perspect. Med. 2012, 2, a006429. [CrossRef] [PubMed]

Robinson, A.T.; Cook, M.D.; Lane-Cordova, A.D. Making cell culture more physiological: A call for a more comprehensive
assessment of racial disparities in endothelial cell culture studies. Am. . Physiol. Cell Physiol. 2020, 318, C238-C241. [CrossRef]
[PubMed]

Umebashi, K.; Tokito, A.; Yamamoto, M.; Jougasaki, M. Interleukin-33 induces interleukin-8 expression via JNK/c-Jun/AP-1
pathway in human umbilical vein endothelial cells. PLoS ONE 2018, 13, €0191659. [CrossRef]

Yamamoto, M.; Umebashi, K.; Tokito, A.; Imamura, J.; Jougasaki, M. Interleukin-33 induces growth-regulated oncogene-alpha
expression and secretion in human umbilical vein endothelial cells. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2017, 313,
R272-R279. [CrossRef]

Umebashi, K.; Yamamoto, M.; Tokito, A.; Sudou, K.; Takenoshita, Y.; Jougasaki, M. Inhibitory Effects of Simvastatin on IL-33-
Induced MCP-1 via the Suppression of the JNK Pathway in Human Vascular Endothelial Cells. Int. J. Mol. Sci. 2023, 24, 13015.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

127


https://doi.org/10.1016/j.immuni.2019.03.026
https://doi.org/10.1097/MED.0000000000000233
https://doi.org/10.1097/00005344-199904000-00017
https://doi.org/10.1111/bph.15336
https://www.ncbi.nlm.nih.gov/pubmed/21785178
https://doi.org/10.1111/j.1523-1755.2005.00151.x
https://www.ncbi.nlm.nih.gov/pubmed/15698426
https://doi.org/10.1186/s12974-020-01802-8
https://www.ncbi.nlm.nih.gov/pubmed/32331514
https://doi.org/10.1152/ajprenal.00064.2011
https://www.ncbi.nlm.nih.gov/pubmed/21367920
https://doi.org/10.1002/(SICI)1097-4652(199808)176:2%3C342::AID-JCP12%3E3.0.CO;2-5
https://doi.org/10.1007/s12265-012-9409-0
https://www.ncbi.nlm.nih.gov/pubmed/22993129
https://doi.org/10.1177/0148607102026005285
https://www.ncbi.nlm.nih.gov/pubmed/12216707
https://doi.org/10.1101/cshperspect.a006429
https://www.ncbi.nlm.nih.gov/pubmed/22315715
https://doi.org/10.1152/ajpcell.00467.2019
https://www.ncbi.nlm.nih.gov/pubmed/31747315
https://doi.org/10.1371/journal.pone.0191659
https://doi.org/10.1152/ajpregu.00435.2016
https://doi.org/10.3390/ijms241613015

SR R &C

T 5 FE (2023 £ 4 A~2024 5 3 B) DERKAHARBOFBZFTLOLIMEREER 5 24
SIMNFTERN=LEL . AFRERICIE. BRARCEEROMRZIILSH . EREFHI . MR
BN FEER.RE. FMBERLGLE SRICOEAAREREZHBHLTWET,

A0FMMNSDEENAEL D 1 £ BESMUIAARITIOMFLEERICHEIVEHER. &
XREHRXDIBEEIL 27 fRIEL, —HEFEED 24 7. FEEED 25 @A oERCEMLEL =,
PTHLBENEEEFLHOLREBERNE 7. RELUNOEGGHIN 5 fRe. LVTht
—MEFELFFEERES(LE>=C&F. SEROMREDED R LEERMGENEDTFEYE
TIHRTY . ShoDXRBIE. BROBRRBEMEFHZWISE TVIBEZMDEZE D
BYTHY . RBBBRLLEITET

2024 FEMNSFAAEERARMRZFRLEL T, MERLMFHZ LMD HLE DL KRB
REABN DR EICHETESREDBBICIMYBATNEY , HHERA. HKOHEDEER
LIZHFET O BRARESHICEEAHE DS FIEMERALTENYEY . COFRBEEN. &
TERDOARESDTIRELLTEBFEN K EEDI, FI-BHRRR OB NDBEFRDOEEIZ DL
BEEFESTHEYFEY T, HEFDOHAARN D ERDEFNER LICEMTESED. BE
—BE—BBALTENWZET,

R AFKBREDERIZE KGR AZWEW-BRAREHRA 2V 7B U EAFREAIZDE
Wit L EIFET,

SM6EIAEH
EMfRiRiEE REER 24—

RRTIRAER T ZA
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