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Leshchiner I, Katayama R, et al. Molecular

Mechanisms of Action and Clinical Challenges in Cancer Pharmacotherapy :
Maximizing the Efficacy of Systemic Therapy for Hepatocellular Carcinoma

Yoshinari ASAOKA
Department of Medicine, Teikyo University School of Medicine, Tokyo, Japan

The history of cancer pharmacotherapy describes the measures employed to counteract the survival
strategies of cancer cells. In this review, we trace the evolution of therapy from cytotoxic agents to
molecular targeted drugs and immune checkpoint inhibitors. Specifically, we discuss the theoretical
foundations of combination therapies in hepatocellular carcinoma (HCC) and the clinical significance of
efficient sequential treatment. Conventional cytotoxic agents indiscriminately attack rapidly proliferating
cells, often making it difficult to maintain treatment in patients with HCC with impaired liver function. In
the 21st century, the development of molecular targeted drugs aimed at driver mutations revolutionized
the field ; in HCC, multikinase inhibitors primarily focusing on anti—angiogenesis demonstrated
effectiveness. Subsequently, immune checkpoint inhibitors targeting PD-1/PD-L1 (i.e., mechanisms by
which cancer cells evade the immune system) emerged. While anti-PD-1 monotherapy showed limited
efficacy in HCC, combination therapies with anti-CTLA-4 or anti-VEGF antibodies have demonstrated
superior clinical outcomes. While the efficacy of these regimens is well-established through randomized
controlled trials, determining the optimal sequence of these treatments remains a challenge in real-
world clinical practice. The management of HCC has shifted from single-agent selection to strategic
drug combinations and sequencing based on pharmacological profiles. Constructing a flexible sequential
therapy that accounts for resistance mechanisms is the key to improving patient prognosis.

Key words : Cancer pharmacotherapy, Sequential therapy, Combination immunotherapy, Hepatocellular

carcinoma
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Background : Microcirculatory dysfunction following percutaneous coronary intervention (PCI) has
received limited attention in recent years. This prospective, single—center study aimed to quantify the
incidence and determinants using the index of microvascular resistance (IMR) after stent implantation
in the left anterior descending artery (LAD).

Methods : Thirty adults with stable coronary artery disease underwent elective LAD PCI using
contemporary drug-eluting stents between November 2022 and March 2024. IMR, coronary flow
reserve (CFR), and fractional flow reserve (FFR) were measured using a pressure-sensing guidewire
before and after PCIL. High-sensitivity troponin T (hsTnT) levels were measured before and 16-24
hours after PCI. The patients were divided into groups based on whether the IMR increased or
decreased after PCL

Results : The mean patient age was 7311 years, and 76.6% were male. Overall, CFR improved from 2.3
+1.2t03.1%1.4, and FFR from 0.73+0.08 to 0.86*0.05. Mean IMR decreased modestly from 24+ 13 to
21 £ 14, yet 40% of patients experienced an IMR increase. The baseline characteristics, lesion severity, stent
size, and plaque morphology were similar between the groups. However, hsTnT levels were significantly
higher in the IMR increase group (143.5 [55.6-265.0] vs. 41.6 [27.5-72.8] ng/L, p=0.009).

Conclusions : IMR increased after LAD PCI in 40.0% of patients. Patients with increased IMR
showed higher hs—TnT levels 16-24h after PCI, suggesting an association between post-PCI changes
in microvascular resistance and minor myocardial injury. Further validation in larger multicenter

studies i1s warranted.

Key words : Coronary microvascular dysfunction (CMD), Percutaneous coronary intervention (PCI),
Drug-eluting stent (DES), Index of microvascular resistance (IMR),

High-sensitivity troponin T

heart disease have highlighted not only
INTRODUCTION

atherosclerotic stenosis or occlusion in

Advances in the understanding of ischemic the epicardial coronary arteries, but also
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intramyocardial arterioles as critical factors.

studies. Therefore, this study was not powered
This dysfunction is increasingly recognized
as a significant condition, as evaluated using

to detect small-to-moderate associations or to
the Coronary Flow Reserve (CFR) and the

support definitive multivariable modeling. Patient
enrollment continued until the target sample size
was reached consecutively. The enrollment period
Index of Microcirculatory Resistance (IMR)Y. required 17 months, as patients were carefully
Numerous studies have examined the significance
of the coronary physiology of lesions before

selected according to the strict inclusion and
percutaneous coronary intervention (PCI) ;

exclusion criteria to ensure the consistency and
quality of the data. Patients requiring cessation

however, research on the microcirculatory impact

of PCI remains limited. The causes of coronary

of antiplatelet drugs, those with severe adverse
microvascular dysfunction (CMD) have been

reactions to antiplatelet drugs or nicorandil,
classified into four types in previous studies”.
According to this classification, type 4 iatrogenic

those who were pregnant or intending to become
coronary microvascular dysfunction is believed to

occur due to coronary artery spasm or peripheral
embolism caused by PCIL. However, few studies
have investigated the actual extent of the

microcirculatory impact following PCL

pregnant, those with total coronary occlusions
or inaccessible microcirculatory assessment by
the pressure guidewire, those with a history
of coronary artery bypass surgery in the LAD
territory, those with prior myocardial infarction
in the LAD territory, or those unsuitable for the
study were excluded. Patients on hemodialysis
We sought to elucidate the influence of stent
implantation in the left anterior descending artery
(LAD) on the microvascular function as a pilot
study.

were not excluded because this pilot study

aimed to reflect real-world patients with stable
coronary artery disease undergoing LAD PCI, and
hemodialysis patients frequently require coronary
MATERIALS AND METHODS revascularization in clinical practice. Hov&.fever,
because hs-TnT levels may be chronically
Patients elevated or biologically variable in patients on
A prospective study was conducted on
patients with stable coronary artery disease
who underwent PCI for lesions in the LAD and

hemodialysis, hemodialysis status was considered
were considered to require stent implantation

in the interpretation of hs—=TnT levels. All patients
received medical treatment in accordance with the
at our hospital between November 1, 2022,

and March 31, 2024. Thirty patients aged>20

Japanese Circulation Society (JCS) guidelines®.
years who provided written informed consent

This study was approved by the Medical Ethics
were enrolled in the study. No formal sample

Commiittee of Teikyo University (TEIRIN No. 22-
088, September 22, 2022).

Measurement Techniques
size calculation was performed because this All PCI procedures adhered to current
was designed as an exploratory pilot study and standard clinical practices. Dual antiplatelet
there were limited prior data on immediate therapy was administered to all patients, with
pre- and post-PCI invasive IMR changes after
LAD stent implantation. A target sample size
of 30 patients was set a priori based on the

loading doses administered before the procedure.

After sheath insertion, 100 units/kg of heparin
feasibility of consecutive enrollment under strict

was administered, maintaining an activated
inclusion and exclusion criteria and the need to

clotting time (ACT)>250 seconds. A 6Fr or 7Fr
obtain preliminary estimates for future larger

guide catheter without side holes was used. For

CFR, IMR, and Fractional Flow Reserve (FFR)
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measurements, the PressureWire™ X guidewire
(Abbott Vascular Japan) and CoroFlow™
software (Coroventis, Uppsala, Sweden) were
used. After calibrating PressureWire™ X and
positioning it at least 6 cm distal to the LAD
ostium and beyond the lesion, Resting Full-cycle
Ratio (RFR) was recorded first. Intracoronary
saline (3ml) was injected three times, followed by
2mg of nicorandil to induce maximal hyperemia,
and CFR, IMR, and FFR were measured”. After
completing of a series of measurements, PCI was
performed using drug-eluting stents (DES). In all
cases, 60 MHz intravascular ultrasound (AltaView
IVUS ; Terumo Corporation, Tokyo, Japan) was
used, with a pullback speed of 3.0mm/sec. DES
type, size, and length were at the discretion of
the operator. Only 2™ or 3" generation DES were
used in this study. The RFR, CFR, IMR, and FFR
were remeasured at the same position with the
same pressure wire after PCI as pre-PCL

FFR was calculated as the ratio of mean distal
coronary pressure (Pd) to mean aortic pressure
(Pa) during maximal hyperemia (FFR=Pd/
Pa). CFR was calculated as the ratio of resting
mean transit time (Tmn) to hyperemic Tmn
(CFR=Tmn_rest/Tmn_hyperemia). IMR was
calculated as the product of Pd and hyperemic
Tmn (IMR=Pd % Tmn_hyperemia). In cases where
FFR was<0.80, IMR was corrected using wedge
pressure (Pw) according to the following formula :
IMR_corrected=Pa X Tmn X [(Pd — Pw)/(Pa—Pw)].
All physiological measurements were obtained
during steady-state hyperemia, and pressure drift
was checked and corrected after each recording.

Further, high-sensitivity troponin T (hs-
TnT) levels were measured using the Elecsys®
troponin T hs assay (Roche Diagnostics, Basel,
Switzerland). Blood samples were collected on
the day before and 16-24h after PCI to assess
changes in hs—TnT levels.
PCI indication and procedural success criteria

Fractional flow reserve (FFR)>0.80 was

considered above the threshold for revascularization,

several patients in this study. Procedural success
was defined as achieving TIMI grade 3 flow in
the treated vessel along with either a post-PCI
FFR>0.80 or angiographic residual stenosis<20%,
indicating adequate luminal expansion.
Group classification based on IMR change

Patients were classified into two groups based
on whether IMR increased or decreased after PCL
This binary classification was adopted to facilitate
analysis given the limited sample size (n=30),
and to allow comparison of post-PCI clinical and
physiological parameters between groups.
Study endpoints

The primary endpoint of this pilot study was
the association between the change in IMR after
PCI (Delta IMR=post-PCI IMR - pre-PCI IMR)
and the change in hs—TnT from before PCI to
16-24 h after PCI (Delta hs-TnT). Secondary
endpoints included paired changes in CFR, IMR,
and FFR before and after PCI, the proportion of
patients with an increase in IMR after PCI, and
exploratory comparisons of clinical, angiographic,
QCA, and IVUS parameters between patients
with and without IMR increase. All analyses
other than the primary endpoint were considered
exploratory.
Angiography and intravascular ultrasound
(IVUS) data analyses

Angiograms were evaluated both qualitatively
and quantitatively throughout the PCI process,
including the assessment of slow flow/no-reflow.
Before PCI, the minimum lumen diameter (min
LD), reference diameter (ref D), %stenosis, and
lesion length were analyzed. After PCI, these
parameters were evaluated separately in the
in-stent and in—segment regions. Quantitative
coronary angiography (QCA) was performed
using QAngio (ver. 7.2, Medis, Leiden, the
Netherlands) following the standard method®.

Intravascular ultrasound (IVUS) images
were analyzed using the QIvus software (Medis
Medical Imaging Systems, Leiden, Netherlands).
The IVUS analysis methods based on the
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consensus document”. The analysis included

the minimum luminal diameter, vessel diameter,

plaque volume, and qualitative assessment

of atherosclerotic plaque types, which were

categorized as soft, fibrous, or calcified.

Statistical Analysis
EZR software”

analyses. The normality of continuous variables

was used for the statistical

was assessed using the Kolmogorov-Smirnov test.
Normally distributed data are expressed as mean
+standard deviation (SD) and compared using
Student’s t-test ; non—normally distributed data
are presented as median [interquartile range]
and compared using the Mann-Whitney U test.
Categorical variables were analyzed using the x* test
or Fisher's exact test, as appropriate. A two-tailed
p-value<0.05 was considered statistically significant.

An exploratory multivariable logistic regression
analysis was performed to evaluate the association
between post-procedural hs-TnT and IMR
increase after PCI while accounting for clinically
relevant factors. The dependent variable was IMR
increase or decrease. Covariates included post-

procedural hs-TnT measured 16-24h after PCI,
age, and hemodialysis status (HD). Multivariable
analyses were interpreted cautiously because of the
small sample size and limited number of events.
The temporal sequence of measurements was
considered in the statistical interpretation ; hs—
TnT measured 16-24h after PCI was treated as
a post—procedural biomarker of myocardial injury

and not as a determinant of IMR increase.
RESULTS

Patient Demographics

The mean patient age was 73*11 years ;
23 were male (76.6%). Coronary risk factors
included hypertension (n=28, 93.3%), diabetes
(n=17, 56.7%), dyslipidemia (n=26, 86.7%), and a
history of smoking (n=9, 30.0%) (Table 1). The
median HbAlc was 6.3% [5.9-6.8], and median
LDL-C level was 85mg/dL [66-91].
pre-PCI medication, 50% patients received ACE
inhibitors/ARBs, 86.7% (n=26) statins, and 60.0%
(n=18) f-blockers. The median ejection fraction
(EF) was 56% [50-61]. Five patients (16.7%)

Regarding

Table 1 Baseline patient demographics -1

total (n=30)

IMR increased IMR decreased p-value

(n=12) (n=18)

Age, years 7311 72+8 73+13 0.899
Male, n (%) 23 (76.6) 9 (75.0) 14 (77.8) 1
HTN * n (%) 28 (93.3) 11 (91.7) 17 (94.4) 1
DM ° n (%) 17 (56.7) 7 (58.3) 10 (55.6) 1
DM insulin, n (%) 3 (10.0) 2 (16.7) 1(5.6) 0.548
Dlp ©, n (%) 26 (86.7) 9 (75.0) 17 (94.4) 0.274
Current smoker, n (%) 9 (30.0) 5 (41.7) 4 (22.2) 0.418
CKD % n (%) 17 (56.7) 7 (58.3) 10 (55.6) 1

HD ¢ n (%) 6 (20.0) 4 (33.3) 2 (11.1) 0.184
PAD ' n (%) 2(6.7) 2 (16.7) 0 (0) 0.152
Prior PCI n (%) (RCA ®or LCX " territory) 11 (36.7) 5 (41.7) 6 (33.3) 0.712
Prior CABG ' n (%) (RCA territory) 1(3.3) 1(8.3) 0 (0) 0.4
Prior MI’, n (%) 3 (10.0) 2 (16.7) 1(5.6) 0.548

* hypertension, * diabetes mellitus, ¢ dyslipidemia,

¢ chronic kidney disease, © hemodialysis, ' peripheral artery

disease, £ right coronary artery, " left circumflex artery, ' coronary artery bypass grafting, ' myocardial

infarction
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demonstrated low cardiac function (EF<40%),
and eleven patients (36.7%) had left ventricular
hypertrophy with a left ventricular wall thickness
of 12mm or more (Table 2).

The mean CFR was 2.3+1.2 before PCI and
3.1=1.4 after PCI. The mean IMR was 24£13
before PCI and 21 =14 after PCI, and the mean
FFR was 0.73+0.08 before PCI and 0.86+0.05
after PCI (Table 3, Figures 1 and 2).

No differences were observed in medical
history, preoperative blood test values,
medication, or echocardiographic parameters
between the IMR increase group (IG) (n=12,
40.0%) and the decrease group (DG) (n=18,

60.0%). Although baseline hs-TnT levels were
similar between the IMR-increase and IMR-
decrease groups, hs—TnT levels measured 16-24h
after PCI were higher in the IMR-increase group
than in the IMR-decrease group (143.5 [55.6-
265.0] vs. 41.6 [27.5-72.8] ng/L, p=0.009). These
findings indicate that IMR increase after PCI was
accompanied by greater post-procedural hs=TnT
elevation (Table 4).
Angiographic Findings

The target lesion sites were located in the
proximal (36.7%), mid (40.0%), and distal
(23.3%) regions of the LAD, without significant

differences between the increase and decrease

Table 2 Baseline patient demographics -2

total (n=30) IMR increased IMR decreased p-value
(n=12) (n=18)

Hb (g/dL) 12.7+1.5 12.4%1.4 12.9+1.5 0.461
PLT (x 10*4) 21.3+6.6 21.6+8.2 21.1+5.4 0.87
Cr (mg/dL) 0.990.87-1.34] 1.01 [0.86-3.88] 0.99[0.88-1.22] 0.597
eGFR 55.5 [40.5-63.9] 54.5[10.2-65.3] 55.5[43.0-62.4] 0.755
CPK (U/L) 82 [48-108] 82 [50-103] 80 [43-124] 0.933
CK-MB (ng/mL) 2.6[1.6-3.7] 3.0[1.6-3.6] 2.4[1.6-3.7] 0.865
Troponin T (before PCI) 19.3[11.6-48.3] 19.2110.1-70.0] 19.3[14.0-39.9] 0.966
TG (mg/dL) 116 [67-169] 90 [72-124] 122 [69-174] 0.459
LDL (mg/dL) 85 [66-91] 77 [59-93] 85 [70-91] 0.471
HbAlc (%) 6.3[5.9-6.8] 6.1[5.7-7.0] 6.4[6.0-6.7] 0.581
CRP (mg/dL) 0.14[0.07-0.81] 0.210.06-0.85] 0.14[0.93-0.79] 0.767
NT pro-BNP = 300 (pg/mL),n (%) 20 (66.7) 9 (75.0) 11 (61.1) 0.694
medication, n (%)
ACE /ARB " n (%) 15 (50.0) 6 (50.0) 9 (50.0) 1
statin, n (%) 26 (86.7) 12 (100.0) 14 (77.8) 0.13
B blocker, n (%) 18 (60.0) 7 (58.3) 11 (61.1) 1
CCB ¢ n (%) 16 (88.9) 7 (58.3) 9 (50.0) 0.722
Nitrogen, n (%) 10 (33.3) 4 (33.3) 6 (33.3) 1
TTE findings
EF, % 56 [50-61] 58 [53-60] 59 [47-62] 0.949
Low EF % n (%) 5 (16.7) 2 (16.7) 3 (16.7) 1
LVH* n (%) 11 (36.7) 3(25.0) 8 (44.4) 0.442

* angiotensin-converting enzyme, ° angiotensin II receptor, © calcium channel blocker, ¢ EF<40%, © left ventricular

hypertrophy ' interventricular septal thickness and/or posterior wall thickness=12 mm
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Table 3 Trend of CFR/IMR/FFR

total (n=30) before PCI after PCI
CFR 2.3x1.2 3.1£1.4
IMR 24+13 21+14
FFR 0.73+0.08 0.86=0.05

=@= |MR increase group
6 - .\ =@= |MR decrease group /
k

Pre-PCl Post-PCl

Figure 1 Paired changes in CFR
Paired changes in CFR before and after PCI. Thin lines represent individual patients.
Red lines indicate patients with an increa se in IMR after PCI, and blue lines indicate
patients with a decrease in IMR. Thick lines represent group-level summary values.

60 =@®=|MR increase group
=@= |MR decrease group

50 -

Pre-PCI Post-PCl

Figure 2 Paired changes in IMR
Paired changes in IMR before and after PCI. Thin lines represent individual patients.
Red lines indicate patients with an increase in IMR after PCI, and blue lines indicate
patients with a decrease in IMR. Thick lines represent group-level summary values.
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groups (Table 5). Slow flow phenomenon was
observed in 2 cases. There were no significant
differences between the two groups regarding
the preoperative degree of stenosis, target vessel
diameter, or lesion length. There were no significant
differences between the two groups in terms of the
minimum stent diameter, residual stenosis, or stent
length postoperatively (Table 6). QCA showed
that in-stent acute gain was smaller in the IMR-
increase group than in the IMR-decrease group.
IVUS Findings

IVUS evaluation of the target lesion was
performed both quantitatively and qualitatively
before PCI. The plaque characteristics were
as follows : soft plaque, 16.7% ; fibrous plaque,
30.0% ; and calcified plaque, 53.3%, with no
significant differences between the two groups.
The mean lumen diameter and vessel diameter
were 1.7£0.3mm and 3.3 +0.8mm, respectively,
in the IG group, and 1.9£0.3mm and 3.7=*

0.7 mm, respectively, in the DG group at baseline.

The lumen area was 2.6+0.8mm® the vessel
area was 10.1+4.0mm® the plaque area was
7.8+4.0mm? and the plaque burden was 72.5
+9.9%. There were no significant differences in
plaque volume or burden between the two groups
(Table 7).
Multivariate Analysis

An exploratory multivariable logistic regression
analysis was performed to account for clinical
relevance and potential confounding factors. The
model included post-procedural hs-TnT levels
measured 16-24h after PCI, age, and hemodialysis
(HD) status, which are known to influence both
hs-TnT levels and clinical outcomes after PCIL In
the exploratory multivariable logistic regression
model adjusted for age and hemodialysis status,
the association between post-procedural hs—-TnT
and IMR increase did not reach the conventional
threshold for statistical significance (OR 1.030,
95% CI 0.998-1.050, p=0.059). Therefore, this

result should be interpreted cautiously and

Table 4 Troponin T levels before and after PCI

total (n=30) IMR increased IMR decreased p-value
(n=12) (n=18)
Hs-TnT (before PCI) 19.3[11.6-48.3] 19.2[10.1-70.0] 19.3[14.0-39.9] 0.966
Hs-TnT (next day of PCI) 57.5[30.6-146.0] 143.5[55.6-265.0] 41.6[27.5-72.8] 0.009
Table 5 Baseline lesion demographics
total (n=30) IMR increased IMR decreased p-value
(n=12) (n=18)
Location of target lesion
Proximal (%) 11 (36.7) 3 (25.0) 8 (44.4) 0.246
Middle (%) 12 (40.0) 7 (58.3) 5(27.8)
Distal (%) 7 (23.3) 2 (16.7) 5 (27.8)
ACC/AHA * type B2/C (%) 19 (63.3) 7 (58.3) 12 (66.7) 0.712
Lesion length discrete (%) 2(6.7) 2 (16.7) 0 0.18
tubular (%) 10 (33.3) 3(25.0) 7 (38.9)
diffuse (%) 18 (60.0) 7 (58.3) 11 (61.1)
Severe/Moderate Calcification (%) 14 (46.7) 6 (50.0) 8 (44.4) 1

* American College of Cardiology/American Heart Association
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Table 6 QCA
total (n=30) IMR increased  IMR decreased p-value
(n=12) (n=18)
before_PCI
min LD * mm 0.92+0.23 0.92+0.24 0.92+0.23 0.972
ref D °, mm 2.43%+0.42 2.34%0.40 2.49+0.44 0.354
%stenosis 62.2+7.9 61.0+6.9 63.0+8.6 0.523
lesion length, mm  20.6 [14.4-27.7]  24.1[13.2-28.4] 19.3[15.0-27.1]  0.688
after_PCI
In-stent min LD, mm 2.24+0.30 2.13%£0.25 2.31+0.31 0.111
ref D, mm 2.47%0.36 2.36%=0.28 2.54+0.39 0.177
%stenosis 8.7%£5.5 9.5%5.8 8.2%+5.3 0.528
acute gain ¢, mm  1.32%+0.23 1.21£0.10 1.40+0.26 0.031
stent length, mm  29.4 [22.1-36.6]  30.2 [22.5-34.3] 27.9[22.1-36.6] 0.884
In-segment min LD, mm 2.02+0.34 1.94+0.25 2.07+0.39 0.307
ref D, mm 2.25[1.97-2.43]  2.13[1.93-2.34] 2.27[2.15-2.51] 0.33
%stenosis 10.7+£4.94 9.7+4.75 11.4+5.10 0.373

*minimum lumen diameter, ® reference diameter, © after_ PCI min LD_stent — before_PCI min LD

Table 7 IVUS

total (n=30) IMR increased IMR decreased p-value
(n=12) (n=18)

Plaque characteristics
Soft plaque, n (%) 5 (16.7) 2 (16.7) 3(16.7) 0.944
Fibrous, n (%) 9 (30.0) 4 (33.3) 5(27.8)
Calcium, n (%) 16 (53.3) 6 (50.0) 10 (55.6)
Quantitative assessment
Mean lumen diameter, mm 1.8%€0.3 1.7%€0.3 1.9%0.3 0.0754
Mean vessel diameter, mm 3.6%0.7 3.3%0.8 3.7%£0.7 0.113
Lumen Area, mm2 2.6%0.8 2.3%0.7 2.8+0.8 0.096
Vessel Area, mm2 10.1+4.0 9.0£4.3 10.9+4.0 0.192
Plaque Area, mm?2 7.8€4.0 6.7t3.9 8.6*x4.0 0.214
Plaque volume, % 72.5+9.9 71.7£9.9 73.1+10.2 0.714

regarded as hypothesis-generating. The wide of patients despite overall improvement in FFR.
confidence interval observed for HD (OR 0.247,
95% CI 0.007-8.570, p=0.440) likely reflects the
limited sample size (n=30) and the resulting

variability in the dataset (Table 8).

Patients with an increase in IMR showed higher
hs-TnT levels 16-24h after PCI than those
with a decrease in IMR. Because hs-TnT was
measured after the PCI procedure, this biomarker
should be interpreted as a post-procedural
DISCUSSION : . .

finding accompanying IMR increase rather than

This pilot study demonstrated that IMR as a determinant of IMR elevation. Therefore, our

increased after LAD stent implantation in 40.0% findings suggest a possible association between
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Table 8 Multivariate logistic regression

Multivariate logistic regression

OR 95% CI p value
Age 0.964 0.884-1.050 0.402
HD, n (%) 0.247 0.007-8.570 0.440
Hs-TnT (next day of PCI) 1.030 0.998-1.050 0.059

post-PCI microvascular resistance changes and
minor myocardial injury, but they do not establish
causality.
Correlation between microcirculatory dysfunction
and hs-TnT level

Hs-TnT is a highly sensitive biomarker
for myocardial cell injury and necrosis. The
mechanisms underlying the elevation of hs—=TnT
levels following PCI include : embolization of
peripheral vessels by fragments of atherosclerotic
plaques, oxidative stress generated upon
restoration of blood flow, direct mechanical injury
to the myocardium due to catheter or balloon
manipulation, and occlusion of side branches at
the segment of the stent-covered coronary artery,
resulting in myocardial injury in the affected
region®. Previous studies have demonstrated that
elevated hs-TnT level after PCI was associated

9,1 :
¥ and microvascular

with poor prognosis
dysfunction was similarly associated with adverse
outcomes'”. The higher hs—-TnT levels observed
in the IMR-IG group suggest that IMR increase
after PCI was accompanied by minor myocardial
injury. However, typical phenomena associated
with PCI include, slow flow/no-reflow and side-
branch occlusion. Therefore, precise mechanisms
underlying myocardial injury remain unclear.

It is believed that dilatation of obstructive
lesions increases coronary blood flow and reduces
IMR owing to the effects of endothelial function
in the microvascular beds. In addition, lipid-rich
unstable plaques can lead to microembolization
and contribute to microvascular dysfunction'?. In
this study, no significant correlation was found

between the plaque characteristics (soft, fibrous,

or calcified) of the target lesions and the IMR
changes. This may be due to the fact that only
stable coronary artery disease patients were
enrolled in this study. Nevertheless, 40% of the
patients experienced increases in the IMR in this
study, although the FFR improved in most cases.

Regarding procedural and lesion-related
factors, QCA showed that in-stent acute gain
was smaller in the IMR-increase group than in
the IMR-decrease group. Therefore, the present
data do not support the interpretation that IMR
increase was simply caused by excessive luminal
gain or aggressive vessel expansion. Rather, the
smaller acute gain may reflect smaller vessel
size, diffuse disease, residual plaque burden,
calcification, or limited luminal expansion, which
could be associated with impaired recovery of
microvascular conductance after PCIL In addition,
mechanisms not fully captured by angiography or
IVUS, such as distal microembolization, transient
microvascular spasm, side-branch compromise,
or local inflammatory responses, may have
contributed to post-PCI IMR elevation. Because
detailed procedural variables such as predilatation
strategy, post-dilatation pressure, balloon-to-
artery ratio, number of balloon inflations, and
side-branch status were not fully analyzed, these
potential mechanisms should be evaluated in
future studies.

Although the present study cannot identify
specific procedural strategies or patient-
selection criteria, the findings suggest that
post-PCI microvascular assessment may be
useful for detecting subtle procedure-related

physiological changes even after angiographically
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and physiologically successful epicardial
revascularization. Future studies should evaluate
whether procedural factors such as lesion
preparation, balloon inflation strategy, post-
dilatation pressure, balloon-to—-artery ratio, side—
branch preservation, and prevention of distal
embolization influence post-PCI IMR dynamics
and myocardial injury.

Comparison with previous studies and implications

Recent studies have reported that high
absolute post-PCI IMR values (e.g, IMR >38) are
predictive of type 4a myocardial infarction and
are associated with higher post-procedural hs-
TnT levels™. These studies typically focus on the
absolute value of IMR, either at baseline or after
intervention, to evaluate microvascular dysfunction.
In contrast, our study adopted a different approach
by classifying patients based on the direction of
IMR change (increase vs. decrease) from baseline
to post-PCI. This binary classification may provide
a practical way to detect procedure-related
microvascular impairment, particularly in real-
world PCI settings.

Furthermore, our analysis was limited to
LAD lesions, enabling a focused assessment of
the physiological impact of PCI in a relatively
homogenous coronary territory. This design
differs from broader studies including multiple
vessel types and may reduce variability due to
anatomical differences in perfusion territory and
myocardial mass. The LAD supplies a larger
myocardial area than other coronary arteries,
and microvascular damage in this region may
therefore have greater clinical implications.

In our exploratory multivariable analysis, the
association between post-PCI hs-TnT levels and
IMR increase did not reach statistical significance
after adjustment for age and HD, likely due to
the limited sample size. However, the observed
trend may still suggest a physiological link
that warrants further investigation. Although
this study is underpowered to draw definitive

conclusions, it serves as an important hypothesis-

generating analysis that emphasizes the potential
value of dynamic IMR changes during PCI as a
marker of subtle myocardial injury.
Limitations of the Study

This study has several limitations. First, this
was a single-center pilot study with a small
sample size of 30 patients. The sample size
was determined pragmatically rather than by
formal power calculation ; therefore, the study
was underpowered for definitive multivariable
analysis and subgroup analyses. Second, multiple
clinical, angiographic, QCA, and IVUS variables
were compared, and no adjustment for multiple
comparisons was performed. Therefore, analyses
other than the prespecified primary endpoint
should be interpreted as exploratory. Third,
hs-TnT was measured 16-24 h after PCI and
should be interpreted as a post-procedural
biomarker associated with IMR changes, not
as a determinant of IMR increase. Fourth,
patients on hemodialysis were included, and
hs-TnT levels may be chronically elevated or
biologically variable in this population. Fifth,
detailed procedural factors such as predilatation,
post—dilatation pressure, balloon-to-artery ratio,
number of balloon inflations, and side-branch
compromise were not fully evaluated. Finally,
this study was limited to LAD lesions to reduce
anatomical heterogeneity : therefore, the findings
may not be generalizable to PCI in other coronary
territories. To the best of our knowledge, no
clinical trials have clearly documented the effect
of stent placement on microvascular resistance or

its contributing factors.

CONCLUSION

In this prospective pilot study of LAD PCI,
IMR increased after stent implantation in 40.0%
of patients despite overall improvement in FFR.
Patients with IMR increase had higher hs-TnT
levels 16-24 h after PCI, suggesting a possible
assoclation between post-PCI microvascular

resistance changes and minor myocardial injury.
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Because of the small sample size, exploratory
design, and limited multivariable power, these
findings should be interpreted cautiously and

validated in larger multicenter studies.
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Hypothiocyanous Acid Induces Interleukin—-6 Gene
Expression through the Protein Kinase C-MEK-ERK
Signaling Pathway in Human Airway Epithelial Cells
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Background : The role of hypothiocyanous acid (HOSCN), generated by the enzymatic activities of
myeloperoxidase (MPO) and lactoperoxidase (LPO), in airway inflammation remains poorly understood.
Our prior research has demonstrated that HOSCN induces interleukin-6 (IL-6) expression in airway
epithelial cell lines (NCI-H292 cells). However, the underlying mechanisms remain elusive. The aim of
this study was to elucidate the signaling molecules and pathways essential for the induction of IL-6 gene
expression, thereby providing more robust evidence that HOSCN may contribute to airway inflammation.

Materials and Methods : Glucose oxidase was added to the LPO- and thiocyanate-containing
cell culture medium to serve as a source of hydrogen peroxide for HOSCN production. Under these
experimental conditions, we achieved cell stimulation and analyzed key signaling molecules involved in
the induction of IL-6 gene expression using western blotting, quantitative polymerase chain reaction,
and enzyme-linked immunosorbent assay.

Results and Discussion : We identified p38 and extracellular signal-regulated kinase (ERK) as
critical signaling molecules in HOSCN-induced IL-6 gene expression in NCI-H292 cells. Moreover, the
findings indicate that the protein kinase C-mitogen-activated protein kinase/ERK-ERK (PKC-MEK-
ERK) pathway is essential for this induction, strongly implying that it activates transcription factors
such as p65 and c-Fos. HOSCN may activate PKC by modifying thiol groups.

Conclusions : HOSCN, the primary enzymatic reaction product of MPO and LPO, induced IL-6 gene
expression in airway epithelial cell lines through the PKC-MEK-ERK signaling pathway. The present
results may elucidate the mechanisms underlying the pathogenesis of inflammatory diseases closely
associated with MPO and LPO. Furthermore, our findings may contribute to the development of
therapeutic interventions for such conditions.

Key words : airway epithelial cells, hypothiocyanous acid, interleukin—6, mitogen—activated protein

kinase, protein kinase C, myeloperoxidase, lactoperoxidase
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INTRODUCTION

Hypothiocyanous acid (HOSCN) is generated
when myeloperoxidase (MPO) or lactoperoxidase
(LPO) oxidizes thiocyanate (SCN ) in the
presence of hydrogen peroxide (H,O,), resulting
in bactericidal activity" ? 1In the airway, SCN™ is
transported from the basolateral side of epithelial
cells to the apical airway surface liquid3), where
H,0, is supplied by dual oxidases expressed in
airway epithelial cells”. Under inflammatory
conditions, activated neutrophils produce
H,0, through NADPH oxidase 2 (NOX2)" :
consequently, the provide an additional source
of H,0,. MPO 1is synthesized by neutrophils,
whereas LPO is produced by submucosal
glands and goblet cells in the airway mucosa””.
Therefore, the airway surface provides a local
environment in which MPO and LPO can use
H,0, to oxidize SCN ", leading to the formation of
HOSCN. MPO and LPO are implicated in various
inflammatory airway diseases, including asthma,
chronic obstructive pulmonary disease (COPD),
and cystic fibrosis. Abnormalities in the airway
epithelium and persistent inflammation contribute
to the pathophysiology of these conditions®™.

However, the specific role of HOSCN in these
diseases is unknown. Compared with hypochlorous
acid (HOCI1) and hypobromous acid (HOBr),
HOSCN has distinct biochemical properties. HOCI
and HOBr are strong halogenating oxidants that
react with a broad range of biological molecules,
including proteins, lipids, amines, and nucleotides,
and are associated with oxidative tissue damage” .
In contrast, HOSCN is a milder and more selective
oxidant that preferentially targets thiol-containing

%19 This characteristic suggests that

residues
HOSCN modulates redox-sensitive signaling proteins.

Nevertheless, the intracellular signaling
molecules interacting with HOSCN have not
been identified. Currently, the only suggested
candidates are protein tyrosine phosphatases

(PTPs) and protein kinase A (PKA), which have

been implicated in HOSCN-induced signaling
in macrophages and airway epithelial cells,
respectively'" 2.

The inducible inflammatory cytokine
interleukin-6 (IL-6) is rapidly synthesized
in response to infection or tissue injury and
functions as an early alarm signal to coordinate
host defense mechanisms. It facilitates acute-
phase responses, supports hematopoiesis, and
modulates both innate and adaptive immune
responses™ W Additionally, IL-6 influences the
differentiation and activity of various immune cell
populations, thereby affecting the magnitude and
duration of inflammatory responses™ . Under
normal physiological conditions, IL-6 production
1s stringently regulated and decreases following
the removal of the initiating stressor. However,
persistent or dysregulated IL-6 synthesis
has been implicated in chronic inflammatory
pathologies™ ™.

Our previous studies demonstrated that
HOSCN directly initiates inflammatory responses
in airway epithelial cells'” by inducing IL-6 gene
expression15> . However, the precise mechanism
by which HOSCN induces IL-6 expression
remains unknown. In this study, we used an in
vitro HOSCN production system to investigate
the mechanism by which HOSCN induces IL-6
expression in NCI-H292 airway epithelial cells.

METHODS

Reagents and antibodies

Sotrastaurin (AEBO071 : protein kinase C
[PKC] inhibitor), PD184352 (CI-1040 ; mitogen-
activated protein kinase kinase 1/2 [MEK1/2]
inhibitor), ravoxertinib (GDC-0994 ; extracellular
signal-regulated kinase 1/2 [ERK1/2] inhibitor),
adezmapimod (SB203580 ; p38 mitogen-
activated protein kinase [MAPK] inhibitor), and
PTP Inhibitor I were purchased from Selleck
Chemicals (Houston, TX, USA). Primary
antibodies against c-Fos, phosphorylated- and
total MEK1/2, phosphorylated—- and total ERK1/2,
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phosphorylated- and total p38, phosphorylated-
serine PKC substrate, p65, [ —actin, and TATA-
binding protein (TBP) were obtained from Cell
Signaling Technology (Danvers, MA, USA).
Horseradish peroxidase-linked (HRP-linked)
F(ab), fragments were purchased from GE
Healthcare (Chicago, IL, USA). Glucose oxidase
(GOX) was purchased from Wako (Tokyo,
Japan), and LPO was purchased from Worthington
Biochemical Corporation (Lakewood, NJ, USA).
Cell culture

NCI-H292 human lung mucoepidermoid
carcinoma cells were cultured in RPMI-1640
medium (Sigma-Aldrich, St. Louis, MO, USA)
supplemented with 10% fetal bovine serum (FBS)
(HyClone, Logan, UT, USA) and 0.05mg/mL
gentamicin sulfate (Wako) at 37C in a 5% CO,
incubator.

In vitro production and measurements of HOSCN
and H,0,

HOSCN and H,0O, were generated in phenol
red-free RPMI-1640 medium containing 5% FBS,
50mM HEPES (pH 6.9, Wako), 2mM sodium
thiocyanate (NaSCN : Wako), and the indicated
concentrations of GOX in the presence or absence
of 10 ug/mL LPO. HOSCN was measured by
reacting with 5-thio-2-nitrobenzoic acid and
estimating the decrease in absorbance at 412nm
wavelength, as described previouslylﬁj. H,0, levels
were measured at the indicated time points using
the BIOXYTECH H,0,-560™ assay kit (Percipio
Biosciences, Burlingame, CA, USA).

Treatment with inhibitors and exposure to HOSCN

NCI-H292 cells (1.8 x 10° cells/well in six-well
plates or 2.8 X 10° cells/well in 24-well plates)
were pretreated for 30 min with sotrastaurin
(10 uM), PD184352 (5uM), ravoxertinib (10 uM),
or adezmapimod (10 uM). Dimethyl sulfoxide
(DMSO ' final concentration : 0.05%) was used
as a vehicle control. Stimulation was performed in
phenol red-free RPMI-1640 medium containing
5% FBS, 50mM HEPES (pH 6.9), and 2mM
NaSCN. Cells were exposed to HOSCN or H,0,

by adding GOX (24mU/mL) and LPO (10 pug/
mL) or GOX (24mU/mL) only to the culture
medium, as described previously'?. Cells were
harvested after 5h for immunoblotting and
after 7h for quantitative real-time polymerase
chain reaction (qRT-PCR) and enzyme-linked
immunosorbent assay (ELISA).
qRT-PCR

Total RNA was isolated using RNAiso Plus
(Takara Bio, Shiga, Japan), and ¢cDNA was
synthesized using the ReverTra Ace® qPCR RT
Master Mix with gDNA Remover (Toyobo, Osaka,
Japan). Subsequently, gqRT-PCR was performed
using the Power SYBR® Green PCR Master
Mix on a StepOnePlus™ Real-Time PCR System
(Applied Biosystems, Carlsbad, CA, USA). Primer
sequences were as follows : f-actin forward,
5-CCAACCGCGAGAAGATGA-3" ; f-actin
reverse, 5'-CCAGAGGCGTACAGGGATAG-3 ;
1L-6 forward, 5 “TCCTGGTGTTGCCTGCTG-3" ;
IL-6 reverse, 5'-TGCCTCTTTGCTGCTTTCAC-3
(Hokkaido System Science, Sapporo, Japan). Each
sample was analyzed in triplicate. The qPCR
cycling conditions were as follows : 95C for 20s,
followed by 40 cycles of 95C for 3s and 60T for
30s, followed by 95C for 15s and 60C for 60s.
Non-reverse transcriptase controls were included
to exclude genomic DNA contamination, and melt
curve analysis was performed to confirm the
amplification specificity. Relative expression was
calculated by the 2 — AACt method using f-actin
as internal control.
ELISA

IL-6 concentrations in the culture supernatants
were measured using an LBIS Human IL-6
ELISA Kit (Wako). The absorbance was
measured at 450nm wavelength with a correction
at 650 nm wavelength, and the concentrations
were calculated from the standard curves.
Immunoblot analysis

Whole-cell lysates were prepared using
radioimmunoprecipitation assay (RIPA) buffer

containing protease and phosphatase inhibitors.
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Cytosolic and nuclear extracts were prepared as
described previouslym. Equal amounts of protein
were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, transferred
onto polyvinylidene difluoride membranes
(Bio-Rad, Hercules, CA, USA), and incubated
with primary and HRP-linked secondary
antibodies. Signals were visualized by enhanced
chemiluminescence and quantified using the
ImageQuant™ AI 680 software. f—Actin was
used as a loading control for whole-cell lysates,
and TBP was used for nuclear extracts.
Statistical analysis

Data are presented as the mean * standard
deviation from a minimum of three independent
experiments. Statistical analysis was performed
using one-way analysis of variance followed
by Tukey’s multiple comparison test. P-values
<0.05 denote statistically significant differences
(GraphPad Prism 10.1.0 software, GraphPad
Software Inc., San Diego, CA, USA).

RESULTS

We sought to examine the impact of HOSCN
on cells ; therefore, GOX, LPO, and SCN~ were
introduced into the culture medium to facilitate

continuous exposure to HOSCN. Initially, the

A

1000
800

600

H,0; (uM)

Hours

Figure 1 In vitro H,0, and HOSCN generation

production rates of H,O0, and HOSCN were
quantitatively assessed over time under cell-free
conditions (Figure 1). In the absence of LPO,
the production of H,0, was dependent on the
concentration of GOX (Figure 1A). When LPO was
maintained at a constant concentration of 10 ug/
mL, the production of HOSCN depended on the
amount of H,O, generated by GOX (Figure 1B).
As previously reported, HOSCN is unstable in
aqueous environments, with its concentration
peaking within 3-5h'. Following a 7-h reaction
with LPO, even at a GOX concentration of
24 mU/mL, H,0, was not detected, given that
the detection limit of the measurement method
was 1 uM. These findings suggest that all H,0, is
consumed by LPO, resulting in exposure of cells
solely to HOSCN under these conditions.

Previous studies have shown that exposure of
NCI-H292 cells to HOSCN results in the activation
of p38, whereas c-Jun remains inactive'”. In this
study, we examined whether ERK1/2 (another
MAPK) is activated by exposure to HOSCN and
compared this with exposure to H,O,, an agent
reported to activate MAPKs in other cell types™.
As shown in Figure 2A (lanes 1-4), western
blot analysis using phospho-specific antibodies
revealed that the levels of phosphorylated ERK

B

400 4

w
8

HOSCN (uM)
8

100 1

Hours

The production of H,0, (A) and HOSCN (B) in the culture medium was quantified over time.
Enzyme reactions were conducted in RPMI-1640 medium supplemented with 2mM NaSCN and

various concentrations of GOX : 2mU/mL (cross), 4mU/mL (square), 12mU/mL (triangle), and
24mU/mL (black circle). These reactions were conducted either without (A) or with (B) the
addition of 10 ug/mL LPO for the specified durations. Each experiment was performed at least
thrice. GOX, glucose oxidase ; H,O,, hydrogen peroxide ; HOSCN, hypothiocyanous acid ; LPO,
lactoperoxidase ; NaSCN, sodium thiocyanate.
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Figure 2 HOSCN increases MEK1/2 and ERK1/2 phosphorylation in NCI-H292 cells
NCI-H292 cells were incubated for 5h with increasing concentrations of GOX in the presence or absence of LPO
(10 pg/mL) and analyzed by immunoblotting. Whole—cell lysates were immunoblotted for (A) phosphorylated-
ERK1/2 (Thr202/Tyr204) and total ERK1/2, and (B) phosphorylated-MEK1/2 (Ser217/221) and total
MEK1/2. f-Actin was used as loading control. Lane numbers are shown below each blot. Lanes 1-4 and 5-8
represent cells stimulated in the presence and absence of LPO, respectively. In the presence of LPO, increasing
GOX concentrations enhanced ERK1/2 and MEK1/2 phosphorylation. In contrast, weak phosphorylation was
observed in the absence of LPO. Representative blots are shown. Similar results were obtained from at least two
independent experiments. ERK1/2, extracellular signal-regulated kinase 1/2 ; GOX, glucose oxidase ; HOSCN,

hypothiocyanous acid ; LPO, lactoperoxidase ; MEK1/2, mitogen—activated protein kinase kinase 1/2.

(a marker of kinase activation) increased with
increasing concentrations of HOSCN. No changes
were observed in the total ERK or f-actin levels.
In addition, ERK phosphorylation was observed in
a concentration-dependent manner following the
exposure of cells to H,O, (Figure 2A, lanes 5-8).
However, the phosphorylation level was <50% of
that observed after exposure to HOSCN. Similar
phosphorylation patterns were noted for MEK1/2,
the kinase responsible for ERK phosphorylation
(Figure 2B, lanes 1-8). These results suggest
that HOSCN activates the MEK-ERK signaling
pathway more effectively than H,O..

Next, we investigated whether MEK1/2,
ERK1/2, and p38, which are activated following
exposure to HOSCN, contribute to HOSCN-

induced IL-6 mRNA expression using specific
inhibitors. After 7h of exposure to HOSCN
without inhibitors, IL-6 mRNA levels exhibited
an approximately 100-fold increase. When the
induction level was set to 100%, the relative 1L-6
mRNA levels in the presence of MEK1/2, ERK1/2,
and p38 inhibitors were 61%, 20%, and 28%,
respectively (Figure 3). These findings suggest
that MEK1/2, ERK1/2, and p38 are crucial for
the induction of IL-6 mRNA expression following
exposure to HOSCN.

PKC is a signaling molecule upstream of
MEK1/2". Thus, we measured the levels of
phosphorylated-PKC substrates to investigate
whether PKC activation is triggered by exposure

to HOSCN. Western blot analysis using an
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Figure 3 Inhibition of MEK, ERK, and p38 attenuates
HOSCN-induced IL-6 mRNA expression in NCI-H292
cells
NCI-H292 cells were pretreated for 30 min with
the indicated inhibitor or vehicle (DMSO ; final
concentration, 0.05%) and exposed to HOSCN (10 pug/
mL LPO, 24mU/mL GOX) for 7h. IL-6 mRNA
levels were measured by qRT-PCR, normalized
to the levels of f-actin, and expressed relative to
the HOSCN-stimulated condition, which was set at
100%. HOSCN increased IL-6 mRNA expression
compared with that recorded in the unstimulated
condition, and this response was attenuated by the
inhibition of MEK, ERK, or p38. The inhibitors used
were PD184352 (MEK inhibitor, 5 uM), ravoxertinib
(ERK inhibitor, 10 uM), and adezmapimod (p38
inhibitor, 10 uM). Each data point represents the
average value obtained from the technical triplicates
of a single independent experiment. Data are
presented as the mean£=SD from at least three
independent experiments. Statistical significance
was determined using one-way analysis of variance
(ANOVA), followed by Tukey's multiple comparison
test. **P<0.01, **P<0.001, and ***P<0.0001. DMSO,
dimethyl sulfoxide ; ERK, extracellular signal-
regulated kinase ; HOSCN, hypothiocyanous acid ;
IL-6, interleukin—6 ; MEK, mitogen—-activated protein
kinase kinase ; SD, standard deviation.

antibody specific to phosphorylated-serine
residues on PKC substrates demonstrated an
increase in phosphorylated-PKC substrates
following a 5-h exposure to HOSCN. Conversely, the
addition of a PKC inhibitor (sotrastaurin) markedly
attenuated this increase in phosphorylation. These
findings indicate that exposure to HOSCN leads to
activation of PKC (Figure 4A and B).

Subsequently, we examined the significance

inhibitor, the expression of IL-6 mRNA induced
by HOSCN was reduced to approximately 38% of
the uninhibited levels, indicating that PKC plays
a role in HOSCN-induced IL-6 mRNA expression
(Figure 4C). Additionally, we confirmed that
PKC functions upstream of the MEK-ERK
signaling pathway in cells using a PKC inhibitor.
The PKC inhibitor significantly diminished
HOSCN-induced phosphorylation of ERK1/2
and MEK1/2 (Figure 5A and B). These results
suggest that PKC operates upstream of the
MEK-ERK signaling pathway and that HOSCN
triggers IL-6 mRNA expression through this
pathway. Conversely, the PKC inhibitor did not
influence the phosphorylation of p38 (Figure 5C).
This finding implies the potential existence of an
alternative target molecule for HOSCN upstream
of p38.

The transcription factors c-Fos and nuclear
factor-kB (NF-«xB) are crucial for IL-6
transcriptionw. These transcription factors
accumulate in the nucleus following their activation.
To investigate whether exposure to HOSCN
triggers the activation of these transcription factors
via the PKC-MEK-ERK signaling pathway, we
assessed the levels of these transcription factors in
the nucleus (Figure 6). After 5h of exposure to
HOSCN, the levels of c-Fos and the p65 subunit
of NF-«B increased in the nuclei of cells. These
increases were inhibited by PKC and ERK
inhibitors, suggesting that exposure to HOSCN
activates the PKC-MEK-ERK signaling pathway,
leading to c-Fos and NF-«B activation in cells.

We also examined whether inhibitors of ERK1/2,
MEK1/2, and PKC suppressed HOSCN-induced
IL-6 protein expression (Figure 7). In the absence
of inhibitors, exposure to HOSCN for 7h resulted in
a significant increase in the concentration of IL-6
in the culture supernatant (3.4-fold change). This
increase was notably diminished by pretreatment

with the respective inhibitors. These findings



Do H. et al : Hypothiocyanous Acid Induces Interleukin-6 Gene Expression through the Protein Kinase

C-MEK-ERK Signaling Pathway in Human Airway Epithelial Cells 101
A B
p-(Ser) PKC Substrate
HOSCN — + + e 1507
>
PKC inhibitor — - + _ g
>
= 100
- ? 100-
c
| @
"E 72
- - 57
H <€— p-(Ser) PKC Substrate o )
> 50+
=
K
()
- - - Y
0-

e foats HOSCN - + +
— e e— <F' -aclin
PKC inhibitor - -

C IL6

-
A
g

% % %k *k %k

100-

Relative mRNA Expression (fold)

50+
0
HOSCN - + +
PKC inhibitor - - +

Figure 4 PKC inhibition attenuates HOSCN-induced PKC substrate phosphorylation and IL-6 mRNA expression in
NCI-H292 cells
NCI-H292 cells were pretreated for 30 min with sotrastaurin (PKC inhibitor, 10 uM) or vehicle (DMSO : final
concentration, 0.05%) and exposed to HOSCN (10 ug/mL LPO, 24mU/mL GOX). (A) After 5h, whole—cell lysates
were analyzed by immunoblotting with a phospho-(Ser) PKC substrate antibody, with f-actin used as loading
control. (B) Densitometric values are expressed relative to the unstimulated condition, which was set at 100%. (C)
After 7h, IL-6 mRNA levels were measured using qRT-PCR, normalized to the levels of f-actin, and expressed
relative to the unstimulated condition. HOSCN increased PKC substrate phosphorylation and IL-6 mRNA
expression, both of which were attenuated by PKC inhibition. Representative blots are shown. Similar results
were obtained from at least two independent experiments for each group. The qPCR data are presented as the
mean * SD from at least three independent experiments. Each data point represents the average value obtained
from technical triplicates of a single independent experiment. Statistical significance was determined using one-
way analysis of variance (ANOVA), followed by Tukey's multiple comparison test. *P<0.01, **P<0.001. DMSO,
dimethyl sulfoxide ; GOX, glucose oxidase ; HOSCN, hypothiocyanous acid ; IL-6, interleukin-6 ; PKC, protein
kinase C ; gRT-PCR, quantitative real-time polymerase chain reaction ; SD, standard deviation.

indicate that inhibition of the PKC-MEK1/2-
ERK1/2 signaling pathway may attenuate HOSCN-
induced inflammatory responses. It has been suggested that MPO and LPO play

DISCUSSION

. . . . 8) .
roles in airway inflammation” ; however, the
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Figure 5 PKC inhibition attenuates HOSCN-induced MEK1/2 and ERK1/2 phosphorylation but not p38
phosphorylation in NCI-H292 cells
NCI-H292 cells were pretreated for 30 min with sotrastaurin (PKC inhibitor, 10 uM) or vehicle (DMSO ; final
concentration, 0.05%) and exposed to HOSCN (10 ug/mL LPO, 24mU/mL GOX) for 5h. Whole—-cell lysates were
immunoblotted for (A) phosphorylated-MEK1/2 (Ser217/221) and total MEK1/2, (B) phosphorylated-ERK1/2 (Thr202/
Tyr204) and total ERK1/2, and (C) phosphorylated-p38 (Thr180/Tyrl82) and total p38 proteins. f—Actin was used as
loading control. HOSCN increased the phosphorylation of MEK1/2, ERK1/2, and p38 MAPK. Sotrastaurin attenuated
HOSCN-induced phosphorylation of MEK1/2 and ERK1/2, whereas p38 phosphorylation remained unaffected under
the present conditions. Densitometric values were normalized to the corresponding total protein and expressed
relative to the HOSCN-stimulated condition, which was set at 100%. Representative blots are shown. Similar results
were obtained from at least two independent experiments. DMSO, dimethyl sulfoxide ; ERK1/2, extracellular signal-
regulated kinase 1/2 ; GOX, glucose oxidase ; HOSCN, hypothiocyanous acid ; MAPK, mitogen-activated protein
kinase ; MEK1/2, mitogen—activated protein kinase kinase 1/2 ; PKC, protein kinase C.

precise mechanisms by which the products of evaluated the effects of HOCL However, studies
these peroxidases initiate inflammatory responses on HOSCN are limited. This scarcity is partly

are unclear. Numerous studies on MPO have attributable to the short half-life of HOSCN
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Figure 6 PKC and ERK inhibition attenuate HOSCN-induced nuclear c-Fos and p65 accumulation in NCI-H292 cells
NCI-H292 cells were pretreated for 30 min with sotrastaurin (PKC inhibitor, 10 uM), ravoxertinib (ERK inhibitor,
10 uM), or vehicle (DMSO:final concentration, 0.05%) and exposed to HOSCN (10 pg/mL LPO, 24 mU/mL GOX)
for 5h. Nuclear extracts were immunoblotted for (A) c-Fos and (B) p65, with TBP used as the nuclear loading
control. HOSCN increased the nuclear accumulation of c-Fos and p65. Both responses were attenuated by PKC
and ERK inhibition. Densitometric values were normalized to those of TBP and expressed relative to HOSCN-
stimulated conditions, which were set to 100%. Representative blots are shown. Similar results were obtained from
at least two independent experiments. DMSO, dimethyl sulfoxide ; ERK, extracellular signal-regulated kinase ;
GOX, glucose oxidase ; HOSCN, hypothiocyanous acid ; PKC, protein kinase C ; TBP, TATA-binding protein.

in aqueous solution (approximately 30 min)?, has not been previously reported for other cell

which poses challenges to its handling. In this
study, we employed a culture system utilizing
GOX and LPO to facilitate continuous production
of HOSCN. By analyzing the effects of various
signal transduction inhibitors on HOSCN-induced
IL-6 expression, we discovered that HOSCN
activated PKC. To our knowledge, this finding

types and represents a significant contribution
to the literature. Although the mechanism by
which HOSCN activates PKC remains unclear,
we propose two possible mechanisms for PKC
activation by HOSCN.

Firstly, HOSCN may directly affect PKC via

oxidation-sensitive regulatory motifs. This is
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Figure 7 PKC, MEK, and ERK inhibition suppresses
HOSCN-stimulated IL-6 protein production in
NCI-H292 cells
NCI-H292 cells were pretreated for 30 min with
the indicated inhibitor or vehicle (DMSO ; final
concentration, 0.05%) and exposed to HOSCN
(10 pg/mL LPO, 24 mU/mL GOX) for 7h. Culture
supernatants were collected, and IL-6 concentrations
were measured using ELISA. HOSCN increased IL-6
protein production compared with the unstimulated
condition, and this response was attenuated by the
inhibition of PKC, ERK, and MEK. The inhibitors
used were sotrastaurin (PKC inhibitor, 10 uM),
ravoxertinib (ERK inhibitor, 10 uM), and PD184352
(MEK inhibitor, 5uM). Each data point represents
the average value obtained from the technical
triplicates of a single independent experiment.
Data are presented as the mean=SD from at
least three independent experiments. Statistical
significance was determined using one-way analysis
of variance (ANOVA), followed by Tukey's multiple
comparison test. ****P<0.0001. DMSO, dimethyl
sulfoxide ; ELISA, enzyme-linked immunosorbent
assay ; ERK, extracellular signal-regulated kinase ;
GOX, glucose oxidase ; HOSCN, hypothiocyanous
acid ; IL-6, interleukin-6 ; LPO, lactoperoxidase;
MEK, mitogen-activated protein kinase kinase ; PKC,
protein kinase C ; SD, standard deviation.

because HOSCN has high thiol selectivity, and
various PKC isoforms contain cysteine-rich,
redox-sensitive, and zinc-binding regulatory

domains®

. Furthermore, previous studies have
reported that although PKC activation typically
involves an increase in diacylglycerol, it can also
be activated by the oxidation of cysteine residues
within the Cl domain without an increase in

diacylglycerol®. Therefore, HOSCN may react

the inhibition of PTP by HOSCN. The activation
of various signaling molecules may be regulated
by the balance between kinases and phosphatases,

W Therefore,

and reduces intracellular PTP activity
the weakening of PTP, which impairs signal
transduction, may lead to the activation of PKC. We
confirmed that adding a PTP inhibitor to NCI-H292
cells resulted in ERK phosphorylation, which acts
downstream of PKC ; nevertheless, it did not induce
IL-6 mRNA expression (data not shown). These
results suggest that although HOSCN inhibits PTP
activity and promotes PKC activation, this activity
alone is insufficient to induce IL-6 mRNA expression.
Therefore, we propose that HOSCN activates PKC
via an alternative, indirect, and potentially more
efficacious mechanism.

Our study demonstrated that the PKC-MEK-
ERK signaling pathway is crucial for HOSCN-
induced IL-6 expression. This finding is significant
for understanding the relationship between
HOSCN and the pathogenesis of inflammation-
related diseases. However, inhibition of the PKC-
MEK-ERK pathway did not completely suppress
HOSCN-induced IL-6 expression, indicating the
involvement of an alternative pathway. Therefore,
in addition to the PKC-MEK-ERK signaling
pathway, this alternative pathway is crucial for
understanding the pathogenesis of HOSCN-
induced inflammation. Notably, treatment with a
PKC inhibitor did not affect HOSCN-induced p38
activation, whereas p38 inhibitors significantly
suppressed HOSCN-induced IL-6 expression ;
this evidence suggests that this alternative
pathway involves p38 MAPK. In macrophages,
apoptosis signal-regulating kinase 1 mediates
p38 activation induced by oxidative stress™. It
i1s plausible that similar molecules are involved
in airway epithelial cells. Understanding the
mechanism of p38 activation by HOSCN is
essential for elucidating the pathogenesis of

HOSCN-induced inflammatory diseases.
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The blood concentrations of SCN™ and Cl™
in humans are approximately 5-70 uM” and
100 mM?’, respectively. Although SCN™ is
present at a markedly lower concentration than
Cl, its substrate affinity for MPO is >730-fold
greater than that of cr®
that HOCI and HOSCN are produced at similar

26)

; these data indicate
levels™. However, if the blood concentration of
SCN' increases, this balance shifts, and HOSCN
becomes predominant®. Smokers exemplify
this scenario, as their blood SCN concentration
exhibits a 3-5-fold increase due to the metabolism
of tobacco components”™ ® 1In instances where the
SCN™ concentration is five-fold higher, in vitro
experiments suggest that the product generated
by MPO is almost exclusively HOSCN* 2. COPD
resulting from prolonged smoking is associated

0 Sputum

with neutrophilic airway inflammation
MPO levels are increased in patients with COPD,
especially during exacerbations™ . Consequently,
we propose that elevated levels of HOSCN are
generated in patients during exacerbations. As
illustrated in Figure 6, HOSCN activates p65
(a principal component of NF-«xB) via ERK
activation. Numerous studies have established
the significant involvement of ERK and NF-
kB in the pathogenesis of COPD** *. Hence,
we hypothesized that the activation of ERK
and NF-xB by HOSCN during exacerbations
may contribute to disease progression. We are
currently investigating this hypothesis.

In addition to its role in COPD, we propose
that HOSCN may contribute to the pathogenesis
of asthma, which is characterized by eosinophil
infiltration. Eosinophil peroxidase (an enzyme
produced by eosinophils) utilizes SCN™~ and
bromide ions as substrates in vivo, with a
higher affinity for SCN™ ; as a result, HOSCN

21)
. Furthermore,

1s the predominant product
interleukin-13 (IL-13), which plays a pivotal
role in the pathogenesis of asthma, induces
the proliferation of airway epithelial cells

and the differentiation of goblet cells through

ERK signaling, thereby exacerbating chronic

336 Based on our results and

inflammation
these reports, we hypothesized that HOSCN
may enhance ERK activation mediated by IL-
13. Future studies should determine whether
HOSCN exerts an additive or synergistic effect
on ERK activation by IL-13.

Our research has shown that HOSCN
stimulates the expression of pro-inflammatory
cytokines, including IL-8, tumor necrosis factor-a
(TNF-q), IL-1B, and IL-6". HOSCN appears to
enhance the inflammatory response by promoting
the expression of various pro-inflammatory
cytokines. In this study, we used NCI-H292
cells derived from cancerous cells, which do not
represent normal epithelial cells. Therefore, these
findings should be validated using primary airway
epithelial cells in future studies.

Our results indicate that inhibitors targeting
individual components of the PKC-MEK-ERK
signaling pathway may be therapeutic agents
for inflammatory diseases. Nevertheless, given
the role of PKC, MEK, and ERK in maintaining
homeostasis® *, broad systemic inhibition of
these molecules could result in the occurrence
of adverse events. For instance, MEK inhibitors
administered to patients with neurofibromatosis
type l-associated tumors have been associated
with dermatological, cardiac, and ophthalmological
toxicity™. Consequently, we propose that strategies
facilitating local rather than systemic inhibition, such
as topical application similar to steroid inhalation,
may be effective. In future research, we intend
to investigate the development of local delivery
methods and evaluate their efficacy in vivo.

In summary, the present study demonstrates
that HOSCN induces IL-6 mRNA expression
and IL-6 protein production in NCI-H292 airway
epithelial cells, and these effects are associated
with the activation of multiple kinase pathways.
Our findings support a model in which the PKC-
MEK-ERK pathway constitutes an important
signaling route contributing to HOSCN-induced
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IL-6 production, whereas p38 functions as an
additional contributory branch with a distinct
upstream regulatory pattern. This framework may
help advance our understanding of the mechanism
through which oxidant-rich airway environments
amplify epithelial inflammation and guide future
studies aimed at evaluating relevant signaling

molecules as potential therapeutic targets.
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No Regrets : A Surgeon’s Decision to Return to His Alma Mater

Takeyuki Misawa

Department of Surgery (Hepato-Biliary-Pancreatic Surgery Group), Teikyo University School of Medicine, Tokyo, Japan

In April 2020, 34 years after graduating from Teikyo University School of Medicine (Tokyo, Japan), 1

returned to my alma mater and had the privilege of engaging in clinical practice, education, and research for

6 years. Based on my retirement lecture delivered in February 2026, this article reflects on my journey as a

surgeon and on the 6 years spent at Teikyo University. This article describes my experiences in hepatobiliary

and pancreatic surgery, hernia surgery, and robotic surgery, as well as the lessons learned through research

activities and the education of younger surgeons. It also highlights the importance of encounters with
mentors and colleagues and the values that I have cherished throughout my career as a surgeon. Looking
back, returning to my alma mater after 34 years was a unique and invaluable opportunity. I hope that some
of the experiences and thoughts described in this article may provide guidance and encouragement to
younger generations of physicians as they consider their future careers and ways of life.

Key words : surgeon, alma mater, surgical education, robotic surgery, minimally invasive surgery
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