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ORIGINAL ARTICLE
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ABSTRACT

Background Oxidative stress is a major aetiological
factor driving chronic obstructive pulmonary disease
(COPD). Recently recognised as potent antioxidants,
reactive persulfide and polysulfide species are
biosynthesised by cystathionine B-synthase and
cystathionine y-lyase. The production of reactive
persulfide and polysulfide species in the lungs of patients
with COPD remain unknown.

Objectives The aim of this study was to examine the
production of reactive persulfides and polysulfides, such
as glutathione persulfide (GSSH), cysteine persulfide
(CysSSH) and glutathione trisulfide (GSSSH), in lung-
resident cells and epithelial lining fluid (ELF) obtained
from patients with mild to moderate COPD.

Methods Lung tissues, primary lung cells, ELF and
sputum were obtained. The amounts of reactive
persulfides and polysulfides in the cells and ELF

were measured by liquid chromatography—tandem
mass spectrometry with 3-(4-hydroxyphenyl) ethyl
iodoacetamide as a trapping agent for hydroper/
polysulfides. The amounts of synthases in the lung
tissues, sputum and primary cells were quantified.
Results The amounts of GSSH, CysSSH and GSSSH
were decreased in the lung cells and ELF from patients
with COPD. The amounts of reactive persulfides and
polysulfides in the lung cells had a positive correlation
with the degree of airflow limitation. By contrast, the
amounts of the synthases were increased in the lung
tissues and sputum cells of patients with COPD.
Conclusions We have identified a decrease in reactive
persulfide and polysulfide species in the lungs of patients
with COPD. These data suggest that the newly detected
antioxidants reactive persulfides and polysulfides could
be associated with the redox balance in the lungs of
patients with COPD.

INTRODUCTION

The major aetiological factor driving chronic
obstructive pulmonary disease (COPD) is oxidative
stress in the lung.'™ Oxidative stress arises from
endogenous antioxidant defences that are genet-
ically impaired and/or are overwhelmed by the
presence of reactive oxygen species (ROS) and reac-
tive nitrogen species (RNS), which are both exog-
enously and endogenously derived.>™"® Although
glutathione (GSH) is believed to provide a primary

What is the key question?

» Do reactive persulfide and polysulfide species,
newly identified as potent antioxidants, exist
in human lungs, and if so, do they have a
role in the redox status of chronic obstructive
pulmonary disease (COPD)?

What is the bottom line?

» This study is the first to quantify the amounts
of reactive persulfides and polysulfides (eg,
glutathione persulfide, cysteine persulfide and
glutathione trisulfide) in human lungs, and the
amounts of reactive persulfide and polysulfide
species are decreased in the lung-resident
cells as well as in airway epithelial lining fluid
obtained from patients with COPD.

Why read on?

» These data suggest that a decrease in reactive
persulfides and polysulfides is associated with
a redox imbalance in the lungs of patients
with COPD. Therefore, targeting reactive
persulfides and polysulfides may be a potential
new strategy to combat various pathogenic
processes mediated by oxidative stress in COPD.

antioxidant defence against oxidative stress, the
profiles of endogenous antioxidants in the lung
have not yet been fully elucidated.® 1112

Recently, we originally reported a liquid chro-
matography electrospray ionisation tandem mass
spectrometry  (LC-ESI-MS/MS) based method
using monobromobimane (MBB) to measure reac-
tive persulfide and polysulfide species, such as
glutathione persulfide (GSSH), cysteine persulfide
(CysSSH) and glutathione trisulfide (GSSSH), in
cells and plasma from humans." '* We also demon-
strated that reactive persulfides are highly reactive
and extremely powerful antioxidants that actually
regulate oxidative stress and redox signalling medi-
ated by various electrophilic oxidants.”*™ Addi-
tionally, we showed that CysSSH is biosynthesised
from cystine by cystathionine B-synthase (CBS)
and cystathionine y-lyase (CSE), which in turn may
contribute to the production of GSSH and other
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Chronic obstructive pulmonary disease

CysSSH derivatives formed in humans.' ' *® The antioxidant
capacity and reactivity of GSSH and CysSSH are approximately
10-100 times greater than those of GSH and cysteine (CysSH)."
151719 Currently, the amounts of reactive persulfide and polysul-
fide species and their biosynthesis in the lungs of patients with
COPD remain unknown. The goal of this study was to rigorously
identify reactive persulfide and polysulfide species generated
under various physiological and pathophysiological conditions.
However, the LC-MS/MS analysis with MBB that was employed
previously had some disadvantages; MBB degrades the polysul-
fide structure because of its strong electrophilicity, which causes
an artefactual decrease in various polysulfides and their MBB
adducts. It is therefore essential to use a more effective trap-
ping agent, that is B-(4-hydroxyphenyl)ethyl iodoacetamide
(HPE-TAM), which can effectively react with hydropolysulfides
without affecting the entire polysulfide structure and can form
more stable adducts than those created in the MBB reaction.

The present study had the following aims: to determine reac-
tive persulfide and polysulfide amounts generated in primary
lung-resident cells and epithelial lining fluid (ELF) from patients
with COPD using LC-ESI-MS/MS with a new per/polysulfide
probe (ie, HPE-IAM); and to analyse the expression of CBS and
CSE in the lungs and airways of patients with COPD.

MATERIALS AND METHODS
A complete version of the materials and methods is provided in
the online supplementary material.

Subjects

Study subjects from Tohoku University Hospital participated in
the study between January 2013 and July 2016. The subjects for
each study using primary cultured cells, ELF samples, histolog-
ical materials or sputum samples were independently recruited
and did not overlap. All patients with COPD satisfied the Global
Initiative for Chronic Obstructive Lung Disease (GOLD) guide-
line criteria.! Current smokers were excluded, and all ex-smokers
had quit smoking for at least 1year before the study. Thirteen
patients with COPD and 17 non-COPD subjects were included

in the primary cell study (table 1). Both bronchus and periph-
eral lung tissues were obtained from patients with or without
COPD undergoing lung cancer surgery, avoiding areas involved
by tumours. The tissues were used for the culture of primary
lung-resident cells, including bronchial epithelial cells and lung
fibroblasts.?’ 2! Thirteen patients with COPD and 10 non-COPD
subjects were included in the ELF study (see online supplemen-
tary table S1). ELF samples were obtained by a bronchoscopic
microsampling method described in a previous study.** Eighteen
patients with COPD and 32 non-COPD subjects (18 non-COPD
never-smokers and 14 non-COPD ex-smokers) were included in
the immunohistochemical study (see online supplementary table
S2). The lung tissues obtained from patients with or without
COPD undergoing lung cancer surgery were used for immu-
nohistochemical staining. Twenty-six patients with COPD and
11 non-COPD subjects were included in the sputum study (see
online supplementary tables S3 and S4). Sputum samples were
obtained by using a hypertonic saline inhalation method.” All
subjects performed pulmonary function tests after enrolment
in the study. Written informed consent was obtained from all
subjects who participated in this study. All experiments in this
study were approved by the ethics committee of Tohoku Univer-
sity Graduate School of Medicine.

Determination of reactive persulfide and polysulfide species

Intracellular and extracellular reactive persulfide and polysul-
fide species were quantified by LC-MS/MS with HPE-IAM as
a new trapping agent for hydropersulfides and polysulfides (see
online supplementary figure S1). Compared with the MBB trap-
ping reported earlier, the use of HPE-IAM greatly improved the
efficacy of capture of the various persulfides and polysulfides
and could stabilise their respective HPE-IAM adducts (see online
supplementary figure S1). To measure the amounts of intracel-
lular reactive persulfides of primary cells under basal conditions,
primary bronchial epithelial cells were seeded at a density of
1x10° cells/mL in a 24-well plate, cultured for 48 hours and
then further cultured in growth factor-free medium for the
next 24 hours. The cultured cells were lysed by sonication in

Table 1 Characteristics of subjects in the primary cell study

Non-COPD COPD
Subjects (n) 17 13 p Value
Age (years) 67.0 (62.5-75.0) 68.0 (65.5-73.5) 0.642
M/F 8/9 1211 0.017
Ex-smokers/never-smokers 6/11 13/0 <0.001
Smoking history (pack-year) 0.5 (0.0-29.6) 55 (37.0-69.0) <0.001
FVC (L) 3.05 (2.52-3.73) 3.47 (3.11-3.71) 0.110
FVC %predicted 110.5 (93.4-118.4) 99.1 (92.8-112.9) 0.379
FEV, (1) 2.34 (2.01-2.79) 2.27 (1.85-2.48) 0.425
FEV, %predicted 103.7 (94.9-114.9) 794 (69.2-92.3) <0.001
FEV,/FVC (%) 80.4 (76.2-84.3) 67.2 (56.2—68.4) <0.001
D, %opredicted 116.1 (91.1-138.1) 90.4 (72.0-105.3) 0.009
D,/V, %predicted 98.5 (90.2-110.6) 83.7 (61.1-95.3) 0.005
GOLD stage (I/1I/111/1V) - 6/5/2/0
Treatment = 12

(LAMA alone/LABA alone) (n)

Data are presented as the median (with interquartile ranges). Data were analysed using a Wilcoxon rank sum test or Fisher's exact test.
D, diffusing capacity of the lung for carbon monoxide; FEV,, forced expiratory volume in 1's; FVC, forced vital capacity; GOLD, Global Initiative for Chronic Obstructive

Pulmonary Disease; LABA, long-acting B2 antagonist; LAMA, long-acting muscarinic antagonist; V,, alveolar volume.
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a 0.2mL cold methanol solution containing 1mM HPE-IAM.
To measure the amounts of reactive persulfide and polysulfide
species in ELF, 10 uL of ELF was mixed with 100 uL of cold
methanol solution containing 1mM HPE-IAM. These cell
lysates and ELF sample solutions were incubated at 37°C for
30min. After centrifugation (14 000 X g, 10min, 4°C), the
supernatants were collected. Aliquots of the supernatants were
diluted 10-100 times with distilled water containing known
amounts of stable isotope-labelled internal standards, as sche-
matised in online supplementary figure S1. The LC-ESI-MS/
MS analyses were performed using a triple quadrupole (Q) mass

(A)
Primary bronchial epithelial cells
non-COPD COPD
SSP-4
Phase
contrast
image
(B)
Primary lung fibroblasts
non-COPD COPD
SSP-4
Phase | i 2
contrast | )
image
(€)
r=0.79
~ 1504 p <0.001
X
= o
T
g 00l °%°o
5 o
® * o“ °
a
o 50
s °
@
w 0 T T v
0 100 200 300

SSP-4 relative intensity (a.u.)

Figure 1

spectrometer LCMS-8050 (Shimadzu, Kyoto, Japan) coupled
to a Nexera UHPLC system (Shimadzu). Polysulfide derivatives
were separated using a Nexera UHPLC with a YMC-Triart C18
column (50x2.0mm inner diameter) with a linear 5-90% meth-
anol gradient for 15 min in 0.1% formic acid at 40°C (flow rate
0.2 mL/min; injection volume 10 uL). MS spectra were obtained
with the temperature of the ESI probe, desolvation line, and heat
block at 300°C, 250°C and 400°C, respectively; the nebuliser,
heating and drying nitrogen gas flows were set to 3, 10 and 10
L/min, respectively. Various polysulfide derivatives were identi-
fied and quantified using multiple reaction monitoring (MRM).
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Decrease in intracellular reactive persulfide and polysulfide species in human lung-resident cells from patients with chronic obstructive

pulmonary disease (COPD). Representative images of sulfane sulfur probe 4 (SSP-4) fluorescence in primary bronchial epithelial cells (A, left panels)
and primary lung fibroblasts (B, left panels) are shown. The amounts of intracellular reactive persulfides and polysulfides in primary bronchial
epithelial cells (A, right panel) and primary lung fibroblasts (B, right panel) from study subjects were measured using a fluorescence microplate reader
(bronchial epithelial cells: non-COPD, n=9; COPD, n=8; lung fibroblasts: non-COPD, n=7; COPD, n=>5). Correlations between the percent predicted
values of forced expiratory volume in 15 (FEV, %predicted) and the SSP-4 fluorescence intensities in primary bronchial epithelial cells (C) and primary
lung fibroblasts (D) are shown. r is the correlation coefficient. Data represent the median (with interquartile ranges). Data were analysed using
Wilcoxon rank sum tests. Correlations were established using Spearman’s tests. Scale bars=100 pym. a.u., arbitrary units.
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See online Supplementary table S5 which summarises the MRM
parameters for each HPE-IAM adduct of different per/polysul-
fides, including their stable isotope-labelled derivatives.

Statistical analysis

All data are expressed as medians (with interquartile ranges). Statis-
tical tests were performed using GraphPad Prism 6.0] (GraphPad
Software Inc, San Diego, California, USA) or R version 3.4.0 (R
Foundation for Statistical Computing, Vienna, Austria). Statistical
analyses were assessed by Wilcoxon rank sum tests to compare all
continuous variables between two groups. For comparisons among
three groups, a Kruskal-Wallis test was followed by Dunn’s test.
Statistical correlation analyses were performed using Spearman’s
test. Multiple regression analyses were performed for evaluating
the effect of potential confounding factors. p Values less than 0.05
were considered significant.

RESULTS

Decrease in intracellular reactive persulfide species in
primary lung-resident cells from patients with COPD

To investigate the amounts of reactive persulfides and polysulfides
in primary lung-resident cells, we used a sulfane sulfur probe 4
(SSP-4), which is a recently developed fluorescence probe with
high specificity for reactive persulfides and polysulfides. The char-
acteristics of the subjects in the primary cell study are provided in
table 1. Staining with SSP-4 revealed that the amounts of intra-
cellular reactive persulfides and polysulfides were significantly
decreased in the bronchial epithelial cells from the patients with
COPD (77.3 (31.3-98.2) arbitrary units (a.u.)) compared with
those from the non-COPD subjects (197.4 (158.0-239.3) a.u.,
p<0.001, figure 1A). Reactive persulfides and polysulfides were
also decreased in primary lung fibroblasts (COPD, 57.9 (42.9—
71.4) vs non-COPD, 81.6 (70.2-104.0) a.u., p=0.030, figure 1B).
The levels of SSP-4 fluorescence in primary bronchial epithelial
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cells (r=0.79, p<0.001, figure 1C) as well as primary lung fibro-
blasts (r=0.80, p=0.002, figure 1D) were significantly correlated
with the degree of airflow limitation in the patients from which
these cells were collected.

Decrease in GSSH and CysSSH in primary bronchial epithelial
cells from patients with COPD

Next, we measured the amounts of individual reactive persulfide
species in primary cells by LC-ESI-MS/MS (figure 2 and see online
supplementary figure S2). The amounts of intracellular GSSH
were significantly decreased in bronchial epithelial cells from
patients with COPD(50.5 (40.1-62.1)nmol/g protein) compared
with those from non-COPD subjects (70.9 (62.7-108.7)nmol/g
protein, p=0.008, figure 2A). Similarly, the amounts of intracel-
lular CysSSH were significantly decreased in bronchial epithelial
cells from patients with COPD (20.5 (16.0-23.5)nmol/g protein)
compared with those from non-COPD subjects (30.9 (22.9-
38.7)nmol/g protein, p=0.007, figure 2B). Interestingly, there
was no significant difference in the amounts of GSH in the bron-
chial epithelial cells between the COPD patients (46.5 (29.9-73.7)
umol/g protein) and non-COPD subjects (60.3 (45.8-72.9) umol/g
protein, p=0.208, figure 2C) as well as the amounts of CysSH
between the two groups (COPD, 4.8 (3.9-6.3) vs non-COPD, 6.1
(5.7-8.7) umol/g protein, p=0.070, figure 2D).

Increased production of reactive oxygen species and
proinflammatory cytokines and chemokines in primary lung-
resident cells from patients with COPD

We further examined the generation of reactive oxygen species
(ROS) in the primary cells from the study subjects (table 1).
The amounts of ROS were significantly increased in bronchial
epithelial cells from patients with COPD (27.6 (25.2-30.7)
a.u.) compared with those from the non-COPD subjects (12.8
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Figure 2 Determination of intracellular reactive persulfide species in primary bronchial epithelial cells. Cell lysates of primary bronchial epithelial
cells from patients with chronic obstructive pulmonary disease (COPD) and non-COPD subjects were subjected to liquid chromatography (LC)-tandem
mass spectrometry (MS)/MS. Intracellular glutathione persulfide (GSSH) (non-COPD, n=9; COPD, n=7) (A), cysteine persulfide (CysSSH) (non-COPD,
n=12; COPD, n=8) (B), glutathione (GSH) (non-COPD, n=14; COPD, n=10) (C) and cysteine (CysSH) (non-COPD, n=13; COPD, n=9) (D) were identified.
Data represent the median (with interquartile ranges). Data were analysed using Wilcoxon rank sum tests.
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(10.0-16.8) a.u., p=0.029, figure 3A and B) as well as in lung
fibroblasts between the two groups (COPD, 20.6 (19.1-26.4)
vs non-COPD, 15.6 (7.1-17.4) a.u., p=0.015, figure 3C and
D). The amounts of interleukin (IL)—8 were also significantly
increased in the cultured media of the bronchial epithelial
cells from patients with COPD (480.6 (229.0-611.4) pg/mL)
compared with those from non-COPD subjects under basal
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conditions (187.6 (145.2-236.9)pg/mL, p=0.030, figure 3E).
Similarly, the amounts of IL-1B (figure 3F), IL-6 (figure 3G)
and monocyte chemotactic protein (MCP)—1 (figure 3H)
were significantly increased in the cultured media of bronchial
epithelial cells from patients with COPD (IL-1p: COPD, 19.1
(11.8-23.5) vs non-COPD, 3.3 (0.6-7.0)pg/mL, p=0.016;
IL-6: COPD, 52.4 (21.4-85.2) vs non-COPD subjects, 2.2
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Figure 3  Production of reactive oxygen species (ROS), proinflammatory cytokines and chemokines from primary lung-resident cells. Primary
bronchial epithelial cells from non-chronic obstructive pulmonary disease (COPD) subjects (n=4) and patients with COPD (n=4) (A, B) and primary
lung fibroblasts from non-COPD subjects (n=6) and patients with COPD (n=6) (C, D) were cultured and stained with 5-(and 6)-chloromethyl-2',7'-
dichlorohydrofluorescein diacetate (CM-H,DCFDA). The fluorescence intensities were measured using a fluorescence microplate reader. The amounts
of interleukin (IL)-8 (E), IL-1B (F), IL-6 (G) and monocyte chemotactic protein (MCP)-1 (H) in the media of primary bronchial epithelial cells were
measured using a cytometric bead array (IL-8: non-COPD, n=6; COPD, n=5; IL-1B: non-COPD, n=5; COPD, n=4; IL-6: non-COPD, n=5; COPD, n=4; MCP-
1: non-COPD, n=5; COPD, n=5). Data are presented as the median (with interquartile ranges). Data were analysed using Wilcoxon rank sum tests.

Scale bars=100 ym. a.u., arbitrary units.
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(1.1-8.8) pg/mL, p=0.016; MCP-1: COPD, 65.0 (21.5-97.5) vs
non-COPD, 3.3 (0.0-6.8) pg/mL, p=0.032).

Decrease in extracellular reactive persulfide and polysulfide
species in ELF from patients with COPD

To quantify reactive persulfides and polysulfides on the surface
of the respiratory tract, ELF samples obtained from the study
subjects using the bronchoscopic microsampling method (see
online supplementary table S1) were subjected to LC-ESI-MS/
MS analyses (figure 4 and see online supplementary figure S3).
We identified GSSH (figure 4A), CysSSH (figure 4B), GSSSH
(figure 4C), GSH (figure 4D) and CysSH (figure 4E) in the ELF,
and the amounts of GSSH in the ELF samples from patients with
COPD (37.0 (24.5-49.0nmol/g protein) were significantly
decreased compared with levels from non-COPD subjects (68.5
(45.3-97.5)nmol/g protein, p=0.004, figure 4A). The levels of
GSH in patients with COPD (8.2 (1.4-12.3) umol/g protein) were
also significantly decreased compared with non-COPD subjects
(22.2 (13.0-29.1) umol/g protein, p=0.002, figure 4D), although
the multiple regression analyses suggested that the measurements
were significantly determined by sex, not the COPD disease status
(see online supplementary Table S6). The amounts of GSSSH were
also significantly decreased in the ELF samples from patients with
COPD (0.0 (0.0-1.0)nmol/g protein) compared with amounts
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from non-COPD subjects (2.0 (1.0-6.5) nmol/g protein, p=0.004,
figure 4C). There was no significant difference in the amounts of
CysSSH and CysSH between the two groups (CysSSH: COPD,
11.0 (6.5-14.5) vs non-COPD, 10.5 (8.5-15.5)nmol/g protein,
p=0.749; CysSH: COPD, 1.0 (0.4-1.3) vs non-COPD, 1.1
(0.6-1.4) pmol/g protein, p=0.442).

Increase in CBS and CSE immunoreactivities in the airways of
patients with COPD

We next investigated the expression of CBS and CSE in the lung
tissues from study subjects (see online supplementary table S2).
CBS and CSE immunoreactivities were mainly detected in the
bronchial epithelium (figure SA and B). The immunoreactivities
of CBS were significantly increased in the bronchial epithelium
of patients with COPD (39.0 (25.0-60.0) a.u.) compared with
immunoreactivities from the non-COPD group of never-smokers
(19.5 (8.5-25.0) a.u., p<0.001, figure SC) and from non-COPD
ex-smokers (17.8 (13.0-25.3) a.u., p=0.006, figure 5C). Similarly,
the immunoreactivities of CSE were significantly increased in the
bronchial epithelium of patients with COPD (30.5 (21.5-59.5)
a.u.) compared with CSE levels in the non-COPD group of never-
smokers (10.0 (3.0-14.3) a.u., p<0.001, figure 5D) and from
non-COPD ex-smokers (9.5 (3.0-13.0) a.u., p<0.001, figure 5D).
The value of FEV, %predicted was significantly correlated with
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Figure 4 Determination of extracellular reactive persulfide and polysulfide species in epithelial lining fluid (ELF). ELF samples were obtained using
the bronchoscopic microsampling method. ELF samples from 13 patients with COPD and 10 non-COPD subjects were subjected to LC-MS/MS analysis.
Extracellular GSSH (A), CysSSH (B), glutathione trisulfide (GSSSH) (C), GSH (D) and CysSH (E) in ELF were identified. Data represent the median (with

interquartile ranges). Data were analysed using Wilcoxon rank sum tests.
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the immunoreactivities of CBS (r=—0.29, p<0.042, figure SE)
and CSE (r=—-0.37, p<0.009, figure SF). To confirm the results
in the immunohistochemical study, the amounts of CBS and CSE
in primary lung-resident cells were examined by western blotting
(see online supplementary figure S4). The amounts of CBS and
CSE were significantly increased in the primary bronchial epithe-
lial cells of patients with COPD compared with the amounts
from non-COPD subjects (CBS, p=0.004; CSE, p=0.004) as
well as those in primary lung fibroblasts (CBS, p=0.008; CSE,
p=0.032).

Increase in CBS and CSE in the sputum cells of patients with
COPD

We further investigated the immunostaining of CBS and CSE
in sputum cells. The characteristics of the subjects and the cell
differentials in the sputum are shown in online supplementary
tables S3 and S4, respectively. CBS and CSE immunoreactivi-
ties were mainly detected in macrophages and neutrophils
in the sputum of patients with COPD (figure 6A and B). The
percentages of CBS-immunopositive cells were significantly
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Figure 5 Localisation of cystathionine B-synthase (CBS) and cystathionine y-lyase (CSE) in lungs. Representative photographs of
immunohistochemical staining against CBS (A) and CSE (B) in the lung tissues are shown. Upper panels show low magnification and lower panels
show higher magnification images. Arrows indicate immunopositive cells. CBS (C) and CSE immunoreactivities (D) in the bronchial epithelium were
analysed by HistoQuest software with identical settings and were expressed as the mean intensities (a.u.). Correlations between the values of FEV,
%predicted and the values of CBS (E) or CSE immunoreactivities (F) are shown. r is the correlation coefficient. Data are presented as the median (with
interquartile ranges). Data were analysed using a Kruskal-Wallis test followed by Dunn’s test. Correlations were tested using Spearman’s tests. White
circles, non-COPD never-smokers; grey circles, non-COPD ex-smokers; black circles, COPD ex-smokers. Scale bars in upper panels=100 pm, scale bars in

lower panels=50 pm. a.u., arbitrary units.
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increased in patients with COPD (7.1 (3.3-19.0)%) compared
with non-COPD subjects (0.9 (0.7-2.4)%, p<0.001, figure 6C).
Similarly, the percentages of CSE-immunopositive cells were
significantly increased in patients with COPD (1.7 (0.7-3.8)%)
compared with non-COPD subjects (0.0 (0.0-1.1)%, p=0.002,
figure 6D). The values of FEV, %predicted were significantly
correlated with the percentages of CBS-immunopositive
(r=—0.45, p=0.005, figure 6E) and CSE-immunopositive cells
(r=—0.40, p=0.007, figure 6F).

DISCUSSION
For the first time and by means of LC-MS/MS analysis, we
demonstrated that the amounts of reactive persulfide and

polysulfide species (including GSSH, CysSSH and GSSSH) were
decreased in both the lung-resident cells and ELF obtained from
patients with COPD. The production of reactive persulfides
and polysulfides in the primary lung-resident cells was signifi-
cantly correlated with the degree of airflow limitation of the
study subjects. Thus, our findings suggest that reactive persulfide
and polysulfide species, which are newly detected antioxidants,
could be associated with the redox balance in lungs of patients
with COPD.

Our previous reports demonstrated that CysSSH was synthe-
sised from cystine in a process catalysed by CBS and CSE, which
in turn may contribute to the generation of GSSH and poly-
sulfide derivatives."* ¥ The antioxidant capacity and reactivity
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Figure 6 Detection of cystathionine B-synthase (CBS) and cystathionine y-lyase (CSE) in sputum cells. Representative photographs of
immunocytochemical staining against CBS (A) and CSE (B) are shown. Arrows indicate immunopositive cells. CBS (C) and CSE (D) immunopositive
cells were counted and expressed as a percentage of total cells. Correlations between the values of FEV, %predicted and the percentages of CBS (E)
or CSE (F) immunopositive cells in sputum are shown. r is the correlation coefficient. Data are presented as the median (with interquartile ranges).
Data were analysed using a Wilcoxon rank sum test. Correlations were tested using Spearman’s tests. White circles, non-COPD subjects; black circles,

patients with COPD. Scale bars=50 ym (inset: scale bars=25 pm).
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of GSSH and CysSSH are 10-100 times greater than those of
GSH and CysSH.'* 5 77 ¥ This unique feature of reactive persul-
fides and polysulfides relies on adjacent electron pairs, an effect
that is known as the o effect.”” ' ' The importance of reac-
tive persulfide and polysulfide species in the regulation of redox
signalling is reinforced by the observation that these species exist
in various organs of mice."* ' Moreover, there is increasing
evidence to indicate that reactive persulfides and polysulfides
actually regulate redox signalling mediated by various electro-
philic oxidants."*™'® %5 To date, it has been believed that GSH
plays a pivotal role in protecting cells against oxidative stress.* '
However, the levels of GSH in previous studies were measured
using a glutathione reductase recycling method® ™, which is
unable to detect reactive persulfide and polysulfide species. In
addition, the antioxidant activity associated with GSH is typi-
cally mediated by specific enzymes such as GSH-dependent
peroxidase.?® Without catalytic assistance, GSH is a relatively
inert sulfhydryl with low nucleophilicity, and reacts poorly with
electrophilic oxidants such as HZOZ.26 In this study, using the
LC-MS/MS technique, we demonstrated that it was the amounts
of intracellular GSSH and CysSSH rather than GSH or CysSH
that were decreased in the lung cells of patients with COPD.
These findings suggest that a decrease in GSSH and CysSSH
could be associated with the state of redox imbalance in the cells
from patients with COPD.

In the ELF, we observed that the levels of GSH-related metab-
olites rather than CysSH-related metabolites were decreased in
patients with COPD. The extracellular status of reactive persul-
fides and polysulfides may differ from the intracellular status.
One possible explanation for this finding is that GSH-processing
pathways are upregulated under inflammatory conditions.?’
Gamma glutamyltransferase (GGT) is known to be involved in
the breakdown of extracellular GSH and has also been described
as having pro-oxidative properties.”” Given the complexities of
the redox system in the lungs, further studies are necessary to
clarify the various processes that are affected by the decrease
in reactive persulfide and polysulfide species in the lungs of
patients with COPD.

Contrary to our assumptions, we observed that the produc-
tion of the synthases was enhanced in the lungs and airways of
patients with COPD, even though the amounts of intracellular
reactive persulfides and polysulfides were decreased. There are
several possible mechanisms that explain this observation. First,
oxidative stress may have a role. A previous study showed that
treatment with H,O, enhanced the production of CSE in A549
cells.”® Second, endoplasmic reticulum (ER) stress may have a
role. It has been reported that ER stress occurs in the lungs of
patients with COPD and could be involved in lung cell apoptosis
and lung inflammation in COPD.?*>! When ER stress occurs,
the transcription of CSE is upregulated through the protein
kinase RNA-like ER kinase (PERK)-activating and eukaryotic
translation initiation factor 20 (eIF2a)-activating transcription
factor 4 (ATF4) pathway.® ** Taken together, the production of
the synthases may be augmented in response to increased ER and
oxidative stress in COPD.

We recognise that this study has limitations. First, the numbers
of subjects were relatively small in parts of the analyses of our
study due to the difficulty in obtaining enough primary lung cells
or ELF samples, which may have resulted in insufficient power
to detect significance for the study questions, though the p
values indicated significant difference or correlation. Second, we
could not investigate differences in all the variables among three
groups (ie, non-COPD never-smokers, non-COPD ex-smokers
and COPD ex-smokers). As shown in each table, there were

significant differences among other factors including sex and
smoking history between COPD and non-COPD subjects, which
potentially influenced the results. However, multiple regression
analyses indicated that other factors including sex and smoking
history were not significant determinants, except in the case of
GSH in ELF (figure 4D). The analyses also suggested that having
COPD or not was a significant determinant or more powerful
determinant than others in affecting the measured values (see
online supplementary table S6). Third, we cannot exclude the
influence of medications on the amounts of reactive persulfides
and polysulfides and the expression of synthases. Future studies
should investigate reactive persulfides and polysulfides (and the
expression of the synthases) in treatment-naive patients with
COPD.

In conclusion, we demonstrated for the first time that the
levels of intracellular and extracellular reactive persulfide and
polysulfide species are decreased in the lungs of patients with
COPD. We propose that reactive persulfides and polysulfides,
which are newly detected antioxidants, could be associated with
the redox balance in the lungs of patients with COPD.
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