Allergy Asthma Immunol Res. 2020 May;12(3):523-536
https://doi.org/10.4168/aair.2020.12.3.523
pISSN 2092-7355-eISSN 2092-7363

Allergy, Asthma &
Immunology Research

Original Article

'.) Check for updates

G OPEN ACCESS

Oxidative Stress Modulates the
Expression Pattern of Peroxiredoxin-6
in Peripheral Blood Mononuclear Cells
of Asthmatic Patients and Bronchial
Epithelial Cells

Hyun Jae Shim @©," So-Young Park
Tae-Bum Kim @,' Keun-Ai Moon
You Sook Cho ®"

,2 Hyouk-Soo Kwon @, Woo-Jung Song @,
,' Jun-Pyo Choi @,’ Sin-Jeong Kim ©),’

'Division of Allergy and Clinical Immunology, Department of Internal Medicine, Asan Medical Center,
University of Ulsan College of Medicine, Seoul, Korea

Division of Pulmonary, Allergy and Critical Care Medicine, Department of Internal Medicine, Konkuk
University Medical Center, Seoul, Korea

Received: Jul 8, 2019
Revised: Nov 29, 2019
Accepted: Dec 23, 2019

Correspondence to

You Sook Cho, MD, PhD

Division of Allergy and Clinical Immunology,
Department of Internal Medicine, Asan
Medical Center, University of Ulsan College of
Medicine, 88 Olympic-ro 43-gil, Songpa-gu,
Seoul 05505, Korea.

Tel: +82-2-3010-3285

Fax: +82-2-3010-6969

E-mail: yscho@amc.seoul.kr

Copyright © 2020 The Korean Academy of
Asthma, Allergy and Clinical Immunology -
The Korean Academy of Pediatric Allergy and
Respiratory Disease

This is an Open Access article distributed
under the terms of the Creative Commons
Attribution Non-Commercial License (https://
creativecommons.org/licenses/by-nc/4.0/)
which permits unrestricted non-commercial
use, distribution, and reproduction in any
medium, provided the original work is properly
cited.

ORCID iDs

Hyun Jae Shim
https://orcid.org/0000-0002-2798-4324
So-Young Park
https://orcid.org/0000-0002-5224-3077

https://e-aair.org

ABSTRACT

Purpose: Reduction-oxidation reaction homeostasis is vital for regulating inflammatory
conditions and its dysregulation may affect the pathogenesis of chronic airway inflammatory
diseases such as asthma. Peroxiredoxin-6, an important intracellular anti-oxidant molecule,
is reported to be highly expressed in the airways and lungs. The aim of this study was to
analyze the expression pattern of peroxiredoxin-6 in the peripheral blood mononuclear cells
(PBMCs) of asthmatic patients and in bronchial epithelial cells (BECs).

Methods: The expression levels and modifications of peroxiredoxin-6 were evaluated in
PBMCs from 22 asthmatic patients. Phosphorylated and acetylated peroxiredoxin-6 in
hydrogen peroxide-treated human BECs was detected using immunoprecipitation analysis.
The expression level of peroxiredoxin-6 was also investigated in BECs treated with hydrogen
peroxide. Cycloheximide and proteasome inhibitors were used to determine whether
peroxiredoxin-6 is degraded by proteasomes.

Results: Peroxiredoxin-6 expression was significantly reduced in the PBMCs of asthmatic
patients compared to control subjects. Distinct modification patterns for peroxiredoxin-6 were
observed in the PBMCs of asthmatic patients using 2-dimensional-electrophoresis. The levels
of phosphorylated serine and acetylated lysine in peroxiredoxin-6 were significantly increased
in the BECs following hydrogen peroxide treatment. The level of peroxiredoxin-6 expression
was reduced in hydrogen peroxide-stimulated BECs, presumably due to proteasomes.
Conclusions: The expression of peroxiredoxin-6, which is down-regulated in the immune
cells of asthmatic patients and BECs, can be modified by oxidative stress. This phenomenon
may have an effect on asthmatic airway inflammation.

Keywords: Asthma; airway; inflammation; peroxiredoxin-6; oxidative stress; hydrogen peroxide;
post-translational modifications; proteasome inhibitor
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Woo-Jung ?O”g Oxidative stress plays an important role in the complex regulation of inflammation as well
:ipsB{J /niri'iiorg/ 000070002-4630-9922 as in the pathogenesis of various chronic inflammatory diseases such as asthma.! Many
https:/Jorcid.org/0000-0001-5663-0640 types of cellular stimuli, including antigens, infectious agents, and chemical mediators,
Keun-Ai Moon induce a transient increase in intracellular reactive oxygen species (ROS).> Asthmatic
https://orcid.org/0000-0002-1367-5125 patients, in particular, exhibit increased oxidative stress, which is linked to bronchial
Jun-Pyo Choi hyperresponsiveness, excessive mucin secretion, and worsening airway inflammation.>®

https://orcid.org/0000-0001-8925-1786 It was reported that the increased oxidative stress in asthmatic patients is related to lower

Sin-Jeong Kim A

https://orcid.org/0000-0003-3044-6313 pulmonary function.

You Sook Cho

https://orcid.org/0000-0001-8767-2667 Although the precise mechanism of how increased oxidative stress is involved in asthmatic

el inflammation remains to be clarified, ROS is probably crucial to the modulation of immune cell
Isclosure

responses through increased production of several pro-inflammatory cytokines and chemokines.”
Reduction-oxidation (redox) homeostasis is critical for maintaining normal cellular function and
is tightly regulated by controlling the intracellular concentration of hydrogen peroxide through

its generation via nicotinamide adenine dinucleotide phosphate oxidases and its scavenging

There are no financial or other issues that
might lead to conflict of interest.

via various antioxidant enzymes. Thus, intracellular antioxidants, such as peroxiredoxins, a
pivotal member of the intracellular redox system, play a role in sustaining this homeostasis.*®
Peroxiredoxins are a family of ubiquitous and abundant intracellular antioxidant enzymes with 6
isoforms identified to date.” Among them, peroxiredoxin-6 is highly expressed in the lungs and
acts as a scavenger to catalyze hydrogen peroxide.”

Oxidative stress can cause various modifications to intracellular components including

DNA, proteins, lipids, and carbohydrates. Several post-translational modifications have been
observed in intracellular proteins, resulting from direct oxidation or attachment of chemical
groups by other cellular components oxidized to amino acid side chains.”? Recent studies

have shown that ROS cause post-translational modifications including phosphorylation,
acetylation, and oxidation in peroxiredoxins and these modifications play a major role in
modulating peroxiredoxin activities.”® In addition, phosphorylated, acetylated, or oxidized
proteins are selectively recognized and degraded by the proteasome system to minimize
threats to survival.**% The stability of redox-sensitive proteins is regulated through oxidative
modifications, and the oxidized proteins are readily degraded by proteasomes and autophagy.”

In our previous study, we found that the ratios of hyperoxidized peroxiredoxins to total
peroxiredoxins in peripheral blood mononuclear cells (PBMCs) were significantly higher in
asthmatic patients than in healthy subjects and were correlated with disease severity as the
highest ratio was seen in severe asthmatic patients.!® Based on these findings, we speculated
that some dysregulation of the post-translational modification of peroxiredoxin-6 and
intracellular control of its modified forms in bronchial epithelial cells (BECs) may be involved
in the pathogenesis of asthmatic airway inflammation.

To date, modifications of peroxiredoxin-6 in the PBMCs of asthmatic patients have not

been thoroughly investigated, nor has the relationship between the modification of
peroxiredoxin-6 and down-regulation of its expression level. In this study, we examined the
expression levels and post-translational modifications of peroxiredoxin-6 in the immune cells
of asthmatic patients. We also investigated whether peroxiredoxin-6 is modified and whether
its stability is altered by oxidative stress in BECs.
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MATERIALS AND METHODS

PBMCs of study subjects

We recruited 22 asthmatic patients and 5 healthy individuals. All asthmatic patients were
diagnosed by a physician (allergy specialist) and met criteria as defined in the Global
Initiative for Asthma guidelines. The mean age, sex, and body mass index of the 2 groups
were similar. Most of the patients were never smokers, and the average smoking amount was
lower than 10 pack-years. The mean inhaled corticosteroids (ICS) budesonide equivalent
doses were 510 mg/day, corresponding to the medium dose. The mean forced expiratory
volume in 1 second (%) of patients was 75.64%. Most patients had chronic rhinosinusitis as
a comorbid disease. The demographics of these patients are summarized in Table. Whole
blood was drawn by clean venipuncture and collected into vacutainer tubes containing
ethylenediaminetetraacetic acid (EDTA). PBMCs were isolated from whole blood under
sterile conditions using Lymphoprep (Axis-Shield PoC AS, Oslo, Norway). Written informed
consent was obtained from all participants prior to the study, and the study protocol was
approved by the Institutional Review Board (approval number: 2013-0560).

Cell culture

According to the recommendation by the American Type Culture Collection, BEAS-2B cells
were grown in LHC-9 medium (Gibco, Grand Island, NY, USA) at 37°C in a CO, incubator
with a humidified atmosphere of 5% CO, and 95% air.

Table. Baseline demographics of asthmatic patients

Variables Control (n = 5) Asthma (n = 22) P value
Males 2/5 (40.00) 10/22 (45.45) 0.85
Age (yr) 39.80 £ 7.36 49.59 £ 16.71 0.06
BMI (kg/m?) 929.57 + 3.38 94.55 +3.83 0.29
Smoking history

Never/ex/current 14/4/4

Pack-years 9.52 £16.35
Blood WBC (x 10%/pL) NA 7.00 +1.67
Blood eosinophil (counts) NA 393.84 + 296.60
Blood total IgE (IU/mL) NA 544.81 + 691.82
Pre-bronchodilator FEV1 (%) NA 75.64 +15.80
Pre-bronchodilator FVC (%) NA 84.13 £16.77
Pre-bronchodilator FEV1/FVC NA 71.86 +11.46
Use of maintenance ICS dose” 0 510.00 +299.01

Asthma control
Well controlled
Partly controlled
Uncontrolled

Comorbidities
Chronic rhinosinusitis
Allergic rhinitis
Drug allergy
Food allergy
Diabetes mellitus
Hypertension
Arrhythmia
Others

JEFE N R BN |

1

Chronic renal failure, Graves' disease

Plus-minus values are means = standard deviation, except when otherwise noted.
BMI, body mass index; WBC, white blood cell; IgE, immunoglobulin E; FEV1, forced expiratory volume in 1 second;

FVC, forced vital capacity; ICS, inhaled corticosteroids.

*Budesonide equivalent dose, daily dose (mcg).
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Antibodies and reagents
Anti-peroxiredoxin-1, anti-peroxiredoxin-2, anti-peroxiredoxin-3, and anti-peroxiredoxin-SO;

were obtained from Abcam (Cambridge, MA, USA). Anti-peroxiredoxin-6 and p-actin were
purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). Anti-phosphothreonine
and anti-acetylated lysine were purchased from Cell Signaling Technology (Danvers, MA,
USA). Anti-phosphoserine antibody was obtained from Thermo Fisher Scientific (Waltham,
MA, USA). Horseradish peroxidase-conjugated secondary antibodies were purchased from
Enzo Life Sciences (Farmingdale, NY, USA). Protein G-Sepharose and IPG buffer pH 4-7
were obtained from GE Healthcare Life Sciences (Pittsburgh, PA, USA). Hydrogen peroxide,
MG132, and cycloheximide were purchased from Sigma Aldrich (St. Louis, MO, USA).
Lactacystin was obtained from AG Scientific, Inc. (San Diego, CA, USA).

Expression patterns of peroxiredoxins in PBMCs

The expression patterns of the peroxiredoxin isoforms in PBMCs were assayed by Western
blotting. Briefly, aliquots of PBMC lysates were loaded onto sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) gels and transferred to polyvinylidene
difluoride (GE Healthcare Life Sciences) membrane. After blocking with 3% skim milk (BD
Biosciences, San Diego, CA, USA) in TBS-T (20 mM Tris-HCI pH7.4, 150 mM NaCl, and 0.1%
Tween 20), the immunoreactive proteins were detected with primary antibodies overnight
at 4°C. The blots were subsequently incubated with horseradish peroxidase-conjugated
secondary antibodies for 1 hour at room temperature, and the antibody-antigen complexes
were detected using a chemiluminescence detection kit (ATTO Corporation, Tokyo, Japan).
For the quantification of the expression levels of peroxiredoxin isoforms in the PBMCs
lysates, chemiluminescence was detected using a LAS-4000 imaging system (Fujifilm, Tokyo,
Japan) and analyzed using Multi Gauge version 2.2 software (Fujifilm).

Two-dimensional (2D) gel electrophoresis

Cell lysates were precipitated with TCA/acetone. Protein pellets were resuspended with
rehydration buffer (7 M Urea, 2 M thiourea, 4% CHAPS, 2% DTT, 0.5% IPG buffer pH 47,

1X protease inhibitor cocktail [EMD Millipore Corp., Billerica, MA, USA], 1 mM Nas;VO,).
Afterward, 100 pg of each protein sample was loaded onto strip gels (7 cm, pH 4-7; GE
Healthcare Life Sciences) and cover fluid (GE Healthcare Life Sciences) was added to

the manifold cup-loading system. Samples were placed on IPGphor (GE Healthcare Life
Sciences), rehydrated for 12 hours, and electrofocused. The separated strip gels were
incubated in equilibration buffer (50 mM Tris-HCl pH 8.8, 6 M Urea, 2% SDS, 30% glycerol,
0.002% Bromophenol Blue) containing 10 mg/mL DTT for 15 minutes and then incubated
with equilibration buffer containing 25 mg/mL iodoacetamide instead of DTT for 15 minutes.
The equilibrated strip gels were applied to 1.0-mm thick 12% acrylamide gels and sealed with
0.8% (w/v) agarose solution. SDS-PAGE was carried out at 20 mA for 6 hours. The gels were
stained by coomassie brilliant blue R-250 or assayed by Western blotting.

Immunoprecipitation analysis

BEAS-2B cells were treated with hydrogen peroxide in complete medium for the indicated
time intervals. Cells were washed twice with ice-cold phosphate-buffered saline, lysed in lysis
buffer (20 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X100, 1X protease
inhibitor cocktail, 1 mM Na;VO,) on ice for 10 minutes, and centrifuged at 21,124 g for 10
minutes at 4°C. The cell lysates were incubated with anti-peroxiredoxin-6 antibody at 4°C
overnight, and then with protein G-Sepharose for 2 hours. The resin was washed 3 times in
lysis buffer. Proteins bound to the resin were mixed with SDS sample buffer containing 10
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mM fB-mercaptoethanol, resolved by SDS-PAGE, and analyzed by Western blot. The levels of
modifications analyzed using Multi Gauge version 2.2 software (Fujifilm).

Protein degradation assay

BEAS-2B cells were exposed to hydrogen peroxide in Hanks' balanced salt solution for

the indicated times, washed, and incubated in complete medium containing the 40 uM
cycloheximide with or without proteasome inhibitors (MG132, lactacystin) for the indicated
times. The degradation rates of peroxiredoxin-6 in these cell lines were observed using
Western blot analysis and analyzed using Multi Gauge version 2.2 software (Fujifilm).

Statistical analysis

All data are expressed as mean * standard deviation of 3 independent experiments. Statistical
analysis was performed using Microsoft Excel (version, 2007; Microsoft Corporation, Redmond,
WA, USA). Differences between the groups were assessed using Student's ttest. P < 0.05 was
considered statistically significant.

RESULTS

Analysis of expression levels of peroxiredoxin isoforms in PBMCs from study
subjects

The expression levels of peroxiredoxin-l, 2, 3, and 6 in the PBMCs of asthmatic patients were
analyzed by Western blotting. The clinical characteristics of asthmatic patients and healthy
controls are summarized in Table. While the expression levels of peroxiredoxin-1, 2, or 3
showed no difference between the asthmatic patients and healthy controls, the expression
of peroxiredoxin-6 in the PBMCs of asthmatic patients was consistently about 70% less on
average than that of healthy controls (Fig. 1A and B, and Supplementary Fig. S1).

Peroxiredoxin-6 modification in PBMCs from asthmatic patients

Next, we determined whether peroxiredoxin-6 is post-translationally modified in the PBMCs
of asthmatic patients. The protein spots for peroxiredoxin-6 in asthmatic patients were
shifted to a more acidic region. Spots for peroxiredoxin-6 were located on spots 1 and 2 in
healthy subjects, but those in asthmatic patients were located on spots 3 and 4 (Fig. 1C),
suggesting that peroxiredoxin-6 is differentially and post-translationally modified in
asthmatic patients.

Induction of peroxiredoxin-6 modification in BECs under oxidative stress

In order to investigate whether peroxiredoxin-6 modifications take place in BECs under oxidative
stress, we first examined whether modifications of peroxiredoxin-6 are induced after treatment
with hydrogen peroxide using BEAS-2B cells. Various proteins in lysates from BEAS-2B cells
exposed with hydrogen peroxide were shift to acidic end of gels (Supplementary Fig. S2A).
Spots for peroxiredoxin-6 were shifted to the left in hydrogen peroxide-treated cells compared to
mock-treated cells (Fig. 2A). We observed that the levels of intracellular ROS in BECs exposed to
hydrogen peroxide were rapidly increased after treatment for 10 minutes and decreased slowly
until 3 hours (Supplementary Fig. S2B). The post-translational modifications of peroxiredoxin-6
were also detected in U937 cells (human macrophage cell line) and Jurkat cells (human T
lymphocyte cell line), similar to BEAS-2B cells treated with hydrogen peroxide (Supplementary
Fig. $3). In immunoprecipitation analysis, the levels of phosphorylated serine and threonine and
acetylated lysine in the peroxiredoxin-6 in BEAS-2B cells exposed to different concentrations of
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Fig. 1. Down-regulation and modification of Prdx6 in PBMCs of asthmatic patients. (A) PBMCs were prepared from each subject separately and various Prdxs were
detected by immunoblotting. Lysates of PBMCs were separated on SDS-PAGE and detected with anti-Prdx6, 1, 2, and 3. 3-actin was used as the loading control.
Analysis was performed with 6 asthmatic patients and 5 healthy subjects and a single gel is presented as an example. (B) The quantified data from (A) are
presented as a graph. The expression level of each Prdx in healthy control was set as 100%. (C) Representative data from 2D-PAGE gel on a non-linear pH (4-7)
and Western blotting using anti-Prdx6 for PBMC lysates from 2 healthy subjects and 6 asthmatic patients.

Prdx, peroxiredoxin; PBMC, peripheral blood mononuclear cell; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; 2D-PAGE, 2-dimensional-
polyacrylamide gel electrophoresis; IEF, isoelectric focusing; IB, immunoblotting.

***P < 0.001 vs. healthy controls.

hydrogen peroxide were increased in a dose-dependent manner (Fig. 2B and C). The oxidized
peroxiredoxin-6 level was also increased (Fig. 2B and C).

Modifications of peroxiredoxin-6 were analyzed in terms of the time course in BEAS-2B cells
treated with different concentrations of hydrogen peroxide. Phosphorylation, acetylation,
and oxidation of peroxiredoxin-6 increased in a dose- and time-dependent manner until

24 hours after hydrogen peroxide treatment, with an exceptional decrease in oxidized
peroxiredoxin-6 (Fig. 3A and B).
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Fig. 2. Various modifications of Prdx6 under oxidative stress. (A) Cell lysates from BEAS-2B cell line after mock, 25 pM or 50 pM H,0, treatment for 3 hours were
separated in 2D-PAGE gels and blotted to PVDF membrane. Prdx6 was detected with anti-Prdx6 antibody. (B) BEAS-2B cell lysates treated with mock, 25 pM, or
50 UM H,0, for 3 hours were IP with anti-Prdx6 antibody. Phosphorylated serine or threonine residues, acetylation, and oxidation of Prdx6 were analyzed using
the indicated antibodies. [3-actin served as loading control. (C) The quantified data from (B) are presented as a graph. Each ratio of pSer, pThr, Ac-Lys, and
oxidized Prdx6/Prdx6 in mock control was set as 100%. Values are the mean + standard deviation (n = 3).

IP, immunoprecipitation; 2D-PAGE, 2-dimensional-polyacrylamide gel electrophoresis; PVDF, polyvinylidene difluoride; IEF, isoelectric focusing; IB,
immunoblotting; Prdx, peroxiredoxin; H,0,, hydrogen peroxide.

*P < 0.05 vs. mock control.

Analysis of peroxiredoxin-6 stability in BECs exposed to oxidative stress

We evaluated whether the modifications to peroxiredoxin-6 under oxidative stress have an
effect on its expression. We observed a significant reduction in peroxiredoxin-6 expression in
hydrogen peroxide-treated BEAS-2B cells after incubation with cycloheximide, an inhibitor
of protein synthesis, by immunoblotting (Fig. 4A and B). We analyzed the effect of oxidative
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Fig. 3. Analysis of oxidative stress-induced modifications Prdx6 in BEAS-2B cells. (A) BEAS-2B cells were treated with 25 uM or 50 pM hydrogen peroxide for
indicated times. Phosphorylated serine or threonine residues, acetylation, and oxidation of Prdx6 were analyzed using the indicated antibodies. (B) The
quantified data from (A) are presented as a graph. Each ratio of pSer, pThr, Ac-Lys, and oxidized Prdx6/Prdx6 in mock control was set as 100%. Values are the

mean =+ standard deviation (n = 3).
Prdx, peroxiredoxin; 1B, immunoblotting; IP, immunoprecipitation.
*P < 0.05, P < 0.01 vs. mock control.

stress on mRNA level of peroxiredoxin-6 in PBMCs from normal and asthmatic subject.
The result showed that the levels of peroxiredoxin-6 gene transcripts were similar between
the healthy and asthmatic patient and not change in both PBMCs exposed with hydrogen
peroxide (Supplementary Fig. S4 and Supplementary Table).
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Fig. 4. Degradation of Prdx6 modified by oxidative stress through proteasome in BEAS-2B cells. Degradation of Prdx6 through proteasome was examined by
Western blot analysis. (A) BEAS-2B cells were treated with 50 uM H,0, for 1 hour in HBSS. The cells were washed and incubated in complete medium containing
40 pPM CHX for the indicated time. Cell lysates were separated on SDS-PAGE and detected with immunoblotting using anti-Prdx6 antibody. B-actin served as the
loading control. (B) The quantified data from (A) are presented as a graph. The ratio of Prdx6/f-actin in mock control was set as 100%. Values are the mean + SD
(n = 3). (C) After 50 pM H,0, treatment, BEAS-2B cells were incubated in 40 yM CHX with or without MG132 or LACT for 24 hours. (D) The quantified data from (C)
are presented as a graph. The ratio of Prdx6/3-actin in BEAS-2B cells treated with H,0, was set as 100%. Values are the mean + SD (n = 3).

Prdx, peroxiredoxin; H,O,, hydrogen peroxide; SD, standard deviation; CHX, cycloheximide; HBSS, Hanks' balanced salt solution; SDS-PAGE, sodium dodecyl
sulfate-polyacrylamide gel electrophoresis; 1B, immunoblotting; LACT, lactacystin.

*P < 0.05 vs. mock treatment for 24 hours; TP < 0.01 vs. BEAS-2B cells treated with hydrogen peroxide; SSP < 0.01; S5P < 0.001 vs. BEAS-2B cells treated with
hydrogen peroxide and CHX.

Next, we examined whether the peroxiredoxin-6 modified by oxidative stress would be
degraded through a proteasome system. We found that the reduction of peroxiredoxin-6
expression under oxidative stress was blocked by treatment with MG132 or lactacystin, which
are proteasome inhibitors (Fig. 4C and D).

DISCUSSION

In the current study, we found that intracellular peroxiredoxin-6 is post-translationally
modified by phosphorylation and acetylation, and is significantly down-regulated in

PBMCs from asthmatic patients and BECs exposed to oxidative stress as well. In addition,
analysis suggested that the down-regulation of persoxiredoxin-6 probably resulted from
proteasomal degradation of the modified forms. Given that peroxiredoxin-6 is abundant and
plays a potential role in redox homeostasis in the lungs and airways, the down-regulation of
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peroxiredoxin-6 in immune cells and bronchial epithelium may have a substantial impact on
the pathogenesis of asthmatic airway inflammation. Thus, it would be worth investigating
the underlying mechanism of peroxiredoxin-6 reduction in cells under oxidative stress, which
would further improve our understanding of asthma pathogenesis.

It is well known that oxidative stress in the airways is caused by various environmental stimuli
such as allergens, pollutants, or endogenous ROS from inflammatory cells.” Increased ROS
levels in the airways leads to inflammation through cellular signaling cascades and was
reported to be strongly related to the severity of asthma in patients.?*? Several studies have
revealed that an imbalance between oxidants and antioxidants plays a significant role in the
progression and severity of asthma.? Furthermore, the dysfunction of these antioxidant
activities is known as a characteristic of asthma.? To maintain redox homeostasis, there

are several enzymatic antioxidants such as superoxide dismutases (SODs), catalase, and
glutathione peroxidases as well as heme oxygenase-1, thioredoxins, peroxiredoxins, and
glutaredoxins in the lung tissues.* In fact, it has been reported that the levels of antioxidants
including glutathione peroxidase, SOD, reduced glutathione, ascorbic acid, a-tocopherol,
Iycopene, and f3-carotene are significantly lower in asthmatic patients than those in healthy
subjects.” Other studies have reported that a defect in peroxiredoxin-2 is involved in the
pathogenesis of asthma in a peroxiredoxin-2 knockout mice model.* Additionally, liver
injury is known to be increased by elevating hydrogen peroxide levels from mitochondria in
peroxiredoxin-6-knockout mice.?”

In the current study, therefore, we hypothesized that increased ROS levels in PBMCs and
airway cells from asthmatic patients may induce various modifications to intracellular
peroxiredoxin-6, one of the critical anti-oxidant molecules, and that the modifications could
be associated with the dysregulation of redox homeostasis in the airway.

It is well known that both lung epithelial cells and immune cells are critically involved in the
development of asthma and peroxiredoxin-6 is expressed in all major mammalian organs,
with the highest expression levels in the lung tissues and lung epithelial cells. Furthermore,
peroxiredoxin-6 is reported to play an important role in defense of the lung against oxidative
stress.”® Based on those observations, we tried to evaluate if the findings from PBMCs of
asthmatics are also meaningful in lung epithelial cells.

In our previous report, we stated that the amount of hyperoxidized peroxiredoxins was
significantly higher in asthmatic patients than in healthy subjects.’® The levels of intracellular
ROS in PBMCs of asthmatic patients exposed with hydrogen peroxide were significantly
increased and remained higher compared with normal subject. In addition, we observed in
the current study that among the peroxiredoxin isoforms, only peroxiredoxin-6 was reduced
in PBMCs from asthmatic patients, but not in healthy controls. Taken together, it can be
assumed that the decreased peroxiredoxin-6 in the asthmatic airway is associated with
difficulties in maintaining redox homeostasis.

In the current study, we observed that various modifications to peroxiredoxin-6 were induced by
oxidative stress in both the PBMCs of asthmatic patients and lung epithelial cells experimentally
exposed to oxidative stress. It is widely known that peroxiredoxins can be regulated via various
post-translational modifications including phosphorylation, acetylation, glutathionylation,

and thiol oxidation.” A recent study found that oxidized peroxiredoxin-6, which was examined
by peptide sequencing, had various modifications including trioxidation and thiosulfonic acid
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at Cys47, acetylation at Lys63, and phosphorylations at Ser72, Ser146, Thr177, and Ser186.*°
Considering these findings, the oxidative stress-induced acidic shifts of peroxiredoxin-6 on

2D-electrophoresis observed in the current study can be explained by modifications such as
oxidation, phosphorylation, and acetylation as well.

Our study revealed that peroxiredoxin-6 is highly modified and that its expression level is
considerably decreased in asthmatic patients. This strongly suggests that the instability

of the modified peroxiredoxin-6 is induced by oxidative stress. Since irreversibly oxidized
proteins are an inevitable by-product of metabolism in mammalian cells, cells have developed
diverse counteracting systems during evolution. These systems include some enzymes
capable of repairing oxidative stress-induced damaged proteins, but their capacity is very
limited. Consequently, cells need restorative systems to recognize and remove oxidatively
modified proteins.* For this purpose, protein quality control can resolve oxidative damage on
proteins through the synthesis of new proteins, folding and refolding of oxidized proteins,
and removal by proteolytic systems." In the event that the concentration of hydrogen
peroxide increases above levels that can be controlled by cellular antioxidant enzymes, cells
become damaged. Under such conditions, cells are likely to undergo apoptosis by targeting
phosphorylated catalase for proteasomal degradation and thereby rapidly elevating hydrogen
peroxide levels.?> We observed that oxidatively modified peroxiredoxin-6 was decreased

by degradation through the proteasome system in BECs. These results indicated that the
modification of peroxiredoxin-6 induced by oxidative stress may cause its degradation
through the proteasome system. In the current study, the expression level of peroxiredoxin-6
in bronchoalveolar lavage fluid cell from asthmatic patients was not measured, which is a
limitation of the present study.

Despite the results of increased oxidative stress levels and decreased peroxiredoxin-6 expression
in PBMCs and BECs we presented in this study, there is no direct evidence of functional changes
of modified peroxiredoxin-6. Unfortunately, we did not perform the experiment to see a direct
effect of modified form of peroxiredoxin-6 on oxidative stress status in the current study.
However, we provided a strong correlation between increased intracellular ROS and increased
modification of peroxiredoxin-6 and decreased expression of peroxiredoxin-6 in hydrogen
peroxide exposed cells. Thus, it can be assumed that increased modified peroxiredoxin-6 and
decreased total perxoredoxin-6 may be linked to increased intracellular oxidative stress status.
It is speculated that increased oxidative stress in asthmatic airway and immune cells, which is
well known phenomenon, can critically associated with the pathogenesis of asthmatic airway
inflammation through down-regulation of peroxiredoxin-6 leading to decreased ability to
quench ROS and increased vulnerability to external oxidative stress load. Further studies on the
precise role of modified peroxiredoxin-6 are warranted.

To date, whether the peroxiredoxin isoforms are reduced by oxidative modifications in
inflammatory diseases such as asthma remains unclear. Herein, we demonstrated that
peroxiredoxin-6 is highly modified and its expression is significantly reduced by oxidative
stress in asthmatic patients. We also propose that this down-regulation of peroxiredoxin-6
may be associated with degradation of the modified form through proteasomes, resulting

in poorer control of intracellular hydrogen peroxide levels. Finally, the results of the current
study strongly suggest that the dysregulation of intracellular peroxiredoxin-6 may critically
cause an imbalance between oxidants and antioxidants in asthmatic airway inflammation and
may be one of the principle mechanisms underlying asthma pathogenesis. In addition, down-
regulation and various modifications of peroxiredoxin-6 may serve as a novel biomarker for

https://e-aair.org https://doi.org/10.4168/aair.2020.12.3.523 533



Allergy, Asthma & AA] R
Regulation of Prdx6é Expression by Oxidative Stress Immunology Research

severe asthmatic patients. It might be possible to develop new approaches to treating asthma
by restoring antioxidants such as peroxiredoxin-6, modulating the redox homeostasis.
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SUPPLEMENTARY MATERIALS

Supplementary Table
Primers used in this study

Click here to view

Supplementary Fig. S1

Analysis of expression levels of Prdxs in the PBMCs of asthmatic patients. PBMCs were
prepared from each subject separately and various Prdxs were detected by immunoblotting.
Lysates of PBMCs were separated on SDS-PAGE and detected with anti-Prdx6, 1, 2, and 3.
B-actin was used as the loading control. Analysis was carried out with 16 asthmatic patients
and 2 healthy subjects, and a single gel is presented as an example.

Click here to view

Supplementary Fig. S2

Hydrogen peroxide induces modifications of cellular proteins and intracellular ROS levels.

(A) Representative coomassie brilliant blue R-250 stained 2D-PAGE gels of cell lysates from
BEAS-2B cells exposed with hydrogen peroxide. Approximately, 100 pg of each cell lysates from
BEAS-2B cell line after mock, 25 uM or 50 uM hydrogen peroxide treatment for 3 hours were
separated in 2D-PAGE gels and stained by coomassie brilliant blue R-250. (B) BEAS-2B cells
were pre-incubated with CM-H2DCFDA for 30 minutes in HBSS followed by wash with HBSS.
Cells were exposed with indicated concentrations of hydrogen peroxide in culture medium for
indicated time. The cells were then washed with PBS, and intracellular ROS was measured.

Click here to view

Supplementary Fig. S3

Analysis of Prdx6 modifications under oxidative stress. Cell lysates from U937 cell lines (A)
and Jurkat cell lines (B) after mock, 25 uM or 50 pM hydrogen peroxide treatment for 3 hours
were separated in 2D-PAGE gels and blotted to PVDF membrane. Prdx6 was detected with

anti- Prdx6 antibody.

Click here to view
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Supplementary Fig. S4

Analysis of mRNA level of Prdx6 under oxidative stress. PBMCs prepared from normal and
asthmatic patient were exposed with hydrogen peroxide at indicated concentration for 1 hour.
Total RNA was extracted, and cDNAs were synthesized using an oligo-dT primer. RT-PCR was
carried out using primers complementary to sequences with Prdx6. GAPDH was used as internal

control. The relative ratio Prdx6 to GAPDH in mock-treated healthy control was set as 1.00.

Click here to view

REFERENCES

1. Cho YS, Moon HB. The role of oxidative stress in the pathogenesis of asthma. Allergy Asthma Immunol
Res 2010;2:183-7.
PUBMED | CROSSREF

2. Brown DI, Griendling KK. Nox proteins in signal transduction. Free Radic Biol Med 2009;47:1239-53.
PUBMED | CROSSREF

3. LiN, Nel AE. Role of the Nrf2-mediated signaling pathway as a negative regulator of inflammation:
implications for the impact of particulate pollutants on asthma. Antioxid Redox Signal 2006;8:88-98.
PUBMED | CROSSREF

4. Bullone M, Lavoie JP. The contribution of oxidative stress and inflamm-aging in human and equine
asthma. Int ] Mol Sci 2017;18:E2612.
PUBMED | CROSSREF

5. Takeyama K, Dabbagh K, Shim JJ, Dao-Pick T, Ueki IF, Nadel JA. Oxidative stress causes mucin synthesis
via transactivation of epidermal growth factor receptor: role of neutrophils. ] Immunol 2000;164:1546-52.
PUBMED | CROSSREF

6. Fitzpatrick AM, Teague WG, Holguin F, Yeh M, Brown LA; Severe Asthma Research Program. Airway
glutathione homeostasis is altered in children with severe asthma: evidence for oxidant stress. J Allergy
Clin Immunol 2009;123:146-152.€8.
PUBMED | CROSSREF
7. StoneJR, Yang S. Hydrogen peroxide: a signaling messenger. Antioxid Redox Signal 2006;8:243-70.
PUBMED | CROSSREF
8. Trachootham D, Lu W, Ogasawara MA, Nilsa RD, Huang P. Redox regulation of cell survival. Antioxid
Redox Signal 2008;10:1343-74.
PUBMED | CROSSREF
9. Veal EA, Day AM, Morgan BA. Hydrogen peroxide sensing and signaling. Mol Cell 2007;26:1-14.
PUBMED | CROSSREF
10. Robinson MW, Hutchinson AT, Dalton JP, Donnelly S. Peroxiredoxin: a central player in immune
modulation. Parasite Immunol 2010;32:305-13.
PUBMED | CROSSREF
11. WangY, Manevich Y, Feinstein SI, Fisher AB. Adenovirus-mediated transfer of the 1-cys peroxiredoxin gene
to mouse lung protects against hyperoxic injury. Am J Physiol Lung Cell Mol Physiol 2004;286:11188-93.
PUBMED | CROSSREF
12. Grimsrud PA, Xie H, Griffin TJ, Bernlohr DA. Oxidative stress and covalent modification of protein with
bioactive aldehydes. J Biol Chem 2008;283:21837-41.
PUBMED | CROSSREF
13. Riquier S, Breton J, Abbas K, Cornu D, Bouton C, Drapier JC. Peroxiredoxin post-translational
modifications by redox messengers. Redox Biol 2014;2:777-85.
PUBMED | CROSSREF
14. Pajares M, Jiménez-Moreno N, Dias IH, Debelec B, Vucetic M, Fladmark KE, et al. Redox control of
protein degradation. Redox Biol 2015;6:409-20.
PUBMED | CROSSREF
15. Davies KJ. Degradation of oxidized proteins by the 20S proteasome. Biochimie 2001;83:301-10.
PUBMED | CROSSREF
16. Spange S, Wagner T, Heinzel T, Krimer OH. Acetylation of non-histone proteins modulates cellular
signalling at multiple levels. Int ] Biochem Cell Biol 2009;41:185-98.
PUBMED | CROSSREF

https://e-aair.org https://doi.org/10.4168/aair.2020.12.3.523 535


https://e-aair.org/DownloadSupplMaterial.php?id=10.4168/aair.2020.12.3.523&fn=aair-12-523-s005.ppt
http://www.ncbi.nlm.nih.gov/pubmed/20592917
https://doi.org/10.4168/aair.2010.2.3.183
http://www.ncbi.nlm.nih.gov/pubmed/19628035
https://doi.org/10.1016/j.freeradbiomed.2009.07.023
http://www.ncbi.nlm.nih.gov/pubmed/16487041
https://doi.org/10.1089/ars.2006.8.88
http://www.ncbi.nlm.nih.gov/pubmed/29206130
https://doi.org/10.3390/ijms18122612
http://www.ncbi.nlm.nih.gov/pubmed/10640773
https://doi.org/10.4049/jimmunol.164.3.1546
http://www.ncbi.nlm.nih.gov/pubmed/19130935
https://doi.org/10.1016/j.jaci.2008.10.047
http://www.ncbi.nlm.nih.gov/pubmed/16677071
https://doi.org/10.1089/ars.2006.8.243
http://www.ncbi.nlm.nih.gov/pubmed/18522489
https://doi.org/10.1089/ars.2007.1957
http://www.ncbi.nlm.nih.gov/pubmed/17434122
https://doi.org/10.1016/j.molcel.2007.03.016
http://www.ncbi.nlm.nih.gov/pubmed/20500659
https://doi.org/10.1111/j.1365-3024.2010.01201.x
http://www.ncbi.nlm.nih.gov/pubmed/15136296
https://doi.org/10.1152/ajplung.00288.2003
http://www.ncbi.nlm.nih.gov/pubmed/18445586
https://doi.org/10.1074/jbc.R700019200
http://www.ncbi.nlm.nih.gov/pubmed/25009779
https://doi.org/10.1016/j.redox.2014.06.001
http://www.ncbi.nlm.nih.gov/pubmed/26381917
https://doi.org/10.1016/j.redox.2015.07.003
http://www.ncbi.nlm.nih.gov/pubmed/11295490
https://doi.org/10.1016/S0300-9084(01)01250-0
http://www.ncbi.nlm.nih.gov/pubmed/18804549
https://doi.org/10.1016/j.biocel.2008.08.027

Allergy, Asthma & AA] R
Regulation of Prdx6é Expression by Oxidative Stress Immunology Research

17. SongIK, LeeJJ, Cho JH, Jeong]J, Shin DH, Lee KJ. Degradation of redox-sensitive proteins including
peroxiredoxins and DJ-1 is promoted by oxidation-induced conformational changes and ubiquitination.
Sci Rep 2016;6:34432.
PUBMED | CROSSREF

18. Kwon HS, Bae YJ, Moon KA, Lee YS, Lee T, Lee KY, et al. Hyperoxidized peroxiredoxins in peripheral
blood mononuclear cells of asthma patients is associated with asthma severity. Life Sci 2012;90:502-8.
PUBMED | CROSSREF

19. Sahiner UM, Birben E, Erzurum S, Sackesen C, Kalayci O. Oxidative stress in asthma. World Allergy Organ
] 2011;4:151-8.
PUBMED | CROSSREF

20. Zuo L, Otenbaker NP, Rose BA, Salisbury KS. Molecular mechanisms of reactive oxygen species-related
pulmonary inflammation and asthma. Mol Immunol 2013;56:57-63.
PUBMED | CROSSREF

21. Dozor AJ. The role of oxidative stress in the pathogenesis and treatment of asthma. Ann N'Y Acad Sci
2010;1203:133-7.
PUBMED | CROSSREF

22. Ahmad A, Shameem M, Husain Q. Relation of oxidant-antioxidant imbalance with disease progression in
patients with asthma. Ann Thorac Med 2012;7:226-32.
PUBMED | CROSSREF

23. Combhair SA, Erzurum SC. Redox control of asthma: molecular mechanisms and therapeutic
opportunities. Antioxid Redox Signal 2010;12:93-124.
PUBMED | CROSSREF

24. Rahman I, Biswas SK, Kode A. Oxidant and antioxidant balance in the airways and airway diseases. Eur J
Pharmacol 2006;533:222-39.
PUBMED | CROSSREF

25. Sackesen C, Ercan H, Dizdar E, Soyer O, Gumus P, Tosun BN, et al. A comprehensive evaluation of
the enzymatic and nonenzymatic antioxidant systems in childhood asthma. J Allergy Clin Immunol
2008;122:78-85.
PUBMED | CROSSREF

26. Moon EY, KangJS, Han SH, Yang KH, Pyo S, Lee MY, et al. Differential role of peroxiredoxin II (PrxII) on
the expression of toll-like receptor 4 (TLR4) and B-cell activating factor (BAFF) in ovalbumin (OVA)-
induced mouse asthma. Int Inmunopharmacol 2008;8:935-44.
PUBMED | CROSSREF

27. Eismann T, Huber N, Shin T, Kuboki S, Galloway E, Wyder M, et al. Peroxiredoxin-6 protects against
mitochondrial dysfunction and liver injury during ischemia-reperfusion in mice. Am J Physiol
Gastrointest Liver Physiol 2009;296:G266-74.
PUBMED | CROSSREF

28. Wang, Feinstein SI, Fisher AB. Peroxiredoxin 6 as an antioxidant enzyme: protection of lung alveolar
epithelial type II cells from H,0,-induced oxidative stress. J Cell Biochem 2008;104:1274-85.
PUBMED | CROSSREF

29. Rhee SG, Woo HA, Kil IS, Bae SH. Peroxiredoxin functions as a peroxidase and a regulator and sensor of
local peroxides. J Biol Chem 2012;287:4403-10.
PUBMED | CROSSREF

30. Jeong]J, KimY, SeongJK, Lee KJ. Comprehensive identification of novel post-translational modifications
in cellular peroxiredoxin 6. Proteomics 2012;12:1452-62.
PUBMED | CROSSREF

31. JungT, Hohn A, Grune T. The proteasome and the degradation of oxidized proteins: Part II - protein
oxidation and proteasomal degradation. Redox Biol 2014;2:99-104.
PUBMED | CROSSREF

32. Rhee SG, Yang KS, Kang SW, Woo HA, Chang TS. Controlled elimination of intracellular H,O,: regulation
of peroxiredoxin, catalase, and glutathione peroxidase via post-translational modification. Antioxid
Redox Signal 2005;7:619-26.
PUBMED | CROSSREF

https://e-aair.org https://doi.org/10.4168/aair.2020.12.3.523 536


http://www.ncbi.nlm.nih.gov/pubmed/27703196
https://doi.org/10.1038/srep34432
http://www.ncbi.nlm.nih.gov/pubmed/22285837
https://doi.org/10.1016/j.lfs.2012.01.003
http://www.ncbi.nlm.nih.gov/pubmed/23268432
https://doi.org/10.1097/WOX.0b013e318232389e
http://www.ncbi.nlm.nih.gov/pubmed/23665383
https://doi.org/10.1016/j.molimm.2013.04.002
http://www.ncbi.nlm.nih.gov/pubmed/20716295
https://doi.org/10.1111/j.1749-6632.2010.05562.x
http://www.ncbi.nlm.nih.gov/pubmed/23189100
https://doi.org/10.4103/1817-1737.102182
http://www.ncbi.nlm.nih.gov/pubmed/19634987
https://doi.org/10.1089/ars.2008.2425
http://www.ncbi.nlm.nih.gov/pubmed/16500642
https://doi.org/10.1016/j.ejphar.2005.12.087
http://www.ncbi.nlm.nih.gov/pubmed/18485467
https://doi.org/10.1016/j.jaci.2008.03.035
http://www.ncbi.nlm.nih.gov/pubmed/18442801
https://doi.org/10.1016/j.intimp.2008.01.022
http://www.ncbi.nlm.nih.gov/pubmed/19033532
https://doi.org/10.1152/ajpgi.90583.2008
http://www.ncbi.nlm.nih.gov/pubmed/18260127
https://doi.org/10.1002/jcb.21703
http://www.ncbi.nlm.nih.gov/pubmed/22147704
https://doi.org/10.1074/jbc.R111.283432
http://www.ncbi.nlm.nih.gov/pubmed/22589192
https://doi.org/10.1002/pmic.201100558
http://www.ncbi.nlm.nih.gov/pubmed/25460724
https://doi.org/10.1016/j.redox.2013.12.008
http://www.ncbi.nlm.nih.gov/pubmed/15890005
https://doi.org/10.1089/ars.2005.7.619

	Oxidative Stress Modulates the Expression Pattern of Peroxiredoxin-6 in Peripheral Blood Mononuclear Cells of Asthmatic Patients and Bronchial Epithelial Cells
	INTRODUCTION
	MATERIALS AND METHODS
	Cell culture
	Antibodies and reagents
	Expression patterns of peroxiredoxins in PBMCs
	Two-dimensional (2D) gel electrophoresis
	Immunoprecipitation analysis
	Protein degradation assay
	Statistical analysis

	RESULTS
	Peroxiredoxin-6 modification in PBMCs from asthmatic patients
	Induction of peroxiredoxin-6 modification in BECs under oxidative stress
	Analysis of peroxiredoxin-6 stability in BECs exposed to oxidative stress

	DISCUSSION
	SUPPLEMENTARY MATERIALS
	Supplementary Table
	Supplementary Fig. S1
	Supplementary Fig. S2
	Supplementary Fig. S3
	Supplementary Fig. S4

	REFERENCES


