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A B S T R A C T   

S-glutathionylation of reactive protein cysteines is a post-translational event that plays a critical role in trans-
ducing signals from oxidants into biological responses. S-glutathionylation can be reversed by the deglutathio-
nylating enzyme glutaredoxin (GLRX). We have previously demonstrated that ablation of Glrx sensitizes mice to 
the development of parenchymal lung fibrosis(1). It remains unclear whether GLRX also controls airway fibrosis, 
a clinical feature relevant to asthma and chronic obstructive pulmonary disease, and whether GLRX controls the 
biology of airway epithelial cells, which have been implicated in the pathophysiology of these diseases. In the 
present study we utilized a house dust mite (HDM) model of allergic airway disease in wild type (WT) and Glrx-/- 

mice on a C57BL/6 background prone to develop airway fibrosis, and tracheal basal stem cells derived from WT 
mice, global Glrx-/- mice, or bi-transgenic mice allowing conditional ablation of the Glrx gene. Herein we show 
that absence of Glrx led to enhanced HDM-induced collagen deposition, elevated levels of transforming growth 
factor beta 1 (TGFB1) in the bronchoalveolar lavage, and resulted in increases in airway hyperresponsiveness. 
Airway epithelial cells isolated from Glrx-/- mice or following conditional ablation of Glrx showed spontaneous 
increases in secretion of TGFB1. Glrx-/- basal cells also showed spontaneous TGFB pathway activation, in asso-
ciation with increased expression of mesenchymal genes, including collagen 1a1 and fibronectin. Overall, these 
findings suggest that GLRX regulates airway fibrosis via a mechanism(s) that involve the plasticity of basal cells, 
the stem cells of the airways.   

1. Introduction 

Asthma is a complex disease characterized by chronic inflammation, 
reversible airflow obstruction and hyperresponsiveness. Goblet cell hy-
perplasia, mucus hypersecretion, and increases in airway smooth muscle 
mass are changes in the airways that can occur in asthmatics [2,3]. 
Fibrotic remodeling, accompanied by increases in collagens type 1 and 3 
[4], fibronectin [5], fibulin 1 [6,7] and periostin [8,9], and increased 
expression of various growth factors and cytokines including 
interleukin-11 (IL11), IL13, IL17, transforming growth factor-beta 

(TGFB), amongst others, also is observed in airways of patients with 
chronic asthma [4,10,11]. Fibrotic airway remodeling has been linked 
to increased disease severity and insensitivity to treatment with corti-
costeroids [4,12]. Numerous cell types have been implicated in the 
pathogenesis of asthma, and among these, airway epithelial cells are 
well accepted to play a critical role through the secretion of a range of 
mediators, such as IL25, IL33 and thymic stromal lymphopoietin (TSLP) 
important in the orchestration of innate and adaptive immune responses 
[3]. IL25, TSLP, IL33 and TGFB1 derived from airway epithelial cells 
promote the development of airway fibrosis in models of asthma [11,13, 
14], lung fibrosis [15,16], or the development of fibrosis in other organs 
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[14,17]. The epithelium also provides a physical barrier between the 
host and the environment, and previous studies showed that epithelial 
cells from asthmatics have altered expression of junctional proteins, 
decreased barrier function [18,19], along with a loss of structural cell 
communication [20]. 

Changes in the redox environment have been linked to asthma, 
including increased oxidant production [21], oxidation of glutathione 
[22], and inactivation of antioxidants [23]. Previous work from our 
laboratories has shown that allergen-mediated activation of the 
hydrogen peroxide (H2O2)-producing enzyme, dual specific oxidase-1 
(DUOX1) is a key step in the release of IL33 from airway epithelial 
cells [24] and that this requires oxidative activation of epidermal 
growth factor receptor (EGFR) [25]. Despite these observations, the 
mechanisms whereby signals from oxidants are transduced to regulate 
allergic airway inflammation and remodeling remain to be unraveled. 

Oxidation of cysteine thiol groups within proteins serves as a sensor 
that converts an oxidant signal into a biological response. Protein S- 
glutathionylation (PSSG) represents the conjugation of glutathione to 
reactive protein cysteines, and the glutathionylation/deglutathionyla-
tion cycle has emerged as a key mechanism where oxidants regulate 
biological functions [26–29]. The addition of glutathione (GSH) to a 
protein cysteine changes the size and charge of the protein, owing to the 
addition of 3 amino acids and a glutamic acid moiety, respectively, 
thereby imparting potential structural and/or functional changes. In 
addition, S-glutathionylation also protects proteins from irreversible 
overoxidation. Following an initial oxidative insult, the subsequent 
S-glutathionylation reaction can occur spontaneously or be catalyzed by 
glutathione S-transferases, notably glutathione S-transferase P [30]. 
Conversely, glutaredoxins (GLRX), under physiological conditions, 
catalyze the deglutathionylation process, restoring the sulfhydryl groups 
to their native state [28,29]. 

Changes in GLRX and protein S-glutathionylation have been 
observed in the airways of patients with asthma [31]. Our laboratory has 
previously demonstrated that global ablation of Glrx attenuated airways 
hyperresponsiveness in mice on the BALB/c background using the 
ovalbumin model of allergic airways disease [32]. Glrx-/- mice also 
displayed attenuated expression of IL6, IL13, as well as mucin 5AC 
(MUC5AC) in a house dust mite (HDM) model of allergic airways disease 
[33]. In models of parenchymal pulmonary fibrosis, we recently estab-
lished that absence of Glrx promotes fibrogenesis [1]. The goal of the 
present study was to determine whether GLRX affects airway fibrosis 
following exposure to HDM. Given the aforementioned role of epithelial 
cells in airway remodeling, we also investigated whether GLRX status 
regulated the homeostasis of airway epithelial cells and their responses 

to HDM or TGFB1. 

2. Materials and methods 

HDM-induced allergic airways disease and assessment of air-
ways hyperresponsiveness: For all experiments, 8–12 week old mice 
were used. Glrx-/- mice described previously [34] were backcrossed 
more than 10 generations onto a C57BL/6/NJ background. Wild type 
(WT) littermates served as controls. All studies were approved by the 
Institutional Animal Care and Use Committee at the University of Ver-
mont. Experiments were performed at least twice, and animal numbers 
in each group are noted in each Figure Legend. Mice were subjected to 
intranasal instillations with 10 μg of HDM protein extract (GREER®, cat: 
XPB70D3A2.5, Lot: 259585, Lenoir, NC, USA) resuspended in saline, or 
with saline alone as a vehicle control, once a week for two weeks, and 5 
consecutive challenges in the third week. Mice were euthanized 24 h 
following the fifth challenge in the third week. Following completion of 
the HDM protocol, mice were anesthetized with intraperitoneal pento-
barbital sodium (90 mg/kg), tracheotomized, and mechanically venti-
lated at 200 breaths/min. Mice were subjected to increasing doses of 
methacholine (0, 3 mg, 13 mg, 25 mg and 50 mg) and respiratory me-
chanics were assessed using a forced oscillation technique on a 
computer-controlled small animal ventilator (SCIREQ, QC, Canada), as 
previously described [35,36]. Parameters of Newtonian resistance (Rn), 
tissue resistance (G) and elastance (H) were calculated and quantified by 
averaging the three highest measurements obtained at each incremental 
methacholine dose for each mouse. 

Creation of transgenic mice expressing Glrx with LoxP-flanked alleles 
(GlrxLoxP) and conditional ablation of Glrx in airway basal cells: 

Mice with Glrx LoxP-flanked alleles were created by Cyagen Bio-
sciences Inc. (Santa Clara, CA). Exon 1 of Glrx was targeted by the 
incorporation of flanking LoxP sites and a neomycin resistance cassette 
flanked by Frt sites. The targeting construct was electroporated into 
C57BL/6 embryonic stem cells, followed by selection of G418 resistant 
clones. Recombinant ES cell line clones were verified by PCR and 
Southern blot analysis for presence of the neomycin (neo) targeting 
cassette prior to injection into blastocysts. Chimeric founder mice were 
bred with C57BL/6 mice to confirm germline transmission, and resulting 
heterozygous mice were bred to the Flp-deleter strain to remove the neo 
cassette (Cyagen Biosciences). GlrxLoxP mice were subsequently bred for 
10+ generations onto the C56BL/6/NJ background. Primers to genotype 
the GlrxLoxP transgenic mice are Forward: GCTGGTTGGTGTGTGGA-
TAGTG Reverse: GGTGGGGCTAGGTAAGAATGGACA resulting in a 
product size of 344 bp for the WT Glrx allele and 414 bp for the GlrxLoxP 
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allele. Homozygous GlrxLoxP/LoxP mice were bred with Krt5CreERT2 
mice [37] (Jackson Laboratories, Stock #029155). The Cre-ERT2 fusion 
protein consists of Cre recombinase fused to a mutant form of the human 
estrogen receptor which binds the synthetic estrogen receptor ligand, 
4-hydroxytamoxifen (TMX). This strategy allows for the selective abla-
tion of the Glrx gene from Krt5-expressing basal cells to permit investi-
gation of acute ablation of Glrx in airway basal cells. Single transgenics 
were used as controls. 

2.1. Bronchoalveolar lavage fluid 

After mice were euthanized, bronchoalveolar lavage fluid (BALF) 
was performed using 1 ml PBS. BALF was collected and total cell counts 
were determined by staining cells with trypan blue and counted with a 
hemocytometer. BALF was spun down at 1200g for 5 min. Cells were 
transferred to slides using a cytospin, fixed in methanol and stained 
using the Hema3 kit (Fisher Scientific, Kalamazoo, MI) and analyzed by 
counting a minimum of 300 cells per mouse, as described elsewhere 
[36]. Supernatants were flash frozen in liquid nitrogen and stored at 
-80 ◦C until analysis. 

2.2. Measurement of airway remodeling 

The right lung was fixed in 10% formalin and embedded in paraffin. 
Lung sections (5 μm) were stained using Masson’s Trichrome to visualize 
collagen. Images were acquired using an Olympus BX50 Light Micro-
scope with QImaging Retiga 2000R digital camera. Collagen content 
was determined by isolating the superior lobe of the right lung and 
measuring the total content of hydroxyproline as previously described 
[38]. Periodic acid-Schiff (PAS) staining was performed and the positive 
staining areas were quantified by MetaMorph imaging software (Mo-
lecular Devices). Alpha-smooth muscle actin staining (ACTA2, 1:4000; 
A2547; Sigma) was used to evaluate airway smooth muscle via 
immunohistochemistry. 

2.3. Cell culture and stimulation with HDM or TGFB1 

Primary mouse tracheal basal (MTB) cells were isolated from WT 
C57BL/6 mice, C57BL/6 mice lacking glutaredoxin-1 globally (Glrx-/-) 
or conditionally (Krt5CreERT2:GlrxLoxP/LoxP) and cultured as previously 
described [39,40]. A minimum of three tracheas were pooled for each 
basal cell culture, and cultures were initiated at least three times, unless 
otherwise noted. MTB cells were incubated in serum-free medium. After 
reaching confluence, MTB cells were stimulated with 5 ng/ml TGFB1 
(240-B-002/CF; R&D systems, Minneapolis, MN, USA) or 50 μg/ml HDM 
protein extract (Lot: 259585), and at the indicated times, cells were 
harvested for expression of mesenchymal genes, proteins and TGFB 
pathway activation. 

For air-liquid interface (ALI) cultures, MTB cells were seeded onto 
0.4-μm transwell membranes pre-coated with collagen with a density of 
6000 cells/mm2. Medium was replaced with complete Pneumacult-ALI 
medium (05001; StemCell Technologies, Vancouver, Canada) on day 2 
in both the upper and lower chambers. ALI medium was added to only 
the lower chamber starting day 3, with the media replaced every other 
day for 21 days. In experiments involving airway basal cells isolated 
either from Krt5CreERT2:GlrxLoxP/LoxP bi-transgenic mice or single 
transgenic mice, cells were treated with TMX (500 nM, Sigma, cat. 
T176) or 0.004% EtOH (v/v) as a vehicle control on days 2 and 3, prior 
to the differentiation of basal cells into fully differentiated epithelia. On 
day 24, fully differentiated epithelial cultures were starved for 24 h with 
Pneumacult-ALI maintenance medium or serum-free media. Cells were 
stimulated on the apical side with 100 μl of Pneumacult-ALI mainte-
nance medium or serum-free media with 50 μg/ml of HDM protein 
extract (Lot: 259585 or 348718). 24 h after HDM stimulation, super-
natants from apical and basolateral sides were collected for the assess-
ment of TGFB1. 

2.4. Enzyme-linked immunosorbent assay (ELISA) 

TGFB1 was detected by ELISA kit (DY1679; R&D systems, Minne-
apolis, MN, USA) in BALF or supernatants from cell cultures according to 
manufacturer’s instructions. This assay kit measures total TGFB1, con-
sisting of latent plus active growth factor. 

2.5. Western Blotting 

Lung tissues or cell lysates were lysed in buffer containing 20 mM 
Tris, 150 mM NaCl, 1% (v/v) Nonidet P-40, 1% (v/v) protease and 
phosphatase inhibitor cocktail (78444; Thermo Scientific, Waltham, 
MA, USA). Total protein was assessed by the Bio-Rad DC Protein Assay 
kit (Bio-Rad, Hercules, CA, USA), according to manufacturer’s protocol. 
Beta actin (ACTB) or glyceraldehyde-3 phosphate dehydrogenase 
(GAPDH) (2118; Cell Signaling Technology, Danvers, MA, USA) anti-
bodies were used as a loading control. An anti-GSH antibody (101-A; 
ViroGen, Watertown, MA, USA) was used to evaluate protein S-gluta-
thionylation. The inclusion of dithiothreitol to decompose S-gluta-
thionylated proteins was used to validate the antibody (data not shown). 

2.6. Immunofluorescence and confocal imaging 

Cells were fixed in 4% PFA and blocked in 5% BSA before staining. 
The following primary antibodies were used: rabbit anti-pSmad2 
(1:1000, 3108, Cell Signaling Technology), rabbit anti-cytokeratin 5 
(1:1000, ab52635, Abcam), rabbit anti-Ecadherin (1:1000, 3195, Cell 
Signaling Technology). Secondary antibodies used were conjugated to 
Alexa Fluor 488, 647 (Life Technologies, Carlsbad, CA, USA). 4′,6-dia-
midino-2-phenylindole (DAPI) (1:4000, D1306, ThermoFisher) was 
used for nuclear counter stain. 

Fluorescent images were collected on a confocal microscope (Zeiss 
LSM 510 META laser scanning confocal microscope). Scale bars were 
added and images were processed using Photoshop (Adobe). As a con-
trol, primary antibodies were omitted to establish background fluores-
cence. Signal intensities were quantified using Metamorph. 

2.7. Gene expression 

Total RNA was isolated from lung tissues using the RNeasy mini-kit 
(74106; Qiagen, Valencia, CA, USA), subjected to reverse transcription 
and DNase treatment to produce cDNA for Taqman gene analysis using 
SYBR green and CFX96 Real-Time System (50001111; Biorad, Hercules, 
CA, USA). The relative expression was normalized to Actb using the 
expression Primer sequences provided in Table 1. Sequences were taken 
from Genbank. All accession numbers are denoted. 

2.8. Statistical analyses 

All analyses were performed using GraphPad Prism software by 
ANOVA. All experiments were repeated at least twice and data from 
combined experiments are represented as mean ± S.E.M. Scoring of 
histological staining was analyzed by Kruskal-Wallis test and Dunn’s 
post hoc test. For all analyses, P values ≤ 0.05 were considered 
significant. 

Table 1 
Primer sequences used in this study.  

Genes Forward Reverse 

Col1a1 CACCCTCAAGAGCCTGAGTC AGACGGCTGAGTAGGGAACA 
Fn1 AATGGAAAAGGGGAATGGAC CTCGGTTGTCCTTCTTGCTC 
Actb CCCTCCCAGGGAGACCAA CTGAATGGCCCAGGTCTGA  
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Fig. 1. Assessment of inflammation, mucus metaplasia and smooth muscle cells in WT or Glrx-/- mice following repeated exposure to house dust mite. A: Western 
Blot analysis for GLRX in homogenized lung tissue of WT or Glrx-/- mice exposed to saline or house dust mite (HDM). ACTB (β-actin): loading control. B: Total (left) 
and differential cell counts (right) in BAL fluid from WT or Glrx-/- mice after exposure to saline or HDM. C: Periodic acid-Schiff (PAS) staining in WT or Glrx-/- mice 
exposed to HDM or saline (scale bar = 50 μm). Quantification of airway mucus staining intensity was determined by positive staining areas using Metamorph. D: 
Alpha-smooth muscle actin (ACTA2) immune-reactivity in WT or Glrx-/- mice exposed to saline or HDM (scale bar = 50 μm). WT PBS n = 8, WT HDM n = 10, Glrx-/- 

PBS n = 8, Glrx-/- HDM n = 10 mice. ***p < 0.001, ANOVA. 
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3. Results 

Glrx-/- mice display similar increases in airway inflammation and 
elevated mucus hyperplasia in response to HDM exposure. 

We recently described that mice lacking Glrx were more prone to the 
development of parenchymal pulmonary fibrosis [1]. Airway fibrosis 
accompanies numerous chronic lung diseases, including asthma and 
chronic obstructive pulmonary disease (COPD) [4,41]. To address 
whether GLRX regulates airway fibrosis, herein we use a model of 
HDM-induced airway fibrosis, by using WT mice or mice globally lack-
ing Glrx (Glrx-/-), bred onto a C57BL/6 background, as this strain is 
prone to development of fibrosis, in contrast to BALB/c mice 

traditionally used to study allergic disease. In line with prior observa-
tions in BALB/c mice [33], HDM sensitization and challenge of C57BL/6 
mice led to increases in GLRX expression in lung tissue (Fig. 1A). In mice 
subjected to HDM, the increases in cellular influx into the airways 
measured by cell counts in the in bronchoalveolar lavage (BAL) fluid 
were comparable between WT and Glrx-/- mice (Fig. 1B, left panel). 
Statistically significant increases in eosinophil percentages, and de-
creases in macrophage percentages occurred in WT or Glrx-/- mice 
exposed to HDM, compared to respective saline controls, while the 
proportion of neutrophils trended toward increases but did not reach 
statistical significance and lymphocyte numbers accounted for low 
percentages (<1%) not visible in the schematic (Fig. 1B, right panel). No 
significant differences in the proportion of inflammatory cell types was 
observed in Glrx-/- mice compared to their wild type counterparts 
following HDM exposure (Fig. 1B, right panel). 

We next investigated the impact of Glrx ablation on HDM-induced 
airways remodeling. Manifestations of airways remodeling include 
mucus metaplasia and increased alpha smooth muscle actin content 
(ACTA2). As expected, an increase in Periodic acid-Schiff (PAS) staining, 
indicative of mucus metaplasia occurred in response to HDM sensitiza-
tion and challenge, and this was significantly enhanced in Glrx-/- mice as 
compared to respective WT animals (Fig. 1C). ACTA2 immunoreactivity 
was qualitatively increased to a similar extent in WT or Glrx-/- mice 
exposed to HDM (Fig. 1D). Assessment of airway hyperresponsiveness 
(AHR) in WT mice exposed to HDM showed increases in in central air-
ways resistance (Rn) and tissue resistance (G) in response to 50 mg/ml 
methacholine, while tissue elastance (H) was not affected (Fig. 2). In 
contrast, Glrx-/- mice exposed to HDM showed increases in central air-
ways resistance and tissue elastance at lower doses of methacholine, 
although these patterns reversed at the highest dose (50 mg/ml) of 
methacholine (Fig. 2, top and bottom panels). In the absence of exposure 
to HDM, mice lacking Glrx also showed statistically significant increases 
in tissue resistance in response to 50 mg/ml methacholine, compared to 
the respective WT groups (Fig. 2, middle panel), and similar trends to-
wards increases in central airway resistance also were observed in Glrx-/- 

mice, although these did not reach statistical significance. These results 
suggest intrinsic differences in respiratory mechanics in mice lacking 
Glrx. The lack of changes in tissue elastance (H) in WT animals suggests 
that in C57BL/6 mice, HDM-mediated changes in respiratory mechanics 
are largely restricted to the central airways, in contrast to observations 
in the BALB/c strain [33]. 

Glrx-/- mice display elevated subepithelial collagen deposition in 
response to HDM exposure. 

We next evaluated whether GLRX regulated the extent of airway 
collagen deposition. Qualitative Masson’s Trichrome staining demon-
strated an increased subepithelial collagen content in WT and Glrx-/- 

mice exposed to HDM (Fig. 3A). Quantitative assessment of hydroxy-
proline content, indicative of total lung collagen, showed significant 
increases in WT mice exposed to HDM, and that HDM-induced increases 
in hydroxyproline were more pronounced in Glrx-/- mice compared to 
WT mice (Fig. 3B). Consistent with these observations, levels of the pro- 
fibrogenic growth factor, TGFB1, were elevated in the BALF of WT mice 
exposed to HDM, with further elevations occurring in Glrx-/- mice 
exposed to HDM (Fig. 3C). 

Airway basal cells (MTB) isolated from Glrx-/- mouse tracheas have 
increased expression of the basal cell marker keratin 5, but decreased 
expression of E-cadherin. 

Airway basal cells line the basement membrane and are the stem 
cells of the airways that give rise to ciliated, secretory and other 
terminally differentiated cells [42,43]. Shifts in the characteristics of 
basal cells and resultant reduced epithelial diversity have been linked to 
type 2 immune-mediated barrier tissue dysfunction [44]. We have 
shown that in response to TGFB1, basal cells deposit a provisional 
extracellular matrix that in turn induces mesenchymal activation in 
subsequently plated control basal cells [45], suggesting that basal cells 
are linked to fibrotic airway remodeling. Given the increases in airway 

Fig. 2. Assessment of airway hyperresponsiveness (AHR) in WT or Glrx-/- mice 
exposed to saline or HDM. 
Mice were tracheostomized and ventilated, and respiratory mechanics evalu-
ated at baseline, or in response to ascending doses of the bronchoconstricting 
agent, methacholine. Shown are the Newtonian resistance (Rn, a marker of 
airway stiffness or central airway resistance, top), tissue resistance (G, middle), 
and tissue elastance (H, bottom) parameters. (*p < 0.05; **p < 0.01; ***p <
0.001). WT PBS n = 8, WT HDM n = 10, Glrx-/- PBS n = 8, Glrx-/- HDM n =
10 mice. 
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fibrosis in Glrx-/- mice exposed to HDM, compared to WT mice, we 
therefore sought to further characterize airway basal cells (MTB) iso-
lated from WT or Glrx-/- mice. As expected, WT or Glrx-/- MTB cells both 
expressed the basal cell marker, keratin 5 (KRT5), although KRT5 
expression was higher in Glrx-/- basal cells, compared to WT counter-
parts (Fig. 4A). Interestingly, expression of the epithelial marker, 
E-cadherin, tended to be lower in Glrx-/- cells, compared to WT coun-
terparts (Fig. 4B and C). These findings suggest that basal cells lacking 
Glrx are intrinsically distinct from WT cells. Western blot analysis using 
an anti-GSH antibody showed that Glrx-/- basal cells intrinsically showed 
increases in protein S-glutathionylation, compared to WT counterparts 
(Fig. 4D). 

Airway basal cells isolated from Glrx-/- mouse tracheas have elevated 
expression of mesenchymal proteins and upon differentiation in air 
liquid interface conditions spontaneously secrete TGFB1. 

The observed increased subepithelial fibrosis and TGFB1 in the 
BALF, and decreases in E-cadherin prompted us to address whether 
Glrx-/- MTB cells responded differently to HDM or TGFB1 compared to 
WT epithelial cells. In addition, Glrx-/- basal cells showed intrinsic in-
creases in expression of collagen 1a1 (Col1a1) and fibronectin (Fn1) 

(Fig. 5A), genes implicated in airways remodeling. In response to stim-
ulation with TGFB1, expression of these genes increased further in WT 
and Glrx-/- MTB cells (Fig. 5B). Similarly, constitutive expression of 
alpha smooth muscle actin (ACTA2) was observed in Glrx-/- MTB cells, 
even in the absence of stimulation with TGFB1, and further increases 
occurred in response to TGFB1 (Fig. 5B). These findings demonstrate an 
increased mesenchymal character of Glrx-/- MTB cells, characteristic of 
activation of the TGFB pathway. In order to further address this, we 
examined phosphorylation of SMAD2 (pSMAD2) as an indicator of TGFB 
pathway activation and showed that pSMAD2 was increased in Glrx-/- 

MTB cells compared to WT counterparts, even in the absence of TGFB 
stimulation (Fig. 6A). To assess whether TGFB pathway activation 
contributed to the increases in Col1a1 and Fn1 expression in Glrx-/- basal 
cells, we inhibited the type I receptor for TGFB, activin receptor-like 
kinase (ALK4, 5 and 7), using SB431542. Exposure of WT or Glrx-/- 

MTB cells to SB431542 decreased Col1a1 and Fn1 expression to 
comparative levels (Fig. 6B). Basal cells are the stem cells of the airways 
that give rise to terminally differentiated epithelial cells when cultured 
under air liquid interface conditions (ALI). We therefore addressed 
whether the mesenchymal character of Glrx-/- epithelial cells was 

Fig. 3. Evaluation of airway fibrosis in WT or Glrx-/- mice exposed to saline or HDM. 
A. Masson’s Trichrome staining in WT or Glrx-/- mice exposed to HDM or saline (scale bar = 50 μm). B: Assessment of hydroxyproline content in the right superior 
lobe 24 h after the final challenge. C: Evaluation of TGFB1 level in the BAL fluid by enzyme-linked immunosorbent assay (ELISA). WT PBS n = 13, WT HDM n = 9, 
Glrx-/- PBS n = 10, Glrx-/- HDM n = 13 mice. 

S.B. Chia et al.                                                                                                                                                                                                                                  



Redox Biology 37 (2020) 101720

7

Fig. 4. Characteristics of primary airway basal cells isolated from WT or Glrx-/- mouse tracheas. A: Expression of the basal cell marker, cytokeratin 5 (KRT5) in WT 
and Glrx-/- basal cells via immunofluorescence analysis (scale bar = 50 μm). B: Expression of the epithelial marker, E-cadherin (CDH1) in WT or Glrx-/- basal cells 
evaluated via immunofluorescence (scale bar = 20 μm). C: Assessment of the epithelial marker, E-cadherin (CDH1) in WT or Glrx-/- basal cells exposed to HDM (50 
μg/ml, 7 days) evaluated via Western blot analysis. ACTB (β-actin): loading control. D: Assessment of protein S-glutathionylation in WT or Glrx-/- basal cells evaluated 
via Western blot analysis. GAPDH (glyceraldehyde-3-phosphate dehydrogenase): loading control. GLRX blot confirms the absence of GLRX proteins in Glrx-/- airway 
basal cells. Shown is a representative blot out of 3 independent experiments. 
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maintained following their culture on ALI. In this setting, WT epithelial 
cells exposed to HDM secreted TGFB1 into the medium (Fig. 6C). 
Interestingly, Glrx-/- epithelial cells, spontaneously released more 
TGFB1 than WT cells, even in the absence of HDM, while no further 
increases were observed in response to HDM (Fig. 6C). 

It is plausible that the mesenchymal character of Glrx-/- airway basal 
cells is the result of prolonged absence of the Glrx gene. In order to 
corroborate our observations, we created transgenic mice containing a 
LoxP-flanked Glrx gene (Fig. 7A and B) and bred these mice with animals 
expressing a Cre-driver controlled by the keratin-5 promoter in a 4- 
hydroxytamoxifen (TMX)-dependent manner (Krt5CreERT2). Adminis-
tration of TMX to airway basal cells from GlrxLoxP/LoxP:Krt5CreERT2 bi- 
transgenic mice during days 2 and 3 of the ALI protocol, a time prior 
to their differentiation to terminally differentiated cells resulted in 
ablation of the GLRX protein. TMX did not impact GLRX in airway basal 
cells isolated from Krt5Cre-ERT2 single transgenic mice (expressing WT 
Glrx) (Fig. 7D). In contrast to observations in Fig. 6C, we did not observe 
increases in secretion of TGFB1 in response to HDM (Fig. 7E), possibly 
due to minor variations in culture conditions to accommodate for 
treatment of TMX, the presence of ethanol, used as a vehicle control, or 
differences between HDM lots. However, administration of TMX to 

airway basal cells from GlrxLoxP/LoxP:Krt5CreERT2 bi-transgenic mice 
resulted in enhanced secretion of TGFB1, while in the control groups 
secretion of TGFB1 was not affected (Fig. 7E). Overall, these results 
suggest that increased TGFB pathway activation may contribute to the 
intrinsically enhanced mesenchymal responses in airway epithelial cells 
lacking Glrx. 

4. Discussion 

Airway fibrosis is a feature of asthma that has been linked to 
increased severity and insensitivity to treatment with corticosteroids [4, 
12]. The mechanistic details that promote the development of fibrosis in 
the airways of asthmatic patients remain not fully known, although 
various growth factors and cytokines have been implicated, including 
IL11, IL13, IL17, IL33 and TGFB [4,10,11,15] as stated earlier. Changes 
in the redox environment also have been implicated in the pathogenesis 
of asthma, and development of interstitial pulmonary fibrosis [1,46]. In 
the present manuscript, we confirm that mice exposed to HDM, a major 
allergen in asthma, bred onto the C57BL/6 background develop airway 
fibrosis. Herein, we also show that mice that globally lack the degluta-
thionylating enzyme, Glrx, are more prone to the development of airway 

Fig. 5. Primary Glrx-/- basal cells spontaneously secrete TGFB1 and express mesenchymal proteins. A: mRNA expression levels of Col1a1 and Fn1 in WT vs. Glrx-/- 

MTB cells in response to TGFB1 (5 ng/ml, 48 h). B: Western Blot analysis of ACTA2 in WT vs. Glrx-/- MTB cells stimulated with TGFB1 (5 ng/ml, 3 days). ACTB 
(β-actin): loading control. 
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Fig. 6. Constitutive activation of the TGFβ pathway in primary airway basal cells lacking Glrx. A: Assessment of phosphorylation(s) of SMAD2 in WT vs. Glrx-/- basal 
cells (scale bar = 50 μm). B: mRNA expression levels of Col1a1 and Fn1 in WT vs. Glrx-/- MTB cells in response to the ALK5 inhibitor, SB431542 (10 μM, 48 h) (*p <
0.05; **p < 0.01; ***p < 0.001). C: Assessment of TGFB1 levels in supernatants of WT vs. Glrx-/- epithelial cells differentiated under air liquid interface conditions 
(ALI), in the absence of stimuli, or following exposure to HDM (50 μg/ml, 24 h). 
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fibrosis in response to HDM, and show increases in airway responsive-
ness, as compared to WT counterparts. We further show that these 
changes occurred in the absence of overall alterations of inflammatory 
cell profiles or ACTA2 immunoreactivity between WT or Glrx-/- mice 
exposed to HDM. However, HDM-exposed Glrx-/- mice showed increases 
in mucus metaplasia, compared to the respective WT groups. Overall, 
these results show that the pro-fibrotic phenotype previously reported in 
Glrx-/- mice using the bleomycin or adenovirus expressing active TGFB1 
models of pulmonary fibrosis is also observed in settings of airway 

fibrosis induced by an asthma-relevant allergen. We speculate that in-
creases in airway fibrosis could account for the observed increases in 
central airways resistance (Rn) in Glrx-/- mice compared to respective 
WT groups, as increased fibrosis and subsequent narrowing of larger 
airways could lead to an accentuated response for every given to degree 
of airway smooth muscle shortening [47]. 

Results herein also demonstrate the spontaneous release of TGFB 
from airway epithelial cells isolated from either Glrx-/- mice (Fig. 6C) or 
GlrxLoxP/LoxP:Krt5CreERT2 mice (Fig. 7E). Glrx-/- airway basal cells have 

Fig. 7. Acute ablation of Glrx from airway basal cells isolated from Krt5Cre-ERT2:GlrxLoxP/LoxP bi-transgenic mice results in secretion of TGFB1. A: Design of mice 
with a LoxP-flanked Glrx allele. B: PCR screening of GlrxLoxP/LoxP transgenic mice. C: Schematic of TMX-mediated ablation of Glrx from airway basal cells. D: Deletion 
of GLRX protein in airway basal cells from Krt5Cre-ERT2:GlrxLoxP/LoxP bi-transgenic mice following administration of 500 nM 4hydroxytamoxifen (TMX) for 2 days. 
ACTB (β-actin): loading control. E: TMX-mediated ablation of GLRX from airway basal cells prior to their differentiation under ALI results in spontaneous TGFB1 
secretion when assessed at day 25 of ALI culture. Results are obtained from 2 separate primary cell cultures, each initiated by pooling 3 tracheas from either 
Krt5CreERT2 single transgene or Krt5CreERT2:GlrxloxP bitransgenic mice. **p < 0.01 ANOVA. 
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increases in the mesenchymal protein ACTA2 and increased expression 
of Fn1 and Col1a1, in association with activation of the TGFB pathway, 
based upon our findings that phosphorylation of SMAD2 was increased, 
and that a TGFBR inhibitor attenuated expression of Fn1 and Col1a1 in 
cells lacking Glrx. Future studies will be necessary to unravel how the 
TGFB pathway becomes activated in the absence of Glrx, aided by the 
identification of S-glutathionylated target proteins that have the po-
tential to control activation of the TGFB pathway. 

Airway basal cells are the stem cells within the airways that give rise 
to KRT8-positive early progenitor cells and subsequent secretory (club 
or goblet), ciliated, and other terminally differentiated cells, with new 
cell lineages only recently being discovered through single cell RNA 
sequencing [20,42]. Secretory cells or ciliated cells can give rise to 
mucin producing cells that synthesize MUC5AC and MUC5B, among 
others, important in host defense and clearance of pathogens [43,48]. 
Glrx-/- mice exposed to HDM developed mucus metaplasia to a greater 
extent compared to the respective WT group. The mechanistic details 
that link GLRX to MUC5AC will require additional studies. It is possible 
that Glrx-/- basal cells are intrinsically more prone to give rise to 

mucin-producing secretory cells. Alternatively, it is plausible that the 
cytokine environment of the Glrx-/- mice promotes mucus metaplasia 
more readily compared to WT mice [49]. Notably the cytokines IL33 and 
IL13 promote mucus metaplasia in mice with HDM-induced allergic 
airway disease [24,25]. However, assessment of levels of IL13 or IL33 in 
the lungs of Glrx-/- mice exposed to HDM revealed no statistically sig-
nificant differences between WT or Glrx-/- mice (data not shown). 
Finally, the possibility also exists that GLRX directly regulates oxidation 
state and/or function of airway mucins, based upon a prior study 
showing that mucin disulfide cross-links stiffens mucus gels [49]. Future 
studies that incorporate recently developed GlrxloxP mice in combination 
with lineage tagging will elucidate the role of Glrx in airway basal cells 
in dictating the generation of MUC5AC-producing cells and their 
properties. 

Our laboratories have previously described the importance of the 
hydrogen peroxide-producing enzyme DUOX1 in the oxidative activa-
tion of EGFR and subsequent release of IL33 from airway basal cells [24, 
25]. IL33 in turn induces increases of IL13 and subsequent mucus 
metaplasia [50]. It remains unclear whether GLRX regulates 

Fig. 7. (continued). 
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responsiveness to IL33 in settings of allergic airway disease. Intrigu-
ingly, in macrophages, Glrx expression is critical of 
lipopolysaccharide-mediated deglutathionylation of tumor necrosis 
factor associating factor 6, subsequent activation of nuclear factor kappa 
B and release of IL33. Furthermore, exposure of macrophages to re-
combinant IL33 also promotes subsequent release of IL33 in a Glrx-de-
pendent manner [51] demonstrating that GLRX controls responsiveness 
to IL33. A role for EGFR and IL33 signaling in airway fibrosis also has 
been reported. Notably, it was shown that IL33 enhanced production of 
the EGFR ligand, amphiregulin by memory T helper 2 (Th2) cells which 
in turn reprogrammed eosinophils to produce osteopontin, a pro-fibrotic 
immunomodulatory protein. In cooperation with IL-5-producing mem-
ory Th2 cells, these pathways were found to cooperate to establish lung 
fibrosis [52]. It remains unclear whether GLRX or S-glutathionylation 
control these pathways or the expression of osteopontin. Additional 
studies will be required to elucidate whether GLRX in basal cells controls 
the activation and/or release of IL33. Such studies are particularly 
germane, given that basal cells are reservoirs of IL33 sequestered in the 
nucleus [53,54]. 

Previous studies have shown that TGFB controls the proliferation and 
differentiation of basal cells. Notably, SMAD signaling was shown to 
promote mucociliary differentiation, while conversely, dual inhibition 
of SMAD and bone morphogenic protein (BMP) signaling promoted 
proliferation of basal cells [55]. Findings that airway basal cells that lack 
Glrx have increased SMAD2 activation suggest that their progenitor 
potential and/or differentiation function is compromised. The impor-
tance of basal cells in fibrosis also is emerging. Single cell RNA 
sequencing of epithelial cells isolated from distal lung from patients with 
idiopathic pulmonary fibrosis (IPF) showed the emergence of cell pop-
ulation(s) with basal cell characteristics that are of an “indeterminate” 
phenotype in contrast to the expected alveolar type 2 epithelial signa-
ture observed in the healthy lung [56]. Analysis of the transcriptome of 
BAL samples of three independent cohorts of patients with IPF revealed 
that genes associated with mortality were significantly enriched for 
genes expressed in airway basal cells [57]. A recent study showed that 
expression of the keratin 8 (KRT8) was increased via activation of the 
TGFB pathway, and prevented the differentiation of alveolar type 2 
epithelial cells into type 1 alveolar cells which cover the majority of the 
alveolar surface in the healthy lung [56]. These studies, corroborated by 
histopathological findings in fibrotic lungs [58] collectively support a 
link between altered TGFB signaling, basal cell homeostasis and 
parenchymal fibrosis. 

Single cell RNA sequencing analyses have also revealed that basal 
cell homeostasis is affected in asthma. Notably, a population of activated 
basal cells emerged in epithelial cell populations isolated from patients 
with asthma, which expressed the periostin (POSTN) gene [20] impli-
cated in lung fibrosis and airway remodeling [8]. Small airway fibrosis is 
also a feature of chronic obstructive pulmonary disease (COPD) [41], 
and similar to asthma, the airway epithelium of cigarette smokers is 
markedly altered, displaying basal cell hyperplasia, mucus and squa-
mous metaplasia, altered ciliated cell differentiation and decreased 
barrier function [59]. Exhaustion of basal cell progenitor function has 
been implicated in COPD pathogenesis [60]. Interestingly, metabolome 
analysis in primary airway basal cells cultured from smokers compared 
to healthy nonsmokers revealed decreases in nicotinamide adenine 
dinucleotide, nicotinamide and glutathione and increases in flavin 
adenine dinucleotide, coenzyme A and 3-nitrotyrosine among other 
changes [61]. These observations implicate potential changes in redox 
homeostasis in altered basal cell function in patients with cigarette 
smoke induced COPD. A previous study demonstrated that dynamic 
changes in redox homeostasis are important in basal cell homeostasis. 
Notably the authors demonstrated that the ability of basal cells to form 
tracheospheres was linked to their oxidation state, based upon cell 
sorting using redox-sensitive probes. They demonstrated that lowering 
“ROS levels” with N-acetyl cysteine or glutathione, or inhibition of 
NOX/DUOX or mitochondrial oxidants lowered tracheosphere 

formation, while conversely low concentrations of hydrogen peroxide 
increased tracheosphere formation. The same study demonstrated that 
the activation of nuclear factor erythroid-2 related factor-2 (Nrf2) 
controlled basal cell proliferation and tracheosphere formation [62]. 

Our current findings suggest that the GLRX redox system controls 
basal cell homeostasis. The potential implications of these findings will 
be illuminated in future studies involving conditional ablation of the 
Glrx gene in basal cells in vivo, modeling of basal cell expansion and 
differentiation using tracheosphere cultures and discovery of the S- 
glutathionylated proteins that regulate the function of this important 
progenitor cell population. 
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