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A B S T R A C T   

Our lungs are exposed daily to airborne pollutants, particulate matter, pathogens as well as lung allergens and 
irritants. Exposure to these substances can lead to inflammatory responses and may induce endogenous oxidant 
production, which can cause chronic inflammation, tissue damage and remodeling. Notably, the development of 
asthma and Chronic Obstructive Pulmonary Disease (COPD) is linked to the aforementioned irritants. Some 
inhaled foreign chemical compounds are rapidly absorbed and processed by phase I and II enzyme systems 
critical in the detoxification of xenobiotics including the glutathione-conjugating enzymes Glutathione S-trans
ferases (GSTs). GSTs, and in particular genetic variants of GSTs that alter their activities, have been found to be 
implicated in the susceptibility to and progression of these lung diseases. Beyond their roles in phase II meta
bolism, evidence suggests that GSTs are also important mediators of normal lung growth. Therefore, the 
contribution of GSTs to the development of lung diseases in adults may already start in utero, and continues 
through infancy, childhood, and adult life. GSTs are also known to scavenge oxidants and affect signaling 
pathways by protein-protein interaction. Moreover, GSTs regulate reversible oxidative post-translational modi
fications of proteins, known as protein S-glutathionylation. Therefore, GSTs display an array of functions that 
impact the pathogenesis of asthma and COPD. 

In this review we will provide an overview of the specific functions of each class of mammalian cytosolic GSTs. 
This is followed by a comprehensive analysis of their expression profiles in the lung in healthy subjects, as well as 
alterations that have been described in (epithelial cells of) asthmatics and COPD patients. Particular emphasis is 
placed on the emerging evidence of the regulatory properties of GSTs beyond detoxification and their contri
bution to (un)healthy lungs throughout life. By providing a more thorough understanding, tailored therapeutic 
strategies can be designed to affect specific functions of particular GSTs.   

1. Introduction 

Our lungs are constantly exposed to air and airborne pollutants 
(including NO2, ozone), particulate matter, pathogens as well as respi
ratory allergens and irritants. Many of these agents are free radicals or 

initiate free radical reactions. Exposure to these exogenous substances 
gives rise to oxidative stress which can cause pro-inflammatory re
sponses in the lung, and may subsequently induce endogenous oxidant 
production [1–5]. The tripeptide glutathione (γ-L-glutamyl-cysteinyl-
glycine) is a non-protein thiol in cells, as well as in plasma and extra
cellular fluid of lungs, and is considered an in important redox buffer 
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that can exist in a thiol-reduced form (GSH) or an oxidized form (GSSG) 
[6]. GSH can be consumed by enzymes that have antioxidant functions 
[7]. Glutathione peroxidases (GPXs) detoxify hydrogen peroxide and 
reduce oxidized lipids [8–12]. Glutathione reductase (GR) recycles 
GSSG to maintain an appropriate intracellular GSH level within cells 
[13,14]. Glutathione S-transferases (GSTs) protect cells from environ
mental exposures by their detoxification function to catalyze the 
conjugation of GSH [15–18]. Foreign chemical compounds inhaled into 
the lung are rapidly absorbed and processed for detoxification by phase I 
and II metabolizing enzymes. Notably, enzymes engaged in Phase I 
metabolism, involving the cytochrome P450 system, target these com
pounds by catalyzing different reactions including hydroxylation, 
oxidation and reduction to protect the cell [19–21]. Subsequently, 
during Phase II metabolism, Phase II enzymes, the GSTs and microsomal 
epoxide hydrolases, can catalyze the conjugation of Phase I modified 
xenobiotics to an endogenous water-soluble substrate, such as reduced 
GSH, or glycine. This will result in less toxic metabolites, which can then 
be more easily transported out of the cell by different transmembrane 
efflux pumps. Some compounds will not go through Phase I metabolism, 
but enter Phase II metabolism directly. 

Oxidants, also known as reactive oxygen species (ROS) (i.e. 
hydrogen peroxide, superoxide anion, hydroxyl radicals, and nitric 
oxide radicals) are produced by living organisms as a result of normal 
cellular metabolism [22–25]. At physiological concentrations, they 
function as signaling molecules to regulate (patho)physiological pro
cesses [26,27]. However, in excessive concentrations, oxidants that 
overwhelm the antioxidant defense system induce adverse modifications 
to cell components such as lipids, proteins, and DNA [28]. This shift in 
balance between oxidants and antioxidants in favor of oxidants is 
termed oxidative stress [29]. Aside from protecting cells from environ
mental toxins, GSTs also protect cells from oxidative stress [15,16,30]. 
Oxidative stress contributes to the development of chronic lung diseases 
including asthma and Chronic Obstructive Pulmonary Disease (COPD) 
[31]. Ambient outdoor air pollution from the use of biomass fuels, 
ozone, and tobacco smoking have been associated with decreased lung 
volume and growth [3–5]. Epidemiological studies demonstrate that 
exposure to ambient air pollutants induces episodes of acute respiratory 
exacerbations and bronchitis, which increases the progress of asthma 
and COPD [32–35]. 

Genetic variations, including polymorphisms in cytosolic human 

GSTs, can change a person’s ability to cope with inhaled environmental 
stressors and toxins, and can thereby contribute to the risk to develop 
inflammatory lung diseases associated with these exposures, as well as 
aggravate the course of these conditions [36–38]. Examples include the 
increased risk for asthma and COPD in subjects carrying null variants of 
the Mu and Theta class of GST, which lead to a loss of protein expression 
and therefore detoxification activity [39–44]. The Glutathione S-trans
ferase P (GSTP) class Ile105Val polymorphism, which also results in 
decreased GST activity towards chloro-2,4-dinitrobenzene (CDNB) [45] 
has also been linked to asthma and COPD in some studies [46,47]. In this 
review we will briefly describe the characteristics and main functions of 
the different classes of human cytosolic GSTs, and focus on their impact 
on the redox state. We will provide an overview of their implications in 
lung development and the diseases asthma and COPD (Fig. 1). 

2. Historical overview of glutathione S-transferases 

Despite their most well-known function as a family of Phase II 
detoxification enzymes, GSTs were first introduced as ligandins in the 
1970’s, as GSTs were known to bind toxins and function as transport 
proteins [48,49]. GSTs are present in different subcellular compartments 
including the cytosol, endoplasmic reticulum (ER), mitochondria, nu
cleus and plasma membranes. Human GSTs can be divided into distinct 
families, namely cytosolic, mitochondrial, also known as the kappa 
class, and microsomal GSTs, integral membrane proteins, also known as 
MAPEG (membrane-associated proteins involved in eicosanoid and 
glutathione metabolism) [49,50]. Cytosolic GSTs are further classified 
based on sequence similarities, and physical and structural properties. In 
humans, the cytosolic GSTs can be further divided into 7 functional 
classes: Alpha, Mu, Omega, Pi, Theta, Sigma and Zeta [50]. Mitochon
drial GSTs are soluble enzymes and have structural similarities with 
cytosolic GSTs, whereas microsomal GSTs are evolutionarily unrelated 
to the other classes of GSTs. For the scope of this review we will only 
discuss the human cytosolic GSTs. GST Sigma remains uncharacterized 
and will not be discussed. 

3. Human cytosolic glutathione S-transferases families 

Mammalian cytosolic GSTs are the best-characterized group of GST 
proteins. The multiple members in each class share a common fold, and 
the GST isoenzymes within a class typically share more than 40% 
sequence homology, while less than 25% sequence homology occurs 
between classes [51,52]. GSTs are dimeric enzymes with, in most cases, 
both subunits being from the same class of GST (and forming homo
dimers) (Fig. 2A and B) [53]. The monomers are approximately 25–26 
kDa (kDA) in size [49]. The GST monomer consists of two distinct do
mains, the N-terminal thioredoxin-like domain, which comprises about 
1/3 of the protein, and a C-terminal alpha-helical domain [54]. The 
N-terminal thioredoxin-like domain is highly conserved in all GST iso
zymes and contains a redox active CXXC motif [51]. This structure is 
common to several proteins from a thioredoxin fold superfamily, 
including glutaredoxins (GLRXs), GPXs, and peroxiredoxins, which bind 
cysteine or GSH with high affinity [11,12,55–58]. The highly specific 
GSH binding site, the G-site, is located within the N-terminal domain 
[51]. The C-terminal domain and a loop from the N-terminal domain 
together function to shape the co-substrate binding site, the H-site 
(xenobiotic binding site), which binds various hydrophobic and elec
trophilic substrates [51,59], and is proposed to be adjacent to the G-site 
[60]. Dimeric GSTs enhance protein stability, and GST catalysis occurs 
by binding the substrate at the H-site, thereby attacking xenobiotics, and 
binding GSH at the G-site which together form the well-conserved active 
site of the enzyme (Fig. 2B). Near the N-terminus, a specific amino acid 
residue activates the thiol cysteinyl side chain by attack of the sulfur 
atom of GSH and lowers its pKa through hydrogen-bonding. In the GST 
Alpha, Mu, and P isoenzymes, the activating residue constitutes a 
conserved tyrosine (Y-GSTs), while in the Theta and Zeta classes this is a 

Abbreviations 

GSH Glutathione 
GST Glutathione S-transferase 
PSSG Protein S-glutathionylation 
COPD Chronic Obstructive Pulmonary Disease 
MAPK Mitogen Activated Protein Kinase pathway 
Cys Cysteine 
Prdx Peroxiredoxin 
Glrx Glutaredoxin 
MAPK Mitogen activated protein kinase 
JNK c-Jun N-terminal kinase 
TRAF2 Tumor necrosis factor receptor associated factor 2 
H2O2 Hydrogen peroxide 
SOH Sulfenic acid 
PM Particulate matter 
AHR Airway hyperresponsiveness 
BALF Bronchoalveolar lavage fluid 
NF-κB Nuclear factor kappa B 
Keap1 Kelch-like ECH-associated protein 1 
Nrf2 Nuclear factor erythroid 2–related factor 
STAT3 Signal transducer and activator of transcription 3  
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serine, and in the Omega class a cysteine (S/C-GSTs) [61–65]. As such, 
unlike the other GSTs, the active site cysteine of GST Omega (GSTO) is 
able to form a disulfide bond with GSH. These residues have been shown 
to be essential for catalytic activity, as replacement of specific conserved 
residues by site-directed mutagenesis of for example tyrosine 7, lower 
GSTP activity toward CDNB, and ethacrynic acid [66]. CDNB is the most 
common GST substrate used in classical GST activity assays, however, 
not all GSTs can use CDNB as a substrate, and thus the activity of certain 
GSTs may be underestimated or even undetected when using this sub
strate. The activity of GSTs is moreover dependent upon GSH supply 
from γ-glutamylcysteine synthetase and glutathione synthetase, and on 
transporters to remove GSH conjugates from cells. Compounds that 
induce GSTs (often GST substrates) or that are recognized as substrates 
share a common chemical signal, namely a carbon-carbon double bond, 
adjacent to an electron-withdrawing group. The variability in 
co-substrates between the different GSTs is mainly reflected by different 
amino acids residues in the H-site [54]. In addition to the variations in 
co-substrates, the different classes of human cytosolic GSTs are 
expressed in different organs. 

In addition to their roles in xenobiotic metabolism through GSH 
conjugation, GSTs have other catalytic activities (Table 1). For example, 
GSTM, GSTP, and GSTO have been shown to control the activity of 
members of the mitogen activated protein kinase (MAPK) pathway [67]. 
Some GSTs play an important role in biosynthesis of hormones (steroid 
hormone isomerase activity), are able to degrade tyrosine, display 
glutathione peroxidase activity, and may catalyze the reduction of 
organic hydroperoxides to their corresponding alcohols [50,68]. GSTs 
also have biological functions independently of their catalytic activity 
(Table 1). GSTs are capable of binding non-substrate ligands by forming 
protein-protein interactions with critical proteins involved in control
ling stress responses, apoptosis, and proliferation [67]. The ligand 
binding moreover facilitates the intracellular transport of numerous 
hydrophobic and amphipathic compounds such as bilirubin, heme, 
steroids and bile salt. This binding often results in the inhibition of GST’s 
activity. Furthermore, GSTs have been shown to regulate protein 
structure and function by their capability of conjugating GSH to proteins 
in a process called protein S-glutathionylation (PSSG) (Fig. 2C) [17,69]. 
Based upon the aforementioned versatility of GSTs, the potential roles of 
GSTs in the susceptibility to and progression of various chronic lung 
diseases, thus likely extends beyond the classic xenobiotic metabolism, 

which we will highlight in a later section. First, we will briefly describe 
the main characteristics, isotypes, functions as well as expression profile 
per class of human cytosolic GST. 

3.1. Glutathione S-transferase alpha 

GST Alpha (GSTA) is expressed in a wide variety of tissues with high 
expression in the liver, kidneys, adrenal glands, intestine, and in the 
testis, and at medium-low levels in a wide range of other tissues 
including the lung [70]. The GST Alpha class genes are located in a 
cluster mapped to chromosome 6 and contains five different isoforms: 
GSTA1, GSTA2, GSTA3 (expression is rare), GSTA4, and GSTA5, 
although GSTA5 has never been confirmed as a functional gene [70]. Of 
the GSTA isoforms, the GSTA4 protein is identical in length and shares 
54% sequence identity to human GSTA1 and GSTA2. 

Aside from being a Phase II detoxification enzyme, the human Alpha 
class genes are known to metabolize bilirubin and heme in the liver. 
GSTA enzymes furthermore display GPX activity which helps to protect 
cells and tissues through detoxification of oxidants and lipid peroxida
tion products. The GSTA enzymes are moreover known to possess 
glutathione-dependent steroid isomerase activity (especially GSTA3) 
[68,70] and have activity towards polycyclic aromatic hydrocarbons, 
epoxides and alkenyl products of lipid peroxidation (4-hydrox
ynonenal), especially GSTA4 [70,71]. 

Functional, allelic, single nucleotide polymorphisms (SNP) occur in 
an SP1-binding element of GSTA1 and in the coding regions of GSTA2 
and GSTA3, leading to either low expression or reduced activity towards 
among others fatty acid hydroperoxides [70]. These properties suggest 
Alpha class GSTs to be involved in susceptibility to diseases with an 
environmental component (such as cancer, asthma, and cardiovascular 
disease). 

3.2. Glutathione S-transferase Mu 

Five isoforms of the GST Mu (GSTM) class, GSTM1 to GSTM5, exist, 
which are located on chromosome 1 [72,73] and are expressed in 
different organs. GSTM is highly expressed in most tissues including the 
liver, lungs, muscle, kidney, and brain. GSTM uses CDNB, and partici
pates in the detoxification of carcinogenic compounds such as polycyclic 
aromatic hydrocarbons, aromatic amines and other organic compounds, 

Fig. 1. Schematic overview of the main 
known functions of human cytosolic 
Glutathione S-transferases and their 
contribution to lung diseases. Illustrated 
are the main known functions of human 
cytosolic GSTs in the lung upon exposure to 
environmental factors. However, GST poly
morphisms, deficiency and/or altered 
expression (and activity) of GSTs in the lung 
may contribute to adverse perinatal effects, 
impaired lung development and growth as 
well as increase the risk of the development 
of the lung diseases asthma and COPD. GSTs: 
Glutathione S-transferases.   
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including benzone(a)pyrene, styrene-7,8-oxide, and trans-stilbene oxide 
[74]. GSTM1 has been shown to bind (non-substrate dependent) and 
suppress apoptosis signal-regulating kinase 1 (ASK1) activity [75], a 
MAPK kinase kinase (MAPKKK) that activates c-Jun N-terminal kinase 
(JNK), a protein important in stress responses and pro-apoptotic 
signaling, and p38 pathways, that regulate cytokine and 
stress-induced apoptosis. Moreover, GSTM1 has been shown to catalyze 
the forward PSSG reaction [76], although not much is known about its 
specific PSSG targets. 

The genes encoding the Mu class of enzymes are known to be poly
morphic, especially GSTM1 exists as genetic variants. GSTM1 
Lys173Asn (rs1065411) encodes proteins that form active mono- and 
heterodimeric enzymes. dGSTM1*1 × 2 is a unique variant in which the 
GSTM1 gene is duplicated [77]. The GSTM1 null variant on the other 
hand contains a homologous deletion of a 16 kb segment, which leads to 

a loss of protein expression and detoxification activity in homozygotes 
[78,79]. The prevalence of the null genotype is very high in the general 
population (up to 66%; in Caucasians ~ 50%), but varies across eth
nicities [80,81]. In context of the lung, the GSTM null phenotype is 
associated with an increased risk of lung cancer, especially in Asians [39, 
82] and has also been linked with an increased risk of inflammatory lung 
diseases [43,80,83,84]. 

3.3. Glutathione S-transferase omega 

GSTO is mainly expressed in the liver, notably in macrophages, glial, 
and endocrine cells, as well as in other tissues including for example the 
kidney, lung, and gallbladder [85]. The GSTO class has two isoforms, 
GSTO1, and GSTO2, located on chromosome 10 [64], and a third 
sequence appears to be a reverse-transcribed pseudogene, GSTO3p, 

Fig. 2. Schematic representation of the 
structure of a Glutathione S-transferase P 
molecule and the catalytic mechanisms 
of conjugation of GSTs to xenobiotics and 
protein S-glutathionylation. A, Schematic 
of a GSTP monomer with the N- and C-ter
minal domains including the glutathione 
binding site, the G-Site, and the xenobiotic 
binding site, the H-Site. B, Schematic of a 
GSTP dimer (forming homodimers) binding 
a GSH molecule on the G-sites in each 
monomer. Schematic vs molecular repre
sentation of the conjugation of GSTS to 
activated xenobiotics using reduced GSH. C, 
Catalytic cycle of PSSG and deglutathiony
lation thought to contribute to the patho
genesis of chronic lung diseases. PSSG can be 
induced by different biochemical events 
depending on multiple factors, and can 
occur spontaneously or is catalyzed by GSTs, 
notably GSTP. D, GSTP contains cysteines 
residues regulating its catalytic activity. 
Intra-subunit disulfide bond formation be
tween Cys47 and Cys101 residues results in 
steric hindrance for GSH binding. All figures 
are schematic representations and the actual 
position of the binding sites and cysteine 
residues may deviate from the original 3D 
crystal structure. H2O2: hydrogen peroxide; 
–SH: protein thiol; –SOH: protein sulfenic 
acid; –SO2H: protein sulfinic acid; –SO3H: 
protein sulfonic acid; GSH: glutathione; 
-SSG: S-glutathionylation; GSSG: glutathione 
disulfide; –SNO: S-nitrosylation; GLRXs: 
glutaredoxins; SRNX: sulfiredoxins; TXNs: 
thioredoxins.   
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identified on chromosome 3 [85]. GSTO1 and GSTO2 are two 
homo-dimeric proteins that display 64% sequence homology [86]. 
GSTO2 is strongly expressed in the testis, liver, kidney, and skeletal 
muscle, whereas GSTO1 is more abundantly expressed in the heart, in 
gastrointestinal tissues, and moderately in the lung [85]. The Omega 
class is structurally and functionally distinct from other eukaryotic 
GSTs, as it comprises a unique 19 residue N-terminus, which is similar to 
the tertiary structure of GLRXs, the main deglutathionylation enzymes 
(described in a later section). 

Interestingly, GSTO enzymes have poor activity towards common 
GST substrates, such as CDNB. GSTO enzymes exhibit functions in 
cellular redox homeostasis as well as enzymatically modulating ryano
dine receptors, calcium channels in the ER [87]. GSTO1 plays an 
important role in the S-glutathionylation cycle as it functions both as a 
catalyst of the forward reaction or as a deglutathionylation enzyme 
depending on the specific conditions [88]. Moreover, GSTO2 displays 
high glutathione-dependent thioltransferase and dehydroascorbate 
reductase activities, which are activities more characteristic of the 
GLRXs. Another novel activity of GSTO1 is the reduction of mono
methylarsonic acid to monomethylarsonous acid (monomethylarsonate 
reductase activity), the rate-limiting step in the biotransformation of 
inorganic arsenic [85,89,90]. GSTO1 was originally identified as the 
ubiquitin ligase, p28, and is associated with anti-cancer drug resistance 
[91]. Additionally, it has been suggested that GSTO1 affects cell survival 
by activating survival and inhibiting apoptotic signaling pathways, 
presumably due to binding to and (de)phosphorylation of ERK1/2, AKT 
and JNK [92]. Moreover, GSTO1 is shown to translocate to the nucleus 
after heat shock and other stress conditions, but its function in the nu
cleus remains unclear [93]. Lastly, the GSTO1 isoform has been identi
fied as a diarylsulfonylurea binding protein and it is suggested that this 
interaction is responsible for inhibition of ATP-induced interleukin 1 
beta (IL-1β) posttranslational processing [94]. 

Based on the use of overexpression constructs it is believed that the 
GSTO1 Ala140Asp polymorphic variant (rs4925) protein is expressed at 
a higher level compared to the wild-type protein [86]. However, heat 
stability or activity towards CDNB or hydroxyethyl disulfide (measuring 
glutathione-dependent thioltransferase activity) is similar between 
wild-type and GSTO1 Ala140Asp variants [85]. Another group in 
contrast did find repressed thioltransferase activity of the Asp140 
variant of GSTO1 (25% lower), but a difference in kinetics of its mon
omethyl arsenate reductase activity was not observed [95]. When using 
more specific substrates, the kinetics of S-glutathionylation were found 
to be increased and deglutathionylation repressed for the Asp140 
variant of GSTO1 [88]. Protein expression of the GSTO2 Asn142Asp 
polymorphism (GSTO2*N142D; rs156697) was reduced to 76% 
compared to wild-type [86]. Due to the insolubility of GSTO2, the ac
tivity of variants has not been assessed. In a genome wide-analysis, top 
ranked relations were found between the non-synonymous coding ho
mozygous GSTO2 Asn142 and lung function in adults [96]. 

3.4. Glutathione S-transferase P 

Only one isoform of the GSTP class is known to be expressed in 
humans, namely GSTP1, which is located on chromosome 11 [18,97, 
98]. GSTP1 is the GST most commonly expressed outside the liver, with 
main expression in the heart, lung, and brain. GSTP accounts for over 
90% of the GST activity toward CDNB in the lung, with the remaining 
activity attributed to GSTM1 and GSTT1 [99]. In addition, GSTP can 
bind to JNK by direct protein-protein interaction in a non-substrate 
dependent manner, thereby inhibiting the kinase activity and protect
ing cells against (H2O2-induced) cell death [100–102]. Another ligand 
binding partner of GSTP is tumor necrosis factor receptor associated 
factor 2 (TRAF2), a member of the TNF-α induced signaling, which in 
turn activates p38 and JNK [103], and is inhibited by GSTP binding. 
Moreover, GSTP is known to catalyze the forward PSSG reaction [17], 
which we will describe in more detail in the next section. 

The GSTP gene is also known to be polymorphic [104]. In the context 
of the lung, the GSTP1 Ile105Val variant (rs1695) is one of the most 
commonly studied polymorphisms linked to chronic lung diseases, and 
has a decreased GST activity towards CDNB [45,105]. 

3.5. Glutathione S-transferase theta 

GST Theta (GSTT) is predominantly found in the liver (hepatocytes), 
and is also expressed in the kidney (renal proximal tubule cells), 
gastrointestinal tract, and lung [106–108]. The Theta class includes the 
isoforms GSTT1 and GSTT2, which are both located on chromosome 22 
[109,110]. GSTT1 and GSTT2 share 55% amino acid sequence identity. 
GSTT1 is important in phase II biotransformation of drugs and chem
icals, and is involved in the detoxification of substrate intermediates 
which are produced during oxidative stress such as peroxidized lipids 
[111]. GSTT also participate in the detoxification of smoke-derived 
small hydrocarbons such as ethylene oxide, as well as epoxy butanes 
and methyl bromide [41,112,113]. 

Similar to the Mu class of GSTs, a null allele of GSTT1 exists, which 
contains a deletion of approximately 54 kb, and results in loss of enzy
matic activity [40–42]. Individuals homozygous for this allele are at an 
increased risk for malignancies (head, neck, oral cavity) since the 
deletion results in decreased detoxification capacity of possible carcin
ogens [114]. The prevalence of the null genotype varies across ethnic 
groups with the highest prevalence in Asians (Caucasians 13–26%; 
Asians 35–52%) [81,115], and it has been linked to chronic lung dis
eases [43,83,84,116]. 

3.6. Glutathione S-transferase zeta 

GST Zeta (GSTZ) is found in a wide variety of endocrine tissues 
including the liver, stomach, and testis as well as in the pancreas, and is 

Table 1 
GSTs main known functions and interactions [310,311]. 

Table describes the main functions of the different human cytosolic GST iso
enzymes. These functions include detoxification, enzymatic functions, and 
protein S-glutathionylation. Moreover, the table describes the known inter
acting/target proteins per GST and the main resultant function/effect on the 
signaling pathway (below the dashed line). The arrows indicate the subsequent 
effect and/or outcome. 4-HNE: 4-hydroxy-2-nonenal; PSSG: Protein S-gluta
thionylation; ASK1: apoptosis signal-regulating kinase 1; JNK: c-Jun N-termi
nal kinase; ERK: Extracellular signal-regulated kinases; Akt: Protein Kinase B; 
ATP: Adenosine Triphosphate; IL-1β: Interleukin-1beta; TRAF2: tumor necrosis 
factor receptor associated factor 2. 
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located in the cytosol as well as in the mitochondria. The gene spans 
approximately 10.9 kb, is composed of 9 exons, and is located on 
chromosome 14 [117]. 

Besides its role in detoxification, GSTZ also plays a role in the 
catabolism of tyrosine. In particular, GSTZ catalyzes the cis-trans isom
erization of maleylacetoacetate to fumarylacetoacetate, therefore has 
GSTZ also been described as maleylacetoacetate isomerase (MAAI) 
[118]. Interestingly, GSTZ1 shows the closest sequence similarity to 
GSTO1. However, GSTZ is the only enzyme in the GST family that plays 
a role in β-oxidation by catalyzing processes in the intermediary meta
bolism including the conversion of dichloroacetic acid to glyoxylate in a 
reaction that requires but does not consume GSH [119,120]. GSTZ is 
moderately expressed in the lung, but research efforts on GSTZ are very 
limited and studies are needed to examine the involvement of GSTZ in 
the lung. 

4. Protein S-glutathionylation and deglutathionylation 

Changes in the redox environment have long been implicated in the 
pathophysiology of many pathological conditions, especially the 
imbalance between antioxidant/oxidant production and scavenging. 
Consequently, damage by oxidants includes irreversible oxidations of 
cysteines within proteins. The original thought of oxidants being ‘bad 
actors’ and damaging has shifted since we now know that low levels of 
oxidants such as hydrogen peroxide (H2O2) and nitric oxide (NO) 
regulate processes important for maintaining cellular homeostasis [23]. 
Aside from being Phase II detoxification enzymes and the additional 
aforementioned functions, certain GSTs also play an important role in 
the process of PSSG by conjugating GSH to selective proteins (Fig. 2C). 
PSSG is a reversible post-translational modification [121], which regu
lates protein structure and function as it alters the shape, charge and size 
of the target protein. The process of PSSG can occur 
spontaneously/non-enzymatically, but can also be catalyzed enzymati
cally, by specifically the GSTs, GSTP [17,69], GSTO [88], and to a lesser 
extent GSTM [76]. Non-enzymatic PSSG depends on the availability of 
GSH/GSSG and occurs via thiol-disulfide exchange reactions between 
GSSG and a protein cysteinyl residue or via reaction of GSH with an 
oxidized thiol derivative such as sulfenic acid (-SOH), thiyl radical (-S•) 
or S-nitrosyl (-SNO) [122]. Depending on the protein, and targeted 
cysteine residue, PSSG can either activate or inhibit its function. GSTs 
have several substrates for glutathionylation which include transcrip
tion factors, kinases, structural proteins and enzymes involved in 
metabolism [123]. 

It is thought that both non-enzymatic, as well as enzymatically 
catalyzed formation of PSSG involves intermediate sulfenylation, the 
reaction of protein cysteines, containing a sulfhydryl side chain (SH), 
with an oxidant such as hydrogen peroxide (H2O2) to form a sulfenic 
acid (-SOH) intermediate (Fig. 2C). This SOH intermediate can be sta
bilized, or can give rise to sulfenamides (SN), or disulfide bonds (S–S) 
which can occur within a protein or between proteins [124]. The SOH 
intermediate is believed to be recognized by GSH-bound GSTP (or other 
GSTs), which in turn catalyzes the S-glutathionylation of the protein 
cysteine. The S-glutathionylated protein can interact with another GSH 
moiety to release oxidized GSH (GSSG), which regenerates the reduced 
protein thiol. This latter reaction is catalyzed by GLRXs under physio
logical conditions. The redox-dependent PSSG reaction is thought to 
protect proteins from further irreversible overoxidation to sulfinic 
(SO2H) and sulfonic acids (SO3H), but it has also been shown to play 
critical roles in the regulation of protein function. Worthy to mention is 
that only certain cysteine residues have been signified as ‘reactive’, 
meaning they can be readily oxidized, reduced and otherwise modified. 
Reactive cysteines are characterized as having a lower pKa (≤7) than 
that typical of cysteine, which ranges from 8 to 8.5. Detailed information 
on cysteine chemistry and modifications can be found elsewhere [122, 
124–126]. 

The regulatory role of GSTP in the forward reactions of PSSG is based 

on the catalytic activity of the enzyme. GSTP contains 4 cysteines resi
dues: Cys14, 47, 101, and 169. Intramolecular disulfide bonds have been 
shown to occur between Cys47 and Cys101, and disulfide formation also 
seemed to occur preferably between Cys14 and Cys169 when a disulfide 
bond between Cys47 and Cys101 had already been formed [127] 
(Fig. 2D). Disulfide bond formation (intra-subunit) between Cys47 and 
Cys101 results in steric hindrance for GSH binding, which implies that 
these residues are located in an important region for GSH binding. Di
sulfide bonds can also be formed between Cys47 residues in different 
subunits, which can result in conformational change and inactivation of 
GSTP [127]. GSTP itself can be auto-S-glutathionylated on Cys47 and 
Cys101, changing its secondary structure with an impact on the struc
tures within the monomer of GSTP [60]. This can reduce the catalytic 
activity of GSTP [17] and affect the interaction of GTSP with 
ligand-binding proteins. For example, Cys47 and Cys101 in GSTP have 
been shown to be critical for the interaction and regulation of JNK. 
S-glutathionylation on both cysteines thus acts as an oligomer switch 
and can cause GSTP multimerization and inactivation of the enzyme 
[17]. 

Whereas the forward PSSG reaction can be catalyzed by GSTs, in 
mammals, GLRXs, or thioltransferases are the main deglutathionylating 
enzymes (Fig. 2C) [128,129]. GLRXs are part of the family of thio
ltransferases [129], and there are four known GLRXs in mammalian 
cells; GLRX1 (cytosolic), GLRX2 (mitochondrial/nuclear), GLRX3/PI
COT (cytosolic) and GLRX5 (mitochondrial), of which GLRX1 is the most 
efficient at deglutathionylating proteins. For the current knowledge on 
GLRXs, their impact on lung diseases and PSSG targets relevant to these 
lung diseases, we direct the reader to another review that we recently 
published [56]. Other enzymes that have been implicated in catalyzing 
the reverse reaction under certain conditions, include sulfiredoxins 
[130], as well as GSTO1 [88]. The GSH binding of GSTO1 distinguishes 
this GST from typical GSTs as the active site cysteine residue, Cys32, in 
GSTO1 creates a mixed disulfide with GSH. Mutating Cys32 ablated the 
deglutathionylation activity of GSTO1 [88]. β-actin is a protein that is 
specifically deglutathionylated by GSTO1 [88]. 

5. Glutathione S-transferases and their implication during early 
life and in lung diseases 

5.1. GST presence in the lungs 

Prenatal as well as postnatal environmental and lifestyle exposures 
may affect lung development, in part due to increased oxidant produc
tion. Especially at birth, newborns are highly susceptible to increases in 
oxidative stress levels, as for example the partial oxygen pressure in
creases from 20 to 25 mm Hg in utero to 100 mm Hg in the extra uterine 
environment, because of the increased metabolic activity to maintain 
breathing, and body temperature. This abrupt change exposes newborns 
to high oxidative stress levels [131]. Pre-term birth is associated with 
increased oxidative stress as higher levels of oxidative stress markers 
have been reported in pre-term compared to full-term newborns [132]. 
Moreover, pre-term infants often require assistance to breathe which 
includes the need for supplemental oxygen and ventilatory support. The 
amount of supplemental oxygen is crucial as too much oxygen has been 
shown to increase oxidative stress, and ‘pure’ (100%) oxygen may cause 
inflammation, and emphysema in the lungs of newborn mice [133]. 
Additionally, increased oxidative stress is even thought to cause 
pre-term birth [132,134], although the contribution of oxidative stress 
itself is hard to interpret since other factors may also contribute. Anti
oxidant systems in the lungs are therefore crucial in maintaining peri
natal redox balance, and it is surprising that very few studies have 
investigated the expression profile of antioxidants including the cyto
solic GSTs pre-, during and post-birth. In mouse lungs, GSTs are 
expressed at low levels before birth (with the exception of GSTP which 
showed high levels during gestation), are highly increased within one 
week after birth, and decrease again two to three weeks after birth 
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[135]. Overall GST activity in the distal airways increases over this time 
window, which may be an adaptation to the external environment. 
During human lung development, GSTP is the predominantly expressed 
GST isoenzyme up to 13 weeks of gestation [136]. Another study 
showed that in a 14-week old fetus, GSTP is present in all differentiated 
epithelial cells [137]. As development proceeds with the differentiation 
of progenitor cells into type I and type II pneumocytes, the appearance 
of GSTP negative cells coincides. Two independent studies found that 
GSTA and GSTM expression was continuous throughout development in 
the lung, albeit at respectively moderate to low levels [136,138]. 

In humans, the expression of the different GSTs during lung devel
opment in early life remains poorly examined. However, a number of 
studies have examined the distribution of the different GSTs in easily 
obtained nasal epithelial cells and lung tissue in adults. Re-analysis 
(retrospective) of GST transcripts from a publicly available RNA 
sequence (RNA seq) dataset from nasal brushings of asthmatic patients 
(red; n = 53) compared with healthy subjects (black; n = 97) [139] 
showed expression of GSTA1, GSTA2, GSTA4, GSTM4, GSTO1, GSTP1, 
GSTT1, and GSTZ1 in healthy control subjects (Fig. 3A). Re-analysis of 
microarray gene expression data from the publicly available Lung Ge
nomics Research Consortium (LGRC) showed expression of most GST 
isoforms with the exception of GSTA1, GSTA3, and the GSTT class in 
non-COPD control subjects (Fig. 3B). In lung tissue as well as in nasal 

epithelium, GSTP1 mRNA levels were most abundant. GSTs are highly 
expressed in the airway epithelium, but it is unknown whether GSTs 
exert unique functions among the various epithelial cell subtypes. 
Recently described single cell RNA seq databases begin to shed light 
onto this question. We therefore examined the expression of GST iso
forms in a recently published single cell RNA seq database that profiled 
single cells of bronchial biopsies as well as lung parenchyma (small 
respiratory airways and alveoli) upon lung resection surgery from 
healthy subjects (Fig. 4) [140]. The airway epithelium is in direct con
tact with inhaled air and consists of basal cells (progenitor cells that 
exhibit the capacity to self-renew and give rise to multiple types of 
differentiated airway epithelial cells), ciliated cells (move liquid over 
surface, to keep the airways clean of mucus and dirt), goblet cells (a 
mucus secreting cell), and club cells (previously known as Clara cells 
that protect the bronchiolar epithelium by secreting proteins including 
CCSP) (Fig. 4A) [141]. Two discrete cell states were identified in basal, 
and ciliated epithelial cells. Basal cells were less-mature than suprabasal 
cells, which were more apically localized. Mucus ciliated cells are highly 
similar to ciliated cells, but co-express a number of mucus genes [140]. 
Fig. 4B shows that GSTP1 is the most abundantly expressed GST in all 
respiratory epithelial cell types in controls, including type I and type II 
alveolar epithelial cells, and is moreover expressed in pulmonary ion
ocytes, a newly identified Foxi1+ cell type which plays a role in clearing 

Fig. 3. Transcript levels of cytosolic 
Glutathione S-transferases in patients 
with asthma and COPD. A, Control vs 
Asthma: Retrospective analysis of GST 
transcripts from a publicly available RNA 
sequence dataset from RNA isolated from 
nasal brushing of asthmatic patients (red; n 
= 53) compared with healthy subjects 
(black; n = 97). A raw number of counts for 
each gene was generated from the RNA-seq 
database, and these data were subsequently 
normalized by a log2 transformation of the 
data (log2 normalized counts). The full 
description of RNA isolation and processing 
from nasal brushings, and the process of the 
raw RNA sequence data are published here 
[139]. B, Control vs COPD. Retrospective 
analysis of GST transcripts was obtained 
from publicly available microarray gene 
expression data from the Lung Genomics 
Research Consortium (LGRC) for COPD pa
tients (red; n = 219), and non-diseased 
control tissues (black; n = 137). The in
tensity measurement of the microarray data 
was log2 normalized (log2 Intensity) and is 
available in the Gene Expression Omnibus 
(GEO) database accession no. GSE47460. 
Results are shown as average ± SEM. Sta
tistical significance was calculated using a 
Mann–Whitney U Test. *p-value <0.05; 
**p-value <0.01; ***p-value <0.001; 
****p-value <0.0001. C, Differences in 
GSTP transcripts between GOLD stages of 
COPD patients from the GLRC described in 
B. GSTP is shown only as only GSTP showed 
differences between GOLD stages of COPD 
patients. COPD: chronic obstructive pulmo
nary disease. (For interpretation of the ref
erences to colour in this figure legend, the 
reader is referred to the Web version of this 
article.)   
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Fig. 4. Airway and lung epithelium transcripts 
expression of cytosolic Glutathione S-trans
ferases in patients with asthma and controls. A, 
Representative overview of the different epithelial 
cells in the bronchial epithelium (top), including 
basal, suprabasal, goblet, club, ciliated, mucus cili
ated cells, and ionocytes, as well as the Type I and 
Type II cells in the alveolar epithelium (bottom). 
B–C, Heatmap of normalized gene expression of 
GST genes, which has been re-analyzed from a 
recently published single cell RNA seq dataset [140] 
that can be explored in the web portal www. 
lungcellatlas.org from expressing clusters of bron
chial and alveolar epithelial cells (B), and other 
structural cells including immune cells, smooth 
muscle, fibroblasts, and endothelium in airway and 
lung epithelium (C) split by asthma and control. 
The type I and type II alveolar cells in the paren
chyma were only analyzed in controls [140]. The 
single cell data consists of 22933 cells combined 
from bronchial biopsies from six healthy controls, 
six persistent asthma donors with chronic, 
childhood-onset asthma, and rejected lung donor 
material from six healthy deceased controls (alve
olar cells). Six macroscopically adequate endo
bronchial biopsies were collected for the described 
published study [140], located between the third 
and sixth generation of the right lower and middle 
lobe. Extracted biopsies were processed directly 
thereafter with a delay of maximum 1 h. For the 
precise methods on patients recruitment, lung tissue 
and sample processing, and data quality control we 
refer the reader here [140], and the clinical char
acteristics of asthmatics and healthy controls can be 
found in supplementary table 3 [140]. The 10x 
Genomics raw seq data was processed with Cell
Ranger version 2, ambient RNA corrected and 
normalized and analyzed using SoupX [309] and 
the R software package Seurat, as described here 
[140]. C= Control; A = Asthma.   
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mucus from the airways [142,143]. GSTO1 is also widely expressed in 
lung epithelial cell types, specifically in basal and suprabasal cells, as 
well as in ionocytes and type II alveolar cells in the parenchyma, while 
GSTO2 is only moderately expressed in basal and suprabasal cells. 
GSTA1 is highly expressed in ciliated, mucus ciliated, goblet and club 
cells and moderately expressed in basal and suprabasal cells. GSTA2 is 
expressed in ciliated, and mucus ciliated cells, as well as in club cells, 
and to a lesser extent in goblet cells, while GSTA4 was mainly expressed 
in basal and suprabasal cells, and also in type I and II epithelial cells in 
the parenchyma. Besides expression in epithelial cells, GSTM3, GSTO1, 
and GSTP1 were highly expressed in fibroblasts and in smooth muscle 
cells in control subjects (Fig. 4C). Similarly, GSTA1, and GSTA4 were 
also expressed in smooth muscle cells and fibroblasts, as well as GSTM5 
in fibroblasts but to a lesser extent. GSTO1, and GSTP1 were also highly 
expressed in the endothelium. GSTs are also detectable in immune cells 
(Fig. 4C). Especially GSTP1, and GSTO1 were expressed in a variety of 
immune cells including mast cells, macrophages, monocytes, as well as B 
and T lymphocytes, and dendritic cells. GSTA1 was moderate expressed 
in macrophages, as well as T and B lymphocytes. 

Some of these new observations from the single-cell RNA seq study 
are a corroboration of much earlier studies examining the location of 
GSTs in lung tissue based upon immunohistochemistry. A study from the 
early 1990’s indeed found that GSTP and GSTA were the most abundant 
GSTs in human lung tissue, and that these GSTs were primarily present 
in the bronchial epithelium [144,145]. It was furthermore shown that 
GSTP and GSTM were present in the distal airspaces, namely in alveolar 
type I and II cells and macrophages [145]. GSTM1 was present at low 
levels in the lung, whereas GSTM2 was minimally present in the 
epithelium, and GSTM3 was located in the airway epithelium and 
smooth muscle of the lung [144]. The GSTO1 protein was found pri
marily in apical parts of epithelial cells, in murine mouse lungs [146], 
while another study claimed, in humans, that GSTO1 was mainly 
expressed in alveolar macrophages, and to a lesser extent in airway and 
alveolar epithelium [147]. GSTT was found to be poorly expressed in the 
lung, and the expression of GSTZ was moderate. Moreover, GSTs were 
also present in extracellular fluids as GSTA1, GSTM, GSTP, and GSTO1 
were detectable in sputum supernatants of human subjects and GSTA, 
GSTO1, and GSTP1 were furthermore found in bronchoalveolar lavage 
fluid (BALF) and plasma [145,147,148]. The extracellular presence and 
function of GSTs is of particular interest given the importance of GSH 
and regulatory enzymes in the protection of lung cells and tissues from 
the extracellular space. The unique expression profiles of GSTs in lung 
cells and within populations of airway epithelial cells point to specific 
functions of the diverse GSTs, which remain to be unraveled. 

5.2. Importance of GSTs in lung development and lung function during 
early life events 

Normal lung growth and development during early life and child
hood are essential to reach maximal attainable adult lung function. 
Prenatal, postnatal, early life, and ongoing childhood environmental 
exposures as well as genetic GST polymorphisms can affect lung devel
opment, lung maturation and adult lung injury and repair, events which 
are highly associated with each other [149,150]. Reduced lung growth 
results in a lower attained lung volume which increases adverse effects 
from exposure to respiratory toxins, the risks for acute symptoms from 
exacerbations of asthma or respiratory infections, and risks for chronic 
diseases such as COPD. Indeed, studies have shown that exposure to for 
example air pollution or tobacco smoke especially in association with 
GST polymorphisms affects pre- and postnatal lung development, in
creases the risk of asthma (symptoms) at younger age, and increases the 
risk for decreased lung function in adolescence which increased the 
susceptibility of developing COPD [4,151–153]. 

Interestingly, there are some indications that GST polymorphisms 
are associated with the development of bronchopulmonary dysplasia 
(BPD), a severe pulmonary complication of premature birth. BPD is 

clinically defined as a dependence on oxygen past the 36th week of 
gestation and is characterized by an arrest in alveolarization and a 
reduced vascular network [154]. The GSTM1 null and combined 
GSTM1/GSTT1 null genotypes [155], as well as the GSTP1 Ile105 allele 
[156] have been associated with BPD, although some studies failed to 
confirm these associations [157–159]. Importantly, these infants have a 
life-long risk to develop lung diseases, from asthma in childhood to adult 
lung diseases, such as asthma and COPD at more advanced age [151, 
152]. 

Polymorphisms in GSTs of both the child and the mother during 
pregnancy are associated with lung function and the development of 
asthma in later life. It was shown that the presence of the GSTT1 null 
allele in both the mother and the child was associated with a lower lung 
function and increased airways hyperresponsiveness (AHR) in the first 
year of life. Maternal smoking during pregnancy further exacerbated 
these effects [160]. The detoxification capacity of both the mother and 
the child thus play a role in preventing adverse effects on early life lung 
development. Maternal exposure to particulate matter with a diameter 
of less than 2.5 μm (PM2.5) at 35–40 weeks of gestation was found to be 
associated with decreased FEV1 and FVC in early childhood (7 years of 
age), in particular in boys. In conjunction, this study demonstrated an 
increased methylation of the GSTP1 promotor in nasal epithelial cells at 
age 7 when prenatal exposure to PM2.5 was high in this same critical 
time-window (35–40 weeks) of pregnancy. A borderline significant as
sociation between GSTP1 methylation and decreased FEV1 was 
furthermore established [161]. In addition to the contribution of 
inherited genetic variants, this study demonstrates the role of epigenetic 
regulation of GSTP1 expression by pollutants in lung function 
development. 

In addition to direct effects of GST polymorphisms on the toxic ef
fects of smoking of adults and the development of disease, a number of 
studies identified an interaction between GST variants, maternal 
smoking and lung function in children. Early-life wheezing was more 
prevalent in children with the wild-type GSTP1 genotype whose mothers 
smoked [162]. Similar results were obtained for the presence of the null 
allele of GSTM1, which in combination with maternal smoking led to a 
reduced lung function [163], and strongly increased the risk to develop 
asthma and asthma-associated symptoms [153,164–166]. GSTM and 
GSTP1 Ile105Val variants have been associated with reduced lung 
function and growth until adolescence, independent of smoking [105, 
167,168]. Moreover, GSTT1 and GSTM1 gene deletions are associated 
with chronic bronchitis in children [169]. 

Exposure to air pollution (NO2 and PM2.5) at birth and early life was 
also associated with increased asthma incidence through adolescence, 
showing the vulnerability of children in the perinatal period and the 
development of asthma at a later age [170]. Moreover, 3–12 year old 
children with either the GSTM1 null genotype or who were homozygous 
for the GSTP1 Val105 allele, were more susceptible to asthma associated 
with environmental tobacco smoke exposure than those without these 
GST polymorphisms [171]. The effect of environmental tobacco smoke 
was shown to be cumulative over time, as in 13 to 21-year olds with the 
GSTM1 null allele, lung function declined with age as the peak expira
tory flow rate was substantially reduced compared to 3–12 years old. 

In 2007, the Framingham Heart study published results of their 
genome-wide analyses in relation to lung function in adults. Top ranked 
relations were found between the non-synonymous coding homozygous 
GSTO2 Asn142 and FEV1, as well as FVC [96]. This association was later 
confirmed in a larger study, which additionally found an interaction 
between lung function, GSTO2 Asn142Asp and environmental tobacco 
smoke exposure [172]. Surprisingly, the interaction of GSTO2 Asp142 
with in utero exposure to tobacco smoke associated with higher FEV1 
[172]. Moreover, unique studies involving human experimental expo
sures have demonstrated that adult subjects with the null genotype of 
GSTM1 show an increased susceptibility to the development of neutro
philic bronchitis in response to ozone, endotoxin, particulate matter and 
wood smoke [5,173–175]. Mechanistically, knock-down of GSTM1 
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increased IL-8 release by bronchial epithelial cells in response to ozone 
as well as diesel particles, involving enhanced nuclear factor kappa B 
(NF-κB) activation and ROS production, and enhanced Erk/PI3K/Akt 
activation and ROS production respectively [15,176]. Importantly, a 
similar increase in IL-8 release was noted by epithelial cells derived from 
donors with the GSTM1 null genotype [15]. Thus, the latter studies 
suggest that GSTM1 appears to provide protection from a variety of 
insults and to protect from inflammation. 

Numerous studies have shown that air pollution can cause acute and 
chronic mortality, often related to lung damage [177,178]. Indeed, it 
has been estimated that ambient and household air pollution accounts 
indirectly for more than 6 million deaths per year, for which 50% is 
accountable due to COPD [179]. Although it is unambiguous that PM 
and ambient air pollution are harmful for our lungs, a recent manuscript 
questioned the studies performed on the detrimental effects of air 
pollution on the development of chronic lung diseases [180], and sug
gested caution regarding the interpretation of claims that exacerbations 
and deaths were caused by particulate air pollution. More studies will be 
required to test the individual impact of each component (pollutant) to 
the susceptibility in developing disease and affecting mortality. 

Alterations in lung development and maturation can increase the 
susceptibility to respiratory infections, acute exacerbations and even 
chronic lung disease. Moreover, children with GST polymorphisms are 
significantly more likely to have increased risk of acute respiratory 
illness if they are born to mothers who smoke during pregnancy or if 
they have been exposed to environmental tobacco smoke [153,160,163, 
164]. In the next section we will review studies that have implicated 
GSTs in the pathogenesis of asthma and COPD. 

6. Asthma 

Asthma is a complex pulmonary disorder characterized by mucus 
metaplasia, airways hyperresponsiveness (AHR), airway remodeling, 
and inflammation, which affects approximately 300 million people 
worldwide [181]. Asthma can be further divided into subgroups 
including exercise-induced asthma, occupational asthma, and 
allergy-induced asthma [182]. Asthma also occurs in settings of obesity 
wherein the disease is notably severe [183,184]. Common symptoms 
include shortness of breath, wheezing and/or coughing, as well as chest 
tightness. Exposure to various irritants and allergens, e.g. airborne al
lergens (pollen, dust mites, mold spores), respiratory infections, physical 
activity, cold air, air pollutants such as smoke, and stress can trigger 
aforementioned symptoms of asthma. Oxidative stress has been specu
lated to be one of the main risk factors for asthma development [185]. 

Asthma is linked to chronic inflammation, and involves numerous 
cell types of the innate and adaptive immune system, including eosin
ophils, neutrophils, activated mast cells and type II immune cells, along 
others [186,187]. The pathophysiology of asthma is characterized by 
structural changes in the airways, such as subepithelial fibrosis, mucus 
metaplasia, smooth muscle hypertrophy and hyperplasia, increased 
blood vessel formation as well as dysregulation of epithelial barrier 
function [186]. Asthma can develop at any age and due to the hetero
geneity of the disease, it is hard to define and characterize patients with 
asthma [188]. Current treatment for asthmatics include corticosteroids, 
and bronchodilators, which reduce symptoms, but do not cure disease. 
Moreover, these treatments are mostly effective in patients with typical 
asthma characteristics (atopic asthma) including eosinophilic inflam
mation, TH2 immunity and acute exacerbations [186]. Importantly, a 
subgroup of asthma patients with severe disease do not respond to these 
current treatments. The onset of asthma in these patients with severe 
disease is often independent of allergy and not always associated with 
eosinophilic inflammation. Conversely, these patients may have 
neutrophilic inflammation, are often steroid resistant and their disease is 
associated with other factors including environmental and lifestyle 
factors [189]. 

7. COPD 

COPD, one of the most common lung diseases in the world, is a 
chronic inflammatory lung disease characterized by airflow obstruction. 
Approximately 251 million people are affected by COPD globally which 
is about 8–10% of the adult population in developed countries [190]. 
The World Health Organization has projected that COPD will become 
the 3rd leading cause of death globally by 2030 unless vital action is 
taken to reduce underlying risk factors [191]. Main symptoms include 
difficulty breathing, wheezing and coughing, and excessive mucus 
production. Initially these symptoms are mild and often leave the dis
ease undiagnosed. But as the disease progresses, they lead to major 
limitations in the execution of daily activities and negatively impact 
patients’ quality of life. Current treatments alleviate some of the 
symptoms and slow disease progression, but the progression is not 
halted or reversed. The Global Initiative for Chronic Obstructive Lung 
Disease (GOLD) defines COPD as a common, preventable and treatable 
disease that is characterized by persistent airflow limitation that is due 
to airway and/or alveolar abnormalities caused by significant exposure 
to noxious particles or gasses [192]. The severity of the disease is 
defined in GOLD stages (I- > IV; A- > D) from mild to more severe 
disease [192,193]. 

The primary exposure linked to the development of COPD is cigarette 
smoke, followed by air pollution, chemical dusts and fumes. Despite the 
strong association with smoking, it is important to note that approxi
mately 25% of COPD patients never smoked, and that the majority of 
smokers is spared from the disease [194]. Genetic predisposition and 
gene-environment interactions thus play an important role in deter
mining disease susceptibility. As COPD usually develops after the age of 
40 and resembles features of normal lung aging, it is coined a disease of 
accelerated lung aging [195,196]. Because of the increase in the aging 
population, the still rising smoking prevalence in many countries, as 
well as the diminished air quality, the number of patients with COPD is 
likely to increase in the coming years. 

The two most common conditions contributing to the loss of lung 
function in COPD are emphysema and chronic bronchitis [197]. Chronic 
bronchitis represents an inflammatory state of the airways, which is 
associated with thickening of the bronchial wall and excess mucus 
production. In emphysema, damage to pneumocytes and proteolytic 
degradation of alveolar membranes lead to loss of alveolar septae. This 
reduces the surface area for gas exchange and leaves the small airways 
more prone to collapse. COPD is thus a complex clinical condition in 
which different components and mechanisms represent and contribute 
to the pathophysiology, as well as to its clinical presentation [192,193, 
198]. Chronic inflammation and oxidative stress resulting from the 
exposure to noxious gasses and particles, and persisting after exposure 
ceases, are considered major drivers of the irreversible damage and 
aberrant repair that characterize the different pathological features. 

The initial symptoms of COPD and asthma are very similar, and 
therefore sometimes difficult to distinguish during early stages of dis
ease. One of the main differences between COPD and asthma is that 
COPD is mainly caused by irreversible damage elicited by smoke or 
other noxious inhaled particles and consequent chronic inflammation, 
and usually develops after the age of 40, whereas asthma is mainly 
caused by allergen-driven inflammatory reactions and can develop at 
any age [188,196]. The main inflammatory cells involved in COPD 
include neutrophils and macrophages, while smokers additionally have 
Th1 lymphocyte involvement, although some people with COPD also 
have eosinophil involvement, the predominant inflammatory cells in 
asthma. Similar to asthmatic patients with severe disease, current 
treatments for COPD patients reduce symptoms but do not recover the 
irreversible loss in functional lung tissue [192,193]. There is an urgent 
need to gain more insights into the underlying mechanisms of both 
chronic lung diseases to develop new treatment strategies to increase the 
quality of life and survival of patients with chronic lung diseases. 

As mentioned in the previous section, GSTs display many important 

C. van de Wetering et al.                                                                                                                                                                                                                      



Redox Biology 43 (2021) 101995

11

functions through with they may influence lung disease susceptibility. In 
the next section we will review studies performed per class of GST, 
including the different GST isoenzymes and the known polymorphisms 
relevant to asthma and COPD. 

8. Glutathione S-transferases in asthma 

8.1. GSTA in asthma 

The studies that examined GSTA in asthma are very limited, which is 
surprising since the GSTA1/2 enzyme was found to be abundantly 
expressed in human lung tissue [144]. One study reported the upregu
lation of GSTA1 mRNA expression in induced sputum cells of asthmatics 
compared to healthy controls (Table 2). This study also showed that 
GSTA was highly expressed in peribronchial inflammatory cells and in 

epithelial cells in ovalbumin-treated mice, although the mRNA expres
sion in the whole lung was not different between ovalbumin-treated 
mice and their controls [199]. RNA seq data showed that GSTA2 was 
upregulated, and GSTA4 was downregulated in nasal brushings from 
asthmatics compared to controls (Fig. 3A). Moreover, an earlier study 
highlighted GSTA1 as a susceptibility locus for asthma, including the 
GSTA1*-69C/T (rs3957357) polymorphism. Individuals with the − 69T 
allele exhibited lower GSTA1 expression [200]. In two studies by the 
same group, asthmatics displayed a higher prevalence of the 
GSTA1*-69C/T genotype compared to controls, and the GSTA1*-69T 
polymorphism was associated with an increased risk of asthma and al
lergies in Italian adults (OR = 3.45; 95% CI: 1.80–6.62) [201,202] 
(Table 3). 

8.2. GSTM in asthma 

GSTM1 genes have been associated with an increased risk of asthma 
in children and adults [40]. In the Children’s Health Study in the 1990’s, 
the GSTM1 null genotype was associated with deficits in annual growth 
rates (FVC: 0.21%; 95% CI: 0.40, − 0.03, and FEV1:− 0.27%; 95% CI, 
− 0.50, − 0.04) [105]. Moreover, as mentioned before, the GSTM1 null 
genotype has been linked to an increased risk of inflammatory lung 
diseases [80] including asthma, and atopy, a predisposition towards 
developing certain allergic hypersensitivity reactions [84,203–205], 
especially in combination with environmental exposure [164]. Asthma 
patients display a higher prevalence of the GSTM1 null genotype 
compared to healthy individuals (63.4% vs. 40.8%; OR = 2.34; 95% CI, 
1.31–4.20) [116], although this prevalence varies across ethnic groups 
[206]. However, there has been extreme between-study variability and 
publication bias, and the association between GSTM1 and asthma 
sometimes disappeared when meta-analysis were restricted to the larger 
studies [203]. In a recent ‘updated’ meta-analysis, including 26 
case-control studies, a significant association was found for the GSTM1 
null polymorphism (OR = 1.452; 95% confidence interval (CI): 
1.192–1.770) and the risk of asthma in both children (OR = 1.368; 95% 
CI: 1.051–1.781) and adults (OR = 1.859; 95% CI: 1.183–2.921) [43]. 
Based on subgroup analysis by ethnicity, a significant association for 
GSTM1 and the risk of asthma was found in Europeans (OR = 1.303; 
95% CI: 1.018–1.667), Africans (OR = 2.175; 95% CI: 1.560–3.031) and 
Latin-Americans (OR = 2.265; 95% CI: 1.375–3.729). One study so far 
also reported an association between the GSTM1 polymorphism 
rs412543 (G > C) and asthma [104] (Table 3). GSTM4 transcript levels 
were increased in nasal brushings from asthmatic patients compared to 
control subjects (Fig. 3A), while GSTM1 mRNA levels were shown not to 
be different in induced sputum samples from asthmatics compared to 
healthy controls (Table 2) [199]. These data on transcript levels are in 
contrast with the results of the meta-analysis that suggest that subjects 
with the GSTM1 null polymorphism may display poorer lung function 
and may be of an increased risk of asthma. 

8.3. GSTO in asthma 

Although GSTO is not highly expressed in the lung, its expression can 
be induced in mouse lungs by allergens and arsenic, a component of 
cigarette smoke. The latter is of interest as GSTO1 also metabolizes 
arsenic by its monomethylarsonate reductase activity [90]. Gsto1 mRNA 
expression, but not protein, was indeed increased in an OVA-model of 
allergic airways disease [146]. Recently, it has been shown in a mouse 
model of allergic airways disease (involving the house dust mite 
allergen), that Gsto1 deficiency promoted a M2-macrophage phenotype 
(macrophages associated with wound healing and tissue repair), and 
increased nuclear HIF-1α levels in the lung, in association with increased 
eotaxin-induced eosinophilic airway inflammation [207]. In humans, 
the distribution of the GSTO1 genotypes, GSTO1 Ala140Asp and 
GSTO1*E155del, was nearly equal between control subjects and asth
matics [201] (Table 3). Italian subjects with the GSTO2 Asn142Asp 

Table 2 
mRNA and protein expression differences between COPD or asthma vs control.  

GST Asthma vs control 
mRNA 

Asthma 
vs 
control 
protein 

COPD vs 
control mRNA 

COPD vs control 
protein 

GSTA    Increased in lung 
lysates of mild 
-moderate COPD 
patients 
compared to very 
severe disease 
and controls; 
GSTA higher in 
induced sputum 
[147]; GSTA +
central airway 
epithelial cells 
decreased in 
GOLD stage IV 
patients. 

GSTA1 Increased in sputum 
[199]   

Decreased in 
BALF [223] 

GSTA2    Decreased in 
BALF [223] 

GSTM1 Not different in 
sputum [199]  

Lower in lung 
tissue [225]; 
Increased in 
microarray 
from bronchial 
brushing 
[226];  

GSTM3   Increased in 
microarray 
from bronchial 
brushing [226]  

GSTO1    Decreased in 
lung tissue and 
sputum 
compared to 
smokers and 
never smoker 
controls [147] 

GSTP1 Downregulation in 
nasal epithelial cells 
in children [208], 
no difference in 
induced sputum 
samples [199]  

Decreased in 
peripheral 
lung [225] 

Increased in 
whole lung 
homogenates in 
patients with 
mild disease, 
number of GSTP 
+ cells did not 
differ [147]; 
lower in BALF 
[223] 

GSTT1 Not different [199]    

Table describes the differences in mRNA and protein expression of the different 
GST isoenzymes between COPD patients and controls or asthmatic patients and 
control subjects. COPD: Chronic Obstructive Pulmonary Disease; GST: Gluta
thione S-transferase; BALF: Broncho alveolar lavage fluid. 
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genotype were shown to have an increased risk of asthma (Table 3) 
[201,202]. The in vivo mouse data suggests that Gsto1 may be protective 
during allergic airway disease. However, further studies with a larger 
sample size of human subjects are required to determine the contribu
tory role of GSTO1 and GSTO2 and their polymorphisms to asthma 

pathology. 

8.4. GSTP in asthma 

The mRNA expression of GSTP has been examined in different ani
mal models of asthma with contrasting results. One study reported in
creases in total GST activity in BAL fluid and Gstp1 mRNA expression in 
lung tissue using an ovalbumin mouse model of allergic airways disease 
[199]. In contrast, another study showed that GSTP1 transcript levels 
were down regulated and GST activity was decreased in lung tissues 
from wild-type mice challenged with house dust mite [208]. These latter 
results in mice are in line with the downregulation of GSTP1 in nasal 
epithelial cells from asthmatic children (Table 2) [208]. In contrast, 
RNA seq data show increased GSTP mRNA levels in nasal brushings of 
asthmatics (Fig. 3A) while another other study reported no difference in 
GSTP1 mRNA expression between induced sputum samples of asth
matics and healthy controls [199]. The discrepancy in data from the 
mouse studies might be attributable due to differences in the allergen 
challenge regimen and differences in strains of mice used [199]. Gstp 
knock-out mice also showed enhanced AHR, eosinophilia, airway 
remodeling, and goblet cell hyperplasia, although these results were also 
strain dependent, and only minor effects were observed in mice chron
ically stimulated with OVA [209]. Interestingly, GSTP1 has been 
recently reported to increase the proteolytic activity of the protease Der 
p1 in the house dust mite allergen, suggesting that GSTP may promote 
house dust mite-induced immune responses [210]. 

Multiple studies have examined the impact of GSTP1 polymorphisms 
on the risk of asthma development and lung function. For example the 
noncoding polymorphisms rs1871042 (C > T) and rs947895 (C > A) 
were associated with lower odds of asthma [104]. The haplotype cor
responding to GSTP1 rs6591256, rs17593068, rs1695, rs1871042, 
rs947895 was associated with a nearly five-fold increase in the odds of 
asthma (OR = 4.8, p = 0.007) showing the complexity between GST 
variants and the relation with risk of disease. In particular, the GSTP1 
Ile105Val polymorphism (rs1695, A > G) has been analyzed in a number 
of genetic association studies with conflicting outcomes [40,46,162,203, 
205,211–213] (Table 3). The GSTP1 Ile105Val polymorphism modifies 
the substrate affinity of the GSTP1 enzyme, and decreases GST activity 
towards CDNB [45]. Notable, individuals homozygous for the GSTP1 
105Val genotype have an altered catalytic activity depending on sub
strates compared with individuals homozygous for the GSTP1 105Ile 
allele. Children (with asthma) homozygous for the GSTP1 Val105 allele 
show slower lung function growth [105]. Furthermore, the Val105 allele 
appears to play an important role in lung physiology in combination 
with environmental exposure. It was for instance associated with an 
increased susceptibility to breathing difficulties caused by ozone and an 
increased risk of sensitization to any allergen when exposed to elevated 
levels of traffic NO(x) [104,214] and asthma when exposed to PM2.5 or 
ozone [215]. A study in German children could however not establish an 
association between the Ile105Val, as well as the Ala114Val (A114V; 
rs1138272) polymorphisms and bronchial asthma or AHR (Table 3) 
[216]. Surprisingly, both the wild-type and mutated allele have been 
associated with early-life symptoms an increased risk of asthma or atopy 
[46,116,162,217,218]. These different outcomes might be accounted for 
by differences in ethnicities, age, and urbanization [213]. However, 
when meta-analyses was performed on 28 different studies, including 
these independent genetic associations no significant association was 
found with asthma susceptibility for the GSTP1 Ile105Val poly
morphisms, although it is worth mentioning that high between-study 
heterogeneity was identified [219]. 

8.5. GSTT in asthma 

Assessment of GSTT1 mRNA level revealed that its expression was 
not different in induced sputum samples between asthmatics and 
healthy controls in one study (Table 2) [199]. The RNA seq data 

Table 3 
GST polymorphisms and their contribution to GST function, and the risk of the 
variant allele (compared to wild-type allele) on the chronic lung diseases asthma 
and COPD.  

Genetic variant Function Asthma COPD 

GSTA1* − 69C/ 
T, rs3957357 

Promotor 
variant, 
reduced 
protein 
expression [70] 

Increased risk in 
adults [201,202]; 
Associated with 
allergies [202] 

No data 

GSTM1 G > C 
rs412543 
GSTM1 null 

Promotor 
variant 
16 kb deletion 
– loss of protein 
expression [78, 
79] 

Increased risk in 
children [104] 
Increased risk to 
(atopic) children & 
adults [204,205], 
especially in 
combination with 
exposure to tobacco 
smoke [164], 
meta-analysis [43, 
84,203]; no 
association [206, 
219,220]; increased 
risk but not when 
only restricted to 
larger studies [203] 

Increased risk, 
meta-analysis [83, 
234,238,240]; no 
association [44] 

GSTO1 
Ala140Asp 
(A140D), 
419C > A, 
rs4925 
GSTO1- 
E155del 
GSTO2 
Asn142Asp 
(N142D), 
424A > G, 
rs156697 

Coding 
sequence 
variant with 
variable effects 
on activity [85, 
86,88,95] 
Coding 
sequence 
variant with 
reduced 
expression [86] 

No association 
[201] 
No association 
[201] 
Increased risk in 
adults [201,202] 

Increased risk as 
haplotype with 
rs156697 [227] 
Increased risk [227] 

GSTP Ile105Val 
(L105V), 
313A > G, 
rs1695 
GSTP1 
Ala114Val 
(A114V), 
341C > T, 
rs1138272 

Coding 
sequence 
variant with 
decreased 
activity [45] 
Coding 
sequence 
variant with 
not known 
activity 

Decreased risk [204, 
205,213]; no 
association [40,216, 
220]; increased risk 
to (atopic) asthma in 
children & adults 
[46,116]; increased 
in combination with 
environmental 
exposure [214,215]; 
No significant 
association in 
meta-analysis [219] 
Increased risk at 
young age [214] No 
association in 
children [216] 

Decreased risk 
[232,233]; 
increased risk [229] 
– in particular in 
α1-antitrypsin 
deficiency [230] – 
meta-analysis 
[236]. No 
association in 
meta-analysis [47, 
235] 

GSTT1 null Whole or 
partial ~ 54 kb 
deletion - loss 
of protein 
expression [41, 
42] 

Increased risk to 
asthma attack in 
children [220], 
increased risk to 
atopic asthma 
[204], meta-analysis 
[43,84,219]; no 
association [206]; 
increased risk but 
not when only 
restricted to larger 
studies [203] 

Increased risk [44], 
especially for 
emphysema [237], 
meta-analysis [83] 

Table describes different GST polymorphisms that have been associated with 
asthma or COPD in the literature. COPD: Chronic Obstructive Pulmonary Dis
ease; GST: Glutathione S-transferase. 
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revealed increases in GSTT1 mRNA in nasal brushings of asthmatics 
compared to controls (Fig. 3A). Just like GSTM1, atopic asthmatics 
displayed a higher prevalence of the GSTT1 null genotype [116], and the 
GSTT1 null genotypes have also been associated with (atopic) asthma 
and asthmatic symptoms (wheezing, cough, asthma attack) [40,164, 
204,220]. Meta-analyses however have shown contradicting results [84, 
203]. An ‘updated’ meta-analysis study including 26 case-control 
studies reported a significant association between polymorphisms in 
GSTT1 and the risk of asthma development in adults (OR = 2.312; 95% 
CI: 1.204–4.439) [43]. Based on subgroup analysis by ethnicity, a sig
nificant increased risk was found only in Asians (OR = 2.105; 95% CI: 
1.101–4.025) and Russians (OR = 2.747; 95% CI: 1.071–7.046). In the 
same year, another meta-analysis study was published that included 
independent genetic studies using fixed, and random effects models, and 
also reported a significant association between asthma susceptibility and 
GSTT1 null phenotype (pooled OR = 1.33, 95% Cl = 1.10–1.60) [219] 
(Table 3). 

9. Glutathione S-transferases in COPD 

9.1. GSTA in COPD 

Genetic variants in GSTA occur at a very low frequency and have not 
been examined in relation to COPD susceptibility. A microarray study on 
airway epithelium found an upregulation of GSTA2 mRNA in smokers 
compared to non-smokers [221]. These findings are in line with reports 
of enhanced GSTA2 mRNA expression in bronchial biopsy material of 
smokers compared to non-smokers [222]. Despite these consistent ob
servations on GSTA2 mRNA, lung GSTA protein levels are not different 
between control smokers and non-smokers. On the other hand, 
increased levels were observed in whole lung lysates of mild/moderate 
COPD patients compared to patients with very severe disease and con
trols (Table 2). Importantly, the antibody used in this study showed two 
distinct bands on Western blot of whole lung lysates, which could 
represent GSTA1 and GSTA2. This was however not elucidated, nor were 
both bands quantified separately. In contrast, the number of GSTA 
positive central airway epithelial cells was decreased only in GOLD stage 
IV patients. Furthermore one GSTA immunoreactive band could be 
detected in induced sputum, and was shown to be increased in patients 
with chronic bronchitis and in patients with moderate to severe COPD 
compared to controls [147]. A proteomics study on BALF in contrast 
found both GSTA1 and GSTA2 decreased in COPD patients compared to 
controls. Because of the smaller scale of the study and focus on identi
fying biomarkers that could discriminate between COPD and lung can
cer, in which GSTA1 and GSTA2 were increased as well, no relationship 
with disease severity were reported [223]. In aggregate, these data on 
GSTA(2) seem to fit the paradigm that this enzyme is elevated as part of 
the protective defense system against smoke components. 

9.2. GSTM in COPD 

Functional genetic variants of GSTM1 have been found to be pro
tective in COPD [224]. Conversely, the GSTM1 null genotype has been 
found to be associated with COPD susceptibility in various studies, with 
some exceptions (Table 3). Reasons for discrepancies between studies 
may include the sample size, methodologies used and variants between 
ethnic backgrounds. For this reason, meta-analyses have been per
formed which will be discussed below. 

One study examined GSTM1 gene expression in lung tissue of COPD 
patients compared to never-smoking and smoking controls as part of a 
candidate inflammatory and antioxidant gene study approach. They 
found significantly higher GSTM1 mRNA expression in non-COPD 
smokers compared to both never smoking controls, as well as COPD 
patients (Table 2). No significant correlations between GSTM1 mRNA 
expression and lung function were observed [225]. A microarray study 
on bronchial brushing also found increased GSTM1 mRNA levels in 

healthy smokers compared to non-smokers, but also found levels to 
further increase in COPD patients [226]. Another microarray study, 
focused specifically on antioxidant genes in airway epithelium, did not 
find such an upregulation of GSTM1 (or M3 or M4) mRNA in smokers 
compared to non-smokers [221]. A similar lack of induction of GSTM1 
mRNA by smoking was reported in BAL cells and bronchial biopsies 
[222]. We are unaware of studies that have examined GSTM1 protein or 
activities in lung tissue of COPD patients. 

Protein level of GSTM3 in the lung was more abundant in current 
smokers than ex-smokers [144]. Like GSTM1, GSTM3 mRNA was also 
increased in healthy smokers compared to non-smokers, and further 
increased in COPD patients in a microarray study on bronchial brushing 
[226]. Similarly, the microarray gene expression data available from the 
Lung Genomics Research Consortium (LGRC) also showed increases in 
GSTM1, GSTM3, GSTM4, and GSTM5 in lung tissues from COPD patients 
(Fig. 3B). 

9.3. GSTO in COPD 

Microarray data from lung tissue found a downregulation of GSTO2 
mRNA in COPD patients compared to controls (Fig. 3B). The top-ranked 
association between lung function and GSTO2 (rs156697) that was 
observed in the Framingham Heart study prompted us to examine GSTO 
polymorphisms in COPD [96]. In a case-control study we did not 
demonstrate an association between lung function and GSTO1 
Asp140Ala or GSTO2 Asn142Asp. However, an increased risk of COPD 
was found for the GSTO2 142Asp allele, as well as the GSTO1 
140Asp/GSTO2 142Asp haplotype (OR = 1.39 95%CI 1.00–1.93, and 
OR = 2.40, 95%CI 1.43–4.02, respectively) [227]. 

Only protein expression of GSTO1 has been examined in COPD. In 
lung tissue homogenates of COPD patients, the GSTO1 protein expres
sion was significantly lower compared to smoking and never smoking 
controls (Table 2) [147]. No significant relations to lung function pa
rameters were found. Interestingly, GSTO1 could also be detected 
constitutively in cell culture supernatant of macrophage or bronchial 
epithelial cell lines and in induced sputum supernatant, suggesting that 
GSTO1 exerts functions extracellularly. The sputum of COPD patients 
also contained less GSTO1 compared to sputum of controls [147]. 

9.4. GSTP in COPD 

Microarray data from the LGRC also showed a downregulation of 
GSTP mRNA in COPD patients, particularly in GOLD Stage II, and III 
(Fig. 3B and C). In line, mRNA levels of GSTP were reported to be 
downregulated in peripheral lung tissue of COPD patients compared to 
non-smoking controls and non-COPD smokers (Table 2) [225]. 
Furthermore, GSTP mRNA levels significantly correlated with parame
ters of pulmonary function and negatively correlated with cigarette 
smoking history. Contrasting the mRNA expression data in whole lung 
homogenates, the protein level of GSTP1 was increased in COPD pa
tients with mild disease compared to both smoking and non-smoking 
controls, whereas the number of GSTP positive cells analyzed by IHC 
did not differ between these groups (Table 2) [147]. According to the 
mRNA data, a proteomics study on BALF reported lower levels of GSTP1 
in patients with COPD compared to controls [223]. Overall, these results 
suggest that an impaired GSTP1-mediated xenobiotic-metabolizing ac
tivity may be correlated with pathophysiological changes in COPD. In 
line with this possibility, GSTP has been reported to exert protective 
properties against cigarette smoke-induced cell death in fibroblasts 
[228]. 

As previously described, several genetic variations have been 
detected in GSTP1. In particular the frequencies of the GSTP1 Ile105Val 
genotypes in COPD and risk of disease have been performed in a number 
of genetic association studies in different populations. However, these 
studies reported conflicting results, probably due to small sample sizes 
and different ethnic backgrounds [47,229–233]. Interestingly, the 
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wild-type as well as the mutant allele have been associated with an 
increased risk for COPD, although some studies also failed to find any 
association at all [229,232,233]. Also, meta-analyses result in divergent 
outcomes with respect to the associations between this GSTP poly
morphism and the risk for COPD. One meta-analysis reported that the 
lle105Val polymorphism in GSTP1 was not protective against COPD 
development in Asian populations [234,235]. Conversely, another 
meta-analysis study reported a significant correlation between the 
GSTP1 Val/Val and COPD [236]. The most recent and extensive analysis 
to date which included a total of 1892 cases and 2012 controls found no 
significant correlation between the GSTP1 lle/Val polymorphism and 
COPD risk in general, nor in any ethnic subgroups [47]. The relationship 
between GSTP1 polymorphisms and COPD development still remains 
unclear. Further studies involving larger populations and careful control 
with respect to age, sex, ethnicity and smoking behavior will be required 
to address the link between GSTP1 polymorphisms and COPD risk. 

9.5. GSTT in COPD 

The GSTT1 null genotype has been associated with COPD suscepti
bility in general [44], and emphysema in particular [237]. Similar to 
aforementioned conflicting data with other GSTs, not all studies could 
confirm the association between loss of GSTT1 and enhanced COPD risk 
[83,238]. No studies to date have examined GSTT1 beyond the null 
polymorphism. The allele has not been identified as a risk factor for 
COPD or lung function decline in GWAS analyses, nor has the mRNA 
been reported in COPD. The protein and activity levels in lung tissue 
remain furthermore unexplored. 

9.6. Meta-analyses on genetic GSTT and GSTM polymorphisms and 
COPD 

Because of the inconsistencies between genetic studies, and the 
inconclusive outcomes on the association between GST polymorphism 
and COPD, a number of meta- and pooled analyses have been performed. 
A recent meta-analysis of the association of the null genotypes of GSTM1 
and GSTT1 with COPD based on 37 case-control studies, including 4674 
COPD patients and 5006 controls, showed that both null genotypes were 
more frequent in COPD patients compared to controls. A significant 
relation was furthermore found between these individual poly
morphisms, as well as the combined presence of both null poly
morphisms and COPD risk, with divergent effects in different ethnic 
groups [83,115,234,238–240]. 

Combined GSTM1 and GSTT1 deficiency has been linked with 
accelerated age-related decline of lung function in males, irrespective of 
smoking status [241]. Additional gene-gene interactions have been re
ported between GSTM1 and MMP1, 9 and 12, modifying not only the 
risk of COPD, but also the age of onset, as well as the severity of the 
disease [242]. In combination with microsomal epoxide hydrolase ge
netic variants, the risk of COPD is further increased for GSTM1 null and 
GSTP1 Ile105 [243,244]. Furthermore, overall plasma GST activity 
decreased in COPD patients compared to control [245]. In the same 
study, the GST polymorphisms that associated with COPD were GSTM1 
null and Val105Val GSTP1, although this association was only apparent 
when the GST genotypes were combined. 

10. Differential expression of GSTs in epithelial cells in asthma 
and COPD 

Cytosolic GSTs are differentially and heterogeneously expressed in 
the lung; in specific bronchial- and alveolar epithelial cells, as well as in 
various immune and mesenchymal cells (Table 2/Figs. 3–4). We will 
focus here on their differential expression in epithelial cells as they 
display the most robust expression of GSTs and play important roles in 
lung pathologies. Upon activation, lung epithelial cells secrete pro- 
inflammatory mediators that recruit, activate, and/or promote 

differentiation and survival of immune cells, they release growth factors 
that control airway remodeling, and play an important role in lung 
repair through their (trans)differentiation capacities [246]. The differ
ential gene expression of GSTs could be associated with their respective 
physiological roles of basal, ciliated, club, and goblet cells in main
taining lung homeostasis, as well as with the versatile roles in which 
epithelial cells contribute to disease pathogenesis. For example, GSTs 
have been linked to epithelial plasticity, which is a key pathogenic 
feature in asthma as well as COPD. Indeed, epithelial plasticity often 
contributes to airway remodeling including mucus metaplasia in 
asthma, and squamous metaplasia in COPD [246]. GSTA has been 
shown to promote epithelial-mesenchymal transition (EMT), the process 
whereby epithelial cells lose their cell polarity and cell-cell adhesion, 
and transform into mesenchymal cells, in lung cancer cells [247], and 
GSTO has been shown to inhibit membrane localization of E-cadherin 
[248]. The regulatory properties of GSTs and their possible contribution 
to airway epithelial (dys)function in asthma and COPD will be described 
in the next sections. 

Although the differential expression of GSTs in epithelial subtypes 
has not been investigated in COPD, multiple studies have examined the 
expression of cytosolic GSTs in (small) airway epithelial cells derived 
from healthy smokers compared to non-smokers. In small airway 
epithelium from healthy and smoking subjects combined, GSTA1 was 
reported to be the most abundantly expressed isoenzyme of the GSTA 
class, followed by GSTA2, GSTA3, and GSTA5, data which are compa
rable to our GST transcript analysis of the publicly available RNA seq 
dataset in Fig. 3. Increased expression of GSTA2, GSTA1, as well as 
hypomethylation and upregulation of GSTM1 and GSTM5 were reported 
in small airway epithelium from smokers vs non-smokers [249–251]. In 
smokers moreover, decreases in mRNA of GSTO2 in airway basal cells 
were reported, in association with decreased GSH levels and a decreased 
GSH/GSSG ratio [252]. These data show that the small airway epithe
lium exhibit changes in GST gene expression in response to cigarette 
smoking, which could play a role in the development of 
smoking-associated lung disease [108]. Interestingly, our analysis of the 
previously published RNA seq database revealed, that the epithelial 
subtype expression of specific GSTs differs between healthy subjects and 
asthmatics (Fig. 4). However, because these data are obtained by using 
single cell RNA-seq data from individual epithelial cells (from 6 asth
matics and 6 controls), we were unable to perform justifiable statistical 
analyses on these data, due to the low expression of the GST genes in 
individual epithelial cells and the number of patients in the analyses. We 
therefore limit ourselves here to describing the most striking observa
tions from the analysis. Further experiments should be performed to 
confirm these findings. As mentioned before, GSTA1, GSTO1, and 
GSTP1 are the main GSTs expressed in the different epithelial cell types. 
Interestingly, although the mRNA expression of GSTP1 is already high in 
all subtypes of airway epithelial cells, the expression seems to elevate 
further in most epithelial subtypes in asthmatics (Fig. 4B). In asthmatics, 
GSTA1 expression seems to be decreased in basal, suprabasal, goblet, 
and in club cells, while its expression may be slightly increased in mucus 
ciliated cells compared to controls, which is in line with the RNA seq 
data in nasal brushings (Fig. 3A), whereas GSTA2 expression appears to 
be decreased in ciliated, mucus ciliated and goblet cells in asthmatics 
compared to controls. The expression of GSTO1 is found to be higher in 
ionocytes of asthmatics compared to control. In smooth muscle, GSTA4, 
GSTM3, and GSTO1 are observed to be more highly expressed in controls 
than in asthmatics (Fig. 4C). Interestingly, in asthmatics, the expression 
of GSTA1, GSTA4, GSTM3, GSTM4, GSTM5, GSTO1 (and to a lesser 
extent GSTP1) may be decreased in fibroblasts compared to controls. As 
described before, GSTs are less ubiquitously expressed in immune cells 
(Fig. 4C). The expression of both GSTA1 and GSTO1 seems to be 
decreased in macrophages from asthmatics versus healthy controls. 
Furthermore, mast cells display elevated expression levels of GSTA1 and 
GSTP1, and lower expression of GSTO1 in asthmatics versus controls. In 
asthmatics, dendritic cell expression of GSTA1, and GSTO1 appears to be 
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decreased in comparison to healthy controls. Lastly, T- and B-lympho
cytes isolated from asthmatics seem to display reduced expression of 
GSTO1, versus healthy controls, while GSTP1 expression is decreased in 
T-lymphocytes. These preliminary, observational findings of the differ
ences in expression profile of each GST isoform in epithelial subtypes 
between asthmatics and controls should be further explored to examine 
and expand the knowledge on the precise role of different GSTs in a 
particular cell type during homeostasis, as well as in the responses to for 
example allergens, and inhaled pollutants. 

11. Biochemical reactions regulated by GSTs and their 
contributions to asthma and COPD 

Antioxidant systems are crucial to detoxify the constant exposure to 
toxic compounds. It is tempting to speculate that GSTs could be upre
gulated as part of an adaptive and protective response to detoxify these 
compounds and to scavenge the excessive levels of oxidant production/ 
oxidative stress. Conversely, a failure of the lungs to respond propor
tionally to these challenges would result in damage, and disease devel
opment and progression. This failure can have a genetic or epigenetic 
origin (as previously reviewed), or can occur at the transcriptional or 
translational level. With respect to failure at the transcriptional level, a 
disturbance in (detoxification) protection against smoke components is 
often seen in more severe disease in COPD, and is related to Nuclear 
factor erythroid 2–related factor (Nrf2) repression. Nrf2 is a transcrip
tion factor that regulates numerous antioxidant and cytoprotective 
genes, including GSTs, and protect against oxidative damage triggered 
by injury and inflammation. The role of Nrf2 in controlling the expres
sion of GSTs has been shown in studies using the homozygous Nrf2− /−

mouse model, where it was found that the constitutive as well as 
inducible (by the antioxidants butylated hydroxyanisole, and ethox
yquin) expression of Gsta1, Gsta2, Gstm1, Gstm2, Gstm3, and Gstm4 was 
impaired in the liver [253,254]. A recent comprehensive proteomic 
analysis moreover reported that GSTM1, GSTM2, GSTM3, GSTA3, 
GSTA4, and GSTP1 were all expressed at a constitutively lower level in 
the liver of Nrf2− /− mice [255]. However, it remains to be determined 
whether Nrf2 deficiency also alters GST expression in the lung. Previous 
studies have shown that a GSH deficiency and the exposure of cells to 
ROS or pro-oxidants enhances the induction of GSTs by activating Nrf2 
[256]. For example, it has been shown that increased concentrations of 
the lipid peroxidation product 4-HNE, leads to modification of cysteine 
residues in the Nrf2 inhibitor, Kelch-like ECH-associated protein 1 
(Keap1), thereby stabilizing Nrf2 and allowing its nuclear accumulation. 
Increased GSTA4 transcription in association with enhanced GSH levels 
thereby result in an increased capacity to metabolize 4-HNE. 
Conversely, GSTs can negatively regulate Nrf2 activity by protecting 
Keap1 from cysteine modifications that are required to stabilize and 
release the transcription factor. GSTs thus comprise a negative feedback 
system that indirectly controls the levels of other antioxidant and 
drug-metabolizing enzymes that are regulated through the Keap1/Nrf2 
pathway. In the context of chronic lung diseases, NRF2 levels were 
decreased in lung tissue of emphysema patients [257]. In mice, Nrf2 
absence enhanced the susceptibility to smoke-induced emphysema 
[258], while activation of Nrf2 attenuated emphysema development 
[259]. However, it is unknown whether GSTs play a role herein. Nrf2 
deficient mice also show increased susceptibility to asthma, and 
cell-specific activation of Nrf2 in club cells significantly reduced 
allergen-induced oxidative stress, inflammation, mucus, and airway 
hyperresponsiveness [260], which is of particular interest given that 
Gsta1, Gsta2, and Gstp1 are inducible by Nrf2 and all highly expressed in 
club cells (Fig. 4). A disturbed detoxification may partially be caused by 
a lack of Nrf2-dependent upregulation of GSTs. This could be restored by 
dietary and natural compounds such as flavonoids, which have been 
shown to modulate the activity and/or expression of GSTs, and curcu
min, which has been attributed antioxidant-like properties in part 
through activation of Nrf2 [261]. Nonetheless, these compounds do not 

specifically induce GSTs via Nrf2. 

11.1. Contribution of GSTs through enzymatic activities and ligand 
binding 

In addition to the classical detoxification function of GSTs, alter
ations in GST expression and/or enzymatic activity, regardless of the 
isoform, may affect their ability to scavenge oxidants, regulate biolog
ical processes (e.g. protein-protein interaction), and affect redox 
signaling through modulation of PSSG (Tables 1 and 2). GSTs display an 
array of regulatory mechanisms of pathways involved in asthma and 
COPD. Since GST isoforms have diverging functions, the relative 
contribution of a given isoform to chronic lung disease may differ. For 
instance, lipid peroxidation, a consequence of oxidative stress, induces 
pulmonary inflammation, and is therefore believed to contribute to 
asthma and COPD pathophysiology [262,263]. Isoenzymes of mainly 
the GSTA, but also GSTM, and GSTT classes use lipid peroxidation 
products generated by ROS. The upregulation of GSTA2 mRNA (and 
GSTA1 mRNA; Fig. 3A) in asthmatics as well as the upregulation of GSTT 
and GSTM isoenzymes in asthma and COPD (Fig. 3A and B) could be a 
response to cope with the elevated level of lipid peroxidation in these 
patients. GSTs also act as ligandins (non-enzymatic protein-protein 
interaction) regulating inflammation and (programmed) cell death. 
GSTM, GSTO, and GSTP regulate the activity of members of the MAPK 
pathway, especially JNK and TRAF2. The regulatory effect on JNK is of 
considerable interest as JNK has been shown to play a role in 
allergen-induced inflammation and remodeling associated with bron
chial hyperresponsiveness [264]. Moreover, activation of JNK signaling 
was present in lungs of patients with COPD and was shown to be 
involved in TNFα-driven extracellular matrix remodeling [265]. The 
precise link between JNK and GSTP in the pathology of asthma and 
COPD remains to be examined, especially given that GSTP1 is differ
entially regulated in both diseases (decreased in COPD; increased in 
asthma) (Figs. 3 and 4). The Omega class of GSTs has furthermore been 
shown to enzymatically modulate ryanodine receptors, which may be a 
novel target to modulate airway reactivity in cigarette smoke linked 
diseases such as COPD, as exposure to acute cigarette smoke selectively 
altered small airway contraction and down-regulated ryanodine re
ceptors in airway smooth muscle [266]. Furthermore, the GSTO2 
Asn142Asp genotype has been associated with age-related defects in 
smokers such as the development of cataracts due to inefficient ascor
bate regeneration [267]. Based on its function in β-oxidation, changes in 
GSTZ levels in the lung may regulate fatty acid metabolism and related 
mitochondrial (dys)function, which have previously been linked to 
chronic lung diseases such as asthma and COPD [268–270]. 

11.2. Contribution of GSTs in PSSG 

Changes in redox balance may contribute to the pathogenesis of 
chronic lung diseases including asthma and COPD. Notably, dysregula
tion of reversible oxidation of protein cysteines including PSSG is 
thought to promote chronic lung diseases as it may affect cellular 
pathways which play an important role in the lung including cell pro
liferation, inflammation, metabolism and apoptosis. The importance of 
PSSG in particular the lung epithelium is beginning to be elucidated. 
Studies from our laboratory have shown that overall PSSG levels are 
increased in lungs of mice with allergic airways disease exposed to the 
house dust mite allergen compared to control lungs [271]. On the other 
hand, PSSG levels were decreased in sputum samples from eosinophilic 
and neutrophilic asthmatics compared to healthy controls, although this 
should be confirmed in a larger study [272]. Moreover, others have 
reported that the exposure to diesel exhaust co-administered with house 
dust mite allergen promotes PSSG in mice with allergic airways disease 
[273]. Although PSSG levels have not yet been examined in COPD pa
tients, exposure of lung epithelial cells to cigarette smoke extract 
increased PSSG [274], while PSSG was shown to be decreased in lungs of 
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mice exposed to cigarette smoke extract [275]. In BALF, as well as in 
macrophages isolated from smoke-exposed mice, an increase in PSSG 
was observed [274]. PSSG seems thus to be distinctly regulated in 
different regions and cellular compartments of the lungs in response to 
cigarette smoke, which could be related to differences in GST expression 
and/or activity in these various compartments and cell types. 

As previously mentioned, especially GSTP, and to a lesser extent 
GSTO and GSTM, have been shown to catalyze the forward PSSG reac
tion [17,76,88]. GSTO has also been shown to deglutathionylate pro
teins, and the GSTO1 Ala140Asp polymorphism was found to have 
increased activity for the forward PSSG reactions, while deglutathio
nylation was repressed [88]. The biological contribution of this poly
morphism still has to be further confirmed, and so far, no association is 
found between this GSTO1 variant and asthma or COPD (Table 3). With 
respect to specific targets, GSTP and GSTM can directly bind (enzy
matically) and glutathionylate adenosine monophosphate activated 
protein kinase (AMPK), leading to its activation in vitro [76]. AMPK is a 
key enzyme in the regulation of cellular energy homeostasis, and 
interestingly, also modulates inflammatory responses. AMPK has been 
shown to suppress airway smooth muscle cells thereby decreasing 
airway remodeling [276]. Furthermore, AMPK has been shown to 
decrease lung inflammation and emphysema by reducing IL-8 produc
tion in airway cells [277]. GSTP moreover promotes 
SRC-glutathionylation, which was essential for GSTP to inhibit SRC 
phosphorylation and activation [278]. Glutathionylation of SRC regu
lates VE-cadherin stabilization, a key transmembrane adhesive protein 
in endothelium adherens junctions, thereby maintaining endothelial 
barrier function. SRC is a non-receptor tyrosine kinase protein which has 
been shown to play an essential role in mucin secretion induced by 
pathogens, and it can promote airway smooth muscle cell growth and 
migration which occur in airway remodeling found in asthma and COPD 
[279,280]. Furthermore, SRC has been shown to regulate the allergic 
inflammatory response via epithelial growth factor receptor (EGFR) and 
subsequent downstream activation of multiple pathways including 
ERK1/2, PI3Kδ/AKT and NF-κB [281]. These results suggest that GSTP 
(and GSTM)-induced PSSG of AMPK and SRC may act on airway 
remodeling and inflammation. Additionally, glutathionylation of actin 
and tubulin inhibits their polymerization, thereby altering cell structure 
and affecting morphological polarity and migration of neutrophils in 
response to chemotactic gradients or cell growth [282–284]. Moreover, 
neutrophils from mice lacking Glrx1 displayed impaired recruitment to 
sites of inflammation and reduced bacterial capability [284]. It remains 
to be determined whether the GST-controlled forward reaction similarly 
regulates neutrophil migration. 

Members of NF-κB, a family of transcription factors that promote the 
activation of pro-inflammatory responses [285], have been shown to be 
inhibited by glutathionylation including RelA, and p50 [286–288]. 
Notably, we have shown that, upon LPS-induced lung inflammation, the 
activity of inhibitory kappa B kinase beta (IKKβ), a key activator of the 
NF-κB signaling pathway, was inhibited by GSTP-mediated PSSG, 
resulting in decreased levels of pro-inflammatory mediators in epithelial 
cells, which was rescued by GLRX1 [286]. IL-1β is also a 
pro-inflammatory cytokine related to asthma pathology, and PSSG has 
been shown to protect inhibition of IL-1β by overoxidation thereby 
maintaining IL-1β activity [289]. This is of interest as it has recently 
been reported that human nasal mucociliary epithelial cells exposed to 
PM2.5 elicited a dose-dependent transcriptomic response with an upre
gulation of IL-1 (α and β) expression [290]. Moreover, our laboratory has 
recently demonstrated that increases in IL-1β-dependent glycolysis (e.g. 
metabolic reprogramming) resulted in an induced inflammatory 
response in epithelial cells during allergic airways disease [291]. We 
also showed that the induced pro-inflammatory signaling was in part 
driven by the glycolysis inactive form of Pyruvate Kinase M2 (PKM2) 
through, in part, phosphorylation of signal transducer and activator of 
transcription 3 (STAT3), an important protein in the regulation of cell 
proliferation, differentiation, apoptosis and inflammation [292]. This is 

of considerable interest as metabolic enzymes have been shown to be 
reversibly inactivated by PSSG, including glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH), a glycolysis enzyme, and α-ketoglutarate de
hydrogenase (KGDH), a TCA cycle protein, as well Pyruvate Kinase in 
the liver (PKL) [293–295]. Furthermore, STAT3 has been shown to be 
glutathionylated resulting in inhibition of its phosphorylation [296, 
297]. GSTP has already been shown to interact with STAT3, thereby 
inhibiting the STAT3-signaling pathway [298]. The observed metabolic 
reprogramming during allergic airways disease may therefore be 
attributable to changes in (GSTP)-controlled PSSG. 

Lastly, it has been shown that GSTP catalyzes the first step in the 
reduction of the sulfenylated peroxidatic cysteine of PRDX6 (1-cysPRX), 
a member of the peroxiredoxin family, by binding the sulfenic acid form 
of Cys47 and glutathionylating the active site cysteine [299,300]. 
PRDX6 is involved in redox regulation of the cell as it can for example 
reduce H2O2, short chain fatty acids and hydroperoxides. Oxidation of 
the catalytic cysteine of 1-cysPRX has been associated with loss of 
peroxidase activity [299,301]. Heterodimerization of 1-cysPRX with 
GSTP mediates the glutathionylation of the previously oxidized cysteine 
thus restoring its peroxidase activity. PRDX6 is unique since PRDX6 uses 
GSH as an electron donor, whereas PRDX1-5 used thioredoxin as an 
electron donor. Interestingly, PRDX6 is the highest expressed PRDX of 
the PRDX family in the epithelium of human lungs [302], and similarly 
GSTP is the most abundantly expressed GST in lung tissue, especially in 
the epithelium [144]. 

Given that GSTP is the most abundantly expressed GST in the lung 
epithelium, displaying differential expression in asthmatics and COPD 
patients compared to controls, coupled to its important role in PSSG 
chemistry, a prominent role for GSTP in lung epithelial pathology is 
suggested. However, the implications of PSSG, the proteins that are 
targeted via glutathionylation and the GSTs that control them in 
epithelia of asthmatics and COPD patients remains a much unexplored 
area of research. 

12. Future directions 

In this review we highlighted the current knowledge on GSTs in the 
susceptibility to and progression of asthma and COPD, as well as their 
contribution to lung growth and development. Despite poor reproduc
ibility, genetic studies support the prevailing concept that GST de
ficiencies (notably the GSTT and GSTM null polymorphisms) are 
associated with an increased risk for the development of asthma and 
COPD, which could be related to adverse perinatal effects, as well as 
diminished lung development and growth. Gene-environment in
teractions, as well as epigenetic modulation likely contribute to these 
risks. In contrast, mRNA and/or protein expression of most GSTs are 
upregulated in asthma and COPD patients, as well as in smokers, 
compared to controls (Fig. 3, Table 2). Although there are some ex
ceptions, these expression data are in line with the notion that GSTs are 
upregulated during chronic lung diseases as part of an adaptive and 
protective response to the disease-triggering exposures. However, since 
GSTs have effects beyond detoxification, including scavenging of oxi
dants, ligand binding, and regulating redox signaling (Table 1), this 
upregulation might not inherently be of a protective nature. Similarly, 
downregulation of GSTs may have detrimental effects beyond attenu
ated detoxification. Generic knock-out studies at this point fail to un
ravel the contribution of each of these divergent functions of each (sub) 
class of GST to the outcome in disease models. Future studies should 
therefore extend their analyses to include these alternative functions. 
For example, the most prominently expressed GST in human lung tissue, 
GSTP1, accounts for over 90% of the lung’s activity towards CDNB, but 
also regulates various pathways that play a role in lung pathologies 
through S-glutathionylation, as well as by non-enzymatic protein-pro
tein interactions. GSTP is overexpressed in a wide variety of tumors. 
Since it was thought to be involved in the resistance to several anti
cancer drugs, and since its interaction with JNK results in inhibition of 
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apoptosis, a number of GST(P) inhibitors have been synthesized. Etha
crynic acid, an inhibitor of all classes of GST isoenzymes, Terrapin 199, a 
GSH analog-based GSTP inhibitor, and TLK199, a small peptide GSH- 
analog, are examples of agents that have been examined to inhibit 
GSTP [54,303,304]. TLK199 prevents the binding of GSTP and JNK, and 
its activated form that has anti-GSTP activity, TLK117 [305], was shown 
to halt the progression of fibrosis in mice in association with decreased 
levels of PSSG [306]. On the other hand, in the context of e.g. lung 
diseases, inhibition of JNK by GSTP can be beneficial due to its contri
bution to matrix remodeling. TLK286 is an example of a prodrug that 
activates GSTP [307,308]. However, clinical trials have not yielded new 
drugs that are widely used clinically to date. We posit that given the 
wealth of new information about the contributions of GSTs to a variety 
of diseases, it is an exciting time to re-consider clinical development of 
compounds that specifically interfere with the various functions of GSTs 
including the disruption of binding to unique target proteins. Future 
studies could also include examining the effect of genetic poly
morphisms of GSTs on their alternative functions in allergic asthma and 
COPD. Furthermore, studies could focus on gene-editing of GST isoforms 
in specific target cells to examine and expand the knowledge into the 
specific functions and contribution to disease. 

13. Conclusion 

In conclusion, the purpose and importance of the differential and 
heterogeneous expression of GSTs in the lung remains to be further 
explored. In order to better understand the contribution of GSTs to 
(normal) lung growth and development, as well as to the onset of lung 
diseases at later age, more detailed insights are needed with respect to 
their complex regulation, their cellular distribution and versatility of 
effector functions. Only through such thorough and precise under
standing can tailored therapeutic strategies be designed to affect specific 
functions of particular GSTs that may help alleviate the burden, or even 
prevent the development, of chronic lung diseases. 
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