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Abstract

β2-adrenergic receptor (β2AR) agonists are clinically used to elicit rapid bronchodilation for the 

treatment of bronchospasms in pulmonary diseases such as asthma and COPD, both of which 

exhibit characteristically high levels of reactive oxygen species (ROS); likely secondary to over-

expression of ROS generating enzymes and chronically heightened inflammation. Interestingly, 

β2AR has long-been linked to ROS, yet the involvement of ROS in β2AR function has not been as 

vigorously studied as other aspects of β2AR signaling. Herein, we discuss the existing body of 

evidence linking β2AR activation to intracellular ROS generation and importantly, the role of ROS 

in regulating β2AR function. The reciprocal interplay of the β2AR and ROS appear to endow this 

receptor with the ability to self-regulate signaling efficacy and ligand binding, hereby unveiling a 

redox-axis that may be unfavorably altered in pathological states contributing to both disease 

progression and therapeutic drug responses.
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1. Introduction

The β2-adrenergic receptor (β2AR), a prototype of the G protein-coupled receptor (GPCR) 

superfamily, is ubiquitously expressed and involved in homeostasis of the cardiopulmonary, 

vascular, endocrine, digestive, and ocular systems, amongst others. Clinical use of β2AR-

acting drugs is prevalent, perhaps most so within the setting of pulmonary pathologies such 

as asthma and chronic obstructive pulmonary disorder (COPD). Agonism of the β2AR in 

pulmonary tissue elicits rapid bronchodilation and is therefore the current gold standard for 

therapeutic treatment of acute bronchoconstriction and bronchospasms. In addition, 

pleotropic effects of β2-receptor agonism include decrease of mast cell degranulation, 

enhanced mucociliary transport, and reduced neutrophil recruitment, amongst others, and 

together, these outcomes have made short-acting β2-agonists (SABA) or long-acting β2-

agonists (LABA) the mainstays for treatment of all stages of clinical severity of both asthma 

and COPD. Chronic inflammation is a hallmark of diseased pulmonary tissue due to 

perpetual activation of the immune system in response to either repeated exposure to an 

irritant or an inappropriate response of the immune system to a non-noxious stimuli [1]. 

Chronic inflammation of bronchial tissue results in resting bronchoconstriction and a 

hypersensitivity to irritants that cause episodes of severe bronchospasms [2]. Inhaled 

corticosteroids are used to reduce chronic inflammation in the lungs, however, inflamed 

asthmatic tissue is characterized by high levels of reactive oxygen species (ROS), and over-

expression of the ROS generating enzyme NADPH oxidase (NOX) as well as the hydrogen 

peroxide generating enzyme superoxide dismutase (SOD) [3]. Interestingly, ROS can be 

generated by acute agonism of the β2AR, and these oxidants are also known to regulate 

receptor function. This review will summarize the growing body of literature linking this 

β2AR-ROS axis, and its potential role in human health and disease.

Rambacher and Moniri Page 2

Biochem Pharmacol. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



1.1 β2AR Signaling

As with other GPCRs, signaling of the β2AR is initiated upon agonist binding, promoting 

receptor GEF activity and guanine nucleotide exchange of the Gαs subunit, which facilitates 

downstream dissociation of the Gα and βγ subunits [4]. The GTP-bound Gαs subunit 

activates adenylyl cyclases, forming 3’,5’-cyclic monophosphate (cAMP), the second 

messenger that activates protein kinase A, which itself catalyzes phosphorylation of 

downstream targets leading to biological responses. Gαs signaling of agonist-occupied 

β2AR is effectively arrested upon the receptors phosphorylation by G protein-receptor 

kinases (GRK), notably GRK 2–3, leading to the high affinity recruitment of cytosolic β-

arrestin partner proteins to the phosphorylated receptor [5]. β-arrestin-dependent 

desensitization of G protein signaling is followed by β-arrestin-dependent scaffolding, a well 

characterized cascade that can lead to further downstream physiological outcomes that 

include activation of other kinases, including mitogen-activated protein kinases (MAPK), 

transcription factors, and trafficking proteins [6–8], amongst others. While canonical G 

protein and β-arrestin signaling have been the subject of intense research efforts over the last 

three decades, β2AR has also been linked to ROS and redox cycles, yet this aspect has been 

largely overlooked.

1.2 Reactive Oxygen Species

ROS are transient and readily diffusible oxidants that are formed via metabolism of O2. ROS 

are ubiquitous throughout the human body and include hydrogen peroxide (H2O2), 

superoxide (O2
−), hydroxide radical (OH•) and oxygen free radicals. Hydrogen peroxide is 

the most abundant and stable form of ROS [9–10], and given its pKa of 11.8, it is found 

predominately in the unionized state at physiological pH [11]. As a consequence, hydrogen 

peroxide can readily diffuse biological membranes [12], implying that the oxidative effects 

of these species are not limited to the cellular microdomain, or even the cell, of origin. 

While ROS are known to be formed from a variety of O2-metabolizing sources, including 

enzymes such as cyclooxygenase, xanthine oxidase, nitric oxide synthase and via 

mitochondrial respiration, within this review, we focus primarily on ROS generated via the 

membrane-bound NADPH oxidase (NOX) complex. In phagocytic cells, ROS are primarily 

generated via NOX, which is comprised of the membrane bound p22 and gp91phox subunits 

that function as O2-sensors, and the cytosolic p47phox and p67phox subunits, which catalyze 

electron transfer from NADPH to O2, forming superoxide (O2
−). Due to its high reactivity 

and toxicity, superoxide is rapidly dismutated by superoxide dismutase (SOD), yielding 

hydrogen peroxide [13–16]. NOX activity is dependent on flavin cofactors, heme, and 

NADPH, while some catalytic NOX isoforms are also dependent on the small GTPase Rac1, 

which is recruited to the complex [13, 17]. Indeed, five distinct NOX isoforms (NOX1–5) 

have been characterized and shown to have variable distribution and regulation in non-

phagocytic cells, where they play central roles in homeostatic ROS signaling as well as 

oxidative stress [18–19].

1.3 ROS mediated protein post-translational modification

While ROS have long been known to significantly affect nucleic acids [20–22], they also 

have underappreciated, yet pronounced, effects on protein structure and function. In this 
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regard, ROS readily oxidize both methionine and cysteine residues, however, due to the 

ubiquitous expression of methionine sulfoxide reductase, methionine-ROS adducts are 

rapidly reduced back to the native thiol states [23]. On the contrary, no such specific 

reductase has been discovered for oxidized cysteine residues, endowing them with a more 

physiologically active function upon oxidation by ROS. Indeed, first order oxidation of 

cysteine residues has recently emerged as a transient form of post translational protein 

modification, much like phosphorylation and SUMOlation. Such oxidation has been termed 

cysteine-S-sulfenation, and converts the cysteine thiol (Cys-SH) to the oxidized cysteine 

sulfenic acid (Cys-S-OH) (Figure 1) [24]. Cysteine sulfenic acids can be reduced back into 

thiols or can react further to form other more stable species such as cysteine-cysteine 

disulfide bonds (Cys-S-S-Cys) (Figure 1). Additionally, in the presence of higher 

concentrations of or prolonged exposure to ROS, cysteine sulfenic acids can be further 

oxidized to form cysteine sulfinic (SO2H) or sulfonic (SO3H) acids, which unlike the 

transient and unstable sulfenic acid state, are stable and irreversible modifications typically 

associated with oxidative stress and damage [24]. Moreover, high order oxidation leaves the 

cysteine residues incapable of further interacting with ROS and undergoing transient, yet 

necessary, homeostatic redox reactions.

1.4 ROS mediated signal transduction

ROS have historically been associated with cytotoxic and oxidative stress effects, yet, over 

the last two decades, a growing body of evidence has demonstrated that ROS play 

purposeful roles in intracellular signal transduction [25–26]. The compartmentalization of 

ROS generating enzymes and anti-oxidants (i.e. SOD, catalase, glutathione peroxidase, 

thioredoxin peroxidase) that metabolize cellular oxidants such as hydrogen peroxide [27–

29], endows the cell with mechanisms to regulate ROS concentrations in specific cellular 

microdomains [27, 30]. The relative concentration of hydrogen peroxide associated with 

signal transduction is significantly lower than that associated with oxidative stress or 

cytotoxicity [31], however the physiological threshold for ROS signaling, versus oxidative 

stress, is tissue specific and variable [27, 32]. Regardless, ROS are now well established to 

play signaling roles in a wide variety of effector systems including mitogen-activated protein 

kinases (MAPK) [33–34], receptor tyrosine kinases, including EGFR and PDGF [35–38], 

transcription factors, including HIF-1 [39–42], as well as protein phosphatases [43–46], 

amongst others [25–26]. ROS have also been linked to GPCR function, with evidence of the 

angiotensin II-1R, dopamine D5R, and 5-HT2AR all being connected to ROS generation 

and/or signaling [39–42]. In addition, the literature is replete with data connecting β2AR and 

ROS, suggesting both the vitality of ROS for receptor function as well as a high propensity 

for permeant oxidative modifications, discussed below.

2. ROS are necessary for canonical β2AR function

The evidence indicating a functionally relevant interplay between ROS and the β2AR first 

surfaced in the 1980s when it was shown that a plethora of redox active substances could 

modulate β2AR function and binding of the non-selective β-adrenoreceptor agonist 

isoproterenol (ISO) [47], and that high affinity binding of related phenylethanolamine-

backbone agonists to β2AR is dependent on redox [48]. Soon thereafter, it was shown that 
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alkylation of β2AR cysteine residues resulted in a receptor that is locked in an agonist-

receptor-G-protein complex [49], suggesting that normal receptor function requires redox 

capable cysteine residues. This line of research however appeared to have gone cold after 

these experiments and were not rekindled until the early 2000s. Using a pharmacological 

inhibitor-based approach that utilized the flavin-oxidase (i.e., NOX) inhibitor 

diphenyleneiodonium chloride (DPI), Rac1 inhibitor NSC23766 (NSC), and the ROS 

scavenger N-acetyl-L-cysteine (NAC) in HEK293 cells, which endogenously express β2, but 

not β1AR, Moniri and Daaka [50] demonstrated that reduction in intracellular ROS 

abolishes the receptors ability to activate Gαs proteins upon agonism with ISO [50], 

indicating ROS facilitate either the physical interaction of the receptor with Gαs or the 

ability of the receptor to successfully activate the G protein. Assessment of downstream Gαs 

protein mediated cAMP formation and cAMP phosphorylation activity were also 

significantly inhibited by NOX and Rac1 inhibition, and ROS scavenging, suggesting a 

broader requirement for ROS in canonical β2AR signaling [50].

Since G-protein mediated β2AR signaling is effectively desensitized by β-arrestin 

recruitment, which facilitates downstream β-arrestin scaffolding and subsequent signals, 

including receptor internalization, the requirement of ROS for β-arrestin-dependent effects 

have also been assessed. In this context, Shenoy and colleagues elegantly established that 

ISO-induced β2AR-signaling to phosphorylation of the extracellular-signal regulated 

kinases-1/2 (ERK1/2) MAPKs is mediated by Gαs-protein signaling at early time points (1–

10 min) following agonism, whereas a more sustained phospho-ERK1/2 signal is mediated 

solely by β-arrestin scaffolding 10–60 min following agonism [7]. Based on these results, 

treatment of cells with DPI or NAC caused a significant decrease in ISO-induced 

phosphorylation of ERK1/2 during both the transient Gαs and the sustained β-arrestin-

mediated time course following β2AR agonism [51], suggesting that ISO-induced β2AR-β-

arrestin signaling is also regulated by ROS. Indeed, DPI also inhibited the ISO-induced 

physical interaction between β-arrestin and β2AR, as detected by both immunoprecipitation 

and BRET between β2AR-Rluc and β-arrestin-2-YFP [51]. These data are also in 

accordance with others that show that β2AR phosphorylation and internalization, which 

precede and follow β-arrestin recruitment respectively, are inhibited by ablation of ROS 

[50], and together, these results demonstrate that a degree of ROS are strictly required for 

canonical signaling of β2AR via both G-protein dependent and β-arrestin-dependent 

pathways.

3. β2AR Mediated ROS Generation

Given this apparent dependency of β2AR on ROS to execute all aspects of proper function, 

it is not surprising that agonism of the β2AR generates its own ROS supply. ROS generation 

appears to be a conserved, yet specialized function of cell-surface receptors, as several 

different receptors, including GPCRs, have been shown to generate ROS in response to 

agonism, including; the T cell receptor [52], α1A-adrenergic receptor [50], angiotensin II 

receptor [44], both 5HT-1A and −2A subclasses [45–46], as well as β2AR. Agonist 

mediated ROS generation through the β2AR has been demonstrated in a myriad of cells and 

tissues including; osteoclasts [53], aortic cells [54], microglia [55], cardiomyocytes [56–57], 

alveolar macrophages [58], human lung airway epithelial cells (CALU3) [59], RAW264.7 
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macrophages [53], and the clonal cell lines COS-7 [57] and HEK293 [50–51, 60], as 

discussed in detail below. These results demonstrate that the mechanisms of ROS generation 

that follow receptor agonism and the signaling outcomes of such ROS, are diverse and likely 

cell-type dependent. For example, in mature osteoclasts and precursor macrophages, 

including murine RAW264.7 cells, which express β2AR, but not β1- or β3- ARs, agonism 

by ISO significantly increased ROS generation and this effect directly mediated 

differentiation and osteoclastogenesis, which was blocked by propranolol, demonstrating 

β2AR-dependency in these cells [53].

In primary microglia, the β2-selective and LABA salmeterol dose-dependently increased 

intracellular ROS as well as extracellular O2
− via activation of NOX in a manner dependent 

on downstream ERK1/2, but not PKA, activity [55]. These findings suggested that β2AR-

mediated ROS generation contributes to dopaminergic neurotoxicity and reveal that the 

lower-efficacy partial agonist salmeterol, as opposed to a fully efficacious agonist like ISO, 

could also induce ROS generation. However, though salmeterol is highly selective for β2AR 

over β1- and β3-receptors, and the effect of salmeterol on the downstream neurotoxicity was 

fully blocked by the selective β2AR-antagonist ICI-118,551, the study did not examine the 

effect of the antagonist on ROS generation, which is proximal to neurotoxicity.

In rabbit ventricular cardiomyocytes, ISO was shown to facilitate significant intracellular 

mitochondrially produced ROS generation in a manner dependent on electrical conductance, 

as no effect was seen in quiescent myoctes [56]. However, no distinction was made 

regarding whether this effect was due to agonism of β1- or β2AR. Importantly, in primary 

rat cardiomyocytes, ISO was also shown to increase both mitochondrial oxygen and 

intracellular ROS, and in a manner that was blocked by ICI-118,551, but not by the β1AR-

selective antagonist CGP20712A. These effects were also reproduced with the selective 

β2AR partial agonist zinterol [57] and in the clonal COS-7 cell line transfected with β2AR 

[57]. Similarly, ROS generation was heightened upon treatment of mouse thoracic aortic 

slices, which express both β1- and β2AR, with ISO, and this effect was significantly 

decreased, but in this case, not fully abolished in slices derived from β2AR-knockout 

animals [54], suggesting involvement of both subtypes.

In addition to COS-7 clonal cell lines, studies in HEK293 cells, which endogenously express 

β2- but not β1- or β3-AR, as well as in HEK293 cells that transiently overexpress β2AR 

reveal similar levels of ROS generation upon agonism with ISO, an effect that is blocked by 

propranolol, used in this instance due to the lack of expression of other beta-adrenoreceptors 

[50–51].

Consistent amongst these studies, short term agonism (up to 5 minutes) of βAR elicits a 

relatively modest increase in ROS, typically on the order of a 30–50% over control [50–51, 

53, 57, 60], an extent equivalent to approximately 10 μM exogenous hydrogen peroxide [50–

51]. However, longer agonist exposures elicit higher levels of ROS generation, a 250% 

increase was shown in microglial cells following a 30 minute stimulation with salmeterol 

[55], and a time dependent ISO-induced ROS response was seen in cardiomyocytes [56]. 

This is an important context as it infers that β2AR-mediated ROS generation serves a 

purposeful signaling role, rather than an oxidative-stress inducing role, which would be 
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expected to yield ROS concentrations equivalent to millimolar levels of H2O2. On the 

contrary, agonism of β2AR in human neutrophils with ISO or terbutaline was shown to 

negatively modulate the inhibitory effects of fMLP and platelet activating factor-mediated 

ROS generation [61–62], but these inhibitory effects are likely due to the known regulatory 

role PKA on neutrophil priming and function, as others have shown that agonism of β2AR 

with epinephrine in neutrophils decreases extracellular ROS, while increasing intracellular 

ROS generation [63].

β2AR mediated ROS generation is overwhelmingly believed to be NADPH oxidase (NOX) 

mediated, as several groups have shown that inhibition of NOX abolishes ISO-induced ROS 

generation [50–51, 55–56, 60]. Though the definitive mechanism remains to be elucidated, 

current evidence suggests that the β2AR-NOX linkage may be facilitated by β2AR-β-

arrestin signaling to activation of Rac1 [51, 60, 64], which is essential to the activity of some 

NOX isoforms (Figure 2) [60]. This hypothesis is in agreement with data demonstrating that 

NSC, a Rac1-GEF inhibitor, decreases both β2AR ROS generation and β2AR signaling [50–

51]. Additionally, β2AR activation of ERK1/2, via G-protein signaling or β-arrestin 

scaffolding, can induce p47PHOX phosphorylation, a modification that initiates NOX 

complexation [13–14], ultimately acting as another route of β2AR mediated NOX activation 

and therefore ROS production [55]. Other, more speculative mechanisms may involve 

EGFR-1 transactivation, tyrosine protein kinase c-Src activation, or cross-talk to PKC, all of 

which are known to regulate NOX activity (figure 2). As β2AR signaling is studied in 

additional cell lines and primary cells, the exact nature of the ROS generation signal will 

likely be found to be variable and cell-type specific.

4. Oxidative modification to the β2AR

Marches and Bicho first presented the hypothesis that cysteine residues lying at the interface 

of the β2AR-Gαs protein were critical to agonist-induced signals, which were likely redox-

dependent [49]. Since superoxide and hydrogen peroxide have a high propensity to oxidize 

cysteine residues, these ROS can also greatly influence protein structure and function via 

post-translational modification of cysteines yielding sulfenic, sulfinic, and sulfonic acids as 

described above, as well as disulfide bonds, which are indispensable for protein function. 

Using a novel biotin-switch methodology that was selective for detection of S-sulfenic acids, 

it has been shown that treatment of cells transiently expressing β2AR with H2O2 leads to 

significant β2AR S-sulfenation in a time- and H2O2-concentration dependent manner [65]. 

Importantly, S-sulfenation of β2AR was also induced in a dose-dependent manner by 

agonism with ISO, an effect which was blocked by non-selective β-antagonist propranolol 

[65], and which suggests that β2AR-mediated ROS generation alone is sufficient to 

stimulate receptor S-sulfenation, as other β-AR isoforms are not expressed in the model 

used. Furthermore, β2AR S-sulfenation was inhibited by scavenging of ROS with NAC, and 

was also decreased in the presence of the selective Cys-sulfenic acid alkylator dimedone 

[65], demonstrating selectivity of the effect. The use of this probe also allows for selective 

labeling of Cys-Sulfenic acids (Fig. 1), which can subsequently be detected by antibody-

based approaches [24]. More recently, dimedone-based derivatives that are biotin-conjugated 

(e.g., DCP-Bio1) or can be subsequently biotinylated by Click-chemistry (e.g., DYn-2) have 

been introduced that allow for easier labeling and detection [66–68]. Using these probes, we 
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were able to demonstrate cysteine-S-sulfenation of β2AR in situ in both clonal cell lines and 

the human airway epithelial cell model CALU3, which endogenously expresses β2AR [59]. 

Furthermore, cysteine S-sulfenic acid labeling was increased by the addition of exogenous 

hydrogen peroxide demonstrating that β2AR S-sulfenation is sensitive to local oxidant 

concentration of the cellular milieu. The realization that β2AR can be modified by hydrogen 

peroxide from external sources highlights the strong likelihood that the overwhelmingly 

oxidative conditions exhibited in pulmonary disease state lung tissue are probably 

oxidatively modifying the resident β2ARs.

Importantly, in situ cysteine-S-sulfenation and subsequent ‘trapping’ of Cys-S-OH groups 

with dimedone appears to modify either receptor conformation or the ligand binding pocket 

itself, as redox modifying constituents significantly alter ligand binding [47, 59]. 

Interestingly ROS scavenging did not alter agonist or antagonist binding to the β2AR in 

isolated plasma membranes [50], but the addition of ROS (e.g. hydrogen peroxide) to 

membrane preparations significantly increased the available number of ligand binding sites 

(i.e., Bmax) [59]. Furthermore, alkylation of redox active cysteine residues, which prevent 

normal receptor cysteine redox conductance, not only reversed the oxidation induced 

increases in ligand binding, but completely abolished the ability of endogenous β2AR on 

human lung tissue to bind ligand [59]. Redox mediated effects on ligand binding were also 

seen live whole cells [59], indicating this is a physiologically relevant phenomenon that 

plausibly may alter binding of clinically used β2AR agents.

The consequences of cysteine S-sulfenation on cell signaling outcomes have also been 

assessed using the ‘dimedone-trapping’ based approach subsequent to oxidation (figure 2). 

Dimedone alkylation significantly impairs the maximal ISO-induced efficacy (i.e., Emax) 

towards cAMP formation, an effect that was observed both in clonal cell lines and 

physiologically relevant human airway epithelial cells [59]. This effect was also 

demonstrated to yield significantly decreased phosphorylation, and hence activation, of the 

downstream transcription factor cAMP response element-binding protein (CREB). 

Furthermore, dimedone alkylation of β2AR cysteine-S-sulfenic acids also significantly 

decreased both G-protein and β-arrestin mediated phosphorylation, and hence activation, of 

ERK1/2, confirming earlier results demonstrating that ROS/redox cysteine chemistry are 

critical towards all aspects of canonical β2AR signaling.

4.1 Implication of specific cysteine residues on redox effects

Identification of the exact cysteine residues on the β2AR that are S-sulfenated would have 

important implications for the understanding of the mechanisms of ROS mediated 

alterations to receptor function, however some speculation can be made based upon 

functional and mutational data already in the literature. The β2AR contains 13 cysteine 

residues, with five embedded in the transmembrane regions, four within the extracellular 

domains, one in the third intracellular loop, and three on the C-terminus [69]. Each cysteine 

residue has its own propensity for oxidation due to the local microenvironment, and further, 

a cysteine residue may be involved in multiple redox reactions resulting in various forms of 

cysteine modifications. However, once the residue is oxidized to a sulfinic or sulfonic acid, it 

is no longer redox active as these are generally considered irreversible modifications [24]. 
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Within the current body of literature, it is not yet determined if this “loss of function” 

oxidative modification would be mimicked by mutation or alkylation. Some researchers 

mutate cysteine residues to serine/alanine, each of which would have its own unique 

chemical properties and plausibly mimicking one or more various states of cysteine 

oxidation. Trapping of sulfenic acids by selective alkylators, such as dimedone (Fig. 1), has 

been shown to induce loss of protein function [67] and therefore currently provides the only 

means to inactivate redox active cysteines on wild type proteins in oxidative environments.

Of the β2AR cysteine residues, Cys341 is unquestionably the most well characterized, as 

receptor function is heavily dependent upon its palmitoylation to the plasma membrane, 

forming a fourth intracellular pseudoloop [70–71]. The actual chemical reaction resulting in 

palmitoyl-modification of a cysteine residue requires a reduced thiolic cysteine [72], and 

although the formation of a cysteine S-sulfenic acid and subsequent reduction prior to 

palmitoylation is plausible in the case of this residue, the formation of an S-sulfinic or S-

sulfonic acid would block further palmitoylation and yield a predominantly non-functional 

receptor in this case [71]. However, given that these modifications would need to occur prior 

to membrane insertion, as Cys341 palmitoylation occurs in the Golgi [73], it is extremely 

unlikely that Cys341 redox chemistry or S-sulfenation is a major player in the functional 

changes seen by impairing ROS modification. Conversely, receptor fate has been correlated 

to Cys265 intracellular palmitoylation [74], which occurs after receptor membrane 

localization and agonist-mediated internalization, suggesting that S-sulfenation or higher 

order oxidation of this residue may interfere with palmitoylation and could alter receptor 

fate.

Evaluation of data using thiol-reactive agents does shed light on the suitability of various 

cysteine residues towards oxidation and indicates that reactive residues are accessible by 

intracellular constituents (e.g., intracellular-facing or transmembrane but inward-facing) and 

exist, at least in some period of time, as free thiols. Cys77, Cys125, Cys265 and Cys327 

have been shown to be available for such reactivity with thiol-reactive N-ethylmaleimide 

(NEM) [75], indicating these residues are susceptible to modification in situ. Moreover, the 

reactivity of Cys77 and Cys327 with alkylating agents depended upon agonist occupancy 

and correlated directly to agonist efficacy in generating cAMP [75]. Therefore, the redox 

state of these cysteines may alter the propensity of the receptor to achieve various states of 

activation and plausibly these residues could contribute to ROS sensitive G protein 

signaling. Interestingly, a Cys77Ser mutation does not alter cAMP formation despite this 

residues functional correlation to receptor activation [76], further implicating the specific 

chemistry of Cys77 plays an important role in receptor activation.

Cys285 resides in at the base of transmembrane 6, a region that moves 11–14Å upon agonist 

binding [77]. Moreover, mutation of Cys285 results in nearly a 40% decrease in the efficacy 

of ISO-stimulated cAMP formation [76], indicating Cys285 may play a prominent role in 

the ability of β2AR to achieve an activated conformation or to confer G protein activation. 

Interestingly, Cys327 also has been indicated as a functionally relevant residue, whereby 

Cys327Ser mutation demonstrated no impact on cAMP formation or ligand binding [76], but 

a Cys327Arg mutation at this residue causes a significant decrease in both of these measures 

[78]. Given a serine residue has similar physical properties to that of a cysteine thiol or 
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sulfenic acid, whereas an arginine substitution causes more drastic changes in the residue’s 

ionization, solubility, and reactivity, there is strong evidence that alterations to the 

surrounding microenvironment at this loci may impact receptor function. Finally, Cys378 

and Cys406 reside on the C-terminus, a region known to interact with effector proteins 

including β-arrestin. Cys406 lies adjacent to a known GRK2 phosphorylation site that 

comprises the β-arrestin sensor [5], and therefore oxidation of Cys406 may impact Ser407 

phosphorylation, and subsequent signaling outcomes. While Cys378 and Cys406 have been 

shown to form an intramolecular disulfide bond during protein purification, it is thus far 

unclear if this disulfide bond exists in endogenous conditions in situ [79], and the likelihood 

of this may be low due to the intrinsic reducing nature of the cytosol. Nonetheless, the 

intracellular accessibility of these residues and their importance in mediating β2AR 

signaling will certainly warrant further examination of these residues as possible foci for 

Cys-S-sulfenation. Given the breadth of functional consequences ROS-β2AR interplay has 

on all stages of canonical receptor pharmacology, it is likely that more than one residue is 

participating in this phenomenon. Elucidation of the involved residues followed by redox 

sensitive functional analysis of each loci would shed light as to which residues implore a 

physiologically relevant role in receptor function. Furthermore, detailing how these specific 

involved residues may differ in healthy verses disease state pulmonary tissues, may 

mechanistically explain changes in the clinical presentation of patients with various 

respiratory dysfunction and/or those using β2AR agonists.

5. Clinical significance of the ROS-β2AR connection

All human cells are likely exposed to some level of hydrogen peroxide [32], though the 

homeostatic concentration and/or the concentration needed to elicit specific physiological 

responses is largely tissue specific [27]. A growing body of evidence suggests that hydrogen 

peroxide is necessary for normal cell physiology [50–52], however higher levels of ROS are 

correlated to pathological states of oxidative stress [31]. Traditionally, hydrogen peroxide 

was typically thought of as a byproduct of cellular respiration [10], however, given receptor 

agonism generates ROS production as described above, and that hydrogen peroxide is 

directly or otherwise generated by enzymes such as NOX [80], SOD [12, 27] and members 

of the electron transport chain [32], it is more likely that generation of hydrogen peroxide 

serves purposeful roles in cells, and indeed, it is now generally well-accepted that this ROS 

species serves as an oxidative signal transducer.

In the context of the β2AR, the ROS-receptor relationship presents as an interesting example 

of a full circle positive feedback loop, whereby agonism of the β2AR produces ROS, which 

feedback to oxidize β2AR and uphold canonical signaling. Conversely, higher order 

oxidation of Cys-S-sulfenic acids to S-sulfinic or S-sulfonic acids would be expected to 

eliminate this positive feedback loop, suggesting that the oxidant-dependent modulation of 

β2AR requires and creates a delicate redox balance. Though hydrogen peroxide is detectible 

in exhaled air from healthy individuals [32], the level of hydrogen peroxide exhaled is 

increased in individuals with lung disease such as asthma and COPD [32], likely secondary 

to the increase in inflammation and the upregulation of ROS generating machinery [3, 81]. 

These results suggest that the β2AR-ROS axis, specifically oxidation of β2AR, may already 

be inclined towards higher-order oxidation states in diseased lung tissue.
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Clinically, the β2AR is primarily used as the drug target for short- or long- acting 

bronchodilators in patients with an existing pulmonary pathology. Given the results 

discussed here, treatment of bronchoconstriction with β2AR agonists stimulates a degree of 

ROS generation in tissue that is pathologically high in oxidant levels, likely increasing the 

oxidant load to levels correlated with oxidative damage and out of the range of 

physiologically necessary ROS signaling. Though agonism of β2AR on airway smooth 

muscle cells (ASMC) is predominately responsible for bronchodilation, inhalation of β2AR 

agonists first interacts with the airway epithelial cells (AEC), which also express a high 

density of β2AR [64, 82]. Moreover, the β2AR signaling specifically in the epithelium is 

sufficient to mediate the asthmatic phenotype, including characteristics such as airway 

hyper-responsiveness and inflammation [64]. While β2AR agonists can penetrate AEC to 

act directly on the underlying ASMC [83], activation of AEC β2AR also mediates 

therapeutic benefits through indirect pathways such as the opening of Cl− ion channels [84], 

release of nitric oxide and activation of guanylyl cyclase mediated opening of additional ion 

channels [85], or by attenuating cholinergic mediated airway narrowing [86]. Evidence is 

mounting that β2AR agonists may actually be increasing disease progression and mortality 

[86], and that use of these agonists further increase inflammation [64]. With the recent 

findings that human airway epithelial cells generate ROS following β2AR agonism [59], it is 

plausible that this symptomatic treatment is advancing the pathological states. Furthermore, 

given the β2AR is itself modified by ROS, and that proper β2AR function is dependent upon 

the receptor’s ability to transiently interact with ROS, agonist mediated ROS generation 

adding to the already oxidative environment of pulmonary disease state tissue is likely 

causing oxidative stress and irreversible modification of the β2AR itself, disabling the 

receptors crucial ability to transiently interact with local ROS, and importantly, decreasing 

downstream receptor signaling that facilitate clinical benefits. In this context, higher-order 

oxidation of β2AR may also putatively explain, at least in part, the mechanisms of β2AR-

agonist tachyphylaxis, or tolerance to the bronchodilatory effects, that are seen in patients 

upon chronic use of these agents. Under high oxidative stress induced by underlying 

inflammatory lung pathology and hypothetically, by chronic β2-agonist/β2AR-induced ROS 

generation, irreversible oxidation of ROS-sensitive β2AR cysteines to Cys-Sulfenic or Cys-

Sulfonic acids would ablate receptor function leading to tachyphylaxis of the responses.

Of important note, β-receptor antagonists are widely used clinically for treatment of 

cardiovascular diseases, and many of these agents are in fact non-selective partial agonists 

with intrinsic sympathomimetic activity at β1- and β2-ARs, although some are 

cardioselective and exhibit strong β1AR selectivity. Interestingly, although historically, β-

blocker use has been avoided in patients with obstructive pulmonary disorders, observational 

studies have demonstrated that β-blocker use in cardiovascular disease patients with 

comorbid COPD leads to a 38% decreased risk of COPD exacerbation [87]. This somewhat 

paradoxical observation has led to a controversy regarding the use of these agents in COPD 

patients, with or without CV, particularly given the lack of randomized, controlled clinical 

trials. Meanwhile, cardioselective β1-blockers such as metoprolol have been used in such 

patients [88], yet, a recent double-blind, placebo-controlled, prospective and randomized 

clinical trial in patients with moderate or severe COPD, but without comorbid CV disease, 

revealed that metoprolol significantly increased the rate of severe COPD exacerbation 
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requiring hospitalization, as well as those that required mechanical ventilation [89]. 

Interesting, while β-blocking agents have been utilized in a variety of in vitro and animal 

studies to reverse agonist-mediated ROS generation and downstream signals, there are no 

known studies on what, if any, role β-blockers may have on the β2AR-ROS axis, and if 

modulation of ROS accounts for any of the clinical benefits seen with these agents. Indeed, 

several β-blockers including carvedilol [90–91], nadolol [92–93], and atenolol [93] have 

been shown to directly modulate ROS levels, while both carvedilol and the cardioselective 

agent nebivolol are also capable as acting as ROS scavengers [94]. Whether ROS 

modulating properties contribute to the beneficial clinical effects of these agents in 

cardiovascular and pulmonary diseases is currently not known, but the deleterious effects of 

ROS in these systems is well described [3, 95], and may be suggestive of a therapeutic role. 

Needless to say, much more research is needed to determine what role, if any, ROS 

modulation plays in the benefits of β-blocker therapy, and since many of these agents are 

partial agonists, it is conceivable that they elicit some degree of ROS generation, as do the 

β2-partial agonists albuterol (also referred to as salbutamol), salmeterol [55], and zinterol 

[57].

While these hypothesis are based on observations described in the literature using cysteine-

reactive probes, the site(s) of β2AR S-sulfenation, and whether or not these residues do in 

fact become over-oxidized to higher-order S-sulfenic/sulfonic states are not currently know. 

Furthermore, the oxidation states of β2AR cysteine residues in airway cells of individuals 

with chronic pulmonary dysfunction (e.g., asthma or COPD) compared to those of healthy 

individuals would unveil the role of disease state in oxidative modifications of β2AR. 

Investigation of oxidative changes associated in these cells in patients on β2AR-agonist 

therapies, compared to corticosteroid or anti-cholinergic therapies would also shed light on 

the clinical importance of the role of β2AR-oxidation. Moreover, since most studies in the 

field make use of the fully-efficacious agonist ISO, yet patients on β2-agonist therapies 

commonly utilize partial agonists such as albuterol or salmeterol, the clinical importance of 

agonist efficacy and antagonism of the more efficacious endogenous agonist (i.e., 

epinephrine) in the presence of these clinically used drugs, and their relationship to the ROS 

axis remains elusive and will require much further study. On a similar note, the clinical use 

of short-acting β2-agonists (e.g., albuterol) versus long-acting β2-agonists (e.g., salmeterol) 

may very well have differential influence on the β2AR-ROS axis, yet remains completely 

unexamined, and will also require investigation. Together, the results reviewed here suggest 

important roles of ROS in β2AR function; yet, the study of this axis is in its infancy and 

much work remains to be done in order to fully resolve its role in physiological and 

pathophysiological tissues, particularly within the pulmonary system.
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Figure 1. Redox dependent fates of cysteine residues.
Cysteine residues tonically exist in the thiol state with an oxidation state of −2. First order 

oxidation of cysteine residues via cysteine-S-sulfenation (A) is a transient oxidative 

modification leading to an oxidation state of 0. Sulfenic acids can be further oxidized to 

sulfinic (B) or sulfonic (C) acids, both of which are irreversible modifications, that lead to 

oxidation states of +2 and +4, respectively. Experimentally, a sulfenic acid can be selectively 

alkylated by cyclic diketones such as dimedone [11, 24, 67–68], which physically blocks 

subsequent redox reactions (D). A sulfenic acid can also react with a free cysteine thiol to 

form a disulfide bond with an oxidation state of −1 (E), yielding a stable modification that is 

experimentally labile to reaction with reducing agents (F).
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Figure 2. The β2AR-ROS feedback loop is dependent upon cysteine redox activity.
Known or hypothesized mechanisms whereby β2AR agonism may induce NADPH oxidase-

based ROS generation include β-arrestin scaffolding of Rac-1, c-Src, or ERK1/2, all of 

which are known to activate NOX. β2AR-mediated transactivation of EGFR via c-Src may 

also presumably activate NOX via PI3K activity, while activation of Gαs signaling 

following β2AR agonism can also facilitate ERK1/2 activity. Once generated by NOX, 

superoxide can be dismutated to H2O2, which can oxidize β2AR cysteine residues forming 

Cys-S-sulfenic acids, which are seemingly required to uphold β2AR function, including G 

protein-signaling and β-arrestin scaffolding.
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