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Introduction

Since the early reports of an increase in COVID-19 mortality 
associated with worse air quality in the USA,1 this topic has 
attracted much attention. Overall, there is strong epidemio-
logical support for an association between worse air quality 
and increased case rates, increased severity, and increased 
case fatality rates with COVID-19 in both high-income 

countries and low- and middle-income countries.1–5 There 
is also support for acute exposures to air pollution associ-
ated with increased case rates, suggesting increased viral 
transmission,2,3,5 whereas longer term exposure was more 
associated with increased case severity and fatality.3,4 Short-
term exposure to wildfire smoke has been associated with an 
increased SARS-CoV-2 positive test rate in the exposed com-
munity,6 and to an increase in both cases and deaths from 
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Abstract
Epidemiological evidence links lower air quality with increased incidence and severity 
of COVID-19; however, mechanistic data have yet to be published. We hypothesized 
air pollution-induced oxidative stress in the nasal epithelium increased viral replication 
and inflammation. Nasal epithelial cells (NECs), collected from healthy adults, were 
grown into a fully differentiated epithelium. NECs were infected with the ancestral 
strain of SARS-CoV-2. An oxidant combustion by-product found in air pollution, the 
environmentally persistent free radical (EPFR) DCB230, was used to mimic pollution 
exposure four hours prior to infection. Some wells were pretreated with antioxidant, 
astaxanthin, for 24 hours prior to EPFR-DCB230 exposure and/or SARS-CoV-2 
infection. Outcomes included viral replication, epithelial integrity, surface receptor 
expression (ACE2, TMPRSS2), cytokine mRNA expression (TNF-α, IFN-β), intracellular 
signaling pathways, and oxidative defense enzymes. SARS-CoV-2 infection induced 
a mild phenotype in NECs, with some cell death, upregulation of the antiviral cytokine 
IFN-β, but had little effect on intracellular pathways or oxidative defense enzymes. 
Prior exposure to EPFR-DCB230 increased SARS-CoV-2 replication, upregulated 
TMPRSS2 expression, increased secretion of the proinflammatory cytokine TNF-α, 
inhibited expression of the mucus producing MUC5AC gene, upregulated expression 
of p21 (apoptosis pathway), PINK1 (mitophagy pathway), and reduced levels of 
antioxidant enzymes. Pretreatment with astaxanthin reduced SARS-CoV-2 replication, 
downregulated ACE2 expression, and prevented most, but not all EPFR-DCB230 
effects. Our data suggest that oxidant damage to the respiratory epithelium may 
underly the link between poor air quality and increased COVID-19. The apparent 
protection by antioxidants warrants further research.
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Impact Statement

Our study examined the impact of combustion-
related oxidant particles, known as environmentally 
persistent free radicals (EPFRs), on SARS-CoV-2 
infection of well-differentiated nasal epithelium, 
grown from human primary nasal epithelial cells 
at the air-liquid interface. We showed that EPFR 
exposure prior to SARS-CoV-2 infection induced 
epithelial damage, increased expression of a sur-
face receptor responsible for activating the SARS-
CoV-2 spike protein, increased viral replication in 
epithelium, increased proinflammatory cytokine 
secretion, and dysregulated cellular antioxidant 
pathways. Most but not all these effects could be 
prevented by pretreatment with the antioxidant asta-
xanthin. Taken together, these data suggest that 
induction of oxidative stress in respiratory epithe-
lium may underly the associations between poor air 
quality and an increased prevalence and severity of 
COVID-19. Astaxanthin is a readily available dietary 
antioxidant that warrants further study, including 
clinical trials, to determine whether it can mitigate 
the effects of air pollution on respiratory diseases, 
including viral infections.
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COVID-19.7 In addition, a reduction in COVID-19 deaths 
was reported when traffic-related air pollution decreased 
associated with “lock-downs” in the USA and India.8,9

The adverse impacts of poor air quality on respiratory 
health are well known; however, the precise mechanisms are 
not entirely clear. Certainly, there is evidence that children sub-
jected to poor air quality show biomarkers of oxidative dam-
age in exhaled breath.10 In addition, the adverse effects of air 
pollution exposure are magnified in those with reduced or null 
function variants in genes related to antioxidant defense.11–13 
Taken together, these reports demonstrate that at least some 
of the adverse health consequences of poor air quality may be 
related to generating oxidative stress (OS) in the lungs.

Air pollution contains particulate matter (PM) and oxidant 
gases, which could contribute to OS. A relatively recently 
discovered combustion product that could contribute to OS 
are environmentally persistent free radicals (EPFRs).14 The 
term Environmentally Persistent Free Radical sounds like 
an oxymoron. Free radicals are generally short-lived, rapidly 
oxidizing whatever they contact within seconds. However, 
EPFRs persist in both the environment and in biological sys-
tems for prolonged periods; with a half-life of 21 days on 
PM2.5

15 and up to 5 years on wildfire charcoal.16 EPFRs form 
readily in the post-flame and cool-zone regions of combus-
tion systems and other thermal processes. EPFRs participate 
in the redox cycle in biological systems through the Fenton 
reaction and produce reactive oxygen species (ROS) over 
prolonged periods of time.17 EPFR exposure increases sus-
ceptibility to influenza virus infection in mice,18 induces OS 
in human epithelial cells in culture,19 and is associated with 
wheeze outcomes in children.20

The present study was undertaken to determine whether 
EPFR exposure increased the susceptibility of primary 
human nasal epithelial cells (NECs), grown into a fully dif-
ferentiated respiratory epithelium at the air-liquid interface 
(ALI),21 to infection with SARS-CoV-2. We hypothesized that 
EPFR exposure would increase susceptibility by reducing 
epithelial integrity and inducing OS. We further hypoth-
esized that this effect could be prevented by pretreating the 
epithelium with an antioxidant.

Materials and methods (full methods 
are available in the online supplement)

Healthy non-atopic adults, aged 18 to 65 years, were recruited 
(Ethics approval: UQ2017000520; HREC61894; UQ2020001742).

Cell cultures

Primary NECs were collected, harvested, and cultured as 
previously described.21 Briefly, nasal cells were scraped from 
the anterior surface of the inferior turbinate using a Rhino-
Pro Nasal Curette (Arlington Scientific, UT, USA), grown as 
submerged cultures for approximately 2 weeks, “air-lifted” 
into ALI conditions, and maintained for at least 3 weeks until 
fully differentiated as verified by observing beating cilia by 
light microscopy and a high transepithelial electrical resist-
ance (>1000 Ω/cm2).22 Staining confirmed the presence of 
basal cells, goblet cells, ciliated cells, and tight junctions in 
the epithelium (Figure S1, OLS).

EPFR exposure

1,2-dichlorobenzene (DCB230) EPFRs (1 mg/cm2) were 
directly applied to the apical surface of the epithelium in 
ALI culture and left for four hours before removal.

Antioxidant pretreatment

Selected culture wells were pretreated with astaxanthin 
(20 µM) added to the basal media for 24 hours prior to 
other exposures. Astaxanthin was added with basal media 
changes every 24 hours to maintain an effective concentra-
tion throughout the experiments.

SARS-CoV-2 infection

NECs were infected with mock (PBS) or SARS-CoV-2 
(1.25 × 105 plaque-forming units (PFU) in 100 µL) placed in 
the apical chamber, incubated for one hour at 37ºC. Basal 
media was changed every 24 hours and samples collected 
at 24, 48, and 72 hours post-infection. Cells were lysed with 
Buffer RLT containing 0.01% β-mercaptoethanol for RNA 
extraction or in protein lysis buffer (2% SDS/PBS, PhosSTOP, 
protease inhibitor) for protein extraction. All the procedures 
with active SARS-CoV-2 virus were performed under physi-
cal containment 3 (PC3) conditions and were approved by the 
University of Queensland Biosafety Committee (IBC/374B/
SCMB/2020).

RNA isolation and reverse transcription-quantitative 
polymerase chain reaction (RT-qPCR) analysis

Total RNA was isolated from cells and reverse transcribed 
into cDNA. Quantification of gene expression was per-
formed using a ViiA™ 7 Real-Time PCR System (Applied 
Biosystems, MA, USA).

Viral replication

Viral replication was quantified by measuring SARS-CoV-2 
nuclear protein by western blotting.

Western Blot

Equal quantities of protein were loaded to Bolt™ 4–12%, 
Bis-Tris Gel (Thermo Fisher Scientific, MA, USA), electro-
phoresed at 200 V for 30 minutes, transferred to Immobilon-P 
PVDF membrane (Merck KGaA, Germany). Membranes 
were treated with relevant blocking buffers for one hour 
at room temperature and incubated with primary antibod-
ies in blocking buffer at 4°C overnight. The following day, 
membranes were incubated with appropriate fluorescent 
secondary antibodies at room temperature for one hour, 
detected using the LI-COR Odyssey (BioAgilytix, NC, USA) 
and quantified by ImageJ (National Institutes of Health, 
Bethesda, MD).

PLpro activity

Inhibition of the SARS-CoV-2 papain-like protease (PLpro) 
enzymatic activity was measured according to the manufac-
turer’s instructions (E33972; Invitrogen™, CA, USA).
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Statistical analysis

Data are presented as mean (SD) or median (25%–75%). 
Paired t-tests or sign-rank tests were used to compare data 
between experimental and control conditions. Kruskal-
Wallis rank sum test with Dunn’s multiple comparison test 
was used to test comparisons between groups over time. 
Analyses were conducted using Stata/SE version 17.0 
(StataCorp LLC, College Station, TX, USA) and statistical 
significance accepted at p < 0.05.

Results

SARS-CoV-2 infection caused an increase in viral replica-
tion in NECs, as indicated by SARS-CoV-2 nucleoprotein 
(NP) levels, at 24, 48, and 72 hour post-infection (overall 
p < 0.001) (Figure 1, Table S1). EPFR exposure prior to viral 
infection increased the NP levels (Table S1) (overall p < 0.001, 
compared with SARS-CoV-2 infection group (Figure 1(B)). 
Astaxanthin inhibited SARS-CoV-2 NP levels (p = 0.003, 
compared with SARS-CoV-2 alone) as well preventing the 

Figure 1. SARS-CoV-2 viral replication was increased by EPFR exposure but reduced by astaxanthin pretreatment. The well-differentiated airway epithelial 
cells were harvested at 24, 48, and 72 hours post-infection. Western blot images of SARS-CoV-2 nucleoprotein are shown from a representative individual 
(Panel A). SARS-CoV-2 nucleoprotein expression (NP), relative to GAPDH, for the group is shown in Panel B. NP expression was increased following infection 
with SARS-CoV-2 (**p < 0.001, compared with control) and further increase by EPFR exposure (@@ p = 0.003, compared with SARS-CoV-2 alone). Astaxanthin 
pretreatment decreased SARS-CoV-2 NP expression (##p = 0.003, compared with SARS-CoV-2 alone) and prevented the EPFR-induced increase in NP 
expression ($$p < 0.001, compared with EPFRs + SARS-CoV-2). Data presented as mean ± SD (n = 5 for each comparison). A single color was used in all figures 
to represent a single donor. 



274  Experimental Biology and Medicine  Volume 248  February 2023

EPFR-induced increase of SARS-CoV-2 NP levels (p < 0.001, 
compared with EPFRs + SARS-CoV-2).

The spike protein of SARS-CoV-2 binds to angiotensin-
converting enzyme (ACE) 2 receptor on NECs, facilitated 
by the transmembrane serine protease 2 (TMPRSS2). SARS-
CoV-2 infection alone did not influence the expression of 
these surface receptors; however, exposure to EPFRs prior 
to infection upregulated expression of TMPRSS2 (p < 0.001), 
but not ACE2 (p = 0.85) (Figure 2, Tables S2&S3). Pretreatment 
with astaxanthin prior to infection downregulated expression 

of ACE2 (p < 0.001), had no effect on TMPRSS2 expression 
(p = 0.63), and prevented the EPFR-induced upregulation of 
TMPRSS2 (p < 0.001).

SARS-CoV-2 infection caused an increase in cell death 
(p = 0.012, compared with control). EPFR exposure did not 
significantly increase cell death further (p = 0.23, compared 
with SARS-CoV-2 alone). Astaxanthin pretreatment had no 
effect on SARS-CoV-2 infection induced cell death (p = 0.42, 
compared with SARS-CoV-2 alone), but inhibited EPFRs and 
SARS-CoV-2 increased cell death (p = 0.040, compared with 
EPFRs + SARS-CoV-2) (Figure 3(A), Table S4).

SARS-CoV-2 infection alone did not affect TNF-α mRNA 
expression (p = 0.35) (Figure 3(B)). EPFR exposure prior to 
SARS-CoV-2 infection progressively upregulated TNF-α  
mRNA expression (p < 0.001, compared with control or 
SARS-CoV-2 alone). Astaxanthin pretreatment prevented 
this increase, reducing TNF-α almost back to that induced by 
SARS-CoV-2 alone (p = 0.063, compared with EPFRs + SARS-
CoV-2) (Figure 3(B)). Full data are show in the online sup-
plement in Table S5.

SARS-CoV-2 infection alone progressively increased 
IFN-β mRNA expression (p < 0.001, compared with con-
trol) and EPFR exposure increased this further (p = 0.017, 
compared with SARS-CoV-2 alone). In addition, EPFR 
exposure resulted in early expression of IFN-β mRNA, 
peaking at 24 hours post-infection. Astaxanthin pretreat-
ment had no significant effect on SARS-CoV-2 infection 
induced expression of IFN-β mRNA (p = 0.11, compared 
with SARS-CoV-2 alone) but inhibited the EPFR-induced 
increased IFN-β mRNA expression (p = 0.041, compared 
with EPFRs + SARS-CoV-2) (Figure 3(C)). Full data are 
show in the online supplement in Table S6.

To determine the impact of SARS-CoV-2 infection and 
EPFR exposure on cell stress pathways, mRNA expres-
sion of the following genes was examined: SIRT1-FOXO3 
(antioxidant); p21 (apoptosis); PINK1 (mitophagy); and 
MUC5AC (mucin). SARS-CoV-2 infection alone did not have 
any effect on these genes (Tables S7 to S11). EPFR exposure 
prior to SARS-CoV-2 infection resulted in upregulation of 
p21 (p < 0.001, Table S9) and PINK1 (p < 0.001, Table S10) but 
marked downregulation of MUC5AC expression (p < 0.001) 
(Figure 4, Table S11). No effects were seen on SIRT1-FOXO3 
expression (Tables S7 and S8). Pretreatment with astaxan-
thin prevented the EPFR-induced increase in p21 expres-
sion (p = 0.018, Table S9) but had no effect on EPFR-induced 
changes in PINK1 (p = 0.59, Table S10) and further reduced 
MUC5AC (p = 0.001, Figure 4, Table S11). Pretreatment with 
astaxanthin before SARS-CoV-2 infection upregulated SIRT1 
and PINK1 expression (p < 0.001, Tables S7 and S10).

The increase in SARS-CoV-2 replication and increased 
cytokine secretion induced by EPFR exposure and inhibited 
by astaxanthin pretreatment suggested that OS pathways 
may have been involved. To investigate this further, we 
examined the expression of the antioxidant enzymes cata-
lase, SOD1, and TRX at the protein level. SARS-CoV-2 infec-
tion alone did not have a significant effect on catalase, SOD1, 
and TRX (p = 0.60, p = 0.13, p = 0.44, respectively, compared 
with control) (Figure 5). EPFR exposure prior to SARS-CoV-2 
infection caused a decrease in SOD1 (p = 0.005 compared 
with control, p = 0.023 compared with SARS-CoV-2 alone) 

Figure 2. Impact of EPFR exposure and astaxanthin pretreatment on  
(A) ACE2 and (B) TMPRSS2 mRNA expression following epithelial infection 
with SARS-CoV-2. EPFR exposure increased expression of TMPRSS2 
(@@p < 0.001, compared with SARS-CoV-2 alone) but not ACE2 (p = 0.85, 
compared with SARS-CoV-2 alone). Astaxanthin pretreatment prior to SARS-
CoV-2 infection downregulated expression of ACE2 (## p < 0.001, compared 
with SARS-CoV-2 alone), but not of TMPRSS2 (p = 0.63, compared with 
SARS-CoV-2 alone). Astaxanthin pretreatment prior to EPFR exposure 
prevented the increase in TMPRSS2 expression ($$p < 0.001, compared 
with EPFRs + SARS-CoV-2). Data presented as mean ± SD (n = 5 for each 
comparison). A single color was used in all figures to represent a single donor. 
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and TRX (p = 0.032 compared with control, p = 0.046 com-
pared with SARS-CoV-2 alone) but not in catalase (p = 0.16 
compared with control; p = 0.14 compared with SARS-CoV-2, 
Figure 5). Astaxanthin pretreatment returned protein levels 
toward control for catalase, SOD1, and TRX (p = 0.59, p = 0.18, 
p = 0.15, respectively compared with control) (Figure 5). Full 
data are shown in the online supplement (Table S12).

Discussion

Strong epidemiological evidence links poor air quality 
with increased susceptibility to SARS-CoV-2 infection, with 

increased case rates, severity, and mortality. Data from the 
present study show that prior exposure to EPFRs compro-
mises epithelial integrity, increases SARS-CoV-2 replication, 
and induces a greater cytokine response from respiratory epi-
thelial cells. EPFR exposure also markedly reduced expres-
sion of MUC5AC mRNA, the main gene involved in mucus 
production in the respiratory epithelium, and activated cell 
stress pathways, involved in apoptosis (p21) and mitophagy 
(PINK1). Most, but not all effects of EPFRs are likely to be 
secondary to the induction of OS in epithelial cells as they 
were prevented by pretreatment with the antioxidant asta-
xanthin. These data suggest this simple dietary antioxidant 

Figure 3. EPFR-induced increases in cell death, TNF-α, and IFN-β mRNA expression were prevented by astaxanthin pretreatment. Panel A shows cell death 
assays. SARS-CoV-2 infection caused an increase in cell death (*p = 0.012 compared with control), EPFR exposure did not further increase cell death (p = 0.23). 
EPFRs and SARS-CoV-2 induced cell death was prevented by astaxanthin ($p = 0.040, compared with EPFRs + SARS-CoV-2). TNFα mRNA expression is 
shown in Panel B. SARS-CoV-2 infection alone did not upregulate TNFα mRNA expression (p = 0.35). EPFR exposure significantly upregulated TNFα mRNA 
(@@p < 0.001, compared with control or SARS-CoV-2 alone). This increase was prevented by astaxanthin pretreatment (p = 0.063, compared with EPFRs + SARS-
CoV-2). IFNβ mRNA expression is shown in Panel C. Expression was increased by SARS-CoV-2 infection (**p < 0.001, compared with control), further increased 
by EPFR exposure (@p = 0.017 compared with SARS-CoV-2 alone) and prevented by astaxanthin pretreatment ($p = 0.041, compared with EPFRs + SARS-CoV-2). 
Data presented as mean ± SD (n = 5 for each comparison). A single color was used in all figures to represent a single donor. 
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may improve outcome in those exposed to SARS-CoV-2 and 
that clinical trials are warranted.

We used EPFRs to investigate the effect of air pollution 
on SARS-CoV-2 infections. EPFRs are combustion prod-
ucts, formed in the post-flame and cool-zone regions of 
combustion systems,14 and present on PM2.5 collected from 
polluted environments.15 Chinese studies have estimated 
the personal EPFR exposure in polluted Beijing air to be 
equivalent to smoking more than five cigarettes per day23 
and demonstrated correlations between EPFR concentra-
tions and ozone levels.23 EPFRs participate in the redox 
cycle in biological systems through the Fenton reaction 
and produce ROS, with long-lasting effects in biological 
systems.17 EPFRs induce OS in human respiratory epithe-
lial cells in culture, increasing ROS generation, decreasing 
cellular antioxidant defenses, and inducing cell death.19 In 
that model, addition of EPFR to PM2.5 increased cell death 
over that induce by PM2.5 alone.19 Evidence that the EPFR-
induced cell damage was related to OS came from data 
showing protection from cell damage was provided by 
pretreating cells with the antioxidant resveratrol.19 EPFRs 
delivered to neonatal mice increased OS, increased suscep-
tibility to respiratory viral infections, and increased airway 
responsiveness.18 In that study, the damaging effects of 
EPFRs were prevented in mice overexpressing superoxide 
dismutase to enhance antioxidant capacity.

In the present study, we grew primary human NECs 
into a well-differentiated epithelium, complete with beat-
ing cilia and mucus producing goblet cells. SARS-CoV-2 
infection of the epithelium resulted in a mild phenotype, 
with an increase in cell death and increase in IFN-β mRNA 

expression. However, no increase was seen in expression 
of the proinflammatory cytokine TNF-α mRNA, and no 
effects on cellular stress pathways were observed. EPFR 
exposure prior to SARS-CoV-2 infection damaged the 
epithelium in ways likely to increase susceptibility to 
viral infections. The reduced MUC5AC expression would 
decrease the protective mucus layer allowing easier viral 
access to cell surfaces. In addition, the increase in epithelial 
cell death seen following EPFR exposure would further 
increase viral access. In the present study, we showed an 
increase in viral replication in epithelial cells. These data 
are consistent with the increase in positive tests for SARS-
CoV-2 following short-term exposure to increased levels 
of air pollutants which was reported in epidemiological 
studies.2,5 The upregulation of proinflammatory cytokine 
production and cell stress pathways, together with the 
reduction of antioxidant capacity following EPFR expo-
sure we demonstrated, is consistent with the reports of 
increased severity and mortality from COVID-19 reported 
with chronic exposure to poor air quality.1,3,4

SARS-CoV-2 enters respiratory epithelial (and other) cells 
by binding the spike protein (S) to the ACE2 surface recep-
tor, followed by acid-dependent proteolytic cleavage of S 
by enzymes including TMPRSS2.24 Children are reported to 
express less ACE2 on nasal epithelial cells,25 but whether this 
translates into a lower risk of severe COVID-19 is unclear. 
Higher expression of TMPRSS2 mRNA in nasal secretions 
of patients with COVID-19 is associated with increased res-
piratory distress.26 Increased TMPRSS2 would be expected to 
increase SARS-CoV-2 entry into NECs, facilitating increased 
viral replication and increasing disease severity. In the pre-
sent study, EPFR exposure prior to SARS-CoV-2 infection 
was associated with increased viral replication in NECs. Our 
data suggest EPFRs may increase viral replication by at least 
two mechanisms, decreasing epithelial integrity and increas-
ing expression of TMPRSS2. Both these effects appear to be 
secondary to EPFR-induced OS as both are reduced by asta-
xanthin pretreatment.

Previous studies have used the antioxidant resveratrol 
to protect against the oxidant capacity of EPFRs.19 In the 
present study, we chose to use astaxanthin as an antioxidant. 
Astaxanthin (3,3’-dihydroxy-β,β’-carotene-4,4’-dione) is a 
xanthophyll carotenoid found in various microorganisms 
and marine animals.27 Astaxanthin is a lipophilic compound 
that spans the cell membrane and provides protection against 
free radicals and other oxidant stressors.28,29 As reviewed by 
Kidd,29 in spanning the cell membrane astaxanthin provides 
antioxidant protection by multiple mechanisms, including 
neutralizing free radicals by donating electrons to unpaired 
electrons or by capturing unpaired electrons; bonding with 
radicals to form non-reactive “adducts”; and removing elec-
trons or electronic energy from the membrane. As astax-
anthin carries very low net molecular energy it provides 
further protection via resistance to transformation into a 
pro-oxidant molecule.29 Astaxanthin also protects cells from 
oxidant and inflammatory damage by inhibiting various 
intracellular pathways (reviewed in Kidd).29 In the present 
study, astaxanthin pretreatment was able to prevent EPFR-
induced degradation of epithelial integrity, increase in 

Figure 4. Reduction in MUC5AC mRNA expression following EPFR 
exposure that is not prevented by astaxanthin pretreatment. MUC5AC mRNA 
expression was not altered by SARS-CoV-2 infection alone (p = 0.33). EPFR 
exposure prior to SARS-CoV-2 infection resulted in decreased MUC5AC 
mRNA expression (@@p < 0.001, compared with SARS-CoV-2 alone). 
This decline was not prevented by astaxanthin pretreatment, but further 
downregulation was seen (p < 0.001). Data presented as mean ± SD  
(n = 5 for each comparison). A single color was used in all figures to  
represent a single donor. 
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TNF-α mRNA expression, increase in p21 mRNA expression, 
and decrease in caspase expression. Whether this protection 
occurred by neutralizing the redox ability of EPFRs or via 
direct protective effects on the cells is unclear. However, 
astaxanthin was not able to prevent EPFR-induced reduc-
tion of MUC5AC mRNA expression, suggesting that simple 
radical neutralization may not be the entire story. Further 
research to clarify the potential of astaxanthin to protect 
people against the adverse effects of an oxidant environ-
ment is certainly warranted.

Perhaps the most surprising result from the present study 
was the ability of pretreatment with astaxanthin to reduce 
SARS-CoV-2 replication in epithelial cells. Two key enzymes 
involved in SARS-CoV-2 replication and transcription are 
main protease (Mpro)30 and papain-like protease (PLpro).30,31 
A previous in silico study demonstrated that astaxanthin has 
a high binding energy (−9.3 kcal/mol) to dock into the active 
site of PLpro and inhibit its activity.32 Astaxanthin has less 
ability to bind and inhibit Mpro.32 Whether this theoretical 
action of astaxanthin is the mechanism by which SARS-CoV-2 
replication was inhibited in epithelial cells and whether this 
translates into clinical activity remains to be investigated. We 
demonstrated that astaxanthin can inhibit PLpro activity in 
vitro, but that at the dose we used (20 µM), PLpro activity 

was decreased by approximately 20% (Figure S2). Whether 
this reduction would be sufficient to inhibit SARS-CoV-2 
replication is unknown and warrants further study.

The present study has some strengths and limitations. 
Strengths include growing primary human nasal epithelial 
cells into a fully differentiated respiratory epithelium to pro-
vide a physiologically accurate model. The nasal epithelium 
is an appropriate model to use as it represents the site of 
first contact and infection with respiratory viral infections, 
including SARS-CoV-2. Limitations include the small sam-
ple size we were able to study; the requirement to use PC3 
conditions meant that materials had to be neutralized prior 
to removal from the facility which made some analyses, for 
example, enzyme function assays, impossible; and the fact 
that we could not examine contributions from inflammatory 
or immune cells in our study. In addition, we used the ances-
tral SARS-CoV-2 strain, which may limit generalizability to 
newer variants. Despite these limitations, the results from 
the present study strongly suggest that oxidant stress from 
pollution-associated EPFRs increased susceptibility to SARS-
CoV-2 infection and that pretreatment with the antioxidant 
astaxanthin may provide protection. A comparison of SARS-
CoV-2 infection and the impacts of EPFRs on SARS-CoV-2 
infection is shown in Figure 6.

Figure 5. EPFR exposure prior to SARS-CoV-2 infection decreased oxidative stress defense enzyme proteins, with rescued by astaxanthin pretreatment. Panel A 
shows Western blot images of expression of catalase, superoxide dismutase 1 (SOD1), and thioredoxin (TRX) at the protein level from a representative individual. 
Group data are shown in Panels B, C, and D. SARS-CoV-2 infection alone did not alter enzyme expression. EPFR exposure prior to infection resulted in a non-
significant decrease in catalase (p = 0.14) with significant decreases in SOD1 (@p = 0.023) and TRX expression (@p = 0.046) compared with SARS-CoV-2 alone. 
Astaxanthin pretreatment returned catalase, SOD1, and TRX levels toward control (p = 0.59, p = 0.18, p = 0.15, compared with control). Data presented as mean ± SD 
(n = 5 for each comparison). A single color was used in all figures to represent a single donor. 



278  Experimental Biology and Medicine  Volume 248  February 2023

AuThORS’ CONTRIBuTIONS

Conception and design: AY, PDS, LDV, KRS, SAC, and EF; par-
ticipant recruitment: AY and PDS; experimental performance: 
AY and KYC; EPFR production: LK; data analysis and interpre-
tation: AY, PDS, AJY, and EF; statistical analysis: PDS and NB; 
manuscript preparation: AY, PDS, KRS, SAC, and EF. All authors 
reviewed and approved the final manuscript as submitted.

DECLARATION OF CONFLICTINg INTERESTS

The author(s) declared no potential conflicts of interest with 
respect to the research, authorship, and/or publication of this 
article.

EThICAL APPROVAL

The University of Queensland Human Research Ethics 
Committees: UQ2017000520; UQ2020001742. Children’s Health 
Queensland Hospital and Health Service Human Research 
Ethics Committee: HREC61894.

FuNDINg

The author(s) disclosed receipt of the following financial support 
for the research, authorship, and/or publication of this article: 
This work was funded by a grant from the National Institute of 
Environmental Health Sciences (3P42 ES013648-08A1S1), and 
PDS is funded by the National Health and Medical Research 
Council, Australia (1193840).

ORCID IDS

Ayaho Yamamoto  https://orcid.org/0000-0001-5143-4608

Lavrent Khachatryan  https://orcid.org/0000-0002-8067-7964

Luan D Vu  https://orcid.org/0000-0001-8493-1811

Stephania A Cormier  https://orcid.org/0000-0002-6050-6172

SuPPLEMENTAL MATERIAL

Supplemental material for this article is available online.

REFERENCES

 1. Liang D, Shi L, Zhao J, Liu P, Sarnat JA, Gao S, Schwartz J, Liu Y, Ebelt 
ST, Scovronick N, Chang HH. Urban air pollution may enhance covid-19  
case-fatality and mortality rates in the United States. Innovation 2020; 
1:100047

 2. Adhikari A, Yin J. Short-term effects of ambient ozone, PM (2.5) and 
meteorological factors on covid-19 confirmed cases and deaths in 
Queens, New York. Int J Environ Res Public Health 2020;17:4047

 3. Ali N, Islam F. The effects of air pollution on covid-19 infection and 
mortality-a review on recent evidence. Front Public Health 2020;8: 
580057

 4. Travaglio M, Yu Y, Popovic R, Selley L, Leal NS, Martins LM. Links 
between air pollution and COVID-19 in England. Environ Pollut 2021; 
268:115859

 5. Zhu Y, Xie J, Huang F, Cao L. Association between short-term expo-
sure to air pollution and COVID-19 infection: evidence from China. 
Sci Total Environ 2020;727:138704

 6. Kiser D, Elhanan G, Metcalf WJ, Schnieder B, Grzymski JJ. SARS-
CoV-2 test positivity rate in Reno, Nevada: association with PM2.5 
during the 2020 wildfire smoke events in the western United States.  
J Expo Sci Environ Epidemiol 2021;31:797–803

 7. Schwarz L, Dimitrova A, Aguilera R, Basu R, Gershunov A, Benmarhnia 
T. Smoke and COVID-19 case fatality ratios during California wildfires. 
Environ Res Lett 2022;17:14054

 8. Naqvi HR, Datta M, Mutreja G, Siddiqui MA, Naqvi DF, Naqvi AR. 
Improved air quality and associated mortalities in India under COVID-
19 lockdown. Environ Pollut 2021;268:115691

 9. Son JY, Fong KC, Heo S, Kim H, Lim CC, Bell ML. Reductions in mor-
tality resulting from reduced air pollution levels due to COVID-19 
mitigation measures. Sci Total Environ 2020;744:141012

 10. Romieu I, Barraza-Villarreal A, Escamilla-Nuñez C, Almstrand AC, 
Diaz-Sanchez D, Sly PD, Olin AC. Exhaled breath malondialdehyde as 
a marker of effect of exposure to air pollution in children with asthma. 
J Allergy Clin Immunol 2008;121:903–9

Figure 6. Comparison of SARS-CoV-2 infection and the impacts of EPFRs on SARS-CoV-2 infection. EPFR exposure increased susceptibility to SARS-CoV-2 
infection with higher viral replication, higher cytokine secretion, and lower antioxidant enzymes compared with SARS-CoV-2 infection alone. The antioxidant, 
astaxanthin, protected the well-differentiated epithelium by inducing the antioxidant pathway, inhibiting the apoptosis, and increasing the antioxidant enzyme activities 
(red: negative impact; green: positive impact). 

https://orcid.org/0000-0001-5143-4608
https://orcid.org/0000-0002-8067-7964
https://orcid.org/0000-0001-8493-1811
https://orcid.org/0000-0002-6050-6172


Yamamoto et al.  EPFRs enhance SARS-CoV-2 replication  279

 11. MacIntyre EA, Brauer M, Melén E, Bauer CP, Bauer M, Berdel D, 
Bergström A, Brunekreef B, Chan-Yeung M, Klümper C, Fuertes E, 
Gehring U, Gref A, Heinrich J, Herbarth O, Kerkhof M, Koppelman 
GH, Kozyrskyj AL, Pershagen G, Postma DS, Thiering E, Tiesler CM, 
Carlsten C, TAG Study Group. GSTP1 and TNF gene variants and 
associations between air pollution and incident childhood asthma: 
the traffic, asthma and genetics (TAG) study. Environ Health Perspect 
2014;122:418–24

 12. Reddy P, Naidoo RN, Robins TG, Mentz G, Li H, London SJ, Batterman 
S. GSTM1 and GSTP1 gene variants and the effect of air pollutants on 
lung function measures in South African children. Am J Ind Med 2012; 
55:1078–86

 13. Ungvári I, Hadadi E, Ungvári I, Nagy A, Kiss A, Kalmár A, Zsigmond 
G, Semsei AF, Falus A, Szalai C. Relationship between air pollution, 
NFE2L2 gene polymorphisms and childhood asthma in a Hungarian 
population. J Community Genet 2012;3:25–33

 14. Dellinger B, Lomnicki S, Khachatryan L, Maskos Z, Hall RW, Adounkpe 
J, McFerrin C, Truong H. Formation and stabilization of persistent free 
radicals. Proc Combust Inst 2007;31:521–8

 15. Gehling W, Dellinger B. Environmentally persistent free radicals and 
their lifetimes in PM2.5. Environ Sci Technol 2013;47:8172–8

 16. Sigmund G, Santín C, Pignitter M, Tepe N, Doerr SH, Hofmann T. 
Environmentally persistent free radicals are ubiquitous in wildfire 
charcoals and remain stable for years. Commun Earth Environ 2021;2:68

 17. Gehling W, Khachatryan L, Dellinger B. Hydroxyl radical genera-
tion from environmentally persistent free radicals (EPFRs) in PM2.5. 
Environ Sci Technol 2014;48:4266–72

 18. Lee GI, Saravia J, You D, Shrestha B, Jaligama S, Hebert VY, Dugas 
TR, Cormier SA. Exposure to combustion generated environmentally 
persistent free radicals enhances severity of influenza virus infection. 
Part Fibre Toxicol 2014;11:57

 19. Balakrishna S, Lomnicki S, McAvey KM, Cole RB, Dellinger B, Cormier 
SA. Environmentally persistent free radicals amplify ultrafine particle 
mediated cellular oxidative stress and cytotoxicity. Part Fibre Toxicol 
2009;6:11

 20. Sly PD, Cormier SA, Lomnicki S, Harding JN, Grimwood K. Envi-
ronmentally persistent free radicals: linking air pollution and poor 
respiratory health? Am J Respir Crit Care Med 2019;200:1062–3

 21. Schagen J, Sly PD, Fantino E. Characterizing well-differentiated cul-
ture of primary human nasal epithelial cells for use in wound healing 
assays. Lab Invest 2018;98:1478–86

 22. Muller L, Brighton LE, Carson JL, Fischer WA 2nd, Jaspers I. Cultur-
ing of human nasal epithelial cells at the air liquid interface. J Vis Exp 
2013;80:50646

 23. Xu Y, Qin L, Liu G, Zheng M, Li D, Yang L. Assessment of personal 
exposure to environmentally persistent free radicals in airborne par-
ticulate matter. J Hazard Mater 2021;409:125014

 24. Fricke-Galindo I, Falfán-Valencia R. Genetics insight for covid-19 
susceptibility and severity: a review. Front Immunol 2021;12:622176

 25. Bunyavanich S, Do A, Vicencio A. Nasal gene expression of angioten-
sin-converting enzyme 2 in children and adults. JAMA 2020;323:2427–9

 26. Rossi ÁD, de Araújo JLF, de Almeida TB, Ribeiro-Alves M, de Almeida 
Velozo C, Almeida JMd de Carvalho Leitão I, Ferreira SN, da Silva 
Oliveira J, Alves HJ, Scheid HT, Faffe DS, Galliez RM, de Ávila RE, 
Resende GG, Teixeira MM, Herlinger AL, dos Santos Carvalho A, dos 
Santos AFA, Castiñeiras ACP, Teixeira BIB, da Silva BO, Clarkson B, 
Dematté BE, Nacif C, de Silva CVLC Voloch CM, Nascimento CM, da 
Graça CLAL Gonçalves CCA, Policarpo C, Mariani D, Goudouri ES, 
da Costa ES, da Silva EC, Riscarolli EB, dos Santos Nascimento ÉR, 
Medeiros FHC, Monteiro FLL, dos Santos FL, de Castro FL, Moreira 
FRR, Schiffler FB, Kraychete GB, da Cunha GS, da Cunha GNB, de 
Lira GSA, da Silva GPD, Westgarth HJ, de Oliveira HDA, Toma HK, 
Fang HL, Gonçalves IC, da Silva IC, de Almeida ILC, de Oliveira JA, 
de Menezes JC, Fortuna JTS, Monteiro KF, França KHDP Renault LZ, 
da Costa LC, Correa LA, de Jesus Ribeiro L, Boullosa LT, de Faria  
Cavalcante LT, dos Santos Costa L, Millioni LM, da Costa LJ, Higa LM, 
dos Santos Durães M, de Souza MA, de Paula Tôrres MC, Campos MF, 
Quinto M, de Menezes MT, Correia MS, de Queiroz MR, Cosentino 
MAC, de Melo MGM, da Costa MDaF da Paz PHC, dos Santos Cunha 
da Costa RM, Coelho RF, Maia RA, de Moraes Brindeiro R, Ferreira 
RC, Lisboa SM, dos Santos Miranda T, Ota VA, Bastos VC, Gomes VG, 
da Costa Ferreira Júnior O, Castiñeiras TMPP Souza RP, Tanuri A, 
Aguiar RSd Barroso SPC, Cardoso CC, Workgroup C-U. Association 
between ACE2 and TMPRSS2 nasopharyngeal expression and COVID-
19 respiratory distress. Sci Rep 2021;11:9658

 27. Ambati RR, Phang SM, Ravi S, Aswathanarayana RG. Astaxanthin: 
sources, extraction, stability, biological activities and its commercial 
applications – a review. Mar Drugs 2014;12:128–52

 28. Fakhri S, Abbaszadeh F, Dargahi L, Jorjani M. Astaxanthin: a mecha-
nistic review on its biological activities and health benefits. Pharmacol 
Res 2018;136:1–20

 29. Kidd P. Astaxanthin, cell membrane nutrient with diverse clinical 
benefits and anti-aging potential. Altern Med Rev 2011;16:355–64

 30. Jin Z, Du X, Xu Y, Deng Y, Liu M, Zhao Y, Zhang B, Li X, Zhang L, Peng 
C, Duan Y, Yu J, Wang L, Yang K, Liu F, Jiang R, Yang X, You T, Liu 
X, Yang X, Bai F, Liu H, Liu X, Guddat LW, Xu W, Xiao G, Qin C, Shi 
Z, Jiang H, Rao Z, Yang H. Structure of M(pro) from SARS-CoV-2 and 
discovery of its inhibitors. Nature 2020;582:289–93

 31. Amin SA, Banerjee S, Ghosh K, Gayen S, Jha T. Protease targeted 
COVID-19 drug discovery and its challenges: insight into viral main 
protease (Mpro) and papain-like protease (PLpro) inhibitors. Bioorg 
Med Chem 2021;29:115860

 32. Karpiński TM, Kwaśniewski M, Ożarowski M, Alam R. In silico studies 
of selected xanthophylls as potential candidates against SARS-CoV-2 
targeting main protease (Mpro) and papain-like protease (PLpro). 
Herba Pol 2021;67:1–8

(Received September 26, 2022, Accepted October 28, 2022)


