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Non-smokers exposed to second-hand smoke (SHS) present risk of developing tobacco smoke-associated pa-
thologies. To investigate the airway molecular response to SHS exposure that could be used in health risk
assessment, comparative shotgun proteomics was performed on nasal epithelium from a group of healthy
restaurant workers, non-smokers (never and former) exposed and not exposed to SHS in the workplace. HIF1a-
glycolytic targets (GAPDH, TPI) and proteins related to xenobiotic metabolism, cell proliferation and differen-
tiation leading to cancer (ADH1C, TUBB4B, EEF2) showed significant modulation in non-smokers exposed. In
never smokers exposed, enrichment of glutathione metabolism pathway and EEF2-regulating protein synthesis in
genotoxic response were increased, while in former smokers exposed, proteins (LYZ, ATP1Al, SERPINB3)
associated with tissue damage/regeneration, apoptosis inhibition and inflammation that may lead to asthma,
COPD or cancer, were upregulated. The identified proteins are potential response and susceptibility/risk bio-

markers for SHS exposure.

1. Introduction

Second-hand Smoke (SHS), also known as passive smoking, invol-
untary smoking or environmental tobacco smoke, is a hazard environ-
ment pollutant, especially when concentrated in indoors spaces. SHS is
originated from the act of burning tobacco, mostly from a cigarette.
Long-term exposure to SHS can lead to severe and fatal diseases like
coronary heart disease, stroke, lung cancer, breast cancer, Chronic
Obstructive Pulmonary Disease (COPD) and diabetes (Carreras et al.,
2019). According to the World Health Organization (WHO), there is no
risk-free level of exposure to SHS. WHO estimates that each year about
1.2 million deaths result from SHS exposure by non-smokers (World
Health Organization, 2019).

Current Portuguese legislation bans tobacco smoking in all public
indoor places (Law 109/2015). However, before 2015, the Portuguese
Smoking law was partial (Law 37,/2007), allowing indoor smoking areas
in bars and restaurants. The designated smoking areas of some of these
restaurants were significantly contaminated with high levels of

particular matter PMys compatible with tobacco smoke, despite
imposed protection requirements, as we previously demonstrated
(Pacheco et al., 2012). Non-smoker employees working in these areas
showed elevated levels of cotinine, a nicotine metabolite, in their urine,
confirming their exposure to SHS (Marques et al., 2021; Pacheco et al.,
2012). By challenge-comet assay, we showed that the lymphocytes from
those restaurant workers exposed to SHS presented a modified response
to a genotoxic challenge, consistent with an adaptive response (Vital
et al., 2021). Plasma acute phase inflammation proteins, such as ceru-
loplasmin (CP) and inhibitor of inter-alpha-trypsin heavy chain 4
(ITIH4) that may precede the onset of SHS related diseases, were also
changed in those non-smoker workers exposed to SHS (Pacheco et al.,
2013).

The objective of the present work is to investigate the molecular
effects of SHS occupational exposure on the respiratory tract proteome
of those non-smokers employees (e.g., never and former smokers)
exposed versus non-exposed ones. A group of smokers working in res-
taurants where smoking was not allowed was used as basis of
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comparison for identification of SHS exposure associated proteins.

Given the inherent difficulties to have access to bronchial epithelia,
we focused our study on the nasal epithelia, which has been demon-
strated to be a suitable and easily collected cell model to study airway
diseases as those induced by tobacco smoke (Gower et al., 2011; Simoes
et al., 2011; Sridhar et al., 2008).

By using a shotgun proteomics approach on the nasal epithelia, we
uncovered protein signatures associated with SHS exposure effects that
seemed to be different in former smokers compared to never smokers
exposed to SHS. These protein signatures can be a start point for
biomarker development to assess and prevent the risk for the onset of
respiratory diseases related to tobacco smoke exposure.

2. Materials and Methods
2.1. Experimental design

This is a cross-sectional study carried out using a shotgun proteomics
approach on a biobank of nasal epithelium samples obtained from em-
ployees of a group of Lisbon restaurants or canteens, with/without
smoking free rooms (under Smoking Legislation prior to 2015). The air
quality of these venues, and the demography and clinical evaluation of
the workers, including spirometry and urinary cotinine measurements,
were previously reported (Pacheco et al., 2013, 2012). Nasal epithelium
samples were obtained by brushing technique and pre-evaluated by
cytology, as previously described (Penque et al., 2000), and stored in
PBS at —80° C until further analysis. For proteomics analysis, samples
from 48 workers meeting the following criteria were selected: i) normal
values of spirometry, ii) no declared respiratory disease, iii) more than
20 hours per week of working time together with at least a year of
permanence at current workplace, iv) cigarette SHS exposure of at least
1-year and v) former smoking habit with at least 6 months of abstinence.
Samples were classified as smokers (S) not exposed to SHS at the
workplace (n=8), and non-smokers (n=40), in which 19 were not
exposed (NS) and 21 were exposed to SHS (NSE). NS was subgrouped
into 11 “Never Smokers” (N) and 8 “Former Smokers” (F), and the NSE
into eleven 11 “Never Smokers Exposed” (NE) and 10 “Former Smokers
Exposed” (FE) to SHS (see Fig. 1 for the schematic diagram).

This study was approved by the Ethics Committee of the National
Institute of Health Dr. Ricardo Jorge, INSA I.P, Lisbon, Portugal. Written
informed consent was obtained from all volunteers.
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2.2. Sample Preparation

Samples were thawed and lysed at 4 °C in 130 uL of lysis buffer
(10 mM Tris-HCl pH 7.4, 2 mM EDTA, SDS1% and 20 mM NaCl), with
intermittent sequences of 1’ of vortex followed by 2’ of heating at 95 °C
and ultrasound sheared force at Room Temperature (RT). Samples were
left in lysis buffer overnight at 4 °C, and then spun down at 16,100 xg (1’
at 4 °C). The supernatant was collected, centrifuged at 16,100 xg (1’ at 4
°C) and protein quantified by Bicinchoninic Acid (BCA) protein assay.
10 pg of total protein of each sample was briefly separated by 12% SDS-
PAGE (Mini-PROTEAN® TGX™, Bio-Rad Laboratories), until migration
into one single band. Gel was stained using GelCode blue (Thermo Fisher
Scientific Inc.) and the stained band/sample was cut into nine cubes
a mrn3). The slices were distained with 50% Acetonitrile (ACN) and
25 mM Ammonium Bicarbonate (AmBic), 2x30 at RT; and proteins
were then reduced by 10 mM Dithiotreitol (DTT) in 100 mM AmBic for
1 h at 57 °C, and alkylated with 55 mM Iodoacetamide (IAA) in 100 mM
AmBic for 45'at RT, in the dark. Slices were washed twice with 100 pL of
100 mM AmBic followed by ACN 100% dehydration by freeze speed-vac
(T<0°C) (SpeedVac ™ SRF110, Thermo Fisher Scientific) and digestion
with 150 pL of Sequencing grade modified trypsin (Promega Biotech AB)
(12.5 ng/puL in 50 mM AmBic) for 12 h at 37 °C. Peptides were extract
from the gel slices by incubation in 200 pL of 75% ACN and 5% Tri-
fluoroacetic acid (TFA) 2x30’ at RT, under vortex, followed by the in-
cubation with 200 uL of ACN 100% for 10’ and then freeze dehydration
by speed-vacuum (T<0°C). Samples were stored at - 80 °C until MS
analysis.

2.3. LC-MS/MS protein separation

Before analysis, samples were re-suspended in 0.1% Formic Acid
(FA) for 30’ and subjected to C18 spin column-based cleaning procedure
(The Nest Group, Inc., USA). An ESI-LTQ-Orbitrap XL mass spectrometer
(Thermo Fisher Scientific Inc.) interfaced with an Eksigent nanoLC
2DTM and HPLC system (Eksigent technologies) was used for all sam-
ples. A total of 5 pL (2.5 pg of protein digests) were loaded, trapped and
washed with a constant flow rate of 10 pL/minute with 0.1% FA, for 15
onto a pre-column (PepMap 100, C18, 5 pM, 5 mmx0.3 mm; LC Pack-
ings, Amsterdam, Netherlands). The peptides were subsequently sepa-
rated on a 10 pM fused silica emitter, 75 pM x 16 cm (PicoTip™
Emitter), packed in-house with Reprosil-Pur C18-AQ resin (3 pM; Dr
Maisch, Ammerbuch-Entringen). Peptides were eluted with a flow rate
of 300 nL/minute with a 60’ linear gradient of 3-35% (v/v) ACN in
water, containing 0.1% (v/v) FA and then increased rapidly to 90%
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Fig. 1. Classification/subdivision of the cohort according to the worker’s smoking habits and exposure to SHS in the workplace. In total, 48 healthy
employees working in different Lisbon restaurants/canteens were selected for the study. From these, 40 were non-smokers and 8 smokers (S). In non-smoker group,
19 were classified as not exposed to SHS (NS) and 21 as non-smoker exposed (NE). NS group was subgrouped into 11 never smokers not exposed (N) e 8 former
smokers not exposed (F). NSE was subgrouped into 11 never smokers exposed (NE) and 10 former smokers exposed (FE). Dark grey arrows demark smoker group;
white arrows indicate non-smokers and non-smokers not exposed, and light grey arrows indicate the non-smoker groups exposed to SHS.
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(until 68) and was kept until 78; before re-equilibrating. A blank LC-MS/
MS run was performed between each analysed sample. The LTQ-
Orbitrap was operated in data-dependent mode (DDA) to automati-
cally switch between Orbitrap-MS (up to 2000 Da) and LTQ-MS/MS
(between 50 and 2000 Da) acquisition. Mass spectra of all samples
was acquired in the positive ionization mode. Four MS/MS spectra were
acquired in the linear ion trap per each FT-MS scan, which was obtained
at 60,000 FWHM nominal resolution settings using the lock mass option
(m/z 445.120025) for internal calibration. The DDA was performed with
dynamic exclusion. The dynamic exclusion list was restricted to N epries
= 500; USing N repeat count — 2; with an N repeat duration — 20’ and an N
dynamic exclusion range = 2 after the 2nd peptide count. Precursor ion
“charge state screening” was enabled, to select for ions with at least two
charges and rejecting ions with undetermined charge state. The CID
energy was set to 35%, and one micro scan acquired for each spectrum.
Data was acquired using the Xcalibur (version 2.0.7).

2.4. Selected Reaction Monitoring (SRM) assay

To quantify a target protein, an SRM assay was developed in Skyline
(version 2.6) (MacLean et al., 2010). The peptides were checked against
a theoretical peptide database that included those with 7-25 amino acid
length obtained from a human proteome, fetched from UniProt KB
database (Consortium, 2023). Synthetic peptides were spiked to validate
the peak selection. The peptides were solubilized according to manu-
facturer’s instructions and a pool of peptides was produced with a final
concentration of 250 fmol/uL. 2 uL of that mixture were spiked in 8 pL of
peptide samples from the nasal epithelium. An Eksigent 2D NanoLC
system connected to a Triple Stage Quadrupole Mass Spectrometer (TSQ
Vantage), with a Nano-ElectroSpray Interface was used for LC-SRM
analysis. Solvents used were mobile phase A (mobA) and phase B
(mobB), which is, Hy0/0.1% FA (v/v) and ACN/0.1% FA (v/v),
respectively. The LC system was equipped with a trap column (0.3 mm
id, 5 mm, PepMap Acclaim C18; LC Packings) and in-house packed
analytical columns, in 0.075 mm id, 100 mm PicoFrits (New Objective),
with  3pM  ReproSil  C18-AQ  particles (Dr  Maisch,
Ammerbuch-Entringen), to a length of 12 cm. A 300 nL/minute linear
LC gradient delivered mobA, starting with 97%, then decreasing to 85%
during 6°, and then further down to 65% during 68’. An injection, for
wash and equilibration of the column was perform between each sam-
ple. The TSQ operated in the positive ion mode with a spray voltage of
1.8 KV and an ion capillary temperature of 270 °C. A 0.7 Da unit reso-
lution, for both Q1 and Q3 were set, as well as 10 ms dwell time per
transition. Data acquired from Xcalibur were imported to Skyline to be
analysed and manually inspected. Peak areas, for the measured SRM
transitions for each individual peptide, were integrated and summed to
generate the peptide peak areas. After data normalization using the
software Normalyzer (http://quantitativeproteomics.org/normalyzer.)
(Chawade et al., 2014), the data was imported to IBM SPSS (version 22)
for statistical testing, where the normally distributed data was analysed
by two-sided Student’s t test.

2.5. Mass spectra data analysis

2.5.1. PatternLab software in protein identification and quantification
Peptide spectrum matching (PSM) was achieved by the Search En-
gine Comet (version 2016.01 rev. 3) in PatternLab for Proteomics (http:
//patternlabforproteomics.org) (version 4.1.1.4) (Carvalho et al.,
2016). From the UniProtKB (https://www.uniprot.org), and restricted
to the reviewed Swiss-Prot (ID UP000005640), a Homo sapiens (ID 9606)
proteins database was retrieved in 28/06,/2018 (Consortium, 2023). To
this database 127 common contaminants were added. To control FDR a
“reverse” decoy database was used. The parameters for the Comet
Search Engine were: B, Y and NL precursors MS1 ions, trypsin “fully
specific” digestion with only two (2) missed cleavage tolerance, a
600-5500 Da search mass range, with a precursor mass accuracy of

Environmental Toxicology and Pharmacology 108 (2024) 104459

40 ppm and a MS/MS bin tolerance of 1.0005 m/z, using only cysteine
carbamidomethylation as a fixed post-translational modification (PTM),
with no variable PTMs.

To obtain reliable protein identification Comet’s results were sub-
mitted to the default processing quality filters of Search Engine Pro-
cessor (SEPro) for “High Resolution MS1” with minor modifications: in
“Pre-Processing Quality Filter” the “DeltaMass PPM” with value 30.0
and “DeltaCN” with 0.0010 but with a 5 minimum number of amino
acids residues of possible solutions. SEPro resorts to the application of a
Bayesian discriminator, a three-tier Bayesian algorithm. Default options
of 3, 2, and 1% for the false discovery rate (FDR) were chosen for
spectral, peptide and protein level filtering, respectively. After filtering,
all identified proteins with at least one peptide (1 PSM), a minimum 1.8
Bayesian Score and a maximal difference of 10 in “DeltaMass PPM” from
Avg PPM”, were selected. The final list of inferred proteins had to fit two
criteria: i) proteins had to present at least one unique peptide and two
degenerative peptides and ii) identified proteins had to be detected in at
least 80% of each group or subgroup of individuals.

For label-free relative quantification, PatternLab’s XIC extraction
was used, where the area under the curve of the extracted-ion chro-
matograms (XIC) of the identified peptides was taken as a comparative
tool for measurement. The quantities were normalized by a “normalized
ion abundance factor” approach - NIAF (Carvalho et al., 2016, 2013).

2.5.2. Network mapping

Proteins identified in > 80% of subjects in a group or subgroup were
selected for a single or multiple cluster comparison analysis, using the
ClueGOs functional analysis algorithm (http://www.ici.upmec.fr/cl
uego/cluegoDownload.shtml) (version 2.5.9) in Cytoscape software
(https://cytoscape.org/index.html). “Biological terms” (GO term “Bio-
logical process”) and pathways specifically enriched for each group or
subgroups were determined by cluster analysis, as described in Mlecnik
et al., (2018) and Trindade et al., (2019). A pathway/biological process
was established as specifically enriched in a (sub)group when more than
60% of proteins are from that (sub)group-specific cluster (list of pro-
teins). From this analysis, a network of proteins and respective functions
was retrieved using several public databases: “Kyoto Encyclopedia of
Genes and Genomes” (KEGG) (https://www.genome.jp/kegg/), Gene
Ontology Knowledgebase (GO) (http://geneontology.org/) REACTOME
(https://reactome.org/), and Wikipathways (https://www.wikipathw
ays.org). In all of these databases, information obtained from all
experimental data and inferred from “Reviewed Computational Anal-
ysis” was selected. Default ClueGO parameters were used, with the
exception of “Network Specificity” (Min GO Level = 5 and Max GO Level
= 11), “GO term fusion” (“parent-child” fusion) and “Kappa Score”
(threshold of 0.9). Statistically significant pathways (p-value<0.05)
were determined by a two-sided hypergeometric test, using the Bon-
ferroni step down correction for p-value adjustment.

2.6. Statistical analysis

Statistical analysis based on nonparametric tests was performed
using IBM SPSS Statistics (version 27) and Microsoft Excel (version
2016) software. Significant modulation of clinical data parameters was
discerned by Kruskal Wallis Test followed by Mann-Whitney U test.
Bonferroni adjustment was conducted for multiple comparison correc-
tion. Differentially abundant proteins between groups were determined
by Mann-Whitney U Test. The accepted alpha (a) level was 0.05.
Continuous variables are represented by median with range or quartiles
(25th, 50th, 75th) interval. The Venn diagram was acquired using a
software available online (http://www.interactivenn.net/).
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Table 1
Demographic Data.

Environmental Toxicology and Pharmacology 108 (2024) 104459

DEMOGRAPHIC DATA

OCCUPATIONAL SECONDHAND SMOKE EXPOSURE

PARAMETERS
Never Never Mann- Former Former Mann-
Smokers Smokers Whitney U Smokers (F) Smokers Whitney U Smokers (S) Kruskal-Wallis Test
(N) Exposed (NE) Test Exposed (FE) Test
Subjects (n) 11 11 na 8 10 na 8 na
Age (years) 2000661 33023481 M g0 06631 33525571 Ry 6 3a6m) retain null hypothesis
hypothesis hypothesis
Gender (F|M) 4|7 1]10 na 3|5 28 na 3|5 na
Body mass index 25.8 24.5 retain null 24.6 25.4 retain null . . :
(kg/m?) [22.2;31.5] [18.9;34.8] hypothesis ~ [21.2;28.7] [20.3;31.3] hypothesis ~ 2+7 [18:0:29.7] retain null hypothesis
Pulmonary function
0rad X . retain null 100.0 . retain null . N vs F p<0.05
FVC (%) 87.0 [75;98] 93.0 [80;105] hypothesis [79:112] 96.5 [75;123] hypothesis 102.5 [78;149] p<0.05 N vs S p<0.05
91.0 96.0 [79; retain null 98.5 retain null . .
0yb H .
FEV; (%) [72:102] 104] hypothesis [74:120] 94.5 [67,124] hypothesis 97.0 [74;140] retain null hypothesis
FEV, /FVC (%)° 81 [73;90] 83 [73;94] reainnull g, oo108] 705 (6003 Cetainnull 76.5 [70;84] retain null hypothesis
hypothesis hypothesis
Tobacco smoking
Smoking habit . . retain null . F vs FE p<0.001
duration (years) na na na 11.0 [1;30] 6.0 [1;22] hypothesis 30.5 [18;48] p<0.05 S vs FE p<0.001
Cigarrete na na na 7.8 [1;20] 6.6 [1;80] retain nu.ll 12.5 [5;20] retain null hypothesis
number per day hypothesis
Smoking retain null
withdrawal na na na 14.0 [2;23] 13.0 [1;36] hypothesis na na
duration (years) P
N vs NE p<0.05
F vs NE p<0.05
Urine Cotinine . . X | retain null 1358.9 N vs S p<0.001
(ng/mL) 5.0 [5.0;6.0] 8.4 [5.0;27.9] p<0.05 5.0 [5;10] 5.7 [5.0;7.1] hypothesis [513.0,2324,6] p<0.001 F vs S p<0.001
NE vs S p<0.05
FE vs S p=0.001
Time in retain null retain null
workplace 2.0 [0.3;34] 5.0 [0.3;11] . 10.5 [3;21] 2.3 [1;34] . 9 [0.3;41] retain null hypothesis
(years) hypothesis hypothesis
Working time . . retain null . . . NE vs F p<0.05
(hours/week) 40.0 [5;60] 40.0 [20;50] hypothesis 50.0 [40;60] 40.0 [14;40] p<0.001 40.0 [40;66] p<0.05 FE vs F p<0.001
[PM2.5] at work place (ug/m?)
N vs FE p<0.001
F vs NE p<0.001
. 38.0 220.0 48.0 247.0 S vs NE p<0.05
M .001 .001 100. ;1 .001
aximum [25;153] [131;300] p<0.00 [28;119] [164:693] p<0.00 00.50[47;1531  p<0.00 S vs FE p<0.05

N vs NE p<0.001
F vs FE p<0.001

na - not applicable

@ Forced volume vital capacity (the determination of the vital capacity from a maximally forced expiratory effort)
b Volume that has been exhaled at the end of the first second of forced expiration

¢ Tiffeneau-pinelli index (expressed as FEV1%)

3. Results
3.1. Studied Cohort

Following our pre-established criteria, samples from 48 employees
were selected for proteomics study. Samples were classified into three
main groups, “Non-Smokers” (NS), “Non-Smokers Exposed” (NSE) and
current “Smokers” (S), or into five subgroups, “Never Smokers” (N),
“Never Smokers Exposed” (NE), “Former Smokers” (F), “Former
Smokers Exposed” (FE) and current Smokers (S) (see Fig. 1). De-
mographic, clinical and epidemiological data of the five subgroups are
shown in Table 1.

Selection of subjects did not specifically account for gender. A pre-
dominance of male individuals (73%) was observed. The median age
varies between 33 and 48 years old among subgroups, without a sta-
tistically significant difference among them (Table 1.). Individuals had
no respiratory diseases and no intake of respiratory related medication.
Although significant differences were observed in spirometry values for

“Forced Vital Capacity” (FVC) between the different subgroups, the
FEV1/FVC ratio (forced expiratory volume in one second for FVC) was
within the normal range in all subgroups, confirming that all individuals
had normal pulmonary respiratory function.

The subgroups F and FE presented a median of 13 and 14 years of
cigarette smoking abstinence, with a previous smoking habit that lasted
11 and 6 years, smoking 7.8 and 6.6 cigarettes per day, respectively. In
contrast, the S group presented a higher cigarette smoking burden with a
median of 12.5 cigarettes smoked per day and a median of 30.5 years of
tobacco consumption.

The urinary cotinine levels were measured at the time of sample
collection. N and F showed normal expected cotinine levels compatible
with the non-smoking habit cut-off (< 5 ng/mL). In contrast, NE pre-
sented significantly slightly higher levels of this molecule when
compared with N, with a median of 8 ng/mL. FE although slightly
higher, did not show a significant difference in the level of urinary co-
tinine when compared with the control subgroup F. As expected, S
showed the highest concentrations, with a cotinine median of
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1358.9 ng/mL (Table 1).

Most subgroups of workers had an average of 40 hours/week of work
and between 2 and 10.5 years of work in the places of study. Air quality
characterized by the presence of fine particle matters (PM35), an indi-
cator for air pollution associated to cigarette smoking, varied signifi-
cantly between smoking and non-smoking workplaces. The subjects
classified as N or F were workers of venues, where smoking was not
permitted, while subjects classified as NE or FE subgroups worked in
venues where smoking were allowed. PM; 5 level was previously iden-
tified by us as significantly higher in smoking compared with those non-
smoking venues (Table 1).

3.2. Nasal Epithelium Proteome Characterization - Functional annotation
of proteins identified by shotgun proteomics

A total of 6552 tryptic peptides were detected, corresponding to a
sum of 330 proteins identified under the pre-established criterion, one
unique peptide plus two degenerative peptides.

Protein enrichment analysis was established using biological pro-
cesses and pathways associated with the nasal epithelium proteome,
through ClueGO application in Cytoscape (Fig.SI1(A) and Fig.SI1
(B&Q)).

Fig. 2 displays the biological processes and pathways with more
representability and probability of association connected with the
queried proteins found in the nasal epithelium, including the top 5 most
significant terms: “humoral immune response” (GO:0006959), “cellular
oxidant detoxification” (GO:0098869), “cellular detoxification”
(G0O:1990748), “antimicrobial humoral response” (G0O:0019730) and
“Glycolysis/ Gluconeogenesis” (KEGG:00010).

Biological processes associated with the cross talking that may
happen between the nasal epithelium and the Immune System were
globally overrepresented. Cellular detoxification, a biological process
connected with reactive oxygen species (ROS), such as hydrogen
peroxide, were also highlighted. As expected, some proteins were
related to “Drug metabolism” and “Metabolism of xenobiotics by cyto-
chrome P450” pathways since the nasal epithelium is one of the 1st
barriers in contact with airborne polluting agents.

3.3. Nasal Epithelium Proteome Exposed to SHS

To uncover reliable differential proteins associated with a specific

—humoral immune response

2:
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~cellular detoxification
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.Chemical carcinogenesis
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biological condition, an additional identification criterion was estab-
lished to minimize any eventual technical variability in protein identi-
fication: proteins should be detected in at least 80% of each group or
subgroup. As a result, a more restrictive number of proteins were
selected for further statistical analysis: 108 total for the groups and 124
total proteins for the subgroups.

Fig. 3 shows Venn diagrams of the protein’s distribution among the
three groups, NS, NSE and S (Fig. 3A), or the five subgroups, N, NE, F, FE
and S (Fig. 3B).

The list of proteins identified in each group and subgroup is shown in
supplementary Table SI1. Table 2 shows proteins that were found
exclusively in more than 80% of subjects of NSE group, and NE and FE
subgroups. These proteins were considered as specific for that (sub)
group.

3.3.1. Functional annotation

The results of the network enrichment by cluster analysis and the
associated proteins resulting from the comparison NSE versus NS groups
(Fig.SI2(A), Fig.SI2(B) and Fig.SI2(C)) are summarized in Table 3.
Similarly, the results from the comparisons NE versus N (Fig.SI3(A), Fig.
SI3(B), Fig.SI3(C)) and FE versus F (Fig.SI4(A), Fig.SI4(B) and Fig.SI4
(Q)) are represented in Table 4.

NSE group’s proteome was specifically enriched (> 60% protein
association in NSE cluster) with the following biological processes and
pathways: “HIF1A and PPARG regulation of glycolysis” (WP:2456),
“glutathione peroxidase activity” (GO:0004602), “Glutathione meta-
bolism” (KEGG:00480), “granulocyte chemotaxis” (G0:0071621),
“Propanoate metabolism” (KEGG:00640), “nicotinamide nucleotide
metabolic process” (G0:0046496) and “Chemical carcinogenesis”
(KEGG:05204). The Pathway “HIF1A and PPARG regulation of glycol-
ysis” was associated with NSE-specific protein L-lactate dehydrogenase
A chain protein (LDHA), while “glutathione peroxidase activity” process
showed association with Glutathione S-transferase kappa 1 protein
(GSTK1). “Glutathione metabolism” pathway was linked to GSTK1 and
6-phosphogluconate dehydrogenase, decarboxylating (PGD) (Table 3).

The NS group proteome was showed specifically enriched by “Thy-
roid hormone synthesis” (KEGG:04918) and “Carbohydrate digestion
and absorption” (KEGG:04973) pathways. The former pathway was
associated with Sodium/potassium-transporting ATPase subunit beta-1
(ATP1B1) and disulfide-isomerase A4 (PDIA4) proteins and the latter
with ATP1B1 and Hexokinase-1 (HK1) NS-specific proteins (Table 3).

_“thioredoxin peroxidase activity
-induction of bacterial agglutination

0-‘...‘ ».o-?-www

\Drug metabolism

Metabolism of xenobiotics by cytochrome P450

Fig. 2. Bubble chart representing the main biological processes identified in nasal epithelium proteome. Each circumference (bubble) represents a biological
process. Larger bubbles indicate a higher percentage of identified proteins that belong to the biological process or pathway. The variable on the y-axis is given by the
-Logs of the p-value and describes the probability of the biological process/pathway being linked to the analysed proteome. The probability is obtained from a two-
sided hypergeometric test with Bonferroni step down correction (analysis in Cytoscape with application ClueGO using the ontologies: KEGG, Reactome and GO
(Biological process); with 13237 total unique genes tested as described in (Mlecnik et al., 2018)).
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Fig. 3. Venn diagram of proteins detected in > 80% in each group or subgroup. (A) Protein distribution among the three main groups: “Non-Smokers” (NS) not
exposed and “Non-smokers Exposed” (NSE) to SHS and “Smokers” (S). (B) Protein distribution among the five subgroups: “Never Smokers” not exposed (N), “Never
Smokers Exposed” (NE), “Former Smokers” not exposed (F) and “Former Smokers Exposed” to SHS (FE) and Smokers (S). Venn diagram was obtained by the online

software http://www.interactivenn.net/.

Table 2
Proteins identified exclusively in the SHS exposed (sub)groups.

NSE Specific

Uniprot Acession Gene .
Protein Name
Number Name
P00338 LDHA L-lactate dehydrogenase A chain
P17931 LGALS3 Galectin-3
P18124 RPL7 60 S ribosomal protein L7
P52200 PGD 6-phosphogh{c0nate dehydrogenase
decarboxylating
000839 HNRNPU Heterogeneous nuclear ribonucleoprotein
Q02878 RPL6 60 S ribosomal protein L6
Q9Y2Q3 GSTK1 Glutathione S-transferase kappa 1
NE Specific

Uniprot Acession Number Gene Name Protein Name

P31946 YWHAB 14-3-3 protein beta/alpha

FE Specific

Uniprot Acession Gene Protein Name

Number Name
Isoci h; NADP

075874 IDH1 socitrate lee ydrogenase [ 1
cytoplasmic

P00403 MT-CO2 Cytochrome c oxidase subunit 2

P68431 HIST1H3A Histone H3.1

000839 HNRNPU Heterogeneous r}uclear
ribonucleoprotein U

Q96TA1 FAM129B Niban-like protein 1

The proteome of NE subgroup showed association with “regulation
of protein dephosphorylation” (GO: 0035304) and “Glutathione meta-
bolism” (KEGG: 00480). This last pathway was found to be linked with
the NE-specific proteins GSTK1 and PGD.

The N subgroup’s proteome was specifically associated with “hu-
moral immune response” (GO: 0006959), “Neutrophil extracellular trap
formation” (KEGG: 04613), “antimicrobial humoral response” (GO:
0019730), “IL-17 signalling pathway” (KEGG: 04657), “Vitamin B12
metabolism” (WP: 1533), “Folate metabolism” (WP: 176), “antibacterial
humoral response” (GO: 0019731) and “Legionellosis” (KEGG: 05134).
The “humoral immune response” was linked to the N-specific proteins:
Complement C3 (C3), Cathepsin G (CTSG), Neutrophil elastase (ELANE)
and Keratin, type II cytoskeletal 6 A (KRT6A). “IL-17 signalling

pathway” was associated with Mucin-5AC (MUC5AC) and S100-A8
(S100A8) proteins. “Vitamin B12 metabolism” and “Folate meta-
bolism” were connected to Myeloperoxidase (MPO). Finally, the N-
specific proteins, CTGS and ELANE, were associated to the “antibacterial
humoral response” and C3 protein with “Legionellosis”.

FE’s proteome is specifically associated to “HIF1IA and PPARG
regulation of glycolysis” (WP: 2456) where the specific-cluster protein
LDHA was detected as part of this pathway (see Table 4). The proteome
of FE subgroup was also associated with “Peroxisome” (KEGG: 04146),
“Central carbon metabolism in cancer” (KEGG: 05230), “DNA biosyn-
thetic process” (GO: 0071897), “regulation of DNA biosynthetic pro-
cess” (GO: 2000278), “myeloid leukocyte migration” (GO: 0097529),
“leukocyte chemotaxis” (GO: 0030595), “Propanoate metabolism”
(KEGG: 00640), “FBXL10 enhancement of MAP/ERK signalling in
diffuse large B-cell lymphoma” (WP: 4553) and ‘“Photodynamic therapy-
induces HIF-1 survival signalling” (WP: 3614) (see Table 4).

The “Peroxisome” pathway was associated with the FE-specific
proteins GSTK1 and Isocitrate dehydrogenase [NADP] (IDH1). “Cen-
tral carbon metabolism in cancer” was linked with IDH1 and LDHA.
“DNA biosynthetic process” was associated to Protein Niban 2 (NIBAN2)
and Heterogeneous nuclear ribonucleoprotein U (HNRNPU). The
“myeloid leukocyte migration” and “leukocyte chemotaxis” were both
connected with CTSG and S100A8 proteins. “Propanoate metabolism”
and “Photodynamic therapy-induces HIF-1 survival signalling” were
linked with LDHA. Finally, “FBXL10 enhancement of MAP/ERK signal-
ling in diffuse large B-cell lymphoma” was associated with the Histone
H3.1 (H3C7).

The proteome of the F subgroup showed specific association with
“Arginine and proline metabolism” (KEGG: 00330) and “Photodynamic
therapy-induced NFE2L2 (NRF2) survival signalling” (WP: 3612). F
group unique proteins linked to “Arginine and proline metabolism” and
“Photodynamic therapy-induced NFE2L2 (NRF2) survival signalling”
were Creatine kinase U-type, mitochondrial (CKMT1B), Cytosol
aminopeptidase (LAP3) and Liver carboxylesterase 1 (CES1), Gluta-
thione S-transferase P (GSTP1), respectively.

3.3.2. Differentially expressed proteins

Label free strategy was used for relative quantification of the iden-
tified proteins by using the NIAF values obtained from the extracted-ion
chromatogram (XIC). The relative abundance of proteins simultaneously
present in all three groups (Nproteins = 66 in NS, NSE and S), or in the five
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Biological Processes/Pathways Specifically Associated to the Proteome of “Non Smokers” SHS Exposed and Not Exposed.

CLUSTER NSE versus NS

Biological Processes Specific of NSE*

Term PValue Corrected Group PValue Corrected % Associated Nr. Genes
1D Term . . Genes Cluster NSE
Bonferroni step down Bonferroni step down Genes Genes Cluster NS
. HIF1A and PPARG [GAPDH, LDHA, [GAPDH,
WP:2456 regulation of glycolysis 5.09E-04 4.64E-04 37.50 3.00 P11 P11
. glutathione peroxidase y y [GSTA1, GSTK1, [GSTA1,
G0:0004602 activity 4.15E-03 3.82E-03 18.75 3.00 PRDX5] PRDX5]
X . . [GSTA1, GSTK1, [GSTA1,
KEGG:00480 Glutathione metabolism 1.19E-02 1.11E-02 6.90 4.00 IDH2, PGD] IDH2]
. . [ANXA1, LGALS3, [ANXA1,
G0:0071621 granulocyte chemotaxis 1.55E-02 1.49E-02 6.06 4.00 PPIA, PPIB] PPIB]
. : [ECHS1, LDHA, [ECHS1,
KEGG:00640  Propanoate metabolism 1.63E-02 1.53E-02 9.38 3.00 LDHB] LDHB]
A . leoti
GO:0046496 ~ Micotinamide nucleotide 2.43E-02 2.43E-02 7.32 3.00  [PGD, TKT, VCP]  [TKT, VCP]
metabolic process
. . . . [EPHX1, GSTA1, [EPHX1,
KEGG:05204  Chemical carcinogenesis 2.44E-02 2.44E-02 4.35 3.00 GSTK1] GSTA1]

Biological Processes Specific of NS”

Term PValue Corrected

Group PValue Corrected

% Associated Nr. Genes Cluster

D Term with Bonferroni step with Bonferroni step Genes Genes NSE Genes Cluster NS
down down
. Thyroid hormone [ATP1A1, [ATP1A1, ATP1B1,
KEGG:04918 synthesis 1.68E-02 1.68E-02 5.33 4.00 HSP90B1] HSP9OB1, PDIA4]
Carbohydrate
KEGG:04973  digestion and 2.49E-02 2.49E-02 6.38 3.00 [ATP1A1] g;;l;lAl’ ATP1B1,
absorption

@ "Non Smokers Exposed" to cigarette Second-Hand Smoke (SHS)
> "Non Smokers" not Exposed to SHS

subgroups (Nproteins = 64 in N, NE, F, FE and S), were compared.
Differentially abundant proteins between groups and subgroups are
shown in Fig. 4 and Fig. 5, respectively.

Alcohol dehydrogenase 1 C (ADH1C), Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), Elongation factor 2 (EEF2) and Tri-
osephosphate isomerase (TPI1) were identified as being significantly
higher (p<0.05), and Tubulin beta-4B (TUBB4B) as lower abundant
(p<0.05) in NSE compared with NS (Fig. 4).

In comparison with S, ADH1C was higher in both NS and NSE
(p<0.05 and p<0.01, respectively) (see Fig. 4A), whereas GAPDH and
TPI1 were higher (p<0.05) only in NSE compared to S (Fig. 4B and
Fig. 4D). The EEF2 in the NSE showed a higher abundance level
compared to S group, but without statistical significance (Fig. 4C). The
abundance level the TUBB4B between NSE and S was very similar,
being, in both groups, lower than the NS (see Fig. 4E).

Fig. 5 shows the differentially abundant proteins among the five
subgroups under study. ADH1C, GAPDH and TPI1 presented a tendency
to increase in the exposed (NE, FE) versus non-exposed subgroups (N, F),
which is in accordance to what was obtained above in the non-smoker
group (see Fig. 5A, Fig. 5D and Fig. 5G). Three proteins, Na+, K+
-ATPase (ATP1A1), Lysozyme C (LYZ) and Serpin B3 (SERPINB3) were
detected as significantly higher (p<=0.05) in abundance (Fig. 5B,
Fig. 5E and Fig. 5F), while TUBB4B was significantly lower (p<0.05)
(see Fig. 5H), in FE versus F subgroups). EEF2 was identified higher in
the subgroup NE versus N (p<0.05) (Fig. 5C).

The absence in significant modulation of proteins in subgroups,
found to be differentially expressed in groups’ comparisons, may be due
to sample size differences (Fig. 4 and Fig. 5).

3.3.3. Results verification

Shotgun MS results verification was performed by SRM assay for the
elongation factor 2 (EEF2), whose expression modulation showed to be
associated with SHS exposure. After manual selection of the best MS
transitions, a final SRM assay was constructed with two unique peptides
with seven transitions each (Table SI2).

Samples were spiked with the synthetic version of the naturally
occurring peptides. After total intensity normalization, peptide inte-
grated peak areas were compared between NE versus N. The two pep-
tides behaved in the exact same way as shown in the results above
(Fig. 4C and Fig. 5C), showing an increase in nasal samples from SHS
exposed workers (see Fig. 6). One of the peptides was statistically sig-
nificant in NE compared with N subgroup (Fig. 6A). SRM data obtained
for EEF2 protein orthogonally confirmed the MS shotgun data.

4. Discussion

Previously we showed that non-smokers employees from a group of
Lisbon restaurants with smoking free dining rooms (Legislation prior to
2015), presented higher levels of urinary cotinine and changes in their
plasma proteome associated with SHS exposure at the workplace
(Pacheco et al., 2013). Herein, to further investigate airway molecular
events in response to SHS that could be used in health risk assessment, a
comparative shotgun proteomics study was performed on the nasal
airway epithelium samples from those non-smokers occupationally
exposed to SHS.

In accordance with our previous data (Simoes et al., 2011), the
proteome of the nasal epithelium was shown to be enriched by proteins
from biological processes associated with the immune protection against
external microorganisms and other pathogens, drug and xenobiotics
metabolism, antioxidant response to ROS and defence against inhaled
oxidants and noxious compounds. These findings confirm the relevance
of the nasal epithelium as a defensive barrier of the upper airways
against external risk factors, and therefore, its use as airway cell model
to evaluate the biological effect of environmental air pollutants, such as
SHS, as we proposed here.

Indeed, by evaluating non-smoker workers exposed to SHS (NSE),
their nasal epithelium showed to be particularly enriched by “gluta-
thione peroxidase activity”, “glutathione metabolism” and “HIF1A and
PPARG regulation of glycolysis” pathways. Cigarette smoke induces
oxidative damage to vital molecules in cells, including glutathione, a
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Biological Processes/Pathways Specifically Associated to the Proteome of “Never” and “Former” Smokers SHS Exposed and Not Exposed.

CLUSTER NE versus N

Biological Processes Specific of NE"

Term PValue

Group PValue

o .
D Term Corrected Bonferroni  Corrected Bonferroni % Associated Nr. Genes Cluster NE Genes Cluster N
Genes Genes
step down step down

regulation of protein [HSP90AB1, HSP90B1, [HSP90ABI1,

G0:0035304 deg‘]‘ws o lgﬁon 1.20E-03 1.13E-03 8.06 500  PPIA, YWHAB, HSP90B1,
phosphory. YWHAE] YWHAE]
KEGG:00480 Glutathione metabolism 3.21E-02 3.21E-02 5.17 3.00 [GSTK1, IDH2, PGD] [IDH2]
Biological Processes Specific of N
Term PValue Group PValue
o .
D Term Correct.ed Correctred % Associated Nr. Genes Cluster NE Genes Cluster N
Bonferroni step Bonferroni step Genes Genes
down down
. humoral immune [BPIFA1, GAPDH, [BPIFA1, C3, CTSG, ELANE,

GO0:0006959 response 4.21E-05 4.00E-05 6.30 8.00 KRT1, PHB1] GAPDH, KRT1, KRT6A]

Neutrophil [H4-16, SLC25A5, [C3, CTSG, ELANE, H4-16,
KEGG:04613 extracellular trap 8.71E-05 8.24E-05 4.74 9.00 SLC25A6, VDAC1, MPO, SLC25A5, SLC25A6,

formation VDAC2] VDAC1, VDAC2]

. antimicrobial [BPIFA1, CTSG, ELANE,

GO0:0019730 humoral response 4.52E-03 4.19E-03 5.95 5.00 [BPIFA1, GAPDH] GAPDH, KRT6A]

IL-17 sienalin [HSP90AA1, [HSP90AA1, HSP90AB1,
KEGG:04657 athwag 8 6.56E-03 6.29E-03 5.32 5.00 HSP90ABI1, HSP90B1, MUC5AC,

P y HSP90B1] S100A8]
WP:1533 Vitamin B12 3.32E-02 1.43E-02 5.66 3.00  [HBAL, HBB] [HBA1, HBB, MPO]

metabolism
WP:176 Folate metabolism 1.01E-02 1.43E-02 4.11 3.00 [HBA1, HBB] [HBA1, HBB, MPO]
Go:0019731  2ntibacterial 2.82E-02 2.51E-02 6.25 300  [BPIFA1] [BPIFA1, CTSG, ELANE]

humoral response
KEGG:05134 Legionellosis 3.57E-02 3.57E-02 5.26 3.00 [HSPD1, VCP] [C3, HSPD1, VCP]

CLUSTER FE versus F

Biological Processes Specific of FE

Term PValue

Group PValue

o .
D Term Correct.ed Correct.ed % Associated Nr. Genes Cluster FE Genes Cluster F
Bonferroni step Bonferroni step Genes Genes
down down
WP:2456 HIF1A and PPARG regulation 1.44E-03 1.12E-03 37.50 3.00  [GAPDH,LDHA, TPI1]  [GAPDH, TPI1]
of glycolysis
[GSTK1, IDH1, IDH2,
KEGG:04146 Peroxisome 2.24E-03 1.72E-03 7.32 6.00 PRDX1, PRDX5, LIDH2, PRDX1,
PRDX5, SOD2]
SOD2]
. Central carbon metabolism in [HK1, IDH1, IDH2, [HK1, IDH2,
KEGG:05230 cancer 9.94E-03 7.31E-03 7.14 5.00 LDHA, LDHB] LDHB]
s sroomn,
G0:0071897  DNA biosynthetic process 3.03E-02 2.25E-02 4.17 6.00 ’ HSP90ABI1, VCP,
HSP90AB1, NIBAN2, XRCCS]
VCP, XRCC5]
regulation of DNA I[JPSE;? Alj:i’ [HSP90AA1,
’ ] -~ s
60:2000278 biosynthetic process 3.70E-02 2.25E-02 4.67 5.00 HSP90AB1, NIBAN2, ;;22%?31’
XRCC5]
[ANXA1, CTSG,
G0O:0097529  myeloid leukocyte migration 4.81E-02 2.36E-02 4.10 5.00 LGALS3, PPIB, [ANXA1, LGALSS,
PPIB]
S100A8]
[ANXA1, CALR, CTSG,
ANXA1, CAL
GO0:0030595 leukocyte chemotaxis 2.78E-02 2.36E-02 4.35 6.00 LGALS3, PPIB, L » CALR,
LGALS3, PPIB]
S100A8]
KEGG:00640  Propanoate metabolism 4.33E-02 2.64E-02 9.38 3.00 I[.ED%I;?’ LDHA, [ECHS1, LDHB]
FBXL10 enhancement of
WP:4553 MAP/ERK signaling in diffuse 4.96E-02 3.10E-02 7.89 3.00 [H3-3, H3C13, [H3-3A, H3C13]
H3C7]
large B-cell lymphoma
Photodynamic therapy-
WP:3614 induced HIF-1 survival 4.88E-02 3.16E-02 8.11 3.00 [HK1, LDHA, PGK1] [HK1, PGK1]

signaling

Biological Processes Specific of F¢

ID

Term

Term PValue Corrected
Bonferroni step down

Group PValue
Corrected Bonferroni
step down

% Associated

Genes

Nr.
Genes

Genes
Cluster FE

Genes Cluster F

(continued on next page)
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Biological Processes Specific of F'

Group PValue

T PValue C ted . % A: iated Nr. G
D Term ermrva 1.1e orrecte Corrected Bonferroni o Associate r enes Genes Cluster F
Bonferroni step down Genes Genes Cluster FE
step down
. . [ALDH2,
Ar, 1 ALDH2
KEGG:00330 ginine and proline 2.60E-02 1.90E-02 7.84 400 L ’ CKMT1B, GOT2,
metabolism GOT2]
LAP3]
Ph ic th -i
otodynamic t eraPy induced [CES1, EPHX1,
WP:3612 NFE2L2 (NRF2) survival 2.90E-02 2.17E-02 12.50 3.00 [EPHX1]

signaling

GSTP1]

2 "Never Smokers Exposed" to cigarette Second-Hand Smoke (SHS)
b "Never Smokers" not Exposed to SHS

¢ "Former Smokers Exposed" to SHS

4 "Former Smokers" not Exposed to SHS

power antioxidant, which has a role in detoxification of toxins, xeno-
biotics, and drugs (Dalle-Donne et al., 2020). Interestingly, “glutathione
metabolism” was enriched in both NSE group and NE subgroup but not
in FE subgroup, suggesting an exposure adaptation response towards
SHS detoxification only in subjects that never smoked. However, further
studies will be needed to confirm this assumption.

The transcription factor hypoxia-inducible factor-la (HIF1A) is
known to regulate a number of genes in response to low oxygen or
hypoxia and various other internal and external factors, including toxic
and xenobiotic inflammatory substances such as cigarette smoke
(Aschner et al., 2023). Increased expression of HIF-target genes affects
numeral physiological responses like glycolytic metabolism, cell death
and angiogenesis (Kierans and Taylor, 2021). Interestingly, two key
glycolytic proteins, GADPH and TPI1, whose genes transcriptions are
regulated by several transcription factors, including HIF1A (Higa-
shimura et al., 2011), were found significantly up-regulated in NSE
group, supporting the proteome enrichment with “HF1A and PPARG
regulation glycolysis” in non-smoker subjects exposed to SHS.

Chronic exposure of non-malignant oesophageal epithelial cells to
mainstream or sidestream smoke extract mimicking SHS, showed to
cause modifications in cell phenotype, leading to the acquisition of
tumorigenic characteristics associated with increased expression of
glycolytic pathway genes to the detrimental of mitochondrial gene
expression (Kim et al., 2010). However, mouse exposure to cigarette
smoke for a short-term period led to a decrease in GAPDH expression,
resulting in a switch of glycolysis flux to pentose phosphate pathway
(Agarwal et al., 2012). Overexpression of GAPDH protein has been
linked with cancer risk, namely lung cancer with a poor prognosis
(Sirover, 2018), and TPI1 is also a potential biomarker for progression of
some types of cancer (Pekel and Ari, 2020).

In our study, the detected up-regulation of GAPDH and TPI1 in NSE
compared with NS may be a consequence of a longer response to SHS-
induced oxidative stress or hypoxia in the workplace.

Assignificantly higher expression of ADH1C was observed in the nasal
epithelium from NSE, and also in NE and FE subgroups, although
without statistical significance. In contrast, a decrease of this enzyme
was identified in S group compared with all non-smoker groups or
subgroups exposed and non-exposed to SHS. ADH1C is the gamma
subunit of the Class I alcohol dehydrogenase family that plays a critical
role in ethanol oxidation and metabolism of endogenous substrates, such
as retinol, fatty acids, steroids, and dopamine (Cui and Li, 2018).
Polymorphisms in ADH1C gene may contribute to increased cancer risk,
including squamous cell carcinoma of the head and neck associated with
alcohol and tobacco smoking (Peters et al., 2005). Overexpression of
ADHI1C is correlated with a better prognosis of non-small cell lung
cancer and colon cancer (Li et al., 2022), which are pathologies linked
with cigarette smoke (Giovannucci and Martinez, 1996; Hecht, 1999).
Further studies are needed to better understand the functional impact of
ADH1C in the context of SHS exposure and associated cancer
pathologies.

EEF2, a regulator of protein synthesis in genotoxic stress (Kruiswijk
et al., 2012), was found up-regulated in NSE group and NE, FE sub-
groups, although with no significant statistical difference in the latter.
Overexpression of EEF2 has been correlated with cancer cell progression
and recurrence (Oji et al., 2014). It has been linked to lung adenocar-
cinoma, head and neck and lung squamous cell carcinomas (C. Y. Chen
et al., 2011; Song et al., 2016).

Cigarette smoke-induced tubulin-microtubule dysregulation is
correlated with tobacco smoke associated dysfunctions (e.g., impair-
ment of ciliated cells), which, ultimately, result in cell apoptosis and
tissue damage (Leopold et al., 2009; Simet et al., 2010). TUBB4B, a
tubulin family member reported as essential for ciliary axonemes con-
struction and regulation in the respiratory epithelium, was observed
significantly down-regulated in NSE group, especially in FE compared
with F. Compared to S group, TUBB4B was statistically up-regulated in F
but not FE subgroups, suggesting an active cilia recovery process in F
following smoking abstinence. Overexpression of TUBB4B is associated
with hepatocellular carcinoma (Uhlen et al., 2017; Yang et al., 2023),
while its down-regulation has been shown to play a role in colon cancer
metastasis initiation (Sobierajska et al., 2019).

Compared with NE, the nasal proteome of FE was enriched with a
higher number of biological processes and pathways, such as “Peroxi-
some”, “HIF1A and PPARG regulation of glycolysis”, “Central carbon
metabolism in cancer”, the “DNA biosynthetic process”, “Regulation of
DNA biosynthetic process” and “Myeloid leucocyte migration”, among
others. “Peroxisome” pathway refers to the cellular organelle that is
critical in fatty acid oxidation, ether phospholipid synthesis and free
radical detoxification (hydrogen peroxide (HoO5) metabolism). GSTK1,
related with xenobiotic detoxification, and IDHI1, involved in the
peroxisomes NADPH regeneration (Chandel, 2021), were two of the
FE-specific proteins associated with this pathway. “HIF1A and PPARG
regulation of glycolysis” and “Central carbon metabolism in cancer”
pathways are associated with the Warburg effect where, under aerobic
conditions, cells with high proliferative index (e.g., cancerous cells)
reprogram glycolysis metabolism needed for cell growth and multipli-
cation (Chandel, 2021). HNRNPU and NIBAN2 FE-specific proteins,
linked to “DNA biosynthetic process”, present functions in the mitotic
cell progression and apoptosis suppression, respectively (S. Chen et al.,
2011; Ma et al., 2011). “Myeloid leucocyte migration” process, was
found to be associated with S100-A8 (gene S100A8), a protein that can
induce neutrophil chemotaxis and adhesion, and Cathepsin G (CTSG), a
protein presenting immunomodulating proprieties (Patel, 2017).
Indeed, cigarette smoking exposure can promote the increase of leuko-
cyte infiltration in affected tissues, leading to an increase in neutrophils
and macrophages, which may amplify cigarette smoking-induced
inflammation and compromise immune response (Jaspers, 2014). All
these data suggest that FE nasal airways proteome is significantly
enriched with proteins from biological processes to counteract
SHS-derived xenobiotic toxicity and oxidative stress, leading to meta-
bolic reprogramming to influence cell fate, inflammation and immune
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Fig. 4. Differentially abundant proteins between groups: Non-Smokers Exposed and Non-Smokers not exposed to SHS and Smokers. (A) Alcohol dehy-
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response.

In FE subgroup, Serpin B3 (SERPINB3), a serine protease inhibitor,
was also found specifically up-regulated. This protein was first detected
in cervical squamous cell carcinoma (Kato and Torigoe, 1977) and later
associated to different types of cancer development and progression,
including lung cancer (Sun et al., 2017; Turato and Pontisso, 2015).
Evidence points to Serpin B3 as an oncoprotein capable of promoting the
epithelial-mesenchymal transition and positive regulation of c-Myc gene
(Sun et al., 2017). Serpin B3 is able to inhibit the apoptotic pathway,
promoting cell survival (Katagiri et al., 2006; Lauko et al., 2022; Ullman
et al., 2011). In mouse model, the overexpression of Serpin B3 helps
epithelial proliferation and leads to lung fibrosis (Lunardi et al., 2011). A
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higher expression of this protein has also been detected in respiratory
chronic inflammatory conditions, such as asthma and COPD (Ray et al.,
2005). Actually, patients with COPD, presented elevated expression of
Serpin B3 associated with smoking (Franciosi et al., 2014).

These data lead us to hypothesize that chronic exposure to SHS may
lead to Serpin B3-induced cell death inhibition and inflammatory
modulation in healthy former-smoker airways exposed. This particular
response may be associated with previous irreversible effect of tobacco
smoking habits. Former smokers exposed to SHS may have an increased
risk for chronic inflammatory conditions such as asthma and COPD
compared with former smokers not exposed.

A member of the Na+/K+-ATPase sodium pump, ATP1A1, showed
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up-regulated in FE compared with F subgroup. Cigarette smoke is
associated with decreased Na+/K+-ATPase function, being down-
regulated in lung cancer (Huynh et al., 2012). ATP1A1 decrease has
also been related to a reduction of proliferation and migration of hepatic
carcinoma cells, leading to cell apoptosis and reducing tumorigenicity in
vivo (Feng et al., 2021). Nonetheless, the expression of this protein has
also been described up-regulated in liver cancer and glioma (Xu et al.,
2010; Zhuang et al., 2015). How changes in ATP1A1 protein expression
occur in different tissues and tumours, and how this expression may
contribute to disease progression and outcome, requires further
investigation.

Lysozyme C (LYZ) was observed at a higher abundance in FE sub-
group. Lysozymes are secreted in several organs and secretory fluids,
namely in the mucosal surface. Changes in LYZ expression are associated
with risk of upper respiratory tract infection (Hanstock et al., 2019). LYZ
is suspected to play a role in the ability of the epithelium to recover from
injury, since it has been shown to promote ischemic wound healing by
improving angiogenesis and inflammation (Li et al., 2021). Knowing
that all subjects were healthy at the time of sample collection, the high
levels of LYZ in FE may be a protective response against SHS.

Although Smokers (S) were not the focus of our study, the expression
level of the differential proteins identified in the different groups, did
not show changes in S compared with Non-smokers (NS) control, except
ADH1A, which showed down-regulated in S compared with NS. In the
subgroups, TUBB4B revealed to be down-regulated in S when compared
with the F control. These results suggest that a continuous acute
response involving these proteins may be taking place in non-smokers to
counteract the harmful effects of long exposure to SHS, whilst in
smokers, long-term active smoking may deactivate this protective acute
response, leading to an adaptive response.

4.1. Study Limitations

The sample size in each group was less than 30, which was overcome
by applying more robust nonparametric statistical tests. The absence of
technical replicates led to an increase in the restriction criteria of the MS
identification to face the uncertainty associated with the LC-MS/MS
technology, which resulted in a smaller number of identified proteins.
However, the identification and quantification of these proteins were
obtained with high certainty and confidence. Due to sample quantity
limitation, one protein was submitted to verification by an orthogonal
methodology (SRM).

This is a transversal study attempting to find protein profiles in
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airway epithelia associated with occupational SHS exposure. Since SHS-
related diseases/pathologies are time dependent a longitudinal study
with several year-follow up would provide a broader and more realistic
data associated with SHS risk events. Nevertheless, the data presented in
this study by evaluating nasal airway proteome from healthy (never and
former) non-smoker subjects exposed to SHS at the workplace, opens
new insights into SHS exposure effects, that could be useful in future
follow-up studies.

5. Conclusions

The present proteomic study, by identifying biological pathways
associated with the role of the nasal epithelium as a protective barrier
against internal and external biological or environmental factors, con-
firms the importance and value of this tissue in the biological assessment
of the effect of occupational chronic exposure to SHS in healthy non-
smokers.

HIFla-glycolytic targets, such as GAPDH and TPI1, and proteins
related to toxin detoxification, xenobiotic metabolism, genotoxic
response, cell proliferation and differentiation (e.g., ADH1C, EFF2,
TUBB4B) that could lead to cancer pathology associated with tobacco
smoke, showed a significant modulation in non-smoker nasal airway
SHS-exposed.

In never smoker exposed nasal epithelia, the glutathione synthesis
related to antioxidant and detoxification protective activity, and the
EEF2-induced protein synthesis in response to genotoxic stress, were
highly enriched and activated, respectively.

Biological processes related to metabolic reprogramming and mod-
ulation of cell proliferation, inflammation, differentiation and suppres-
sion of apoptosis were shown to be particularly activated in nasal
airways of former smokers exposed in response to SHS derived
oxidative-stress and xenobiotic toxicity. Former smokers exposed to SHS
may have an increased risk for chronic inflammatory conditions such as
asthma and COPD related to Serpin B3 up-regulation.

Future studies integrating proteomics and metabolomics might pro-
vide further validation and new insights into the complex biological
pathways underlying upper airway response to SHS that may lead to
respiratory and/or cancer diseases development. Validated proteins may
be high susceptibility/risk biomarkers for respiratory disorders devel-
opment in healthy non-smokers, in particular, former smokers chroni-
cally exposed to SHS.
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