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Abstract: Environmental tobacco smoke remains a major risk factor, for both smokers and non-
smokers, able to trigger the initiation and/or the progression of several human diseases. Although
in recent times governments have acted with the aim of banning or strongly reducing its impact
within public places and common spaces, environmental tobacco smoke remains a major pollutant
in private places, such as the home environment or cars. Several inflammatory and long-term
biomarkers have been analysed and well-described, but the list of mediators modulated during
the early phases of inhalation of environmental tobacco smoke needs to be expanded. The aim
of this study was to measure the short-term effects after exposure to side-stream smoke on Nerve
Growth Factor and its receptors Tropomyosin-related kinase A and neurotrophin p75, molecules
already described in health conditions and respiratory diseases. Twenty-one non-smokers were
exposed to a home-standardized level of SS as well as to control smoke-free air. Nerve Growth Factor
and inflammatory cytokines levels, as well the expression of Tropomyosin-related kinase A and
neurotrophin receptor p75, were analysed in white blood cells. The present study demonstrates that
during early phases, side-stream smoke exposure induced increases in the percentage of neurotrophin
receptor p75-positive white blood cells, in their mean fluorescent intensity, and in gene expression.
In addition, we found a positive correlation between the urine cotinine level and the percentage of
neurotrophin receptor-positive white blood cells. For the first time, the evidence that short-term
exposure to side-stream smoke is able to increase neurotrophin receptor p75 expression confirms the
very early involvement of this receptor, not only among active smokers but also among non-smokers
exposed to SS. Furthermore, the correlation between cotinine levels in urine and the increase in
neurotrophin receptor p75-positive white blood cells could represent a potential novel molecule to be
investigated for the detection of SS exposure at early time points.

Keywords: side-stream smoke; nerve growth factor; neurotrophin receptor p75; tropomyosin-related
kinase A; cotinine; second-hand smoke; environmental tobacco smoke

1. Introduction

Environmental tobacco smoke (ETS) is composed of complex and reactive chemical
compounds that mix, interact, and can be diluted into environmental air. ETS consists
of two components: the mainstream smoke exhaled by smokers and narrowly defined
Second-hand Smoke (SHS) and Side-stream Smoke (SS), emitted from the direct burning of
tobacco, which constitutes approximately 85% of ETS [1–4]. Although conventionally and
synecdochally SHS is used to indicate both components of ETS, in this experimental study,
we will refer only to SS.

Int. J. Environ. Res. Public Health 2022, 19, 10317. https://doi.org/10.3390/ijerph191610317 https://www.mdpi.com/journal/ijerph

https://doi.org/10.3390/ijerph191610317
https://doi.org/10.3390/ijerph191610317
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijerph
https://www.mdpi.com
https://orcid.org/0000-0003-1047-4210
https://orcid.org/0000-0002-4740-2504
https://orcid.org/0000-0003-3849-757X
https://orcid.org/0000-0002-6407-9112
https://doi.org/10.3390/ijerph191610317
https://www.mdpi.com/journal/ijerph
https://www.mdpi.com/article/10.3390/ijerph191610317?type=check_update&version=1


Int. J. Environ. Res. Public Health 2022, 19, 10317 2 of 11

Growing evidence about the relevant health risk among non-smokers exposed to ETS
led several countries to implement stringent smoke-free regulations in workplaces and
public areas. Conversely, ETS exposure in private environments, particularly at home or
in cars, cannot be regulated by any smoke-free legislation. Therefore, an unmet need for
public health is to study the impact of ETS exposure in domestic ambientes on healthcare,
mortality, and social welfare spending [5–9]. Several clinical studies have shown that ETS
represents a risk factor for lung cancer [10,11] and induces the release of several cytokines
involved in phlogistic processes [12,13], such as inflammatory airway diseases. In line
with these findings, we have previously demonstrated an interesting role of Nerve Growth
Factor (NGF) and its receptors Tropomyosin-related kinase A (TrKA) and neurotrophin
receptor p75 (p75NTR) in the most typical smoke-induced disease: Chronic Obstructive
Pulmonary Disease (COPD) [14]. Furthermore, in a human bronchial epithelial cell line
(BEAS), we have shown that chronic exposure to cigarette smoke extract is able to induce
the release of NGF and to increase the expression of p75NTR [15].

NGF, a member of the neurotrophin family, interacts mainly with two distinct cell sur-
face receptors: the specific high-affinity TrKA and the common low-affinity p75NTR [16,17].
Besides its classical role in neuronal growth and survival, NGF has shown pleiotropic effects
on various populations of non-neuronal cells, including cancer and immune cells [18–21].
B and T lymphocytes, as well as mast cells, monocytes, dendritic cells, and macrophages,
although with cell-dependent variability, are capable of releasing high amounts of NGF
and expressing both TrKA and p75NTR receptors [14,22–25].

Although the role of NGF and its receptors have been described in several diseases and
conditions, such as tumour progression [21,26], inflammatory and immune processes [25],
and chronic smoke exposure [15], the mechanisms underlying these correlations need to
be expanded. In this context, the aim of this study is to determine the short-term effects
of a one-hour exposure to SS on NGF and its receptors in peripheral blood of healthy
non-smokers located in an environmentally controlled home-like room, focusing on the
relationship among NGF, its receptors, and inflammatory cytokine expression levels.

2. Materials and Methods

If not otherwise specified, all chemicals were purchased from Sigma Aldrich (St. Louis,
MI, USA).

2.1. Study Participants

The study comprised twenty-one healthy subjects. The excluding criteria were: smok-
ing habit, exposure to SS in their own home environment, atopy (with a diagnosis of
allergy with respiratory symptoms), treatment with any type of medication in the last three
months, and diagnosis of any respiratory tract disease/symptoms for less than 8 weeks.
Their body mass index is reported in Table 1. Before the study entry, all subjects observed
at least a 12 h abstinence from meals, alcohol, and any type of beverages with coffee. Their
informed consent was obtained in accordance with the Declaration of Helsinki and as part
of the protocol approved by our institutional ethical committee (University of Perugia,
NR.: 2016-08).

Table 1. Demographic characteristics of the 21 participants in the study. Acronyms: SS = Side-stream
Smoke exposed subjects; SFA = Smoke-Free Air exposed; BMI = Body mass index.

Characteristics SS SFA

Males/Females ratio, n/n (%/%) 9/8 (53/47) 2/2 (50/50)

Age (years), means ± SD 34.78 ± 11.21 31.50 ± 3.56

BMI (kg/m2), means ± SD 22.80 ± 3.17 22.68 ± 2.20
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2.2. Home-like Room Characteristics and SS Protocol

The exposure of the subjects to SS was performed in a 6 × 5 × 4 m (120 m3) room
(named the SS room), with environmentally controlled and stable parameters, such as air
temperature (24 ◦C), air velocity (0.05 ms−1), and humidity (45%). An adjacent room with
similar dimensions and environmental parameters was used as the Smoke-Free Air control
room (named the SFA room). A restroom adjacent to both rooms was dedicated for urine
collection by participants.

SS was generated by burning commercial cigarettes (Philip Morris, Marlboro Gold
Original King-Size Hard Pack 20’s, with a declared content for each cigarette of 0.6 mg of
nicotine and 8.0 mg of tar).

A total of twenty-four cigarettes were used in each experimental set. A first set of
twelve cigarettes, distributed in two ashtrays located on a table at the centre of the SS room,
were lit and allowed to burn until they reached the filter. Successively, a second set of
twelve cigarettes replaced the first one to ensure and maintain a constant concentration
of carbon monoxide (CO). Two ceiling fans were used to provide regular air circulation
throughout the room. The CO concentration was determined using a CO-CO2 analyser
(AQ 5000 Pro, Quest Technologies). The basal/background CO level within the SS room
was less than 0.8 ppm. SS was adjusted to reach and maintain in the room a constant CO
concentration of 14 ppm, verified via continuous measurements [27].

All the participants (Table 1) were initially gathered into the SFA room, where they
were invited to bring their first morning urine void (control urine) collected in a polyethy-
lene sample jar (Fisher Scientific, Thermo Fisher Scientific, Inc., Waltham, MA, USA).
Afterwards, a certified phlebotomist applied a venous catheter in their antecubital vein to
facilitate subsequent blood samplings. In this control room, the basal blood sample was
collected (time point 0, T0). After a period of resting in the SFA room (about 20 min), four
control subjects remained in the SFA room with a phlebotomist, while seventeen subjects
entered the SS room, along with their phlebotomist, as soon as the desired above-described
CO concentration of 14 ppm was obtained from the burning cigarettes. In both rooms,
blood samples were drawn after 0.5 and 1 h (T1 and T2). After 1 h, all the participants were
initially invited to use the restroom to collect a sample of their urine, and the SS-exposed
subjects then joined the control subjects in the SFA room, where they remained for another
1 h. At the end of this period, the fourth blood samples were drawn (2 h, T3), the venous
catheter was removed, and a further sample of urine was collected. All participants re-
turned the following day for the last blood sampling and to consign their first morning
urine void (24 h, T4).

2.3. Peripheral Blood Collection and White Blood Cells Isolation

At each time point investigated (0, 0.5, 1, 2 and 24 h), venous blood samples were
collected in vacuum tubes (Vacutainer) containing EDTA, and white blood cells (WBCs)
were isolated by centrifugation (400× g for 10 min). For the isolation of WBCs, blood
samples were incubated for 10 min with a lysis buffer (155 mM NH4Cl, 10 mM KHCO3
and 0.1 mM EDTA, pH 7.4). Then, after washing, cells were resuspended in staining buffer
(PBS plus BSA 0.5%, PBS/BSA).

2.4. Serum Collection

At each time point investigated (0, 0.5, 1, 2 and 24 h), venous blood samples were
collected in vacuum tubes (Vacutainer) containing separator gel. Blood samples were
centrifuged at 400× g for 10 min, and the cell-free serum supernatant was frozen at −80 ◦C.

2.5. Liquid Chromatography–Mass Spectrometry (LC-MS) Analysis of Urine Cotinine

At 0, 1, 2 and 24 h, urine samples were collected and immediately frozen at −20 ◦C.
The LC-MS analysis was carried out using a Waters 2795 system coupled to a Quattro
Premier XE MS tandem detector, equipped with an electron spray ionization (ESI) source.
The column used was a Waters Atlantis dC18 (2.0 × 100 mm, 3 µm) with an inline guard
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column filter; the flow rate was set to 0.2 mL/min; the column temperature was set at
35 ◦C. The analyte was eluted using a mobile phase consisting of 50 mM (pH 5) ammonium
formiate (mobile phase A) and acetonitrile (mobile phase B). The standard curve was
prepared by dissolving cotinine in the mobile phase. Then, 10 µL of samples and standards
pre-diluted 1:5 with mobile phase A were injected. The positive ESI MS/MS signal of
cotinine was acquired as follows: capillary voltage at 1.0 kV, cone voltage at 35 V, source
temperature at 130 ◦C, and desolvation temperature at 400 ◦C. The cone and desolvation
gas flows were set at 50 and 500 L/h, respectively. The collision gas was argon at a collision
cell pressure of 4 × 10−3 mbar. The quantification transition was 177.0 to 97.9 m7z, and the
collision energy 20 eV. We used the areas under the peak for quantification [15]. The limit
of detection (LOD) for cotinine was 0.0186 ng/mL. The cut-off sensitivity limit for cotinine
amounted to 0.0620 ng/mL. Urinary cotinine concentrations were expressed as nanograms
per gram creatinine in order to normalize the result for the different dilution grades of the
urine samples [28].

2.6. Serum NGF Quantification

The amount of NGF in each serum sample was determined using an ELISA kit (D1000B,
R&D System, Minneapolis, MN, USA) as previously described in Stabile et al. [20].

2.7. TrKA and p75NTR Analysis by FACS

For FACS analysis, 1 × 106 cells/mL freshly purified WBCs in PBS/BSA were stained
with the following fluorochrome-labelled mAbs: FITC-labelled rabbit anti-human p75NTR

extracellular domain (ANT-007-F, Alomone Labs, Jerusalem, Israel) (10 mL/sample) and
PE-labelled mouse anti-human TrKA (FAB1751P, R&D System, Minneapolis, MN, USA)
(10 mL/sample). After 1 h, cells were washed, resuspended in staining buffer
(PBS + 2% FBS + 1% paraformaldehyde), and analysed by FACS. All procedures were per-
formed at 4 ◦C. A FACS Calibur (Becton Dickinson, Franklin Lakes, NJ, USA) equipped
with a single 15 mW argon ion laser operating at 488 and 633 nm and interfaced with
CellQuest Software (Becton Dickinson, Franklin Lakes, NJ, USA) was used. Samples were
stained, compensated, and analysed with isotype controls. The data obtained from flow
cytometer software were expressed as frequency of positive cells/antibody (% positive
cells) and as mean fluorescent intensity (MFI) [25]. Gating strategy for the identification of
cell subsets is described in Supplementary Figure S1.

2.8. TrKA and p75NTR and Cytokines Gene Expression RT-PCR

Total RNA was extracted following the recommendations of the miRNeasy Micro kit
(no. 217084 Qiagen, Hilden, Germany). Using the enzyme SuperScript III (no. 18080-051
Invitrogen, Thermo Fisher Scientific, Inc., Waltham, MA, USA), 1 µg of total RNA was retro-
transcribed into first-strand cDNA. qPCR was conducted on a StepOne System (Applied
Biosystems, Thermo Fisher Scientific, Inc., Waltham, MA, USA) using a PowerUp SYBR
Green Real-time PCR Master Mix (A25742 Applied Biosystems, Thermo Fisher Scientific,
Inc., Waltham, MA, USA). The primers are shown in Supplementary Table S1 and, for
the relative quantification of gene expression, were normalized to GAPDH and actine
housekeeping genes [29,30].

2.9. Statistical Analysis

Results were analysed using GraphPad 9.0 software (Prism, San Diego, CA, USA).
The data are presented as means ± standard deviation (SD). To compare experimental
groups, Student’s t-test was used. For multiple-group comparisons, one-way analysis of
variance (ANOVA) followed by Tukey multiple-comparison tests were used. A p < 0.05
was established to distinguish statistical significance.
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3. Results
3.1. Urine Cotinine Levels after SS and Smoke-Free Air Exposure

Urine cotinine concentration was used only as confirmation of cigarette smoke inhala-
tion. While the average of basal cotinine levels (T0) was 0.66 ± 0.64 ng/g, in agreement
with the literature for non-smokers [31], after SS exposure, urine cotinine levels were sig-
nificantly increased. Compared to T0, urine cotinine was significantly increased at 1 h
(2.58 ± 0.5 vs. 0.66 ± 0.64 ng/g, p < 0.00001), and it remained significantly stable after 2 h
and 24 h (2.71 ± 0.85 and 2.5 ± 1.01 vs. 0.66 ± 0.64 p < 0.00001 and p < 0.001 respectively).
Furthermore, SS urine cotinine levels were significantly increased compared to smoke-free
air exposure: it was significantly increased at 1 h after SS exposure (T1, 2.58 ± 0.5 ng/g vs.
0.5 ± 0.09 ng/g; p < 0.0001), and it remained stable after 2 h and 24 h (T3, 2.7 ± 0.85 ng/g vs.
0.7 ± 0.01 ng/g and T4, 2.5 ± 1.01 ng/g vs. 0.6 ± 0.2 ng/g; both with * p < 0.05) (Figure 1).
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Figure 1. Urine cotinine levels after Side-stream Smoke (SS) or Smoke-Free Air (SFA) exposures.
Urine samples from the subjects exposed to SS (red line and circles) or to SFA (green line and squares)
were collected at different time points, as described in Materials and Methods sections. Urinary
cotinine concentrations were measured by LC/MS and the final concentrations of cotinine for each
time point were expressed in relation to creatinine levels, in order to normalize the results at the
different dilution grades of the urine samples. The results are expressed as means ± SD. Statistical
significances were determined using One-way ANOVA comparing each timepoint of the different
experimental conditions (**** p < 0.0001, ** p < 0.001) and comparing each timepoint of the subject
exposed to SS with their baseline (# p < 0.05).

3.2. NGF and Its Receptors TrKA and p75NTR in WBCs after SS or SFA Exposures

The flow cytometric analyses showed that SS exposure induced a significant increase in
the percentage and in the MFI of WBCs. In particular, the percentage of p75NTR+ WBCs was
significantly increased during SS exposure, after 0.5 h (T1) and 1 h (T2), when compared to
the same time points following control SFA exposure (T1, 18.95 ± 3.58% vs. 11.25 ± 0.95%,
p < 0.005 and T2, 22.51 ± 5.76% vs. 10.25 ± 1.25, p < 0.0005). No significant differences were
found at the other time points before and after exposure (Figure 2A). Moreover, the T1 also
revealed a significant increase in MFI expression of p75NTR, comparing smoke-exposed and
unexposed subjects (T1, 11.63 ± 3.13% vs. 6.79 ± 0.29%; p < 0.05) (Figure 2B). Peculiarly,
p75NTR appears to be an early biomarker of SS exposure, since there were no significant
differences at late time points, in the percentage and in the MFI of TrKA-positive (TrKA+)
WBCs at any time point investigated (Supplementary Figure S2), or in the levels of serum
NGF after SS exposure (Supplementary Figure S3). Linear regression analysis showed a
positive correlation between p75NTR+ WBCs and cotinine levels two hours after SS exposure
(T2, r = 0.72, R2 = 0.5254, p < 0.0005) (Figure 2C), while no significant correlations were
detectable between cotinine levels and p75NTR expression at the early and late time points
(Supplementary Figure S4A,B).
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Figure 2. p75NTR+ WBCs distinguish SS- from SFA-exposed subjects. WBCs isolated from subjects
SS-exposed or not were collected, analysed, and compared as described in Materials and Methods
sections. The p75NTR+ WBCs are expressed as percentage of positive cells (A) and as MFI expression
(B). Data are presented as mean ± SD. Statistical significances were determined using an unpaired
t-test * p < 0.05, *** p < 0.0005 vs SFA-exposure. (C) Linear regression between the percentage of
p75NTR+ WBCs and urine cotinine levels (ng/g) (r = Pearson index; R2 = coefficient of determination).

3.3. Impact of SS on WBCs: NGF Receptors and Inflammatory Cytokines

The gene expression analysis of p75NTR revealed a significant increase at 1 h (T2) and
2 h (T3) (1.76 ± 0.45 and 1.77 ± 0.39, respectively) compared to smoke-free air exposure
(T2 = 1.02 ± 0.10 and T3 = 0.97 ± 0.17) (* p < 0.05). No significant differences were found
in the TrKA gene expression following SS exposure (Figure 3). qPCR revealed consistent,
although not significant, differences in inflammatory cytokines (IL6, TNFα, and TGFβ)
expression levels (Supplementary Figure S5).
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Figure 3. (A,B) Gene expression levels of NGF receptors. Gene expression levels of p75NTR and
TrKA were evaluated by qPCR using a specific primer set (Material and Methods section). GAPDH
was used as endogenous control. Data are presented as mean ± SD. Statistical significances were
determined using an unpaired t-test; * p < 0.05 vs. SFA exposure.

4. Discussion

The present study investigates the effects of short-term exposure to SS on the release
of NGF and the modulation of its receptors TrKA and p75NTR in healthy non-smokers.

The exposure to ETS has been classified as a “Group 1” carcinogen by the Interna-
tional Agency for Research on Cancer. Several adverse health effects on adults and chil-
dren, including respiratory outcomes, acute and chronic cardiovascular effects, and lung
cancer [3,9,32], have been connected to prolonged ETS exposure. Globally, 1.2 million deaths
were attributable to ETS exposure, of which 63,822 occurred among children younger than
10 years old [9,33]. Although cigarette smoking was banned from most public places
worldwide, very often non-smoker adults or infants are exposed to ETS at home, in private
workplaces, and in vehicles.

Even if major pulmonary diseases are generally the result of long-term exposure to
smoking [34–37], several studies have demonstrated that recurrent, short-term exposures
may lead to the onset of health problems through unfavourable changes in the immune, car-
diovascular, and endocrine systems. Several studies have investigated the hazardous health
effects of chronic ETS exposure [38,39], while studies on the effects of acute, short-term ETS
exposures are fewer [13,40]. As an example, long-term exposure to ETS is associated with
an increase in several circulating markers of inflammation in non-smoker children and
adults [41,42]. In contrast, the acute effects of short-term ETS on the inflammatory system
are much less well-defined.

In this context, we have previously shown that NGF and its receptors have an impor-
tant involvement in active smoking exposure. In particular, we have clearly evidenced a
correlation between cigarette smoke and p75NTR. In fact, we have shown that, in healthy
subjects, a smoking habit positively correlates to the increase in p75NTR in peripheral
blood mononuclear cells [14]. Furthermore, we have shown that an in vitro long-term
exposure of human bronchial cells (BEAS-2B cell line) to cigarette smoke extracts induces
the release of NGF and increases p75NTR expression in these cells [15]. NGF is upregu-



Int. J. Environ. Res. Public Health 2022, 19, 10317 8 of 11

lated in the inflamed tissues of many diseases, and it can also directly influence innate
and adaptive immune responses. The expression of both receptors (TrKA and p75NTR) is
dynamically regulated in immune cells, inducing a variety of effects that can be either proin-
flammatory or anti-inflammatory [43]. In fact, TrkA activation promotes anti-inflammatory
pathways, while p75NTR promotes proinflammatory mechanisms contributing to chronic
tissue inflammation [43].

Starting from this evidence, in the present study, we analysed NGF and its receptors
in a group of non-smokers, adult volunteers exposed to short-term SS in a controlled home-
like environment [27,44]. Determination of cotinine levels in urine samples was used as the
classical, standard biomarker of SS exposure, as described in the literature [31,45]. Although
cotinine is commonly used as a biomarker to validate self-reported smoking status, the
selection of optimal cotinine cut-off values to distinguish smokers and non-smokers and
the fluctuation of this analyte reveals a lack of standardization among studies [46]. The
positive correlation between p75NTR+ WBCs percentages and cotinine levels following
1 h of SS exposure marks this NGF receptor as a potential novel molecule to be validated
as a biomarker in further studies. We propose the evaluation of p75NTR+ in peripheral
blood cells as a novel method to determine the brief exposure to cigarette smoke (e.g., in a
forensic context).

Interestingly, our data show that, even after a very short period, SS exposure leads
to a significant increase in the p75NTR expression levels in WBCs, without any changes in
TrKA expression levels and serum NGF concentration. SS exposure doubles the percentage
of p75NTR+ WBCs, even at the very early time points (0.5, 1, and 2 h after SS exposure),
although p75NTR MFI increases at 1 h after SS exposure. These results were also confirmed
by the increase in p75NTR gene expression at 1 and 2 h after SS exposure. Altogether,
these data show that short-term exposure to SS stimulates circulating WBCs to increase the
levels of the proinflammatory p75NTR without any changes in expression of TrKA, which
conversely dampens the inflammatory response and limits tissue damage [43]. These data
describe novel aspects of the roles/effects of NGF and of its receptors and contributes to
the knowledge of the potential mechanisms during the early phases of short-term exposure
to cigarette smoke, especially at home where smoke-free legislation cannot protect both
adult non-smokers and, mainly, children.

This study shows that one hour of SS exposure does not increase the intracellular levels
of IL6 and TNFα, in contrast to Flouris et al., who have demonstrated a significant increase
in the levels of several inflammatory cytokines after one hour [12,47]. This discrepancy
could be easily explained by the fact that the authors used a bar/restaurants’ smoking
environment, with CO levels of 23 ppm, while we used a home-like simulation protocol,
with 14 ppm of CO. This comparison appears interesting since it may lead to the hypothesis
that, in certain circumstances, if we only use IL6 and TNFα as inflammatory markers,
we could erroneously conclude that there is no inflammation, while the proinflammatory
p75NTR is already increased. Future studies may investigate this hypothesis.

5. Conclusions

Short-term exposure to SS induces a very early modulation of p75NTR expression in
WBCs without any modification in NGF concentration in sera or in IL6 and TNFα. Our
study confirms the relationship between cigarette smoke and the inflammatory p75NTR,
contributing to the knowledge of the mechanisms and pathway involved in the very
early stages of short-term exposure to cigarette smoke and their impact on the health
of non-smokers.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijerph191610317/s1. Supplementary Table S1: List of Primers used
for RT-qPCR analyses. Supplementary Figure S1: Gating strategy for the identification of cell sub-
sets. FSC/SSC dot plot was obtained from WBCs. Analysis of TrKA+ and p75NTR+ cells was made
by plotting green fluorescence (FL1)/p75NTR vs. red fluorescence (FL2)/TrKA. The p75NTR+ cells
gating strategy was as follows: TrKA+/p75NTR+ Gate (A), and histogram of distribution of p75NTR+.
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Supplementary Figure S2: Comparison of TrKA+ WBCs of SS- or SFA-exposed subjects. WBCs col-
lected from subjects SS-exposed or not were compared. The TrKA+ WBCs are expressed as percentage
of positive cells (A) and as MFI expression (B). Data are shown as mean ± SD. Supplementary Figure
S3: Serum NGF levels in SS- and SFA-exposed subjects. Sera isolated from subjects SS-exposed or
not were collected, analysed, and compared as described in the Materials and Methods sections.
Data are displayed as mean ± SD. Supplementary Figure S4: Comparison of p75NTR+ WBCs of SS-
or SFA-exposed subjects. Linear regression between the percentage of p75NTR+ WBCs and urine
cotinine levels (ng/g) 0, 5 h (A), and 24 h (B) after SS exposure. Supplementary Figure S5: Cytokine
expression in SS- or SFA-exposed subjects. Gene expression levels of IL6, TNFα, and TGFβ were
evaluated by qPCR (A-C). Data are displayed as mean ± SD.

Author Contributions: Conceptualization, M.R.; methodology, A.M.S. and A.P.; software, M.D.,
A.M.S. and A.P.; validation, G.D.S. and D.B.; formal analysis, A.M.S. and A.P.; investigation, M.D.,
E.A., D.B., A.M.S. and A.P.; resources, M.R., E.A., A.M.S. and A.P.; data curation, A.M.S. and A.P.;
writing—original draft preparation, M.R., A.M.S. and A.P.; writing—review and editing, M.R., G.D.S.,
A.M.S. and A.P.; supervision, M.R.; project administration, A.M.S. and A.P.; funding acquisition, M.R.,
A.M.S. and A.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research received the support of the grant from Fondazione Cassa di Risparmio di
Perugia (no. 2017.0279.021).

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki and approved by the Institutional Ethics Committee of the University of Perugia,
protocol nr: 2016-08.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Not applicable.

Acknowledgments: We thank Gianluca Curti for LC/MS analysis and Galli Francesco for
English revision.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Thielen, A.; Klus, H.; Müller, L. Tobacco smoke: Unraveling a controversial subject. Exp. Toxicol. Pathol. 2008, 60, 141–156.

[CrossRef] [PubMed]
2. Talhout, R.; Schulz, T.; Florek, E.; Van Benthem, J.; Wester, P.; Opperhuizen, A. Hazardous compounds in tobacco smoke. Int. J.

Environ. Res. Public Health 2011, 8, 613–628. [CrossRef] [PubMed]
3. Lee, J.W.; Yang, W.; Kim, Y.S.; Kim, Y.; Yoo, H.S.; Kang, H.T. Exposure to Secondhand Smoke and a Tobacco-Specific Carcinogen

in Non-Smokers. Korean J. Fam. Med. 2022, 43, 117–124. [CrossRef] [PubMed]
4. Soleimani, F.; Dobaradaran, S.; De-la-Torre, G.E.; Schmidt, T.C.; Saeedi, R. Content of toxic components of cigarette, cigarette

smoke vs cigarette butts: A comprehensive systematic review. Sci. Total Environ. 2022, 813, 152667. [CrossRef]
5. Carreras, G.; Lugo, A.; Gallus, S.; Cortini, B.; Fernández, E.; López, M.J.; Soriano, J.B.; López-Nicolás, A.; Semple, S.; Gorini, G.

Burden of disease attributable to second-hand smoke exposure: A systematic review. Prev. Med. 2019, 129, 105833. [CrossRef]
6. John, R.M.; Dauchy, E.P. Healthcare costs attributable to secondhand smoke exposure among Indian adults. Nicotine Tob. Res.

2022, 24, 1478–1486. [CrossRef]
7. Rushton, L. Health Impact of Environmental Tobacco Smoke in the Horne. Rev. Environ. Health 2021, 19, 291–310. [CrossRef]
8. Schiavone, S.; Anderson, C.; Mons, U.; Winkler, V. Prevalence of second-hand tobacco smoke in relation to smoke-free legislation

in the European Union. Prev. Med. 2022, 154, 106868. [CrossRef]
9. Carreras, G.; Lachi, A.; Cortini, B.; Gallus, S.; López, M.J.; López-Nicolás, Á.; Lugo, A.; Pastor, M.T.; Soriano, J.B.;

Fernandez, E.; et al. Burden of disease from exposure to secondhand smoke in children in Europe. Pediatr. Res. 2021,
90, 216–222. [CrossRef]

10. Cheng, E.S.; Chan, K.H.; Weber, M.; Steinberg, J.; Young, J.; Canfell, K.; Yu, X.Q. Solid Fuel, Second-Hand Smoke, and Lung
Cancer Mortality: A Prospective Cohort of 323,794 Chinese Never-Smokers. Am. J. Respir. Crit. Care Med. 2022. [CrossRef]

11. Li, J.; Xu, H.L.; Yao, B.D.; Li, W.X.; Fang, H.; Xu, D.L.; Zhang, Z.F. Environmental tobacco smoke and cancer risk, a prospective
cohort study in a Chinese population. Environ. Res. 2020, 191, 110015. [CrossRef] [PubMed]

12. Flouris, A.D.; Metsios, G.S.; Carrillo, A.E.; Jamurtas, A.Z.; Gourgoulianis, K.; Kiropoulos, T.; Tzatzarakis, M.N.; Tsatsakis, A.M.;
Koutedakis, Y. Acute and short-term effects of secondhand smoke on lung function and cytokine production. Am. J. Respir. Crit.
Care Med. 2009, 179, 1029–1033. [CrossRef] [PubMed]

13. Flouris, A.D.; Koutedakis, Y. Immediate and short-term consequences of secondhand smoke exposure on the respiratory system.
Curr. Opin. Pulm. Med. 2011, 17, 110–115. [CrossRef]

http://doi.org/10.1016/j.etp.2008.01.014
http://www.ncbi.nlm.nih.gov/pubmed/18485684
http://doi.org/10.3390/ijerph8020613
http://www.ncbi.nlm.nih.gov/pubmed/21556207
http://doi.org/10.4082/kjfm.21.0073
http://www.ncbi.nlm.nih.gov/pubmed/35320897
http://doi.org/10.1016/j.scitotenv.2021.152667
http://doi.org/10.1016/j.ypmed.2019.105833
http://doi.org/10.1093/ntr/ntac048
http://doi.org/10.1515/reveh-2004-19-3-408
http://doi.org/10.1016/j.ypmed.2021.106868
http://doi.org/10.1038/s41390-020-01223-6
http://doi.org/10.1164/rccm.202201-0114OC
http://doi.org/10.1016/j.envres.2020.110015
http://www.ncbi.nlm.nih.gov/pubmed/32818497
http://doi.org/10.1164/rccm.200812-1920OC
http://www.ncbi.nlm.nih.gov/pubmed/19264972
http://doi.org/10.1097/MCP.0b013e328343165d


Int. J. Environ. Res. Public Health 2022, 19, 10317 10 of 11

14. Stabile, A.; Pistilli, A.; Crispoltoni, L.; Montagnoli, C.; Tiribuzi, R.; Casali, L.; Rende, M. A role for NGF and its receptors TrKA
and p75NTR in the progression of COPD. Biol. Chem. 2016, 397, 157–163. [CrossRef] [PubMed]

15. Stabile, A.; Marinucci, L.; Balloni, S.; Giuliani, A.; Pistilli, A.; Bodo, M.; Rende, M. Long term effects of cigarette smoke extract or
nicotine on nerve growth factor and its receptors in a bronchial epithelial cell line. Toxicol. In Vitro 2018, 53, 29–36. [CrossRef]
[PubMed]

16. Skaper, S.D. The neurotrophin family of neurotrophic factors: An overview. Neurotrophic Factors 2012, 846, 1–12.
17. Franco, M.; Comaposada-Baró, R.; Vilar, M. Neurotrophins and Neurotrophin Receptors. In Hormonal Signaling in Biology and

Medicine; Elsevier: Amsterdam, The Netherlands, 2020; pp. 83–106.
18. Pula, G.; Pistilli, A.; Montagnoli, C.; Stabile, A.M.; Rambotti, M.G.; Rende, M. The tricyclic antidepressant amitriptyline is

cytotoxic to HTB114 human leiomyosarcoma and induces p75NTR-dependent apoptosis. Anti-Cancer Drugs 2013, 24, 899–910.
[CrossRef]

19. Castellini, C.; Mattioli, S.; Cotozzolo, E.; Pistilli, A.; Rende, M.; Bartolini, D.; Di Sante, G.; Menchetti, L.; Dal Bosco, A.;
Stabile, A.M. The Effect of Interaction NGF/p75NTR in Sperm Cells: A Rabbit Model. Cells 2022, 11, 1035. [CrossRef]

20. Stabile, A.M.; Illiano, E.; Pistilli, A.; Rende, M.; Trama, F.; Bartolini, D.; Zucchi, A.; Costantini, E. The Role of NGF and Its Receptor
TrKA in Patients With Erectile Dysfunction. Front. Urol. 2022, 2, 860612. [CrossRef]

21. Rende, M.; Rambotti, M.G.; Stabile, A.M.; Pistilli, A.; Montagnoli, C.; Chiarelli, M.T.; Mearini, E. Novel localization of low affinity
NGF receptor (p75) in the stroma of prostate cancer and possible implication in neoplastic invasion: An immunohistochemical
and ultracytochemical study. Prostate 2010, 70, 555–561. [CrossRef]

22. Freund-Michel, V.; Frossard, N. The nerve growth factor and its receptors in airway inflammatory diseases. Pharmacol. Ther. 2008,
117, 52–76. [CrossRef] [PubMed]

23. Montagnoli, C.; Tiribuzi, R.; Crispoltoni, L.; Pistilli, A.; Stabile, A.M.; Manfreda, F.; Placella, G.; Rende, M.; Cerulli, G.G. Beta-NGF
and beta-NGF receptor upregulation in blood and synovial fluid in osteoarthritis. Biol. Chem. 2017, 398, 1045–1054. [CrossRef]
[PubMed]

24. Prakash, Y.; Thompson, M.A.; Meuchel, L.; Pabelick, C.M.; Mantilla, C.B.; Zaidi, S.; Martin, R.J. Neurotrophins in lung health and
disease. Expert Rev. Respir. Med. 2010, 4, 395–411. [CrossRef] [PubMed]

25. Crispoltoni, L.; Stabile, A.M.; Pistilli, A.; Venturelli, M.; Cerulli, G.; Fonte, C.; Smania, N.; Schena, F.; Rende, M. Changes in plasma
β-NGF and its receptors expression on peripheral blood monocytes during Alzheimer’s disease progression. J. Alzheimer’s Dis.
2017, 55, 1005–1017. [CrossRef] [PubMed]

26. Pistilli, A.; Rende, M.; Crispoltoni, L.; Montagnoli, C.; Stabile, A.M. LY294002 induces in vitro apoptosis and overexpression of
p75NTR in human uterine leiomyosarcoma HTB 114 cells. Growth Factors 2015, 33, 376–383. [CrossRef] [PubMed]

27. Jo, W.-K.; Oh, J.-W.; Dong, J.-I. Evaluation of exposure to carbon monoxide associated with passive smoking. Environ. Res. 2004,
94, 309–318. [CrossRef]

28. Lustgarten, J.A.; Wenk, R.E. Simple, rapid, kinetic method for serum creatinine measurement. Clin. Chem. 1972, 18, 1419–1422.
[CrossRef]

29. Tredicine, M.; Camponeschi, C.; Pirolli, D.; Lucchini, M.; Valentini, M.; Geloso, M.C.; Mirabella, M.; Fidaleo, M.; Righino, B.;
Moliterni, C. A TLR/CD44 axis regulates T cell trafficking in experimental and human multiple sclerosis. Iscience 2022, 25, 103763.
[CrossRef]

30. Schmittgen, T.D.; Livak, K.J. Analyzing real-time PCR data by the comparative C T method. Nat. Protoc. 2008, 3, 1101. [CrossRef]
31. Heiss, C.; Amabile, N.; Lee, A.C.; Real, W.M.; Schick, S.F.; Lao, D.; Wong, M.L.; Jahn, S.; Angeli, F.S.; Minasi, P. Brief secondhand

smoke exposure depresses endothelial progenitor cells activity and endothelial function: Sustained vascular injury and blunted
nitric oxide production. J. Am. Coll. Cardiol. 2008, 51, 1760–1771. [CrossRef]

32. IARC Working Group on the Evaluation of Carcinogenic Risks to Humans; World Health Organization; International Agency for
Research on Cancer. Tobacco Smoke and Involuntary Smoking; Iarc: Lyon, France, 2004; Volume 83.
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