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A B S T R A C T

Chronic smokers have increased risk of fibrosis-related atrial fibrillation. The use of heated-tobacco products
(HTPs) is increasing exponentially, and their health impact is still uncertain. We aim to investigate the effects of
circulating molecules in exclusive HTP chronic smokers on the fibrotic behavior of human atrial cardiac stromal
cells (CSCs). CSCs were isolated from atrial tissue of elective cardiac surgery patients, and exposed to serum lots
from young healthy subjects, stratified in exclusive HTP smokers, tobacco combustion cigarette (TCC) smokers,
or nonsmokers (NS). CSCs treated with TCC serum displayed impaired migration and increased expression of pro-
inflammatory cytokines. Cells cultured with HTP serum showed increased levels of pro-fibrotic markers, and
reduced expression of connexin-43. Both TCC and HTP sera increased collagen release and reduced secretion of
angiogenic protective factors from CSCs, compared to NS serum. Paracrine support to tube-formation by
endothelial cells and to viability of cardiomyocytes was significantly impaired. Treatment with sera of both
smokers groups impaired H2O2/NO release balance by CSCs and reduced early phosphorylation of several
pathways compared to NS serum, leading to mTOR activation. Cotreatment with rapamycin was able to reduce
mTOR phosphorylation and differentiation into aSMA-positive myofibroblasts in CSCs exposed to TCC and HTP
sera. In conclusion, the circulating molecules in the serum of chronic exclusive HTP smokers induce fibrotic
behavior in CSCs through activation of the mTOR pathway, and reduce their beneficial paracrine effects on
endothelial cells and cardiomyocytes. These results point to a potential risk for cardiac fibrosis in chronic HTP
users.

1. Introduction

Traditional tobacco combustion cigarettes (TCCs) are main risk
factors for lung cancer and cardiovascular diseases. Besides the role of
TCCs in the etiology and progression of endothelial damage and
atherosclerosis, many studies indicate an important causal role also in

triggeringmyocardial fibrosis. This increases the risk of atrial fibrillation
and promotes maladaptive cardiac remodeling mechanisms in chronic
smokers [1,2]. The main cell type responsible for fibrosis and remod-
eling in the heart are resident cardiac stromal cells (CSCs). These cells
respond to pathological stimuli through activation from a homeostatic
state, and differentiation into collagen-producing cells, that is
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myofibroblasts [3,4]. Other than direct fibrosis contribution by collagen
deposition, CSCs also exert indirect effects through paracrine mecha-
nisms on parenchymal and immune cells, as they influence cell survival
and stress resistance, angiogenesis, and immune cell activation [4–6].
The use of alternative smoking devices, such as vaping electronic ciga-
rettes and, more recently, heated tobacco products (HTPs), is increasing
dramatically on a global scale [7], but their effects on human health,
particularly in the long term, are still uncertain [8]. In fact, epidemio-
logical studies on long-standing risks cannot be achieved yet, since these
products are relatively new on the market. The recent SUR-VAPES-2
study [9] has showed how a single use of HTP causes an acute adverse
impact on circulating markers of oxidative stress, platelet function, flow-
mediated dilation, and blood pressure. These effects, though, appeared
reduced compared to a single use of TCC. Interestingly, the subsequent
SUR-VAPES Chronic study [10] has reported that young healthy subjects
(average age 30), having exclusively used HTPs for 18 months on
average, have increased oxidative stress, endothelial dysfunction, and
platelet activation when compared with matched non-smokers. Most
importantly, this study could not detect any differences in these pa-
rameters in comparison with matched chronic TCC smokers, suggesting
a highly detrimental cardiovascular impact of HTPs. Moreover, we have
recently reported a substantial effect of HTPs on the profile of circulating
microRNAs in the subjects enrolled in the SUR-VAPES Chronic study
[11].

Parallel to clinical research on modified risk products, many studies
have assessed their molecular and biological effects on different cell
types, mainly considering endothelial and lung cells [12,13]. Most of
these studies, though, have been performed by direct exposure of cells to
vaping e-cigarettes liquids or derived aerosols. Besides, the more
recently introduced HTPs are essentially unexplored [14]. These prod-
ucts could exert their effects in chronic smokers likely through modifi-
cation of the circulating molecular profile, which becomes particularly
relevant for interstitial cell types that are not directly exposed to smoke.
Thus, the biological response of myocardial cell types to circulating
signals in chronic HTP smokers, and the overall molecular and cellular
mechanisms of cardiovascular damage mediated by HTPs are still
unknown.

We hypothesized that the significant alteration of circulating signals
and increased oxidative stress caused by chronic exclusive use of HTPs
can induce a pro-fibrotic phenotypic shift in resident CSCs, reducing
their homeostatic properties (e.g. migration, angiogenic and trophic
support) while fueling detrimental paracrine and functional features (e.
g. pro-fibrotic and pro-inflammatory). To this aim, we used human atrial
CSCs that can be isolated from discarded tissue of non-smoker cardiac
surgery patients and exposed them to sera of patients enrolled in the
SUR-VAPES Chronic clinical trial, including exclusive HTP smokers,
chronic TCC smokers, and matched non-smokers (NS).

2. Methods

2.1. Human cardiac stromal cells culture

Human adult cardiac stromal cells (CSCs) were isolated from right
atrial appendage tissue, as previously described [15,16], during clini-
cally indicated procedures, after informed consent, and according to the
principles of the Declaration of Helsinki, under protocol 2154/15
approved by the Ethical Committee of “Umberto I" Hospital, “La Sapi-
enza” University of Rome. In brief, tissue was fragmented, digested, and
plated as explant cultures in dishes previously coated with Fibronectin
(FN) (356008, Corning) in complete explant media (CEM) formulated as
follows: Iscove's modified Dulbecco's medium (IMDM) (10–016-CV,
Corning) supplemented with 20 % FBS (F2442, Sigma-Aldrich), 1 %
penicillin-streptomycin (P4333, Sigma-Aldrich), 1 % L-glutamine
(BEB17-605E, Lonza), and 0.1 mM 2-mercaptoethanol (63689, Thermo-
Fisher). Explant-derived cells were collected after 3 weeks by sequential
washes with Ca2+-Mg2+ free PBS, 0.48 mM/L Versene (15040066,

Thermo-Fisher) for 3 min, and with 0.05 % trypsin-EDTA (CC-5012,
Lonza) for 5 min at room temperature. Collected cells were selected for a
non-differentiated phenotype by spheroid growth, as previously
described [17], to deplete the culture from differentiated cells, such as
myofibroblasts or smooth muscle cells; cells were then expanded as a
monolayer on FN-coating in CEM. Four CSCs lines were used, obtained
from donors with the following characteristics: non-smokers, free from
dysmetabolic conditions (diabetes mellitus, or metabolic syndrome),
under beta-blockers therapy [16,17], non-obese, non-hypertensive, with
low-to-moderate cardiovascular risk scores, and not having suffered a
myocardial infarction in the last 30 days (Supplemental Table 1). CSCs
from different donors were always kept separate and used as individual
biological replicates. For rapamycin experiments, cells were cotreated
for 48 h with rapamycin 100 ng/mL (R8781, Sigma-Aldrich).

2.2. Flow cytometry

CSCs from the first explant harvest and at passage 1 were used for all
donors. Cells from semi-confluent cultures were harvested with trypsin-
EDTA and stained with CD90-FITC (1:500, AS02, Dianova) using 300 ng
antibody in 100 μL staining buffer (PBS with 2 % FBS) per sample. All
acquisitions were performed using a BD FACS-Aria II cytometer equip-
ped with DIVA software (BD Biosciences), which was also used to
calculate the compensation parameters. All flow cytometry data were
analyzed with FlowJo software (FlowJo LLC).

2.3. RNA extraction and RT-qPCR

Total RNA was extracted using the miRNeasy Micro Kit (217084,
Qiagen) and quantified using Nanodrop spectrophotometer (Thermo
Fisher Scientific). cDNAwas synthesized from 0.5 μg RNAwith the High-
Capacity cDNA Reverse Transcription Kit (4368814, Thermo Fisher
Scientific). Real-time qPCR was performed to assess gene expression
using Power SYBR Green PCR Master Mix (4368577, Thermo Fisher
Scientific) and standard thermocycling conditions, according to the
manufacturer's protocol. The relative ratio versus reference gene was
calculated using the comparative Ct method (2(-ΔCt)). The set of genes
analyzed, and the primers sequences are listed in Supplemental Table 2.
Hypoxanthine Phosphoribosyltransferase 1 (HPRT1) was selected as the
best housekeeping gene according to the Bestkeeper spreadsheet macro
(freely available at: www.gene-quantification.de). The PCR data was
analyzed (2(-ΔCt) for the retrospective analysis, or fold change versus NS
for the in vitro treatments), and Volcano Plots were generated by mul-
tiple t-test analysis using GraphPad Prism 8 software (GraphPad
Software).

2.4. Spheroid assay

For the spheroid forming assay, 1,5 × 104 CSCs per well were plated
in 24-well plates coated with Poly-D-Lysine (354210, Corning), in CEM
supplemented with 10 % human serum from the NS, TCC, or HTP lots.
Whole well images were captured after 7 days of culture with a Nikon
Eclipse Ti microscope equipped with NIS-Elements AR 4.30.02 software
(Nikon Corporation). Images were analyzed using ImageJ software
exploiting the plugins for particle counts and area measurement.

2.5. Immunostaining and fluorescence microscopy analysis

Cells were fixed for 10 min with 4 % paraformaldehyde at 4 ◦C, and
permeabilized with 0.1 % Triton X-100 (11332481001, Sigma-Aldrich)
in PBS with 1 % BSA. Nonspecific antibody binding sites were blocked
with 10 % FBS (Sigma-Aldrich) in PBS, before overnight incubation at
4 ◦C with primary antibody anti-CX43 (1:50, MAB306, Millipore) and
anti-αSMA (1:50, A2547, MERK). After thorough washing, slides were
incubated for 2 h at room temperature with Alexa-Flour 488 secondary
antibody (1:500, A-11001, Thermo-Fisher) and Hoechst nuclear dye
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(1:10000, H3570, Thermo-Fisher). Slides were mounted in Vectashield
(H-1000-10, VectorLabs). Image capture was performed on a Nikon
Eclipse Ni microscope equipped with VICO system, and average fluo-
rescence intensity per cell area was calculated by semi-automatic
methods using NIS-Elements AR 4.30.02 software with a 20× objec-
tive (Nikon Corporation).

2.6. Soluble collagen assay

CSCs were treated for 48 h with CEM supplemented with 10 %
human serum derived from NS, TCC, or HTP serum lots. Then, condi-
tioned media was collected after 24 h, and soluble collagen was quan-
tified using Sircol Soluble Collagen Assay (S1000, Biocolor), according
to the manufacturer's instructions. The absorbance at 590 nm was
recorded using Varioskan™ LUX Multimode Reader (Thermo Fisher
Scientific). Data was analyzed using the Skanlt software (Thermo Fisher
Scientific).

2.7. Scratch assay

CSCs (105 per well) were plated in 12-well plates coated with
Fibronectin (356008, Corning) in CEM 10 % FBS. The scratch was per-
formed after 24 h from plating: cells were washed with PBS and then
cultured with CEM supplemented with 10 % human serum derived from
NS, TCC, or HTP serum lots. Images were captured after 6, 8 and 10 h
with a Nikon Eclipse Ti fluorescence microscope, equipped with
motorized stage and NIS-Elements AR 4.30.02 software (Nikon Corpo-
ration). Images were analyzed by ImageJ software using an automatic
macro for scratch area measurement.

2.8. Cytokine array for secretome profiling

CSCs were pre-treated for 48 h with media supplemented with 10 %
human serum derived from NS, TCC, or HTP serum lots. After thorough
washing, cells were cultured for the following 24 h with CEM 0,1 % FBS
for conditioned media (CM) collection. Media were gently aspirated and
centrifuged at 2000 rcf for 5 min to remove cells and debris, and then
stored at − 80 ◦C until analysis. Media were assayed using the Proteome
Profiler Human XL Cytokine Array (ARY005B, R&D Systems), according
to the manufacturer's instructions. Optical density (OD) of membranes
was quantified by the ChemiDocXRS+ Imager (Bio-Rad), and densito-
metric analysis was performed using Image Lab software (Bio-Rad). The
data obtained (log2-trasformed densitometric quantification of each
dot) was plotted as a heatmap generated using the pheatmap R package
(GNU Project). Functional association network was created using the
STRING database (ELIXIR Core Data Resources) selecting the “experi-
ments” and “database” as interaction sources, and high confidence
(0.70) as the minimum interaction score.

2.9. Assays on conditioned media

Adiponectin concentration was evaluated using the specific ELISA kit
(EK0595, Boster) following the manufacturer's protocol. Absorbance at
450 nm was recorded immediately after the end of all steps using the
Varioskan Lux multimode microplate reader (Thermo Fisher Scientific).
The data were analyzed using the Skanlt software (Thermo Fisher Sci-
entific). H2O2 and NO release were measured by Colorimetric Detection
Kits (K034–H1 and K023–H1, respectively; Arbor Assays), and values
were expressed as μmol/L.

2.10. Angiogenesis assay

The tube forming assay was performed as previously described [18],
with human umbilical vein endothelial cells (HUVECs) routinely
cultured with standard protocols in EGM2 media (CC-4176, Lonza).
Cells were plated 1,5 × 104 per well for 16 h on matrigel-coated 96-well

plates (Growth Factor Reduced Matrigel Matrix Phenol Red Free,
356234, BD) in presence of the CSC-CMs collected in CEM 0.1 % FBS. An
automated scan of each well was acquired with a 4× objective by Nikon
Eclipse TI inverted microscope with motorized stage (Nikon Corpora-
tion). Quantification of the number of nodes, number of master seg-
ments, number of meshes, and mesh area were performed by ImageJ
software and the Angiogenesis plugin (NIH).

2.11. MTS cardiomyocyte viability assay

MTS cell viability assay was performed to evaluate neonatal rat
myocytes (NRMs) viability using Cell Titer 96® Aqueous Non-
Radioactive Cell Proliferation Assay (MTS) (G5421, Promega). NRMs
were isolated from 2 day-old Sprague Dawley rat pups by the Neonatal
Cardiomyocyte Isolation Kit, on a gentleMACS Dissociator (130–100-
825, Miltenyi Biotec), according to the manufacturer's protocols. NRMs
were plated in 96-well plates (1 × 10^3 per well) in 100 μL Cardio
Medium DMEM/F-12 (D0547, Sigma-Aldrich) supplemented with 0.72
g/L glucose (G5400, Sigma-Aldrich), 0,33 g/L sodium pyruvate (BP356,
Thermo Fisher Scientific), 0.017 g/L ascorbic acid (13080–23, Gibco), 2
μL selenite 0.2 M (S5261, Sigma-Aldrich), 0.004 g/L transferrin (T3309,
Sigma-Aldrich), 2 g/L BSA fraction V (0332, VWR), 3.57 g/L HEPES
(0511, VWR), 2.43 g/L sodium bicarbonate (S6014, Sigma-Aldrich) and
10 mL penicillin-streptomycin (15070063, Gibco). After 24 h, NRMs
were incubated with conditioned media, or Cardio Medium as the pos-
itive experimental control. NRMs viability was measured 48 h after
treatment adding 20 μL of combined MTS/PMS Solution to each well
containing cells in 100 μL of medium, and incubating for 2 h. The
absorbance at 490 nm was recorded using Varioskan™ LUX Multimode
Reader (Thermo Fisher Scientific). The data were analyzed using the
Skanlt software (Thermo Fisher Scientific).

2.12. Human phospho-kinase array

CSCs were serum-starved for 4 h, and then treated for 1 h with CEM
supplemented with 10 % human serum derived from NS, TCC, or HTP
serum lots. After thorough washing, cells were collected, total protein
was isolated with Ripa buffer (89900, Thermo-Fisher) and quantified
with DC Protein assay (23200, Bio-Rad). 400 μg of proteins were assayed
using the Proteome Profile Human Phospho-Kinase array kit (ARY003C,
R&D Systems), according to the manufacturer's instructions. Optical
density (OD) of membranes was quantified by the ChemiDocXRS+
Imager (Bio-Rad), densitometric analysis was performed using Image
Lab software (Bio-Rad), and a heatmap of normalized OD values was
created by pheatmap R package (GNU Project).

2.13. Western blot

Total cell proteins were isolated using Ripa buffer (89900, Thermo
Fisher) and stored at − 80 ◦C until analysis. Equal volumes of protein
lysate were loaded on sodium dodecyl sulfate 8 % or 12 % poly-
acrylamide gel for electrophoresis (SDS-PAGE) and transferred to PVDF
membranes (GE10600069, Sigma-Aldrich). Membranes were then
blocked with 3% BSA or 5% MILK for 1 h at room temperature, and
incubated with primary antibodies against mTOR, p-mTOR, AKT, p-AKT
and Vinculin (dilution 1:100 for all; catalog 2972, 2971, 9272, 9271 and
4650, Cell Signaling Technologies) at 4 ◦C overnight under gentle
agitation. Membranes were then washed with TBS-0.1 % Tween, and
incubated with HRP-conjugated secondary antibodies (5104–2404, Bio-
Rad) for 1 h, before detection with Clarity western ECL (1705061, Bio-
Rad). The chemiluminescence signal was detected by ChemiDoc XRS+
and densitometric analysis was performed using ImageLab software (all
Bio-Rad). The relative band abundance was normalized versus Vinculin,
as the loading control.

V. Picchio et al.



BBA - Molecular Basis of Disease 1870 (2024) 167350

4

2.14. Statistical analysis

For clinical record analyses, variables are reported as median (1st;
3rd quartile) for continuous variables, and count/total (percentage) for
categorical variables. Differences were computed with unpaired Mann-
Whitney U test for continuous variables, and Fisher exact test for cate-
gorical variables using SPSS (IBM, version 25, USA). Significance was set
at <0.05. For experimental data, results are presented as mean value
±SEM, unless specified. For in vitro treatment results, inter-patient
variability was controlled for by normalizing experimental results of
each CSC line versus the NS control, and averaging fold-change modu-
lations. Datasets were checked for significant outliers by Prism 8 soft-
ware (GraphPad Software), which were excluded when present.
Normality of data was assessed and significance of differences among
groups was determined by one-way ANOVA, with Bonferroni or Fisher
LSD post-test, as appropriate, using Prism 8 (GraphPad Software). A p-
value <0.05 was considered significant.

3. Results

3.1. Human CSC isolation and characterization

Since the features of CSCs derived from chronic TCC smokers had
never been described, as a preliminary step we retrospectively analyzed
experimental data of resident CSCs previously isolated in our lab from
patients undergoing elective cardiac surgery [17]. An overall flow
cytometry and immunofluorescence profile of CSCs at basal conditions is
provided in Supplemental Fig. 1A and B, respectively. We stratified
samples as non-smoker donors (never smoked, 20 CSC lines), and
smoker donors (former or current, 18 CSC lines). Available cell culture,
flow cytometry, and gene expression data were evaluated. The analysis
evidenced: a significant impairment in the mesenchymal/stromal ca-
pacity of spontaneous 3D growth (Supplemental Fig. 1C); a significant
increase in the percentage of cells positive for the pro-fibrotic marker
CD90 (Supplemental Fig. 1D); significantly higher levels of the myofi-
broblast markers ACTA2, and of the oxidative stress enzymes NOX2 and
NOX5 in CSCs derived from smokers compared to non-smoker donors
(Supplemental Fig. 1E). Thus, to exclude biases due to fibrotic
commitment of CSCs at basal conditions, we selected for all further
experiments CSCs isolated from non-smokers, undergoing beta-blocker
therapy [16], and free from diagnosis of dysmetabolic conditions
(metabolic syndrome, or type 2 diabetes) [17].

3.2. Human serum lot creation

Human serum had been collected previously from young healthy
non-smokers (NS), chronic exclusive HTP smokers (mean exclusive use
of 1.5 ± 0.5 years), and chronic TCC smokers (mean exclusive use of 7
years), enrolled in the SUR-VAPES Chronic study as three highly ho-
mogeneous cohorts [10] (Supplemental Table 3). Blood collection was
performed at 8.00 a.m. after an 8-h abstinence period from smoking.
Due to the limited volumes available, identical volumes of serum from
the 20 homogeneous patients per group were pooled to create three
representative serum lots used in all following experiments with CSC
cultures. Each of the 4 CSC lines was then cultured up to 48 h in media
supplemented with 10 % serum lot of either NS, HTP or TCC smokers.

3.3. Cell phenotype after treatment with serum from exclusive HTP
smokers

The spontaneous capacity to grow in 3D was quantified, as a feature
of mesenchymal phenotype [19,20]. The number of spheroids formed by
plating the same cell number significantly decreased when CSCs were
cultured in the TCC versus the NS serum lot, (Supplemental Fig. 2A-B),
and with comparable spheroid size among groups (Supplemental
Fig. 2C). This result suggests a possible reduction in a typical stromal

feature in treated CSCs.
Supplemental Fig. 2D shows the percentage of cells positive for the

fibrosis marker CD90 by flow cytometry in CSCs cultured with the
different serum lots.

Next, we analyzed the differential capacity of the three serum lots to
stimulate migration in CSCs. We observed a significantly higher residual
scratch area after 6 h for cells treated with the TCC serum lot versus the
NS lot (Fig. 1A-B). Cells cultured with the HTP serum lot showed an
intermediate migration ability. A significantly higher residual area in
CSCs exposed to the TCC serum lot was maintained up to 10 h, instead
the effect on migration of the HTP serum gradually aligned with that of
the NS control (Fig. 1C-D). This suggests that serum from chronic TCC
smokers has a reduced capacity of sustaining stromal cells migration,
while that of HTP smokers exerts a midway effect between NS and TCC.

The gene expression profile of CSCs exposed for 48 h to treatment
with the 3 serum lots is presented in Fig. 2A. This analysis evidenced a
significant up-regulation of the pro-inflammatory cytokines IL6 and IL8
in CSCs exposed to the TCC serum lot versus the NS lot (Fig. 2A), as well
as a significant up-regulation of the extra-cellular matrix (ECM)
remodeling marker MMP1, of the fibroblast activating cytokine PDGFA,
and of the oxidative stress enzyme NOX5. We also detected a significant
downregulation of type III collagen (COL3A1) and NOX4 in cells treated
with the TCC serum lot compared to the NS control (Fig. 2A). On the
other side, CSCs treated with the HTP serum lot displayed significant
upregulation of type I collagen (COL1A1), THY1 (encoding for CD90),
PDGFA, and the oxidative stress enzymeNOX2, all versus treatment with
the NS lot (Fig. 2B). ACTA2 expression was upregulated on average>10-
fold, albeit not reaching statistical significance. Conversely, VEGFA,
GJA1 (encoding for connexin-43), and MMP1 were significantly down-
regulated after culture with the HTP serum lot compared to the NS
control (Fig. 2B). When evaluating gene expression levels between TCC
and HTP serum lot treatments (Supplemental Fig. 3), results showed
significantly higher levels of IL6, IL8, VEGFA and MMP1, and signifi-
cantly lower levels of COL1A1 in CSCs cultured with the TCC serum lot
versus the HTP lot.

The importance of cardiac stromal cells in the electrical conductance
of the heart has recently emerged. Connexin-43 is expressed in fibro-
blasts as a mediator of their electrical integration, and in these cells it
can be sufficient to conduct the electrical stimuli, for example through
the scar tissue [21], or to recapitulate physiopathological features of
arrhythmias [22]. Atrial fibrillation has been associated with reduced
connexin-43 expression [23,24], increased myofibrillar protein expres-
sion in fibroblasts, and increased deposition of ECM [25]. First, we
assessed connexin-43 expression by immunofluorescence staining, and
detected a significant reduction in the average fluorescence intensity per
cell area in CSCs treated with the HTP serum lot, compared to both NS
and TCC lots (Fig. 2C-D), consistently with the gene expression modu-
lation (Fig. 2B). Moreover, immunofluorescence intensity of the main
myofibroblast activation marker, that is alpha-smooth muscle actin
(αSMA), was significantly increased in both smokers' sera groups
(Fig. 2E-F), with enhanced fibrillar profiles (Supplemental Fig. 4).
Increased extracellular release of soluble collagen (Fig. 2G) was also
detected in HTP and TCC treatment groups, all compared with NS sera.

3.4. Paracrine profile after treatment with serum from exclusive HTP
smokers

We analyzed the profile of cytokines present in the cell culture me-
dium supplemented with 10 % human sera before use, as well as after 48
h of culture, and after additional 24 h of culture in human serum-free
media (see Fig. 3A for experimental design). In particular, these latter
samples (dubbed “CM 48 h + 24 h”) were collected after removal of
human serum-supplemented media and its replacement with 0.1 % FBS-
IMDM, which was then conditioned for additional 24 h. Thus, these
latter conditioned media contained only molecules released by CSCs. All
conditioned media were screened by protein arrays, and log2 optical
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density (OD) values were plotted as heatmap (Fig. 3B). Hierarchical
clustering allowed us to identify a specific cluster of molecules enriched
only in human sera-free media, thus actively produced and released by
CSCs because of the conditioning with the serum of TCC, HTP or NS
subjects. When analyzing this specific cluster, differences emerged be-
tween the 3 groups (Fig. 3C, Supplemental Table 4). For example, media
from CSCs treated with sera of both smokers type had lower levels of
protective molecules (e.g. VEGF, Adiponectin, CHI3L1, GDF-15)
compared to NS serum treatment, while the TCC sample was enriched
in many pro-inflammatory molecules (e.g. IL-6, IL-8, PTX3, SDF-1,
CD40L, MIF). This shortlist of cytokines was loaded on the STRING
database for network analysis, and the resulting network (showing
connections with interaction score >0.4) confirmed the strict relations
among many of them (Fig. 3D). The Gene Ontology analysis on the
STRING database returned a long list of significant terms involved. A
selection of GO terms with high strength (>1, meaning >10-fold
enrichment) and highly significant false discovery rate (FDR) is reported
in Supplemental Table 5, including several terms of cardiovascular
diseases: “Artery disease” (DOID:0050828), “Atherosclerosis”
(DOID:1936), “Myocardial infarction” (DOID:5844). We validated the
protein array by confirming significantly reduced concentration of
secreted adiponectin by ELISA (Fig. 3E) in the supernatant of cells
previously treated with both HTP and TCC serum lots versus NS serum-
treated cells, and consistently modulated transcriptional levels for

CHI3L1, IL6, and IL8 (Fig. 3F-H).
Additionally, we quantified the release of H2O2 and NO in the

conditioned media, as indicators of the balance between oxidative stress
and pro-angiogenic properties. We detected a significantly higher con-
centration of H2O2 in conditioned media from cells pre-treated with the
TCC serum lot versus the NS lot (Fig. 3I), and a significant reduction in
NO concentration released by CSCs pre-treated with TCC and HTP serum
lots, both compared to the NS control (Fig. 3J). Notably, H2O2 release
was higher from cells previously cultured in the HTP serum lot
compared to the NS control, albeit to a significantly lower concentration
compared to CSCs treated with the TCC lot.

3.5. Functional paracrine features after treatment with serum from
exclusive HTP smokers

We then assessed the paracrine effects of CSC-conditioned media
(human-serum free) concerning support to endothelial cells for angio-
genesis, and to cardiomyocytes for cell viability. The angiogenic assay
on Matrigel with HUVECs evidenced a significant reduction in the pro-
angiogenic features of conditioned media from cells pre-treated with
both TCC and HTP serum lots, compared to the NS lot (Fig. 4A). Several
indexes were evaluated, including number of nodes, master segments
and meshes, and the total mesh area (Fig. 4B). The same conditioned
media were also used to culture neonatal rat myocytes (NRMs) under

Fig. 1. CSC migration capacity in response to serum lots of smokers. Representative bright field microscopy images (a) and relative binary masks obtained by the
ImageJ macro (b) of the residual area of the scratch assay performed with CSCs (each in experimental triplicate) cultured in serum lots from non-smokers (NS),
tobacco combustion cigarette (TCC), or heated tobacco product (HTP) smokers. The quantification of the residual surface area is plotted as normalized values in time
(c), as well as dot plots bar graph for each single time-point (d). N = 9 (3 experimental replicates for 3 CSC lines). * P < 0.05, ** P < 0.01. Scale bar = 500 μm.
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Fig. 2. Gene expression profiles of CSCs after treatment with serum lots of smokers. The relative gene expression levels by realtime PCR, with corresponding sig-
nificance values, are plotted as volcano plot for the comparison of tobacco combustion cigarette (TCC)- versus non-smoker (NS)-serum lot treatments of CSCs (a), and
of heated tobacco product (HTP)- versus NS-serum lot treatments (b). N = 3 (3 CSC lines for each of the 3 serum lots). Representative immunofluorescence panels (c),
and quantification of average fluorescence intensity per cell area (d) of connexin-43 (Cx43) and alpha-smooth muscle actin (αSMA) (e-f) after 48 h of culture of CSCs
in the different serum lots. N (analyzed cells per condition) ≥28. Scale bar = 50 μm. g) Quantification of soluble collagen concentration by Sirius Red assay, released
in conditioned media by CSCs after 48 h. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.001.
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Fig. 3. Profile of molecules secreted by CSCs after treatment with serum lots of smokers. Fresh media with 10 % human sera, conditioned media after 48 h of culture
(CM 48 h), and conditioned media (without human serum) after additional 24 h (CM 48 h + 24 h) were collected from CSCs treated with the serum lots from non-
smokers (NS), tobacco combustion cigarette (TCC), or heated tobacco product (HTP) smokers (a). All CMs were screened by protein arrays and Log2 optical density
(OD) values were then plotted as heatmap with hierarchical clustering (b). The upper cluster corresponding to molecules enriched only in human serum-free media
(CM 48 h + 24 h) were further analyzed by heatmap and clustering (c), and the corresponding network of functional associations was obtained from the STRING
database (d). Validation of the protein arrays was performed by ELISA for adiponectin (e), and by RT-qPCR for CHI3L1 (f), IL6 (g), and IL8 (h). The concentrations of
hydrogen peroxide (H2O2) (i) and nitric oxide (NO) (j) were also analyzed in the human serum-free conditioned media (CM 48 h + 24 h). N = 3 (3 CSC lines for each
of the 3 serum lots). * P < 0.05, ** P < 0.01, *** P < 0.001.
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starvation (0.1 % FBS in IMDM), and their viability was monitored by
MTS assay. Compared to the positive experimental control, media
conditioned by CSCs previously exposed to the NS serum lot was able to
significantly reduce cell death in the first 48 h of culture, compared to
media conditioned by cells exposed to both TCC and HTP serum lots
(Fig. 4C). Overall, this data indicates a detrimental effect of circulating
molecules in TCC and HTP smokers on the protective paracrine func-
tions of CSCs, albeit to a different extent for some features concerning
HTP smokers.

3.6. Signal transduction pathways activation after treatment with serum
lots and involvement of the mTOR pathway

TCC and HTP serum lots contain significantly increased levels of ROS
[10]. Increased oxidative stress has been reported to promote de-
phosphorylation of multiple transduction proteins [26–28]. Therefore,
we hypothesized that impaired upstream phosphorylation pathways
may be involved in the cell phenotypes observed in our setup. We
screened the differential activation of transduction pathways in CSCs by
phospho-protein array after treatment with TCC and HTP serum lots for

1 h. We detected reduced phosphorylation of multiple proteins (Fig. 5A),
including p38, STAT3/5, GSK-3a/b, p53, AKT, PRAS40, and CREB.
Among the modulated proteins in the array, Akt, PRAS40, GSK3a/b, and
p53 share one common target, that is mTOR (Fig. 5B), which is a key
protein involved in fibrosis and cardiovascular diseases [29–34].
Therefore, we analyzed the mTOR pathway by WB after 48 h of culture
in each serum lot. Analysis showed significantly increased phosphory-
lation of mTOR (Fig. 5C-D) after exposure to HTP and TCC serum lots,
compared to NS. We obtained the specific inhibition of mTOR phos-
phorylation by concurrent treatment with rapamycin during TCC, HTP
or NS serum lot treatments of CSCs (Fig. 5C-D). Rapamycin coherently
induced increased upstream Akt phosphorylation (Fig. 5C-E) [35].
Consistently, rapamycin cotreatment caused the reduction of CSC acti-
vation and myofibroblast differentiation when exposed to TCC and HTP
serum lots, as detected by significantly reduced αSMA fluorescence in-
tensity and polymerization compared to control NS serum lot (Fig. 5E-
F).

Fig. 4. Functional paracrine effects of CSC conditioned media on endothelial cells and cardiomyocytes. Human umbilical vein endothelial cells (HUVECs) were
cultured overnight on Matrigel with human serum-free media conditioned by CSCs previously treated with serum lots from non-smokers (NS), tobacco combustion
cigarette (TCC), or heated tobacco product (HTP) smokers. Representative images of cultures are shown (a), with quantification of the number of nodes, master
segments, meshes, and the mesh area (b) in the different conditions. N = 7 (at least 2 experimental replicates for each conditioned media derived from 3 CSC lines).
Neonatal rat myocytes (NRMs) were cultured for 48 h with media previously conditioned by CSCs (each in experimental triplicate), and in cardio-medium as the
experimental control (CTR+). Optical Density (OD) values normalized to that of T0 of culture are shown for the different conditions (c). N = 9 (3 experimental
replicates for each conditioned media derived from 3 CSC lines). * P < 0.05, ** P < 0.01, *** P < 0.001, # P < 0.0001. Scale bar = 200 μm.
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Fig. 5. Signal transduction pathways and involvement of mTOR in CSCs response to serum lots of smokers. (a) Representative blots of the Phospho-protein array on
CSC protein lysates after exposure for 1 h to serum lots from non-smokers (NS), tobacco combustion cigarette (TCC) or heated tobacco product (HTP) smokers;
normalized OD values were used to create the corresponding clustered heatmap. Schematic representation of the interactions among ROS, fibrotic pathways, and
phosphorylation profiles of the different pathways screened by phospho-array and WB (b). Representative western blot panels (c) and densitometric analysis (d-e) for
phosphorylated mTOR and AKT after 48 h of NS, TCC and HTP sera treatments, with or without cotreatment with rapamycin. N = 4 (CSC lines for each of the 3 serum
lots). Representative immunofluorescence panels (f) and quantification of average fluorescence intensity per cell area (g) of alpha-smooth muscle actin (αSMA) after
48 h of culture of CSCs in the different serum lots, with or without rapamycin cotreatment. N (analyzed cells per condition) ≥28. * P < 0.05, ** P < 0.01, **** P <

0.001. Scale bar = 25 μm.
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4. Discussion

Tobacco combustion cigarette (TCC) smoking represents a major
lifestyle risk factor for cardiovascular diseases, which accounts
approximately for 25 % of cardiovascular deaths [36] The use of novel
smoking devices is increasing rapidly worldwide. As of 2018, an esti-
mate of 2.4 % among the adult population in the US had used heated
tobacco products (HTPs) (source: www.cdc.gov). This proportion ap-
pears even higher in the European Union, where HTPs have been
introduced on the market earlier, with estimates of 6.5 % of adults who
had used HTPs in 2021 [37]. These numbers are destined to increase, as
more and more people appear to start using HTPs, alone or in combi-
nation with TCCs. Thus, unveiling the exact mechanisms and extent of
cardiovascular damage due to chronic HTP use is of paramount impor-
tance to understand and define their prospective impact on health. Many
molecular and cellular mechanisms responsible for detrimental cardio-
vascular effects have been described for TCCs, but there is a significant
gap in knowledge about the mechanisms and damage extent related to
chronic use of HTPs.

The patients recruited in the SUR-VAPES Chronic trial as exclusive
HTP chronic smokers represent a one-of-a-kind cohort [10]. By using
this unique collection of smokers' serum, we have provided data on how
human atrial CSCs can be activated by the circulating molecular
fingerprint and increased oxidative stress imposed by chronic HTP
smoke [10,11]. Our results contribute unprecedented insights on how
the myocardial microenvironment may be changed due to chronic HTP
use. Moreover, the present study provides the first basis for a realistic
definition of the potential cardiac insult caused at the cellular level by
chronic use of these novel smoking devices. Importantly, our results are
obtained on primary atrial resident CSCs, that is a cell population
directly involved in atrial fibrosis, which is the main known mechanism
involved in the development of atrial fibrillation in chronic TCC smokers
[1].

Results have shown how the HTP serum lot appeared to elicit similar
effects to the NS serum lot, but different from the TCC lot, considering
the increase in profibrotic CD90+ cells with time in culture, trophic
support, or the stimulation of migration. Conversely, the serum from
HTP smokers appeared to directly modulate the mRNA levels of markers
of fibroblast activation and differentiation (e.g. COL1A1, THY1, ACTA2)
and of potential contribution to arrhythmias (GJA1). In fact, the HTP lot
was the only one able to significantly reduce both mRNA and protein
levels of GJ1A/Cx43 in our conditions, consistently with a pro-fibrotic
and pro-arrhythmogenic shift of the stromal population. Conversely,
the serum of TCC smokers was the only one capable of inducing the
modulation of pro-inflammatory genes (e.g. IL6, IL8). In this regard,
both TCC and HTP sera induce pro-fibrotic features, as suggested by
similar increased expression of αSMA and extracellular collagen release,
but the one from TCC smokers appears to induce a more evident pro-
inflammatory profile, possibly linked to a reduced trophic support and
to even stronger pathogenetic drive.

The difference between TCC and HTP serum lots was also evident in
the profiles of secreted factors by CSCs, where exposure to the serum of
TCC smokers was specifically associated to higher release of many im-
mune activating cytokines by CSCs. Nonetheless, the secreted levels of
many protective molecules (e.g. adiponectin, NO, CHI3L1) were simi-
larly reduced in CSC-conditioned media after exposure to both HTP and
TCC serum lots, compared to NS control. Interestingly, the impairment
of in vitro paracrine support to endothelial cells from CSC conditioned
media appeared similar after treatment with both HTP and TCC sera,
compared to NS control. This was consistent with NO release levels,
although VEGF mRNA and protein levels appeared significantly reduced
only with treatment of the HTP serum lot in our conditions. Conversely,
the paracrine pro-survival support to cardiomyocytes under stress
appeared more compromised in CSCs exposed to the TCC serum lot,
while treatment with the HTP lot performed in between the TCC and NS
groups. These results recall studies reporting worst prognosis after

myocardial infarction in smokers, associated with enhanced acute
inflammation and higher incidence of infarct zone hemorrhage [38].
Overall, data point to the reduction of cardioprotective paracrine effects
in vitro by the cardiac stroma due to the circulating molecules in the
serum of chronic HTP smokers.

Based on our phospho-protein screening and the literature, increased
circulating levels of ROS could play a key part in blunting several
pathways in our system. In fact, we describe reduced levels of several
phosphorylated proteins in CSCs exposed to HTP sera. Specifically, ROS
can directly drive Akt de-phosphorylation [26,28], and thus negatively
impact the activity of PRAS40, P53, and GSK3. These proteins have an
antifibrotic function [39,40], and inhibit mTOR activity in homeostatic
conditions [30,32,41]. Consistently, ROS and other circulating mole-
cules present at higher concentrations in both TCC and HTP sera are
associated to the de-phosphorylation of Akt, p53, and GSK3, directly or
indirectly activating the mTOR pathway and inducing a pro-fibrotic
activation in CSCs. Coherently, we have also observed strong de-
phosphorylation of CREB, STAT3, and STAT5 proteins which are
involved in ROS control and antioxidant enzymes production [42,43].
We have also described the direct role of mTOR phosphorylation in the
fibrotic activation of CSCs after exposure to TCC and HTP serum lots. In
summary, our findings suggest that increased circulating oxidative stress
in chronic HTP smokers may have a significant impact on intracellular
signaling pathways leading to enhancedmTOR pathway activation, with
consequent profibrotic behavior and reduced beneficial paracrine effects
of human atrial CSCs.

To the best of our knowledge, only one study so far had investigated
the effects of human serum derived from modified risk product smokers
on the phenotype of cells of cardiovascular interest, focusing on human
induced pluripotent stem cell-derived endothelial cells [44]. The au-
thors reported using mixed sera of two vaping e-cigarette smokers with
those of two dual e-cigarette/TCC smokers, comparing this mixed pool
with sera of TCC smokers that were 10 years older, on average. Thus, the
investigation on sera from HTP smokers has never been performed
previously. Moreover, the serum lots obtained from the SUR-VAPES
Chronic trial used in the present report correspond to a unique ho-
mogenous cohort of 60 matched subjects, among which the HTP group
included only exclusive chronic HTP smokers, thus strengthening the
reproducibility and significance of our results.

One limitation of our study concerns the low number of CSC lines
used, due to the multiple exclusion criteria that had to be considered for
donor selection based on parameters already known to affect the fibrotic
features of isolated CSCs (i.e. dysmetabolic conditions, beta-blockers
therapy, tobacco smoking). Nonetheless, we have studied the response
of primary human CSCs freshly isolated from the atrial tissue of clini-
cally relevant donors. Another limitation relies in the mismatched age
between cell and serum donors, but this cannot be overcome given the
anthropometric differences in the patient profiles between the exclusive
HTP users enrolled in the SUR-VAPES Chronic trial, and the patients
undergoing elective cardiac surgery that can be enrolled as cell donors.
On a different perspective, the use of serum from young healthy cohorts
of matched donors reduces the risk of bias due to potential confounding
variables, such as comorbidities or aging.

5. Conclusions

In conclusion, we provide data supporting for the first time the po-
tential trigger of cardiac fibrosis mechanisms in chronic HTP smokers
through mTOR activation. The results here collected show how human
CSCs exposed to the circulating molecules of exclusive HTP chronic
smokers display altered phosphorylation of multiple pathways,
increased mTOR pathway activation, and a shift towards a fibrotic
phenotype, with reduced release of beneficial paracrine factors and
impaired capacity to support angiogenesis. Interestingly, these effects
appear different to some extent from those generated by the serum of
chronic TCC smokers, inducing intermediate responses for some features
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of the phenotype of CSCs. In fact, the serum of TCC smokers caused a
much more evident pro-inflammatory profile in CSCs, with significant
reduction of migration capacity, and pro-survival signals to car-
diomyocytes. Interestingly, the HTP serum affected those properties of
CSCs to a lower extent. The distinctive and strong effects in our condi-
tions appeared to be the reduction of Cx43 expression, with increased
αSMA expression and collagen release elicited by exposure to the serum
of HTP smokers. This raises a worrying alarm against the possible acti-
vation of fibrotic pathways in chronic HTP use, known in the literature
to contribute to arrhythmogenic effects. Overall, our results suggest that
the specific molecular profile in the serum of exclusive HTP smokers
may act as an important trigger for the mTOR pathway and subsequent
possible activation of fibrotic behavior through the altered functional
and paracrine phenotype of resident stromal cells in the atria.

Funding

This work was supported by grant # 20222KETLS from the Italian
Ministry of University and Research to IC and FP. This work was
partially supported by grant # RG11916B8621D7FF to GBZ, and grant #
RM12117A5D7688BC to RC from Sapienza University of Rome. GF is
supported by the European Union-NextGenerationEU program through
the Italian Ministry of University and Research under PNRR-Project
PE06-HEAL ITALIA-SPOKE 1-DSBMC. EDF is supported by grant “Pro-
getto ECS 0000024 Rome Technopole, CUP B83C22002820006, PNRR
Missione 4 Componente 2 Investimento 1.5”, funded by the European
Union—NextGenerationEU program.

Disclosures

GBZ has consulted for Cardionovum, Crannmedical, Innovheart,
Meditrial, Opsens Medical, Replycare, and Terumo on topics not related
to this project. All other authors have nothing to disclose.

CRediT authorship contribution statement

Vittorio Picchio: Writing – original draft, Methodology, Formal
analysis, Data curation, Conceptualization. Francesca Pagano:Writing
– review & editing, Supervision, Formal analysis, Data curation,
Conceptualization. Roberto Carnevale: Supervision, Resources, Inves-
tigation, Funding acquisition, Conceptualization. Alessandra D'Amico:
Methodology, Formal analysis, Data curation. Claudia Cozzolino:
Methodology, Formal analysis, Data curation. Erica Floris: Methodol-
ogy, Data curation. Antonella Bordin: Resources, Methodology, Data
curation. Leonardo Schirone: Resources, Data curation. Daniele Vec-
chio: Methodology, Data curation. Wael Saade: Resources, Data cura-
tion. Fabio Miraldi: Supervision, Resources. Elena De Falco:Writing –
review & editing, Supervision, Methodology, Funding acquisition.
Sebastiano Sciarretta: Writing – review & editing, Supervision,
Methodology. Mariangela Peruzzi: Resources, Data curation. Giu-
seppe Biondi-Zoccai: Supervision, Methodology, Funding acquisition.
Giacomo Frati: Writing – review & editing, Supervision, Resources,
Investigation, Funding acquisition, Conceptualization. Isotta Chimenti:
Writing – review& editing, Writing – original draft, Supervision, Project
administration, Methodology, Investigation, Funding acquisition,
Formal analysis, Conceptualization.

Declaration of competing interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Giuseppe Biondi-Zoccai reports a relationship with Cardionovum,
Crannmedical, Innovheart, Meditrial, Opsens Medical, Replycare, and
Terumo that includes: consulting or advisory. If there are other authors,
they declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work

reported in this paper.

Data availability

Data included in this manuscript can be available from the corre-
sponding author upon reasonable request.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bbadis.2024.167350.

References

[1] A. Goette, U. Lendeckel, A. Kuchenbecker, A. Bukowska, B. Peters, H.U. Klein,
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