
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



Toxicology 479 (2022) 153318

Available online 9 September 2022
0300-483X/© 2022 Elsevier B.V. All rights reserved.

Effect of heated tobacco products and traditional cigarettes on pulmonary 
toxicity and SARS-CoV-2-induced lung injury 

Han-Hsing Tsou a,b,1, Ping-Huai Wang c,d,1, Tzu-Hsin Ting a, Yueh-Hsin Ping e,f, 
Tsung-Yun Liu a,g, Hsiao-Wei Cheng e, Hsiang-Tsui Wang a,e,h,* 

a Institute of Food Safety and Health Risk Assessment, National Yang Ming Chiao Tung University, Taipei, Taiwan 
b Kim Forest Enterprise Co., Ltd., Taipei 112, Taiwan 
c Division of Pulmonology, Department of Internal Medicine, Far Eastern Memorial Hospital, New Taipei City 220, Taiwan 
d Department of Nursing, Oriental Institute of Technology, New Taipei City, Taiwan 
e Institute of Pharmacology, College of Medicine, National Yang Ming Chiao Tung University, Taipei, Taiwan 
f Institute of Biophotonics, National Yang Ming Chiao Tung University, Taipei, Taiwan 
g Institute of Environmental and Occupational Health Sciences, National Yang Ming Chiao Tung University, Taipei, Taiwan 
h Doctor Degree Program in Toxicology, Kaohsiung Medical University, Kaohsiung, Taiwan   

A R T I C L E  I N F O   

Handling Editor: Dr. Thomas Knudsen  

Keywords: 
Pulmonary toxicity 
Lung injury 
Heated tobacco products 
Air-liquid-interface (ALI) 
Angiotensin-converting enzyme-2 (ACE2) 
SARS-CoV-2 
Spike protein 

A B S T R A C T   

Cigarette smoke (CS) significantly contributes to the development of chronic obstructive pulmonary disease 
(COPD). Heated tobacco products (HTPs), newly developed cigarette products, have been proposed as an 
alternative for safe cigarette smoking. Although it is plausible to think that replacing traditional cigarettes with 
HTPs would lower the risks of COPD, this notion requires confirmation by further investigations from sources 
independent of the tobacco industry. COPD is characterized by an ongoing inflammatory process in the lungs, 
and the renin-angiotensin system (RAS) has been implicated in the pathogenesis of COPD. Angiotensin- 
converting enzyme-2 (ACE2) functions as a negative regulator of RAS and has been suggested as a cellular re-
ceptor for the causative agent of SARS-CoV-2. It has been shown that smoking is most likely associated with the 
negative progression and adverse outcomes of SARS-CoV-2. In this study, we found that cigarette smoke extracts 
from traditional cigarettes (CSE) caused higher cytotoxicity and higher oxidative stress levels than extracts from 
HTPs (HTPE) in two lung cell lines (Calu-3 and Beas-2B). CSE and HTPE induced RAS activation, MAPK acti-
vation, and NF-kB inflammatory pathway activation, resulting in the production of inflammatory cytokines. 
Furthermore, CSE and a high dose of HTPE reduced tight junction proteins, including claudin 1, E-cadherin, and 
ZO-1, and disrupted lung epidermal tight junctions at the air-liquid interface (ALI). Finally, CSE and HTPE 
enhanced the spike protein S1-induced lung injury response. Together, these results suggest that HTPE induced 
similar lung pathogenesis relevant to COPD and SARS-CoV-2-induced lung injury caused by CSE.   

1. Introduction 

Cigarette smoke (CS) contains over 7000 chemicals, many of which 
are products of incomplete combustion and the thermogenic degrada-
tion of tobacco cigarettes (Soleimani et al. 2022). Epidemiological 

studies have reported that inhalation exposure to CS causes pulmonary 
toxicity and the onset of chronic obstructive pulmonary disease (COPD), 
chronic bronchitis, and asthma (Esposito et al. 2014; Hoek et al. 2013). 
These health risks have led to the development of materials that may 
assist people in quitting smoking, including heated tobacco products 
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(HTPs). Manufacturers’ allegations that HTPs are “safe” are question-
able, and studies on the adversity of HTP vapors to respiratory airways 
have yielded conflicting results (Biondi-Zoccai et al. 2019; Paumgartten, 
2018; Simonavicius et al. 2018; Tabuchi et al. 2016). HTPs are elec-
tronic devices that heat-process tobacco instead of combusting it to 
supposedly deliver an aerosol with fewer toxicants than traditional 
cigarettes (Glantz 2018a). However, current studies on HTP emissions 
and human use vary by methodology, products, and comparators, and 
these studies are primarily affiliated with manufacturers (Simonavicius 
et al. 2018). Thus, further investigations require confirmation, including 
inhalation toxicological studies, and this information should come from 
sources independent of the tobacco industry. 

COPD is characterized by an ongoing inflammatory process in the 
lungs that drives airway and lung tissue remodeling, including airway 
fibrosis and emphysematous lung tissue destruction (Barnes et al. 2015). 
The initial activation induces the production of proinflammatory cyto-
kines, such as interleukin 1-beta (IL-1β), interleukin 6 (IL-6), interleukin 
8 (IL-8), and tumor necrosis factor-alpha (TNFα), leading to further 
propagation of the inflammatory response (Lee and Downey, 2001). The 
prolonged and uncontrolled release of these cytokines alters different 
intercellular signaling pathways, leading to barrier dysfunction (Agha-
pour et al. 2018). Bronchial epithelial barrier function, as a frontline 
defense, is maintained by apical junctional complexes that form between 
neighboring cells and consist of apical tight junctions (TJs) underlying 
adherens junctions (AJs) (Tsukita et al. 2019). TJ proteins, such as the 
claudin family, zonula occludens (ZO) proteins, and AJ proteins, such as 
E-cadherin, compose the junctional complexes in the bronchial epithe-
lium (Rezaee and Georas, 2014). In recent studies, weaker expression 
levels of ZO-1, occludin, and E-cadherin were observed in bronchial 
epithelium and lung tissue sections from COPD patients than in healthy 
individuals, suggesting a broad defect in adhesion mechanisms in COPD 
(Aghapour et al. 2018; Heijink et al. 2014; Nishida et al. 2017). In 
response to cigarette smoke, acute changes in epithelial permeability 
and decreases in several essential TJ and AJ proteins have been noted 
(Heijink et al. 2012; Oldenburger et al. 2014; Schamberger et al. 2014). 

The renin-angiotensin system (RAS) has been implicated in the 
pathogenesis of COPD through the stimulation of proinflammatory 
mediators in the lung (Kaparianos and Argyropoulou, 2011; Kuba et al. 
2006; Marshall, 2003; Shrikrishna et al. 2012). RAS can also generate 
reactive oxygen species (ROS), thereby promoting mitochondrial 
dysfunction and contributing to the oxidative stress and endothelial 
dysfunction observed in patients with COPD (Benigni et al. 2010; Rah-
man and Adcock, 2006). Angiotensin-converting enzyme-2 (ACE2) 
functions as a negative regulator of RAS and has been suggested as a 
cellular receptor for the causative agent of SARS-CoV-2 (Zhang et al. 
2020a). ACE2 has well-established anti-inflammatory and antioxidant 
properties through the reduction in angiotensin II (Ang II) and the 
elevation of angiotensin-(1− 7) (Ang-(1− 7)) (Donoghue et al. 2000; 
Tipnis et al. 2000). Therefore, the benefits of ACE2 on the lungs have 
been suggested to protect against acute lung injury in several animal 
models of acute respiratory distress syndrome (ARDS) (Jerng et al. 2006; 
Marshall et al. 2002; Raiden et al. 2002). Thus, the RAS appears to play a 
critical role in the pathogenesis of acute lung injury. 

Current scientific literature has shown some controversial results 
between smoking and susceptibility to SARS-CoV-2 infection (Liu et al. 
2020; Vardavas and Nikitara, 2020). The susceptibility to SARS-CoV-2 
infection and the chance of adverse health outcomes with SARS-CoV-2 
infection in the general population are variable (Chen et al. 2020; 
Guan et al. 2020a). It has been shown that smoking is most likely 
associated with the negative progression and adverse consequences of 
SARS-CoV-2 (Guan et al. 2020b; Zhang et al. 2020b); however, the un-
derlying mechanisms remain elusive. Therefore, the effects of smoking, 
including traditional CS and HTPs, on RAS and how these effects are 
involved in the pathogenesis of COPD were investigated in bronchial 
epithelium cultured in a conventional 2D dish and at the 3D air-liquid 
interface (ALI). Furthermore, the effects of traditional CS and HTPs on 

SARS-CoV-2-induced lung injury responses were also examined. 

2. Materials and methods 

2.1. Preparation of HTP and CS extracts 

The preparation of the tar phase extract of aerosol induced by HTP 
heat-sticks (Philip Morris, Tokyo, Japan) (1.4 mg nicotine) or L&M 
green label cigarettes (Philip Morris, Washington, DC, USA) (1.2 mg 
nicotine) by puff smoking conditions is described in the Supplementary 
Materials. 

2.2. Nicotine analysis 

Nicotine levels were analyzed in CSE or HTPE using the Acquity 
UPLC/TQD system (Waters, Milford, MA) as described in the Supple-
mentary Materials. 

2.3. Cell culture 

Human lung adenocarcinoma (Calu-3) and human bronchial 
epithelium (Beas-2B) cells were purchased from ATCC and maintained 
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 
10% FBS and RPMI 1640 medium supplemented with 10% FBS, 
respectively. 

2.4. Three-dimensional organotypic lung epithelium air-liquid interface 
(ALI) model 

The development of a standardized three-dimensional (3D) system of 
human bronchial epithelial cells based on Calu-3 cells was performed 
(Stewart et al. 2012) as described in the Supplementary Materials. 

2.5. Treatment with HTP and CS extracts 

For a conventional 2D culture, cells were seeded for 24 h and then 
treated with CSE or HTPE (0–0.5 mg/mL) for 24 h. For the 3D ALI 
culture system, on Day 10 of ALI culture, cells were washed with PBS 
buffer, and CSE or HTPE (400 μl) was added to the basolateral side of the 
ALI cultures and incubated for 24 h at 37 ◦C in the dark. 

2.6. Treatment with spike protein S1 

We treated Calu-3 cells with SARS-CoV-2 spike protein S1 (aa 
14–683) (Invitrogen # RP-87681, 10 ng/mL) for 0, 4, and 24 h after 
treatment with CSE or HTPE for 24 h. Since spike protein S1 was fused to 
His-Avi Tag at the C-terminus, cells were stimulated with the peptide 
encoding the His-Avi Tag (His-Avi as a negative control). 

2.7. Cytotoxicity assay 

Cytotoxicity was determined using a modified 3-(4,5- dimethylth-
iazol-2-yl)− 2,5-diphenyl tetrazolium (MTT; Sigma, St. Louis, MO) assay 
and a lactate dehydrogenase (LDH) leakage assay as described previ-
ously (Mosmann, 1983). 

2.8. Dichlorofluorescein (DCF) assay (Intracellular ROS) 

After exposure, the cells were washed with PBS (Gibco, 10270) and 
then incubated at 37 ◦C in 5% CO2 with 10 μM of a 5- (and-6)-chlor-
omethyl-2′,7′-dichlorodihydrofluorescein diacetate (CM-H2DCFDA) 
probe (Sigma) in PBS (0.5 mL/well or insert) for 35 min. After 30 min of 
incubation, the probe was removed from the wells, and the cells were 
harvested. Levels of pro-oxidants were determined by flow cytometry 
(FACSCalibur, BD). 
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2.9. Determination of phosphatidylserine (PS) externalization by Annexin 
V-FITC staining 

Cells (1 × 106/10-cm dish) were analyzed by FITC Annexin V (Bio-
Legend, USA) according to the manufacturers’ instructions. Briefly, cells 
were stained with 5 μl of FITC Annexin V and 10 μl of PI (0.5 mg/mL) for 
15 min at room temperature in the dark, followed by flow cytometry 
analysis with a Becton-Dickinson FACScan instrument and Cell Quest 
software. 

2.10. Quantification of angiotensin II and inflammatory cytokines by 
ELISA 

Levels of angiotensin II and inflammatory cytokines were measured 
in culture media collected after 24 h of exposure and kept at − 80 ◦C 
until analysis. Before freezing, the culture media were centrifuged for 5 
min at 3600 rpm at 4 ◦C to remove the cells. Angiotensin II, IL-6, Il-1β, 
and TNF-α release were measured using a commercially available 
Angiotensin II EIA Kit (Sigma, RAB0010), an IL-6 Human ELISA kit 
(Invitrogen, EH2IL6), an IL-1β Human ELISA kit (Invitrogen, 
BMS224–2) and a TNF alpha Human ELISA kit (Invitrogen, BMS223HS), 
respectively, according to the manufacturer’s instructions. 

2.11. Transepithelial electrical resistance (TEER) assay 

Tissue integrity after exposure was determined on three inserts per 
treatment. Cellular TEER was measured using a Millicell ERS-2 Epithe-
lial Voltohmmeter (Merck KGaA, Darmstadt, Germany) after adding 200 
μl medium to the apical side of the cells. 

2.12. Permeability assay 

One hundred microliters of medium containing fluorescein isothio-
cyanate (FITC)-dextran (4 kDa, Sigma–Aldrich) (1 mg/mL) and 500 μl 
of medium were added to the apical and basal chambers, respectively. 
Then, the cells were incubated for 30, 60 and 180 min, and the culture 
medium in the basal chamber was collected to measure fluorescence 
using an ELISA reader (TECAN Sunrise). The excitation and emission 
wavelengths were 488 and 525 nm, respectively. 

2.13. Quantitative real-time RT–PCR 

The procedure and the sequences of all the primers are shown in the 
Supplementary Materials. 

2.14. Immunoblotting analysis 

Cells were exposed to CSE or HTPE for 24 h, rinsed, and immediately 
placed in RIPA buffer. Cell lysates were prepared and analyzed as 
described previously (Wang et al. 2012). Briefly, blots were probed with 
primary antibodies as shown in the Supplementary Materials. The 
immunoreaction was visualized using enhanced chemiluminescence 
(ECL) (Millipore Corporation, Billerica, MA). 

2.15. Histological examination and immunofluorescence staining 

After cultures were grown for 10 days under ALI conditions and 24 h 
postexposure to CSE or HTPE, the membranes were removed from the 
transwells, cultures were fixed with 10% buffered formalin (Sigma), and 
samples were embedded in wax, cut into transverse sections, and stained 
with hematoxylin and eosin (H&E). Immunofluorescent staining was 
conducted for tight junction proteins as previously described (Wang 
et al. 2016). The following antibodies were used at the noted dilutions: 
anti-claudin-1 (1:100, GenTex, GTX134842), anti-E-cadherin (1:100, 
Cell Signaling, #3195) or ZO-1 (1:100, Invitrogen, #40–2200) at 4 ◦C 
overnight. The cells were then washed, incubated in the appropriate 

secondary antibody (Invitrogen, USA) for one hour at room tempera-
ture, incubated in DAPI (Sigma) to stain the nuclei, and mounted with 
coverslips. The stained slides were imaged using an Olympus FV1000 
confocal laser microscope (Olympus, Japan). 

2.16. Statistical analyses 

Descriptive statistics are presented as the mean ± standard deviation 
or the number (percentage). Student’s t tests were used to determine 
statistical significance. All calculated p values were two-tailed. Statisti-
cal significance was defined as p < 0.05. All analyses were performed 
with the IBM SPSS Statistics software package, version 23.0. 

3. Results 

3.1. Comparison of the cytotoxicity of cigarette smoke extracts from 
traditional cigarettes (CSE) or HTPs (HTPE) in human bronchial 
epithelium, Calu-3, and Beas-2B 

Total particulate matter (TPM) was collected and extracted from 
L&M green label cigarettes and HTPs, namely, cigarette smoke extracts 
(CSE) and HTP extracts (HTPE), respectively (Supplementary Fig. 1). 
The nicotine levels in HTPE (0.1 mg/mL) and CSE (0.1 mg/mL) were 
2.02 μM and 0.90 μM, respectively (Supplementary Fig. 2). The cyto-
toxicity of CSE and HTPE in human lung epithelial cells, including Calu- 
3 and Beas-2B cells, was analyzed using MTT. The results showed that 
CSE had higher cytotoxicity in Calu-3 and Beas-2B cells than HTPE. The 
IC50 values of CSE were 0.26 ± 0.21 mg/mL and 0.24 ± 0.40 mg/mL in 
Calu-3 and Beas-2B cells, respectively, while the IC50 of HTPE was 
higher than 1 mg/mL in both cell lines (Fig. 1A). A similar phenomenon 
was observed using the LDH assay (Fig. 1B). Furthermore, using 
Annexin V/PI assays, the results showed that CSE induced apoptosis in a 
dose-dependent manner and that 0.5 mg/mL HTPE slightly induced 
apoptosis in Calu-3 (Figs. 1C, 1E) and Beas-2B cells (Figs. 1D, 1F). 
Consistently, CSE induced higher levels of apoptosis markers, including 
the cleavage of caspase 9, caspase 3 and PARP, than HTPE in both Calu-3 
and Beas-2B cells, as shown by Western blot analysis (Fig. 1G-H). 

3.2. Regulation of the RAS, oxidative stress, and NF-kB inflammatory 
pathways was analyzed in Calu-3 and Beas-2B cells treated with CSE or 
HTPE 

Previous studies have shown that the RAS is potentially implicated in 
the pathogenesis of COPD through its involvement in inducing proin-
flammatory mediators and oxidative stress in the lung (Marshall, 2003; 
Rahman and Adcock, 2006). Our results showed that the reduction in 
ACE2 expression and the increased the ratio of ACE1 to ACE2 mRNA 
expression significantly upregulated angiotensin II (Ang II) secretion in 
Calu-3 cells treated with CSE or HTPE (upper panel of Fig. 2A, Fig. 2B, 
Supplementary Fig. 3A). These results indicate that CSE or HTPE acti-
vated RAS. Furthermore, CSE activated downstream MAPK signaling 
pathways, including ERK and JNK, in Calu-3 cells; however, HTPE only 
activated the ERK pathway (Fig. 2B). Although a lack of ACE2 expres-
sion was observed in Beas-2B cells (Supplementary Fig. 3B), the secre-
tion of Ang II expression was significantly upregulated (lower panel of 
Fig. 2A). Downstream ERK and JNK signaling was activated in Beas-2B 
cells treated with CSE or HTPE (Fig. 2C). The RAS can generate ROS, 
which contributes to the oxidative stress and impaired redox signaling 
observed in COPD (Rahman and Adcock, 2006). Our results showed that 
CSE, but not HTPE, induced the production of intracellular ROS in 
Calu-3 and Beas-2B cells using DCF assays (Fig. 2D). The redox-sensitive 
transcription factor nuclear factor (NF)-kappaB (NF-κB) is an essential 
participant in a broad spectrum of inflammatory networks that regulate 
cytokine activity in airway pathology (Edwards et al. 2009; Schuliga, 
2015). We further analyzed NF-kB pathways and the production of in-
flammatory cytokines in Calu-3 and Beas-2B cells treated with CSE or 
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HTPE. CSE or HTPE increased phosphorylated NF-kB and decreased IkB, 
indicating that CSE or HTPE induced the activation of NF-kB inflam-
matory pathways in Calu-3 and Beas-2B cells (Fig. 2B-C). The mRNA 
expression levels of downstream inflammatory cytokines, including 
IL-6, IL-1β, and TNF-α, were also upregulated in both cell lines (Sup-
plementary Fig. 4). Consistently, the secretion levels of IL-6, IL-1β, or 
TNFα were upregulated in culture medium collected from Calu-3 and 
Beas-2B cells treated with CSE or HTPE (Fig. 2E-J). Notably, HTPE 
induced higher IL-1β secretion in both cell lines than CSE on an equal 
concentration basis (Figs. 2F, 2I). These results indicate that alteration 
of the RAS system, activation of the downstream MAPK and NF-kB 
pathways, and upregulation of downstream inflammatory gene expres-
sion were observed in Calu-3 and Beas-2B cells treated with CSE or 
HTPE. 

3.3. The expression of tight junction proteins was analyzed in Calu-3 and 
Beas-2B cells treated with CSE or HTPE 

Previous studies have shown that prolonged and uncontrolled in-
flammatory cytokine release leads to epithelial barrier dysfunction 
(Aghapour et al. 2018). We further investigated the effect of CSE or 
HTPE on the expression of tight junction proteins in Calu-3 and Beas-2B 
cells. In both cell lines, CSE or HTPE downregulated tight junction 
protein expression, including claudin 1, ZO-1, and E-cadherin 
(Fig. 3A-B). Immunofluorescence staining for claudin-1, E-cadherin, and 
ZO-1 revealed a well-defined localization around cell borders in Calu-3 
cells treated with vehicle control, indicating the presence of intact tight 
junctions (Fig. 3C). Meanwhile, the staining of these tight junction 
proteins was not limited to cellular boundaries in Calu-3 cells after CSE 
or HTPE exposure for 24 h (Fig. 3C), indicating disruption of tight 
junctions. Although we did not observe intact tight junctions in Beas-2B 

cells, we found that CSE or HTPE decreased the expression of tight 
junction proteins (Fig. 3D), which is similar to the above results 
(Fig. 3B). 

Furthermore, Calu-3 cells were cultured in ALI, and epithelial barrier 
function was evaluated by TEER measurements and permeability assays 
(Fig. 4A-E). The results showed that CSE (0.1–0.5 mg/mL) or a high dose 
of HTPE (0.5 mg/mL) significantly reduced TEER after 6 h of treatment, 
although the level of TEER reduction induced by HTPE was not the same 
as that induced by CSE (Fig. 4B-C). Additionally, 24 h treatment with 
CSE (0.1–0.5 mg/mL) or a high dose of HTPE (0.5 mg/mL) significantly 
reduced TEER (Fig. 4D) and increased fluorescence signals after the 
addition of FITC-conjugated dextran (4 kDa, Sigma) at 30, 90 or 
120 min (Fig. 4E). These results suggest that CSE or a high dose of HTPE 
increased lung epithelial permeability. Consistently, CSE and a high 
dose of HTPE downregulated the expression of tight junction proteins, 
including claudin 1, ZO-1, and E-cadherin, in Calu-3 cells in ALI 
(Fig. 4F). Furthermore, histological examination of Calu-3 cells in ALI 
showed that CSE or HTPE (0.5 mg/mL) led to the development of 
epithelial remodeling with the appearance of a disordered epithelium 
compared to unexposed cells (Fig. 4G). Upon further evaluation of the 
cytotoxicity of CSE or HTPE in Calu-3 cells cultured in ALI using the LDH 
assay, the results showed that the doses (0.1, 0.25, 0.5 mg/mL) used for 
CSE or HTPE did not induce significant cytotoxicity (Supplementary 
Fig. 5). Furthermore, we found that CSE or HTPE activated NF-kB 
pathways (Supplementary Fig. 6A), and the secretion levels of IL-6, IL- 
1β, and TNF-α were also upregulated by Calu-3 in ALI (Supplementary 
Fig. 6B-D). Together, these results indicate that both CSE and HTPE 
disrupt tight junctions and induce the release of inflammatory cytokines 
in Calu-3 cells in ALI. 

Fig. 1. Cytotoxicity and apoptosis pathway in Calu-3 cells or Beas-2B cells treated with CSE or HTPE. Cytotoxicity in Calu-3 cells Beas-2B cells was analyzed using 
(A) MTT or (B) LDH assays after 24 h treatment with CSE (0–1 mg/mL, upper panel) or HTPE (0–1 mg/mL, lower panel). (C-F) Flow cytometric analyses with 
annexin-V-FITC and PI staining in Calu-3 or Beas-2B treated with CSE (0–1 mg/mL) or HTPE (0–1 mg/mL) for 24 h. (C-D) Apoptosis is determined by staining with 
annexin-V+PI. Q1: necrotic, AV − /PI + ; Q2: late apoptotic, AV + /PI + ; Q3: live, AV − /PI − ; Q4: early apoptotic, AV + /PI − . (E-F) The percentage of cells in 
each group in Calu-3 (E) or Beas-2B (F). Values are presented as mean ± SD. Student’s t-tests were used to determine statistical significance, and two-tailed p-values 
were shown. *p < 0.05, ***p < 0.005 compared with control group. (G-H) Western blot analysis of apoptotic pathway in (G) Calu-3 or (H) Beas-2B treated with CSE 
(0–0.5 mg/mL) or HTPE (0–0.5 mg/mL) for 24 h. pro-cas. 3/9: proform of caspase 3/9; c-cas. 3/9: cleavage form of caspase 3/9. A minimum of three independent 
experiments were performed. 
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3.4. The impact of CSE and HTPE on SARS-CoV-2 spike protein-induced 
lung injury responses 

ACE2 has been suggested as a cellular receptor for SARS-CoV-2 
(Zhang et al. 2020a), and high ACE2 expression in Calu-3 cells but not 
in Beas-2B cells was observed (Supplementary Fig. 3B). Therefore, we 
used Calu-3 cells as a model to analyze lung injury responses induced by 
the SARS-CoV-2 spike protein S1. SARS-CoV-2 utilizes spike proteins to 
bind to the host cell receptor ACE2, mediating viral cell entry (Letko 
et al. 2020). To mimic the binding process of SARS-CoV-2 infection and 
study SARS-CoV-2-induced cellular injury, we stimulated Calu-3 cells 
with the SARS-CoV-2 spike protein S1 (aa 14–683) in the presence of 
CSE or HTPE. The results showed that the ratio of ACE1 to ACE2 was 
upregulated in Calu-3 cells treated with spike protein S1 for 4 h or 24 h 
(Supplementary Fig. 7A). Furthermore, spike protein S1 induced the 
secretion of Ang II in Calu-3 cells after treatment for 4 h or 24 h 
(Fig. 5A). Consequently, downstream signaling pathways, including the 

MAPK and NF-kB inflammatory pathways, were activated after treat-
ment with spike protein S1 (Fig. 5B). The mRNA expression levels of the 
downstream inflammatory cytokines IL-6, IL-1β, and TNF-α were also 
upregulated in both cell lines (Supplementary Fig. 7B-D). Consistently, 
the secretion levels of IL-6, IL-1β, and TNFα were upregulated in culture 
medium collected from Calu-3 and Beas-2B cells treated with CSE or 
HTPE (Fig. 5C-E). More importantly, our results demonstrated that CSE 
or HTPE (0.5 mg/mL) enhanced the reduction of ACE2, the activation of 
RAS, downstream MAPK pathways, and NF-kB pathways, and ultimately 
enhanced the release of inflammatory cytokines, which was attributed 
to spike protein S1 (Fig. 5, Supplementary Fig. 7). 

4. Discussion 

Current studies on the adversity of HTP vapors to respiratory airways 
have yielded conflicting results (Biondi-Zoccai et al. 2019; Dinakar and 
O’Connor, 2016; Paumgartten, 2018; Polosa and Caponnetto, 2016; 

Fig. 2. The effect of CSE and HTPE on RAS, the production of ROS, and NF-kB inflammatory pathways in Calu-3 and Beas-2B cells. Calu-3 or Beas-2B were treated 
with CSE (0–0.5 mg/mL) or HTPE (0–0.5 mg/mL) for 24 h. (A) The secretion of angiotensin II (Ang. II) in Calu-3 (upper panel) or Beas-2B (lower panel) was analyzed 
using the Angiotensin II ELISA kit (Sigma). (B-C) Western blot analysis of ACE2 and downstream MAPK pathway including p-JNK, JNK, p-Erk, and Erk, and NF-kB 
inflammatory pathways including p-NF-kB, NF-kB, and IkB in (B) Calu-3 or (C) Beas-2B. (D) the production of intracellular ROS in Calu-3 (upper panel) or Beas-2B 
(lower panel) using DCF assays. (E-J) The secretion of IL-6, IL-1β, and TNFα in (E-G) Calu-3 or (H-J) Beas-2B cells was analyzed using IL-6, IL-1β, and TNFα ELISA kit 
(Invitrogen). Values are presented as mean ± SD. Student’s t-tests were used to determine statistical significance, and two-tailed p-values were shown. *p < 0.05, 
**p < 0.01, ***p < 0.005 compared with control group. A minimum of three independent experiments were performed. 
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Simonavicius et al. 2018; Tabuchi et al. 2016). Despite claims of reduced 
harmful effects by the tobacco industry, the adverse health effects of 
HTPs on lung pathogenesis relevant to COPD and the 
SARS-CoV-2-induced lung injury response remain elusive. Our study 
indicates that HTPE, similar to CSE, induced lung pathogenesis pertinent 
to COPD, including the alteration of the RAS system, increased inflam-
mation, and disruption of lung epidermal tight junctions. Furthermore, 
HTPE also enhanced the spike protein S1-induced lung injury response 
comparable to CSE. These results indicate that HTPE can potentially 
induce chronic lung diseases, i.e., COPD, and enhance the 
SARS-CoV-2-induced lung injury response. To the best of our knowl-
edge, this is the first report to show the effect of acute HTPE exposure on 
the SARS-CoV-2-induced lung injury response. 

This study found that CSE caused higher cytotoxicity and higher ROS 
production than HTPE in Calu-3 and Beas-2B cells using MTT and LDH 
assays (Fig. 1A-B, Fig. 2D). The results are similar to those of previous 
studies showing that TPM collected from HTPs induced lower cytotox-
icity using lung epithelial cells (Davis et al. 2019; Ito et al. 2020). 
Furthermore, recent studies reported that the gas vapor phase, TPM, or 
whole aerosol/smoke collected from HTPs does not decrease cell 
viability in various types of respiratory cells through leakage of the 
plasma membrane by the LDH assay (Davis et al. 2019). However, they 
affect critical cell functions such as metabolic activity via mitochondrial 
reductase function, as seen with the MTT assay (Davis et al. 2019; Leigh 
et al. 2018). While it has been reported that HTPs generated lower levels 
of ROS than combustible cigarettes in human lung fibroblast cells (Lyu 
et al. 2022) or Jurkat T cells (Scharf et al. 2021), HTPs have also been 
shown to have similar potential as conventional cigarette products to 
induce an oxidative stress response in rat alveolar epithelial cells (Ito 
et al. 2020). These results indicate that the cytotoxicity or oxidative 
stress induced by conventional cigarettes and HTPs was affected by cell 
types, endpoint assays, and various components of smoke/aerosols. 

RAS has been implicated in the pathogenesis of COPD through 
activation of downstream MAPK and NF-kB pathways and stimulation of 
proinflammatory mediators in the lung (Kaparianos and Argyropoulou, 
2011; Kuba et al. 2006; Marshall, 2003; Shrikrishna et al. 2012). We 
found that CSE had a higher detrimental effect on the production of Ang 

II and activation of MAPK than HTPE in the 2D culture of Calu-3 cells 
(upper panel of Figs. 2A, 2B). However, the above effects were similar 
in Beas-2B cells treated with CSE and HTPE (lower panel of Figs. 2A, 
2C). In both Calu-3 and Beas-2B cells, our results demonstrated that CSE 
or HTPE induced the secretion of IL-6, IL-1β, or TNFα (Fig. 2E-J); 
interestingly, HTPE induced higher IL-1β secretion than CSE on an equal 
concentration basis (Figs. 2F, 2I). Various studies have shown that HTPs 
induce fewer proinflammatory cytokines, including IL-6, IL-1β, IL-8 and 
TNFα, in different lung cell lines than conventional cigarettes (Dusautoir 
et al. 2021; Ito et al. 2020; Leigh et al. 2018; Lyu et al. 2022; Munakata 
et al. 2018; Scharf et al. 2021). There are three factors that could ac-
count for these variations in results: first, different cell culture systems, 
including submerged and ALI cell culture, were used; second, different 
protocols of cell exposure, such as exposure to aerosol extracts or direct 
aerosol exposure, were employed and could lead to different composi-
tions of conventional cigarettes or HTPs; third, different cell types, 
which can express different levels of oxidative capacity, metabolic ac-
tivity, and sensitivity to exogenous materials, were evaluated (Lujan 
et al. 2019). Beas-2B cells are derived from the normal bronchial 
epithelium, and Calu-3 cells are derived from the pleural effusion of a 
patient with adenocarcinoma of the lung; thus, cell characteristics cause 
different responses toward CSE and HTPE. In addition, high ACE2 
expression was observed in Calu-3 cells but not in Beas-2B cells (Sup-
plementary Fig. 3B). Both CSE and HTPE enhanced the spike protein 
S1-induced lung injury response, including RAS activation, downstream 
MAPK pathways, and NF-kB pathways, and enhanced the expression of 
inflammatory cytokines in Calu-3 cells (Fig. 5). However, this phe-
nomenon was not observed in Beas-2B cells (Supplementary Fig. 8). 

Our results showed that CSE or HTPE induced a reduction in ACE2 
protein expression in Calu-3 cells, leading to RAS activation (Fig. 2B). 
Several controversial results exist in the literature on ACE2 expression 
and cigarette exposure (Brake et al. 2020; Ferrari et al. 2007, 2008; 
Oakes et al. 2018; Smith et al. 2020; Yilin et al. 2015). Previous studies 
have reported that nicotine has the potential to downregulate ACE2 
expression in certain tissues or cell types (Ferrari et al. 2007, 2008; 
Oakes et al. 2018). However, CSE has a higher impact on ACE2 reduc-
tion in Calu-3 cells than in HTPE cells, which may not account for 

Fig. 3. The effect of CSE and HTPE on the 
expression of tight junction proteins and 
epithelial barrier function. Calu-3 or Beas-2B 
were treated with CSE (0–0.5 mg/mL) or 
HTPE (0–0.5 mg/mL) for 24 h. (A-B) Western 
blot analysis of tight junction proteins including 
claudin-1, E-cadherin, and ZO-1 in (A) Calu-3 
or (B) Beas-2B (C&D) Immunofluorescent 
staining assay for tight junction proteins 
including claudin-1, E-cadherin, ZO-1 in (C) 
Calu-3 or (D) Beas-2B treated with CSE 
(0.25 mg/mL) or HTPE (0.25 mg/mL) for 24 h. 
Scale bar = 50 µm. A minimum of three inde-
pendent experiments were performed.   
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nicotine levels since higher nicotine levels were detected in HTPE cells 
than in CSE cells in this study (Supplementary Fig. 2). Different sub-
stances in cigarettes, including nicotine and carbonyl compounds, may 
affect ACE2 differently than whole smoke, and smoking itself could alter 
ACE2 levels. Thus, the underlying mechanisms by which CSE or HTPE 
reduces ACE2 protein need further investigation. 

Disruption of lung barrier integrity is increasingly linked to airway 
diseases (Aghapour et al. 2018; Rezaee and Georas, 2014). Our experi-
ments on the bronchial epithelium revealed that CSE and HTPE exposure 
caused downregulation of tight junction proteins and disruption of TJ 
and AJ proteins in Calu-3 and Beas-2B cells (Fig. 3). Furthermore, the 
effects of CSE or HTPE on epithelial barrier function were evaluated 
using ALI cultures. The in vitro ALI model allows investigators to study 
particle interactions with the cells in an environment that more closely 
resembles the in vivo environment of the lung (He et al. 2021). Previous 
studies have shown that the Calu-3 epithelial model can retain its 

monolayer structure and develop robust and tight junctions under 
long-term ALI culture; however, Beas-2B cells do not differentiate or 
form tight junctions (He et al. 2021). In this study, our results showed 
that CSE or a high dose of HTPE disrupted lung epidermal tight junctions 
using Calu-3 in ALI (Fig. 4). Furthermore, CSE or HTPE activated NF-kB 
pathways and increased the secretion of IL-6, IL-1β, and TNF-α (Sup-
plementary Fig. 6). Together, these results indicate that both CSE and 
HTPE induced the release of inflammatory cytokines and disrupted tight 
junctions in Calu-3 cells in ALI. 

There are several limitations to this study. First, we observed only an 
acute response to HTPE in an in vitro system. Second, we did not use 
whole aerosol/smoke, which smokers inhale. Third, we only used the 
SARS-CoV-2 spike protein S1 to mimic the binding process of SARS-CoV- 
2 infection. Thus, long-term, repeated whole aerosol/smoke exposure 
experiments and in vivo studies with animals and HTP users must be 
conducted to verify our in vitro cell-based results. Nevertheless, our 

Fig. 4. The effect of CSE and HTPE on the epithelial barrier function of Calu-3 cultured in air-liquid interface (ALI). (A) The establishment of the ALI lung epithelial 
cell model consists of two stages: submerged culture (2–3 days) and ALI culture (10 days). Measurement of transepithelial electrical resistance (TEER) on day 1 to day 
10 of ALI culture. (B-C) On day 10 of ALI culture, Calu-3 was treated with CSE (0–0.5 mg/mL, B) or HTPE (0–0.5 mg/mL, C) for 3–24 h, followed by measurement of 
TEER. (D-E) After 24 h-treatment of CSE or HTPE for 24 h, Calu-3 was analyzed by measurement of (D) TEER and (E) permeability assay using fluorescein iso-
thiocyanate (FITC)-conjugated dextran (4 kDa, Sigma) at 30, 90 or 120 min. Values are presented as mean ± SD. Student’s t-tests were used to determine statistical 
significance, and two-tailed p-values were shown. *p < 0.05, **p < 0.01, ***p < 0.005 compared with control group. (F) Western blot analysis of tight junction 
proteins including claudin-1, E-cadherin, and ZO-1 in Calu-3 cells cultured in ALI and treated with CSE (0–0.5 mg/mL) or HTPE (0–0.5 mg/mL) for 24 h. (G) Tissue 
morphology following exposure to CSE or HTPE in Calu-3 cultured in ALI. After 24 h treatment of CSE or HTPE in Calu-3 in ALI, tissues were fixed, paraffin- 
embedded, sectioned and stained by H&E to visualize tissue morphology. Representative images of control treatments, CSE-exposed cells, and HTPE-exposed 
cells were shown. Scale bar, 50 µm. A minimum of three independent experiments were performed. 
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acute exposure model shows that HTPs have the potential to cause lung 
injury, which is consistent with several previous studies (Davis et al. 
2019; Glantz 2018b; Leigh et al. 2018; Moazed et al. 2018; Nabavizadeh 
et al. 2018; Sohal et al. 2019). Furthermore, two case reports showed 
that HTPs cause acute eosinophilic pneumonia, and these results 
strongly support that HTPs induce damage to the lungs (Aokage et al. 
2019; Kamada et al. 2016). 

5. Conclusions 

Given our current findings and those of previous studies, HTPE can 
alter the RAS and increase inflammation and airway remodeling in 
airways, similar to CSE, leading to the pathogenesis of COPD. Intrigu-
ingly, HTPE, similar to CSE, has the potential to enhance the SARS-CoV- 
2-induced lung injury response. This study provides an efficient respi-
ratory system to analyze the inhalation toxicity of newly developed 
cigarette products, and the results will help in the risk assessment and 
regulation of these products. 

Funding 

This work was supported by National Health Research Institutes, 
Taiwan under [NHRI-EX110-11027PI, NHRI-EX111-11027PI (H-T 
Wang)], National Yang Ming Chiao Tung University Far Eastern 

Memorial Hospital Joint Research Program [#NYCU-FEMH 110DN01, 
111DN01(H-T Wang)], Veterans General Hospitals and University Sys-
tem of Taiwan Joint Research Program [VGHUST111-G1-4-2 (H-T 
Wang)] and Ministry of Science and Technology, Taiwan [MOST-111- 
2320-B-A49-018 (H-T Wang), MOST# 110-2327-B-400-003 (Y-H 
Ping)]. 

CRediT authorship contribution statement 

H-H T, P-H W, T-Y L, and H-T W designed and performed research. H- 
H T, P-H W, T-H T, Y-H P, H-W C, and H-T W performed the experiments 
and analyzed the data. H-T W wrote the paper. 

Declaration of Competing Interest 

The authors 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 will be made available on request. 

Fig. 5. The effect of CSE and HTPE on SARS-CoV-2 spike protein S1-induced lung injury responses. To mimic SARS-CoV-2 infection and study SARS-CoV-2 induced 
cellular injury, we stimulated Calu-3 cells with SARS-CoV2 spike protein S1 (aa 14–683) (Invitrogen # RP-87681, 10 ng/mL) for 0, 4, and 24 h after treatment of CSE 
or HTPE for 24 h. Since spike protein S1 was fused to His-Avi Tag at C-terminus, cells were stimulated with the peptide encoding the His-Avi Tag (His-Avi as a 
negative control). (A) The secretion of angiotensin II (Ang. II) was analyzed using the Angiotensin II ELISA kit (Sigma). (B) Western blot analysis of ACE2 and 
downstream MAPK pathway including p-JNK, p-ERK, and NF-kB inflammatory pathways including p-NF-kB, NF-kB, and Ik-B in Calu-3. (C-E) The secretion of IL-6, IL- 
1β, and TNFα in Calu-3 was analyzed using the IL-6, IL-1β, and TNFα ELISA kit (Invitrogen). Values are presented as mean ± SD. Student’s t-tests were used to 
determine statistical significance, and two-tailed p-values were shown. *p < 0.05, **p < 0.01, ***p < 0.005 compared with cells without spike protein. #p < 0.05, 
##p < 0.01, ###p < 0.005 compared with cells treated with CSE or HTPE in the absence of spike protein. A minimum of three independent experiments 
were performed. 
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Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.tox.2022.153318. 
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