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Smoke from conventional cigarettes (C-cigarettes) contains

various reactive oxygen species and toxic chemicals, which

potentially cause oxidative damage not only to airways but also

to the whole body, leading eventually to diseases, including

emphysema, advanced atherosclerosis, and cancer. Many heat-

not-burn tobacco products (HTPs) have been commercialized

recently in Japan to maintain the smoking population by

advertising that HTPs are less toxic. However, there were few

studies reported from neutral organizations whether HTPs are

indeed less damaging. To evaluate the potential capacity of HTPs

to induce oxidative stress, we here compared two different HTPs

with two types of C-cigarettes, using human fibroblast IMR90SV

cells and 5% aqueous extracts in 10-ml phosphate-buffered saline

(50-ml smoke/10 s). HTPs exhibited significantly lower oxidative

toxicity in comparison to C-cigarettes. Whereas C-cigarettes

induced ferroptosis in fibroblasts, the effects of HTPs were

significantly reduced by measuring the levels of peroxides,

pro-inflammatory cytokine expression, autophagy, catalytic Fe(II)

and 8-hydroxy-2'-deoxyguanosine. Notably, major portions of

C-cigarettes-induced pathogenic responses were inhibited by

catalase. However, HTPs still induced p62 autophagy-adaptor at

5%-dilution and caused lethal effects to fibroblasts with

undiluted solution. In conclusion, HTPs smoke per se can be toxic

despite less toxicity in comparison to C-cigarettes, which warrants

further investigation.
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Materials and Methods

Cell culture. 



Preparation of C-cigarette smoke extract (CSE) and HTP
smoke extract (HTPE). 

Cell viability and cytotoxicity assay. 

Quantitative real-time PCR. 

Immunohistochemistry (IHC) analysis for paraffin-
embedded specimens. 

TTable 1. Commercial C-cigarettes and HTPs used for aqueous smoke
extract preparation

Smoke extract
solution

Brands

CSE #1 Wakaba, JT; Tokyo, Japan

CSE #2 Peace, JT; Japan

HTPE #1
gloTM (KENT Neostiks for glo); British American
Tobacco Japan, Ltd.; Tokyo, Japan

HTPE #2
iQOS (Marlboro, regular), Philip Morris Japan;
Tokyo, Japan

C-cigarette, conventional cigarette; CSE, C-cigarette smoke extract;
HTP, heat-not-burn tobacco product; HTPE, HTP smoke extract.

Immunocytochemistry (ICC) analysis for cultured cells.

Immunoblotting. 

Time-lapse fluorescent imaging of H2O2. 

Calcein-AM labile iron pool (LIP) assay. 

Statistical analysis. 

Results

HTPE induces less damage to IMR90SV fibroblasts in
comparison to CSE. 
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CSE and HTPE differentially induces overexpression of
pro-inflammatory cytokines and NF- B/p62 regulated
autophagy in IMR90SV fibroblasts. 

Different biological responses between CSE and HTPE
exposure at least partially depends on H2O2. 

FFig. 1. Suppression of cell growth and induction of cell death by CSE but not by HTPE after dilution of the aqueous extract. (A, B) Proliferation of
IMR90SV fibroblasts was suppressed with CSE treatment in a concentration- and time-dependent manner but not with HTPE treatment after
dilution. Cell viability was assessed with WST-8 assay at 24 h unless otherwise specified. 5%-Dilution was thereafter used unless otherwise
specified. (C) CSE caused cellular damage and death with increasing concentration whereas HTPE did not up to 20%-dilution. Cytotoxicity was
assessed by LDH assay. (D) HTPE of 100% (v/v) or 200% (v/v) caused cellular damage after 24 h treatment. (E) After treatment with 5% CSE or HTPE
for 24 h, cell death was assessed with SYTOX green (bar = 200 μm; based on 3 independent experiments; mean ± SEM; *p<0.05, **p<0.01,
***p<0.001. CSE, conventional cigarette smoke extract; HTPE, heat-not-burn tobacco product smoke extract; PBS, phosphate-buffered saline. Refer
to text and Table 1 for details.



FFig.. 2. CSE and HTPE induces NF- B activation and p62-regulated autophagy. (A, B, C) IMR90SV cells were treated with CSE (5%) or HTPE (5%) for
4 h, and the mRNA levels of TNF- , IFN- , and IL1-  were assessed with quantitative real-time PCR analysis. (D) IMR90SV cells were treated with 5%
CSE or 5% HTPE for 8 h. Nuclear NF- B and cytoplasmic p62 increased in both CSE- and HTPE-treated IMR90SV cells. Results were obtained with
immunocytochemical analysis (bar = 13 μm). (E, F, G) CSE triggered p62-regulated autophagy more intensely than HTPE. Expression of p62, LC3B
and LAMP1 was increased. Protein levels were examined by immunoblot analysis (mean ± SEM; *p<0.05, **p<0.01, ***p<0.001).
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FFig.. 3. H2O2 is a major responsible chemical for oxidative damage and inflammatory response of IMR90SV fibroblasts exposed to CSE. (A) Time-
lapse alteration of intracellular H2O2 by HyPerRed florescence in response to 5% CSE, 5% HTPE or PBS. Data was obtained by time-lapse microscopy
at 10-min interval. CSE treatment significantly increased intracellular H2O2 level in comparison to HTPE or PBS group. (B) Catalase (CAT; 200, 500 or
1,000 unit/ml) was added prior to 10% CSE or 100 μM H2O2 treatment. WST-8 measurements and phase-contrast microscopic images are shown
(bar = 100 μm). (C, D, E) The cells were treated with 5% CSE or 100 μM H2O2 in the presence or absence of CAT (500 unit/ml) for 4 h. Relative mRNA
level of TNF- , IFN- , and IL1-  were assessed by quantitative real-time PCR analyses. (F) CAT was added to IMR90SV cells 30 min before 8 h CSE
treatment (5%). Confocal images reveal the significant increase in nucleic NF- B and cytoplasmic p62 levels elevated by CSE, which were repressed
by co-treatment with CAT (bar = 13 μm). (G) IMR90SV cells were treated with 5% CSE with or without CAT (500 unit/ml) for 24 h. Protein levels of
LC3B-I/II were analyzed with immunoblotting. -actin was used as an internal control (means ± SEM; *p<0.05, **p<0.01, ***p<0.001).



FFig.. 4. CSE but not HTPE significantly increases intracellular catalytic Fe(II), causing ferroptosis. (A) IMR90SV cells were treated with CSE (5%)
or HTPE (5%) for 4 h, catalytic Fe(II) as labile iron pool (LIP) quantified by Calcein-AM assay was significantly increased by CSE treatment in
comparison to the control group whereas HTPE did not increase LIP (bar = 100 μm). (B) IMR90SV cells were treated with 5% CSE with or without
CAT (500 unit/ml) for 4 h, followed by analyses of LIP as described. CAT was effective (bar = 100 μm). (C) Protein was extracted for immunoblot
analyses after 4 h CSE (5%) or HTPE (5%) treatment. Expression of ferritin-H and ferritin-L was increased only in CSE-treated groups, confirming
the increase in intracellular iron. (D, E) IMR90SV cells were treated with CSE (5%) or HTPE (5%) for 8 h, where significant lipid peroxidation with
HNEJ-2 antibody was detected only in CSE treatment groups, confirming ferroptosis. Increased lipid peroxidation by CSE #1 was significantly
suppressed by additional CAT co-incubation (bar = 50 μm; data were taken from 3 independent experiments; mean ± SEM; *p<0.05, **p<0.01).
CAT, catalase; LIP, labile iron pool. Refer to text for details.
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CSE but not HTPE significantly expands LIP and lipid
peroxidation. 

CSE but not HTPE induces oxidative DNA damage.

Discussion

FFig. 5. CSE but not HTPE induces oxidative DNA damage, which is rescued by CAT. (A) IMR90SV cells were treated with CSE (5%) or HTPE (5%) for
8 h. Significantly increased 8-OHdG was detected in CSE treatment group in comparison to the control or HTPE treatment group. (B) IMR90SV cell
were treated with 5% (v/v) CSE with or without additional CAT (500 unit/ml) for 8 h. Immunohistochemical analysis exhibited significantly
decreased 8-OHdG level in CSE treatment group with additional CAT in comparison to CSE treatment group without CAT (bar = 50 μm; means ±
SEM; **p<0.01). CAT, catalase; 8-OHdG, 8-hydroxy-2'-deoxyguanosine.
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