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ABSTRACT
It is still a controversial topic about evaluating whether heated tobacco products



(HTP) really reduce harm, which involves the choice of an experimental model. Here,
a three-dimensional (3D) biomimetic chip model was used to evaluate the toxicity of
aerosols came from HTP and smoke produced by cigarettes (Cig). Based on cell-
related experiments, we found that the toxicity of Cig smoke extract diluted four times
was also much higher than that of undiluted HTP, showing higher oxidative stress
response and cause mitochondrial dysfunction. Meanwhile, both tobacco products all
affect the tricarboxylic acid cycle (TCA), which is manifested by a significant
decrease in the mRNA expression of TCA key rate-limitina enzymes. Summarily, 3D
Biomimetic chip technology can be used as an ideal mor'~l > evaluate HTP. It can
provide important data for tobacco risk assessment w-n 0O chip model was used.
Our experimental results showed that HTP may be iess harmful than tobacco
cigarettes, but it does show significant cytoi xici:y with the increase of dose.
Therefore, the potential clinical effects of HT™ on targeted organs such as lung should

be further studied.

Key words: Chip Model; Cigarette smoke; Heated Tobacco Products; Inflammation;
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Introduction

Toxicological assessment is mostly carried out through animal experiments, and
the data generated can be used as a reliable basis for its potential risk assessment.
However, many studies have confirmed that although animal models provide complex
physiological structures and controllable experimental environments that very alike
human cells and organ systems, animal experiments have limited the prediction of the
toxicity of compounds in humans due to the huge differences between species (Doke
and Dhawale, 2015; Robinson et al., 2019; Wallace Hayes .: al., 2020). Furthermore,
the emphasis on animal ethics (3Rs principle of animal ¢voe imentation) in the field
of scientific research has also made the use of anitna: ™odels more cautious, so in
vitro alternative models have attracted more and rnore attention.

Traditional monolayer cell culture systems can’t fully reflect the physiological
environment of real tissues, which =ven changed tissue-specific structures,
mechanical/biochemical signals anu ir’ercellular communication (Oh et al., 2022;
Yamada and Cukierman, 2007). Tn. three-dimensional cell culture developed on the
basis of two-dimensional (2P el culture solves the above problems well. The
“organ chip (chip mode' ” > a microfluidic cell culture device fabricated by
microchip manufacturiza mxthod. By reconstructing the human multi-cell structure,
tissue-tissue interfac. pr ysical and chemical microenvironment and blood perfusion
on the chip (Nahak ¢’ al., 2022; Ramadan and Gijs, 2015; Shuler, 2017), organ chips
can produce levels of tissue and organ function that cannot be achieved by traditional
2D or 3D culture systems (Cukierman et al., 2001; Mazzoleni et al., 2009).

There have been many experiments based on chip models for toxicity evaluation,
among which tobacco safety accounts for a large part. It is well known that more than
4000 compounds are produced in cigarette smoke (Berkowitz et al., 2018; Fricker et
al., 2018; Kennedy-Feitosa et al., 2019), and different compounds have different

effects on different types of tissue cells. Hou et al. constructed a lung-on-a-chip model



based on lung epithelial cells and vascular endothelial cells and evaluated the
potential hazards of cigarette (Cig) smoke exposure (Hou et al., 2020). The results
showed that the level of inflammatory factor TNF-o/IL-6 increased. Carnevali et al.
evaluated the toxicity of cigarette smoke extract (CSE) based on a human lung
fibroblast cell line (HFL-1) chip and found that CSE dose-dependently induced
apoptosis and oxidative stress (Carnevali et al., 2003). Marinucci et al exposed human
gingival fibroblasts (BSCL138) and human oral keratinocytes (PSC-200-014) to CSE,
e-CSE, and HTP aerosol extract to explore the different bic.~qical effects (Marinucci
et al., 2022). The experimental results showed that undi. 'ter. tobacco smoke extract
significantly inhibited cell viability and cell migritic~ caused cell morphological
changes and induced cell death. No change or dar.age was observed after e-CSE
extract treatment. HTP extracts induced cell r-niiferation, manifested as increased cell
viability, cell migration and cycle analysic chaiiges. Hoshino et al exposed A549 cells
to CSE and found that 5 % concont.ation could induce apoptosis and necrosis
(Hoshino et al., 2001). In vitro ex.2riments (chip model) have confirmed that CSE
can increase the expression and scretion of IL-8 in human bronchial epithelial cells,
both primary and tumor-de.ive.' NCI-H292 cell lines (Mio et al., 1997; Richter et al.,
2002). Similar results vrere Jound in electronic toxicology evaluation based on chip
technology. Studi~s ~ave shown that e-cigarette extract (eCVE) leads to decreased
lactate dehydrogene<”. activity (Cervellati et al., 2014), increased MMP-9 and IL-8
release (Higham et al., 2016). The toxicological evaluation of traditional cigarettes
and E-cigarettes has confirmed the unique advantages of organ chips. However, we
still have not found the research progress of using the above technology to evaluate
heated tobacco products (HTP). Although some scientific studies have shown that
HTP significantly reduce the content of harmful components in smoke, there is still a
lack of sufficient evidence to show that HTP do real risk reduction (Basaran et al.,

2019; McKelvey et al., 2018a; McKelvey et al., 2018b). Considering that there is no



definite conclusion on the focus question of whether HTP is harmful or not, we
proposed a null hypothesis was that heated tobacco products were safe and non-toxic
in the dose range tested when compared with traditional cigarettes.

In this paper, we use 3D biomimetic chip technology to systematically evaluate
the toxicity of HTP and Cig. Specifically, we first analyzed and compared the
differences between 2D and 3D model on cell culture, including cell growth status,
characteristics and function maintenance. Then, the cell viability, morphological
changes and apoptosis status of BEAS-2B cells treatec hy HTP and Cig were
compared in detail. In the 3D culture state, BEAS-2B celi.; wrs stimulated by aqueous
aerosol extracts (AqE) to produce inflammatory aiu =r.d-inflammatory factors, as
well as the difference in the effects of linear d.ima,'e and energy metabolism. The
mechanism of BEAS-2B cells and mitoch~ndrial damage caused by CSE was
preliminarily discussed, so as to provide new Ideas and evidences for the effective

prevention of related diseases causea v (obacco products.

Materials and methods
Tobacco products and 3D E ‘'o-niumetic chip

HTP for the prepara.on of AqE were purchased from the Korean market and
produced by Hubei tovacco Industry (Hubei, China). HTP includes an electronic
heating device and a igarette butt, called MOK and COO, respectively. In this study,
one of tobacco sticks (same with THP COO ORIENTAL) was selected for this
experiment (Wang et al., 2021). Cigarettes are derived from marketed in China (10
mg tar, 1 mg nicotine per cigarette) and have major chemical components that like to
3R4F (University of Kentucky).

The 3D Biomimetic Chip was purchased from Beijing Daxiang Biotech Co., Ltd.
Each unit contains three wells, in which the wells on both sides are connected through
the bottom, and the medium is added later to provide shear force and microgravity

environment for the cultured cells through a certain swing during dynamic culture.



Cells grow at the bottom of the middle well of each unit, with a polydimethylsiloxane

(PDMS) membrane at the bottom and modified by collagen I (Corning, USA).

Inoculation Culture of Cells on Chip

For the cell culture, human bronchial epithelium BEAS-2B cells were purchased
from the American Type Culture Collection (ATCC; Manassas, VA, USA). Cells were
resuscitated and cultured in DMEM complete medium (Corning, USA) supplemented
with 10% fetal calf serum (FBS, Gibco, USA). The c.!'s were incubated in a
humidified atmosphere maintained at 37 °C and 5% C\-. 'Vhen the cells grew to
about 80%, trypsin (Solarbio Technology, Beijing. Chira) digestion was used for
routine subculture.

The inoculation of BEAS-2B cells on 3™ cnips was the same as that reported by
Jing and Xiao et al (Jing et al., 2022; Xia= et ar., 2022; Xiao et al., 2021). Briefly, the
porous membrane was coated with ~wre | collagen hydrogel (Corning, USA) in a
carbon dioxide incubator (37.5 °C, S % CO.) for 2 hours. After washing with sterile
PBS, BEAS-2B cells were seedec. o1 the microfluidic channel in the lower part of the
left chamber and incubate« in 2n inverted incubator at 37.5 °C for 2 h, so that the
inoculated cells were a*ach.d to the surface of the porous membrane. Then, 100 puL
medium was add~d .~ e7.ch chamber and the device was placed on an iBAC rocker
(MR100110, Beijint Daxiang Biotechnology, China) for dynamic culture. With a
swing angle of 30 degrees and a swing frequency of 1 circle / min, a relatively stable
fluid flow rate and shear force can be achieved.
Preparation of AQE

According to the method of capturing carbonyl compounds (CORESTA
Recommended Method No. 96; CORESTA Recommended Method No. 74), we
connect two similar U-shaped traps in series. 40 mL of DMEM medium (excluding

FBS and DMSO) are added into the front and rear tubes, respectively. Whole aerosols



from cigarettes (1 mg nicotine per cigarette) or HTP (0.6 mg nicotine per cigarette)
were generated on a smoking machine (ESTONG, Qingdao, China) under the Health
Canada Intense (HCI) machine puffing regime (55 mL puff taken over 2 s and
repeated every 30 s). Considering the difference of nicotine content between Cig (0.1
mg/puff) and HTP (0.06 mg/puff), so we made sure the same volume of smoke
extraction under the consistent suction mode (HCI) and puffs. AgEs were generated
by bubbling 20X 55 mL puffs from one Cig or HTP through 40 mL DMEM medium
without added supplements or serum. After the preparation ¢ Age (0.5 puffs/ml), the
brown reagent bottle was sealed and stored in a refrigera.r #¢ 4 °C after sterilization
with a 0.22 uM pinhole filter. According to the e,:ne/imental requirements, 0.5
puffs/ml, 0.25 puffs/ml and 0.125 puffs/ml (Supal 11ble 1 and 2) were obtained by
adding DMEM medium.

Cell Viability Detection

Cell viability between static culture (2D) and dynamic culture (3D) was
determined by fluorescein dia:eta.c (FDA, Sangon Biotech, China) fluorescence
microplate method. Specific.'ly, » x 103 cells / well were inoculated in a 3D chip and
cultured continuously fo, 9 days. The culture medium in the culture plate was
discarded when the czn iability was measured, and the cells were washed with sterile
PBS solution. 100 pr FDA (10 pg/ml) was added and incubated at 37 °C for 30 min.
Then the fluorescence intensity was measured by High Content Screening (HCS,

PerkinElmer, USA) (excitation light: 485 nm, emission light: 538 nm).

Cell cytotoxicity, morphology and apoptosis

BEAS-2B cells were inoculated on a 3D chip at 1x10* cells/well with fresh
medium. After 12 h, the cell medium was replaced with medium containing different
concentrations of AqE (25 %, 50% and 100%). Viability of BEAS-2B cells was

detected on 24 h after dosing according to instructions of CCK-8 assay kit (Solarbio



Technology, Beijing, China). The morphology and apoptosis (Nanjing Jiancheng
Bioengineering, Jiangsu, China) of the cells were observed by inverted fluorescence

microscope.

Enzyme-linked immunosorbent assay (ELISA)

The expression of inflammatory factors in BEAS-2B cells was detected by
enzyme-linked immunosorbent assay. Briefly, 1.5x10* cells/well were seeded on a 3D
chip, and different doses of AqE (Both Cig and HTP) rep.cced completely medium
(DMEM with 10% FBS) after 24 h of inoculation. The cel's were cultured in two
different ways, 3D dynamic culture and 2D static >u.*'re. The supernatant of cells
treated with different concentrations of AgE was :oli cted after 24 h of treatment, and
the levels of IL-6/8/1B, TNF-a, LDH, SOD. MDA and GSH/GSSG were determined
by ELISA kit (Shanghai Enzyme-linkcd biotechnology, Shanghai, China). The
specific operation method was cai.*eu out according to the instructions of the
corresponding Kits.

Determination of ATP, react./e oxygen species (ROS) and mitochondrial
membrane potential

As described abov~ th: number of cells inoculated and the time of dosing were
consistent with E' ISA e .periments. After 24 h of treatment with different AgE, cells
were collected anc .ysised, then ATP content was determined according to the
instructions of ATP kit (Solarbio Technology, Beijing, China). For determining ROS
and mitochondrial membrane potential, cells were incubated with ROS reagent
(Beyotime Biotechnology, Beijing, China) or membrane potential detection reagent
(‘veasen Biotechnology, Shanghai, China) for 20 min. Finally, the excess fluorescent
dyes were washed off, and cells was detected with HCS. The detailed protocol for
using HCS are performed as described previously (Gonzalez-Suarez et al., 2016;

Wang et al., 2021).



Real-time fluorescence quantitative PCR
Total RNA was extracted using the Trizol reagent (Solarbio Technology, Beijing,
China). The reverse transcription reaction system was configured according to the kit
instructions (Takara, Japan). g°PCR was performed using SYBR Premix Ex Tag
(Takara, Japan). The primer sequences used in this study are listed in Table 1. Using

the 222 method to calculate the relative expression of each target gene.

Table 1 Primer sequences used for RT-PCR analysis.
MRNA Sequences (5°-37) ~_P.oduct (bp)

Fw: GTTGCAACCGGGAAGGA A\AI
GAPDH Rv: AGTTAAAAGCAGCCCTCG/ ™ 214

cs Fw: CGACCCTTACCTGTCCT ™G 236
Rv: CTCGCTGACAGGTATATCL 5C

IDH2 Fw: TTTTGCAACGCCATAGTCT 109
Rv: CGGGTCATCTCATCACCASIC

Fw: AGCTGAGCCG( A 5/ .CAG
OGDH Rv: CAGCCAAGC. CAGTACATCT 242

Statistics

All data were analyzed by P 24.0 software and all experiments were repeated
at least three times. Values a:» expressed as X + SD. The differences between the two
groups were compared by inucpendent sample t-test. One-way ANOVA was used for
comparison between mu'tiple groups, and LSD test was used for further comparison.

p < 0.05 indicated the* the difference was statistically significant.

Results
Aerosol generation regimens and AgE nicotine quantification

Suppl Table 1 and 2 showed the preparation method of smoke extract and the
content of nicotine in total extract. As described in the experimental method, 20 puffs
of smoke were poured into 40 mL culture medium (DMEM) to prepare AqQE. The total
content of nicotine in the extract of HTP and ig was 17.48 + 1.34 and 26.32 + 2.26 pg,

respectively. With the same number of puffs, the nicotine content of cigarettes was 1.5



times higher than that of HTP.

Difference on cell proliferation and activity retention between 2D and 3D culture
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Figure 1. Growth curves, toxicity sensitivity and growth status of tf « 2D and 3D models. (A) Cell
viability was indicated by luminescence intensity measured using fl''are2~ein diacetate
fluorescence microplate method. (B) Cell growth state was repres. nted by the content of LDH and
TNF-o in the cell culture medium when BEAS-2B cells were .ultu.2d on the 2D or 3D models
and seeded different densities. All data are presented as mezus + S0 of three replicates.

We compared the differences in proliferw.*on rate and growth status between 2D
and 3D cell culture. The results are showi, in Figure 1. The same cell density (5 x 103
cells / well) was inoculated and cu.ed in different ways (2D or 3D), the total
number of cells was counted by rei.tive fluorescence value. The results showed that
there was no significant differ>nce in the proliferation rate of cells in the first 3 days
(Fig. 1A), while a signifcanu difference (p < 0.001) was observed on 5th day.
Meanwhile, the results showed that with the increasing of growth time, the cells
cultured in 3D w..’ wre still rapidly proliferating (even more than 9 days), while the
cells cultured in 2D Ziiowed signs of proliferation reaching the plateau phase at 7 days.
We observed the growth status of cells with different cell densities in 2D and 3D way,
and the results were shown in Figure 1B and C. The cell growth state was represented
by the content of LDH and tumor necrosis factor TNF-a in the supernatant of culture
medium, which marked the change of cell membrane permeability and the degree of
cell stimulation, respectively. The results showed that with the increasing of cell
concentrations, the contents of LDH and TNF-a gradually increased, and changes of

2D culture was significantly more than the of 3D culture (p < 0.01), which confirmed



that the damage of cell membrane and the stimulation (inflammation) in 2D culture
were much greater than those in 3D culture.

Effects of HTP and Cig on cell viability, morphology and apoptosis

e
A SR
= eGSR
1 re_so%
0.6 | B =P 100% .

0.4
HTP_50%

OD value (CCK-8)

0.0

Figure 2. (A) Cytotoxicity measured by CCK-8 assay u. ng E EAS-2B cells based on 3D
Biomimetic Chip. Data are presented as mean + SD, N -- 3, 1.~ all tests. (B) The morphological
changes of BEAS-2B cells treated with AgE (HTP or Cij) were observed by optical microscope
(100 X), and the white arrow indicated that the o~lls necame oval. (C) The apoptosis of BEAS-2B
cells was observed by fluorescence micros.opy (Annexin V-FITC and DAPI assay, Annexin V-
FITC is green fluorescence and DAPI blue). < reen fluorescence indicated that the cells with loss
of cell membrane integrity were in a nev:1tic state (Scale bar: 100 um). HTP_Sham means control
group of HTP, identical to Cig_Sharr.

The effects of HTP ¢r Ciq on the proliferation of BEAS-2B were shown in
Figure 2A. It’s easy to nbse: e that the proliferation abilities of treatment groups were
significantly lower tan \hat of control group (p < 0.001), while significant reduction
of proliferation abilny were only found in the HTP_100% group compared with
control group. Meanwhile, the results showed that HTP_100 % and Cig_25 % were
similar in the effects on the proliferation of BEAS-2B cells. The effects of Aqe (HTP
or Cig) on cell morphology was shown in Fig 2B. It can be clearly observed that the
normal cell growth state was flat or fusiform, and the cytoplasm was abundant. After
treated with AgE, it can be found that the cells were observed to become spherical in
HTP_100 % group and Cig groups (Cig_10, Cig_23 and Cig_50). The experimental
results of apoptosis (Fig. 2C, green fluorescence indicates apoptosis or necrosis of

cells) were consistent with the observation of cell morphology (Fig. 2B). Obvious



apoptosis and necrosis of BEAS-2B cells were observed in HTP_100 % group and

Cig groups, and the apoptosis state of Cig group was more obvious with the

increasing of smoke extract concentration.
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Figure 3. Quantification >f cytokine in BEAS-2B cells treated with AgE from either HTP and Cig.
Protein levels of (A) LDH, (B) TNF-a, (C) IL-8, (D) IL-6, (E) IL-10 and (F) IL-1p. * means p <
0.05, ** p < 0.01, ***p < 0.001, as compared with the negative control (one-way ANOVA test).
Bars represent mean + SD of biological replicates (n=3).
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3D chip model. (A) MDA, (B) SOD, (C)GSH, (D) GSEs. *, - *, *** significant difference
compared to untreated cells where p<<0.05, p<<0.)? an i p<<0.001, respectively.

ELISA was used to detect the ~v*okines release in BEAS-2B cells after AqE
treatment, and the experimentar vesults were shown in Figures 3 and 4. The
experimental results (Fig. 3A) srovred that the LDH content increased significantly
with the increasing of AgE (.'TP and Cig) concentration and there was a significant
difference when compared with control group (p <0.05). Meanwhile, the results
confirmed that the c:11 » ~embrane permeability of Cig groups was much higher than
that of HTP groups. The same experimental results were shown in the expression of
inflammatory factors such as TNF-a (Fig. 3B) and IL-8 (Fig. 3C). The level of
inflammatory factors in the cell supernatant was concentration-dependent with the
concentration of AgqE stimulation, and there was a significant difference between the
experimental groups and control group. However, there was no differences in the
expression of IL-6, IL-10 and IL-1p inflammatory factors (Fig. 3D, E and F). Here
we used conventional indicators of oxidative stress (SOD, GSH and GSSG) and lipid
peroxidation (MDA) to examine AgE-induced oxidative stress in BEAS-2B cells. The
results (Fig. 4) showed that after AgE treatment for 24 hours, the oxidative stress

indicators of the Cig groups showed a significant decrease (SOD and GSH/GSSG) in



a dose-dependent manner (p<<0.05), while the HTP groups showed an upward trend
of GSSG only in the HTP_100% group. The above results showed that SOD and GSH
were significantly consumed in the Cig groups, reflecting the destruction of cell redox
balance. Similarly, the lipid peroxidation index MDA was found increasing in a

concentration-dependent manner.
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Figure 5. The intensity of orange fluorescence was posit vely correlated with the content of ROS
in BEAS-2B cells treated with AqE (ROS assay, DAPI rrge.>t for nucleus. Scale bar: 100 um).
Conditions were performed in triplicate with the m:ar value plotted as a bar and error bars
representing standard error of the mean. Data we e «.>":yzed using an ordinary one-way ANOVA,
*** means p < 0.001.
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Figure 6. Fluorescence 1. icroscope (High Content Screening) assessment of mitochondrial
membrane potential after AqE-treated (JC-1 assay, DAPI regent for nucleus. Scale bar: 100 pm).
Red fluorescence indicated the normal mitochondria, and green fluorescence reflects the decrease
and loss of membrane potential. The right histogram was a quantitative analysis of the image
results, which was measured by the ratio of red and green fluorescence intensity. Data were
analyzed using an ordinary one-way ANOVA and horizontal brackets denote comparisons between
conditions that are statistically significant (p-value < 0.05, 0.01 or 0.001).
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Figure 7. Relative ATP levels in BEAS-2B cells after the 24 h of treatment with AqE (HTP or

Cig). All data presented the mean + SD (n=3), * denotes p-value < 0.05, ** denotes p -value <
0.01 and *** denotes p -value < 0.001.

According to Figure 5, the intracellular ROS content ¢ BEAS-2B cells was
changed after exposure to AQE, which could be dist:~auisned by the intensity of
orange fluorescence. The results showed that the dinicrence between Cig_100 %
group and Sham group was extremely signific'nt p < 0.001), but no significant
difference was observed in all of HTP grouzc rhe effects of AQE on mitochondrial
membrane potential after 24 hours was c1ow in figure 6. The results showed that
HTP_100 % affected the mitochon.-ia’ membrane potential (the cells in the white
circle were unhealthy cells) and t1.2re was a significant difference compared with the
control group (p < 0.05). At the same time, the results showed that AgE (Cig) had a
more obvious effects on the 1.>itocnondrial membrane potential of BEAS-2B cells and
showed a dose-dependem ~tiect. The amount of ATP produced by cells proved the
effects of AqE on BF.AC 2B cells (Fig.7). Consistent with the results of the effects of
AgE on mitochondn.' membrane potential, Cig_25 % AQE could significantly affect
ATP production (p < 0.01), while HTP only significantly inhibited ATP production at
HTP_100 %.
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Figure 8. AgE induced the inflammation reaction and mitochondrial damage in BEAS-2B cells,
leading to down-regulation of key rate-limiting enzyme genes (CS, IDH2 and OGDH) in the

tricarboxylic acid cycle. Data were shown as the means = SD. One-way ANOVA was used to



compare the differences, *p < 0.05, **p < 0.01 and ***p < 0.001 compared to the Sham group. CS,
Citrate Synthase. IDH2, Isocitrate Dehydrogenase. OGDH, a-ketoglutarate
Dehydrogenase.

The effects of AgE on the mMRNA expression of TCA (tricarboxylic acid cycle)-
related key enzyme in BEAS-2B cells were shown in Figure 8. Compared with Sham
group, HTP_100% significantly down-regulated IDH2 and OGDH genes, while for
CS gene, mRNA the expressions were down-regulated in all of HTP experimental
groups, and showed a dose-dependent effect. Meanwhile, the experimental results
showed that all genes (CS, IDH2 and OGDH) in all Cig ¢ oups were significantly
down-regulated when compared with Sham group (p < 0.21) #nd showed a significant

concentration gradient effect.

Discussion
In this paper, we used a novel 3D kizmimetic chip model to evaluate the

potential toxicity of HTP, which providcd a sD microenvironment and fluid shear
force for the growth of BEAS-2B .~ll.. Before the formal evaluation of HTP, we
explored the difference between s and 2D culture (Fig. 1). The results showed that
the proliferation ability (Fig. 1A) ana growth status of dynamically cultured cells (3D)
were significantly improved \~ig. 1B, less harmful cytokine release of LDH and TNF-
a), which was consistent v.ith other reported literatures (Jing et al., 2022; Xiao et al.,
2022). This indicates th.* BEAS-2B cells have similar functions to tissues in the case
of chip model dynan .ic culture (3D), so that nutrients and oxygen can be transferred
to the deep cells in time, which is convenient for cells to absorb nutrients to meet the
proliferation needs. Meanwhile, the microgravity environment provided by 3D
simulates the physiological growth state of cells to ensure the characteristics and
vitality of cells (Bahmaee et al., 2020; Wang et al., 2020).

The 3D chip model was used to evaluate the toxic effects of AqE (HTP and Cig)
on BEAS-2B cells in terms of proliferation ability, morphological changes, induction
of apoptosis and cytokine release. The experimental results were shown in Figure 2-4.
The increase of AqE concentration seriously affected the cell proliferation ability, but

this result was only significantly different in Cig and showed a dose-dependent effect



(Hoshino et al., 2001; Hou et al., 2020; Romagna et al., 2013), and only in the
HTP_100 % group. The morphological changes (shrinkage and ovalization) and
apoptosis/necrosis of BEAS-2B cells were related to the dose of AgE, which showed
that the cells emitted strong green fluorescence at high concentrations (Annexin V-
FITC assay). Pulmonary exposure to inhaled smoke or other harmful components is
often associated with inflammation, which is involved in host defense, systemic
response and repair. There is a large body of data showing that airway epithelial cell
exposure to cigarette smoke leads to the release of a complex mixture of
inflammatory mediators (Alexander et al., 2015; Heijink et =l., 2013; Herr et al., 2020;
Rastrick et al., 2013). According to the release of c'ickiies, BEAS-2B cells were
subjected to obvious oxidative stress at different corenuations of Cig, corresponding
to the up-regulation of inflammation-related fac ors (LDH, TNF-o and IL-8), that’s
consistent with the published literatures (An*:4rieu et al., 2017; Bengalli et al., 2017;
Cervellati et al., 2014; Ganguly et al., 2C°0; rerr et al., 2020; Higham et al., 2018;
Higham et al., 2016; Leslie et al., 2C+7). However, HTP only showed a certain
inflammatory state at high doses. .= far as | know, this is the first time to evaluate the
potential hazards of HTP unde. 20y and 3D culture techniques. The above results
indicated that the substances nther than nicotine were more likely to cause obvious
oxidative stress and evei. cell necrosis, which was consistent with the reported
literature (Gasparyar et . !., 2018; Mallock et al., 2018).

Studies have s own that cigarette smoke can cause oxidative stress and
inflammatory response (Kamp et al., 2011; Prakash et al., 2017; Prasad et al., 2017) in
a variety of cell lines, resulting in cell damage, and thus causing a variety of cell death,
including apoptosis (Mizumura et al., 2014; Prakash et al., 2017), necrosis (Vayssier-
Taussat et al., 2001; Vayssier et al., 1998), pyroptosis (Kong et al., 2022; Zhang et al.,
2021; Zhao et al., 2021)and ferroptosis (Liu et al., 2022; Tang et al., 2021). At the
subcellular level, although there is a lack of systematic research, single organelle
damage, such as mitochondrial structural dysfunction, has been reported in the
literature (Decker et al., 2021; Giordano et al., 2022; Li et al., 2022). Mitochondria

are not only the factory of energy production in cells, but also the important signal



transduction center in the body. Mitochondria participate in the regulation of the
whole growth activity of cells by regulating the production and consumption of
reactive oxygen species and the intensity of Ca ion signal, so as to communicate and
feedback the related signals with the nucleus. Mitochondria are organelles that are
very sensitive to external toxicants and oxidative damage. Many studies have reported
that smoke causes mitochondrial damage (Cloonan et al., 2016; Maremanda et al.,
2019; Wang et al., 2019; Wang et al., 2020). As shown in Figure 5-6, when the toxic
substances of AQE (aldehydes and phenols, etc.) enter the cells, the production of
reactive oxygen species (ROS) increases (Fig. 5), and R™S [vee radicals can cause
oxidative stress damage to mitochondrial membrane, >ftuciiondrial DNA (mtDNA)
and mitochondrial enzymes. When excessive reactiv: oxygen species are generated in
mitochondria, it will also cause peroxidatioi. of the mitochondrial membrane,
resulting in different degrees of damage tr *he mitochondrial membrane structure
(Cloonan et al., 2016; Maremanda et al., '0ly,, which will lead to an increase in the
permeability of the mitochondrial n.>m'rane, and destroy the proton gradient inside
and outside the mitochondrial membrane that was originally in a stable state. The
stable mitochondrial membran: poential formed by these proton gradients will
gradually decrease with the u~struction of the proton gradient, showing that the ratio
of red / green fluoresce e intensity of the mitochondrial membrane potential
continues to decreasr. (9. 6). Mitochondria are the most important place to produce
energy (ATP). Due to the oxidative stress caused by ROS and the change of
membrane potential, the structure and function of mitochondria are destroyed, which
seriously affects the production of ATP energy (Fig. 7). In summary, under the action
of external factors, the increase of intracellular ROS content leads to oxidative stress
and inflammation of cells, while the breakdown of cell homeostasis leads to more
ROS production. Due to the enhanced permeability of the cell membrane, external
small molecule compounds enter the cell and act on subcellular organelles
(endoplasmic reticulum, mitochondria, etc.), causing intracellular structure to be
destroyed and eventually causing apoptosis and necrosis of cells.

Meanwhile, it is well known that mitochondria play an important role in energy



metabolism because they are important carriers in the TCA cycle. (Alcazar-Fabra et
al., 2016; Brun and Maechler, 2016; Garabadu et al., 2019; Gray et al., 2014;
lacobazzi and Infantino, 2014; Pearce et al., 2013). The above results have found that
AQE (especially for Cig) affects the structure and function of mitochondria (Aydin et
al., 2022; Datta et al., 2019). Here, the effects of AqE on the key rate-limiting
enzymes (CS, IDH2 and ODGH) in TCA were specifically discussed. The results
showed that the mitochondrial dysfunction caused by AQE resulted in the down-
regulation of related enzyme gene expression, and the effect of Cig on was greater

than that of HTP.
Conclusion
In this study, 3D chip model was used to cu't.e F3EAS-2B cells, which can

better simulate the microenvironment of cell grovvu, and maintain cell characteristics.
After AgE treatment, the toxicity of HTP and C'g wcs evaluated by cell proliferation
assay, apoptosis, cytokine release, mitochc-drial-related oxidative stress and TCA
rate-limiting enzyme gene regulatior. C)mpared with Cig, HTP had a weaker toxic
effect on BEAS-2B cells even at HTP_1.0%, mainly manifested in limited inhibition
of cell proliferation, only a smul >mount of apoptosis, necrosis, and inflammatory
response, minor impairment of \.~itochondrial structure and relatively low impact on
gene expression of key erzy.mes in the TCA cycle. Oxidative stress and mitochondrial
dysfunction are mutua'lyv >=Jsal, and the interaction between them eventually leads to
apoptosis and ne.icsis. although toxicity of HTP is lower than that of Cig, HTP is not
absolutely no-harm and real safe based on 3D chip model, so the security risks of
HTP should be taken seriously and regulated accordingly.

3D models of organ chips and lung organoids are at the forefront of the
toxicological studies. In the foreseeable future, they would be very likely to replace
animals and cell culture to study the mechanism of tobacco products acting on target
organs. The high-throughput and sensitive specificity of organ chips can meet the
needs of studying the weak biological effects of HTP, the potential toxicology of HTP
can be better explored at the molecular level based on its findings. However, we

should also pay attention to the limitations of 3D models. It is well known that the



existing 3D models often consist of two types of cells, and a small number of models
contain three or four different types of cells, which is not enough to comprehensively

evaluate the smoke of thousands of compounds.
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Suppl Table 1 Aerosol generat:or, *egimens and nicotine levels in test product AqE.

Puff Puff Vo'um.  Puff Frequency Puff Duration Nicotine

Product regimen (el (seconds) (seconds) (ug/mL) SD.
HTP HCI 55 30 2 17.48 1.34
Cig HCI 5o 30 2 26.32 2.26

Nicotine was captur. ™ i, *he AgEs from Cigarette smoke (Cig) and Heated Tobacco Product (HTP)
aerosols. Data shown ar. mean (z standard deviation (SD.) of 6 individual batches of AgE for
each test product. Abbreviation: HCI, HCI T-115 (World Health Organization, 2015), AgE,
Adqueous extracts.

Suppl Table 2 Calculated nicotine levels in test product AQE exposure concentrations.

HTP Cig

Age stock AQE Nicotine Age AQE Nicotine
(%) puffssmL  (ug/mL) (%) puffss/mL  (ug/mL)

100 0.5 1748 100 05 26.32
50 0.25 8.74 50 0.25 13.16
25 0.125 4.37 25 0.125 6.58

Nicotine concentrations were calculated on the assumption of linear dilution of nicotine in the
AQE.
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3)

Highlights

The in vitro 3D biomimetic chip model was used to better evaluate the
controversial heated cigarette products, which solved the shortcomings of two-
dimensional cell culture and animal models.

It is more obvious that the toxicity of traditional cigarettes is much higher than
that of heated cigarette products, and the toxicity of cigarette extract diluted four
times under the same number of puffs is higher than that of undiluted heated
cigarettes. Both tobacco products cause oxidative strecs damage to mitochondria,
which may affect the tricarboxylic acid cycle in enerc¢y n.>tabolism.

This study provides the necessary important data for 1.3k assessment, proving that
HTP may be less harmful than tobacco cigaret.os, but it does show significant

cytotoxicity with the increase of dosage.
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