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ABSTRACT

Our previous study showed promising results in replicating early-stage atherosclerosis when vascular endothelial
cells (VECs) were exposed to cigarette smoke (CS) extract via MO macrophages. We used an organ-on-a-chip
system as an alternative to animal testing to model atherosclerosis, which is a complex disease involving
endothelial and immune cell communications. By incorporating macrophages into the vascular-on-a-chip system,
we aimed to mimic the indirect effects of inhalable substances, such as CS, on VECs. In the current study, we
further examined the suitability of our in vitro system for mimicking early-stage atherosclerosis by transcriptomic
analyses of VECs exposed to CS directly or indirectly via macrophages. We also incorporated M1 macrophages to
replicate a preexisting inflammatory state. We found a greater number of differentially expressed genes (DEGs) in
direct exposure methods than indirect exposure methods. However, a pathway analysis showed that the direct
exposure of CS to VECs primarily caused cell death-related pathway alterations, and the “Atherosclerosis
Signaling” pathway was predicted to be negatively regulated. Indirect exposure via MO macrophages similarly
showed that the identified DEGs were related to cell death, while the “Atherosclerosis Signaling” pathway was
predicted to be activated. In contrast, cell death-related pathway alterations were not observed by indirect
exposure of CS to VECs via M1 macrophages, but the pathway perturbations were similar to a pro-inflammatory
positive control. In addition, the “Atherosclerosis Signaling” pathway was predicted to be activated in VECs that
were indirectly exposed to CS via M1 macrophages. These results suggest that MO or M1 macrophages contribute
to atherogenic transcriptomic changes in VECs, although they affect cell death-related pathways differently. We
also used indirect exposure methods to compare the effects of CS and heated tobacco product (HTP) aerosol.
Notably, gene expression changes related to atherosclerosis were less pronounced in HTP aerosol-exposed VECs
than CS. Our study highlights the utility of the vascular-on-a-chip system with indirect exposure of CS extract via
macrophages for replicating atherogenesis and suggests a reduced risk potential of the HTP. This research
contributes to advancing alternatives to animal testing for toxicological and disease modeling studies.

Introduction

immune cells, lipids, and extracellular matrices is found in such ather-
omatous lesions (Libby, 2019). The development of atheromatous le-

Cardiovascular disease (CVD) is a general term for disorders of the
cardiovascular system, and it is a leading cause of worldwide deaths
(World Health Organization. Global health estimates: Leading causes of
death., 2020). CVD generally involves atherosclerosis where abnor-
malities and narrowing of blood vessels occur. The accumulation of

sions is normally initiated by impairment of vascular endothelium.
Failure of barrier function, upregulation of adhesion molecules, and
recruitment of blood immune cells are major initiating process of
atherosclerosis (so-called endothelial dysfunction) (Gimbrone and
Garcia-Cardena, 2016). The causes of endothelial dysfunction as well as
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CVD are multifactorial and include an unhealthy dietary habit, alcohol
consumption, and a lack of exercise, and these causes are interrelated
(Rafieian-Kopaei, 2014). Protein carbonylation, lipid peroxidation,
ethanol metabolism, and deterioration of antioxidant capacity are
commonly induced by such lifestyle habits, and they directly contribute
to induce oxidative conditions in the vasculature, leading to endothelial
dysfunction (Lesgards, 2002; Obad, 2018; Salekeen, 2022; Ou, 2017).
Cigarette smoking also causes oxidative stress. Various studies have
shown that CS and its extract cause production of intracellular reactive
oxygen species (ROS), glutathione depletion, and nuclear factor-
erythroid 2-related factor 2 activation (Gould, 2011; Sekine, 2019).
When smoking occurs, CS is not directly exposed to the vascular endo-
thelium but via inhalation through the respiratory tract. Therefore, the
effects of CS on the vascular endothelium appear to occur by the con-
stituents in smoke or their metabolites that pass through the lungs, and
various mediators secreted from immune cells in the respiratory tract
(Kotlyarov, 2023) (Borger, 2020). Tissue-resident macrophages, such as
alveolar macrophages and interstitial macrophages, play a role in innate
immunity, which includes inflammatory responses (Lugg, 2022;
Aegerter et al., 2022). Such tissue-resident macrophages typically show
heterogeneity regarding their subtype that contributes to maintain tis-
sue homeostasis (Hou, 2021). The classical activation of macrophages
into the M1 subtype causes secretion of inflammatory cytokines, and CS
is one of its known inducers (Yang and Chen, 2018). Therefore, such
active metabolites of smoke constituents and cytokines may influence
vascular inflammation via their transport into the blood stream.

Harmful and potentially harmful constituents (HPHCs) (Food, 2012)
in CS are considered to cause oxidative stress and inflammatory re-
sponses (Horinouchi, 2020; Zhou, 2022; Shi et al., 2021). Therefore,
reducing exposure to HPHCs is a way to reduce such adverse biological
events, could thus potentially contribute to reduce risk of inflammatory
diseases including atherosclerosis. Recently, several types of tobacco
products, such as e-cigarettes and heated tobacco products (HTPs), have
become popular. They generally emit aerosol with less and fewer
chemical constituents than combustible cigarettes, and thus they are
expected to be reduced-risk products (Hashizume, 2023; Forster, 2018).
The US Food and Drug Administration (FDA) has issued an order of
modified risk tobacco products if the applicant has demonstrated that
the product, as it is actually used by consumers, will significantly reduce
harm and the risk of tobacco-related disease to individual tobacco users,
and benefit the health of the population under section 911(g)(1) of the
FD&C Act (Food and Drug Administration, Modified Risk Tobacco
Product Applications DRAFT GUIDANCE., 2012). To date, several to-
bacco products have been granted a modified risk tobacco product order
by the US FDA, in which one of the in-market HTPs (i.e., exposure
modification order for IQOS) is included (Food and Drug Administra-
tion. Modified Risk Granted Orders., 2023). Because various HTPs are
currently available and they differ from IQOS in certain aspect, the
actual risk of HTPs, as a category of tobacco products, still needs to be
investigated from the perspectives of both individual health risk and the
potential health-benefit for the population as a whole.

Various studies have been conducted to estimate the potential risk of
HTPs. The main interests of researchers regarding HTPs are the toxico-
logical concerns and their risk in the respiratory tract (Dempsey, 202.3;
Saha, 2023; Muratani, 2023) because HTPs are inhalable products and
have similar behavior of use as cigarettes. To date, several reports
related to the reduced risk potential of HTPs for CVD have been pub-
lished. Philips et al reported that atherosclerotic plaque formation was
less accelerated in HTP aerosol-exposed mice (i.e., THS2.2) than CS-
exposed mice, and that this was similar to Sham-exposed mice (Phil-
lips, 2019). In addition, Poussin et al reported that the extract of THS2.2
aerosol showed less pronounced effects than CS on monocyte-
endothelial adhesion and expression of adhesion molecules (Poussin,
2016), which are known to be associated with the initiation of athero-
sclerosis. We also found that representative HTPs currently marketed in
Japan, including THS and our proprietary Direct Heating Tobacco
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System Platform 3 Generation 3 version a (DT3.0a), similarly showed
reduced effects on the expression of adhesion molecules and monocyte
adhesion in vitro when compared to CS (Ohashi, 2023). In our previous
study, we constructed an assay system for early-stage atherosclerosis by
using pseudo-co-culture of vascular-on-a-chip and macrophages (i.e.,
indirect exposure method via macrophages) (Ohashi, 2023). Briefly, CS-
total particulate matter (TPM) or DT3.0a-aerosol-collected mass (ACM)
was first exposed to macrophages, and then conditioned medium was
subjected to the vascular-on-a-chip. In doing so, cell-cell communica-
tion between tissue-resident macrophages and the vascular endothelium
could be reflected. Although a reduced-risk potential of DT3.0a was
found with this assay system, whether it accurately resembles the
atherogenic situation in human vasculature and the detailed mechanism
underlying the reduced effects of DT3.0a aerosol on early-stage
atherosclerosis are unclear. In addition, we used MO macrophages in
our previous study because we hypothesized a steady state of macro-
phages in healthy subjects. However, because of the situation in
hyperlipidemia, which is a major risk factor for atherosclerosis, condi-
tions of the blood are more likely to induce the M1 subtype because
numerous proinflammatory cytokines and oxidative stress could be
induced (Mishra and Prasad, 2022).

In this study, we aimed to examine the effectiveness of pseudo-co-
culture of M1 macrophages to simulate atherosclerotic reactions under
preexisting inflammatory conditions in vascular-on-a-chip, and to
investigate the potential of this system for comparative risk assessment
of DT3.0a aerosol. We also performed pseudo-co-culture of MO macro-
phages with the same method used in our previous study and direct
exposure of CS-TPM or DT3.0a-ACM to the vascular-on-a-chip (Ohashi,
2023). To investigate the appropriateness of pseudo-co-culture of MO or
M1 macrophages with vascular-on-a-chip, we used RNA sequencing
(RNA-seq) analysis and pathway analysis of identified DEGs to investi-
gate the biological perturbations and the resemblance of this model to
atherogenesis. Analyses of DT3.0a-aerosol-exposed vascular-on-a-chip
are expected to identify the underlying mechanism of the reduced risk
potential of DT3.0a that we found in our previous study (Ohashi, 2023).

Materials and methods

We used basically the same test procedure as that in our previous
study (Ohashi, 2023), but added pseudo-co-culture of M1 macrophages
and the RNA-seq analysis.

Subculture of arterial endothelial cells and THP-1 cells

Primary human coronary artery endothelial cells (HCAECs) and a
human acute monocytic leukemia cell line (THP-1 cells) were sub-
cultured before their application to an organ-on-a-chip platform (i.e.,
OrganoPlate, Mimetas, Leiden, The Netherlands; details are provided in
the following subsection) as we reported previously (Ohashi, 2023).
Briefly, HCAECs were purchased from PromoCell (Heidelberg, Ger-
many) and cultured in a collagen I-coated flask (Corning, Corning, NY,
USA) with the endothelial cell growth medium MV2 (Promocell) with a
1 % penicillin—streptomycin solution (Fujifilm Wako Pure Chemical
Corporation, Osaka, Japan). THP-1 cells were purchased from the
American Type Culture Collection (Manassas, VA, USA) and cultured in
uncoated tissue culture flasks (Corning) with Roswell Park Memorial
Institute 1640 medium (RPMI 1640) (Thermo Fisher Scientific, Wal-
tham, MA, USA) containing fetal bovine serum (FBS) (Thermo Fisher
Scientific) and a 1 % penicillin-streptomycin solution.

OrganoPlate culture

Cell culture in OrganoPlate was performed using the same procedure
that we reported previously (Ohashi, 2023). Two-lane OrganoPlate
(Mimetas) was used in this study. Before seeding, 50 pL of Hank’s
balanced salt solution (Thermo Fisher Scientific) was dispensed into the
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Table 1
Brief summary of the exposure condition.
1R6F DT3.0a NC PC
Conc. 100 pg/ml 200 pg/ml 400 pg/ml 200 pg/ml 1000 pg/ml 3000 pg/ml 1 % DMSO TNF + IL-1b
Direct 4 v v v 4 v v 4
Indirect MO 4 v v v v v v -
Indirect M1 v v v v v v v -

NC: negative control, PC: positive control

observation window to obtain optical clarity. A volume of 2 pL of gel
composed of 3 mg/mL type 1-A collagen I, which was derived from a
porcine tendon (Nitta Gelatin, Osaka, Japan), 10 x minimum essential
medium Hank’s culture medium (Nitta Gelatin), and reconstitution
buffer (Nitta Gelatin) was then dispensed in the gel inlet. The gel was
incubated for 15-30 min at 37 °C with 5 % CO to complete gelation of
the extracellular matrix. Each constituent was gently mixed well at a
ratio of 8:1:1 (v/v) to prepare 100 pL of gel in the microtube each time.
The tube was placed on ice and the mixed gel was used within 15 min.
HCAEC:s at passages three to six were detached from flasks using 0.25 %
Trypsin-EDTA (Thermo Fisher Scientific) and dispensed in MV2 medium
at5 x 10° cells/mL. A volume of 2 pL of cell suspension was then applied
to the medium inlet. After cell seeding, 50 pL of MV2 medium was added
to the medium inlet. The plate was incubated on its side for 3 h to allow
the cells to attach to the extracellular matrix. Subsequently, 50 pL of
MV2 medium was dispensed in the medium outlet, and the plate was
placed on an Mimetas Rocker (Mimetas) in an incubator. The rocker was
set at a 7° angle, and it was inverted every 8 min to reproduce bidi-
rectional flow in the perfusion channel of the plate. The plate was
cultured for 3—-4 days until the formation of tubule structures.

Preparation of CS and DT3.0a aerosol extracts

To expose endothelial cells in the OrganoPlate, CS and DT3.0a
aerosol extracts were prepared as described previously (Ohashi, 2023).
A reference conventional cigarette and a DT3.0a were used in this study.
Kentucky reference 1R6F cigarettes were purchased from the University
of Kentucky, Kentucky Tobacco Research and Development Center
(Lexington, KY, USA) and stored at below 4 °C until use. Our proprietary
DT3.0a with one representative regular tobacco flavor stick was pur-
chased from the Japanese market. The reference conventional cigarettes
and tobacco sticks of DT3.0a were stored for at least 48 hat 22°C £+ 1 °C
with 60 % =+ 3 % relative humidity in accordance with the International
Organization for Standardization (ISO) 3402 standard (Wickham,
2009). The battery of the heating device was fully charged prior to
aerosol generation. Mainstream 1R6F CS and aerosol from DT3.0a were
generated by an RM20H smoking machine (Borgwaldt KC, Hamburg,
Germany). 1R6F CS was generated under International Organization for
Standardization 20,778 (55 mL of puff volume, 30-s puff interval, 2-s
puff duration, bell-shaped puff profile, and 100 % blocked ventilation
holes) (Warnes, 2022), and TPM was collected on a 44-mm Cambridge
filter pad. Aerosol of DT3.0a was generated in the same manner, but
without blocking the ventilation holes, and ACM was collected on a 44-
mm Cambridge filter pad. The reason for not blocking the ventilation
holes was the positions of the holes inside the device, which precluded
the possibility of blocking ventilation holes under the intended condi-
tions of use. The pad was extracted with dimethyl sulfoxide (DMSO)
purchased from Sigma-Aldrich (St. Louis, MO, USA) or Fyjifilm Wako
Pure Chemical Corporation to prepare a 40 mg/mL TPM solution for
1R6F (accumulated from 10 sticks) and a 200 mg/mL ACM solution for
DT3.0a (10 sticks). The TPM and ACM solutions were stored at — 80 °C
until testing.

Preparation of conditioned medium from THP-1-derived macrophages

The preparation of conditioned medium was also performed mostly

using the same procedure in our previous study (Ohashi, 2023). Briefly,
TPM and ACM solutions were diluted to 100, 200, and 400 pg/mL and
200, 1000, and 3000 ug/mL, respectively, by adding MV2 medium to
prepare TPM and ACM samples. Each sample was 1 % (TPM: 100, 200,
and 400 ug/mL; ACM: 200 and 1000 pg/mL) or 1.5 % (ACM: 3000 pg/
mL) adjusted with DMSO. The exposure concentrations were determined
not to exceed a final concentration of DMSO at 1 % in the exposure
medium to avoid unexpected effects caused by DMSO. Additionally, to
investigate whether a much higher concentration of ACM exerts bio-
logical effects, we also used 3000 pg/mL ACM with 1.5 % DMSO. We
confirmed in our previous study that TPM and ACM at these concen-
trations, as well as 1 % or 1.5 % DMSO alone, did not show obvious
cytotoxicity (Ohashi, 2023). Differentiation of THP-1 into macrophages
was performed with Advanced RPMI1640 (Thermo Fisher Scientific)
containing 1 % fetal bovine serum and a 1 % penicillin-streptomycin
solution. A passage eight THP-1 monocyte suspension was seeded in a
24-well plate (Corning) at 2 x 10° cells/well and differentiated into MO
macrophages. This differentiation was achieved by stimulation with
300 nM phorbol myristate acetate (Sigma-Aldrich), 4 mM L-glutamine
(Wako Pure Chemical Corporation), and 500 yM monothioglycerol
(Wako Pure Chemical Corporation) for 48 h, and then the cells were
incubated in fresh medium for 16 h. M1 macrophages were prepared
using the following methods. A passage eight THP-1 monocyte suspen-
sion was seeded in a 24-well plate (Corning) at 2 x 10° cells/well. This
suspension was stimulated with 100 nM phorbol myristate acetate, 4
mM L-glutamine, and 500 nM monothioglycerol for 72 h for differen-
tiation into macrophages, and then the cells were incubated in fresh
medium for 24 h. The cells were then further stimulated with 20 ng/mL
interferon-gamma (Wako Pure Chemical Corporation) and 10 pg/mL
lipopolysaccharide ([LPS] Wako Pure Chemical Corporation) for 24 h
and then incubated in fresh medium for 16 h. MO and M1 macrophages
were maintained in Advanced RPMI 1640 containing 1 % fetal bovine
serum and a 1 % penicillin-streptomycin solution. The macrophages
were exposed to 500 pL of TPM or ACM samples or MV2 medium with 1
% DMSO for 1 h. After the exposure, the medium was replaced with
1800 pL of MV2 medium. After 3 h of incubation, the medium was
collected and centrifuged at 1000 x g for 5 min, and the supernatant was
collected as conditioned medium for each sample and stored at — 80 °C
until testing (see also an overview of the procedure in our previous
study) (Ohashi, 2023).

RNA preparation

Endothelial tubules were exposed directly/indirectly to tobacco
samples or positive (100 pg/mL tumor necrosis factor [TNF]-o and 100
pg/mL interleukin [IL]-1p)/negative control (MV2 medium with 1 %
DMSO) samples (Table 1) and incubated on a rocker for 24 h. After the
exposure, the tubules were washed with MV2 medium, and an RNeasy
Plus Mini Kit (Qiagen, Hilden, Germany) and QIAshredder (Qiagen)
were used to isolate RNA in accordance with the manufacturer’s in-
structions as follows. A total of 100 pL of Buffer RLT Plus with 40 mM
dithiothreitol (Wako Pure Chemical Corporation) was applied to each
chip. After a few pipetting to disrupt the endothelial cells, the lysate was
collected from four chips of the same exposure condition to a micro-
centrifuge tube. The lysate was vortexed for 10 s to ensure that no cell
clumps were visible. The lysate was then placed in a QIAshredder spin
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Table 2

Differentially expressed genes identified in each exposure sample. Differentially
expressed genes were detected using an absolute log2 fold change > 1 and an
FDR < 0.1 as analysis-ready molecules in IPA software.

1R6F DT3.0a
100 pg/ 200 pg/ 400 pg/ 200 pg/ 1000 pg/ 3000 pg/
mL mL mL mL mL mL
Direct 693 3026 2785 67 393 2272
Indirect 252 270 306 58 62 93
MO
Indirect 47 74 29 7 8 10
M1

column and centrifuged at 10,000 x g for 2 min to homogenize. The
homogenized lysate was transferred to a 2-mL collection tube and placed
in a gDNA Eliminator spin column and centrifuged at 10,000 x g for 30
s. A total of 350 pL of 70 % ethanol (Wako Pure Chemical Corporation)
was added to the saved flow-through and mixed well by pipetting. This
flow-through including any precipitate was transferred to a 2-mL
collection tube, placed in an RNeasy spin column, and centrifuged at
10,000 x g for 15 s, and the flow-through was discarded. A volume of
700 pL of Buffer RW1 was added to the RNeasy spin column and
centrifuged at 10,000 x g for 15 s. After this centrifugation, 500 pL of
Buffer RPE, which was diluted by a four times volume of 99.5 % ethanol
(Wako Pure Chemical Corporation), was added to the RNeasy spin col-
umn and centrifuged at 10,000 x g for 15 s. Another 500 pL of Buffer
RPE was added and centrifuged at 10,000 x g for 2 min. A new 1.5-mL
collection tube was placed in the RNeasy spin column, and 40 pL RNase-
free water was directly added to the spin column membrane and
centrifuged at 10,000 x g for 1 min to elute the RNA. The purified RNA
was stored at — 80 °C until RNA-seq analysis.

Rna-seq and data analysis

Purified RNA was resuspended in Clontech buffers for mRNA
amplification (TaKaRa Bio, Kyoto, Japan) by 5'template-switching
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polymerase chain reaction with a Clontech SMART-Seq v4 Ultra Low
Input RNA Kit (TaKaRa Bio) according to the manufacturer’s in-
structions. The amplified cDNA was fragmented and linked with dual-
indexed barcodes using Illumina Nextera XT DNA Library Prep Kits
(llumina Inc., San Diego, CA, USA). The libraries were validated using
an Agilent 4200 TapeStation (Agilent Technologies Inc., Santa Clara,
CA, USA), and sequenced on the Illumina NovaSeq 6000 platform
(Illumina Inc.). RNA-seq was performed by TaKaRa. Genes less than 30
counts were eliminated. The count data were then subjected to the Tag-
Count Comparison Graphical User Interface for differential expression
analysis. Data normalization and identification of DEGs were performed
using the trimmed mean of M values and Deseq2 methods, respectively.
DEGs were identified with a corrected p value (False discovery ratio,
FDR) < 0.1, and absolute log2 fold change to the control of each group
> 1.0.

Pathway-based analysis of altered genes

Pathway analysis with the identified DEGs was performed with In-
genuity pathway analysis (IPA) software (Qiagen). Canonical pathway
and “Diseases and Bio functions” analyses were performed using IPA
software. The threshold used was an absolute z-score > 2.0 and a cor-
rected Benjamini-Hochberg false discovery rate (FDR) < 0.05 in the
canonical pathway analysis with IPA software. When we focused on
“cardiovascular disease signaling”, only an FDR < 0.05 was applied
because the z-score calculation was incompatible in IPA software. In
“Diseases and Bio functions” analysis, we used whole categories or “cell
death and survival”-related categories in the IPA software. The threshold
used in the “Diseases and Bio functions” analyses was an absolute z-
score > 2.0 and an FDR < 0.05.

The heatmap of the pathway analysis was generated with R software
(Team and R.c. r, 2021) version 4.1.3 or the Excel color scale function.

The libraries used in the analysis with R software were “pheatmap”
(Kolde, 2019), “ggplot2” (Wickham, 2009), and “gplots” (Warnes, 202.2)
packages. Hierarchical clustering was performed with the pheatmap
package using the complete linkage method.
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Fig. 1. (A) Heatmap of canonical pathway analysis. (B) heatmap of “Diseases and Bio functions” analysis. Hierarchical clustering was performed using R software

and the pheatmap library with the complete method.
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The volcano plot with the DEGs in “Atherosclerosis Signaling”
pathway was generated using R software with “ggplot2” package.

Results and discussion

We first performed a comparative analysis of the transcriptome be-
tween direct exposure and indirect exposure of CS-TPM. We found a
greater number of DEGs in direct exposure samples than in indirect
exposure samples (Table 2), which suggested a greater effect of direct
exposure. To further investigate the difference between each exposure
condition, we then performed IPA canonical pathway analysis and
“Diseases and Bio functions™ analysis to identify the relevant pathways
and biological functions that were altered by direct or indirect exposure
of CS-TPM (Fig. 1). We found that direct exposure and indirect exposure
affected canonical pathways differently. In the canonical pathway
analysis, direct exposure of CS-TPM, except for the lowest dose, tended
to affect various biological pathways differently with typical inflam-
matory positive control of TNF-a and IL-1f, while indirect exposure
caused upregulation of several biological pathways that overlapped with
the positive control (Fig. 1A). When we focused on the difference be-
tween MO and M1 indirect exposure, they also showed a different trend
(Fig. 1B). Hierarchical clustering showed a consistent result in that in-
direct exposure via M1 macrophages was closed to the perturbation
trend found in the positive control in alteration of the canonical path-
ways and “Diseases and Bio functions. Indirect exposure via MO mac-
rophages also showed similar changes to M1 macrophages in canonical

Direct DT3.0a 1000
Direct DT3.0a 3000

MO 1R6F 100
MO 1R6F 200

MO 1R6F 400
M1 DT3.0a 3000

MO DT3.0a 200
MO DT3.0a 1000
MO DT3.0a 3000
M1 1R6F 100
M1 1R6F 200
M1 1R6F 400
M1 DT3.0a 200
M1 DT3.0a 1000
TNF+IL1b

Atherosclerosis Signaling

Cardiac Hypertrophy Signaling (Enhanced)

Adrenomedullin signaling pathway

Endothelin-1 Signaling

HIF1a Signaling

Thrombin Signaling

Renin-Angiotensin Signaling

Angiopoietin Signaling

Apelin Endothelial Signaling Pathway

P2Y Purigenic Receptor Signaling Pathway
Apelin Cardiac Fibroblast Signaling Pathway
ABRA Signaling Pathway

Factors Promoting Cardiogenesis in Vertebrates
Apelin Cardiomyocyte Signaling Pathway
Aldosterone Signaling in Epithelial Cells

Cardiac Hypertrophy Signaling

eNOS Signaling

Nitric Oxide Signaling in the Cardiovascular System
Role of NFAT in Cardiac Hypertrophy

Inhibition of Angiogenesis by TSP1
Cardiomyocyte Differentiation via BMP Receptors
Cellular Effects of Sildenafil (Viagra)

Fig. 3. Heatmap of cardiovascular signaling pathways in IPA software. Canonical pathways are sorted in order of -log (p value). IPA; Ingenuity Pathway Analysis.
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Fig. 4. Molecular activity predictor analysis of the “Atherosclerosis signaling” pathway. (A) Direct exposure of 200 pg/mL CS-TPM. (B) Indirect exposure of 100 pg/
mL CS-TPM via MO macrophages. (C) Indirect exposure of 100 pg/mL CS-TPM via M1 macrophages. (D) Direct exposure of 3000 pg/mL DT3.0a-ACM. (E) Indirect
exposure of 3000 pg/mL DT3.0a via MO macrophages. (F) Indirect exposure of 3000 pg/mL DT3.0a-ACM via M1 macrophages. (G) Direct exposure of TNF-o and IL-
1p. Samples that showed the lowest p value in each group were selected. A large-scale version of each figure and samples at the other doses is shown in the Sup-
plementary figures. CS; cigarette smoke, TPM; total particulate matter, DT3.0a; Direct Heating Tobacco System Platform 3 Generation 3 version a, ACM; aerosol

collected mass, TNF; tumor necrosis factor, IL; interleukin.

pathways, but it was similar to the direct exposure method when “Dis-
eases and Bio functions” was focused on. TNF-a and IL-1p are inflam-
matory mediators. Therefore, an alteration of biological pathways in
TNF-a and IL-1p exposure represents inflammatory responses in endo-
thelial cells. M1 macrophages also play a crucial role in atherogenesis as
pro-inflammatory mediators (Moore et al., 2013; Wu, 2023). Therefore,
indirect exposure of CS-TPM via M1 macrophages could successfully
represent inflammatory conditions via endothelial-immune cell
communication under CS exposure. In contrast, the analysis on “cell
death and survival”-related biological functions in IPA software showed
that direct exposure samples showed positive and negative changes in
cell death-related gene categories and survival-related gene categories,
respectively (Fig. 2). This finding suggests cell damage is a dominant
effect in direct exposure. Indirect exposure via MO macrophages showed
similar patterns of changes in cell death-related pathways, while indirect
exposure via M1 macrophages did not show noticeable changes in this
category.

To perform more in-depth investigation, canonical pathway analysis
with “cardiovascular disease signaling” in IPA software was performed.
We found that direct exposure and indirect exposure appeared to
significantly affect the “Atherosclerosis Signaling” pathway (Fig. 3). We

further investigated changes in this pathway with the Molecular Activity
Predictor function of IPA. The Molecular Activity Predictor function is
able to predict up- or downregulation of unobserved genes in the
pathways of interest on the basis of the observed DEGs. Therefore, this
function provides insight into the active state of the pathway. We found
that most of the genes annotated in the “Atherosclerosis Signaling”
pathway were observed or predicted downregulated genes in the direct
exposure samples (Fig. 4A and Supplementary figures). In contrast,
various genes in the “Atherosclerosis Signaling” pathway were upregu-
lated or predicted upregulated in the indirect exposure samples (Fig. 4B
and C), especially via the M1 subtype. While various factors contribute
to the pathogenesis of CVD, our result suggests that the indirect exposure
method is suitable for reproducing inflammatory inter-cellular
communication between tissue-resident macrophages and VECs which
is involved in CVD development (Laratta and van Eeden, 2014). Pseudo-
co-culture with MO and M1 macrophages represented atherogenic al-
terations in VECs, but to a different extent. This finding could reflect the
difference between healthy individuals with steady-state macrophage
dominance and individuals with hyperlipidemia or any other inflam-
matory condition who could have pro-inflammatory M1 subtype domi-
nance in lung tissue (Aegerter et al., 2022).
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Fig. 5. Volcano plot of DEGs in the “Atherosclerosis signaling” pathway from pseudo-co-culture of vascular-on-a-chip and MO macrophages. (A), (C), and (E) Indirect
exposure of 100, 200, and 400 pg/mL CS-TPM. (B), (D), and (F) Indirect exposure of 200, 1000, and 3000 pg/mL DT3.0a-ACM. The threshold was a -log10 p value >
1 and |log2 fold change| > 0.58. DEGs; differentially expressed genes, CS; cigarette smoke, TPM; total particulate matter, DT3.0a; Direct Heating Tobacco System

Platform 3 Generation 3 version a, ACM; aerosol collected mass.

We also performed a comparative analysis of the transcriptome be-
tween vascular-on-a-chip exposed to CS-TPM and vascular-on-a-chip
exposed to DT3.0a-ACM indirectly via MO or M1 macrophages. Aero-
sol generated from HTPs generally contain less and fewer HPHCs than
CS (Hashizume, 202.3). Therefore, we expected that DT3.0a-ACM would
show less pronounced effects than CS-TPM. As expected, indirect
exposure of DT3.0a-ACM to vascular-on-a-chip showed a smaller num-
ber of DEGs than that of CS-TPM to this chip when compared at com-
parable concentrations (Table 2). This finding was observed even with

the presence of a preexisting inflammatory condition by pseudo-co-
culture with M1 macrophages. Similar to CS-TPM, the pathways
affected by DT3.0a-ACM, in canonical pathway analysis with “cardio-
vascular disease signaling” in IPA software, was the “Atherosclerosis
Signaling” pathway (Fig. 3) with the lowest or very low p value. How-
ever, the number of upregulated and predicted upregulated genes with
DT3.0a-ACM was less than that with CS-TPM (Fig. 4E and F). When we
focused on the DEGs in the “Atherosclerosis Signaling” pathway,
DT3.0a-ACM had less effect than CS-TPM with indirect exposure via MO
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Fig. 6. Volcano plot of DEGs in the “Atherosclerosis signaling” pathway from pseudo-co-culture of vascular-on-a-chip and M1 macrophages. (A), (C), and (E) Indirect
exposure of 100, 200, and 400 pg/mL CS-TPM. (B), (D), and (F) Indirect exposure of 200, 1000, and 3000 pg/mL DT3.0a-ACM. The threshold was a -log10 p value >
1 and |log2 fold change| > 0.58. DEGs; differentially expressed genes, CS; cigarette smoke, TPM; total particulate matter, DT3.0a; Direct Heating Tobacco System

Platform 3 Generation 3 version a, ACM; aerosol collected mass.

and M1 macrophages (Figs. 5 and 6). Particularly, even at the highest
dose of DT3.0a-ACM, which was a 7.5-30-fold higher concentration
than CS-TPM, indirect exposure via M1 macrophages showed less pro-
nounced effects on this pathway than CS-TPM. These results suggest
that, even if there is already an inflammatory condition, DT3.0a-ACM
dose not exacerbate atherosclerotic conditions further. Overall, there
appears to be weaker biological activity of DT3.0a-ACM than CS-TPM,
and this could explain the reduced-risk potential of DT3.0a.

Based on our previous report, we found that our vascular-on-a-chip

system was able to detect increased expression of an adhesion mole-
cule and monocyte-endothelial adhesion, which are known important
biological events in the early stage of atherosclerosis, by TNF-o and IL-1f
at concentrations ranging from 25 to 400 pg/mL (Ohashi, 2023). This
concentration range is lower than the typical range of these cytokines (i.
e., 1-10 ng/mL) in the other in vitro test systems (Diaz, 2023; Chen,
2023; Wang, 2020). In addition, the blood concentration of these cyto-
kines in CVD patients is known to be less than 100 pg/mL (25 pg/mL or
less in typical) (Almassabi, 2023; Shademan, 2021; Ridker, 2000).
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Therefore, our vascular-on-a-chip system could have clinically relevant
sensitivity to observe CVD-related endpoints. Result of the current study
supports this hypothesis that indirect exposure of vascular-on-a-chip to
CS-TPM, which induces those proinflammatory cytokines secretion in
the range of 20-100 pg/mL (Ohashi, 2023), showed transcriptomic
perturbation related to atherosclerosis signaling pathway.

Limitations

While we successfully demonstrated the importance of macrophages
in the pathogenesis of CVD in vitro, there are several limitations to this
study. First, because our in vitro test system aimed to explore the po-
tential effects of tobacco product emissions on atherogenesis as a form of
acceleration study, the exposure concentrations could not be aligned
with the actual exposure concentration in human use scenarios. Esther
Jr et al. estimated airway nicotine concentration in the airway is 70-850
ng/mL, and Benowitz et al. summarized that nicotine concentration of
arterial blood in current smokers is 20-60 ng/mL (Esther, 2023; Beno-
witz et al., 2009). Meanwhile, the calculated nicotine concentration
used in the current study was ranging from 4.2 to 17.2 pg/mL for CS-
TPM and 6.3-94 pg/mL for DT3.0a-ACM, respectively, based on our
previous study (Hashizume, 2023). Therefore, applying weaker but
longitudinal exposure could be a next step for reproducing more human
relevant situations. Second, we indirectly exposed CS-TPM or DT3.0a-
ACM via macrophages. However, when considering the real-world
exposure scenario, inhaled substances should be exposed to and
metabolized in lung epithelial cells first. In addition, there are various
subtypes of macrophages and other types of immune cells in lung tissue.
Cell-cell communication among those tissue-resident cells contributes to
maintaining homeostasis and to the pathogenesis of atherosclerosis.
Incorporation of these processes in our model system would improve its
relevance to the human situation. Furthermore, disease modeling with
experimental animals typically uses a high-fat diet to induce athero-
sclerosis, but such a condition has not yet been reproduced in our in vitro
test system. Direct representation of the blood conditions (i.e., hyper-
lipidemia) in an in vitro test system could further improve its relevance
to the human body.

Conclusions

In this study we demonstrated the suitability of our in vitro vascular-
on-a-chip system for mimicking early-stage atherosclerosis by tran-
scriptomic analyses. To the best of our knowledge, we believe that our
test system is the first in vitro model intended to recapitulate the cell-cell
communication between immune cells in the lung space and vascular
endothelial cells. Incorporating M1 macrophages into the vascular-on-a-
chip system represented the inflammatory condition and could enhance
the in vitro recapitulation of atherogenesis related to inhalable sub-
stances. Under both the steady-state (i.e., pseudo-co-culture with MO
macrophages) and inflammatory conditions (i.e., pseudo-co-culture
with M1 macrophages), there appears to be weaker biological activity
of DT3.0a-ACM than CS-TPM in atherosclerosis, suggesting reduced risk
potential of DT3.0a. Whilst the reduced risk potential of HTPs in the
context of atherosclerosis is still not fully understood, thus further de-
velopments of risk assessment methods for late-stage atherosclerosis are
desirable.
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