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Abstract 

Heated tobacco products (HTPs) are expected to have the potential to reduce risks of smoking-associated 

cardiovascular disease (CVD). However, mechanism-based investigations of the effect of HTPs on 

atherosclerosis remain insufficient and further studies under human-relevant situations are desired for deeper 

understanding of the reduced risk potential of HTPs. In this study, we first developed an in vitro model of 

monocyte adhesion by considering macrophage-derived proinflammatory cytokine-mediated endothelial 

activation using an organ-on-a-chip (OoC), which provided great opportunities to mimic major aspects of 

human physiology. Then biological activities of aerosol from three different types of HTPs in terms of monocyte 

adhesion were compared with that of cigarette smoke (CS). Our model showed that the effective concentration 

ranges of tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β) were close to the actual condition in CVD 

pathogenesis. The model also showed that monocyte adhesion was less induced by each HTP aerosol than 

CS, which may be caused by less proinflammatory cytokine secretion. In summary, our vasculature-on-a-chip 

model assessed the difference in biological effects between cigarettes and HTPs, and suggested a reduced 

risk potential of HTPs for atherosclerosis. 
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Abbreviations: ACM, aerosol-collected mass; CS, cigarette smoke; CVD, cardiovascular disease; DT3.0a, Direct Heating Tobacco System 

Platform 3 Generation 3 version a; HPHCs, harmful and potentially harmful constituents; HTP, heated tobacco product; ISO, International 

Organization for Standardization; MRTP, modified risk tobacco product; NP, negative control; OoC, organ-on-a-chip; PC, positive control; 

SE, standard error; THP, tobacco heating product; THS, tobacco heating system; TPM, total particulate matter; VC, vehicle control 
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1. Introduction 

Atherosclerosis is the predominant cause of cardiovascular disease (CVD) that is the leading cause of death 

globally. In 2019, more than 30% of global deaths were estimated to be due to CVD [1]. Atherosclerosis is 

characterized by the formation of plaques, which disturb blood flow and eventually cause thrombosis. Several 

stages exist in the pathology of atherosclerosis [2] and inflammation plays major roles in all stages [3-5]. For 

example, proinflammatory cytokines induce endothelial dysfunction [6] that is generally found in the early stage 

of atherosclerosis. Zhang et al. [6] summarized the role of proinflammatory cytokines in endothelial dysfunction. 

Proinflammatory cytokines, such as tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β), induce 

expression of adhesion molecules (e.g., intracellular adhesion molecule 1 [ICAM-1] and lectin-like oxidized 

low-density lipoprotein (LDL) receptor [LOX-1]). These biological events are critical for atherosclerosis 

development. Specifically, the expression of adhesion molecules leads to monocyte adhesion and their 

invasion into the intima of blood vessels [7], and LOX-1 mediates oxidized LDL uptake by macrophages [8], 

both of which are crucial for plaque formation. Studies have demonstrated that TNF-α [9] and IL-1β [10] 

deficiency reduces atherosclerotic lesions in rodent models. Although interference of innate immunity (i.e., 

inflammation) should be carefully considered, blockade of such proinflammatory pathways may be beneficial 

for atherosclerosis therapy [3]. Preventing development of a proinflammatory state is another option because 

various lifestyle habits, such as an unhealthy diet, low physical activity, alcohol consumption, and smoking, are 

known causes of systemic inflammation [11].  
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Smoking, which is one of the risk factors for atherosclerosis [12, 13], activates immune systems both locally 

and systemically [12, 14]. Cigarette smoke (CS) contains harmful and potentially harmful constituents (HPHCs) 

[15-17], the inhalation of which elicits various biological perturbations, including activation of circulating 

immune cells and tissue-resident macrophages [18]. Such immune system activation is associated with 

initiation and progression of atherosclerosis because immune cells are major sources of proinflammatory 

cytokines (e.g., TNF-α and IL-1β) [19, 20]. Therefore, reducing exposure to HPHCs may contribute to reducing 

the risk of atherosclerosis. Heated tobacco products (HTPs), which generate an aerosol without combustion of 

tobacco leaves and with fewer HPHCs in the aerosol [15, 21], are expected to achieve risk reduction 

associated with the smoking-related atherosclerosis risk. Znyk et al. [22] suggested that the use of HTPs 

reduces the risk potential compared with conventional cigarette smoking, and Phillips et al. [23] demonstrated 

the potential for a reduced CVD risk of HTPs using apolipoprotein E-deficient mice. The USA FDA issued a 

draft guidance document for modified risk tobacco product (MRTP) application [24], and they authorized 

tobacco heating system (THS), especially THS 2.2, through the MRTP framework with an “exposure 

modification order” [25]. Therefore, further studies in human-relevant situations to understand the biological 

effects of HTPs on the atherosclerosis risks would provide further insights into the risk reduction potential of 

HTP use relative to using conventional cigarettes. 

In vitro testing is a possible solution for gaining a deeper insight into the detailed mechanism in the early stage 

of atherosclerosis. Several in vitro test methods, such as the wound healing or scratch assay [26, 27] and 

transwell migration assay [28, 29], have been traditionally used, but the lack of physiological conditions (i.e., 
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recapitulation of the effect of blood flow) may be a limitation. The emergence of microphysiological systems, 

also known as organ-on-a-chip (OoC), has the potential to develop more human-relevant in vitro models 

[30-32]. OoC platforms mimic the main aspects of human physiology, providing great opportunities for 

researchers to perform more detailed analyses including mechanistic elucidation in a reproducible and 

controllable manner [33]. In this study, we first developed an in vitro model of monocyte adhesion using 

OrganoPlate, a commercially available OoC. Our model includes a tubule of endothelial cells and flowing 

monocytes with the consideration of macrophage-mediated endothelial activation. We then examined the 

importance of proinflammatory cytokines for monocyte adhesion by direct treatment of endothelial tubules with 

TNF-α and IL-1β. The reduced risk potential of HTPs for monocyte adhesion was subsequently investigated by 

considering macrophage-mediated effects, assuming the actual situation of humans. 
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2. Materials and Methods 

2.1 Cell culture 

Primary human coronary artery endothelial cells (HCAECs, LOT: 425Z019.10) were purchased from PromoCell 

(Heidelberg, Germany) and cultured in collagen I-precoated tissue culture flasks (Corning, Corning, NY, USA) 

with the MV2 endothelial cell growth medium kit (PromoCell) containing a 1% penicillin-streptomycin solution 

(FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan). Human acute monocytic leukemia cell line 

THP-1 (LOT: 70025047) was purchased from the American Type Culture Collection (Manassas, VA, USA) and 

cultured in uncoated tissue culture flasks (Corning) with Roswell Park Memorial Institute (RPMI) 1640 medium 

(Thermo Fisher Scientific, Waltham, MA, USA) containing 10% fetal bovine serum (FBS; Thermo Fisher 

Scientific, LOT: 1955174) and a 1% penicillin-streptomycin solution. 

 

2.2 OrganoPlate culture 

We used a two-lane OrganoPlate (MIMETAS, Leiden, the Netherlands) containing 96 chips with gel and 

perfusion channels (Fig. 1). Before seeding, 50 μL of Hank’s balanced salt solution (HBSS; Thermo Fisher 

Scientific) was dispensed into the observation window to obtain optical clarity. Then, 2 μL of gel composed of 3 

mg/mL type 1-A collagen I, which was derived from a porcine tendon, (Nitta Gelatin, Osaka, Japan, LOT: 

211118, 211208), 10× minimum essential medium Hank’s culture medium (Nitta Gelatin), and reconstitution 

buffer (Nitta Gelatin) was dispensed in the gel inlet and incubated for 15–30 minutes at 37 °C with 5% CO2 to 
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complete gelation of the extracellular matrix (ECM). Each constituent was gently mixed well at ratio of 8:1:1 

(v/v) to prepare 100 μL of gel in the micro tube each time. The tube was placed on ice and the mixed gel was 

used within 15 minutes. HCAECs at passage 3–6 were detached from flasks using 0.25% Trypsin-EDTA 

(Thermo Fisher Scientific) and dispensed in MV2 medium at 5 × 10
6
 cells/mL. Next, 2 μL of cell suspension 

was applied to the medium inlet. After cell seeding, 50 μL of MV2 medium was added to the medium inlet. The 

plate was incubated on its side for 3 hours to allow the cells to attach to the ECM. Subsequently, 50 μL 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, which inverted every 8 minutes to reproduce bidirectional flow in 

the perfusion channel of the plate. The plate was cultured for 3–4 days until the formation of tubule structures. 
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Fig. 1 

Overview of the vasculature-on-a-chip model using a two-lane OrganoPlate. (A) Schematic representation of 

a chip on the two-lane OrganoPlate and (B) cross-section images of HCAECs tubules. Each chip consisted of 

two channels (i.e., perfusion and gel channels) with four wells (i.e., gel inlet, medium inlet, observation window, 

and medium outlet). Ninety-six chips are included in a two-lane OrganoPlate. HBSS was dispensed into the 

observation window to obtain optical clarity. A gel was dispensed into the gel inlet to construct an ECM and 

then a HCAECs suspension was applied to the medium inlet. Phaseguide consists of meticulously designed 

meniscus-pinning barriers that realize formation of HCAECs tubules after 3–4 days of culture under perfusion 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



mimicking blood flow. ECM, Extracellular matrix; HBSS, Hank's balanced salt solution; HCAECs, human 

coronary artery endothelial cells. 

 

2.3 Reference conventional cigarette and HTPs 

A reference conventional cigarette and three HTPs 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. Three commercial HTPs, our proprietary Direct 

Heating Tobacco System Platform 3 Generation 3 version a (DT3.0a), tobacco heating product (THP), and 

tobacco heating system (THS) with one representative regular tobacco flavor stick for each HTP were 

purchased from the Japanese market. 

 

2.4 Generation of TPM and ACM solutions from cigarette and HTPs 

The reference conventional cigarette and HTPs were stored for at least 48 hours at 22 ± 1 °C with 60 ± 3 % 

relative humidity in accordance with International Organization for Standardization (ISO) 3402 [34]. The battery 

of the heating device was fully charged prior to aerosol generation. Mainstream 1R6F CS and aerosols from 

DT3.0a, THP, and THS were generated by a RM20H smoking machine (Borgwaldt KC, Hamburg, Germany). 

1R6F CS was generated under ISO 20778 (55 mL puff volume, 30 s puff interval, 2 s puff duration, bell-shaped 

puff profile, and 100% blocked ventilation holes) [35] and total particulate matter (TPM) was collected on a 44 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



mm Cambridge filter pad. Aerosol of each HTP was generated in the same manner, but without blocking the 

ventilation holes and aerosol-collected mass (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 intended conditions of use. The pad was extracted with 

dimethyl sulfoxide (DMSO) purchased from Sigma-Aldrich (St. Louis, MO, USA) or FUJIFILM 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), THP (12 sticks), and THS (18 sticks). The TPM and ACM solutions 

were stored at −80 °C until testing.  

 

2.5 Preparation of conditioned medium from THP-1-derived macrophages 

When testing, TPM and ACM solutions were diluted to 100, 200, 300, 400 µg/mL and 200, 400, 1000, 2000, 

3000 µg/mL respectively by adding MV2 medium to prepare TPM and ACM samples. Each sample was 1% 

(TPM: 100–400 µg/mL; ACM: 200–2000 µg/mL) or 1.5% (ACM: 3000 µg/mL) adjusted with DMSO. A passage 

8 THP-1 monocyte suspension was seeded in a 24-well plate (Corning) at 2 × 10
6
 cells/well and differentiated 

into macrophages by stimulation with 300 nM phorbol myristate acetate (Sigma-Aldrich), 4 mM L-glutamine 

(FUJIFILM Wako Pure Chemical Corporation), and 500 µM monothioglycerol (FUJIFILM Wako Pure Chemical 

Corporation) for 48 hours and then incubated in fresh medium for 16 hours. Cells were maintained in Advanced 

RPMI 1640 (Thermo Fisher Scientific) containing 1% FBS and a 1% penicillin-streptomycin solution. 

Macrophages were exposed to 500 μL of TPM or ACM samples, MV2 medium with 1% or 1.5% DMSO, or MV2 
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medium with 1 µg/mL lipopolysaccharide (LPS; FUJIFILM Wako Pure Chemical Corporation) for 1 hour. After 

exposure, the medium was replaced with 1800 μL of MV2 medium. After 3 hours of incubation, the medium 

was collected and centrifuged at 1000 × g for 5 minutes, and the supernatant was collected as conditioned 

medium for each sample and stored at −80 °C until testing. An overview of conditioned medium preparation is 

shown in Fig. 2. 

 

 

Fig. 2 
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Overview of the steps to prepare conditioned medium and perform immunostaining and the adhesion assay 

after exposure of vasculature tubules to each conditioned medium for 24 hours. ACM, aerosol-collected mass; 

DMSO, dimethyl sulfoxide; NC, negative control; TPM, total particulate matter. 

 

2.6 Exposure of endothelial tubules 

First, to validate monocyte adhesion assays using endothelial tubules in response to proinflammatory 

cytokines, endothelial tubules were exposed to several concentrations of TNF-α (Sigma-Aldrich) and IL-1β 

(FUJIFILM Wako Pure Chemical Corporation) test samples (12.5, 25, 50, 100, 200, 400 pg/mL respectively) 

and incubated on a rocker for 24 hours. MV2 medium was prepared as vehicle control (VC). Then, in another 

experiment, endothelial tubules were exposed to 1 µg/mL LPS-, 1R6F-, HTP-, 1% DMSO- and 1.5% 

DMSO-conditioned medium and incubated on a rocker for 24 hours to assess the dose response on monocyte 

adhesion for HTP evaluation. LPS-conditioned medium was prepared as a positive control (PC) and 

DMSO-conditioned medium as a negative control (NC). After exposure, immunostaining and adhesion assays 

were performed respectively as described in sections 2.7 and 2.8. 

 

2.7 ICAM-1 immunostaining 

After exposure, the tubules were washed with MV2 medium, fixed with a 4% paraformaldehyde phosphate 

buffer solution (FUJIFILM Wako Pure Chemical Corporation) for 15 minutes, and then washed twice with 

phosphate-buffered saline (PBS; Thermo Fisher Scientific) for 5 minutes. The cells were permeabilized with 

permeabilization buffer consisting of 0.3% Triton X-100 (Sigma-Aldrich) in PBS for 10 minutes. After washing 

with washing solution consisting of 4% FBS in PBS for 5 minutes, the cells were blocked with blocking solution 
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consisting of 2% FBS, 2% bovine serum albumin (Sigma-Aldrich) and 0.1% Polysorbate 20 (MP Biomedicals, 

Santa Ana, CA, USA) in PBS for 45 minutes. After blocking, the cells were incubated with a primary antibody 

solution for 90 minutes and washed twice with washing solution for 3 minutes. Next, a secondary antibody 

solution was applied, followed by incubation for 30 minutes. The cells were then washed twice with washing 

solution. Finally, MV2 medium containing Hoechst 33342 (DOJINDO) was applied, incubated for 15 minutes, 

and washed once with PBS. Fluorescence images were captured using an Operetta (Perkin Elmer, Waltham, 

MA, USA). All steps were performed at room temperature. The primary antibody used was a mouse 

anti-human antibody against ICAM-1 (Abcam, Cambridge, UK, LOT: GR3285740-22) diluted by blocking 

solution at 10 μg/mL. The secondary antibody used was goat anti-mouse Alexa Fluor 488 (Abcam, LOT: 

GR3419505-1) diluted by blocking solution at 2 μg/mL. Using Fiji [36] (ImageJ version 1.52e), the intensity of 

ICAM-1 was measured after subtraction of the background and dividing by the number of observed nuclei 

within each chip for quantification. 

 

2.8 Adhesion assay 

An adhesion assay was conducted to evaluate monocyte adhesion under flow. After exposure, the tubules 

were washed with MV2 medium and incubated with MV2 medium containing Hoechst 33342 for 20 minutes on 

the rocker. An undifferentiated THP-1 monocyte suspension was stained with RPMI 1640 medium containing a 

Calcein-AM solution (DOJINDO) for 15 minutes in the incubator. The undifferentiated THP-1 monocytes were 

centrifuged at 1000 × g for 5 minutes to remove the Calcein-AM-containing medium and resuspended in MV2 
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medium at 2 × 10
5
 cells/mL. After washing the endothelial tubule for 5 minutes with MV2 medium, 50 μL of the 

undifferentiated THP-1 monocyte suspension was added to medium inlet and outlet, and incubated on the 

rocker for 1 hour. After washing twice with HBSS, fluorescence images were captured using the Operetta. 

Using Fiji, the number of undifferentiated THP-1 monocytes adhered to the endothelial surface was counted 

and divided by the number of endothelial cell nuclei in each chip for quantification. 

 

2.9 WST-8 assay 

To evaluate cytotoxicity, cell counting kit-8 (DOJINDO, Kumamoto, Japan) solution containing WST-8 reagent 

was prepared by dilution in MV2 medium before use. Macrophages prepared in the same manner described 

above were exposed to 500 μL of TPM or ACM sample or MV2 medium with 1% or 1.5% DMSO for 1 hour. 

After exposure and washing once with MV2 medium, the cell counting kit-8 solution was dispensed, followed by 

incubation for 2 hours. Absorbance at 450 and 600 nm was measured by a Cytation5 (BioTek Instruments, 

Winooski, VT, USA) before and after staining to evaluate cytotoxicity in accordance with the manufacturer’s 

instructions. 

 

2.10 Enzyme-linked immunosorbent assay (ELISA) 

Proinflammatory cytokines TNF-α and IL-1β were measured by a Human TNF-alpha Quantikine ELISA Kit 

(R&D Systems, Minneapolis, MN, USA) and Human IL-1 beta/IL-1F2 Quantikine ELISA Kit (R&D Systems), 
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respectively, following the manufacturer’s instructions. Optical density at 450 nm in each well was measured by 

the Cytation5. The cytokine concentration of each conditioned medium was calculated from a linear standard 

curve and then multiplied by the dilution factor after subtraction of the background. 

 

2.11 Statistical analysis 

The mean values and standard error (SE) for each exposure condition in each assay were calculated from 

replicates within the same plate and independent experiments. To normalize the difference between 

independent experiments, mean values of intra-experiment were first calculated. The mean values were then 

divided by the mean value of control from all independent experiments to calculate the fold change of each 

exposure condition. Statistical analysis was performed using Dunnett’s multiple comparison test or Student’s 

t-test using JMP software (version 16.2.0, SAS Institute, NC, USA). The number of replicates and independent 

experiments are indicated in the figure legends. 
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3. Results 

3.1 Establishment of the monocyte adhesion assay in the vasculature-on-a-chip model with 

macrophages 

3.1.1 Dose response of monocyte adhesion to TNF-α and IL-1β 

TNF-α and IL-1β, which enhance monocyte adhesion via adhesion molecule expression on the endothelial 

surface, were used as PC to investigate the dose response of ICAM-1 expression and monocyte adhesion. 

Endothelial tubules were directly treated with PC for 24 hours. Fluorescence images of ICAM-1 expression 

were captured after immunostaining and their intensities were quantified to calculate the fold change (Fig. 3A). 

TNF-α treatment showed a dose-dependent increase of ICAM-1 expression at all examined doses. IL-1β 

treatment also showed a dose-dependent increase of ICAM-1 expression, which was higher than that of TNF-α 

treatment at all selected doses. Neither MV2 media with 1% nor 1.5% DMSO induced significant ICAM-1 

expression compared with MV2 medium (vehicle control; VC). To assess monocyte adhesion, fluorescent 

dye-labeled monocytic THP-1 cells were applied to the tubules under flow conditions for 1 hour and then the 

number of THP-1 cells adhered to the endothelial surface was counted to calculate the fold change (Fig. 3B). 

TNF-α treatment showed a dose-dependent increase of monocyte adhesion at all examined doses. However, 

IL-1β treatment only showed a dose-dependent increase of monocyte adhesion at low doses (10–100 pg/mL) 

and reached a plateau at high doses (100–400 pg/mL). The number of adherent THP-1 cells after IL-1β 

treatment was more than twice as high as that after TNF-α treatment at 12.5–100 pg/mL. Neither MV2 media 

with 1% DMSO nor that with 1.5% DMSO induced significant monocyte adhesion compared with VC. Dose 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



dependency of monocyte adhesion was consistent with that of ICAM-1 expression. Representative images of 

ICAM-1 immunostaining and monocyte adhesion are shown in Fig. 3C and D. 
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Fig. 3 

Effects of proinflammatory cytokine treatment on monocyte adhesion. Dose-response curves of (A) ICAM-1 

expression and (B) monocyte adhesion. (C) Fluorescence immunohistochemistry images of ICAM-1 in 

endothelial tubules. (D) Fluorescence images of adhered monocytes in endothelial tubules. Scale bar = 100 

µm. Three individual experiments with three to four replicates in each experiment were performed. Data 

represent the mean ± SE of fold changes relative to VC. Asterisks indicate a statistically significant difference 

compared with the VC (Dunnett’s multiple comparison, *p<0.05, **p<0.01, ***p<0.001). DMSO, dimethyl 

sulfoxide; HCAECs, human coronary artery endothelial cells; ICAM-1, intercellular adhesion molecule 1; IL-1β, 

interleukin-1β; MV2, endothelial cell growth medium MV2; TNF-α, tumor necrosis factor-α; VC, vehicle control. 
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3.1.2 Proinflammatory cytokines secreted from macrophages by LPS exposure provoke monocyte 

adhesion equally to TNF-α or IL-1β treatment 

THP-1-derived macrophages were exposed to LPS for 1 hour and then incubated with MV2 medium for 3 

hours. Cytokine-containing medium, namely conditioned medium, was obtained by centrifuging the medium 

and collecting the supernatant, followed by storage at −80 °C until testing. TNF-α and IL-1β concentrations 

quantified by the ELISAs are shown in Fig. 4A. Macrophages stimulated by LPS secreted high levels of TNF-α 

and IL-1β as reported previously [37]. This LPS-conditioned medium induced significant ICAM-1 expression 

and monocyte adhesion compared with those of MV2 medium with 1% DMSO-conditioned medium obtained 

without LPS stimulation (Fig. 4B). Representative images of ICAM-1 immunostaining and monocyte adhesion 

are shown in Fig. 4C. 

 

 

Fig. 4 
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Proinflammatory cytokines in LPS-conditioned medium and effect of LPS-conditioned medium exposure on 

monocyte adhesion. (A) Secreted TNF-α and IL-1β in LPS-conditioned medium analyzed by ELISAs, and (B) 

ICAM-1 expression and monocyte adhesion induced by exposure of endothelial tubules to LPS-conditioned 

medium. (C) Fluorescence images of ICAM-1 and adhered monocytes in endothelial tubules. Scale bar = 100 

µm. Three individual experiments with three to four replicates in each experiment were performed. Data 

represent the mean ± SE. The fold change was relative to MV2 medium with 1% DMSO-conditioned medium 

obtained without LPS simulation. Asterisks indicate a statistically significant difference compared with MV2 

medium with 1% DMSO-conditioned medium (Student’s t-test, *p<0.05, **p<0.01, ***p<0.001). DMSO, 

dimethyl sulfoxide; ELISA, enzyme-linked immunosorbent assay; HCAECs, human coronary artery endothelial 

cells; ICAM-1, intercellular adhesion molecular 1; IL-1β, interleukin-1β; LPS, lipopolysaccharide; MV2: 

endothelial cell growth medium MV2; TNF-α, tumor necrosis factor-α. 

 

3.2 Application of the established vasculature-on-a-chip model with macrophages to HTP evaluation 

Macrophages were exposed to TPM or ACM samples or MV2 medium with DMSO (NC) to obtain each 

conditioned medium. Cytotoxicity in macrophages was almost the same at 1 hour of exposure to TPM or ACM 

samples compared with the NC in the WST-8 assay (Fig. 5A). TNF-α and IL-1β concentrations quantified by 

ELISAs are shown in Fig. 5B and C, respectively. The TNF-α concentration in the conditioned medium was 

almost the same among all conditioned media. However, 1R6F-conditioned medium showed a clear 

dose-dependent increase in IL-1β at 100–400 µg/mL, whose concentration was up to even four times higher 

than that of HTP-conditioned medium at the corresponding dose, whereas conditioned media of three HTPs 

did not show any significant increase compared with the NC-conditioned medium at 200–3000 µg/mL. 
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After exposure of endothelial tubules to the conditioned medium for 24 hours, ICAM-1 immunostaining and the 

adhesion assay were performed (Fig. 6A and B). The number of nuclei observed in the vessel tubules was not 

affected by the exposure to the conditioned medium (data not shown). 1R6F-conditioned medium induced a 

significantly higher increase in ICAM-1 expression in a dose-dependent manner compared with the 

NC-conditioned medium at 100–400 µg/mL. However, HTP-conditioned medium induced lower ICAM-1 

expression compared with the 1R6F-conditioned medium at the corresponding dose and even at the higher 

doses. Adhesion assays showed consistent results. Monocyte adhesion was higher in the 1R6F-conditioned 

medium exposure compared with the HTP-conditioned medium exposure at the corresponding dose and was 

similar among all tested HTPs. Representative images of ICAM-1 immunostaining and monocyte adhesion are 

shown in Fig. 6C and D. 
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Fig. 5 

Effects of 1R6F CS and HTP aerosol exposure on THP-1 derived macrophages. (A) Cytotoxicity analysis by 

the WST-8 assay. (B) TNF-α and (C) IL-1β in each conditioned medium analyzed by ELISAs. Three individual 

experiments with two to three replicates in each experiment were performed. Data represent the mean ± SE. 

The fold change was relative to MV2 medium with 1% DMSO-conditioned medium. Asterisks indicate a 

statistically significant difference compared with the NC [i.e.,1R6F: 100–400 µg/mL and HTPs: 200–2000 

µg/mL were compared with MV2 medium with 1% DMSO (all filled plots) and HTPs: 3000 µg/mL were 

compared with MV2 medium with 1.5% DMSO (all unfilled plots)]. Dunnett’s multiple comparison, *p<0.05, 

**p<0.01, ***p<0.001). CS, cigarette smoke; DMSO, dimethyl sulfoxide; ELISA, enzyme-linked immunosorbent 
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assay; HCAECs, human coronary artery endothelial cells; HTP, heated tobacco product; ICAM-1, intercellular 

adhesion molecular 1; IL-1β, interleukin-1β; MV2: endothelial cell growth medium MV2; SE, standard error; 

TNF-α, tumor necrosis factor-α. 
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Effects of 1R6F-and HTP-conditioned medium exposure on monocyte adhesion. Dose-response curves of (A) 

ICAM-1 expression and (B) monocyte adhesion. (C) Fluorescence immunohistochemistry images of ICAM-1 in 

endothelial tubules. (D) Fluorescence images of adhered monocytes in endothelial tubules. Scale bar = 100 

µm. Three individual experiments with three to four replicates in each experiment were performed. Data 

represent the mean ± SE of fold changes relative to MV2 medium with 1% DMSO. Asterisks indicate a 

statistically significant difference compared with the NC [i.e.,1R6F: 100–400 µg/mL and HTPs: 200–2000 

µg/mL were compared with MV2 medium with 1% DMSO (all filled plots) and HTPs: 3000 µg/mL were 

compared with MV2 medium with 1.5% DMSO (all unfilled plots)]. Dunnett’s multiple comparison, *p<0.05, 

**p<0.01, ***p<0.001). CS, cigarette smoke; DMSO, dimethyl sulfoxide; ELISA, enzyme-linked immunosorbent 

assay; HCAECs, human coronary artery endothelial cells; HTP, heated tobacco product; ICAM-1, intercellular 

adhesion molecular 1; IL-1β, interleukin-1β; MV2: endothelial cell growth medium MV2; SE, standard error; 

TNF-α, tumor necrosis factor-α. 

  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



4 Discussion 

Recent extensive studies have revealed that inflammation plays major roles in the initiation and progression of 

atherosclerosis. Proinflammatory cytokines, such as TNF-α and IL-1β, are mediators of vascular inflammation 

that induces various downstream adverse events [9, 10]. Monocyte adhesion to the vascular endothelium is 

one such proinflammatory cytokine-inducible event that leads to monocyte invasion into the intima, a direct 

cause of plaque formation [2, 7]. Therefore, we considered that evaluation of monocyte adhesion would be 

useful for risk estimation of HTP use for atherosclerosis. Several in vitro models of monocyte adhesion have 

been reported [38, 39], but the majority of them are established under static conditions. Considering the 

physiological condition of monocyte adhesion, blood flow is a critical factor in reproducing adverse events. 

Blood flow induces shear stress in adherent cells and may affect the extent of adhesion [40]. In this study, we 

developed an in vitro monocyte adhesion model with an OoC that recapitulates blood flow. By tilting the plate 

on a rocker, the model was able to generate gravity-based perfusion in the endothelial tubules, allowing cells to 

be exposed to shear stress up to 2.0 dyne/cm
2
 [41]. Malek et al. reported that wall shear stress ranges from 10 

to 70 dyne/cm
2
 in normal arteries, and is relatively low (<4 dyne/cm

2
) in atherosclerosis-prone arterial regions 

[42]. Therefore, we think that our OoC model mimics regions in coronary arteries that are susceptible to 

atherogenesis. Although differences of experimental conditions should be considered carefully, blood flow 

recapitulation might contribute to the inducibility of ICAM-1 expression and adhesion because the effective 

concentrations of TNF-α and IL-1β were less than 400 pg/mL in our OoC model (Fig. 3A and B), whereas the 

typical range was 1–10 ng/mL in previous studies [43-47]. Additionally, monocyte adhesion was obviously 
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increased at less than 400 pg/mL. Clinical studies have revealed that the serum level of these proinflammatory 

cytokines is sub-picogram to less than 100 pg/mL in CVD patients [48-50]. Therefore, the effective 

concentration range of proinflammatory cytokines in our OoC model mimicked the actual situation of CVD 

pathogenesis. 

Considering the source of proinflammatory cytokines at the early stage of atherosclerosis, immune cells that 

mediate innate immunity could be crucial. Most tissues in the human body possess tissue-resident 

macrophages that play a major role in tissue-specific immune systems [51]. In the lungs, for example, when 

foreign harmful substances enter the lung, macrophages accumulate in the respiratory space, leading to 

secretion of various immune mediators [52-54]. The hypothesis that these mediators, including cytokines from 

the pulmonary compartment, spread via blood flow and induce systemic inflammation is supported by several 

studies [55-57]. To reflect the tissue-resident macrophage-mediated vascular response to cigarette or HTP 

exposure, we generated conditioned media. The conditioned media were generated by exposure of 

THP-1-derived macrophages to LPS or each extract of the cigarette or HTPs (i.e., TPM of 1R6F or ACM of 

each HTP). Macrophages stimulated by LPS secreted high levels of TNF-α and IL-1β as reported previously 

[37] and the LPS-conditioned medium induced significant ICAM-1 expression and monocyte adhesion (Fig. 4A 

and B), suggesting that the model reflected macrophage-mediated endothelial activation. The 

1R6F-conditioned medium induced higher ICAM-1 expression and monocyte adhesion compared with all 

tested HTPs (Fig. 6A and B). Because TNF-α did not induce a dose-dependent increase in the conditioned 

medium of either 1R6F or any HTP (Fig. 5B and C), IL-1β might contribute to the increases of ICAM-1 
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expression and monocyte adhesion after 1R6F-conditioned medium exposure. This result is supported by 

proinflammatory cytokine-induced monocyte adhesion. IL-1β induced more ICAM-1 expression and monocyte 

adhesion than TNF-α at less than 400 pg/mL (Fig. 3). Our results suggest that IL-1β contributes more to 

monocyte recruitment than TNF-α at the early stage of atherosclerosis. 

Our results also revealed that HTPs elicited less pronounced effects on the biological events related to 

monocyte adhesion even at 3000 μg/mL ACM compared with the cigarette. Furthermore, all three tested HTPs, 

including our DT3.0a, had comparable biological effects, although different tobacco heating mechanisms were 

employed. Emission of HPHCs is reduced in HTPs by heating rather than burning tobacco leaves [15, 58, 59]. 

Therefore, lower levels of exposure to such chemical constituents probably contribute to reducing the biological 

effects of HTP aerosols. The plausibility of this hypothesis has been investigated in previous studies in which 

traditional toxicological endpoints (e.g., cytotoxicity and genotoxicity) and effects on airway epithelial cells were 

evaluated, and indeed HTPs clearly exerted less pronounced effects than the cigarette [21, 60]. We believe 

that the results obtained in this study provide insights into the reduced risk potential of HTPs for early stage 

atherosclerosis.  

The present study had some limitations. Although macrophages secrete various soluble mediators, we only 

examined TNF-α and IL-1β, which are representative proinflammatory cytokines reported to induce monocyte 

adhesion. In addition, considering the use of our OoC model for HTP risk assessment, the sample exposure 

conditions could be improved. We exposed differentiated macrophages to TPM and ACM, and thus, 

macrophages were not exposed to gas-vapor phase (GVP) extract. GVP derived from CS contains several 
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reactive oxygen species, which are thought to induce oxidative stress-mediated inflammatory responses [61]. 

Although Hashizume et al. indicated that GVP derived from HTPs induced negative or weak oxidative stress 

compared with CS [62], it would be beneficial to conduct testing using GVP samples for a better understanding 

of the biological effect caused by the gaseous phase of samples. In terms of the TPM and ACM sample 

concentrations, we used concentrations in the range 100–400 and 200–3000 μg/mL, respectively. Charles et al. 

estimated that active smokers had airway nicotine concentrations of 70–850 ng/mL [63]; therefore, TPM and 

ACM ranges in the airways could be calculated to be approximately 1.6–20.2 and 2.2–60.7 μg/mL, respectively, 

based on the report by Hashizume et al. [62]. Our experimental concentrations might be higher than in 

real-world situations; however, the results sufficiently recapitulated the mechanism of action for atherogenesis. 

Thus, considering the complex nature and chronicity of atherogenesis, long-term exposure similar to real-life 

exposure scenarios would be also valuable for additional insights into the reduced-risk potential of HTPs. This 

study also examined the limited stage of atherosclerosis (i.e., early stage); therefore, the later stage of 

atherosclerosis (e.g., transmigration of monocytes, oxidized LDL uptake, and foam cell formation by 

monocyte-derived macrophages) should be investigated further. The OrganoPlate platform has the potential to 

reproduce the later stage of atherosclerosis because of its flexibility and feasibility for in vitro model 

development. For example, other cell types, such as smooth muscle cells, can be applied to be more 

physiologically relevant. Such an improved model may be useful for further mechanistic understanding and risk 

estimation of atherosclerosis.  
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5 Conclusion 

OoC-based in vitro test systems are expected to recapitulate the physiological conditions in the human body. 

Here, we first developed an in vitro model of monocyte adhesion using a vasculature-on-a-chip platform, which 

also mimicked tissue-resident macrophage-mediated endothelial activation. The model showed that the 

effective concentration range of TNF-α and IL-1β was close to the actual situation in CVD pathogenesis. The 

model also showed that monocyte adhesion was induced less by HTP aerosols than by CS, which may be 

caused by less proinflammatory cytokine secretion from macrophages. Although further studies are necessary, 

our OoC model detects differences in the biological effects of a cigarette and HTPs, and a reduced risk 

potential of HTPs for atherosclerosis was suggested. 
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Highlights 

 In vitro model of monocyte adhesion was developed using OoC. 

 Inflammatory cytokine-mediated endothelial activation by macrophages was reflected. 

 Effective doses of TNF-α and IL-1β were close to CVD pathogenesis. 

 Monocyte adhesion was less induced by HTPs than by cigarette. 
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