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Abstract 37 

Chronic obstructive pulmonary disease (COPD) is a major cause of mortality 38 

worldwide, and pulmonary epithelial cell apoptosis is regarded as one of the most important 39 

factors in its pathogenesis. Here we examined the molecular mechanisms of apoptosis caused by 40 

cigarette smoke (CS). In the normal bronchial epithelium cell line BEAS-2B, a CS extract 41 

markedly induced apoptosis together with transient early growth response 1 (EGR1) protein 42 

expression, which is activated over time via the aryl hydrocarbon receptor (AHR). The CS 43 

extract induced apoptosis and decreased cell count of BEAS-2B cells and was significantly 44 

reversed by knockdown of either EGR1 or AHR. In vivo, the CS extract caused alveolar wall 45 

destruction, mimicking COPD, 1 week after intrathoracic injection. Bronchoalveolar lavage 46 

fluid (BALF) from the CS extract-treated mice contained massive numbers of apoptotic 47 

epithelial cells. Furthermore, it was found that aminoanthracene induced EGR1 expression and 48 

cell apoptosis. By contrast, the AHR antagonist stemregenin 1 (SR1) restored apoptosis upon 49 

CS treatment. These results suggest that aryl hydrocarbons, such as aminoanthracene, induce 50 

EGR1 expression via the AHR, resulting in cell apoptosis and that this can be prevented by 51 

administration of an antagonist of AHR. 52 

 53 

 Key words: AHR, apoptosis, COPD, cigarette smoke, EGR1 54 

55 
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Introduction 56 

COPD is a major cause of mortality worldwide (1). Since it has been reported that 57 

COPD contributes to the progression of COVID‐19, the treatment of COPD is now in the 58 

spotlight (2). COPD is a chronic respiratory disease that is caused by an inflammatory response 59 

of the lungs to noxious particles or gasses, resulting in chronic bronchiolitis and emphysema, 60 

which causes obstructive airflow (1). Among miscellaneous environmental and genetic risk 61 

factors, CS is regarded to be one of the most important in the pathogenesis of COPD (3). 62 

Among several mechanisms of COPD pathogenesis, the apoptosis of airway epithelial cells of 63 

the lung is regarded as one of the most important. An increase in apoptotic alveolar epithelial 64 

and endothelial cells observed in the lungs of COPD patients suggests that apoptosis has a role 65 

in the destruction of lung tissue and the development of emphysema and COPD (4). 66 

In order to reduce noxious particles or gasses, tobacco-containing vapor products have 67 

been developed worldwide. Heat-not-burn (HNB) products, in which the tobacco is heated 68 

without being combusted, have been reported to emit lower levels of harmful compounds than 69 

conventional CS (5) (6). CS induces abnormal gene expression, characterized as elevated 70 

EGR1 expression, and apoptosis, and the reduction of potentially harmful compounds in HNB 71 

products decreased EGR1 responses as well as apoptosis (7).    72 

The EGR1 gene was first identified as nerve growth factor-induced protein A (NGFI-73 

A), and it was subsequently determined that it is an early growth response gene under various 74 

forms of stimulation  (8) (Milbrandt, 1987). EGR1 expression is regulated by a myriad of 75 

secreted molecules and stress factors through numerous regulatory elements located upstream of 76 

the EGR1 coding sequence (9) (Havis and Duprez, 2020). This gene was previously identified 77 

as a potential novel target of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) in human lung 78 

epithelial cells. EGR1 protein levels were increased by TCDD, which has a high affinity for the 79 

AHR  (10) (Martinez et al., 2004). 80 



5 

 

The AHR is a transcription factor that was identified as a TCDD-binding receptor 81 

protein that regulates xenobiotic metabolism (11) (Murray et al., 2014). The AHR also binds 82 

various aryl hydrocarbons, such as indoles, polyphenols, and phenazines, and is involved in the 83 

regulation of various biological processes (12) (13) (14) (Bjeldanes et al., 1991) (Amakura et 84 

al., 2008) (Moura-Alves et al., 2014). Upon binding of a ligand to the AHR, it translocates from 85 

the cytoplasm to the nucleus, dimerizes with AHR nuclear translocator (ARNT), and binds to 86 

xenobiotic-responsive elements, resulting in transcriptional activation of target genes  (15) 87 

(Nebert, 2017). The classical target gene encodes for the drug-metabolizing monooxygenase 88 

cytochrome P450 1A1 (CYP1A1) (16). (Ye et al., 2019). 89 

 In this report, we determined that CS, but not Ploom TECH or Ploom TECH+ HNB 90 

products, induces EGR1 expression via the AHR, resulting in apoptosis in vitro. CS, but not 91 

Ploom TECH or Ploom TECH+ HNB products, induces apoptosis of epithelial cells in BALF 92 

and causes alveolar wall destruction. The representative aryl hydrocarbons 1-aminoanthracene 93 

and 2-aminoanthracene were found to induce EGR1 expression and apoptosis. Finally, we 94 

identified AHR antagonists that decrease the expression of EGR1 and restore apoptosis by CS 95 

exposure.  96 

  97 
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Material and Methods 98 

Smoke and aerosol generation 99 

Smoking extracts were prepared as previously described  (5) (Takahashi et al., 2018). 100 

Briefly, 3R4F cigarettes were obtained from the Kentucky Tobacco Research and Development 101 

Center at the University of Kentucky (Lexington, KY, USA). Two HNB products, Ploom 102 

TECH and its flavored version, Ploom TECH+, were obtained from Japan Tobacco Inc. (Tokyo, 103 

Japan). Untreated 3R4F CS and aerosols from Ploom TECH or Ploom TECH+ HNB products 104 

were generated by machine smoking using Health Canada Intense (HCI) puffing conditions (55 105 

mL puff volume, 2-s duration, 30-s puff interval, and a bell-shaped puff profile). The 3R4F 106 

cigarette was smoked until the remaining butt length was 35 mm. For the HNB products, the 107 

total puff number for each aerosol collection per tobacco capsule was set at 70, which was based 108 

on the product specification. Aerosols were dissolved in dimethyl sulfoxide (DMSO) at a 109 

concentration of 40 mg/ml for 3R4F extract and 100 mg/ml for both Ploom TECH and Ploom 110 

TECH+ extracts. 111 

 112 

Cell culture 113 

BEAS-2B cells were cultured in a humidified chamber (37°C, 5% CO2 in air) with 114 

Roswell Park Memorial Institute (RPMI) medium, and the cells were supplemented with 10 115 

µg/ml gentamicin and 10% fetal calf serum (Life Technologies).  116 

 117 

siRNA treatment 118 

To determine cell count, BEAS-2B cells were typically seeded into 24-well plates at a 119 

density of 0.4 x 104 cells/well. The cells were then transfected with 12 nM siRNAs using 120 

Lipofectamine RNAi MAX reagents (Thermo Fisher Scientific). 121 

For the annexin V–PE assay, BEAS-2B cells were seeded into 6-well plates at a density 122 

of 1.0 x 105 cells/well. The cells were then transfected with 14 nM siRNAs using 123 
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Lipofectamine RNAiMAX reagents. After 44 hours, the cells were treated with 0.1% 3R4F 124 

extract. After 50 hours, the cells were collected for analysis. To examine whether knockdown 125 

of EGR1 was successful, we used 1% 3R4F to induce EGR1 before knockdown (Fig. 3A). 126 

The EGR1 expression increased in accordance with the concentration of 3R4F added (Fig. 127 

S1G), and the effect of knockdown was unclear using 0.1% 3R4F. For RT-qPCR, BEAS-2B 128 

cells were seeded into 6-well plates at a density of 0.6 x 104 cells/well. After 20 hours of 129 

incubation, the cells were transfected with 14 nM siRNAs using Lipofectamine RNAiMAX 130 

reagents. After 48 hours, the cells were collected for analysis. 131 

 132 

Western Blotting 133 

BEAS-2B cells were seeded into 6-well plates at a density of 2.0 x 105 cells/well. 134 

After 16–20 hours of incubation, the cells were treated with a DMSO or 0.5% 3R4F extract. 135 

The cell lysates were prepared using a sodium dodecyl sulfate (SDS) buffer and 2–12 hours 136 

later, separated by SDS-PAGE (12%), transferred to a nitrocellulose membrane (Bio-Rad), and 137 

blocked with 3% BSA in Tris-buffered saline containing 0.05% Tween-20 (TBST). To detect 138 

EGR1, the membranes were incubated with anti-EGR1 antibodies (cat. no. S-25; Santa Cruz 139 

Biotechnology, Inc.; Santa Cruz, CA), washed, and incubated with anti-mouse peroxidase (cat. 140 

no. 04-18-18; SeraCare Life Sciences, MA), and the subsequent chemiluminescence was 141 

obtained using the ChemiDoc Touch MP imaging system (BIO-RAD, CA). To detect histones, 142 

the membranes were incubated with anti-core histone antibodies (17), followed by washing and 143 

subsequent incubation with protein A conjugated with Alexa Fluor™ 647 (Thermo Fisher 144 

Scientific, Waltham, MA, cat. no. p21462). Fluorescence signals were captured by employing a 145 

Typhoon™_FLA 9000 imager (GE Healthcare) to scan the probed membranes, with the PMT 146 

setting set at 1000 V. 147 

 148 

 149 
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Plasmid vectors and transfection 150 

The pCMV-SPORT6-EGR1 plasmid was obtained from RIKEN BRC (Tokyo, Japan) (18-151 

21). (Itoh et al., 2006; Kimura et al., 2006; Ota et al., 2004; Otsuki et al., 2005). Plasmid 152 

pCDNA3 was obtained from Invitrogen, MA. BEAS-2B cells were seeded at 0.7 x 106 153 

cells/well into 10-cm dishes. After 16–20 hours of incubation, plasmid mixtures containing 12 154 

µg pCDNA3 and 12 µg pCMV-SPORT6-EGR1 were transfected by XfectTM Transfection 155 

Reagent (Takara Bio company, Shiga, Japan) according to the manufacturer’s protocol. After 156 

48 hours, the cells were analyzed by TUNEL assay.  157 

 158 

Cell Count 159 

Typically, one day before counting, BEAS-2B cells were seeded at 0.56 x 104 160 

cells/well into 24-well plates. After 20 hours of incubation, the cells were treated with a 161 

control solvent (DMSO or MeOH), 0.1% 3R4F extract, or 100 nM to 10 µM compounds, and 162 

the day was designated as day 0. From each well, four images were collected on days 0 and 3. 163 

The cells were counted within a 1-mm2 square for each image, the day-3 cell counts were 164 

normalized to day-0 cell counts, and the relative count level was calculated. Cells were 165 

transfected with siRNAs two days in advance of the day indicated, basically as previously 166 

described (22). 167 

 168 

RT-qPCR 169 

Typically, BEAS-2B cells were seeded at 2.0 x 105 cells/well into 6-well plates. After 170 

20 hours of incubation, the cells were treated with control solvent (DMSO), 0.1% 3R4F extract, 171 

or 100 nM to 10 µM compounds. Cells were transfected with siRNAs two days in advance of 172 

the day indicated, as previously described. After 1–6 hours, RNA was isolated, and cDNA was 173 

generated from 0.3-0.5 μg total RNA in the presence of an oligo(dT) primer (Life 174 

Technologies), random hexamers (Takara), and SuperScript™ III Reverse Transcriptase 175 
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(Invitrogen) or PrimeScript™ Reverse Transcriptase (Takara). Using SYBR green and 176 

appropriate master-mix reagents, real-time RT-PCR was performed with a QuantStudio™ 12K 177 

Flex Real-Time PCR System (Thermo Fisher Scientific). Target gene expression levels were 178 

normalized to GAPDH expression, and the relative expression level was calculated by 179 

comparing with the DMSO control. The PCR primers used were: 180 

EGR1  181 

(forward) 5`-AGGCGGCGATTTTTGTATGT-3`,  182 

(reverse) 5`-GGGCAATAAAGCGCATTCAA-3`;  183 

AHR  184 

(forward) 5`-TTCAGATTATCAACAGCAAC-3`,  185 

(reverse) 5`- TGCTGTGGCTCCACTACTAC-3`; 186 

GAPDH 187 

(forward) 5`-GGAGCGAGATCCCTCCAAAAT-3`, 188 

(reverse) 5`- GGCTGTTGTCATACTTCTCATG -3`. 189 

   190 

TUNEL assay and FACS analysis 191 

BEAS-2B cells were seeded into a 10-cm dish at a density of 1.0 x 106 cells/dish. 192 

After 20 hours of incubation, the cells were treated with 0.5% DMSO, Ploom TECH extract, 193 

Ploom TECH+ extract, or 3R4F extract. Six or 24 hours after treatment, the cells were subjected 194 

to a TUNEL assay according to the manufacturer’s instructions (DeadEnd Fluorometric TUNEL 195 

System, Promega). The cells were then incubated with anti-EGR1 antibodies (cat. no. S-25; 196 

Santa Cruz Biotechnology, Inc.; Santa Cruz, CA), washed, incubated with protein A conjugated 197 

with Alexa Fluor™ 647 (cat. no. p21462; Thermo Fisher Scientific, Waltham, MA,), and 198 

analyzed using a FACS Canto II flow cytometer (BD Biosciences). Twenty thousand cells were 199 

counted, and 10,000 cells were displayed. 200 

 201 
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Annexin V–PE assay and FACS analysis 202 

BEAS-2B cells were seeded into 6-well plates at a density of 2.0 x 105 cells/well. 203 

After 20 hours of incubation, the cells were treated with 1 µM staurosporine, 0.1–0.3% 3R4F 204 

extract, or 100nM-10 µM compounds. Six or 24 hours later, the cells were subjected to an 205 

Annexin V-PE assay according to the manufacturer’s instructions (Annexin V-PE Apoptosis 206 

detection kit, Biovision) and analyzed using a FACS Canto II flow cytometer. Ten thousand 207 

cells were counted, and 10,000 cells were displayed in Figs. 1, 6, and S2; 20,000 cells were 208 

counted, and 20,000 cells were displayed in Fig. 5. In Fig. 6H, six independent assays for each 209 

condition were performed, followed by duplicate flow cytometer detection. Ten thousand cells 210 

were counted for each detection. 211 

Forty-four hours after transfection the siRNA-treated cells were treated with 0.1% 212 

3R4F extract. Six hours later, the cells were subjected to an annexin V–PE assay and analyzed 213 

using a FACS Canto II flow cytometer. Twelve independent assays for each condition were 214 

performed, followed by quadruplicate flow cytometer detection. Ten thousand cells were 215 

counted for each detection. 216 

 217 

Histological analysis 218 

BALB/c mice were injected with 100 μL of 6% DMSO, 6% Ploom TECH extract, 6% 219 

Ploom TECH+ extract, or 6% 3R4F extract into their intrathoracic cavity (n=4 mice per group). 220 

Twenty-four hours later, the tracheas from eight mice (n=2 mice per group) were surgically 221 

exposed and a 23-G needle inserted. BALF was obtained by intratracheal instillation of 1 ml 222 

PBS into the lung. BALF 200-μL aliquots were centrifuged at 300 x g for 10 min. Cells in 223 

BALF were stained with annexin V–PE (1 μL/100 μL) and Hoechst stain (1/5000). Cytospin 224 

preparations of stained BALF were centrifuged at 700 rpm for 10 min onto glass slides using a 225 

Cytospin™ 4 Cytocentrifuge (Thermo Scientific). Glass slides prepared by this technique were 226 

observed with an Olympus fluorescence microscope (cat. no. BX53). After observation, the 227 
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cells were stained with Giemsa stain solution (MUTO PURE CHEMICALS). For quantitative 228 

analyses, stained images were taken with the same laser settings, and the fluorescence intensity 229 

was quantified using Image J software with the same parameters. The integrated density of three 230 

annexin V–PE-stained pictures was used for the statistical analysis, as previously described 231 

(23). 232 

After seven days, 8 mice (n=2 mice per group) were anesthetized and euthanized. The 233 

lungs were infiltrated with 4% paraformaldehyde, embedded in paraffin, and stained with 234 

hematoxylin and eosin (H&E). For quantitative analysis, an area within 50 randomly selected 235 

alveoli in each H&E-stained image was measured and averaged. Four sets of averages for each 236 

condition were used for statistical analysis. 237 

 238 

Statistics 239 

Data are shown as means ± SD. Levels of significance for comparison between 240 

samples were determined by one-way analysis of variance (ANOVA), followed by Dunnett’s 241 

test. P-values of <0.05 were considered statistically significant. Graph-Pad Prism v7 software 242 

was used for analysis. 243 

 244 

Study approval 245 

Animal care and experiment was done in accordance with the Guidelines for Animal 246 

Experimentation of Nagasaki University and with approval of the Institutional Animal Care and 247 

Use Committee (approval no. 2109061743). 248 

 249 

Data Availability Statement   250 

The data that support the findings of this study are available in the methods and 251 

material of this article.  252 
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Results 253 

3R4F extract, but not Ploom TECH or Ploom TECH+ extracts, induce activation of the 254 

EGR1 gene and apoptosis of BEAS-2B cells. 255 

We report here that 0.5% of conventional CS 3R4F extract but not the same 256 

concentration of extract from the two HNB products, Ploom TECH and Ploom TECH+, induced 257 

elevated transcription of the EGR1 gene and cell apoptosis in BEAS-2B cells. To elucidate the 258 

connection between EGR1 gene expression and cell apoptosis, we analyzed EGR1 expression 259 

with anti-EGR1 antibodies and apoptosis by performing a TUNEL assay, followed by flow 260 

cytometry. The same percentage of (0.5%) DMSO, Ploom TECH extract, Ploom TECH+ 261 

extract, or 3R4F extract were applied to BEAS-2B cells to determine whether they cause 262 

apoptosis. Six hours after treatment of BEAS-2B cells with 3R4F, 2.5% became EGR1-positive, 263 

and 77.1% had undergone apoptosis; after 24 hours, the number of EGR1-positive cells 264 

decreased to 0.4%, and 96.4% had undergone apoptosis. There was no change in the proportion 265 

of apoptotic cells or EGR1-positive cells treated with Ploom TECH extract or Ploom TECH+ 266 

extract compared with the DMSO control. (Fig. 1A–H)  267 

In addition to the DeadEnd Fluorometric TUNEL assay, we performed an annexin V–PE assay, 268 

which can detect early apoptosis and is considered to be highly sensitive  (24). The sensitivity to 269 

apoptosis was tested with diluted 3R4F extract, using staurosuporine as a positive control, 270 

which is known to induce apoptosis in cultured cells (25). Apoptosis was observed in 100% of 271 

0.1-0.5% 3R4F-treated cells after 6 or 24 hours. (Fig. 1K–P). We plotted EGR1 expression over 272 

time (Fig. 2A). It is an early-response gene (26), and its transient peak expression is 2–4 hours 273 

after exposure to 3R4F. Downregulation after the transient peak is probably due to proteasomal 274 

degradation of the expressed EGR1, rather than due to 3R4F instability (27). Even if EGR1 275 

plays a role in apoptosis, most cells exposed to 3R4F became EGR1-negative within 24 hours. 276 

Therefore, the EGR1-negative and TUNEL assay-positive population detected via flow 277 

cytometer might be positive for EGR1 expression transiently during the course of the 278 
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experiment. Therefore, apoptotic cells need not be EGR1-positive all the time over the course of 279 

the experiment, even if EGR1 plays a role in this process. The 2.5% positive rate of EGR1 280 

expression at 6 hours is low; however, it may be dependent on the strength of the antibody. To 281 

further confirm the involvement of EGR1 expression in apoptosis, we introduced CMV 282 

promoter-driven EGR1 into BEAS-2B cells. Apoptotic cells detected by TUNEL assay 283 

increased from 0.1% to 3.5% by EGR1 overexpression (Fig. 2B, C).  Since apoptosis is induced 284 

in 9.7% of cells that overexpressed EGR1 ([Q2/Q2+Q4] x 100), it is possible that additional 285 

downstream regulators of the AHR are needed or that transient rather than continuous 286 

overexpression is important. These results suggest that EGR1 is involved in the apoptosis 287 

induced by 3R4F. 288 

 289 

3R4F causes apoptosis via EGR1, which is regulated through the AHR. 290 

In order to clarify the molecular mechanisms that connect 3R4F, EGR1, and apoptosis 291 

we investigated regulation of the AHR and EGR1 in BEAS-2B cells, since AHR agonists 292 

increase EGR1 expression through post-transcriptional mechanisms in human lung epithelial 293 

cells (10). To examine whether knockdown of EGR1 can be achieved, we used 1% 3R4F to 294 

induce EGR1 before knockdown (Fig. 3A). EGR1 expression increased in accordance with the 295 

concentration of 3R4F added (supplementary Fig. 1F, G), and the effect of knockdown was 296 

unclear following induction with 0.1% 3R4F. We treated BEAS-2B cells with two different 297 

siRNAs for both AHR and EGR1 to exclude off-target effects. Expression of the AHR and 298 

EGR1 as determined by RT-qPCR confirmed the efficiency of their knockdown. In addition, 299 

knockdown of the AHR decreased the expression of EGR1, while the knockdown of EGR1 did 300 

not decrease expression of the AHR (Fig. 3A). This result indicates that the AHR is an upstream 301 

regulator of EGR1 expression, consistent with a previous report (10).  Mechanistically, it has 302 

been suggested that 3R4F extract activates the AHR and transcriptional upregulation of genes, 303 

including EGR1, resulting in apoptosis. The effect of EGR-1 or AHR knockdown on apoptosis 304 
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was directly examined by annexin V–PE assay. BEAS-2B cells treated with siEGR1-2, siEGR1-305 

3, or siAHR-1 showed a significant decrease in the intensity of annexin V–PE staining 306 

compared with siControl, suggesting a diminished apoptotic cell population due to the 307 

knockdown of these genes (Fig. 3B). The corresponding histogram is shown in Fig. S1. The 308 

effect of EGR-1 or AHR knockdown on the intensity of annexin V–PE staining was significant 309 

but not strong. Together with the fact that overexpression of CMV promoter-driven EGR1 in 310 

BEAS-2B cells induces apoptosis (Fig. 2B, C), these results suggest that EGR1 is involved in 311 

3R4F-induced apoptosis.  312 

Moreover, we examined the changes in cell count of BEAS-2B cells with the 313 

knockdown of AHR or EGR1, in addition to treatment with 3R4F extract. Changes in cell count 314 

on day 3 are influenced by cell death, including apoptosis, and proliferation of the remaining 315 

cells (28-30). Knockdown of either the AHR or EGR1 in BEAS-2B cells restored cell count on 316 

day 3 to a statistically significant degree (Fig. 3C, D). Therefore, we suggest that the 3R4F 317 

extract induces apoptosis through the AHR and subsequent EGR1 expression.   318 

 319 

3R4F but not Ploom TECH or Ploom TECH+ extracts induce apoptosis in mouse respiratory 320 

epithelial cells and thereby destroy alveolar walls. 321 

To investigate whether 3R4F extract also induces apoptosis in vivo, 100 μL of  322 

6% DMSO, 6% Ploom TECH extract, 6% Ploom TECH+ extract, or 6% 3R4F extract were 323 

injected into the thoracic cavity of BALB/c mice, and pulmonary histology was performed (Fig. 324 

4A–H). Alveolar cell destruction and air space enlargement were observed only in lungs treated 325 

with 3R4F (Fig. 4G, H) and not in lungs treated with other extracts (Fig. 4A–F). Four sets of 50 326 

randomly selected alveoli in each condition were measured, and their sizes compared. (Fig. 327 

S2A–D). The area was larger in the 3R4F-treated lung than in the other lungs (Fig. 4Y). As an 328 

animal model of emphysema, Gross et al. described the first reliable animal model, which was 329 

created by injecting the proteinase papain intratracheally in rats (31). However, these models 330 
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involved a single massive injury incurred by administration of papain, which is unusual in 331 

human trachea and might not reflect the pathogenesis of the human disease, which is produced 332 

over decades (32). As a more physiological model, animals were exposed to CS in a smoking 333 

apparatus. However, this model requires a long period of observation under undefined 334 

conditions, as in mainstream or sidestream applications (33). While our model with a single 335 

massive injury via concentrated chemicals does not appear to simulate a physiological injury, 336 

we could obtain clear results with standardized research-grade cigarettes from the University of 337 

Kentucky that are commonly used for research (http://www.ca.uky.edu/refcig/) and with a 338 

defined dose of total particulate matter (TPM).   339 

Because alveolar cell destruction was completed 1 week after injection of the 3R4F extract, the 340 

BALF was examined within 24 hours. In the 3R4F extract-treated BALF, annexin V–PE 341 

fluorescence staining-positive clumps of apoptotic alveolar epithelial cells were detected (Fig. 342 

4L, P). However, no clumps of alveolar epithelial cells were detected, and no Annexin V-PE 343 

fluorescence-stained positive cells were observed in the BALF treated with DMSO, Ploom 344 

TECH extract, or Ploom TECH+ extract. (Fig. 4I–K, M–O). Subsequent May Grunwald-345 

Giemsa staining showed the morphology (Fig. 4Q–T), and higher-magnification images are 346 

shown (Fig. 4U-X). Annexin V-PE fluorescence-stained positive clumps of cells were identified 347 

as alveolar epithelial cells by the presence of cilia (Fig. 4T, X). The integrated density was 348 

significantly higher in the BALF of 3R4F-treated lung (Figs. 4Z and S3). This result indicates 349 

that 3R4F extract also causes apoptosis of alveolar cells and subsequent destruction of the 350 

alveolar wall in vivo. 351 

 352 

N-Nitrosonornicotine (NNN), 1-aminoanthracene, and 2-aminoanthracene induce activation 353 

of the EGR1 gene and apoptosis in BEAS-2B cells. 354 

Representative aromatic hydrocarbons and compounds in common tobacco were 355 

examined for their effects on cell proliferation of BEAS-2B cells in order to identify the 356 
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substances that cause apoptosis. (Fig. 5A, B). Most of the compounds did not affect cell count 357 

(Fig. 5A); however, NNN, 1-aminoanthracene, and 2-aminoanthracene decreased cell counts 358 

significantly, and 1-aminopyrene and 2-aminofluorene also decreased cell counts, although not 359 

significantly (Fig. 5B). RT-qPCR was performed to determine whether the expression of EGR1 360 

was upregulated when these compounds were added to the cells. All five compounds showed 361 

upregulation of EGR1 (Fig. 5C, D). To confirm whether the decrease of cell count was due to 362 

apoptosis, we performed an Annexin V-PE assay and found that 1-aminoanthracene and 2-363 

aminoanthracene induced apoptosis of BEAS-2B cells, while apoptosis could not be detected in 364 

NNN, 1-aminopyrene, and 2-aminofluorene treated cells (Fig. 5E–L). 2-aminoanthracene-365 

induced apoptosis occurred more strongly than with 1-aminoanthracene; however, the cell count 366 

on day 3 after treatment with 1-aminoanthracene was lower than after treatment with 2-367 

aminoanthracene. Because cell counts on day 3 reflect apoptosis and surviving-cell growth, 1-368 

aminoanthracene might affect surviving-cell growth in addition to apoptosis. NNN (10 µM) 369 

decreased cell count on day 3, which reflected both cell death from apoptosis and surviving-cell 370 

growth, but 10 µM 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) or 10 µM 371 

benzo[a]pyrene did not affect cell count. Since 10 µM NNN did not cause apoptosis, as detected 372 

by annexin V–PE assay, the decreased cell count on day 3 via 10 µM NNN might be due to cell 373 

death that was not annexin V–PE assay-positive or was due to diminished residual cell growth. 374 

Based on the previous report, 0.1% 3R4F contains 1.42 nM NNN, 1.36 nM NNK, and 50 pM 375 

benzo[a]pyrene. It is known that over 8000 chemicals are included in 3R4F, and it is assumed 376 

that NNN, NNK, and benzo[a]pyrene are not major contributors to apoptosis. 1-, 2-377 

aminoanthracene (10 µM) causes apoptosis; however, its concentration is greater than that of 378 

individual chemicals, such as NNN, NNK, or benzo[a]pyrene, that are included in 3R4F.  379 

 380 

Antihypertensive drugs restored the decreased cell count by 3R4F extract, and 381 

celiprolol suppressed EGR1 activation by this extract. 382 
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Drugs that antagonize the AHR and prevent apoptosis have the potential to contribute to 383 

COPD treatment. Therefore, we investigated the effect of available drugs with aromatic 384 

hydrocarbon structures on the number of BEAS-2B cells reduced by 0.1% 3R4F extract 385 

treatment (Fig. 6A, B). At day 3 after 0.1% 3R4F treatment, most drugs had no effect on cell 386 

counts (Fig. 6A); however, antihypertensive drugs including propranolol hydrochloride 387 

(propranolol), celiprolol hydrochloride (celiprolol), candesartan, and amlodipine significantly 388 

restored cell count, which had been decreased by treatment with 0.1% 3R4F extract (Fig. 6B). 389 

RT-qPCR was performed to determine whether the expression of EGR1 was downregulated 390 

when these drugs were added to the cells. Celiprolol significantly downregulated EGR1 391 

expression, and propranolol showed downregulation of EGR1, although not significantly (Fig. 392 

6C). We assume that the drugs restore apoptosis caused by 3R4F, and we performed Annexin V 393 

assay. However, no assurance could be obtained that the apoptosis was recovered by these 394 

drugs. These antihypertensive drugs are well characterized and widely used for the treatment of 395 

hypertension(34, 35). It has been suggested that these drugs decrease cell death or protect 396 

residual cells, resulting in cell growth.  It is noteworthy that well-known antihypertensive drugs 397 

might protect alveolar cells from damage by smoking. The detailed mechanism will be 398 

elucidated in the future. 399 

 400 

AHR antagonists suppressed the apoptosis induced by 3R4F extract. 401 

We tested whether an AHR antagonist, such as CH-223191 or SR1 (36, 37), inhibits apoptosis 402 

of BEAS-2B cells by 3R4F. Treatment with 3R4F (0.1%) caused 79.0% of cells to become 403 

apoptotic compared with the control (Fig. 6D, E), and the addition of 1 µM CH-223191 reduced 404 

the number of apoptotic cells to 76.2% (Fig. 6F). Similarly, the addition of 1 µM SR1 reduced 405 

the number of apoptotic cells to 71.0% (Fig. 6G). Statistically, the addition of 1 µM SR1 406 

reduced annexin V–PE median and mean values significantly compared with 0.1% 3R4F 407 

treatment (Fig. 6H). This result indicates that the apoptosis caused by 0.1% 3R4F is inhibited by 408 
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the AHR inhibitor SR1. RT-qPCR was performed to determine whether the expression of EGR1 409 

was downregulated by AHR inhibitors. The addition of 10 µM SR1 reduced EGR1 expression 410 

compared with 0.1% 3R4F (Fig. 6I).  These results suggest that 3R4F-mediated apoptosis is 411 

inhibited as a result of AHR inhibition and downregulation of EGR1 by SR1. 412 

 413 

 414 

Discussion 415 

In this paper we clarified the molecular mechanisms of CS-induced apoptosis. Our 416 

findings are consistent with previous observations that 0.5% extracts of conventional CS, 3R4F, 417 

but not of the commercially available HNB products, Ploom TECH and Ploom TECH+, induce 418 

BEAS-2B cell apoptosis (7) and with the additional observation that this phenomenon is 419 

accompanied by transient EGR1 protein expression over time. Since EGR1 is considered to be a 420 

novel target for AHR agonists in human lung epithelial cells (10), we focused on the AHR and 421 

confirmed that it is involved in an apoptotic signaling cascade. Furthermore, it is noteworthy 422 

that 1-aminoanthracene and 2-aminoanthracene, which are aryl hydrocarbons, may be 423 

implicated in CS extract-induced EGR1 expression and cell apoptosis.  424 

 For in vivo models of COPD, the general procedure is that animals are exposed to CS 425 

using a smoking apparatus. However, the disadvantages of this procedure are that diverse 426 

factors, including whether a mainstream or sidestream configuration is used, different times of 427 

exposure, and different types of chambers, make the evaluation and comparison of results 428 

difficult  (33, 38). On the other hand, a simple emphysema mouse model was successfully 429 

established by intraperitoneal injection of CS extract  (39). We established a similar emphysema 430 

mouse model by direct intrathoracic injection of 3R4F CS extract. In order to determine the 431 

concentration of 3R4F, we injected 100 µl of 3R4F or DMSO diluted with PBS to 1, 2, 4, or 8% 432 

directly into the intrathoracic cavity. After a week the lungs were examined by H&E staining. 433 

We determined that the concentration range for 3R4F that causes alveolar cell wall destruction 434 
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is 4–8%. The observation that the 3R4F extract induces apoptosis and destruction of the 435 

alveolar wall in vivo compared with the control over a short time period has the advantage of 436 

avoiding diverse factors that would be a concern with a smoking apparatus.  437 

CS is a complex mixture, containing over 8000 chemicals, many of which have been reported as 438 

bioactive substances generated during the process of tobacco combustion (40). Because we 439 

found that the AHR affects apoptosis in BEAS-2B cells, we focused on chemicals that have an 440 

aryl hydrocarbon skeleton, including the tobacco-specific nitrosamines NNK and NNN, which 441 

are classified as group 1 carcinogens (5, 41-43). The aryl hydrocarbons reported in Fig. 5A, 442 

including NNK, did not affect cell count. Other tobacco-specific nitrosamines, such as NNK, 443 

decreased cell count and elevated EGR1 expression moderately but did not cause cell apoptosis, 444 

as detected by annexin V–PE assay. 1-aminopyrene and 2-aminofluorene elevated EGR1 445 

expression but did not decrease cell count significantly and did not cause apoptosis. Only 1-446 

aminoanthracene and 2-aminoanthracene decreased cell count, elevated EGR1 expression, and 447 

caused cell apoptosis. As shown in Fig. 2C, 9.7% of cells that overexpressed EGR1 448 

([Q2/Q2+Q4] x 100) underwent apoptosis. It has been suggested that EGR1 plays a role in the 449 

apoptosis of 10% of the cells overexpressing EGR1. Therefore, additional factors might be 450 

required to induce apoptosis in the other 90% of cells. It is assumed that 1-aminoanthracene and 451 

2-aminoanthracene satisfy this requirement. 452 

 In in vitro experiments, we tested several drugs having an aryl hydrocarbon skeleton 453 

and found that celiprolol restored the cell count depressed by 3R4F and decreased the 454 

expression of EGR1. Unfortunately, it was not clear that celiprolol restores apoptosis caused by 455 

3R4F.  However, SR1, which is a known antagonist of anti-AHR antibodies, decreased 456 

apoptotic cells, as detected by annexin V–PE assay. 457 

Our in vitro and in vivo results have suggested our conclusion that aryl hydrocarbons, 458 

which are components of CS, but at lower levels in HNB products, induce EGR1 expression via 459 
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the AHR, resulting in apoptosis and COPD. We also speculate that COPD can be prevented by 460 

administration of AHR inhibitor as summarized in Fig. 7.  461 

 462 

 463 

  464 
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Table 1. Chemical compounds used in experiments summarized in Figure 4. 665 

 666 

Table 2. Drugs used in the experiments summarized in Figure 5. 667 

 668 

Figure legends 669 

Figure 1. 3R4F extract, but not Ploom TECH or Ploom TECH+ extracts, increased EGR1 670 

expression by 6 hours and induced cell apoptosis over time. 671 

(A–H) BEAS-2B cells were treated with 0.5% DMSO (A, B), 0.5% Ploom TECH 672 

extract (C, D), 0.5% Ploom TECH+ extract (E, F), or 0.5% 3R4F extract (G, H). After 6 or 24 673 

hours, the cells were analyzed by flow cytometer. Y-axis, TUNEL assay using FITC; X-axis, 674 

detection with anti-EGR1 antibody and anti-mouse antibody labeled with Alexa Fluor™ 647.  675 

(I–P) BEAS-2B cells were treated with 1 µM staurosporine (J), 0.5% 3R4F extract (K, 676 

L), 0.3% 3R4F extract (M, N), 0.1% 3R4F extract (O, P), or untreated (I). After 6 or 24 hours, 677 

cells were analyzed by an annexin V–PE assay and by flow cytometer.  678 

PT, Ploom Tech; PT+, Ploom Tech+. 679 

 680 

Figure 2. 3R4F induces an early EGR1 response. 681 

(A) BEAS-2B cells treated with 0.5% DMSO or 0.5% 3R4F were analyzed by western 682 

blotting for EGR1 and histones at the time points indicated. Both long and short exposure 683 

conditions are shown for EGR1.  684 

(B, C) pCDNA3 (B), or pCMV-SPORT6-EGR1 (C) were transfected into BEAS-2B 685 

cells. After 48 hours, the cells were subjected to flow cytometer analysis. Y-axis, TUNEL assay 686 

using FITC; X-axis, detection with anti-EGR1 antibody and anti-mouse antibody labeled with 687 

Alexa Fluor™ 647. 688 

 689 

Figure 3. 3R4F induces apoptosis through AHR regulation of EGR1. 690 
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(A) Knockdown of EGR1 and AHR, using two different siRNAs for each gene, was 691 

performed using BEAS-2B cells. After 24 hours, 1% 3R4F extract was added and incubated for 692 

another 24 hours. Forty-eight hours after knockdown, cell extracts were analyzed by RT-qPCR. 693 

Target gene expression levels were normalized to GAPDH expression.  694 

(B) Knockdown of EGR1 and AHR using two different siRNAs for each gene was 695 

performed using BEAS-2B cells. After 24 hours, 0.1% 3R4F extract was added and incubated 696 

for another 24 hours. Forty-eight hours after knockdown, the cells were analyzed using a flow 697 

cytometer after performing an annexin V–PE assay. The annexin V–PE mean and median 698 

fluorescence intensities are shown. 699 

(C) Knockdown of EGR1 and AHR using two different siRNAs for each gene was 700 

performed using BEAS-2B cells, as indicated. After 48 hours, 0.1% DMSO or 0.1% 3R4F 701 

extract was added, and that time point was designated as day 0. The cells were counted on day 702 

0 and day 3.  703 

(D)The relative increase in cell count was calculated by dividing the number of cells 704 

on day 3 by the number of cells on day 0. 705 

(B, D) One-way ANOVA, followed by Dunnett’s test. *P<0.05, **P<0.01, 706 

****P<0.0001.  707 

 708 

Figure 4. 3R4F extract induces destruction of the alveolar wall and apoptosis of alveolar 709 

epithelial cells in BALF. 710 

(A–H) H&E staining of 6% DMSO (A, B), 6% Ploom TECH extract (C, D), 6% 711 

Ploom TECH+ extract (E, F), or 6% 3R4F extract (G, H) injected mice lung. 712 

(I–X) Cells in BALF of 6% DMSO ( I, M, Q, U), 6% Ploom TECH extract (J, N, R, 713 

V), 6% Ploom TECH+ extract (K, O, S, W), or 6% 3R4F extract (L, P, T, X) injected mice were 714 

stained with Hoechst (I–L) and Annexin V-PE (M–P) stains. After fluorescence observation, the 715 

cells were stained with May Grunwald-Giemsa (Q–X). The small rectangles within Q, R, S, and 716 
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T are enlarged and shown in U, V, W, and X, respectively. Scale bars, 50 μm (A–T), 10 μm (U–717 

X). Scale bars, 50 μm (H, P, T), 10 μm (X). (Y) The areas of 50 randomly selected alveoli were 718 

calculated using ImageJ software. The images used for analysis are shown in Fig. S3A–D. (Z) 719 

The integrated density was calculated using ImageJ software. The images used for analysis are 720 

shown in Fig. S4A–P in addition to I–P. **P<0.01, ****P<0.0001. 721 

 722 

Figure 5. 1-aminoanthracene and 2-aminoanthracene, both of which may be components of 723 

the 3R4F extract, induce apoptosis in BEAS-2B cells. 724 

(A, B) Compound (10 µM) or the same volume of control (MeOH or DMSO) was 725 

added to BEAS-2B cells (day 0). For each well, cells were counted on days 0 and 3, and the 726 

relative cell count growth was calculated by dividing the number of cells on day 3 by the 727 

number of cells on day 0. 728 

 (C, D) Compound (10 µM) or the same volume of control (MeOH or DMSO) was 729 

added as indicated. After one hour, the cell extracts were analyzed by RT-qPCR. Target gene 730 

expression levels were normalized to GAPDH expression. 731 

(E–L) BEAS-2B cells were plated at a concentration of 2.0 x 105 cells/well in 6-well 732 

plates. On the next day, BEAS-2B cells were untreated (E) or treated with 0.1% DMSO (F), 733 

0.1% 3R4F extract (G), or 10 µM compound (H–L). After 24 hours, the cells were analyzed 734 

using the annexin V–PE assay and then by flow cytometer. 735 

Control*, MeOH; Control**, DMSO. (A–C) One-way ANOVA followed by 736 

Dunnett’s test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.  737 

NNN, N-nitrosonornicotine; NNK, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone.  738 

 739 

Figure 6. The AHR antagonist SR1 inhibits apoptosis induced by 3R4F extract in BEAS-2B 740 

cells. 741 
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(A, B) 3R4F (0.1%) and 100 nM compound or the same volume of control (DMSO) 742 

were added to each well (on day 0) as indicated.  For each well, the cells were counted on 743 

days 0 and 3, and the relative cell count was calculated by dividing the number of cells on day 744 

3 by the number of cells on day 0. 745 

(C) 3R4F (0.1%) and 100 nM compounds or the same volume of control (DMSO) 746 

were added to BEAS-2B cells, as indicated. One hour later, cell extracts were analyzed by RT-747 

qPCR. EGR1 expression levels were normalized to GAPDH expression. 748 

(D–G) BEAS–2B cells were treated with 0.1% DMSO (D), 0.1% 3R4F extract (E), 749 

0.1% 3R4F extract and 1 µM CH-223191 (F), or 0.1% 3R4F extract and 1 µM SR1 (G), and 750 

24 h later, an annexin V–PE assay was performed and analyzed by flow cytometer. The mean 751 

and median annexin V–PE values shown in E, F, and G are plotted in H. 752 

 (I) 3R4F (0.1%), 1 µM CH-223191, or 1 µM SR1 was added to BEAS-2B cells, as 753 

indicated. One hour later, cell extracts were analyzed by RT-qPCR. EGR1 expression levels 754 

were normalized to GAPDH expression. 755 

Control**, DMSO. 756 

(A–C) One-way analysis of variance (ANOVA), followed by Dunnett’s test. 757 

**P<0.01, ***P<0.001, ****P<0.0001.  758 

FICZ, 6-formylindolo[3,2-b] carbazole; 5, 6-DMB, 5,6-dimethylbenzimidazole; propranolol, 759 

propranolol hydrochloride; celiprolol, celiprolol hydrochloride.  760 

 761 

Figure 7. Aryl hydrocarbons contained in CS induce EGR1 expression via the AHR, 762 

resulting in apoptosis and COPD. 763 

Aryl hydrocarbons, which are components of CS but present at lower levels in HNB products, 764 

bind to the AHR, possibly forming a heterodimer with the AHR nuclear translocator (ARNT) 765 

(11, 44, 45), resulting in response-element binding and EGR1 expression. EGR1 expression 766 
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plays a role in apoptosis and subsequent COPD. This pathway can be blocked by AHR 767 

blockers, such as SR1.  768 

 769 

Supplementary Figure 1. Aryl hydrocarbons contained in CS induce EGR1 expression via the 770 

AHR, resulting in apoptosis and COPD. 771 

 (A–E) Knockdown of EGR1 and AHR using two different siRNAs for each 772 

gene was performed using BEAS-2B cells, as indicated. After 24 hours, 0.1% 3R4F extract 773 

was added and incubated for another 24 hours. Forty-eight hours after knockdown, the cells 774 

were analyzed using a flow cytometer after performing an annexin V–PE assay.  The black 775 

line indicates 1x104, and the blue line indicates the median. (F) 3R4F (0.1–0.5%) or the same 776 

volume of control (DMSO) was added to each well (on day 0), as indicated. The cells were 777 

counted on days 0 and 3, and the relative cell count was calculated by dividing the number of 778 

cells on day 3 by the number of cells on day 0. (G) 3R4F (0.1–0.5%) or the same volume of 779 

control (DMSO) was added to BEAS-2B cells, as indicated. After one hour, the cell extracts 780 

were analyzed by RT-qPCR. EGR1 expression levels were normalized to GAPDH expression. 781 

 782 

Supplementary Figure 2. The images used for analysis in Figure 4Y. 783 

 784 

Supplementary Figure 3. The images used for analysis in Figure 4Z. 785 

 786 
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Supplementary figure 3  Hattori et al
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Chemical compound solvent

1 Benz[a ]anthracene standard Acetone

2 Benzo[b ]fluoranthene Acetone

3 Benzo[a ]pyrene standard Acetone

4 1-Naphthylamine Methanol

5 2-Naphthylamine acetonitrile

6 3-Aminobiphenyl Methanol

7 4-Aminobiphenyl Methanol

8 m-Toluidine Methanol

9 o-Toluidine Methanol

10 p-Toluidine Methanol

11 Aniline Methanol

12 (-)-Nicotine solution Methanol

13 N -Nitrosonornicotine DMSO

14 4-(methylnitrosamino)- 1-(3-pyridyl)-1-butanone Methanol

15 Pentobarbital Methanol

16 4-Nitroquinoline-1-oxide DMSO

17 1-Aminoanthracene DMSO

18 2-Aminoanthracene DMSO

19 1-Aminopyrene DMSO

20 2-Aminofluorene DMSO

Table 1. Chemical compounds used in experiments summarized in Figure 4.



drug solvent

1 6-Formylindolo[3,2-b]carbazole DMSO

2 Kynurenic acid DMSO

3 Folic acid DMSO

4 4-Aminobenzoic acid DMSO

5 Vitamin B12 Water

6 5, 6-Dimethylbenzimidazole DMSO

7 Quinoline Methanol

8 Quinoline N-Oxide DMSO

9 Chloramphenicol DMSO

10 Bifonazole DMSO

11 Fluconazole DMSO

12 Clotrimazole DMSO

13 Terbinafine DMSO

14 Chloroquine Diphosphate Water

15 (-)-Quinine Sulfate Dihydrate Methanol

16 Proplanolol Hydrochloride DMSO

17 Celiprolol Hydrochloride DMSO

18 Candesartan DMSO

19 Amlodipine DMSO

Table 2. Drugs used in the experiments summarized in Figure 5.
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