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A B S T R A C T   

The larynx is an essential organ in the respiratory tract and necessary for airway protection, respiration, and 
phonation. Cigarette smoking is a significant risk factor associated with benign and malignant laryngeal diseases. 
Despite this association, the underlying mechanisms by which cigarette smoke (CS) drives disease development 
are not well elucidated. In the current study, we developed a short-term murine whole body inhalation model to 
evaluate the first CS-induced cellular responses in the glottic [i.e. vocal fold (VF)] and subglottic regions of the 
larynx. Specifically, we investigated epithelial cell proliferation, cell death, surface topography, and mucus 
production, at various time points (1 day, 5 days, 10 days) after ~ 2 h exposure to 3R4F cigarettes (Delivered 
dose: 5.6968 mg/kg per cigarette) and following cessation for 5 days after a 5 day CS exposure (CSE). CSE 
elevated levels of BrdU labeled proliferative cells and p63 labeled epithelial basal cells on day 1 in the VF. CSE 
increased proliferative cells in the subglottis at days 5, 10 and following cessation in the subglottis. Cleaved 
caspase-3 apoptotic activity was absent in VF at all time points and increased at day 1 in the subglottis. Eval-
uation of the VF surface by scanning electron microscopy (SEM) revealed significant epithelial microprojection 
damage at day 10 and early signs of necrosis at days 5 and 10 post-CSE. SEM visualizations additionally indicated 
the presence of deformed cilia at days 5 and 10 after CSE and post-cessation in the respiratory epithelium lined 
subglottis. In terms of mucin content, the impact of short-term CSE was observed only at day 10, with decreasing 
acidic mucin levels and increasing neutral mucin levels. Overall, these findings reveal regional differences in 
murine laryngeal cellular responses following short-term CSE and provide insight into potential mechanisms 
underlying CS-induced laryngeal disease development.   

1. Introduction 

Cigarette smoking is the leading preventable cause of death in the 
United States [1]. Long-term inhalation or exposure to cigarette smoke 
(CS) affects multiple organ sites within the body and leads to a multitude 

of benign and malignant diseases. This is not surprising as the smoke 
produced from burning a cigarette contains more than 7000 harmful 
toxicants in both gaseous and particulate phases, including at least 70 
carcinogenic substances [2,3]. The respiratory tract is a primary target 
for such toxicants [4]. Despite decades of research, pathogenetic 
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mechanisms related to short- and long-term CS-induced respiratory tract 
perturbations are still not fully understood. 

The larynx is a hollow, tubular-shaped organ situated in the upper 
respiratory tract [5]. It provides protection to the lower airways and is 
essential for breathing, coughing, swallowing, and in humans, voice 
production [6,7]. Despite these critical functions, the larynx is an 
understudied region within the upper respiratory tract. Anatomically, 
the larynx can be divided into three regions: supraglottis, glottis (i.e., 
vocal folds), and subglottis. The surfaces of the larynx, particularly the 
glottic area, are susceptible sites for deposition of the inhaled toxicants 
associated with CS [8,9]. Inhalation of CS is the primary risk factor for 
the development of glottic cancer [10]. Also, CS is one of the most 
common causes of chronic vocal fold (VF) inflammation (i.e. chronic 
laryngitis) [11]. The pathophysiological mechanisms by which smoking 
causes laryngeal diseases have not been well elucidated. 

The epithelium of the respiratory tract is the first surface to come in 
contact with CS and it plays an essential protective role by providing a 
physical barrier. The larynx is lined by two types of epithelial cells. The 
glottic, or VF region is lined by a stratified squamous epithelium (SSE) 
[12]. The supraglottic and subglottic regions are lined by ciliated 
pseudostratified columnar epithelium (i.e., respiratory epithelium [RE]) 
with integrated mucus-producing goblet cells and underlying submu-
cosal glands. Both epithelial cell types are derived from a population of 
cuboidal-shaped basal stem/progenitor cells [13,14]. The basal cells are 
located just above the basement membrane and express cytokeratins 5 
and 14 and transcription factor TP63 (p63). The protective capacity of 
the laryngeal epithelium may be compromised due to repeated insults 
from CS and likely plays a major role in the pathogenesis of CS-induced 
laryngeal diseases. 

In healthy epithelium, cell proliferation, the process whereby cells 
replicate themselves by growing and then dividing into two equal 
copies, is tightly regulated and essential for normal epithelial turnover 
[15]. However, CS contains a multitude of toxicants [16]. Toxicants like 
acrolein [17], ammonia [18,19], crotonaldehyde [20], and formalde-
hyde [21] can alter cell proliferation upon acute inhalation in the rodent 
respiratory tract [22–25]. Specifically, increased cell proliferation, 
either by an increased rate of proliferation and/or an increase in overall 
cell number (hyperplasia), may occur in response to CS exposure (CSE). 
Increased cell proliferation may be an adaptive response to an injurious 
substance [26]. However, an important feature of laryngeal malignant 
transformation is the large number and high proliferation rate of 
dividing cells [27]. While CS has been shown to induce laryngeal 
epithelial hyperplasia [28,29], very few studies have directly investi-
gated proliferating cells in response to CSE. One technique for investi-
gating proliferating cells is through the use of BrdU 
(5-Bromo-2′-deoxyuridine), an analog of thymidine nucleotide base. 
BrdU is a cell cycle marker, which can specifically identify proliferating 
cells in the “S” or division phase of the cycle [30]. Immunohistochemical 
BrdU labeling indices have been used to directly measure cell prolifer-
ation in urothelial, pulmonary, vascular systems in response to 
short-term CS, oral nicotine delivery, and other environmental toxicant 
exposures [31–34]. 

Proliferative changes may also be observed in the mucus-producing 
cells of the laryngeal subglottic region. Mucus is the thin layer of fluid 
that covers the epithelial surface and is the first line of defense in the 
larynx [35]. As part of the mucociliary clearance process, mucus traps 
inhaled toxicants as present in CS for clearance by ciliary movement 
from the larynx through coughing or swallowing [36]. However, trap-
ped toxicants may alter mucus-producing cell structure and function, 
leading to defective mucus barrier. CS induces hyperplasia or hyper-
trophy of mucus-producing cells in the lung, bronchial, and nasal airway 
tissue [37–39]. There is some limited evidence to suggest that CS also 
induces subglandular hypertrophy and mucus hypersecretion in the 
larynx [40,41]. However, BrdU labeled cell proliferation in these 
structures has not been evaluated. It is essential to understand the 
importance of CS-induced proliferative changes in the mucus-producing 

cells of the larynx in conjunction with studying its importance in the 
laryngeal VF epithelium. Furthermore, mucus is histochemically clas-
sified as acidic or neutral. Acidic mucus has a negative charge due to 
presence of carboxyl or sulphonic groups whereas neutral mucus has no 
charged groups. Both types of mucus contribute to its defensive prop-
erties including trapping of inhaled particulates and lubrication [42,43]. 
In other tissues, such as colorectal, alterations in mucus composition are 
associated with disease states [42,43]. Upon CS inhalation, morpho-
logical changes to mucus producing cells may also contribute to shifts in 
mucus composition in the larynx, ultimately contributing to altered 
mucosal defense and disease progression. 

Under normal conditions, the maintenance of epithelial cell ho-
meostasis involves a tightly regulated balance between cell proliferation 
and cell death mechanisms. Abnormal conditions like repeated expo-
sures to CS can induce an imbalance between cell proliferation and cell 
death. Constituents of CS like polycyclic aromatic hydrocarbons (PAHs) 
and nitrosamines cause direct DNA damage via reactive oxygen species 
(ROS) production, induction of mutations and DNA adduct formation, 
thereby contributing to CS-induced cytotoxic responses via apoptosis 
and/or necrosis [44]. However, there is a risk of abnormal cellular 
proliferation leading to carcinogenesis, if there is suppression or inac-
tivation of cell death mechanisms through induction of mutations [45, 
46]. Multiple in vitro studies have reported that CS can induce epithelial 
cell death depending upon the dose of CSE [47–50]. 

Cell death in response to CS in the larynx has not been well eluci-
dated. Immunohistochemical evaluation is the primary means to detect 
CS-induced epithelial cell death [48,51,52]. However, these evaluations 
may not provide complete insight into CS-induced cytotoxic responses. 
Scanning electron microscopy (SEM) is a widely used tool to analyze 
cellular changes at the epithelial level, the first surface exposed to CS 
inhalation. Previous reports show that cells undergoing CS-induced 
apoptosis or necrosis can be visually analyzed using SEM [33,51]. 
Incorporating this procedure in addition to the immunohistological ex-
aminations can thus enhance our understanding of CS-induced cyto-
toxicity in the larynx. 

It is essential to understand the underlying pathophysiological 
mechanisms of laryngeal diseases associated with CS, for better clinical 
assessments and interventions. It is well established that long-term 
exposure to CS causes benign and malignant laryngeal disease. How-
ever, it is critical to elucidate initial cellular responses to CS within the 
larynx, to better understand the effects of chronic smoking, since re-
petitive acute smoke effects may cumulate and ultimately lead to tissue 
damage associated with the disease [53]. No known studies have 
investigated the short-term effects of smoking on the laryngeal mucosa. 
The objective of this study was to investigate key epithelial and sub-
glandular changes of murine laryngeal mucosa upon short-term CSE. 
Specifically, we evaluated the early effects of CSE on cellular prolifer-
ation, cytotoxicity, and mucus production within the glottic and sub-
glottic regions of the murine larynx. We also assessed the extent of 
smoking by analyzing levels of nicotine and its metabolites in the urine 
of mice exposed to short-term CS. 

2. Materials and methods 

2.1. Animals 

All procedures were performed in conformance with the approved 
protocol guidelines by the Stanford University Institutional Animal Care 
and Use Committee. Male C57BL/6J mice, 8–9 weeks old (n = 56), were 
purchased from Jackson Laboratories (Sacramento, CA, USA). Mice 
were provided normal chow, water ad libitum, and housed in ventilated 
cages in a designated room in the Stanford University School of Medi-
cine Veterinary Service Center (VSC). Mice were continuously moni-
tored by laboratory and VSC personnel. The individual weight of mice in 
each experimental group was measured using a Tanita Small Animal 
Scale (Model: KD-160), thrice weekly (Monday, Wednesday, and 
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Friday). 

2.2. Experimental design and cigarette smoke exposure 

Mice were randomly assigned to CS exposure (CSE), reversibility 
(REV), and air-exposed control groups. CSE group mice were exposed to 
CS (~2 h/day- AM/PM, 5 days/week) for 1 day (n = 8), 5 days (n = 8) 
and 10 days (n = 8). Mice in the REV group (n = 8) were exposed to CS 
for 5 days and then air-exposed the next 5 days. At all time points, 
control mice were left exposed to room air in their housing conditions 
(Fig. 1). In this investigation, we utilized a common reference cigarette, 
3R4F Kentucky research cigarettes (Center for Tobacco Reference 
Products, University of Kentucky, Lexington, KY). This cigarette con-
tains burley, oriental, flue cured and reconstituted tobacco, and 
designed to be representative of commonly sold American blend ciga-
rettes [54]. CSE and REV group mice were exposed to mainstream CS 
from 14 cigarettes using the inExpose™ inhalation exposure system 
(Scientific Respiratory Equipment Inc [SCIREQ], Montreal, QB, Can-
ada). Mice were placed into the whole body chamber of the inExpose™ 
system (Fig. 2). Separators were used to isolate animals and eliminate 
the possibility of huddling together, which may impede effective inha-
lation. Exposure protocols were designed in accordance with the Federal 
Trade Commission (FTC)/International Standard Organization (ISO 
1991) standard of 35 mL puffs of 2 s duration followed by 58 s of fresh 
air at a rate of 2 L/min, taken once a minute. These protocols were run 
using the SCIREQ software application Flexiware (v8.0). CS generated 
was directed into a whole body exposure chamber using pumps mounted 
on the standard base unit (Fig. 2). The puff count number per cigarette 
was set to 9 based on the University of Kentucky 3R4F preliminary 
analysis reports and previous puff count numbers obtained via FTC/ISO 
methods [55–57]. Based on these exposure parameters, the time for 
exposing mice to 14, 3R4F cigarettes per day was approximately 2 h 
6 min (126 min per day) (Supplementary Data S2). Delivered dose was 
5.6968 mg/kg per cigarette and 79.755 mg/kg for 14 cigarettes (per 
day) (Supplementary Data S1). The average TPM concentrations during 
exposure was computed as ~621 mg/m3, which is considered high 
dosing CS (Supplementary Data S2). 

2.3. BrdU administration, animal euthanasia, and sample collection 

Mice in the CSE, REV, and control groups were administered 5- 
Bromo-2′-deoxyuridine, BrdU (100 mg/kg body weight; ab142567, 
Abcam, CA, USA) via intraperitoneal injections, immediately following 
the final CS or air exposure (Fig. 1). Two hours after BrdU administra-
tion, mice were euthanized by cervical dislocation under deep anes-
thesia by isoflurane (Fig. 1). Urine was collected by terminal bladder 
puncture and stored at − 80 ◦C until analysis for tobacco biomarkers. 
Larynges were harvested and processed for histomorphometric analysis, 
immunostaining, and SEM (Fig. 1). 

2.4. General assessment of whole body CSE using urinary biomarkers 

Whole body CS inhalation exposure was evaluated by analysis of two 
major nicotine metabolites, cotinine and trans-3′-hydroxycotinine in the 
mice urine samples. This analysis was performed by Nicotine and To-
bacco Product Assessment Resource (NicoTAR) at Roswell Park 
Comprehensive Cancer Center (Buffalo, NY, US). Nicotine metabolites 
were quantified using ultra-performance liquid chromatography 
coupled with tandem mass spectrometry (UPLC-MS/MS). Below Limits 
of Quantitation (BLOQ) for cotinine and trans-3′-hydroxycotininee was 
set to <1.0 ng/mL and <2.0 ng/mL respectively. The analysis was per-
formed in control, 5 day REV, 5, and 10 days CSE groups. Method 
calibration, validation, and concentration determinations were con-
ducted as per the Scientific Working Group for Forensic Toxicology 
(SWGTOX) Standard Practices for Method Validation in Forensic Toxi-
cology (SWGTOX, 2013). The rate of nicotine metabolism (NMR) was 
also evaluated as a measure of the ratio between total urine trans-3′- 
hydroxycotinine levels to total urine cotinine levels. 

2.5. Histomorphometric analysis of laryngeal mucosa 

Larynges harvested from the CSE, REV, and control groups were 
fixed in 4% paraformaldehyde overnight at 4 ◦C, transferred to 70% 
ethanol, and sent to HistoWiz, Inc. (http://www.histowiz.com; Brook-
lyn, NY) for tissue processing, paraffin embedding, and microtomy per 
established methods [58,59]. A small portion of trachea was left on the 
larynx as an anatomical landmark for orientation during paraffin 
embedding. Post fixation, the larynges were embedded in preparation 
for coronal sectioning such that the anterior region of the larynx with 
visible tracheal rings is towards the face of the paraffin block (Supple-
mentary Fig. 1). Paraffin blocks were trimmed until the VF region 
appeared along with complete separation of the airway lumen between 
the left and right regions of the larynx (e.g., slide 6 onwards in the 
Supplementary Fig. 1). Serial laryngeal coronal sections (5 μm) were 
then obtained from paraffin blocks across all time points. These sections 
included vocal folds/glottis, subglottic mucus containing glandular re-
gions, thyroid cartilage, cricoid cartilage and tracheal rings (Supple-
mentary Fig. 2). Sections were stained with Hematoxylin and Eosin 
(H&E) and Alcian blue/Periodic Acid Schiff (AB/PAS) for assessment of 
VF epithelial thickness and subglottic glandular area and composition, 
respectively. 

2.5.1. Measurement of vocal fold (VF) epithelial thickness 
Right and left VF epithelial thickness was measured by analysis of 

digital images obtained from H&E stained slides at 20x magnification. 
The VF epithelium was traced along the mid-membranous region 
(~340 μm in length) using the pen tool on the digital pathology software 
Aperio ImageScope v.12.3.2.8013 (Leica Biosystems, Germany). The 
distance measurement tool was then applied to these traced regions and 
an average thickness between five different points was computed. 

Fig. 1. Experimental design. Adult male C57BL/6J were exposed to room air conditions (Control) and CS for 1, 5, and 10 days. Mice in the REV group were exposed 
to CS for 5 days followed by room air exposure for an additional 5 days. All CS exposures were performed ~2 h/day, 5 days/week. At the end of exposures at each 
time point, mice were euthanized 2 h after BrdU intraperitoneal administration, and larynges were harvested for cellular analyses. 
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2.5.2. Analysis of total subglottic glandular area and mucus composition 
The digital images of AB/PAS stained slides were utilized to measure 

the subglottic glandular area and mucus composition by Fiji (derivative 
of ImageJ; NIH). For the subglottic glandular area analysis, the glan-
dular regions on the right and left side were first traced manually with 
the polygon tool at 10x magnification. The area measurements were 
then set to include glands sized more than 100 μm2. To quantify mucus 
composition, the stain vectors in the color deconvolution tool were 
applied to obtain separate images of the AB stained acidic mucins (blue) 
and PAS stained neutral mucins (purple/magenta). Subsequent pro-
cedures similar to the total subglandular area analysis were followed to 
evaluate area stained for acidic and neutral mucins. 

2.6. Immunohistochemical assessment of cellular proliferation by BrdU 
labeling 

Standard immunohistochemistry procedures to stain BrdU were 
performed by HistoWiz, Inc (histowiz.com). Positive reactions resulted 
in brown nuclear staining using 3,3′-Diaminobenzidine (DAB) as a 
substrate. The number of BrdU positive cells were counted in the VF and 
subglottic region. Positive cells were counted on 20x images of the left 
and right vocal folds. For subglottic BrdU analysis, areas were randomly 
selected at 10x along a fixed length of 700 μm in epithelial and sub-
epithelial regions on both the right and left sides. The counts were 
performed at 40x within ten high power fields (HPFs) in this area. For 
both the VF and subglottic regions, the counter tool on Aperio Image-
Scope v.12.3.2.8013 (Leica Biosystems, Germany) was used to quantify 
the number of labeled cells. 

2.7. Detection of basal cells by immunofluorescence 

Routine immunofluorescence protocol was followed to stain VF basal 
cells with p63 (1:100; CM 163 A, Biocare Medical LLC, CA, USA). Un-
stained slides were deparaffinized in xylene and rehydrated in an 
ethanol series. Heat-induced antigen retrieval (HIER) was performed 
with 1X Citrate buffer (ph. 6.0; C999, Sigma, USA) at 121 ◦C for 15 min 
followed by 1 h of cooling at room temperature. The slides were blocked 
with a blocking buffer (1% Bovine serum albumin [BSA], 0.2% Triton-X- 
100, 10% Sodium Azide, 2% Donkey serum) for 1 h at room 

temperature. The primary antibody diluted in a solution containing 
0.5% BSA, 0.2% Triton-X-100 and 10% Sodium Azide, was applied to 
the slides and left to incubate overnight at 4 ◦C in a humidified chamber. 
The slides were then incubated for 1 h after the application of donkey- 
anti-mouse secondary antibody conjugated to Alexa Fluor 647 (1:500; 
A-31571, Invitrogen, CA, USA). The slides were washed with 1X Tris- 
buffered saline-tween 20 (TBST) solution and treated with Hoechst 
nuclear counterstain (33258, Sigma, USA). The slides were then 
mounted with Dako aqueous mounting medium (10131720, Agilent 
Dako, CA, USA). The slides were viewed, and images were acquired at 
20x by Axioimager microscope (Zeiss). p63 positive basal cells were 
counted in the right and left mid-membranous region of the VF across a 
fixed length of 300 μm using the counter tool in Fiji. 

2.8. Evaluation of apoptosis by immunohistochemistry 

To detect apoptosis, the slides were immunohistochemically stained 
with antibodies against cleaved caspase-3 (CC3) using the ImmPRESS 
Excel Amplified HRP Polymer kit for anti-Rabbit IgG’s (MP-7601, Vector 
laboratories, CA, USA). Slides were deparaffinized, rehydrated, and 
subjected to HIER. The sections were blocked with ready to use 2.5% 
normal horse serum provided in the kit for 20 min and incubated with 
primary anti-CC3 (1:500; 9664 T, Cell Signaling Technology, MA, USA) 
at 4 ◦C, overnight. The slides were counterstained with Hematoxylin QS 
(H-3404, Vector Laboratories, CA, USA) for 45 s, dehydrated, and 
mounted with glass coverslips. Images of CC3 stained slides were ob-
tained at 40x using the Axioimager microscope (Zeiss). CC3 positive 
cells were counted along the entire mid- membranous VF region. In the 
right and left subglottic regions, a subset of five different 100 × 100 μm 
sized regions were randomly selected across the entire subglottis and 
counted along the epithelium and glandular region. 

2.9. Surface topography evaluation of the VF by scanning electron 
microscopy (SEM) 

Routine methods were used to process tissue for SEM as described 
previously [60]. Briefly, larynges were fixed (2.5% glutaraldehyde, 4% 
formaldehyde, 0.05 mM Hepes Buffer pH 7.2, 2 mM CaCl2, 0.5 mM 
MgCl2, 0.9% NaCl) and dehydrated. Following dehydration, samples 

Fig. 2. Adapted schematic illustration of mainstream CSE using inExpose™ inhalation exposure system. 3R4F cigarettes placed in the cigarette smoking robot (CSR) 
carousel are automatically lit, upon activation of the system. CS from CSR is drawn (1) by pump 1 - P1 on the standard base control unit (SBC) and delivered to mice 
in the whole-body chamber (WBC) via buffer chamber (2 & 3). Remnant smoke post inhalation in the chamber is drawn by pump 2 -P2 and it passes via a probe, 
Microdust Pro (MDP) for real-time particulate matter monitoring (4 & 5). Smoke is then passed into a paper filter containing chamber (6) before finally exhausting 
out of the system (7). Excess smoke within CSR is also exhausted (8). Dotted lines with black circular heads at the end indicate connecting cables. Actual CSR can hold 
up to 24 cigarettes and WBC can house 16 mice in total. 
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were split longitudinally to reveal the VF surface (right and left) and 
then underwent critical point drying. Following the critical drying step, 
samples were mounted, and sputter coated with Au/Pd (gold/-
palladium; 60:40 ratio). Samples were imaged by FEI Strata 235 DB 
DualBeam FIB/SEM and images were obtained at 5 - 25kx. 

Damage to the VF surface microprojections was evaluated using 
standard visual examination [61]. For each group, twenty 2 × 2 μm 
sized SEM images were randomly selected from the original 25kx images 
of the right and left vocal folds. Images were presented to three blinded 
judges who submitted characterizations using the web-based software 
application Blinder (Solibyte Solutions, Durham, NC; http://blinder.sol 
ibytesolutions.com/) to score images based on four categories of damage 
severity: normal (score 0), mild/minimal (score 1), moderate (score 2) 
and extensive/severe (score 3). Images were categorized as normal if 
there was no microprojection damage. Slightly dented and less dense 
microprojections were classified as mild/minimal damage. The moder-
ate damage category displayed denting or flattening of all micropro-
jections. The extensive/severe damage category was characterized by 
the destruction of cellular surfaces and the exposed cytoskeleton. Within 
the software, 50% of SEM images were scored twice (Quality control 
parameter) to ensure consistent scoring. Images that failed quality 
control and those which had discrepancies were reclassified by the 
judges by a consensus rating. 

2.10. Statistical analysis 

Since analysis was completed manually by an unblinded rater for 
measurements related to vocal fold epithelial thickness, subglottic 
glandular area and mucus composition, BrdU labeling, basal cell label-
ing, and apoptosis, 20% of samples were randomly chosen and rean-
alyzed by blinded raters for assessment of intra- and inter-rater 
reliability. For this analysis, two-way mixed-effects, absolute agreement 
intraclass correlation coefficients (ICC) were performed using SPSS 
Statistics (Version 26, IBM). Interpretation was as follows: <0.50, poor; 
between 0.50 and 0.74, fair, between 0.75 and 0.90 good; above 0.90 
excellent [62]. 

All other statistical analyses were performed by using GraphPad 
Prism version 8.4.2. For comparisons involving two independent groups 
with a) equal sample sizes, Student’s t-test was performed and with b) 
unequal sample sizes, Welch’s t-test was performed. Microprojection 
damage data obtained by visual scoring of the right and left vocal folds 
were analyzed by Kruskal–Wallis test followed by post hoc uncorrected 
Dunn’s test. All other measurements were analyzed by one-way analysis 
of variance (ANOVA) and post hoc Fisher’s Least Significant Difference 
(LSD) multiple comparison test. Grubb’s test was run on the cleaved 
caspase-3 subglottic dataset to identify and eliminate outliers. Values 
less than p ≤ 0.05 were considered significant. All data are represented 
in figures as means ± standard deviations (SD). 

3. Results 

3.1. Reliability 

Mean estimates along with 95% confidence intervals (CI) are re-
ported for each intra- and inter-rater ICC in Supplementary Table 1. ICCs 
for intra-rater reliability were between good and excellent. ICCs for 
inter-rater reliability were also primarily between good and excellent, 
with only a single ICC (acidic mucin quantification) in the fair range. 

3.2. Mice survival and body weight measurements 

All the mice survived during the entire duration of smoke exposure. 
No other health-related issues were reported. At the time of euthanasia, 
mice exposed to CS exhibited significant body weight decrease at day 5 
(Fig. 3A) and day 10 (Fig. 3B) in comparison to their respective control. 
At the end of 5 days of CSE, the body weight of mice in the 5 day REV 

group was significantly less than controls (Fig. 3C). However, these mice 
also exhibited a significant increase in weight post CS cessation 
(Fig. 3C). 

3.3. General assessment of whole body CSE by analysis of urine nicotine 
biomarker levels 

Urine cotinine levels were significantly elevated only at day 5 
(Fig. 4A) post-CSE when compared to control, 5 day REV, and 10 day 
CSE groups. Trans-3′-hydroxycotinine levels were found to be signifi-
cantly higher on day 5 after CSE (Fig. 4B) in comparison to the control, 5 
day REV, and 10 day CSE groups. Mice in 10 day CSE group (Fig. 4B) 
also have significantly increased levels of trans-3′-hydroxycotinine in 
urine when compared to control and 5 day REV group mice. NMR was 
found to be significantly increased after 10 days of CSE (Fig. 4C) in 
comparison to control, 5 day CSE, and 5 day REV groups. Mice in the 5 
day CSE group (Fig. 4C) also had a significantly higher NMR than the 
control group mice. 

Fig. 3. Body weight measurements. CSE mice exhibit significant weight loss at 
days 5 (A) and 10 (B). Although, the body weight of mice in the 5 day REV 
group was significantly lesser than the controls, these mice exhibited a signif-
icant body weight gain post CS cessation at day 5 (C). n = 8 in control, 1 day 
CSE, 5 day CSE, 5 day REV, and 10 day CSE groups. Line graphs show the mean 
with SD. * p ≤ 0.05, ** p ≤ 0.01 and #### p ≤ 0.0001. 
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3.4. Histomorphometric analysis of laryngeal mucosa 

Evaluation of VF epithelial thickness in the H&E slides revealed that 
CSE had no significant effect in altering the thickness at all time points 
and also under reversible conditions (Fig.5A-H). Assessment of mucus- 
producing glandular area in the AB/PAS slides in the subglottic region 
indicated that CSE had no major impact. The subglottic glandular area 
was not significantly increased in the CS exposed groups at all time 
points and in the 5 day REV group (Fig. 6A-H). Area of AB-positive acidic 
and PAS-positive neutral mucin levels did not change in the CSE group at 
days 1 and 5 and the 5 day REV group (Fig. 7D, E). Acidic mucins 
significantly decreased in the CSE group on day 10 (Fig. 7F). Neutral 
mucin levels were significantly elevated after 10 days of CSE (Fig. 7F). 

3.5. Cell proliferation by BrdU labeling 

BrdU labeled cells were significantly elevated only after 1 day of CSE 
(Fig. 8B, F) in the vocal folds. Proliferative BrdU labeled cells remained 
unaltered in the 5 day CSE (Fig. 8C, G), 10 day CSE (Fig. 8E, H) and 5 day 
REV groups (Fig. 8D, G) in comparison to the controls (Fig. 8A). In the 
subglandular regions, proliferative cells labeled by BrdU had signifi-
cantly increased after day 5 (Fig. 9C, G) and day 10 of CSE (Fig. 9E, H). 
Mice in the 5 day REV group (Fig. 9D, G) also had a significant increase 
in BrdU positive cells when compared to the controls (Fig. 9A). 

3.6. VF basal cell proliferation 

CS exposed mice showed elevated numbers of p63 positive basal cells 
at day 1 (Fig. 10B, F) in the vocal folds. Basal cell population remained 
comparable to the controls (Fig. 10A) in the 5 day CSE (Fig. 10C, G), 10 
day CSE (Fig. 10E, H) and 5 day REV (Fig. 10D, G) groups. 

3.7. Immunohistochemical analysis of CC3 labeled apoptotic cells 

VF regions did not exhibit any significant CC3 levels in the mice 
exposed to CS at all time points and also in the mice under reversibility 
conditions (Fig. 11A-H). CC3 positive cells were significantly increased 
in the subglottis, only on day 1 after CSE (Fig. 12B, F). Mice in 5 day CSE 
(Fig. 12C, G), 10 day CSE (Fig. 12E, H), and 5 day REV (Fig. 12D, G) 
groups did not have any significant levels of CC3 positive cells. 

3.8. Scanning electron microscopy 

3.8.1. Visual scoring of VF epithelial surface microprojections 
Significant damage to the VF microprojections was observed only in 

the mice in the 10 day CSE group (Fig. 13E, J, K) in comparison to the 
mice in the control (Fig. 13A, F, K) and 1 day CSE group (Fig. 13B, G, K). 
Visual examination of the right and left vocal folds indicated that CS 
causes moderate to extensive (score 2–3) damage to the VF after 10 days 
of CSE (Fig. 13K). 

3.8.2. Other morphological observations in the laryngeal mucosa 
Epithelial sloughing/exfoliation and ulceration associated with ne-

crosis were seen in the SEM images of the VF regions after 5 and 10 days 
of CSE, respectively (Fig. 13C, E). The presence of compound cilia was 
observed in the laryngeal regions lined by RE, after 5 and 10 days after 
CSE (Fig. 14B, C). In the 5 day REV group (Fig. 14D), damaged ciliary 
surfaces were discernible from the normal ciliary surfaces. Cellular 
surface blistering (rounded) accompanied by the ciliary loss was pre-
dominantly seen along this epithelium at day 10 post CSE (Fig. 14C, E). 

4. Discussion 

Cigarette smoking is a major risk factor for the development of 
benign and malignant laryngeal diseases like chronic laryngitis, Rein-
ke’s edema, laryngeal leukoplakia, and laryngeal cancer. In order to 

Fig. 4. General assessment of whole body CSE using urinary biomarkers. The 
amount of urinary cotinine was significantly higher in mice after 5 days of CSE 
(A) when compared to mice in control, 5 day REV, and 10 day CSE groups. 
Presence of trans-3′-hydroxycotinine in urine was significant in mice after 5 
days and 10 day of CSE (B) when compared to mice in control and 5 day REV 
groups. Trans-3′-hydroxycotinine levels were significantly higher after 5 days of 
CSE (B) than 10 days of CSE. Nicotine metabolite ratio (NMR) was significantly 
increased after 10 days of CSE (C) when compared to control, 5 day CSE, and 5 
day REV groups. NMR was also significant at day 5 after CSE (C) in comparison 
to the control. n = 4 in control, n = 5 in 5 day CSE, 5 day REV, and 10 day CSE 
groups. Line graphs show the mean with SD. * p ≤ 0.05, ** p ≤ 0.01, *** 
p ≤ 0.001 and **** p ≤ 0.0001. 
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achieve better understanding of the effects of CS, it is essential to 
elucidate the cellular events leading up to these disease conditions 
within a naive larynx. In this study, we exposed mice to short-term, 
mainstream whole body CS in order to elucidate early cellular re-
sponses in the larynx. Results demonstrate that short-term CSE alters cell 
proliferation, cell death, cell surface topography, and mucin dynamics in 
different regions of the laryngeal mucosa at varying measured time 
points. This study’s outcome is also indicative of altered rates of nicotine 
metabolism upon whole body exposure. 

CS inhalation studies evaluating the larynx have been conducted 
previously in rats, hamsters, pigs and guinea pigs [29,40,63,64]. This is 
not surprising given their larger larynx size, which facilitates 
post-harvest tissue processing. We selected the mouse for this 

foundational investigation. Despite being smaller, mice can serve as a 
strong preclinical model to study CS-induced laryngeal diseases as the 
larynx is structurally similar to humans [65]. In addition, given the 
relative ease to genetically engineer mice, in the future, specific mech-
anisms underlying CS-induced laryngeal disease can be identified and 
translated into early clinical studies to improve future therapeutic in-
terventions. Mice models have been extensively used to evaluate 
CS-induced injuries in other airway regions as well [66,67]. We have 
also been able to successfully induce pathological changes in CS exposed 
murine larynx [68]. 

Often inhalation toxicology exposure regimens occur for 6 h/day 
based on the guidelines published by the Organisation for Economic Co- 
operation and Development (OECD) for subacute (4 weeks) [69] or 

Fig. 5. VF epithelial thickness. CSE did not alter VF epithelial thickness after 1 day of CSE (B, F), 5 days of CSE (C, G), and 10 days of CSE (E, H) when compared to 
control (A). No major alterations were seen in the 5 day REV group (D, G). At day 1, n = 4 in control and n = 3 in CSE groups. At day 5, n = 5 in control and n = 4 in 
CSE groups. At day 10, n = 4 in control and n = 5 in CSE groups. n = 5 in 5 day REV group. Yellow double-headed arrows indicate VF epithelial thickness. H&E 
stained images are at a magnification of 20x. Bar graphs show the mean with SD. 

Fig. 6. Total subglottic glandular area. Subglottic glandular regions did not exhibit a significant increase in the area upon CSE at day 1 (B, F), day 5 (C, G) and day 10 
(E, H) when compared to the control (A). Mice in the 5 day REV (D, G) group did not show an increase. At day 1, n = 4 in control and CSE groups. At day 5 and day 
10, n = 6 in control and CSE groups. n = 6 in the 5 day REV group. AB/PAS stained images are at a magnification of 8x. Bar graphs show the mean with SD. 
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subchronic (13 weeks) [70] conditions, with the preferred mode of 
exposure being nose-only. CS-induced lesions in rat larynges and other 
parts of the respiratory tract have been demonstrated using these OECD 
guidelines [71–73]. In the current study, mice underwent short-term, 
whole body daily exposure to mainstream CS for ~2 h/day. Firstly, 
we recognize that nose-only exposure is a more direct route of targeting 
the respiratory tract via inhalation. However, in comparison to whole 
body exposure, nose-only exposure can cause additional stress to rodents 
due to physical restraints and increased animal handling [74]. Secondly, 
in terms of exposure regimen, recent studies have demonstrated that 
exposure regimens < 6 h/day is sufficient to cause histopathological 
changes within the larynx [68,75,76]. In fact, a recent CSE study 
demonstrated that 2 h/day exposure to CS for 15 days is sufficient to 
study the effects on the respiratory tract, including the larynx [77]. 
Apart from the duration of exposures, the severity of toxicity and these 
biological responses is also governed by another important factor, 
exposure concentration. 

The fundamental rule of inhalation toxicology, Haber’s law postu-
lates that intensity of the toxic response is dependent on total exposure 
dose i.e., the product of the concentration of inhaled toxicant and time of 
exposure produces a constant toxic effect (c x t = k) [78,79]. Based on 
this law, high concentration short-term exposures can result in compa-
rable biological responses to low concentration long-term exposures 
[80]. Recent studies have evaluated these biological responses by testing 

various exposure regimens with modified exposure time (~1− 6 hours 
per day) and concentration (~50− 800 μg/L) over 2 weeks or 13 weeks 
of CS exposure [75,76]. These studies have specifically found that his-
topathological changes occur in the upper airways (nose, larynx, and 
trachea) irrespective of exposure time and CS concentration. Histori-
cally, studies in the larynx have been conducted to evaluate cumulative 
effects of CS-induced toxicity under pre-chronic and chronic conditions 
[29,63]. However, based on the equivalent biological response/expo-
sure dosimetry predictions derived from Haber’s law, we hypothesized 
that short-term CS would cause early lesions that would help us un-
derstand CS-induced laryngeal disease onset and progression. Hence, we 
evaluated CS-induced responses by opting for a high concentration 
short-term CSE regimen in this study. Specifically, the mice were 
exposed to high concentrations of mainstream CS (621 mg/m3 TPM) 
during the ~2 h exposure period, which is similar to other studies 
conducted in mice [81] and rats [82]. 

The extent of smoking is estimated by analyzing levels of nicotine 
and its metabolites. We analyzed two major nicotine metabolites, co-
tinine and trans-3′-hydroxycotinine, in the urine of mice exposed to CS 
via whole body exposure. We also computed the nicotine metabolite 
ratio (NMR: a ratio of trans-3′-hydroxycotinine to cotinine) as a sensitive 
measure for determining the level of CS consumption [83]. Cotinine 
levels were significantly elevated at day 5 of CSE, but comparable to 
controls at day 10. In contrast, mice in the 5 and 10 day CSE group had 

Fig. 7. Mucus composition in the subglottic 
glandular area. Original AB/PAS stained images 
(B) were filtered into Alcian blue (A) and Peri-
odic acid schiff (C) channels. Acidic and neutral 
mucins levels remained unaltered in 1 day CSE 
(D), 5 day CSE (E), and 5 day REV groups (E). 
The percentage area of acidic mucins decreased 
significantly, and the percentage area of neutral 
mucins increased significantly only after 10 
days of CSE (F). At day 1, n = 4 in control and 
CSE groups. At day 5 and day 10, n = 6 in 
control and CSE groups. n = 6 in the 5 day REV 
group. Images are at a magnification of 10x. Bar 
graphs show the mean with SD. * p ≤ 0.05, and 
**** p ≤ 0.0001.   
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significantly increased levels of trans-3′-hydroxycotinine when 
compared to controls. This is not surprising as the levels of trans-3-
′-hydroxycotinine are reported to be 3–4 fold higher than cotinine levels 
in urine [84]. Results did demonstrate significantly elevated NMR 
following 5 and 10 days of CSE, with NMR at day 10 being higher than 
on day 5. Increased NMR implies faster metabolic conversions/clearance 
of nicotine to cotinine and cotinine to trans-3′-hydroxycotinine [83]. 
Thus, increased metabolic rate leads to faster clearance of cotinine. Our 
finding is consistent with reports in humans that demonstrate smoking 
more cigarettes results in elevated NMR [83]. Evaluation of NMR in the 
5 day REV group was at baseline, suggesting a decelerating rate of 
nicotine metabolic activity post-CS cessation. Overall, urinary 
biomarker analysis data is suggestive of successful CS inhalation by 
mice; however, is not a direct representation of CSE in the larynx. During 
whole body exposure, there is oral uptake of nicotine and absorption 
from the skin; thus, influencing levels of nicotine and its metabolites. In 
addition, CS administration via nose and whole body exposure can result 
in different pathological outcomes within the lungs [85]. Consequently, 
future studies should include comparison between nose only and whole 
body exposures in order to determine the best route of CS administration 
specifically to investigate laryngeal health effects of CS. 

A secondary implication of an increased NMR is bodyweight reduc-
tion [86]. Nicotine in CS can cause decreased body weight via increased 
energy expenditure and suppression of appetite; however, these effects 
are reversible upon CS cessation [87]. Similarly, we observed significant 
body weight reduction in mice at day 5 and day 10 of CSE. Our results 

also indicated that there was a significant increase in body weight 
following CS cessation in the 5 day REV mice. The body weight post CS 
cessation for 5 days were comparable to control mice. 

We investigated epithelial cell proliferation in the laryngeal glottic 
and subglottic regions following short-term CSE using the cell cycle 
marker BrdU. While initial increases in cell proliferation may be an 
adaptive response to an injurious substance, sustained cell proliferation 
in toxicant-exposed tissue may be a site-specific indicator of injury and 
identify the location and types of cells at risk for carcinogenesis [88]. We 
observed a significant increase in BrdU-labeled proliferative cells 
following only 1 day of CSE. The number of BrdU-labeled proliferative 
cells was comparable to controls following 5 and 10 days of exposure. 
This immediate response of the VF epithelium to CS may, in part, be 
explained by airflow dynamics. Some of the narrowest and widest re-
gions of the upper and lower respiratory tracts are found within the 
larynx [9,15]. Specifically, narrowing of the glottic region creates a 
highly turbulent airflow, which promotes the immediate deposition of 
toxicants on the VF surface upon inhalation [9,89]. This may explain the 
early proliferative response in the glottic region on day 1. We further 
postulate that VF cellular proliferation attains a stable state at days 5 and 
10, owing to the protective capacity of the VF epithelium. The stratified 
squamous epithelium of the VF is two to four cell layers thick [12]. To 
maintain epithelial integrity, cells undergo constant turnover where 
newly synthesized cells at the basement membrane differentiate and 
migrate through the suprabasal layers towards the luminal surfaces [12, 
26]. This VF epithelium is uniquely structured such that it is designed to 

Fig. 8. VF BrdU labeled cellular proliferation. 
CSE significantly elevated BrdU labeled cells in 
VF only on day 1 (B, F). Mice in 5 day CSE (C, 
G) and 10 day CSE groups (E, H) had no sig-
nificant changes in cellular proliferation and 
remained comparable to the mice in the control 
group (A). Reversibility evaluations in mice (D, 
G) had no significant increase in BrdU labeled 
cells. At day 1, n = 4 in control and n = 3 in 
CSE groups. At day 5, n = 5 in control and 
n = 4 in CSE groups. At day 10, n = 4 in control 
and n = 4 in CSE groups. n = 5 in 5 day REV 
group. Red single-headed arrows indicate BrdU 
labeled epithelial cells. Images are at a magni-
fication of 40x. Bar graphs show the mean with 
SD. ** p ≤ 0.01.   
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Fig. 9. Subglottic BrdU labeled cellular proliferation. CSE significantly enhanced cellular proliferation in the submucosal glands in 5 day CSE (C, G) and 10 day CSE 
(E, H) groups when compared to the control group (A). Mice in the 5 day REV group (D, G) had a significant increase in BrdU labeled cell populations. CSE had no 
impact on cellular proliferation at day 1 (B, F). At day 1, n = 5 in control and n = 4 in CSE groups. At day 5 and day 10, n = 6 in control and n = 6 in CSE groups. 
n = 6 in the 5 day REV group. Red single-headed arrows indicate BrdU labeled epithelial cells. Images are at a magnification of 40x. Bar graphs show the mean with 
SD. ** p ≤ 0.01 and **** p ≤ 0.0001. 

Fig. 10. VF basal cell proliferation. CSE significantly enhanced p63 labeled basal cells only on day 1 (B, F) when compared to the control group (A). Basal cell 
population showed no significant increase in 5 day CSE (C, G), 5 day REV (D, G), and 10 day CSE groups (E, H). n = 3 in control and CSE groups at all time points. 
n = 3 in 5 day REV. White single-headed arrows indicate p63 labeled basal cells. Images are at a magnification of 63x. Bar graphs show the mean with SD. * p ≤ 0.05. 
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withstand repeated mechanical stresses of vibration. It has been previ-
ously reported that complete VF epithelial turnover takes approximately 
96 h [12,90], which is significantly faster than other parts of the airway 
[26,91]. In addition, epithelial injury can further accelerate cell turn-
over [26]. Accelerated epithelial turnover has been previously demon-
strated following iatrogenic VF injury [92–94]. We hypothesize in order 
to escalate epithelial cell turnover, the glottic region increased cell 
proliferation at day 1 as an adaptive response to CS [29], and its toler-
ance may be critical to maintain and protect the VF from injury, at least 
in the short-term. Future studies need to evaluate the factors driving the 
shift from a potential adaptive to a pathological response upon pro-
longed CSE in the glottic regions of the larynx. 

In chronic CSE studies, the laryngeal epithelium exhibits hyperplasia 
[29,63]. In the glottic region, VF epithelial thickness, an indicator of 
hyperplasia, was not increased following short-term CSE. It is possible 
that the one-time, transient proliferative response at day 1 was so mild, 
that it did not induce any morphological changes and only altered the 
rate of turnover. Toxicological studies have reported that cell prolifer-
ation can occur without inducing morphological alterations to the 
epithelium in other parts of the airway like the bronchi and distal lung 
[95–97]. Specifically, toxicant exposures elicit initial inflammatory 
response, like neutrophil and macrophage influxes into the epithelium, 
and the migration of these cells through the epithelium can induce 
proliferation without epithelial changes. The unique impact of 
CS-induced inflammatory response on VF epithelial proliferation awaits 
investigation. 

Given that airway basal cells function as the stem/progenitor cells of 
the airway epithelium, we investigated p63 positive basal cell expres-
sion in the VF following short-term CSE. In conjunction with elevated 
BrdU-labeled proliferative cells, we found significantly increased p63 
positive basal cells on day 1, indicating basal cell hyperplasia. In the 
lower airways, basal cell hyperplasia is the first histologic change 
associated with smoking [98] and this is consistent in the VF. In addi-
tion, BrdU-labeled proliferative cells appeared confined to the p63 
positive basal layer. In response to injury, such as with CSE, airway basal 
cells proliferate and can either regenerate normally differentiated 

epithelium or altered histologic phenotypes [13]. p63 expressing basal 
cell layers in the airway can undergo transcriptomic changes upon 
prolonged contact with external stimuli like CS leading to abnormal 
differentiation and a disorganized epithelium [99]. For example, 
abnormal basal cell differentiation has been associated with squamous 
cell metaplasia in many diseases of the respiratory tract, including the 
larynx [100]. Specifically, laryngeal epithelial cells exhibit squamous 
cell metaplasia and hyperkeratosis, in addition to epithelial hyperplasia, 
upon chronic exposure to CS [29,63]. Given that significant basal cell 
hyperplasia was only observed following 1 day of CSE, we speculate the 
observed pattern of a concurrent increase in p63 and BrdU immunore-
activity in VF after 1 day of CSE is likely towards promoting regenera-
tion of normal epithelium and it is unlikely basal cells converted to 
squamous epithelial cells. In order to establish a timeline of events 
leading up to squamous conversion in the laryngeal epithelium as 
indicated by chronic CS studies, it will be necessary to know when and 
how short-term CSE initiates the conversion of basal cells to squamous 
differentiated cells. Consequently, future investigations should include 
detailed evaluation of cytokeratin expression in order to assess epithelial 
differentiation in the VF in response to CSE [101]. 

With respect to the subglottic region, our findings demonstrate that 
significant increases in cell proliferation in the submucosal glands begin 
later, on day 5, and extend to day 10 post-CSE. This region of the larynx 
has the highest air flow velocity, lower forces, and pressure; hence, 
having lesser contact with inhaled toxicants and reducing deposition 
[9]. Correspondingly in this study, cumulative CS inhalation for 5 and 
10 days may have led to a gradual toxicant buildup in this region; 
consequently, triggering increased cellular proliferation. Reversibility 
evaluation in the subglottis showed elevated cellular proliferation 
post-CS cessation as well. Long-term CSE induces submucosal gland 
hypertrophy and mucus hypersecretion in portions of the respiratory 
tract including the larynx [40,41,88,102]. Although in this study, 
short-term CSE increased cell proliferation in the submucosal glands, 
submucosal gland hypertrophy was not observed. This enhanced and 
sustained cell proliferation may be a precursor to hypertrophy, which is 
likely to occur following longer CSE. Earlier reports suggest that 

Fig. 11. Cleaved caspase-3 (CC3) apoptotic activity in VF. CSE did not alter CC3 labeled apoptotic cell populations after 1 day of CSE (B, F), 5 days of CSE (C, G), and 
10 days of CSE (E, H) when compared to control (A). No alterations were seen in mice in the 5 day REV group (D, G). At day 1, n = 3 in control and CSE groups. At 
day 5, n = 4 in control and n = 5 in CSE groups. n = 5 in 5 day REV group. At day 10, n = 4 in control and n = 3 in the CSE group. In panel (A–E), purple channel 
images are hematoxylin stained nuclei and brown channel images are DAB substrates indicating CC3 positive nuclei. Red circles indicate CC3 labeled apoptotic cells. 
Images are at a magnification of 40x. Bar graphs show the mean with SD. 
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alterations will not occur in the submucosal glands until a severe disease 
like condition prevails [35]. 

In addition to cell proliferation, cell death mechanisms are equally 
essential for maintaining epithelial homeostasis. During normal 
epithelial turnover, apoptosis is a highly regulated, inherently pro-
grammed cell death process, which expunges damaged cells without 
eliciting inflammatory responses [103,104]. Apoptotic signaling cas-
cades can occur with or without being modulated by certain serine 
proteases called “Caspases”. Within the caspase-dependent signaling 
pathway, caspase 3 is a downstream enzyme that executes the final act 
of cellular death, upon enzyme cleaving [104,105]. Caspase indepen-
dent apoptotic reactions occur via a mitochondrial pathway involving 
cytochrome C activity [105]. In this study, we evaluated CC3 apoptotic 
activity in the laryngeal mucosa and found regional differences in re-
sponses. Our results indicate increased activity in the RE-lined subglottis 
after 1 day of CSE. Similar findings have been demonstrated in in vitro 
studies in other respiratory epithelial cells present in alveoli and nasal 

cavities within 24 h post CSE [48,50]. In contrast, the presence of VF 
apoptotic activity was not detected. Reduced apoptotic levels within the 
VF may be due to a combination of lowered CS particle residence time 
and deposition fraction. Specifically, active mucociliary clearance in the 
larynx may have led to an overall lower CS particulate residence time in 
the glottic regions of the larynx. Conversely, residence time is highest in 
the lower respiratory tract [4,89,106]. In addition, we evaluated CS 
particulate deposition in the respiratory tract using the Multiple-Path 
Particle Dosimetry (MPPD V.3.04) [107]. Even though this model does 
not predict particulate deposition specific to the larynx, we utilized 
deposition fraction values in the tracheal region, situated immediately 
below the larynx, (Supplementary Fig. 2) as a comparative factor for our 
analysis. We conclude that CS particulate deposition is most likely less in 
the larynx than other regions of the lower respiratory tract (Supple-
mentary Data S3, Supplementary Fig. 3 and Fig. 4). Several studies 
conducted in the human respiratory tract support this hypothesis and 
indicate that greater CS particulate matter is deposited in the lower 

Fig. 12. Cleaved caspase-3 (CC3) apoptotic activity in subglottis. Elevated numbers of CC3 positive cells were found only at day 1 after CSE (B, F) in comparison to 
the controls (A). 5 day CSE (C, G), 5 day REV (D, G), and 10 day CSE (E, H) groups did not have any significant increase in CC3 levels. At day 1, n = 3 in control and 
CSE groups. At day 5, n = 4 in control and CSE groups. n = 4 in the 5 day REV group. At day 10, n = 3 in control and CSE groups. In panel (A–E), purple channel 
images are hematoxylin stained nuclei and brown channel images are DAB substrate indicating CC3 positive nuclei. Red circles indicate CC3 labeled apoptotic cells. 
Images are at a magnification of 40x. Bar graphs show the mean with SD. * p ≤ 0.05. 
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respiratory tract (40–57%) as compared to the upper respiratory regions 
(13–22%) [4,89,108]. 

Apoptosis can also be visually identified by SEM using certain 
morphological indicators like cell contraction, nuclear condensation, 
nuclear fragmentation, cell membrane blebbing, and by the presence of 
apoptotic bodies [109,110]. Our examinations of laryngeal mucosa 
through SEM did not reveal the presence of apoptotic cells. Cell death in 
response to short-term CSE may occur by other mechanisms like ne-
crosis. Unlike apoptosis, necrosis is an accidental cell death process, 
where disruption of cellular plasma membranes leaks intracellular 
components, thereby eliciting inflammatory responses [103]. Certain 
features of necrosis can also be visually identified by SEM. Epithelial 
sloughing and ulceration have been well-associated with necrotic res-
piratory surfaces in response to inhaled toxicants [111,112]. Morpho-
logical evaluations of laryngeal mucosa by SEM indicated early signs of 
epithelial sloughing in VF after 5 days and ulcerations on the VF surface 
after 10 days of CSE. The occurrence of necrosis with higher doses of CS 
has been well documented in some in vitro studies [50,113–116]. 
Similarly, it is possible for necrotic processes to occur after prolonged 
CSE in the larynx, eliciting inflammatory responses, and contributing to 
disease progression. Hence, it is likely that our early SEM observations 
are preceding events to necrotic cell death in response to long-term CSE. 
In order to validate this, we will need continued efforts to evaluate 
CS-induced necrotic signaling mechanisms in the larynx. 

Along the VF superficial epithelial cell surface, there are special 
substructures called microprojections [61,94]. These microprojections 
are believed to play a role in maintaining epithelial barrier integrity, 
regulating mucus secretions, and nutrient transport [61]. VF micro-
projections are also involved in providing traction during vocal fold 
vibration [117]. VF epithelial microprojections are damaged secondary 
to prolonged and excessive vibration [61,94]. In this study, significant 
microprojection damage was observed after 10 days of CSE. CSE showed 
an increasing trend in the extent of damage on day 5, but not signifi-
cantly. It has been found that experimentally induced pathogens accu-
mulate to a greater degree in areas of extensive damage [118]. It is 
possible that alterations in microprojection integrity may lead to toxi-
cant accumulation and the pathophysiology of smoke-related VF dis-
ease. This is the first investigation to establish the impact of short-term 
CSE on the structure of VF epithelial microprojections. Future studies 
are needed to improve our understanding of the functional conse-
quences of these changes and the role of microprojections in maintain-
ing VF heath in response to inhaled toxicants like CS. 

Cilia are specialized organelles that beat in cephalad fashion to 
propel inhaled toxicants trapped in the mucus layer. In the process of 
mucociliary clearance (MCC), mucus is transferred into the posterior 
larynx where it can be cleared via swallowing or expectoration [119]. 
Examination of the laryngeal subglottic epithelium by SEM showed signs 
of abnormal cilia including compound and loss of these organelles. In 

Fig. 13. SEM examination of VF epithelial surface microprojection damage and necrosis. CSE induced significant microprojection damage at day 10 (E, J, K) in 
comparison to the control (A, F) and 1 day CSE groups (B, G). 5 day CSE (C, H) and 5 day REV (D, I) groups did not exhibit any significant VF microprojection 
damage. Signs of necrosis were observed at day 5 (C) and day 10 (E) post CSE. n here indicates the number of right and left vocal folds evaluated. n = 4 in control, 
n = 3 in 1day CSE, 5 day CSE, 5 day REV and 10 day CSE groups. SEM images in panel (A–E), are at a magnification of 5kx and in panel (F–J), are at a magnification 
of 25kx. Red squares shown in 5kx images represent regions imaged at 25kx for each time point. A white single-headed arrow in the image (C) indicates necrotic 
epithelial sloughing/exfoliation. A white single-headed dashed arrow indicates necrotic ulceration in the image (E). Bar graphs show the mean with SD. * p ≤ 0.05. 
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the lower respiratory tract, CS reduces the ciliary length, ciliary beat 
frequency (CBF), and causes loss of these specialized structures [120, 
121], thereby impairing MCC. A proper ciliary structure is required for 
effective MCC; consequently, abnormal subglottic cilia likely inhibit CS 
toxicant clearance and promotes mucus accumulation in the larynx. 
Clinically, aggregation of thick, sticky mucus is observed in a smoker’s 
larynx, leading to frequent coughing [122]. This study demonstrates the 
short-term CS-induced ciliary structural deformities in the larynx, 
potentially impacting mucus clearance impending upon prolonged CSE. 
It is unknown whether ciliary deformities are a result of direct damage 
by CS or CS-induced abnormal basal cell differentiation. Shorter cilia or 
ciliary loss has been attributed to abnormal basal cell differentiation in 
other portions of the airway [123]. This reiterates the importance of 
gaining a deeper understanding of the disordered basal cell differenti-
ation characteristics in the larynx, upon short- or long-term CSE. 

Although previous literature [40,41] has some limited evidence for 
CS-induced goblet cell hyperplasia and elevated mucin levels in the 
larynx, there is a paucity of information related to CS-induced mucus 
content changes in the laryngeal submucosal glands. We demonstrate 
that short- term CSE increases neutral mucus and decreases acidic mu-
cins after 10 days of CSE. These results are consistent with short-term 
CSE in the rat axial airway [124]. However, other previous short- and 
long-term CSE studies conducted in rat trachea and axial airways, report 
the opposite response [88,125]. Shifts in stored mucus composition 
accompanied by variations in mucosal glandular size may have been 
implicated in disease development [126]. Correspondingly, these early 
shifts in mucus composition may eventually contribute to laryngeal 
disease development upon long-term CSE by potentially altering phys-
ical properties, MCC, and immune defense mechanisms. Subsequent 
studies are needed to achieve a deeper understanding of dynamic 
changes in neutral and acidic mucin content upon short- and long-term 
CSE. Furthermore, evaluation of the effect of CS on specific 
membrane-associated and secreted mucin glycoproteins is needed. 

The current study is subject to some limitations. The larynx has a 

unique anatomy and we focused on the glottic and subglottic regions. 
Although these regions are of high clinical significance, transitional and 
epiglottic zones within the larynx may also be susceptible sites for CS- 
induced injury. Subsequent studies are needed to elucidate early 
cellular responses in these regions upon short-term CSE. In addition, 
secondary to technical issues, we were unable to collect urine samples 
for day 1, which limited our ability to comprehensively evaluate nico-
tine biomarkers and the extent of smoking associated with short-term 
CSE. Also, we evaluated uptake of CS particulate matter via urinary 
nicotine biomarker analysis only upon euthanasia. Despite our urinary 
nicotine biomarker analysis data supporting a successful CS inhalation 
by the mice, this is not representative of continuous monitoring of CS 
uptake. Subsequent studies also need to incorporate daily/intermittent 
monitoring of blood carboxyhemoglobin (COHb) in order to ensure 
consistent and successful CS inhalation during exposures. Furthermore, 
contemporary inhalation studies report measured aerosol concentration 
using real-time monitoring devices as well. Some studies also provide 
information about aerosol particle counts and physical parameters such 
as Geometric standard deviation (GSD) and Mass median aerodynamic 
diameter (MMAD), along with chemical characterization via carbon 
monoxide (CO) monitoring and or gravimetric filter sampling. Our 
future studies will incorporate such devices to monitor exposure atmo-
sphere for precise aerosol concentration measurements, physical and 
chemical characterization. In terms of CS protocol, we adopted a non- 
intense smoking regime based on established FTC/ISO guidelines, but 
future studies would also benefit from incorporating Massachusetts and 
Canadian intense smoking standards. Also, our study demonstrated the 
short-term effects of the commonly used reference cigarette 3R4F, on the 
larynx. Although this cigarette is designed to be representative of the 
commonly used American blend type cigarettes, upcoming studies 
should include an additional CSE group by utilizing commercially 
available cigarettes or comparing filter vs non-filter cigarettes. In the 
recent years, tobacco heating products and electronic cigarettes have 
gained popularity as a healthier alternative to smoking conventional 

Fig. 14. SEM observations of cilia in laryngeal mucosa. In RE lined laryngeal regions, compound cilia are noticed after 5 (B) and 10 (C) days after CSE in comparison 
to the normal cilia in the control group (A). Reversibility evaluations (D) indicated the presence of both normal and compound cilia. Rounded cells or cellular 
blistering was found in RE accompanied by a ciliary loss in the 10 day CSE group (E). SEM images in panel (A–C) are at a magnification of 15kx; (D) and (E) are at a 
magnification of 10kx and 5kx respectively. Double triangles indicate compound cilia. Double asterisks indicate normal cilia. A white single-headed arrow indicates 
loss of cilia. 
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cigarettes as well. Despite these newer products being less toxic than the 
conventional cigarettes [3,127], their ability to lessen health risks is still 
highly questionable. Thus, forthcoming investigations should also 
include toxicological evaluations of these newer alternatives in the lar-
ynx. Such comparisons will have practical implications related to human 
tobacco and alternative tobacco product consumption. At this juncture, 
we do not know which toxicants in CS are responsible for the early 
cellular responses seen in this study. Specific toxicants like crotonalde-
hyde [20] and formaldehyde [21] which are highly toxic in humans, are 
major CS gas/vapor phase constituents. Since laboratory rodents are 
obligate nasal breathers, CS inhalation can lead to significant deposition 
of these constituents in the upper airways capable of causing toxic ef-
fects. In fact, gas/vapor phase CS constituents can induce early 
morphological changes within a rat larynx [128]. Therefore, upcoming 
studies should aim at directly evaluating the effects of individual gas/-
vapor and particulate phase CS components on the laryngeal mucosa to 
identify specific toxicants that drive changes. Finally, we acknowledge 
that the endpoints measured in the larynx in response to CS are not novel 
and a subset of analyses were conducted by unblinded raters. These 
endpoints have been validated and are well established in other parts of 
the respiratory tract. However, as the larynx is a relatively understudied 
portion of the airway, foundational studies with established endpoints 
are still warranted. In addition, although we primarily demonstrated 
good to excellent intra- and inter-rater reliability during blinded reli-
ability analyses, the potential for bias in future studies should be 
reduced with use of exclusively blinded raters and / or automated 
analysis software. 

5. Conclusions 

In summary, this study is a first attempt to demonstrate the effects of 
short-term CSE on the laryngeal mucosa. Standard immunohistological 
and electron microscopy methodologies used in this study demonstrated 
various altered cellular responses like cell death, cell proliferation, cell 
surface topography changes and mucin composition in the larynx. 
Interaction between various factors like airflow, laryngeal anatomy, and 
CS characteristics including particulate deposition, give rise to regional 
differences in these cellular responses upon short-term CSE. This acute 
CS injury model helps us to identify potential adaptive mechanisms to 
short-term CSE as well as the location and types of cells that may be at 
risk for injury in the larynx following prolonged exposures. Our future 
studies will be focused on incorporating advanced transcriptomic 
methodologies like Next-Gen sequencing or spatial transcriptomics, to 
gain detailed insights into molecular mechanisms or pathways (innate & 
adaptive immune responses, oxidative stress, epithelial differentiation 
etc.,) involved in driving these early cellular indicators into a patho-
logical state. Furthermore, based on the data obtained from this study, 
we would like to propose that future in vivo toxicological evaluation 
studies should include immunohistological (i.e., cellular proliferation, 
basal cell labeling) and electron microscopic techniques in their exper-
imental design so as to visually interpret cellular responses in a toxicant 
exposed tissue. We believe that this will complement or strengthen ac-
curacy of corresponding transcript level data. 
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[71] J.J. Piadé, E. Roemer, R. Dempsey, H. Weiler, K. Meurrens, P. Vanscheeuwijck, M. 
K. Schorp, Toxicological assessment of kretek cigarettes part 3: kretek and 
American-blended cigarettes, inhalation toxicity, Regul. Toxicol. Pharmacol. 70 
(2014) S26–S40, https://doi.org/10.1016/j.yrtph.2014.09.013. 

[72] U. Kogel, W.K. Schlage, F. Martin, Y. Xiang, S. Ansari, P. Leroy, 
P. Vanscheeuwijck, S. Gebel, A. Buettner, C. Wyss, M. Esposito, J. Hoeng, M. 
C. Peitsch, A 28-day rat inhalation study with an integrated molecular toxicology 
endpoint demonstrates reduced exposure effects for a prototypic modified risk 
tobacco product compared with conventional cigarettes, Food Chem. Toxicol. 68 
(2014) 204–217, https://doi.org/10.1016/j.fct.2014.02.034. 

[73] H. Fujimoto, H. Tsuji, C. Okubo, I. Fukuda, T. Nishino, K.M. Lee, R. Renne, 
H. Yoshimura, Biological responses in rats exposed to mainstream smoke from a 
heated cigarette compared to a conventional reference cigarette, Inhal. Toxicol. 
27 (2015) 224–236, https://doi.org/10.3109/08958378.2015.1027799. 

[74] B.A. Wong, P.W. Ross, R.A. James, Development and use of a single-animal 
whole-body system for inhalation exposure, Lab. Anim. 37 (2008) 33–40, https:// 
doi.org/10.1038/laban0108-33. 

[75] H. Tsuji, K.M. Lee, K. Yoshino, H. Nakamura, G. Lulham, R. Renne, H. Yoshimura, 
Comparison of the physiological and morphological effects of cigarette smoke 
exposure at comparable weekly doses on Sprague-Dawley rats, Inhal. Toxicol. 23 
(2011) 17–32, https://doi.org/10.3109/08958378.2010.537396. 

[76] H. Tsuji, H. Fujimoto, D. Matsuura, T. Nishino, M. Lee, H. Yoshimura, Comparison 
of biological responses in rats under various cigarette smoke exposure conditions, 
J. Toxicol. Pathol. 26 (2013) 159–174, https://doi.org/10.1293/tox.26.159. 
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