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Simple Summary

Cigarette smoke comprises a variety of carcinogenic compounds that pose significant dan-
gers to smokers as well as those subjected to passive tobacco smoke. Cats, which spend
nearly half their day grooming, are especially vulnerable to ingesting smoke residues in
indoor environments. Cotinine, a metabolite of nicotine, serves as a dependable biomarker
for assessing tobacco exposure. This study aimed to characterize cytological and cytomor-
phometric alterations of the oral mucosal epithelium using morphological evaluation and
automated digital image-assisted morphometry, and to quantify urinary cotinine concen-
tration, investigating its possible correlation with oral epithelial cytological alterations. To
this aim, oral smears were collected from 30 cats, stained with May–Grünwald–Giemsa and
Papanicolaou dyes to assess inflammation and dysplasia; an automated cell analysis was
performed to quantify the nucleus-to-cytoplasm (N/C) ratio. Cotinine concentrations in
urine were determined using an ELISA-based immunoassay. Our results highlighted that
exposed cats showed significantly higher urinary cotinine levels and increased N/C ratios,
along with mild to moderate inflammation and epithelial dysplasia. These results indicate
that cotinine in the urine is a valid biomarker of smoking exposure in domestic cats, and
SHS can induce early morphological effects in oral mucosal epithelial cells.

Abstract

Cigarette smoke contains a high concentration of carcinogenic substances to which smokers
are regularly exposed. Passive smoking is seriously harmful to the health of non-smoking
humans and animals. Domestic cats are particularly vulnerable because of their constant
grooming activity, which can promote oral ingestion of smoke-derived residues. Cotinine, a
nicotine metabolite, is a reliable biomarker for tobacco exposure. Considering these observa-
tions, our study aimed to (1) characterize cytological alterations in oral mucosal epithelial
cells by conventional morphology and automated digital cytomorphometry; (2) quantify
urinary cotinine concentration and investigate its possible correlation with oral epithelial
cytological alterations. To this aim, oral smears were collected from 30 cats divided into two
groups (20 exposed; 10 non-exposed). Smears were stained with May–Grünwald–Giemsa
and Papanicolaou to assess inflammation and dysplasia; digital cytomorphometric analysis
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was used to quantify the nucleus-to-cytoplasm (N/C) ratio. Urinary cotinine was measured
by ELISA. Our results showed that exposed cats had significantly higher urinary cotinine
levels and higher N/C ratios (p < 0.01) than non-exposed controls, along with mild-to-severe
inflammation and dysplastic-like epithelial alterations. These findings support urinary coti-
nine as a valid biomarker of household tobacco smoke exposure in domestic cats and suggest
that such exposure may be correlated with early cytological and cytomorphometric changes
in the oral mucosa. Further studies are needed to better investigate the relationship between
exposure duration and cytological, cytomorphometric, and molecular alterations.

Keywords: cotinine; precancerous stage; tobacco smoke exposure; oral malignant disorders;
computational pathology; automated morphometric analysis

1. Introduction
Cigarette smoke contains a high concentration of carcinogenic substances to which

smokers are regularly exposed, such as nitrosamines, aromatic amines, phenols, and alde-
hydes [1]. Both smokers and non-smokers are exposed to these toxic irritants [2]. Active
smokers inhale mainstream smoke (MSS), whereas passive smokers are exposed to second-
hand smoke (SHS) [3]. Secondhand smoke is the involuntary inhalation of the sidestream
smoke, produced by the combustion of a cigarette between puffs, and the exhaled main-
stream smoke of the smoker [4]. SHS exposure reaches higher concentrations indoors,
leaving toxic residues on surfaces of the place where it is smoked; these substances can
persist long after the smoke has been removed from the environment. This phenomenon is
known as thirdhand smoke (THS); THS exposure results from the involuntary inhalation,
ingestion, or dermal uptake of THS pollutants in the air, in dust, and on surfaces, and it is
a potentially dangerous condition, especially for children and domestic animals, who in
addition to inhaling the smoke released by the cigarette, can also ingest the residues that
end up on their hands or paws after touching the contaminated surfaces [5,6].

Regardless of whether the exposure is active or passive, in humans, nicotine is pri-
marily metabolized in the liver, where it is converted approximately 70–80% to cotinine.
Nicotine, cotinine, and other metabolites are excreted in urine [7,8]. Therefore, in humans,
urine concentrations of these metabolites have been extensively used as biomarkers [9].
Several techniques have been validated to assess exposure to tobacco smoke; among them,
cotinine level measurement is a reliable marker of tobacco smoke exposure due to its long
half-life [8,10,11]. As in humans, similar metabolic pathways have been described in cats [6],
where passive tobacco smoke exposure, such as tobacco smoke residues accumulated on
the coat, may be ingested during grooming, resulting in repeated contact of toxicants with
the oral mucosa. However, only a few studies have documented the toxicological and
morphological impacts of passive tobacco smoke exposure and nicotine oral ingestion
during grooming in cats [12–14]. Pathological effects of tobacco exposure are seriously
harmful to the health of non-smoking humans and animals [15–17]. Indeed, in human
medicine, even passive exposure is shown to induce precancerous and malignant oral
cavity lesions [18–20], while in feline medicine, exposure to passive tobacco smoke has
been associated with increased risk of malignant lymphoma [10,21,22] and oral squamous
cell carcinoma [12,23]. Indeed, nicotine contributes to carcinogenesis by stimulating pro-
proliferative and anti-apoptotic signaling pathways and inducing epigenetic changes, such
as alterations in DNA methylation, histone modifications, and microRNAs, that modify
gene expression and promote carcinogenesis [24].

Household pets are highly susceptible to passive tobacco smoke because they have close
contact with human attendants and regular grooming activity that allows the body burdens
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of smoke residues stored in their hair coats to be ingested [25]. This double-exposure route,
with both the lung [16] and oral routes potentially involved, is likely to increase local and
systemic burdens of toxins. However, non-invasive tools to detect early smoke-associated
epithelial changes in the feline oral cavity remain limited.

In this context, oral exfoliative cytology represents a minimally invasive diagnostic
technique for detecting early epithelial alterations in the oral mucosa, eliminating the need
for more invasive procedures, such as biopsy [26–28]. Moreover, in human medicine, the
evaluation of cytomorphometric parameters is a valuable diagnostic tool [26,29–31].

Epithelial dysplasia is characterized by both architectural and cytologic alterations
that reflect a progressive loss of normal cell proliferation and differentiation [32]. These
cellular changes affect both the nucleus and the cytoplasm and include increased nucleus-
to-cytoplasm (N/C) ratio, nuclear hyperchromasia, multinucleation, reduced cytoplasmic
volume, and pleomorphism, which indicate a progressive loss of differentiation and regula-
tory proliferative control. Within this context, digital cytology and computer-assisted image
analysis can support a more objective and reproducible quantification of cytomorphometric
parameters [33,34], including the nuclear-to-cytoplasmic (N/C) ratio, a key indicator of
early epithelial dysplasia.

Considering these observations, our study aimed to (1) characterize oral epithelial
cytological alterations using morphological assessment and automated digital image-based
morphometric analysis and (2) quantify urinary cotinine concentration and investigate its
possible correlation with oral epithelial cytological alterations.

To date, no study has quantitatively integrated systemic exposure biomarkers with
automated whole-slide digital cytomorphometry to assess early smoke-associated epithelial
alterations in cats.

2. Materials and Methods
2.1. Ethical Statement

The study did not require consent or ethical approval under European Directive
2010/63/EU, as it falls under the exclusions set out in Article 2(2) of Italian Legislative De-
cree No. 26/2014. However, the study was evaluated by the University of Naples Federico
II Animal Welfare Body/Ethical Animal Care and Use Committee on 28/06/2023 and re-
ceived a favourable opinion (Protocol No. PG/2023/0114253, 25 September 2023). Written
informed consent was obtained from all owners prior to enrollment, sample collection, and
use of anonymized data for research and publication purposes.

2.2. Sample Collection and Inclusion Criteria

Cytologic smears from the oral cavity and urine samples were collected from 30 cats.
Inclusion criteria were the absence of macroscopic oral lesions at the clinical examination, an
age range between one and five years old, and an exclusively indoor lifestyle. Cat owners
were interviewed using a written questionnaire to assess cats’ exposure to household tobacco
smoke. Questions concerned the number of smokers in the household, the packs of cigarettes
smoked per day at home, the number of years that each person smoked, and the proportion
of time (per 24-h day) spent by the cat inside the home. Cases were divided into two groups
based on the owners’ responses: Group A: cats with smoker owners (exposed); Group B:
cats with non-smoker owners (control).

2.3. Morphological Analysis

The cytologic smears were collected from the oral mucosa of 30 cats using an oral brush;
the brush was gently scraped across the oral mucosa to collect superficial epithelial cells.
Each sample was smeared on three slides (n = 90) and fixed in 96% ethanol for 30 min. Two
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fixed smears were stained with MGG Quick stain (Bioptica, Milan, Italy); one smear was
also stained with Papanicolaou stain (W01030708, Bioptica, Milan, Italy) for the evaluation
of epithelial dysplasia, such as binucleated cells, cytoplasmatic chromatic alteration and
abnormal keratinization. The Papanicolaou smear was immediately fixed by immersion
in 95% ethanol. The samples were immersed in distilled water for about 2 min, followed
by 1 min in Harris hematoxylin. This was followed by five minutes of prolonged washing
in running water. The slides were then immersed in 95 per cent ethanol for 15 s to begin
removing non-specific dyes, after which they were immersed in OG-6 solution for two
minutes. A double step in 95% ethanol, lasting 15 s each, was then performed to fix the
colour and prepare the slides for the second cytoplasmic dye. Smears were then immersed
in EA-65 for 5 min. A series of ethanol rinses was performed: two changes in 95% ethanol
with brief immersions of about 10 s each, followed by two changes in absolute ethanol
(100%) lasting 1 min each, to complete dehydration. Finally, the slides were clarified in
xylene (two changes of one to two minutes) and mounted. Oral inflammation was scored
on a 0–3 scale (0 = no inflammation; 1 = mild; 2 = moderate; 3 = marked) as described
by [35,36], based on inflammatory cells per high-power field (HPF) (<30, 30–100, and >100
inflammatory cells/HPF for mild, moderate, and marked inflammation, respectively);
while Papanicolaou-stained smears were graded according to Kedra et al. [37].

2.4. Digital Cytomorphometric Analysis

All cytological slides were digitized using a 3DHISTECH whole-slide scanner at 40×
magnification (0.14 µm/pixel), generating whole-slide images (WSI) in mrxs format [38].
This digitization enabled a standardized workflow for objective computation of the nucleus-
to-cytoplasm (N/C) ratio. Digital cytomorphometric analysis was performed exclusively on
May–Grünwald–Giemsa (MGG)-stained smears to ensure stain homogeneity for automated
segmentation. The dataset comprised 60 MGG WSIs from 30 cats (two MGG slides per cat).
Each WSI covered the entire cytological smear and was subdivided into 256 × 256 pixel
tiles using a standardized computational tiling procedure consistent with established WSI
analysis approaches [34]. A tissue mask was generated to exclude background regions,
and candidate tiles were sampled from tissue-containing regions. To ensure morphometric
measurements were obtained strictly from informative epithelial fields and to eliminate
preservation artefacts, a rigorous supervised selection protocol was implemented. Candi-
date tiles were visually screened by an expert observer to retain only those containing at
least one intact, clearly defined nucleated epithelial cell. Acellular fields, cellular overlaps,
debris, inflammatory aggregates, and cells with incomplete cytoplasmic contours were
strictly excluded. A minimum of 250 valid epithelial tiles per WSI were collected for the final
dataset. A fixed number of 250 epithelial tiles per WSI was analysed, with one epithelial cell
quantified per tile (250 cells/WSI). Selected tiles were processed using an automated image-
analysis workflow to generate nuclear and cytoplasmic compartment masks. Briefly, tiles
were transformed into CIELAB colour space and segmented using K-means clustering [39]
to distinguish nuclear-enriched from cytoplasm-enriched regions. Binary masks were then
refined using standard morphological operations and connected-component analysis to
isolate individual epithelial cells and their corresponding nuclear and cytoplasmic com-
partments. Segmentation was performed using identical settings for all WSIs and visually
checked on a representative subset of tiles to confirm accurate nuclear and cytoplasmic
boundary delineation. Tile selection and quality-control followed predefined criteria applied
uniformly across groups; while intra-observer reproducibility was assessed by having the
same observer repeat tile selection on a random subset of WSIs using the same predefined
criteria. For each segmented cell, the N/C ratio was calculated as:

N/C = A_nucleus/A_cytoplasm
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For each cat, a case-level N/C ratio was computed as the median N/C ratio across all
segmented epithelial cells from the two MGG WSIs.

2.5. Cotinine Assay

Urine samples from 21 cats (13 exposed; 8 non-exposed) were appropriately diluted
and analysed using Cotinine ELISA (Enzyme-Linked Immunosorbent Assay) kit (Abnova,
Taoyuan City, Taiwan). Briefly, 100 uL of the HRP (Horseradish peroxidase) enzyme conju-
gate was added to each well and incubated for 60 min at r.t. in the dark. After incubation,
wells were washed three times, inverted, and tapped vigorously on adsorbent paper to re-
move excess liquid. Then, 100 µL of substrate reagent was added to each well and incubated
at room temperature in the dark. After a few minutes, 100 uL of stop solution was added
simultaneously to all wells by multichannel pipette, and absorbance was immediately
measured at 450 nm using a spectrophotometer (ThermoFisher, Carlsbad, CA, USA). A
positive and negative control were included in each assay. Cotinine concentrations were
expressed as ng/mL of cotinine based on a standard curve. According to the manufacturer,
the assay detection range was 0–100 ng/mL, with a limit of detection (LOD) of 1 ng/mL.
The intra- and inter-assay coefficients of variation were within the ranges typically reported
for ELISA assays.

2.6. Statistical Analysis

Group comparisons (exposed vs. non-exposed) were performed using two-sided Mann–
Whitney U tests, with effect size quantified by Cliff’s delta. Categorical variables (sex) were
compared using Fisher’s exact test, with effect size reported as odds ratio (OR) with 95%
confidence intervals. Associations among urinary cotinine, N/C ratio, inflammation score,
dysplasia grade, and age were assessed within the exposed cohort using Spearman’s rank
correlation. For effect sizes and coefficients, 95% confidence intervals were computed using
standard methods (Cliff’s delta: nonparametric bootstrap; OR: exact 95% CI; Spearman’s ρ:
approximate 95% CI based on Fisher’s z-transformation). All tests were two-sided (α = 0.05).
Analyses were performed in Python 3.11 using the following libraries: NumPy 2.4.2, pandas
3.0.1, and SciPy 1.17.1.

3. Results
3.1. Study Population and Baseline Characteristics

A total of 30 indoor cats were enrolled (n = 20 exposed; n = 10 non-exposed). Individual
demographic and exposure data are reported in Table 1, while baseline group comparisons
are summarized in Table 2. Age and sex distribution did not differ between groups (both
p ≥ 0.05), although non-exposed cats tended to be older (median 5.0 vs. 1.5 years). Exposure
stratification was confirmed by significant differences in both daily cigarette consumption
and number of smoker owners (both p < 0.001). In exposed households, the median cigarette
consumption was 8.5 cigarettes/day (Table 2). Regarding the number of active smokers per
household, 80% of exposed cats (16/20) lived with one smoker and 20% (4/20) lived with
two smokers (Table 1).

Table 1. Summary of the study population and household tobacco-smoke exposure status (Exposed
vs. Non-exposed).

Cat ID Exposure Age Sex Smoker Owners (n) Cigarettes/Day

1 Exposed 1 M 1 6
2 Exposed 2 M 2 10
3 Exposed 1 F 1 10
4 Exposed 5 M 1 10
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Table 1. Cont.

Cat ID Exposure Age Sex Smoker Owners (n) Cigarettes/Day

5 Exposed 1 M 1 7
6 Exposed 1 F 1 10
7 Exposed 2 M 1 10
8 Exposed 5 M 1 5
9 Exposed 1 M 1 10

10 Exposed 5 M 1 10
11 Exposed 1 M 1 5
12 Exposed 5 M 1 7
13 Exposed 5 F 2 9
14 Exposed 5 M 2 11
15 Exposed 5 F 1 5
16 Exposed 1 M 1 7
17 Exposed 5 M 1 6
18 Exposed 1 F 2 9
19 Exposed 1 F 1 4
20 Exposed 1 F 1 8
21 Non-exposed 5 F 0 0
22 Non-exposed 5 M 0 0
23 Non-exposed 4 F 0 0
24 Non-exposed 1 F 0 0
25 Non-exposed 5 F 0 0
26 Non-exposed 5 M 0 0
27 Non-exposed 5 F 0 0
28 Non-exposed 1 M 0 0
29 Non-exposed 4 M 0 0
30 Non-exposed 2 F 0 0

Table 2. Baseline characteristics of enrolled cats (Exposed, n = 20; Non-exposed, n = 10). Continuous
variables are reported as median [IQR] and compared using two-sided Mann–Whitney U tests, with
effect size estimated by Cliff’s delta. Sex was analyzed as a binary variable and compared using
Fisher’s exact test; effect size is reported as odds ratio (OR).

Variable Exposed Non-Exposed Test p-Value Effect Size

Age (years) 1.50 [4.00] 4.50 [2.50] Mann–Whitney U p ≥ 0.05 Cliff’s d = −0.25 (95% CI [−0.61–0.14])
Smoker owners (n) 1.00 [0.00] 0.00 [0.00] Mann–Whitney U p < 0.001 Cliff’s d = 1.00 (95% CI [1.00–1.00])

Cigarettes/day 8.50 [4.00] 0.00 [0.00] Mann–Whitney U p < 0.001 Cliff’s d = 1.00 (95% CI [1.00–1.00])
Female 7 (35.0%) 6 (60.0%) Fisher exact p ≥ 0.05 OR = 0.359 (95% CI [0.08–1.71])
Male 13 (65.0%) 4 (40.0%) Fisher exact p ≥ 0.05 OR = 2.79 (95% CI [0.58–13.31])

3.2. Morphological Evaluation

Oral brush smears stained with May–Grünwald–Giemsa (Figure 1) showed variable de-
grees of inflammation in exposed cats. Specifically, 4/20 exposed cats (20%) showed marked
inflammation (score 3), characterized by numerous viable and degenerate neutrophils, with
occasional macrophages, lymphocytes, and plasma cells. The cytological background was
moderately detrital, with proteinaceous material and bacteria. The remaining 16/20 ex-
posed cats (80%) showed mild inflammation (score 1), characterized by a low number of
neutrophils with rare lymphocytes and plasma cells; the background similarly appeared
moderately detrital, with proteinaceous material and bacteria. No cases with moderate in-
flammation (score 2) were observed. In contrast, 10/10 non-exposed cats (100%) showed no
inflammation (score 0), with an almost complete absence of inflammatory cells and a clean
background consisting predominantly of epithelial cells. On Papanicolaou-stained smears
(Figure 2), 10 of 20 exposed cats (50%) showed dysplastic-like changes. Dysplasia grades
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were distributed as follows: class I in 6/20 cats (30%), class II in 3/20 cats (15%), and class III
in 1/20 cats (5%). Dysplastic changes included cytoplasmic staining shifts (green-to-pink),
orange keratinized cytoplasm, and binucleation. The remaining 10/20 exposed cats (50%)
showed no cytological signs of dysplasia. All non-exposed cats (10/10; 100%) also showed
no cytological signs of dysplasia. Automated morphometric analysis revealed a clear sep-
aration in nucleus-to-cytoplasm (N/C) ratio between groups and across lesion severity
(Figure 3). The distributions of inflammation scores and dysplasia grades in non-exposed
and exposed cats are summarized in Figure 3A,B, respectively. Non-exposed cats clustered
at the lower end of the N/C ratio distribution (median 0.225 (Q1–Q3: 0.218–0.227); range
0.215–0.236), whereas exposed cats showed a broader range extending to higher values
(range 0.242–0.615) (Figure 3C,D). Among cats without dysplasia (grade 0), exposed cats
showed higher N/C ratios than non-exposed cats (median 0.265 (Q1–Q3: 0.254–0.271) vs.
0.225 (Q1–Q3: 0.218–0.227); Mann–Whitney U test, p < 0.001) (Figure 3D). In exposed cats
with dysplasia, N/C ratios were higher in grade 1 and grade 2 compared with grade 0 (grade
1: median 0.418 (Q1–Q3: 0.406–0.423), n = 6; grade 2: median 0.576 (Q1–Q3: 0.565–0.596),
n = 3). The single grade 3 case showed an N/C ratio of 0.820 (n = 1) (Figure 3D). A sim-
ilar pattern was observed for inflammation severity, with exposed cats showing higher
N/C ratios in mild inflammation (score 1: median 0.278 (Q1–Q3: 0.261–0.406), n = 16) and
marked inflammation (score 3: median 0.565 (Q1–Q3: 0.545–0.586), n = 4) compared with
non-exposed cats (score 0: median 0.225 (Q1–Q3: 0.218–0.227), n = 10) (Figure 3C).

 
Figure 1. Representative May–Grünwald–Giemsa-stained oral cytological smears showing different
grades of inflammation: (A) absence of inflammation (score 0); (B) mild inflammation (score 1);
(C) moderate inflammation (score 2); (D) marked inflammation (score 3). (A,C) Original magnification:
20×. (D) Original magnification: 10×.
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Figure 2. Representative Papanicolaou-stained oral cytological smears showing dysplastic-like features,
including cytoplasmic tinctorial shifts (green to pink), orangeophilic keratinized cytoplasm (arrow), and
binucleation (asterisk). (A) Original magnification: 40×. (B) Original magnification: 60×.

Figure 3. (A) Distribution of inflammation scores. (B) Distribution of dysplasia grades. (C) N/C ratio
by inflammation score. (D) N/C ratio by dysplasia grade. Points indicate individual cats (exposed,
orange circles; non-exposed, blue circles); boxes show median and IQR, whiskers indicate 10th–90th
percentiles; *** p < 0.001.

3.3. Urinary Cotinine Concentrations

Urinary cotinine concentrations were significantly higher in smoke-exposed cats
compared to non-exposed cats (p < 0.01; Figure 4), confirming a separation between the
two groups. In detail, within the exposed cohort (n = 13), cotinine values showed marked
inter-individual variability, consistent with heterogeneous household exposure conditions.
Most exposed cats showed low to moderate concentrations, whereas a distinct subset (2/13)
exceeded 200 ng/mL, indicating substantially higher nicotine uptake in these individuals.
In contrast, cotinine levels in non-exposed cats (n = 8) remained consistently low and
clustered near baseline.
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Figure 4. Urinary cotinine concentrations in exposed and non-exposed cats. Scatter plot of urinary
cotinine (ng/mL; ELISA) in smoke-exposed (n = 13) and non-exposed controls (n = 8). Each point
represents one animal. Cotinine concentrations were significantly higher in exposed cats than in
controls (p < 0.01, Mann–Whitney U).

3.4. Association Between Urinary Cotinine and N/C Ratio

Automated morphometric analysis showed lower N/C ratios in non-exposed controls,
which clustered tightly at the lower end of the distribution, whereas exposed cats spanned
a wider range. As shown in Figure 5, higher urinary cotinine levels were associated with
higher N/C ratios, consistent with a dose-related increase in cytomorphometric damage.
The cotinine–N/C association was tested within exposed cats with available urinary cotinine
measurements using Spearman’s rank correlation (exposed only, n = 13; two-sided p < 0.001;
ρ = 0.85; 95% CI [0.56–0.95]).

Figure 5. Urinary cotinine levels vs. N/C ratio. Scatter plot of animal-level N/C ratio versus urinary
cotinine concentration; symbols indicate exposure group. The fitted line and shaded band are shown
for visualization only.

3.5. Correlation Analysis

Among the exposed cats with complete data on urinary cotinine, N/C ratio, inflam-
mation score, dysplasia grade, and age (n = 13), Spearman’s rank correlation was used to
examine the associations among the study variables (Figure 6). Urinary cotinine showed
a strong positive association with the N/C ratio (ρ = 0.85, p < 0.001). Cotinine was also
positively associated with inflammation score (ρ = 0.80, p < 0.001) and showed a moderate
association with dysplasia grade (ρ = 0.59, p < 0.05). The N/C ratio was positively associ-
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ated with dysplasia grade (ρ = 0.73, p < 0.01) and inflammation score (ρ = 0.58, p < 0.05),
whereas the inflammation–dysplasia association was weaker and not statistically significant
(ρ = 0.37, p ≥ 0.05). Age showed only weak, non-significant associations with the other
variables (|ρ| ≤ 0.28, p ≥ 0.05).

Figure 6. Spearman correlation matrix of study variables within the exposed cats with complete data.
The heatmap displays Spearman’s rank correlation coefficients (ρ) among urinary cotinine, N/C ratio,
inflammation score, dysplasia grade, and age.

4. Discussion
Domestic cats serve as unique sentinel species for indoor air quality assessment due

to their intensive grooming behaviour and close cohabitation with humans, which exposes
them to shared household pollutants [10]. The specific cytomorphometric effects of chronic
household tobacco smoke on the feline oral mucosa remain incompletely quantified. Al-
though associations between smoke exposure and oral neoplasia are well-documented in
humans [29,30], objective evidence linking systemic exposure biomarkers to early cellular
alterations in cats is limited. To address this gap, our study integrates urinary cotinine
quantification with a standardized digital cytology workflow to objectively quantify cyto-
morphometric alterations in the oral mucosa of cats exposed to household tobacco smoke.
Overall, our findings provide quantitative evidence for the hypothesis that chronic ex-
posure to household tobacco smoke is associated with biological and cytomorphometric
changes in the oral mucosa of domestic cats. Cats living in smoking households had sig-
nificantly elevated urinary cotinine concentrations and elevated N/C ratios compared to
non-exposed cats, supporting an association between passive tobacco exposure and early
epithelial atypia and dysplastic-like cytological changes detected by oral exfoliative cytol-
ogy [10,12]. The findings agree with previous studies that characterize the adverse effects of
passive smoke for animals and humans [6]. In indoor environments, SHS and residual THS
contamination may co-occur and jointly contribute to overall household tobacco smoke
exposure [40,41]. Specifically, the right shift in the N/C-ratio distribution in exposed cats
provides early cytologic evidence of dysplasia-like epithelial alteration, including nuclear
enlargement and cytoplasmic reduction. Comparable morphometric patterns have been
documented in human oral cytology related to tobacco exposure [29,30] and in feline oral
squamous cell carcinoma [12]. The elevated N/C ratio identified by automated analysis
may thus represent a sensitive early indicator of smoke-induced mucosal injury [33]. Whole-
slide digital cytology combined with automated morphometry enabled a standardized,
quantitative assessment of the N/C ratio, reducing subjectivity compared with conven-
tional microscopic estimation and supporting cross-case comparability [33,34,42]. K-means
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color segmentation in CIELAB space provided a transparent, training-free approach for
nuclear–cytoplasmic compartment separation, yielding consistent N/C estimation across
WSIs [34,39]. Methodological robustness was further supported by fixed segmentation set-
tings and predefined quality-control criteria applied uniformly across groups, and by case-
level aggregation of measurements (median N/C ratio across two WSIs), which mitigates
local smear heterogeneity and reduces the influence of extreme values [33,34]. In addition
to morphometric findings, Papanicolaou-stained smears provided qualitative cytological
evidence of exposure-associated epithelial alteration [20,43,44]. Dysplastic-like features
were observed in 10/20 exposed cats but not in controls, including cytoplasmic tinctorial
shifts (green-to-pink), increased orangeophilia suggestive of abnormal keratinization, and
binucleation. Papanicolaou cytology was used here to describe epithelial atypia; however,
confirmation and grading of dysplasia remain histology-based [20,43,44]. Inflammation
was also observed in exposed cats, predominantly characterized by neutrophilic infiltration
with occasional macrophages, lymphocytes, and plasma cells. This finding represents a
biologically relevant cofactor, as chronic inflammatory microenvironments may promote
epithelial instability through oxidative stress and cytokine-mediated pathways [45–47].
The correlation between cotinine levels and morphometric parameters suggests urinary
cotinine acts as both an exposure biomarker and a biological response indicator [11,25].
Within exposed cats, urinary cotinine was correlated with the N/C ratio (ρ = 0.85, p < 0.001)
and showed positive associations with inflammation score (ρ = 0.80, p ≤ 0.001) and dys-
plasia grade (ρ = 0.59, p < 0.05), suggesting that higher nicotine uptake is associated with
more pronounced cytomorphometric alteration in this cohort. However, these correlations
should be interpreted as exploratory, given the limited sample size and cross-sectional
design. Our findings are consistent with human clinical research, where chronic exposure to
cigarette smoke is associated with morphologic and morphometric changes such as nuclear
hypertrophy, cytoplasmic shrinkage, and elevated N/C ratio. These features are typically
used as indicators of early epithelial dysplasia and premalignant progression in oral cy-
tology [29,30,48,49]. Evaluation of precancerous stages, including dysplasia-like changes,
enables prevention and risk stratification before malignant transformation [20,43,44]. In this
framework, N/C ratio shifts, evaluated together with inflammation and dysplasia grading
and supported by urinary cotinine as a systemic exposure biomarker, may support follow-
up prioritization and longitudinal monitoring in exposed animals [11,25]. Cats share the
same indoor exposure sources as their owners, supporting their use as sentinels for house-
hold tobacco-smoke exposure. Within a One Health perspective, cross-species consistency
with human tobacco-related oral cytology findings supports the translational relevance of
these early morphometric changes [10,13,25,29,30]. This non-invasive framework combines
systemic exposure biomarkers with WSI-based computational morphometry to support
early risk stratification and longitudinal monitoring [10,13,25,29,30].

5. Limitations
A few limitations of the study should be noted. First, the sample size was limited

and unbalanced between groups. Second, urine samples were not available for all enrolled
cats and the exposure assessment relied on owner-reported data. Third, the difference in
age distribution between exposed and non-exposed cats may have acted as a potential
confounding factor. Finally, although morphometric analysis was performed using an
automated digital workflow, manual tile selection was required before analysis and may
therefore have introduced a degree of observer dependency. Despite these limitations, the
integration of a systemic biomarker, qualitative cytological evaluation, and quantitative
morphometry defines a scalable, non-invasive assessment workflow, offering a robust
model for environmental toxicology and comparative veterinary pathology.
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6. Conclusions
In our study, cats from households exposed to tobacco smoke showed higher uri-

nary cotinine concentrations and increased case-level N/C ratios derived from automated
whole-slide digital cytology, supporting an association between household tobacco smoke
exposure and quantifiable oral epithelial alterations consistent with early atypia. In indoor
environments, household tobacco smoke exposure may reflect combined contributions
of secondhand smoke and residual thirdhand smoke contamination. These quantitative
findings were consistent with exposure-associated qualitative cytological changes observed
in Papanicolaou-stained smears, while recognizing that confirmation and grading of ep-
ithelial dysplasia remain histology-based. The automated WSI-based workflow enabled
standardized region selection and objective morphometric quantification, reducing ob-
server dependence relative to conventional microscopy and providing a scalable framework
for non-invasive screening and monitoring in veterinary environmental health. This ap-
proach may support prevention and risk stratification through follow-up prioritization
in chronically exposed cats. Because cats share the indoor microenvironment with their
owners, these findings also support a One Health perspective and are consistent with
smoke-associated morphometric patterns reported in human oral cytology. Further studies
with larger cohorts, longitudinal follow-up, and complementary biomarkers of genomic
damage are needed to better clarify temporal relationships and strengthen the link between
tobacco smoke exposure and early cytomorphometric alterations.
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27. Göregen, M.; Akgül, H.M.; Gündoǧdu, C. Sigara Içen Bireylerde Normal Yanak Mukozasinin Kantitatif Sitolojik Olarak Incelen-
mesi. Turk. J. Med. Sci. 2011, 41, 205–210. [CrossRef]

28. Cowpe, J.G.; Longmore, R.B.; Green, M.W. Quantitative Exfoliative Cytology of Normal Oral Squames: An Age, Site and
Sex-Related Survey. J. R. Soc. Med. 1985, 78, 995–1004. [CrossRef]

29. Singh, M.; Sircar, K.; Tandon, A.; Chowdhry, A.; Popli, D.B. The Role of Tobacco as an Etiological Agent for Oral Cancer:
Cytomorphometrical Analysis of the Buccal Mucosa in Tobacco Users. Dent. Res. J. 2014, 11, 649–655.

30. Khandelwal, S.; Solomon, M.C. Cytomorphological Analysis of Keratinocytes in Oral Smears from Tobacco Users and Oral
Squamous Cell Carcinoma Lesions--a Histochemical Approach. Int. J. Oral Sci. 2010, 2, 45–52. [CrossRef] [PubMed]

31. Palakurthy, P.; Kulkarni, P.G.; Nandan, R.K.; Rao, T.M.; Reddy, D.S.P.; Muddana, K. Cytological Changes in Normal Oral Mucosa
of Individuals with Tobacco Habits: A Cytomorphometric Study. J. Contemp. Dent. Pract. 2017, 18, 722–727. [CrossRef]

https://doi.org/10.3390/vetsci13040354

https://doi.org/10.1093/oxfordjournals.aje.a009475
https://doi.org/10.1371/journal.pone.0086391
https://doi.org/10.1042/bj1150889
https://doi.org/10.3390/ani13040693
https://doi.org/10.1093/aje/kwf044
https://doi.org/10.1093/oxfordjournals.epirev.a017925
https://www.ncbi.nlm.nih.gov/pubmed/9021312
https://doi.org/10.1354/vp.41-3-209
https://doi.org/10.1111/jsap.12616
https://doi.org/10.3389/fenvs.2022.1023818
https://doi.org/10.1111/jvim.15143
https://doi.org/10.1136/tc.2003.003889
https://doi.org/10.5005/jp-journals-10005-1831
https://doi.org/10.1111/j.1600-0714.1999.tb02108.x
https://doi.org/10.1186/s13000-020-01027-6
https://www.ncbi.nlm.nih.gov/pubmed/32912249
https://doi.org/10.1136/vr.105564
https://doi.org/10.1136/vr.m1331
https://doi.org/10.1111/jvim.16372
https://www.ncbi.nlm.nih.gov/pubmed/35633064
https://doi.org/10.1016/j.envpol.2024.123426
https://doi.org/10.2460/ajvr.68.4.349
https://doi.org/10.4103/0976-9668.166055
https://doi.org/10.3906/sag-1005-851
https://doi.org/10.1177/014107688507801204
https://doi.org/10.4248/IJOS10011
https://www.ncbi.nlm.nih.gov/pubmed/20690418
https://doi.org/10.5005/jp-journals-10024-2114
https://doi.org/10.3390/vetsci13040354


Vet. Sci. 2026, 13, 354 14 of 14

32. Mada, L.N.; Kumarguru, B.N.; Gaur, U. A Clinical Study on Detection of Dysplastic Cells Through Saliva. Indian J. Otolaryngol.
Head Neck Surg. 2021, 73, 6–11. [CrossRef]

33. Kim, D.; Sundling, K.E.; Virk, R.; Thrall, M.J.; Alperstein, S.; Bui, M.M.; Chen-Yost, H.; Donnelly, A.D.; Lin, O.; Liu, X.; et al.
Digital Cytology Part 1: Digital Cytology Implementation for Practice: A Concept Paper with Review and Recommendations
from the American Society of Cytopathology Digital Cytology Task Force. J. Am. Soc. Cytopathol. 2024, 13, 86–96. [CrossRef]

34. Li, X.; Li, C.; Rahaman, M.M.; Sun, H.; Li, X.; Wu, J.; Yao, Y.; Grzegorzek, M. A Comprehensive Review of Computer-Aided
Whole-Slide Image Analysis: From Datasets to Feature Extraction, Segmentation, Classification and Detection Approaches. Artif.
Intell. Rev. 2022, 55, 4809–4878. [CrossRef]

35. Barouti, E.; Farzaneh, F.; Akbari Sene, A.; Tajik, Z.; Jafari, B. The Pathogenic Microorganisms in Papanicolaou Vaginal Smears and
Correlation with Inflammation. J. Fam. Reprod. Health 2013, 7, 23–27.

36. Vaccaro, E.; Navas, L.; Ercolano, M.; Piegari, G.; Di Napoli, E.; Papparella, S.; Inverso, D.; Brunetti, B.; Paciello, O.; Russo, V.
Immunohistochemical Investigation of Cyclooxygenase-2 Expression in Rabbit Uterine Adenocarcinoma and the Potential Use of
COX-2 Inhibitors in Cancer Therapy. Animals 2024, 14, 3169. [CrossRef] [PubMed]

37. Kedra, B.; Chomczyk, M.; Złotkowski, M.; Stokowska, W.; Borsuk, A.; Bicz, M.; Pietruska, M.; Tokajuk, G.; Charkiewicz, R.;
Czajka, P.; et al. Cytological Picture of the Oral Mucosa in Patients with Gastric and Colon Cancer. Folia Histochem. Cytobiol. 2012,
50, 375–380. [CrossRef]

38. Cucoranu, I.C.; Parwani, A.V.; Pantanowitz, L. Digital Whole Slide Imaging in Cytology. Arch. Pathol. Lab. Med. 2014, 138, 300.
[CrossRef]

39. Zhang, L.; Kong, H.; Liu, S.; Wang, T.; Chen, S.; Sonka, M. Graph-Based Segmentation of Abnormal Nuclei in Cervical Cytology.
Comput. Med. Imaging Graph. 2017, 56, 38–48. [CrossRef] [PubMed]

40. Jacob, P.; Benowitz, N.L.; Destaillats, H.; Gundel, L.; Hang, B.; Martins-Green, M.; Matt, G.E.; Quintana, P.J.E.; Samet, J.M.; Schick,
S.F.; et al. Thirdhand Smoke: New Evidence, Challenges, and Future Directions. Chem. Res. Toxicol. 2017, 30, 270–294. [CrossRef]
[PubMed]

41. Arfaeinia, H.; Ghaemi, M.; Jahantigh, A.; Soleimani, F.; Hashemi, H. Secondhand and Thirdhand Smoke: A Review on Chemical
Contents, Exposure Routes, and Protective Strategies. Environ. Sci. Pollut. Res. 2023, 30, 78017–78029. [CrossRef]

42. Fraggetta, F.; Caputo, A.; Guglielmino, R.; Pellegrino, M.G.; Runza, G.; L’imperio, V. A Survival Guide for the Rapid Transition to
a Fully Digital Workflow: The “Caltagirone Example”. Diagnostics 2021, 11, 1916. [CrossRef]

43. Kujan, O.; Oliver, R.J.; Khattab, A.; Roberts, S.A.; Thakker, N.; Sloan, P. Evaluation of a New Binary System of Grading Oral
Epithelial Dysplasia for Prediction of Malignant Transformation. Oral Oncol. 2006, 42, 987–993. [CrossRef]

44. Kabiraj, A.; Khaitan, T.; Bhowmick, D.; Ginjupally, U.; Bir, A.; Chatterjee, K. Screening of Oral Potentially Malignant Disorders
Using Exfoliative Cytology: A Diagnostic Modality. J. Cancer Epidemiol. 2016, 2016, 8134832. [CrossRef]

45. Demirtas, B.; Yanar, K.; Koenhemsi, L.; Dusak, N.E.; Guzel, O.; Kaymaz, A.A. Tobacco Smoke Induces Oxidative Stress and Alters
Pro-Inflammatory Cytokines and Some Trace Elements in Healthy Indoor Cats. Vet. Res. Forum 2023, 14, 301–308. [CrossRef]

46. Riccio, L.; Chianese, T.; Mileo, A.; Balsamo, S.; Sciarrillo, R.; Gatta, R.; Capaldo, A. Changes of CB1 Receptor Expression in Tissues
of Cocaine-Exposed Eels. Animals 2025, 15, 1734. [CrossRef]

47. Power, K.; Riccio, L.; Siciliano, A.; Santorufo, L.; Rosati, L.; Landi, S.; Avilia, S.; Leandri, R.; Vitagliano, C.; Santini, G.; et al. Impact
of Conventional vs. Biodegradable and Compostable Microplastics on Eisenia fetida S.: An Ecopathological Approach. Environ.
Toxicol. 2026, epub ahead of printing. [CrossRef] [PubMed]

48. Hecht, S.S. Tobacco Carcinogens, Their Biomarkers and Tobacco-Induced Cancer. Nat. Rev. Cancer 2003, 3, 733–744. [CrossRef]
[PubMed]

49. Hecht, S.S. Human Urinary Carcinogen Metabolites: Biomarkers for Investigating Tobacco and Cancer. Carcinogenesis 2002, 23,
907–922. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/vetsci13040354

https://doi.org/10.1007/s12070-020-01791-3
https://doi.org/10.1016/j.jasc.2023.11.006
https://doi.org/10.1007/s10462-021-10121-0
https://doi.org/10.3390/ani14223169
https://www.ncbi.nlm.nih.gov/pubmed/39595222
https://doi.org/10.5603/FHC.2012.0051
https://doi.org/10.5858/arpa.2013-0270-LE
https://doi.org/10.1016/j.compmedimag.2017.01.002
https://www.ncbi.nlm.nih.gov/pubmed/28222324
https://doi.org/10.1021/acs.chemrestox.6b00343
https://www.ncbi.nlm.nih.gov/pubmed/28001376
https://doi.org/10.1007/s11356-023-28128-1
https://doi.org/10.3390/diagnostics11101916
https://doi.org/10.1016/j.oraloncology.2005.12.014
https://doi.org/10.1155/2016/8134832
https://doi.org/10.30466/vrf.2022.545424.3357
https://doi.org/10.3390/ani15121734
https://doi.org/10.1002/tox.70030
https://www.ncbi.nlm.nih.gov/pubmed/41521850
https://doi.org/10.1038/nrc1190
https://www.ncbi.nlm.nih.gov/pubmed/14570033
https://doi.org/10.1093/carcin/23.6.907
https://doi.org/10.3390/vetsci13040354

	Introduction 
	Materials and Methods 
	Ethical Statement 
	Sample Collection and Inclusion Criteria 
	Morphological Analysis 
	Digital Cytomorphometric Analysis 
	Cotinine Assay 
	Statistical Analysis 

	Results 
	Study Population and Baseline Characteristics 
	Morphological Evaluation 
	Urinary Cotinine Concentrations 
	Association Between Urinary Cotinine and N/C Ratio 
	Correlation Analysis 

	Discussion 
	Limitations 
	Conclusions 
	References

