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groups subjected to THS exposure equivalent to 12 cigarettes/day. Of the THS-exposed
groups, three received oral pyridoxine (3.5, 7, and 14 mg/kg body weight). On day 30, several
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Pyroptosis, Thirdhand-Smoke well-characterised Caspase-1 inhibitor. In THS-exposed rats, pyridoxine administration

resulted in dose-dependent reduction in Caspase-1 activity, cleaved Gasdermin D, and
Interleukin-18 levels, alongside improvements in lung injury scores and associated markers.
Collectively, these findings suggest that pyridoxine may confer a protective effect against
THS-induced pulmonary pyroptosis.

INTRODUCTION

Pyridoxine, a water-soluble B vitamin, functions as a coenzyme in numerous metabolic
pathways and is increasingly recognized for its antioxidant and anti-inflammatory roles,
N including modulation of cytokine expression and antibody production [1]. Deficiency
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s Y in pyridoxine has been linked to increased susceptibility to inflammatory disorders,
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distributed under the terms and while supplementation has been shown to ameliorate such effects [2-4]. Notably,
conditions of the Creative Commons individuals with elevated inflammatory markers frequently present with reduced
Attribution 4.0 (CC BY 4.0) circulating pyridoxine levels, a pattern associated with various chronic inflammatory

International license. conditions [5]
Recent focus has turned to pyroptosis, an inflammatory form of programmed cell death
characterized by caspase activation and the release of pro-inflammatory intracellular
contents. While pyroptosis is acknowledged as a “double-edged sword” in tumour
pathophysiology [6], it also plays a significant role in non-neoplastic diseases,
particularly those affecting the lungs. It has been implicated in the pathogenesis of
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severe asthma [7, 8], fibrotic lung conditions such as asbestosis and silicosis, acute
respiratory distress syndrome (ARDS) [9], and, more recently, COVID-19-associated
pneumonia [10].

Simultaneously, the adverse effects of third-hand smoke (THS) exposure have drawn
increasing attention. THS, defined as residual tobacco pollutants that persist on
surfaces and in dust, has been shown to aggravate asthma via mast cell activation [11]
and to induce leucocyte adhesion in lung tissue [12], indicating a pro-inflammatory
influence through yet-undetermined cellular mechanisms.

Given the dual relevance of pyridoxine’s anti-inflammatory properties and the
involvement of pyroptosis in lung pathology, investigating whether pyridoxine can
mitigate THS-induced pyroptosis is of particular interest. However, no studies to date
have examined this association. The present study aims to address this gap by
evaluating the anti-pyroptotic potential of pyridoxine through both in silico and in vivo
approaches in a THS-exposed rat model.

MATERIALS AND METHODS
Materials

One of Indonesia’s commercial unfiltered cigarettes, with the highest nicotine content
available (2.5 mg/cigarette), was used in this study. A custom-built smoking apparatus,
designed to simulate active smoking, generated tobacco smoke with a suction power of
3.6 kPa, regulated via a timer. The smoke was introduced into four transparent
container cages (484 x 322 x 262 mm) that would later house the rats (Figure 1).

Chromatography-grade water (H>O) and methanol (MeOH) were procured from Fisher
Scientific, Fair Lawn, NJ, USA. The mouse/rat cotinine enzyme-linked immunosorbent
assay (ELISA) kit was obtained from Calbiotech® (CA, USA), while ELISA kits for
caspase-1 (CASP-1) activity, Interleukin-13 (IL-18), and IL-18 were sourced from
Elabscience® (China). Pyridoxine (pyridoxine hydrochloride) was purchased from
Solarbio (China), and a general vitamin B6 ELISA kit was acquired from Abclonal,
ZellBio (Germany). The cleaved Gasdermin D (Rat N-terminal GSDMD or ¢cGSDMD)
ELISA kit was obtained from Sunlong Biotech (China).
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Figure 1. The smoking apparatus generates cigarette smoke to expose the rat cages.
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Container cages as the THS-environment model

Five transparent cages (484 x 322 x 262 mm) were assigned to five groups (Table 1). The
four experimental cages were converted into THS-exposure environments using the
smoking apparatus. The exposure process was conducted under controlled
temperature conditions (24-25 °C) with no direct sunlight. To prevent degradation of
nicotine residues, the cages were stored in a dark room for two days after each five-day
exposure cycle. Following this period, the inner surfaces of all cages (including the
control) were rinsed with ~25 mL of MeOH, collected in amber tubes, and sealed with
Polytetrafluoroethylene (PTFE) tape to prevent leakage of a nicotine-containing
solution. Gas chromatography-mass spectrometry (GC-MS) was performed to verify
the presence of cigarette residues. This series of experiments was repeated weekly over
30 days (therefore, there were 3 cage replacement cycles), ensuring consistency in
exposure conditions. The GC-MS test was performed at the Organic Chemistry
Laboratory of the Faculty of Mathematics and Natural Sciences, Gadjah Mada
University.

Table 1. The number of study groups and the implementation of exposure administration.

No. Group name Exposed Storage Number of rats
condition (after 5 days of exposure)
1. Control Clean air for five days per =~ Two days in a dark room 6
cycle per cycle
2. THS Smoke from 12 Two days in a dark room 6
cigarettes/day for five days per cycle
per cycle
3. THS+VitB6_1 Smoke from 12 Two days in a dark room 6 receiving oral
cigarettes/day for five days per cycle 3.5mg/kgBW
per cycle pyridoxine daily
4. THS+VitB6_2  Smoke from 12 Two days in a dark room 6 receiving oral
cigarettes/day for five days per cycle 7mg/kgBW
per cycle pyridoxine daily
5. THS+VitB6_3 Smoke from 12 Two days in a dark room 6 receiving oral
cigarettes/day for five days per cycle 14mg/kgBW
per cycle pyridoxine daily
TSH rat model

Thirty male Wistar rats, aged seven weeks and weighing approximately 180 grams,
were obtained from a local breeder in Yogyakarta, Indonesia. The rats were housed in
the animal laboratory of the Anatomy Department, Faculty of Medicine, Gadjah Mada
University, under controlled conditions with ad libitum access to water and food. The
animals were randomly allocated into groups as described in Table 1. Rats exposed to
THS were classified as “Third-Hand Smoker rats” based on the detection of elevated
cotinine levels in their urine and/or blood compared to the control group.

This study adhered to institutional guidelines and received ethical approval from the
Institutional Animal Care and Use Committee, Faculty of Medicine, Universitas Sebelas
Maret Surakarta, Indonesia (Ethical Clearance No. 112/UN27.06.11/KEP/EC/2024).

Urine sampling, blood sampling, and tissue preparations

Urine samples were collected on day 30 of exposure, corresponding to the final day of
THS exposure and seven days after the last weekly cage replacement (cage replacement
3). Each rat underwent 24-hour urine collection using metabolic cages. The collected
urine samples were stored in clean tubes at -20°C until analysis. On day 31, the rats
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were sacrificed using a combination of ketamine, acepromazine, and xylazine. The
lungs were resected and prepared for analysis. The left lung was preserved in 10%
neutral buffered formalin (NBF) and stored at room temperature for histopathological
examination. The right lung lobes were placed in a 1.5 mL microtube and stored at -
80°C for molecular analysis. Blood samples were obtained on day 30 from the retro-
orbital sinus and collected into 1.5 mL microtubes. The blood was centrifuged at 3000
rpm for 10 minutes, and the supernatant was transferred to a new 1.5 mL microtube
and stored at -20°C until testing. Also, for a test using an automated blood analyser, 0.5
mL of blood was collected into Vacutainer® EDTA tubes. The sample was subsequently
subjected to haematological analysis, including red blood cell count (RBC), white blood
cell count (WBC), haemoglobin (Hb), and haematocrit (HCT).

Blood and urine

The ELISA assay was conducted to measure cotinine levels in blood and urine, as well
as pyridoxine levels in blood and lung tissue. Lung samples were analyzed for
c¢GSDMD, IL-1p, and IL-18 following the respective reagent protocols. Quantification
using a colorimetric assay kit and a spectrophotometer was performed to measure lung
CASP-1 activity, in accordance with the manufacturer’s instructions.

HE and MT staining of the rat’s lung

For histological assessment, the left lungs were collected and fixed in 10% buffered
formalin. The tissues were embedded in paraffin blocks, sectioned into 5-pum-thick
slices, and stained with haematoxylin and eosin (HE) as well as Masson’s trichrome
(MT) staining. The prepared slides were examined under a light microscope at x10 and
x40 magnification to assess structural changes, inflammatory infiltration, and possible
fibrosis.

Molecular docking analysis

The structures of the target proteins were obtained from the RCSB Protein Data Bank
(PDB) database, specifically Caspase-1 (PDB ID: 6BZ9). The protein structures were
prepared by removing co-ligands, non-essential protein chains, and water molecules.
Hydrogen atoms and charges were added using AutoDock Tools version 1.5.7 (Scripps
Research, USA). For validation, redocking was performed using the native ligand from
the crystal structures, and the root-mean-square deviation (RMSD) was calculated, with
values < 2.00 A considered acceptable. The three-dimensional (3D) structure of
pyridoxine (PubChem CID: 1054) was retrieved from the NCBI PubChem database,
while Ac-FLTD-CMK was obtained from its respective protein structure in the PDB
database. The ligands were prepared by adding hydrogen atoms and charges, and all
rotatable bonds were set to be flexible using AutoDock Tools. Molecular docking was
performed using AutoDock Vina, and the results were visualised using Biovia
Discovery Studio Visualiser 2024 (Biovia, USA).

Statistical analysis

The data were analyzed using SPSS Statistics for Windows, Version 26.0 (IBM Corp.,
Armonk, NY, USA) and are presented as mean * standard deviation (SD). The
normality of the data distribution was assessed using Shapiro-Wilk test. For data that
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were not normally distributed, the Kruskal-Wallis test was employed, while one-way
analysis of variance (ANOVA) was used for normally distributed data. Statistically
significant ANOVA results were continued with post hoc analysis (Bonferroni).
Statistical significance was set at p < 0.05. Correlation analyses were performed using
either Spearman’s rank-order correlation or Pearson’s correlation coefficient, depending
on the distribution of the data.

RESULTS
The cigarette-exposed cage: a " THS environment"

Gas Chromatography-Mass Spectrometry (GC-MS) analysis of the MeOH solution
obtained from swabbing the inner surface of the cages detected cigarette residues in the
exposed cages.

Compounds such as nicotine (pyridine), guaiene, and benzaldehyde were present in
the exposed cages but absent in the control cages (Figure 2). Based on these findings,
we considered the number of cigarettes, exposure duration, and dark-room storage
period in this study sufficient to create a THS environment within the cages. Both
exposed and control cages were used to house the experimental rats for 30 days, with
cages being replaced weekly following the same procedure.
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Figure 2. Gas Chromatography-Mass Spectrometry (GC-MS) analysis detected cigarette residues in the
exposed cages (A), with analyses of cigarette extract serving as a reference (B).
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In silico analysis of pyridoxine shows a binding pocket that is similar to anti-CASP-1

Biocomputational analysis was carried out to find a potential protective effect of
pyridoxine in decreasing the activity of inflammatory mediators that initiate pyroptosis:
CASP-1. The 3D structures of both pyridoxine and CASP-1 were evaluated. Molecular
docking results demonstrated that pyridoxine binds to these pyroptosis mediators,
exhibiting a binding pocket similar to that of its respective antagonists (Table 2).

Evidence of a THS environment cage led to the next question: whether the cigarette
residue adhered to the cage's inner surface could transfer to the rats’ bodies. To address
this, the levels of nicotine metabolites, specifically cotinine, in the blood and urine
across all groups were compared. Urine cotinine levels in THS-exposed rats were
significantly higher than those in the control group (58.79 + 36.05 vs 2.53 + 0.65;
Kruskal-Wallis p < 0.05). This is a confirmation that the THS-exposed rats had become a
“third-hand smoker” rat model, as the increased nicotine metabolites suggest the
transfer of other toxic residues into the rats’ bodies.

Table 2. Binding affinity and interaction sites of pyridoxine and Ac-FLTD-CMK with CASP-1.

Ligand Binding affinity Key Binding
(kcal/mol) * Interaction
Pyridoxine -4.8 Hydrogen: His237, Arg179

Hydrophobic: Cys285

Other: Arg341

Ac-FLTD- 9.1 Hydrogen: Gly238, GIn283,
CMK Arg341
(anti- CASP1)

Hydrophobic: His342

Ionic: His237, Arg179, Arg383,
Arg341

Binding pocket:

* Indicates repeated three times measurement

The highest dose of pyridoxine showed lower urine and blood cotinine levels in
THS rats

In three THS-exposed rats supplemented with Pyridoxine, the mean urine cotinine
levels were lower compared to the THS-only group; however, significant differences
were only observed in the group receiving the highest dose of Pyridoxine
(THS+VitB6_3). The urine cotinine levels in this group were nearly identical to those of
the control group (Figure 3). A similar pattern was observed in the blood.
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Figure 3. Cotinine levels in A) blood and B) urine, as measured by the ELISA test, were significantly higher in
the THS-exposed groups compared to the control group. Rats exposed to THS and administered pyridoxine
at a dose of 14 mg/kg body weight displayed significantly lower cotinine levels compared to the THS-only
group, with no significant difference observed when compared to the control group. * Indicates p < 0.05 to
control; and ** indicates p <0.05 to THS.

Supplementation of pyridoxine exhibited ameliorated lung pyroptosis in THS rats

Prior to evaluating the potential pulmonary effects of pyridoxine, this study first
confirmed that rats housed in THS-exposed environments had indeed become valid
“Third-Hand Smoker” models, as demonstrated in Figure 3. This verification prompted
further investigation into whether THS exposure was sufficiently toxic to elicit
pulmonary damage. In parallel, the pulmonary absorption of orally administered
pyridoxine was assessed, with its presence in lung tissue confirmed (Figure 4D). Given
that pyroptosis has been implicated in the pathogenesis of various lung disorders [7-
10], an investigation into whether THS exposure could trigger such mechanisms was
carried out.

Evidence of pyroptosis activation was reflected by elevated CASP-1 activity, and
upregulation of cGSDMD and IL-18 levels in the THS group. The administration of
pyridoxine was subsequently evaluated for its protective potential. Notably, pyridoxine
supplementation significantly attenuated the expression of these pyroptosis-related
markers in a dose-dependent manner. As illustrated in Figure 4A, the THS group
exhibited the highest levels of CASP-1 activity, further confirming pyroptotic activation
(4C, 4D), which were mitigated in the pyridoxine-treated groups.

Pyridoxine supplementation demonstrated a protective effect, as evidenced by lower
levels of these markers in the supplemented groups. The higher the dose of pyridoxine,
the lower the CASP-1 activity (Kruskal-Wallis p < 0.05), cGSDMD (ANOVA p < 0.05,
with Games-Howell post hoc), and IL-18 (ANOVA p < 0.05, with Bonferroni), with all
decreases being statistically significant. Detailed data for CASP-1 activity were as
follows: 15.07 + 4.37 (control) vs. 33.3 + 5.47 (THS), 19.82 + 5.24 (THS+VitB6_1), 17.47 +
3.94 (THS+VitB6_2), and 16.37 + 2.84 (THS+VitB6_3). For cGSDMD, the ELISA results
were: 80.03 + 6.21 (control) vs. 85.27 + 1.2 (THS), 77.3 + 4.57 (THS+VitB6_1), 77.58 + 7.58
(THS+VitB6_2), and 73.94 + 10.83 (THS+VitB6_3). For IL-18, the results were: 1954.48 +
537.9 (control), 2877.3 + 582.4 (THS), 1923.82 + 547.5 (THS+VitB6_1), 1510.75 + 490.4
(THS+VitB6_2), and 1431.17 + 182.4 (THS+VitB6_3). The ELISA results for the lung
injury marker (IL-1f) are as follows: 3684.4 +1256.7 (control); 8324.5 + 1610 (THS);
5967.3 + 2279 (THS+VitB6_1); 3464.5 + 2164.6 (THS+VitB6_2); 2279.3 + 1350
(THS+VitB6_3). Correlation tests were also performed between pyridoxine
supplementation and the various biomarkers. The correlation coefficient (r) values for
IL-18 and ¢cGSDMD were in the range of 0.4-0.59, indicating a moderate negative
correlation (p < 0.05).
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Figure 4. A-C) Pyridoxine supplementation, even at the lowest dose (3.5 mg/kg body weight), exhibited a
protective effect by reducing pyroptosis markers, including A) CASP-1, B) eGSDMD, and B) IL-18. D) The
concentration of pyridoxine detected in the rat’s lungs) *) p < 0.05 to control; *) p < 0.05 to THS. (E-F)
Correlation between lung pyridoxine levels and markers of pyroptosis. Inverse correlation between lung
pyridoxine concentration and pyroptosis markers: (E) lung CAP-1 activity with R? = 0.14; (F) lung cGSDMD
with R?=0.29; (G) lung IL-18 with R?=0.20.

Supplementation of pyridoxine exhibited a reduced lung damage in THS rats

Exposure to THS consistently resulted in the detection of cigarette residues in the cages,
increased cotinine levels in rat urine, and lung pyroptosis. The left lobe of the lungs was
also examined using haematoxylin and eosin (HE) and Masson’s Trichrome (MT)
staining. Compared to the control group, THS-exposed rats exhibited significant
damage to the cellular structure of the lungs and small airways (Figure 5). In line with
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its effect on reducing inflammatory mediators associated with pyroptosis, pyridoxine
supplementation also alleviated structural damage in the lungs and airways caused by
THS exposure. Histological assessments with HE staining at magnifications of x10 and
x40 included the examination of alveolar epithelium, inflammatory cell infiltration,
protein debris, thickening of alveolar walls, and pneumocyte damage. As shown in
Figure 5, rats in the THS group exhibited disordered epithelial cell structures in the
terminal bronchioles, along with leucocyte infiltration between the alveoli.

Control

gl
”-.f-.

7
fors
7w

¥
4

HE staining MT staining

Figure 5. Representative histological images of lung tissue sections stained with hematoxylin and eosin (HE) and
Masson’s Trichrome (MT) staining, illustrating the effects of THS exposure and pyridoxine supplementation at
different magnifications (10x and 40x). Severe lung damage is evident in the THS-exposed group, while progressive
improvement is observed with increasing doses of pyridoxine. Scale bars = 100 pum. White arrows indicate normal
alveolar structures with intact alveolar walls and minimal inflammatory infiltration, as well as normal peribronchial
architecture with preserved bronchial epithelium, a clear airway lumen, and no signs of peribronchial inflammation
or edema. Black arrows denote areas of severe inflammatory cell infiltration in both alveolar and peribronchial
regions, accompanied by marked thickening of the alveolar septa. Red arrows highlight regions with prominent
alveolar wall thickening and inflammatory cell accumulation, indicative of active inflammation. Yellow arrows point
to mild to moderate inflammation, where alveolar septal thickening is still present, but normal single-layered alveoli
are also visible. Blue arrows indicate restoration of alveolar architecture and reduced inflammation, suggesting a
therapeutic effect and tissue recovery. Representative lung sections from each treatment group were stained with MT
(40x magnification) to evaluate fibrosis. Collagen fibers appear blue, cellular elements stain red to purple, and
alveolar spaces are white. Orange arrows indicate regions of increased collagen deposition, highlighting interstitial,
inter-alveolar septum, and peribronchiolar fibrosis.
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More than 50% of the visual field showed thickening of the alveolar walls,
predominantly characterized by diffuse inflammatory cells. Peribronchial inflammatory
cell infiltration was also apparent. Many alveoli exhibited single-layer pneumocyte
walls, with increased cell infiltration in the alveolar septum. Protein debris was
frequently observed, and several regions showed atelectasis. Using the scoring system
developed by Pham et al. (2021) [13], which evaluated lung inflammation severity in
Wistar Kyoto and Spontaneously Hypertensive rats following direct exposure to
tobacco smoke, the control group in this study showed a lung inflammation severity
score of 3.

In contrast, the overall structural damage in THS-exposed rats was significantly less in
the pyridoxine-supplemented groups, particularly in terms of inflammatory cell
infiltration.

Even the lowest dose of pyridoxine (VitB6_1) resulted in noticeably lighter structural
damage compared to the THS group. As the dose increased, lung damage diminished,
and normal lung structures were more frequently observed. A quantitative assessment
was also conducted to provide supporting evidence of lung injury associated with
pyroptosis occurring in the pulmonary tissue (Table 3; Figure 6A). The scoring systems
were adapted from currently published literature within the past five years to ensure
methodological relevance. Notably, the scoring approaches used were not intended to
reflect acute lung injury (ALI), as the exposure in this study was administered over a
period longer than one week. The assessment methods were adapted from Pham et al.,
2021 [13] and Utari et al., 2018 [14]. THS exposure significantly increased lung injury
scores compared to the control group. Treatment with Pyridoxine at the highest dose
significantly reduced the injury scores relative to the THS group. The intermediate
doses showed partial amelioration but did not reach statistical significance in all cases.

In addition, lung injury assessment was further supported by the measurement of IL-1(3
levels (Figure 6B), given that this cytokine is closely associated with the pyroptosis
pathway [6,9,15-17], which underpins the central framework of the study. The results
were consistent with other parameters, showing a significant increase in the THS-
exposed group, while Pyridoxine administration effectively reduced IL-1( levels.
Masson’s Trichrome (MT) staining was also performed to assess collagen deposition as
an early indicator of potential fibrotic changes. The MT staining results revealed
increased collagen deposition in THS group, whereas the THS + VitB6_2 and THS +
VitB6_3 groups exhibited noticeably reduced levels.

Table 3. Lung injury scores in different treatment groups.

Group Mean + SD  Maximum - Minimum Median
Measurement adapted from Pham et al., 2020!

Control 05+0.5 0-1 0.5
THS 28+0.4 2-3 3
THS + VitB6_1 2,17£0,9 1-3 2.5
THS + VitB6_2 2+0,6 1-3 2
THS + VitB6_3 1,17+0,4 1-2 1
Measurement adapted from Utari et al., 20182

Control 03+0.5 0-1 0
THS 3.6+0.5 3-4 4
THS + VitB6_1 3.17+0.4 3-4 3
THS + VitB6_2 217£0.7 1-3 2
THS + VitB6_3 1.67+0.5 1-2 2

Based on methods adapted from Pham et al. (2021) and Utari et al. (2018).
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Figure 6. Effects of Pyridoxine on lung injury in THS-exposed rats. Data show a significant increase in lung
injury score represented in panels A and B, with *) p < 0.05 compared to Control and **) p < 0.05 compared to
THS. Statistical analysis with Kruskal-Wallis -adjusted with Bonferroni. Figure C represented the level of IL-
1 among the groups, with notable reduction following treatment; *) p < 0.05 compared to Control and **) p <
0.05 to THS - Statistical analysis with ANOVA. D) Correlation between lung IL-1p levels and lung pyridoxine
concentration, showing a weak negative linear relationship (R? = 0.14). A(1) represents the result analysis
adapted from Pham et al., 2020; B(2) from Utari et al., 2018.

Pyridoxine mitigates haematological changes in THS rats

After 30 days of exposure, a blood examination focusing on haematological parameters
reported in the literature to be influenced by cigarette smoke exposure [18] was carried
out. All four parameters were significantly elevated in the THS-exposed group
compared to the control, indicating that THS may also provoke haematological
disturbances (Figure 7). Notably, pyridoxine supplementation in the exposed groups
appeared to attenuate these effects, with haematological values shifting toward those
observed in the control group (Table 4).
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Figure 7. Effects of THS and Pyridoxine on haematological parameters such as A) red blood cells, B) white
blood cells, C) haemoglobin, and D) hematocrite in rats (n = 6 per group). Bar graphs show the mean + SD.
Analysis of RBC and HB: ANOVA with Games-Howell post hoc analysis; WBC and HCT: Kruskal-Wallis. *
Indicates p < 0.05 to control; and ** indicates p < 0.05 to THS.
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Table 4. Effects of THS and pyridoxine on haematological parameters in rats.

Haematological Control THS THS+ THS+ THS+

parameter VitB6_1 VitB6_2 VitB6_3

Red Blood Cell 5.52 +0.38 7.42+1.17 6.01+0.36 5.63 +0.55 578 +0.31

White Blood Cell 7.67+2.3 14.28 +6.03 4.67+1.12 6.67 +0.76 5.72+0.28

Haemoglobin 11.23+1.31 14+0.77 12.97 +0.3 12.42 +0.78 1142 +1.07

Haematocrit 30.53+5.72 41.1+5.89 34.6 £2.69 27.9+294 29.6 +1.79
DISCUSSION

Third-hand smoke consists of residual compounds from cigarettes that persist in the
environment, such as on surfaces, and may subsequently transform into toxicants. This
poses a threat to non-smokers, as THS can be transferred and cause harm. Research on
THS is essential, given that 22.3% of the world's population are active smokers [19],
indicating that cigarette residues are an "everywhere-threat" for passive smokers.
However, studies on THS remain limited, particularly regarding the potential
protective effects of certain drugs or vitamins against this unavoidable exposure.
Pyridoxine, commonly known as pyridoxine, has begun to attract attention for its anti-
inflammatory properties [5,20-22]. Pyroptosis, an inflammatory-induced cell death
mechanism, involves the activation of CASP-1 and is characterized by Gasdermin D
cleavage, leading to pore formation, cell rupture, and IL-1f & IL-18 secretion.
Pyroptosis is a major contributor to severe and difficult-to-treat lung diseases [9,10].
Despite their individual significance, the connection between THS exposure and the
protective potential of pyridoxine against pyroptosis has not been studied. In this study,
the protective effects of Pyridoxine against THS-induced pyroptosis in the lungs of the
THS rat model were investigated. The exposure method consisted of a cycle of cigarette
smoke fumigation (5 days of exposure with 12 cigarettes per day), followed by two
days of storage in a dark room. The use of cigarettes with the highest nicotine content
was intentional, as nicotine is a well-established primary constituent of cigarettes [23-
29], serving as a marker residue and facilitating the detection of other toxic compounds.
Cages were stored in a dark room to minimize the degradation of nicotine caused by
exposure to sunlight [30]. Particular attention was given to this aspect solely for
research purposes—specifically, to validate the THS environmental model. As will be
discussed in the following paragraph, nicotine was selected as a THS marker in this
study. By maximizing the likelihood of nicotine detection, the study could proceed
toward its main objective: evaluating the effects of a specific vitamin, pyridoxine. The
researchers considered that if there was no evidence of nicotine or other residue
presence in the cage environment and/or no measurable increase in nicotine
metabolites in the animals' urine, the process would be deemed insufficient. Therefore,
focused attention was given to this aspect as part of an effort to strengthen the
research's validity.

Chromatographic analysis confirmed the presence of cigarette residues in the exposed
cages, establishing a "THS environment" for the rats. Figure 2A and 2C highlight the
presence and transfer of volatile and semi-volatile compounds from cigarette smoke to
the surrounding environment. Panel A (Cigarette extract) exhibits a diverse range of
chemical constituents, with prominent peaks corresponding to nicotine, nornicotine,
kahweofuran, and 4-ethoxy-m-anisaldehyde, alongside several other compounds such
as eugenol, umbelliferone, and undecanedioic acid. These findings are consistent with
known constituents of tobacco smoke, many of which possess toxicological relevance
[31,32]. In contrast, panel B (Unexposed control cage) displays an absence of these
compounds, confirming the baseline condition and validating that the control
environment was free from contamination. This serves to underscore the fidelity of the
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experimental conditions and strengthens the comparative significance of the exposed
samples. Panel C (Exposed cage) reveals a chromatographic profile that bears
remarkable similarity to that of the cigarette extract, with identifiable peaks for key
compounds such as nicotine, nornicotine,3-hydroxy-2-methylpyridine, eugenol, and
TEMPO (2,2,6,6-tetramethylpiperidine 1-oxyl). The detection of these constituents in the
cage environment following exposure indicates that volatile compounds from cigarette
smoke are readily disseminated and adsorbed into the surrounding materials. The
presence of shared peaks between the cigarette extract and the exposed cage sample
strongly supports the hypothesis that environmental exposure to cigarette smoke
results in passive contamination. In this study, nicotine, which is known for its
environmental persistence and well-documented health risks, is considered a marker of
THS exposure, in alignment with findings reported in existing literature [23-28].

To confirm whether the chemical residues present in the cage environment were
transferred to the animals, cotinine levels in both urine and blood were measured.
Cotinine, a well-established metabolite of nicotine, serves as a reliable biomarker for
tobacco exposure [24, 33, 34]. The results in this study showed that THS-exposed rats
exhibited significantly elevated cotinine levels compared to the control group. This
finding provides evidence that chemical constituents from THS can be absorbed by
living organisms, even in the absence of visible cigarette smoke. Despite the lack of
active smoke at the time of exposure, the persistent residues deposited within the cage
environment were sufficient to result in measurable internal exposure in the animals.
This supports the premise that THS poses a latent but biologically significant exposure
risk, reinforcing the importance of studying its health effects under controlled
experimental conditions.

There has been limited research linking Pyridoxine to smoking status [29], but none
have examined its relationship with nicotine levels from smoking. This study presents
novel findings demonstrating that high doses of pyridoxine reduced cotinine levels in
THS rats, bringing them close to control group levels. The cotinine reduction “appeared”
dose-dependent, though statistical significance was only observed at the highest
Pyridoxine dose. The observed variability in the results may be attributed to the
inherent biological variability associated with in vivo studies, particularly when
utilizing animal models. Although experimental conditions were carefully
standardized, such fluctuations are not uncommon. Notably, the presence of an outlier
within the THS+VitB6_2 group may have influenced the overall statistical outcomes.
These findings are consistent with the known pharmacokinetic properties of nicotine
and its primary metabolite, cotinine, particularly their respective half-lives. Given that
cotinine exhibits a longer half-life (approximately 1-2 days) [24,26,29], urine samples
offered a more stable and reliable matrix for detection compared to blood, thereby
enhancing the sensitivity of exposure assessment [24]. Further investigation assessed
whether pyroptosis (indicated by CASP-1 activity, cGSDMD, and IL-18), as well as lung
injury (represented by IL-1f3 and lung injury score), were present after 30 days of THS
exposure. Results confirmed pyroptosis and lung injury in the THS-exposed rats, with
Pyridoxine supplementation significantly reducing its effects.

To understand pyridoxine's mechanism of action, molecular docking analysis was
performed, revealing binding interactions between Pyridoxine and pyroptosis
mediators. Pyridoxine showed hydrogen bonding at key sites on CASP-1 (His 237, Arg
179) with a binding affinity of -4.8 kcal/mol. Notably, pyridoxine's binding site was
similar to the CASP-1 inhibitor Ac-FLTD-CMK, which prevents GSDMD cleavage and
suppresses pyroptosis [35]. This suggests Pyridoxine may act as a non-competitive
inhibitor, though further kinetic studies are necessary to confirm this hypothesis. The
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quantitative assessment of pyroptosis-associated markers supports this observation.
This finding may provide an important clue that pyridoxine, identified in this study via
in silico analysis as a potential inhibitor of CASP-1 activity, could exert its anti-
pyroptotic effects at an earlier stage, specifically at the level of caspase activation, prior
to GSDMD cleavage. Given that CASP-1 activation leads to GSDMD cleavage and IL-1f3
& IL-18 secretion, the reduction in these markers with Pyridoxine supplementation
aligns with pyroptosis pathway mechanisms [15,16,21,35]. These findings also
corroborate an in vitro study by Mikkelsen (2023) [20], which showed that high doses of
Pyridoxine reduced CASP-1 gene expression. Histological examination of lung tissue
using HE staining revealed pronounced structural damage in THS-exposed rats.
Notable pathological features included disorganisation of the bronchiolar epithelium,
infiltration of inflammatory cells, thickening of the alveolar walls, and the accumulation
of proteinaceous debris. Quantitative analysis using a lung injury scoring system
adapted from [13] and [14] further confirmed a significant increase in lung injury scores
in the THS group compared to controls. These findings provide strong evidence that
pyroptosis in the lungs induces substantial tissue injury, as reflected by the elevated
injury scores. The evidence of injury was further supported by a significant increase in
IL-13 levels observed in the THS group, consistent with the pro-inflammatory nature of
pyroptotic cell death. Pyridoxine supplementation, particularly at high doses, mitigated
these effects, preserving lung structure closer to normal.

Although the primary focus of this study is on pyroptosis, Masson's Trichrome (MT)
staining was also performed to evaluate the presence of lung fibrosis. This approach
was taken in consideration of the fact that sustained pyroptosis can drive chronic
inflammation, which may subsequently lead to extracellular matrix accumulation and
tissue remodelling [17,36]. While fibrosis was not the central aim of the investigation,
the inflammatory responses associated with pyroptosis may contribute to early fibrotic
alterations in lung tissue. Over the past five years, several studies have focused on the
role of pyroptosis as an underlying mechanism in the development of fibrosis.
Emerging evidence suggests that this process may be mediated, at least in part, by
interleukin-18 (IL-18), which has been shown to activate pro-fibrotic signalling
pathways [17,37-39].

This study’s findings support the notion that chronic or sustained pyroptotic activity
not only contributes to inflammation but may also drive tissue remodeling and fibrotic
progression. The MT staining revealed more prominent collagen accumulation in the
peribronchial region, interalveolar septa, and interstitial areas in the THS group
compared to the control. Returning to the primary objective of this study—to
investigate the potential protective effects of Pyridoxine—it was observed that in rat
groups supplemented with Pyridoxine, signs of fibrosis were still present, but appeared
minimal in comparison with the THS-only group. Based on these fibrosis findings, it is
hoped that the present results may serve as a valuable reference for future studies
focusing more specifically on the protective potential of Pyridoxine against fibrosis. To
date, this study proposes the assumption that Pyridoxine may reduce the development
of fibrosis, potentially through the inhibition of pyroptosis-related pathways. It is
important to reiterate that fibrosis is considered an irreversible condition. Therefore,
based on the prevailing theoretical framework, the observation of reduced fibrosis in
THS-exposed rats treated with Pyridoxine in this study is more appropriately
interpreted not as a reversal of fibrosis, but rather as a consequence of the inhibition —
or at least attenuation —of upstream processes, particularly pyroptosis [40].

The next parameter examined was haematology. The effect of THS exposure on
haematological parameters, previously reported in cigarette smoke-related studies [18,
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41], was also confirmed in the present investigation. Rats exposed to THS demonstrated
significant alterations in Hb levels, HCT, RBC, and WBC counts compared to the
control group. These findings indicate a systemic response to prolonged THS exposure,
likely involving both erythropoietic stimulation and inflammatory processes [41,42].
Notably, supplementation with pyridoxine, particularly at higher doses, ameliorated
these changes. In the THS+VitB6_2 and THS+VitB6_3 groups, WBC, Hb, and HCT
values showed significant improvement, approaching those of the control group. This
suggests a potential modulatory role of pyridoxine in counteracting haematological
disturbances induced by THS, possibly through its anti-inflammatory and antioxidative
properties. The findings from this study provide new insights into THS exposure,
demonstrating a) THS exposure induces lung pyroptosis and lung injury; b) THS rats
exhibit elevated cotinine levels that correlate with Pyridoxine supplementation; and c)
pyridoxine protects against THS-induced lung pyroptosis and injury.

Previous studies have highlighted Pyridoxine's anti-inflammatory roles in sepsis [42],
LPS-stimulated monocytes [20, 43], and pneumonia in mouse models [43]. This study
extends these findings, proposing Pyridoxine as a potential anti-pyroptosis agent in
THS exposure and possibly as a nicotine-reducing supplement.

CONCLUSIONS

This study demonstrates that pyridoxine supplementation exerts a protective effect
against THS-induced lung pyroptosis by reducing CASP-1 activity, which consequently
downregulates its downstream pathway components such as cGSDMD, IL-18, and lung
injury, thereby suggesting its potential as a therapeutic intervention for mitigating the
harmful effects of THS exposure. This study was conducted over 30 days, during which
the group that did not receive vitamin supplementation exhibited pyroptosis. However,
no comparative time points (e.g., 15 or 20 days) were assessed, leaving it unclear
whether pyroptosis due to THS exposure might have occurred earlier. Additionally,
this study included only male rats, so the potential influence of hormonal factors
remains unknown. Another thing is that, as this study primarily focuses on molecular
mechanisms, assessments closer to the clinical level, such as lung function tests, were
not performed. We hope that this aspect may serve as a recommendation for future
research to build upon and explore in subsequent studies.
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