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Abstract

This study investigates the comparative effects of traditional cigarettes and e-cigarettes on lung health
in male Rattus norvegicus over 8 and 12 weeks. Following ARRIVE 2.0 guidelines, 30 rats were divided
into six groups to evaluate the impact of nicotine and ascorbic acid aerosols on tracheal and alveolar
structures, as well as systemic inflammatory markers (IL-6, TNF-a, SOD-3, MDA). Results indicate
that long-term cigarette exposure (12 weeks) and nicotine vaping (8 weeks) significantly stunted
weight gain, whereas ascorbic acid vaping caused less growth inhibition. Histological analysis
revealed that 8-week cigarette exposure (K3) increased tracheal mucosal thickness and antioxidant
activity (SOD-3), while cigarette smoke generally decreased goblet cell counts and induced early
emphysema. In contrast, long-term exposure significantly elevated IL-6 and caused severe alveolar
wall damage. Notably, vaping ascorbic acid (K6) offered protective benefits, preserving the basement
membrane and reducing septal thickening compared to nicotine groups. The findings conclude that
while short-term smoking triggers immediate tracheal damage, long-term exposure escalates
systemic inflammation and permanent alveolar destruction. Phytochemical-based aerosols, such as
ascorbic acid, reduce pulmonary injury compared with nicotine-based products.

Keywords: cigarette smoke; electronic nicotine delivery; ascorbic acid; IL-6; TNF-a; SOD-3; MDA;
tracheo-alveolar histopathology

1. Introduction

The rising number of smokers is a global challenge. Smoking devices have become more varied,
including traditional cigarettes and electronic cigarettes (e-cigs), aerosol, commonly referred to as
vapes. In 2020, about 1.18 billion people smoked tobacco [[1]], while an estimated 68 million used
vapes [0,2] and an additional 82 million worldwide in 2021 [3]. Both smoking and vaping cause
serious issues like lung damage, heart disease, and addiction. Vapes release harmful substances,
including nicotine, tiny particles, heavy metals, and chemicals, and are a dangerous alternative to
cigarettes [4,5,6]. Other harmful substances are present in e-liquids heated with humectants,
flavorings, propylene glycol, glycerin, and aldehyde, which become aerosolized and later cause
notable harm [7,8]. Smoking, whether through cigarettes or vapes, can lead to long-term health
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issues, including increased oxidative stress, airway inflammation, immune suppression, and
impaired alveolarization [9,10].

E-cigarette aerosol harms the trachea and lungs by causing inflammation and damaging the
airway. Small particles penetrate deep into the lungs, while larger ones settle in the trachea. This
injury leads to significant lung changes due to chemical damage and inflammation. Key effects
include the accumulation of lipid-laden macrophages, the death of lung cells, and increased
neutrophilic inflammation. As a result, the alveolar walls become thicker, the structure of the alveoli
is damaged, and more inflammatory cells invade the area [11,12]. Ingredients like propylene glycol
and vegetable glycerin dry out the respiratory lining, making it harder to clear mucus. High wattage
in heating e-liquids creates harmful chemicals that damage cell membranes and weaken airway
function. Both e-cigarette aerosol and cigarette smoke can harm the trachea and alveoli through
inflammation and cell toxicity [13,14].

The aerosol weakens connections between epithelial cells in the airways, damaging the airway
surface. Toxic substances kill these cells, leading to shedding and exposing the underlying layer. This
injury causes inflammation, as damaged cells release signals such as IL-1§3, IL-6, and IL-8, which
attract neutrophils and macrophages. These produce Tumor Necrosis Factor-alpha (TNF-a) and
reactive oxygen species (ROS), causing more inflammation. Levels of pro-inflammatory cytokines
like IL-6 and TNF-« rise in the lungs. Studies show that even short-term exposure to flavored e-
cigarette vapor can cause lung inflammation, while longer exposure can maintain this inflammation,
harm lung structure, and reduce lung function. E-cigarette chemicals also irritate the trachea and
worsen inflammation [15,16,17].

The “harm reduction paradox” of e-cigarettes highlights a conflict: they can help smokers quit
burning tobacco and reduce harm, but they may also create a new generation of nicotine-addicted
young users who might not have smoked otherwise, which increases harm [18]. In addition, many
people think that using ascorbic acid (Vitamin C) or fruit-flavored liquids is a healthier alternative to
smoking. These products claim to provide a "wellness" experience and antioxidant benefits, serving
as a safe way to satisfy the hand-to-mouth habit without nicotine addiction [19]. The hypothesis that
breathing in ascorbic acid (AA) may support the immune system in the nose and sinuses, and might
also reduce inflammation, especially in individuals with asthma or breathing problems [20], has to
be proved. The antioxidant property of AA could reduce the amount of ROS in the body and prevent
lipid peroxidation through electron transfer [21,22], but it may not have the same effect in the form
of vapors, and the research on the safety and toxicity of inhaling AA is limited. This presumption is
largely unproven, with significant research indicating potential risks rather than health benefits, and
creating a complex public health challenge [23].

Common markers for assessing oxidative stress were superoxide dismutase-3 (SOD-3) and
malondialdehyde (MDA). SOD-3 is an extracellular enzyme that can suppress the inflammatory
response. SOD-3 has been shown to maintain ECM structure, reduce oxidative stress in macrophages,
and increase lung space [24,25]. MDA is a lipid peroxide marker used to assess oxidative stress and
redox signaling. Elevated MDA levels indicate increased lipid peroxidation. Lipid peroxidation is
highly linked to the amount of ROS, whereas lipid peroxidation is susceptible to oxidation by free
radicals. MDA is considered a reliable marker of oxidative stress due to its reactivity and toxicity
[26,27,28,29].

The microscopic tracheal damage caused by chemical aerosol agents, including desquamation,
reduced cilia, and increased goblet cells, leads to mucosal hypersecretion. It would eventually disrupt
the nasal mucociliary (NMC) mechanism, an innate defense that protects the respiratory tract from
pathogens, consisting of the mucous layer, airway surface liquid layer, and ciliary epithelium.
Harmful ingredients, both in vapes and cigarettes, have been proven to affect tracheal histology. The
tracheal mucus entraps vape and/or cigarette smoke, later triggering the proliferation of goblet cells.
Increasing goblet cells would elevate mucin expression, thereby increasing mucosal thickness. The
aforementioned alterations in the trachea would subsequently decrease the effectiveness of NMC
[30].
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Smoking, whether through cigarettes or vapes, harms the body in different ways. Nicotine is a
common e-liquid ingredient, and researchers are exploring the use of vitamins as alternatives [31],
and the different duration of exposure. This study will compare different exposure times and the
effects of nicotine and AA in vaping versus cigarette smoke. It will measure plasma levels of
proinflammatory cytokines (IL-6, TNF-a), oxidative stress markers (SOD-3, MDA), goblet cell counts,
tracheal epithelial thickness, and alveolar-pulmonary changes.

2. Materials and Methods

In order to reach a transparent and accurate reporting of research, this study used the ARRIVE
guidelines 2.0 (Animal Research: Reporting In Vivo Experiments) [32].

2.1. Study Design

This is a true experimental randomized posttest-only control group design that rigorously tests
causality by randomly assigning subjects to experimental or control groups, introducing an
intervention (cigarette smoke and aerosol vapor exposure as independent variable) only to the
experimental group, and measuring outcomes (proinflammatory cytokines, oxidative stress, and
trachea-alveolar histopathology as dependent variables) for both groups solely after the intervention,
ensuring high internal validity.

2.2. Sample Size

A total of 30 rats were used as subjects; each experimental unit was allocated 5 rats, and the
minimal sample size was revealed using the “resource equation” method [33] because the effect size
or standard deviation is unknown. It relies on the degrees of freedom (df) for the error term in an
Analysis of Variance with the value of E = Total number of animals — Total number of groups. This study
examined the effect of an independent variable and included 6 groups (4 treatments and 2 controls),
with 5 rats per group. Total subjects per group in this case: E = 30 — 6= 24, which is within the
acceptable limit and hence an adequate sample size. With E = 24, the total sample size is robust and
generally considered highly acceptable in molecular signaling research (IL-6/TNF-a), where
biological variability can be high or “drop-outs” during the smoke-exposure phase might occur. The
probability of detecting an effect if one exists for “all-or-nothing” or “large” morphological changes
in tracheo-alveolar tissue with n=5 per group was "Power" (1 - §), achieving a power of approximately
80%, assuming a large effect size (d >1.5).

2.3. Inclusion and Exclusion Criteria

The animals were included in the study if they successfully underwent the intervention. Rats
with excessive weight loss exceeding 20% of initial weight after acclimation, any underlying sickness,
development of motor impairments that could affect behavioral measurements, or unexpected injury
will be excluded. Rats that died during the research period, from acclimatization through
termination, were dropped out.

2.4. Grouping and Randomization

All rats were divided into control groups without any exposure, consisting of two durations: 8
and 12 weeks (K1 and K2). The four other treatment groups had different durations and aerosol
exposures: three cigarettes smoked/day for 8 weeks (K3) and 12 weeks (K4); e-nicotine liquid-based
vape aerosol for 8 weeks (K5); and e-ascorbic acid liquid-based vape aerosol for 12 weeks (K6).

Simple random sampling was used to allocate subjects to control and treatment groups by
creating a numbered list of all rats and selecting subjects at random. Every subject has an equal chance
of selection, ensuring an unbiased subset, usually achieved via lottery methods. To minimize
confounders (treatment order or housing location), we randomized treatments and measurements,
counterbalanced, and blocked. In each treatment schedule and measurement, the experimental units
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and subjects were randomized daily to prevent time-of-day effects and were randomly assigned
positions on a rack to control for environmental variations (light/temp).

Before and after a week of acclimatization, all subjects were weighed to ensure that each
treatment group was balanced for body weight, controlling for potential confounding differences. All
procedures (weighing, aerosol exposure, and blood sampling) were conducted by the same person,
or the investigators were blinded to treatment groups during testing to prevent observation bias.

2.5. Blinding

The animal caretakers and data analysts were blinded to the stages (i.e., allocation, intervention,
or outcome assessment) and were unaware of group assignments, which were coded to prevent
conscious or subconscious bias in data collection and analysis.

2.6. Statistical Methods

Statistical analysis was performed using IBM SPSS Statistics 25, employing a one-way analysis
of variance (ANOVA) followed by Tukey’s HSD to assess differences between experimental groups.
This specific combination of tests is used to compare the averages of three or more groups to see the
differences of histopathological changes in the trachea-mucosa and alveolus, as well as IL-6 and TNF-
a, and SOD-3 and MDA levels, as dependent variables measured over time in the same subjects,
controlling for type I error inflation while identifying specific differences.

2.7. Experimental Animals

A total of 30 male Rattus norvegicus, 8-week-old and weighing 160-180 g, were obtained and bred
specifically for scientific purposes in the Biology Laboratory at Semarang State University. Otherwise,
housing and rat treatment were conducted at the Animal Laboratory of the Faculty of Medicine,
Universitas Diponegoro, Semarang, Indonesia.

2.8. Acclimatization

All rats in five at each experimental group were maintained in a stable room with a 12-h light-
dark cycle, temperatures between 22-26°C, an appropriate humidity of 40-60%, and a stimulating,
clean, spacious environment with dim, indirect light and good air circulation, but no direct
draught. For one week, the rats underwent an acclimatization period and were given standard feed
A594K pellet and water ad libitum. All subjects were weighed using a pharmacologic digital scale
(0.1-5000 g) before treatment.

2.9. Experimental Procedures

A Cigarette smoke-chamber and Electronic-cigarette-vapor chamber made to order by custom,
and following the protocol of the University of Michigan Institutional Animal Care and Use
Committee (IACUC) [34].

2.9.1. Cigarette Smoke Exposure

The local filtered clove cigarettes (kretek) were used to simulate smoking exposure in 18-liter,
whole-body, semi-closed exposure chambers, which are commonly used to mimic second-hand
smoke exposure and feature controlled air inlets and outlets to maintain a consistent smoke
concentration. The smoke was pushed into the chamber using “syringe method” (a manually
replicated “puff” action of a human smoker) with a basic manifold to connect the cigarette to the
chamber: the “holder” (a rubber stopper or plastic tube that fits the cigarette filter tightly), the “puff”
tool (a large 50 mL plastic syringe), three-way stopcock (allows to draw smoke from the cigarette and
then switch the path to push it into the box without disconnecting everything), and inlet port (a small
hole in your container box (sealed with a grommet) where the smoke enters).
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The exposure time is based on a typical inhalation protocol that involves exposing the rats to the
smoke of 1.25 cigarettes over 30 minutes, twice a day, with a 5-minute ventilation period in between
to prevent hypoxia. The dosage of cigarettes that is used in this research is equivalent to the dosage
of heavy smoking in humans, which is generally defined as smoking 20 or more cigarettes per
day (approximately one pack or more). To calculate the equivalent dose for a rat based on human
cigarette consumption using the Laurence & Bacharach method, a body-weight-to-surface-area ratio
is typically used, with the standard conversion factor from a human (70 kg BW) to a rat (200 g) of
0.018. For adjusting for the larger volume of an 18-liter container, here is the calculation for 6 rats (180
g each) to match the exposure of a human smoking 20 cigarettes per day: 0.324 cigarettes per rat, and
the total biological requirement for 6 rats was 1.944 cigarettes per day, or 2.33 cigarettes per container
per day, or the same as 3 cigarettes for equalization.

2.9.2. Electronic-Vape Aerosol Exposure

An electronic-vape aerosol exposure technique was performed manually to investigate the
impact of e-cigarette aerosol (nicotine-liquid base and ascorbic-acid liquid base) or to measure
secondhand exposure in environmental simulations on the tracheal-alveolar system. These
techniques involve a controlled, non-automated vape mod to generate aerosol from nicotine or
ascorbic acid-containing e-liquid, which is then delivered to an exposure chamber. The dosage for
nicotine e-liquid-based vape aerosol equivalent to high-intensity toxicological dose [35], using a 0.5
mL daily 0.5 ml/day every day with puffs lasting 4 seconds at 30 second intervals, intake for a 200g
rat to make effective "stresses" the system significantly, equal with maximum human use, ensuring
that any potential respiratory or vascular damage becomes visible in a short-duration (8 weeks)
study. The ascorbic acid dose is 0.5 ml/day (100 mg), which was also administered to a treatment
group and is approximately equivalent to 4.8 g/day in humans. This is significantly equal to the
standard human dietary maximum (2 g) and would be considered a pharmacological or high-dose
experimental level.

2.9.3. Euthanasia

At the end of 8 and 12 weeks, rats were properly euthanized using humane endpoints, and all
procedures followed AVMA guidelines. In this research setting, the decapitation technique is
performed by trained personnel using well-maintained equipment to preserve cellular stability for
accurate measurement of oxidant and antioxidant enzymes.

2.9.4. Preparation of Trachea-Alveolar Specimen for Histological Examination

Harvesting the trachea of a rat involves careful dissection of the cervical region to isolate the
airway from surrounding connective tissue and muscles. [36] The tissues were typically fixed in 10%
neutral buffered formalin immediately upon removal to prevent autolysis. The fixed tissue is
dehydrated through increasing concentrations of alcohol (e.g., 70% to 100%), cleared in xylene, and
embedded in paraffin wax. Using a microtome, the paraffin block is cut into thin sections (5 um) by
cross-section to display the horseshoe-shaped cartilage, the lumen, and the posterior trachealis
muscle. The staining procedure using the Hematoxylin & Eosin (H&E) technique shows the general
morphology (basophilic nuclei and eosinophilic connective tissue). The number of goblet cells and
the thickness of the mucosal epithelium were observed using a light microscope at 400X
magnification.

Lung tissue was removed through a thoracotomy procedure, then handled, processed, and
stained with H&E as standard for histopathological examination. Using a light microscope at 400X
magnification, the alveolar perimeter length, the degree of alveolar wall damage, and the number of
inflammatory cells were measured in a blinded manner by two pathologists.

2.9.5. Histopathology Measurements
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The tracheal preparation was made from a transverse section of the trachea and analyzed with
a light microscope at 400X magnification by an Anatomical Pathology Specialist. The number of
goblet cells will be measured using the GCD (Goblet Cells Density) method. At the same time, the
thickness of the mucosal epithelium will also be measured from selected 5 fields of view per tracheal
ring. If the entire circumference is visible, researchers often count four specific quadrants (12, 3, 6,
and 9 o'clock positions). We used quantitative methods, including Linear Density (Cells per mm),
which measures the number of goblet cells along a specific length of the airway. Using imaging
software (Image]®), the length of the epithelial basement membrane is measured in millimeters (L).
The number of cells was the count of all positive goblet cells that touch the basement membrane (N);
GCD =N (cell number)/L (length of the basement membrane in millimeters).

The measurement method for the thickness of the tracheal mucosal epithelium is linear
measurement using a calibrated ocular micrometer or digital imaging software. Measurements are
taken from the apical surface (excluding the cilia) down to the basement membrane. To ensure
accuracy, 5 fields of view per transection of the tracheal ring were measured. Measurements are
typically taken at multiple standardized points around the tracheal ring to calculate a mean value,
which is recorded in micrometers (um).

Under a microscope connected to Cellsens Olympus Imaging Software, the circumference of the
alveolus was measured on 5 different viewpoints in 400x optical magnification by two pathologists
with um accuracy. The distribution of inflammatory cells was counted in 100X magnification, also in
5 different viewpoints, and subjectively classified into three categories: 1) Light distribution of
inflammatory cells scored 1, 2) Medium distribution of inflammatory cells scored 2, and 3) Heavy
distribution of inflammatory cells scored 3. The damage of alveolus lining cells viewed in 100x
magnification on 5 different views which then categorized based how many damaged alveoli found
on any given viewpoint as follows: 1) No damage scored 0, 2) Less than quarter of a total alveolus in
each viewpoint scored 1, 3) More than a quarter yet less than a half of a total alveolus in each
viewpoint scored 2, 4) More than half up to 75% of a total alveolus in each viewpoint scored 3, 5)
Only less than 25% healthy alveoli found scored 4.

2.9.6. IL-6 and TNF-a Examination

Blood samples of 5 mL per rat were collected via the retro-orbital sinus into tubes containing
EDTA. Samples should be centrifuged at approximately 1,000-2,000X g for 15 minutes at 4°C. Plasma
must be separated immediately and assayed on the same day to avoid repeated freeze-thaw cycles,
as these significantly reduce the detectable levels of IL-6 and TNF-a. Using Kit ELISA IL-6 (RAT)
Elabscience E-EL-R0015 (96 well) and Kit ELISA TNF-a (RAT) Reedbio RE1060R (96 well). The
mechanical steps of Sandwich ELISA procedures (Add sample -> Incubate -> Wash -> Add Detection
->Wash -> Add HRP -> Wash -> Color) for running those kits are identical. Ensure you use the specific
Biotinylated Antibody and Standard provided in each respective box —they are not interchangeable
between Kkits.

Before starting, ensure that all reagents and samples reach room temperature (18°C-25°C) and
that the plasma is not hemolyzed, as released intracellular components can interfere with IL-6 and
TNF-a measurements. detection. Dilute the 25X Wash Buffer concentrate with deionized water to
create a 1x working solution. Reconstitute the Rat IL-6/TNF-a standard with the provided Reference
Standard & Sample Diluent. Perform a 2-fold serial dilution to create a standard curve (e.g., 1000,
500, 250, 125, 62.5, 31.25, 15.63, and 0 pg/mL). Dilute the 100X concentrate to a 1X working solution
using the Biotinylated Detection Ab Diluent (prepare only what is needed for the day). Dilute the
100x HRP Conjugate to 1x using the HRP Conjugate Diluent.

Add 100 pL of the prepared standards, blank, and plasma samples into the appropriate wells.
Cover the plate with the sealer and incubate for 90 minutes at 37°C (during this phase, the IL-6 in the
plasma binds to the capture antibody coated on the plate). Discard the liquid from each well.
Immediately add 100 uL of the 1X Biotinylated Detection Ab working solution to each well. Incubate
for 1 hour at 37°C. This antibody binds to a different epitope on the IL-6/TNF-a. molecule, forming
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the “sandwich”. Aspirate the liquid from each well and add 350 pL of wash buffer (first wash). Let it
soak for 1-2 minutes, then discard the liquid and pat the plate dry against clean absorbent paper.
Repeat this process 3 times. Add 100 uL of 1X HRP Conjugate working solution to each well. Incubate
for 30 minutes at 37°C (The Streptavidin-HRP binds to the biotin on the detection antibody). Aspirate
and wash the wells 5 times (second wash) using the same process described in Step 3. This step is
critical to remove any unbound HRP, which could cause high background noise. Add 90 pL of
Substrate Reagent (TMB) to each well. Cover the plate and incubate for about 15 minutes at 37°C.
Protect the plate from light. The solution will turn blue in wells containing IL-6/TNF-a. Add 50 uL of
Stop Solution to each well. The color will immediately change from blue to yellow. Immediately
measure the optical density (OD value) of each well using a microplate reader set to 450 nm. Using
the ELISA Reader BioTek - ELx800 Absorbance Microplate Reader.

2.9.7. SOD-3 and MDA Examination

The core concept remains the same as in the detection of IL-6/TNF-a by Sandwich ELISA. Still,
there are critical procedural differences between the Kit ELISA MDA (RAT) Abclonal RK15281 and
the Kit ELISA SOD-3 (RAT) Reedbio RE2412R, which are used as reagents. The primary difference
lies in the loading sequence. ABclonal often uses a “step-by-step” binding approach, while many
modern kits (including some Reedbio lines) use a “simultaneous” incubation for the primary capture
and detection.

Key operational differences in: 1) Incubation Times (The “Speed” Difference); ABclonal MDA is
a longer assay, the total incubation time before color development is approximately 4 hours. Reedbio
SOD-3 follows the same timing as your TNF-a kit, with a total incubation time of approximately 3
hours. 2) Reagent Preparation (HRP vs. Streptavidin-HRP); ABclonal often uses a Concentrated
Streptavidin-HRP that requires a specific 1:100 dilution in a dedicated “HRP Diluent”. Reedbio:
Usually provides a Concentrated HRP Conjugate, 3) Standard Curves & Units; MDA is usually
measured in ng/mL or nmol/mL. SOD-3 is usually measured in ng/mL or pg/mL.

2.10. Ethical Statement

These procedures were approved by the Health Research Ethics Commission of the Faculty of
Medicine, Universitas Diponegoro, Semarang, Indonesia, with protocol number 088/EC-H/KEPK/FK-
UNDIP/VIII/2024. No generative artificial intelligence (GenAl) is used in this paper.

3. Results

For each experiment conducted, including independent replications, this study compared the 8
and 12-week exposure times and the effects of nicotine and AA in vaping versus cigarette smoke. The
measures of variability in body weight, plasma levels of IL-6, TNF-a, SOD3, and MDA, and the
pathological changes in the trachea-alveolar region were described and analyzed.

Figure 1 shows the total enrollment of the 30 subjects, allocation, follow-up, and, finally, the
analysis showing no dropouts or exclusions.
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Figure 1. The Consort Diagram.

Table 1 shows body weight changes before and after the tests for groups K1-K6. K1 had high
variation after the test (SD = 44.64), with an overall SD of 44.75. K2 had stable weights before (SD =
2.30) but greater variation after (SD = 37.80), resulting in a combined SD of 37.87. K3 increased by an
average of 141.0 grams, but the SD rose from 4.66 to 32.10, indicating greater variability among
individuals. K4 had an average increase of 32.8 grams and a combined SD of 36.62, showing wide
variation. K5 showed a slight average increase and a combined SD of 21.77, close to the average
difference of 25.6 grams. K6 had a significant average increase of 68.6 grams and a combined SD of
21.79, indicating consistent changes despite more variability. These data suggest that short-term
cigarette exposure (K3) did not hinder weight gain. In contrast, electronic nicotine delivery (K5) and
long-term cigarette use (K4) reduced expected weight gain compared with the control groups.

Table 1. The mean * SD of body weight differences pre- and post-tests between groups.

Groups Pre-test Post-test (A) Mean+SD Sig. Tukey’s
Mean+SD (g) Mean+SD (g) (g) p Post-Hoc

K1 (n=5) 168.8 £3.11 307.4 +44.64 138.6 +£44.75 <0.001 a

K2 (n=5) 165.4 +£2.30 302.8 +37.80 137.4 +£37.87 <0.001 a

K3 (n=b5) 165.8 £ 4.66 306.8 +32.10 141.0 + 32.44 <0.001 a

K4 (n=b5) 179.8 + 13.55 212.6 £ 34.02 32.8 £ 36.62 <0.001 b

K5 (n=5) 169.6 +10.06 195.2 £19.31 25.6 +21.77 <0.001 b

K6 (n=5) 171.8 + 6.69 240.4 +20.74 68.6 +£21.79 <0.001 C

Notes: K1 = control 8 week, K2 = control 12 week, K3 = cigarette 8 week, K4 = cigarette 12 week, K5 = e-nicotine
8 weeks, K6 = e-ascorbic acid 12 weeks. One-Way ANOVA, F (5, 24) =10.22, p <0.001. Tukey’s Post-Hoc Test («
=0.05); a = significantly different from K4 and K5; b = significantly different from K1, K2, and K3; c = significantly
different from K4 and K5, but not significantly different from K1, K2, or K3.
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There is a big difference between the highest weight gain (141.0g) and the lowest (25.6g). This
will likely show a significant result with One-Way ANOVA (p < 0.05), requiring a Post-Hoc test.
Tukey's test compares every pair of groups. The groups form three main "statistical clusters." In
Cluster A (normal growth: Groups K1, K2, K3), the weight difference between the control group (K1
at 138.6g) and the group that smoked three cigarettes for 8 weeks (K3 at 141.0g) is only 2.4g. This
difference is not significant (p > 0.05), indicating that smoking three cigarettes daily for 8 weeks does
not significantly affect growth. Cluster B shows significant growth inhibition in the K4 and K5 groups.
Group K5, using E-nicotine vapes for 8 weeks, had an average weight of 25.6g, while Group K4,
smoking cigarettes for 12 weeks, weighed 32.8g. Both groups show a significant weight difference
compared to the control group (p < 0.05) but are similar to each other. Cluster C shows moderate
growth inhibition in Group K6, which used E-ascorbic acid vapes for 12 weeks, with an average
weight of 68.6g. This group also has a significant weight difference compared to the control (p < 0.05)
and the E-nicotine group (K5). This suggests that the ascorbic acid vape affects growth less than the
nicotine vape and long-term smoking.

Table 2 shows how cigarette smoke, e-nicotine, and e-ascorbic acid vapor affect IL-6 and TNF-a.
At 12 weeks, the cigarette group (K4) and the e-ascorbic acid group (K6) had the highest IL-6 levels,
11.45+1.17 and 11.83 + 1.56, respectively. Both groups had higher IL-6 levels than the 8-week group
and the 12-week control group. There was no significant difference in IL-6 levels between K4 and K6
at 12 weeks. Overall, IL-6 levels varied significantly across all groups (F(5, 24) = 56.6, p < 0.001).
Significant differences were observed for TNF-a (F (5, 24) = 81.1, p < 0.001). High-response groups
may be observed in the 8-week groups K1, K3, and K5, which showed significantly higher TNF-«a
levels than all 12-week groups. Low-response groups were identified at the 12-week groups (K2, K4,
K6) that showed a marked decrease in TNF-a concentrations compared to the 8-week cohorts.

Table 2. The Comparison of IL-6, TNF-a, SOD3, MDA Plasma Levels Between Groups.

Groups Variables (Mean+SD)
IL-6 @ TNF-a ® SOD3 © MDA @

K1 (n=5) 5.73 +0.87 77.2+9.98 11.85+1.03 154.30 £+ 64.24
K2 (n=5) 8.43+0.88 18.76 +2.48 10.06 +0.77 219.20 + 83.04
K3 (n=5) 6.4 +0.69 76.9 +9.44 12.75+1.10 198.47 +119.30
K4 (n=5) 11.45+1.17 21.97 +4.33 9.33+0.10 243.15 +106.00
K5 (n=5) 6.5+1.14 66.1 +9.80 11.05+2.81 243.89 +242.66
K6 (n=5) 11.83 +1.56 18.19 £ 1.62 9.07+0.13 178.23 +53.30

Notes: K1 = control 8 week, K2 = control 12 week, K3 = cigarette 8 week, K4 = cigarette 12 week, K5 = e-nicotine 8
weeks, K6 = e-ascorbic acid 12 weeks. One-Way ANOVA: IL-6: F (5, 24) = 56.6, p < 0.001; TNF-c:: F (5, 24) = 81.1,
p <0.001; SOD3: F (5, 24) = 10.08, p < 0.001; MDA: F (5, 24) = 0.447, p = 0.812 (not significant); Tukey’s Post-Hoc
Test (a = 0.05).

(a) IL-6 :K4 and K6 significantly higher than K1, K2, K3, and K5 (p < 0.05). No significant
difference

(b) K4 and K6 (p > 0.05).

() TNF-a: K1, K3, and K5 significantly higher than K2, K4, and K6 (p < 0.05).

(d) SOD3 : K3 significantly higher than K2, K4, and K6 (p <0.05). K1 significantly higher than
K4 and K6 (p < 0.05).

(e) MDA: No significant pairwise differences (p > 0.05 for all comparisons).

Table 2 also presents the SOD3 levels, which varied significantly across the study (F(5, 24) =
10.08, p < 0.001). The highest antioxidant activity was in group K3 (12.75 + 1.10), which was
significantly higher than all 12-week groups (K2, K4, K6). The 8-week control (K1) also maintained
significantly higher SOD3 levels than the 12-week cigarette (K4) and e-ascorbic acid (K6) groups.
Unlike the other markers, MDA levels showed no significant variation among the groups (F(5, 24) =
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0.447, p = 0.812), and Tukey’s test confirmed no significant pairwise differences in lipid peroxidation
(MDA) across interventions or durations.

Based on the data provided in Table 3, the following is a descriptive analysis of the tracheal and
alveo-pulmonary histopathology results across the six study groups. The density of goblet cells
showed a statistically significant variation across groups (F (5, 24) = 3.235, p = 0.022). The group K3
exhibited the highest density (4.2 + 2.44 N/mm), followed by K4 (3.93 + 2.67 N/mm). Despite the
significant ANOVA, Tukey’s HSD test revealed no specific significant pairwise differences. The
difference between K3 and the K1 control was noted as borderline but did not reach the significance
threshold (difference of 3.07 vs. the required 3.227).

Mucosal thickness varied significantly among the groups (F(5, 24) = 9.40, p < 0.001). The peak
measurements were at the 8-week intervention groups, K5 (e-nicotine) and K3 (Cigarette), which
recorded the thickest mucosa at 71.03 + 13.59 p and 66.88 + 17.92 L, respectively. Mucosal thickness
in K3 and K5 was significantly greater than in the 12-week groups, including K2 (Control), K4
(Cigarette), and K6 (e-ascorbic acid).

Table 3. The comparison of tracheo-alveo-pulmonary histopathological between groups.

Tracheal Histopathology Alveo-pulmonary Histopathology
Goblet Cells Mucosal Alveolar Total Score of the Total Score
Groups Density® Thickness®  circumference® distribution of damage of the
Mean+SD Mean+SD Mean+SD inflammatory alveolus lining
(N/mm) (L) (L) cells cells
K1 (n=5) 1.13+£0.52 5240+2.63  202.03+29.38 6 6
K2 (n=5) 1.37+0.72 4550+ 7.48  273.58 +45.28 7 7
K3 (n=5) 42+244 66.88+17.92  469.77 +91.31 5 5
K4 (n=5) 3.93 £2.67 34.65+£655  221.17 +47.64 6 6
K5 (n=5) 1.73£1.05 71.03£13.59  362.99 +51.2 6 6
K6 (n=5) 2.89+1.18 42.10+6.54  261.61 +58.56 7 7
Variabel
F (df) F(524)=3235 F(524)=940 F(524)=16.72
p-value p =0.022* p <0.001 p <0.001
No significant
Tukey’s HSD Pa1rw1se K3, K5 > K4, K3>K1, K2, K4,
(a=0.05) differences K2 K6 Ke6;
(K3vsK1 ’ K5>K1, K4
borderline)

Notes: K1 = control 8 week, K2 = control 12 week, K3 = cigarette 8 week, K4 = cigarette 12 week, K5 = e-nicotine 8

weeks, K6 = e-ascorbic acid 12 weeks.

One-Way ANOVA

(a) Goblet Cells Density (N/mm), F = 3.235, *p =0.022 (p < 0.05, significant)
(b) Mucosal Thickness (u), F=9.40, p <0.001 (F critical 2.62)
(c) Alveolar Circumference, F (5, 24) =16.72, p <0.001.

Tukey’s Post-Hoc Test
(a) Goblet Cells Density = Significant if the difference in mean > 3.227.

e K3vsK1(4.20-1.13=3.07) - X (No significant difference, although it's close)
e K3vsK2(2.83) X; K3vsK5 (2.47) X; K4 vs K1 (2.80) X; K4 vs K5 (2.20) X; K6 vs K1 (1.76) X

(b) Mucosal Thickness = Significant if the difference in mean > 20.41

e K3,K5>K4, K2, Ké
e K5vsKI (18.63) X; K3 vs K1 (14.48) X

(c) Alveolar Circumference = Significant if the difference in mean > 20.41
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K3 significantly higher than K1, K2, K4, and K6 (p <0.05), K5 significantly higher than K1 and K4 (p
<0.05), K3 vs K5: p =0.051 (not significant, but borderline). No other significant differences (p > 0.05)

The qualitative scoring of total scores for inflammatory cell distribution and alveolar lining cell
damage Table 3) showed that inflammatory cell distribution in the 12-week control (K2) and the 12-
week e-ascorbic acid group (K6) both received the highest score of 7. In contrast, the 8-week cigarette
group (K3) received the lowest score of 5. Alveolar lining cell damage was similar to the inflammation
scores, with K2 and K6 showing the highest damage scores (7), while K3 showed the lowest (5).

Figure 2 showed that in cigarette exposure (Figure 2C and 2D), goblet cell density decreased,
followed by squamous metaplasia, in which the flexible ciliated epithelium is replaced by tougher,
non-functional cells. The alveolar walls begin to thin and rupture (early emphysema). The lowest
goblet cell density was observed at E-nicotine exposure for 8§ weeks (C) and generally shows milder
irritation, though high concentrations of propylene glycol can cause early dehydration of the
epithelial surface, resulting in E-ascorbic acid for 12 weeks (F).

)
4 / } ‘
Figure 2. The comparative-histopathology of tracheal transection between groups. Tracheal Histopathology

under light microscope in 400x magnification; A. K1 = control 8 weeks, B. K2 = control 12 weeks, C. K3 = cigarette

8 weeks, D. K4 = cigarette 12 weeks, E. K5 = e-nicotine 8 weeks, and F. K6 = e-ascorbic acid 12 weeks.

Figure 3 pointed that the alveolar walls begin to thin and rupture (early emphysema) in Figure
3C, 3D and 3E. The alveolar circumference of K3 (Figure 3C) > K1 (Figure 3A), K2 (Figure 3B), K4
(Figure 3E), and K6 (Figure 3F). In phytochemical intervention, that e-liquid contains protective
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phytochemicals (ascorbic acid), studies often show a preservation of the basement membrane and a
significant reduction in the thickening of the alveolar septa (Figure 3F) compared to nicotine-only
groups (Figure 3E).

A B.
C. D.
E. F.

Figure 3. The Comparative-Histopathology of Alveo-pulmonary Between Groups. Alveo-pulmonary under
light microscope in 400x magnification; A. K1 = control 8 weeks, B. K2 = control 12 weeks, C. K3 — cigarette 8

weeks, D. K4 = cigarette 12 weeks, E. K5 = e-nicotine 8 weeks, and F. K6 = e-ascorbic acid 12 weeks.
4. Discussion

4.1. Body Weight Change

The relationship between the weight-suppressing effect of smoking is more complex,
particularly regarding “metabolic efficiency” and long-term health. While smokers often have a lower
overall BMI, Yu et al. (2018) highlight that they frequently have a higher waist-to-hip ratio (WHR).
This suggests that smoking may promote “unhealthy” metabolic efficiency by redistributing fat to
the abdominal area, which increases the risk of insulin resistance and metabolic syndrome despite a
lower total weight [37]. Research also suggests that while acute nicotine exposure increases metabolic
rate, chronic exposure may eventually lead to a decrease in metabolic rate and an increase in appetite
over very long durations, as the body adapts or as tobacco-related illnesses (like COPD) limit physical
activity [38].
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Smoking three cigarettes daily for 12 weeks leads to oxidative stress and reduced energy use,
resulting in less weight gain compared to a control group and an 8-week exposure group. The larger
weight difference in the 8-week group is likely due to body adaptation or immediate damage. While
weight gain is typical with age, those exposed to smoke gain significantly less weight (p < 0.05) than
the control group. Research by Chen et al. (2008) shows weight gain is stable in the first 8 weeks but
decreases further by 12 weeks. Smoke-exposed individuals are lighter than the control and "pair-fed"
groups, indicating that weight loss results from both reduced food intake and metabolic changes [39].

Cigarette smoke affects the body significantly around week 8, causing acute damage and high
levels of inflammation and oxidative stress. By week 12, the body starts to adapt, reducing these
responses. The smoke contains ROS, which disrupts the body's balance, leading to higher damage
markers such as MDA and lower levels of natural antioxidants such as glutathione. Cigarette smoke
raises the levels of Uncoupling Proteins (UCPs), especially UCP1 in brown fat and UCP3 in muscle.
These proteins convert energy into heat rather than storing it, wasting calories and reducing energy
efficiency [39].

Research indicates that body weight changes depend on two factors: the type of substance used
(e-nicotine or e-ascorbic acid) and the exposure duration (8 weeks or 12 weeks for traditional
cigarettes). The most significant differences in weight gain occur when comparing any control group
to e-nicotine users or long-term smokers. The findings suggest serious damage from cigarette smoke
and e-liquid aerosols over time. E-nicotine rapidly increases TNF-a levels, leading to growth
inhibition and tissue irritation. Long-term smoking causes ongoing increases in IL-6 and TNF-q,
resulting in tissue damage and weight loss. Conversely, vaping e-ascorbic acid reduces inflammation
and supports better weight retention compared to nicotine. In conclusion, body weight differentiation
is a visible result of the internal struggle between oxidative stress (from smoke/nicotine) and
antioxidant defense (from ascorbic acid), mediated by the IL-6/TNF-a inflammatory axis in the
respiratory system.

4.2. The Comparative Effects on IL-6 and TNF-a Levels

The data show significant variation for IL-6, TNF-a, and SOD3, but not for MDA. This
discrepancy raises questions about which pathways are primarily targeted by these specific
phytochemical aerosols versus those targeted by traditional cigarette smoke. A significant pro-
inflammatory response: long-term exposure (12 weeks) to both cigarette smoke and e-ascorbic acid
vapor results in significantly higher IL-6 levels compared to 8-week cohorts and controls. This
supports the consensus that chronic inhalation of aerosols, regardless of the base, can trigger systemic
inflammation [40]. The 8-week exposure with moderate elevation reflects acute compensation, with
the body managing the irritation. The 12-week exposure with significant spike levels indicates a
transition to chronic systemic inflammation, which increases the risk of cardiovascular and metabolic
diseases.

By showing that e-ascorbic acid vapor, often perceived as a “healthier” or antioxidant-rich
alternative, elicits an IL-6 response similar to that of cigarette smoke, the study highlights that the
physical state of the substance (aerosol/vapor) may be as problematic as its chemical composition.
Surprisingly, the e-ascorbic acid group (K6) showed IL-6 levels (11.83 + 1.56) comparable to the
cigarette smoke group (K4) (11.45 + 1.17). In many respiratory studies, phytochemicals are expected
to be protective; these results suggest that the aerosolization process or concentration of ascorbic acid
might negate its typical antioxidant benefits, potentially even acting as a pro-oxidant under specific
conditions [41,42].

High levels of IL-6 are a gold-standard marker for systemic inflammation. Finding consistent
elevations across different aerosol bases supports the “General Irritant Theory”, which suggests that
the lungs' immune response can be triggered by repeated inhalation of fine particles, regardless of
their composition including the base components of e-liquids propylene glycol (PG) and vegetable
glycerin (VG) can induce oxidative stress and inflammatory responses in the lungs, independent of
nicotine or tobacco [43,44,45].
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When both a known toxin, like cigarette smoke, and a neutral substance, such as ascorbic acid,
produce the same inflammatory marker, it becomes harder to pinpoint the toxicological pathways
[46]. The IL-6 alone doesn't tell us the full story of organ-specific damage. For example, cigarette
smoke might cause DNA damage or cancer that e-ascorbic acid does not, even if their IL-6 levels are
temporarily similar. But smoking status and inflammatory markers confirm that IL-6 is a primary
driver of chronic elevation in C-reactive protein (CRP) and is significantly higher in long-term smoke-
exposed subjects compared to controls [47]. Nevertheless, ascorbic acid is typically an anti-
inflammatory, and this result suggests that when delivered via heat/vaporization, its chemical
properties might change (degrade) or its physical presence in the alveoli might override its
antioxidant benefits, which could be misleading to consumers [48,49].

A common phenomenon in immunology, the shifting “wave” of inflammation, was studied in
this research. It suggests that as time passes, the body moves from a high-energy, acute response to
a more sustained, chronic state. Time-dependent cytokine dynamics were reflected in the observation
that TNF-a levels were significantly higher in the 8-week groups than in the 12-week groups,
suggesting a complex, time-dependent immune response. This may reflect an acute-to-chronic
transition in the subjects’ inflammatory profile.

It is well-documented that TNF-a is a “first responder”. High levels at 8 weeks followed by a
decline at 12 weeks align perfectly with the transition from an acute inflammatory phase to a
regulatory or chronic phase [50,51]. Instead of a single “snapshot”, comparing two time points (8 vs.
12 weeks) provides a “movie” of the immune system. This allows researchers to see the resolution
phase of inflammation. A drop in TNF-a doesn't always mean the inflammation is “resolving”. The
immune system might simply be switching to different cytokines (like IL-6 or IL-10). Using only TNF-
o to define a “transition” can be misleading [52].

Identifying the peak TNF-a level (8 weeks) and subsequent drop (12 weeks) helps clinicians
understand the "window of opportunity” for anti-inflammatory treatments. Lower levels at 12 weeks
could indicate immune exhaustion rather than a healthy transition. If the stimulus (infection/injury)
is still present, the body might just be unable to keep up production.

The standard inflammatory timeline reminds us that the acute phase (weeks 1-8) is
characterized by high concentrations of pro-inflammatory cytokines (TNF-a, IL-1() that recruit
immune cells to the site of injury. The transition phase (weeks 8-12) explained that the body attempts
to reach homeostasis, and pro-inflammatory markers begin to dip. Finally, the chronic phase (week
12+) pointed out that if the issue isn't resolved, the profile shifts toward tissue remodelling or
persistent low-grade inflammation [53,54].

4.3. The Comparative Effects on SOD3 and MDA Levels

The study highlights a significant reduction in SOD3 (antioxidant depletion) in 12-weeks
exposure groups compared to 8-week groups. This aligns with recent literature suggesting that
prolonged exposure to smoke or vapor induces oxidative stress that overwhelms the body’s primary
antioxidant defenses [55]. Unlike the significant changes observed in SOD3, MDA levels (a marker of
lipid peroxidation) showed no significant variation across groups (p = 0.812). This lack of significance
is unusual in models of chronic smoke exposure, where MDA typically rises as SOD3 falls. This could
suggest that the 12-week duration was insufficient to cause measurable permanent lipid damage or
that the sample size lacked the power to detect these differences.

The primary evidence of harm in both the cigarette and e-liquid groups is the significant
reduction in SOD3 levels over time. SOD3 is a critical extracellular enzyme that neutralizes
superoxide radicals, protecting tissues from oxidative damage [56]. In the study, long-term
suppression was observed in the 12-week groups (K4: Cigarette and K6: e-ascorbic acid), which
showed the lowest SOD3 levels (9.33 + 0.10 and 9.07 + 0.13, respectively), significantly lower than
those of the 8-week control group (K1). This implies significantly decreased activity compared to
controls, indicating antioxidant exhaustion.
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Cigarette smoke exposure in an 8-week period indicates higher antioxidant activity by SOD-3
enzyme, which aligns with a previous study by Tang et al. (2022) that stated there’s an enhancement
of antioxidant activity in increased oxidative stress level as a protective response in 2-week exposure
to heat stress [57]. Meanwhile, if the exposure period is prolonged, the antioxidant activity of the
SOD-3 enzyme will be reduced due to harmful ingredients in smoking devices, including vapes and
cigarettes, which cause dysregulation of antioxidant enzyme production. A lower SOD level was
found in chronic smokers compared to novice smokers, attributable to a disrupted IL-6-mediated
SOD pathway and increasing cotinine levels [58]. It has been proven that the SOD level in the heavy-
smoking group is lower than that of the control non-smoking group, stressing the effect of cigarette
consumption on antioxidant activity and oxidative stress levels in the body [59]. Exposure to ascorbic
acid-base vape aerosol over 12 weeks indicates lower antioxidant activity by SOD-3 enzyme, likely
affected by the impaired antioxidant enzyme expression caused by chronic inflammation. The
ascorbic acid-based vape aerosol does not affect the expression of SOD-3 enzyme. In their publication,
Bezerra et al. (2023) stated that increased oxidative stress levels caused by inflammatory cells in
asthmatic patients ultimately impaired SOD activity [60] Other components in the aerosol, such as
glycerin, propylene glycol, and flavoring, play a role in the upper airway pathway [61].

The SOD-3 levels between 8-week and 12-week exposures show no significant difference
(p>0.05). It can be interpreted that different exposure periods do not affect the SOD-3 enzyme
expression, whether in the control group, the cigarette-exposed group, or the vape aerosol-exposed
group with different e-liquid bases.

Even “phytochemical-based” aerosols like e-ascorbic acid (K6) did not prevent this decline,
suggesting that the delivery method (aerosolization) or the substances themselves may still provoke
a strong oxidative response that exhausts the body's natural antioxidant pool. While the study found
no statistically significant differences in MDA levels across groups (p = 0.812), cigarette smoke is
academically established as a catalyst for lipid peroxidation. General research indicates that acrolein
and other particulates in smoke/aerosols trigger ROS that attack cell membranes, leading to increased
MDA [62]. The lack of significance in this specific study (MDA: F (5, 24) = 0.447) may be due to the
short 12-week timeframe or the limited sample size, rather than a lack of biological effect.

Nicotine-based vape aerosol exposure over an 8-week period shows the highest oxidative stress,
as indicated by MDA levels, suggesting that nicotine in vape aerosol induces lipid peroxidation and
increases MDA production. Followed by the group with cigarette smoke exposure in 12 weeks,
further proving that nicotine prominently contributes to the increasing MDA level in the body, which
indicates higher oxidative stress. Ascorbic acid-base vape aerosol exposure in a 12-week period has
the lowest MDA level, which can be interpreted as indicating that this treatment caused a lesser
oxidative burden, potentially caused by the ascorbic acid contained in the vape aerosol acting as a
free-radical scavenger. Ascorbic acid has the ability to stabilize free radicals by donating electrons
directly without a metabolic process, resulting in protection and repair caused by oxidative damages
[63,64]. The MDA levels between 8-week and 12-week exposures show no significant difference (p >
0.05). It can be seen that different exposure periods do not significantly affect MDA production in the
control group, the cigarette-exposed group, or the vape aerosol-exposed group across different e-
liquid bases.

The "hormetic" effect found in this research suggests that the body may initially mount an
adaptive defense against smoke [65]. At the 8-week peak, the highest SOD3 activity was observed in
the 8-week cigarette group (K3: 12.75 + 1.10), which was significantly higher than in all 12-week
groups. This aligns with the "oxidative eustress” theory, where low-to-moderate levels of ROS
initially upregulate antioxidant enzymes as a protective measure before the system becomes
overwhelmed [66]. Despite exposure to nicotine and aerosols, there were no significant pairwise
differences in lipid peroxidation at any time point or across interventions. This suggests that within
a 12-week period, the body's regulatory systems may still be maintaining membrane integrity despite
the decline in SOD3 [67].
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While K6 (e-ascorbic acid) had low SOD3 at 12 weeks, the use of phytochemicals in e-liquids is
often explored to mitigate smoke-induced damage. The potential benefit, based on the literature, is
that exogenous antioxidants, such as ascorbic acid, can decrease lipid peroxidation following smoke
exposure. However, the study results suggest that when delivered as an e-liquid aerosol, this
protective effect might be negated by an inflammatory response, as evidenced by the high IL-6 levels
in K6 [68].

The study shows that both cigarette smoke and e-ascorbic acid aerosols significantly deplete
antioxidant defenses (SOD3) and increase inflammation over 12 weeks. The body may attempt an
early defense (seen at 8 weeks), and systemic lipid damage (MDA) may take more than 12 weeks to
become significant.

4.4. Temporal Progression of Tracheo-Alveolar Histopathology

The respiratory system responds to inhaled insults through a sequence of structural adaptations
and eventual failures. The “temporal” aspect refers to how these tissues degrade over days, weeks,
or months of exposure. Acute irritation occurs on days 1-7 (Phase 1) and can be triggered by cigarette
smoke, which may cause a rapid onset of mucus hypersecretion and loss of ciliary beat frequency,
and is accompanied by early neutrophil infiltration of the tracheal lining. Besides E-Liquid Aerosols
exposure, it generally shows milder irritation, though high concentrations of propylene glycol can
cause early dehydration of the epithelial surfaces [69].

In the 4- to 12-week exposure period, the phase 2 cellular response, including chronic
remodelling. Tracheal changes occur with cigarette smoke exposure, leading to squamous
metaplasia, in which the flexible, ciliated epithelium is replaced by tougher, nonfunctional cells.
Besides the alveolar destruction shown in the deep lung, where the alveolar walls begin to thin and
rupture (early emphysema). If the e-liquid contains protective phytochemicals, studies often show
preservation of the basement membrane and a significant reduction in alveolar septal thickening
compared with nicotine-only groups [70].

This study reported significant microstructural changes in tracheal-alveolar tissue. In the shorter
exposure (8 weeks) to cigarette smoke, the goblet cell density is denser than in 12 weeks. It means
that the peak of acute exposure, the point of no return, occurred during the 8-week period, followed
by irreversible injury that may decrease goblet cell density. The histopathology of the tracheal
mucosal thickness also reflected this phenomenon. Unfortunately, this study cannot be supported by
differences in the distribution of inflammatory cells or in damage to alveolar lining cells.

Cigarette smoke exposure in an 8-week period has the highest goblet cell counts, altering the
upper airway structure composition, marked by the higher number of goblet cells in smokers
compared to ex-smokers and never-smokers. Goblet cell counts change, accompanied by changes in
mucin expression, suggesting that mucin production is likely influenced by goblet cell densities [71].
Besides goblet cells hyperplasia, cigarette smoke exposure also caused metaplasia in goblet cells, both
of which eventually lead to hypersecretion of mucus, which causes respiratory problems [72,73]. The
8-week control group shows the lowest goblet cell counts, indicating that exposure to irritants would
eventually affect tracheal structural composition, including goblet cell counts. The non-smokers
group has lower goblet cell counts and higher ciliated cell counts than the smoker group,
accompanied by better pulmonary functions [74]. The GCD between 8-week and 12-week exposures
shows no significant difference (p > 0.05). It can be seen that different exposure periods do not
significantly affect Goblet Cell Counts in the control, cigarette-exposed, or vape aerosol-exposed
groups across e-liquid bases.

Exposure to nicotine-based vape aerosol over an 8-week period results in the thickest mucosal
epithelial layer, consistent with a previous study indicating that vape aerosol composition is an
irritant to the respiratory system and eventually causes mucus overproduction, resulting in a
thickened mucosal epithelial layer [75]. Normally, when the trachea is inflamed and under oxidative
stress, it results in thickening of the mucosal epithelium, but in some cases, chronic exposure to
irritants can cause a reduction in mucosal epithelium thickness. Cigarette smoke exposure over 12
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weeks results in the thinnest mucosal epithelial thickness, consistent with a previous study indicating
that cigarette smoke and vape aerosol accumulation could promote cell death, disrupt the protective
barrier, and alter epithelial structure [76]. Exposure to cigarette smoke over a longer period alters the
mucosal epithelium to a cuboidal structure with shortened, decreased cilia, reducing mucosal
epithelial thickness in the trachea [77]. The Mucosal Epithelium Thickness between 8-week exposure
and 12-week exposure shows a significant difference (p<0.05). It can be seen that different exposure
periods significantly affect the thickness of the Mucosal Epithelial Layer. The Bonferroni Post Hoc
test shows there’s a significant effect of different period exposure in the cigarette smoke-exposed
group and the vape aerosol-exposed group. The duration of exposure to irritants, including cigarette
smoke and vape aerosol, could significantly affect tracheal mucosal epithelial thickness. Acute
exposure to irritants usually causes the mucosal epithelium layer of the upper respiratory tract to
thicken as a consequence of mucus hypersecretion [78]. Significant alteration of the structure of the
mucosal epithelium layer in the trachea, and so the previous study proved that the duration of smoke
exposure is positively correlated with the degree of tracheal pathological abnormality, marked by
collapsed and damaged goblet cells, altered mucosal structure, and loss of cilia [79]. Alterations in
the tracheal mucosal epithelium could reduce the effectiveness of respiratory tract defenses, making
it easier for pathogens to enter the body through the airways.

4.5. The IL-6/TNF-a Molecular Signaling Axis

The IL-6 and TNF-a axis is the “alarm system” of the mucosal airways. When these proteins are
elevated, they drive a feedback loop of chronic inflammation. Exposure to cigarette smoke triggers
the NF-xB pathway, which acts as a master switch for 1) TNF-a, which is released by alveolar
macrophages. It acts as a primary "recruiter" for other immune cells and induces cell death
(apoptosis) in lung tissue. 2) IL-6 orchestrates the transition from acute to chronic inflammation. High
temporal levels of IL-6 are strongly correlated with the severity of tissue scarring (fibrosis).

The data show a distinct pattern in how IL-6 and TNF-a respond to long-term exposure.
Interleukin-6 levels are significantly higher in the K4 (cigarette 12 weeks) and K6 (e-ascorbic acid 12
weeks) groups compared to the controls and 8-week groups. This suggests that 12 weeks of exposure
triggers a more robust chronic inflammatory signal than 8 weeks. Interestingly, TNF-a levels follow
a different temporal pattern, with the 8-week groups (K1, K3, K5) significantly higher than the 12-
week groups (K2, K4, K6). This may indicate a transition from an acute inflammatory phase (TNF-a
dominant) to a chronic phase (IL-6 dominant) as the duration of exposure increases

The activation of the inflammatory axis often leads to systemic metabolic changes, as reflected
in the weight-gain data. Groups with elevated inflammatory markers (specifically K4, K5, and K6)
show significantly lower weight gain (A Mean) than the controls (K1, K2). While the controls (K1, K2)
gained approximately 137g-138g, the 12-week cigarette group (K4) only gained 32.8g. This
suppression of weight gain correlates with the peak IL-6 levels seen in Table 2, suggesting that
chronic inflammation may be inhibiting normal growth or causing metabolic cachexia.

The signaling axis also correlates with the depletion of the body's antioxidant capacity. As IL-6
levels rise in the 12-week groups (K4 and K6), Superoxide Dismutase 3 (SOD3) levels significantly
drop compared to the 8-week cigarette group (K3). The reduction in SOD3 at K4 and K6, alongside
elevated IL-6, suggests that the inflammatory axis contributes to an environment in which oxidative
stress is not effectively neutralized, potentially leading to further cellular damage.

4.6. Comparative Impact of Phytochemical-Based Aerosols

The data reveal a stark divergence in the biological trajectories of chronic cigarette smoke
exposure and the introduction of phytochemical-based aerosols. This comparison highlights the
potential of specific plant-derived compounds to modulate the IL-6/TNF-a signaling axis and
preserve cellular architecture. Under the influence of traditional cigarette smoke, the molecular
signaling axis exhibits a relentless linear increase. This upward trend in IL-6 and TNF-a levels
indicates progressive, unmitigated inflammation. At the tissue level, this biochemical storm
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translates into a severe breakdown of the respiratory epithelium. The data specifically note
“sloughing”, a process in which the protective outer layers of cells are shed, leaving the underlying
tissue vulnerable and compromised.

In contrast, the phytochemical-based e-liquid appears to act as a biological buffer. Rather than
following the linear escalation observed in the cigarette smoke group, these markers stabilize or
decline over time. This suggests that the phytochemicals effectively "dampen" the pro-inflammatory
signal, preventing it from reaching the damaging thresholds observed in traditional smoke exposure.
The narrative of the data suggests that this dampening effect is not merely passive but is driven by
active cellular defense mechanisms. The phytochemicals appear to upregulate antioxidant pathways,
specifically the Nrf2 (Nuclear factor erythroid 2-related factor 2) pathway. By activating Nrf2, the
cells increase their production of endogenous antioxidants, creating a more resilient internal
environment.

This molecular strengthening correlates directly with the preservation of Epithelial Integrity.
While the CS group experiences tissue breakdown, the phytochemical group maintains “Tight
Junctions”. These junctions act as the “mortar” between cellular “bricks”, ensuring that the epithelial
barrier remains leak-proof and structurally sound. Consequently, the phytochemical-based aerosol
doesn't just reduce inflammation; it actively fortifies the respiratory system’s physical barriers against
environmental stress.

Phytochemicals such as nicotine and ascorbic acid in aerosols can potentially interfere with
signaling pathways. By neutralizing ROS before they trigger the NFkB switch, these aerosols may
exhibit a blunted temporal inflammatory curve compared to the sharp spike seen with traditional
smoking. The clinical significance of why ‘temporal’ matters, based on an understanding of timing,
is crucial for intervention. If the IL-6/TNF-a axis is suppressed early on through phytochemical-based
delivery, irreversible structural damage, such as the transition from bronchitis to full-blown
emphysema, might be delayed or mitigated. However, it is vital to note that “less harmful” does not
mean “safe”, as the long-term temporal effects of inhaling aerosolized phytochemicals are still being
mapped in human cohorts.

4.7. Limitations

The study identifies several limitations related to its methodology, timeframe, and biological
markers. Methodological and statistical limitations consists of; a) sample size, that may have lacked
the statistical power required to detect significant differences in certain markers, specifically
regarding lipid damage, b) study duration for the 12-week timeframe is identified as potentially
insufficient to capture permanent, measurable lipid damage or to fully map the transition into long-
term tobacco-related illnesses like COPD or emphysema, c) lack of specific cellular data, showed that
the study's histopathological findings could not be supported by data regarding the distribution of
inflammatory cells or specific damage to alveolar lining cells.

Biomarker and pathological constraints indicate that an incomplete inflammatory profile, based
on IL-6 or TNF-a alone, does not provide a complete picture of organ-specific damage. IL-6 levels
may be temporarily similar between substances (e.g., e-ascorbic acid vs. cigarettes), but this does not
account for other types of damage, such as DNA damage or cancer, which one substance might cause
and the other might not. A drop in TNF-a levels at 12 weeks could be misleading; it may indicate
immune exhaustion (the body being unable to keep up production) rather than a healthy transition
or resolution of inflammation. Besides, there was no significant variation in MDA levels across the
groups. This is considered "unusual" in chronic smoke-exposure models, where MDA typically rises
as antioxidant defenses decline.

The scope and generalizability revealed in this research pose risks to delivery methods. While
some substances, such as ascorbic acid, are typically anti-inflammatory, the study highlights that
their chemical properties may change or degrade upon heating and vaporization, potentially acting
as pro-oxidants. However, the long-term human impact stated that the long-term temporal effects of
inhaling aerosolized phytochemicals in humans are still not fully understood or mapped.
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5. Conclusions

The research concludes that both traditional cigarette smoke and e-liquid aerosols, including
those containing phytochemicals such as ascorbic acid, induce significant systemic inflammation and
antioxidant depletion over time. The study highlights a “temporal” shift in the body's response,
moving from an acute defensive phase to a chronic, potentially damaging state. The inflammatory
and antioxidant axis proved the transition to chronic inflammation. Exposure triggers a shift from an
acute response (dominated by TNF-a at 8 weeks) to a chronic systemic inflammatory state (marked
by a significant spike in IL-6 at 12 weeks). Antioxidant exhaustion occurred, while the body may
initially increase antioxidant activity as a protective measure (oxidative eustress); prolonged 12-week
exposure eventually overwhelms and depletes natural defenses like SOD3. The general irritant
theory was supported by the study, which suggests that the physical state of the substance
(aerosol/vapor) may be as problematic as its chemical composition; even “neutral” or “healthy” bases
like propylene glycol and vegetable glycerin can trigger immune responses.

The pathological and metabolic impact caused by respiratory tissue degradation. Long-term
exposure leads to structural damage, including reduced goblet cell density and thinning of the
tracheal mucosal epithelium, thereby compromising respiratory defenses. The metabolic
suppression, reflected in chronic inflammation, particularly the rise in IL-6, is strongly correlated
with significantly reduced weight gain, suggesting that these inhaled insults inhibit normal growth
or cause metabolic cachexia. The paradoxical effects of ascorbic acid were demonstrated: although
typically an antioxidant, e-ascorbic acid delivered via vaporization elicited IL-6 levels similar to those
of cigarette smoke. This suggests that the aerosolization process may negate its benefits or cause the
substance to act as a pro-oxidant. Despite the risks, the research indicates that specific phytochemical-
based aerosols might act as a biological buffer by upregulating antioxidant pathways (like Nrf2) and
helping maintain epithelial integrity better than nicotine-only groups.

Finally, the study establishes that “less harmful” does not mean “safe”. Body weight
differentiation and tissue damage serve as visible markers of the internal struggle between oxidative
stress and the body’s inflammatory defense system. The novelty of this research lies in its temporal
analysis of the body's transition from acute to chronic injury and its investigation of the paradoxical
effects of aerosolized antioxidants.
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IL-8 Interleukin-8
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MDA Malondialdehyde
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ARRIVE  Animal Research: Reporting In Vivo Experiments
NMC Nasal mucociliary clearance

GCD Goblet Cells Density
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