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ARTICLE INFO Abstract
Background: Chronic obstructive 
pulmonary disease (COPD) is 
characterized by persistent inflammation 
and oxidative stress, primarily driven by 
cigarette smoke (CS) exposure. While 
high-intensity interval training (HIIT) 
and polyphenol-rich supplements such 
as Yerba Mate (YM) have demonstrated 
anti-inflammatory and antioxidant 
properties, the combined effects of HIIT 
with a niosomal YM formulation (Nio-
YM) remain unexplored. This study 
aimed to investigate the individual and 
combined effects of HIIT, YM, and Nio-YM on inflammatory cytokines (IL-6, IL-10, TNF-α), 
oxidative stress markers (MDA, TAC), and physical performance in a rat model of CS-induced 
lung injury.
Methods: Male rats were randomly allocated into seven groups: control (CON), CS, CS + Vehicle 
(Veh), CS + YM, CS + Nio-YM, CS + HIIT, and CS + HIIT + Nio-YM. The interventions consisted of 
an 8 week HIIT protocol, Yerba Mate (YM) extract (0.5 mg/kg, orally), and its niosomal formulation 
(orally). Lung cytokines (IL-6, IL-10, TNF-α), oxidative stress markers (MDA, TAC), and exercise 
performance indices (exhaustion running time, maximum running speed) were evaluated.
Results: CS exposure markedly increased IL-6, TNF-α, and MDA, while reducing IL-10 and TAC, 
indicating an inflammatory and oxidative burden. All interventions significantly reversed these 
alterations. TAC levels were higher in the HIIT and YM groups compared with other treatments, 
suggesting a stronger enhancement of antioxidant defenses. However, no significant synergistic 
effects were observed in the HIIT + Nio-YM group. Additionally, the 8-week HIIT protocol 
significantly improved exhaustion running time and maximum running speed in CS-exposed rats.
Conclusion: HIIT, YM, and Nio-YM attenuated CS-induced inflammation and oxidative stress 
while improving exercise performance. Although the combined intervention did not show 
additive effects, both HIIT and YM demonstrated robust protective outcomes. These findings 
support the potential of combining structured exercise with polyphenol-based supplementation 
as an effective non-pharmacological strategy for mitigating COPD progression.
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Introduction
Chronic respiratory diseases (CRDs) are a major group 
of non-communicable disorders that exert a profound 
impact on global health and quality of life. Chronic 
respiratory diseases rank as the third leading cause of 
mortality worldwide, contributing to approximately 
four million deaths annually.1 Among them, chronic 
obstructive pulmonary disease (COPD) is the most 
prevalent condition and a major contributor to years 
lived with disability (YLDs) and years of life lost 
(YLLs). The global burden of COPD is expected to rise 
to approximately 600 million cases by 2050.1,2 Cigarette 
smoking and exposure to tobacco smoke remain the 
primary etiological factors driving COPD pathogenesis.3,4 
Inhaled smoke constituents activate inflammatory cells 
such as lymphocytes, neutrophils, and macrophages, 
while also stimulating airway epithelial cells to release 
pro-inflammatory mediators. The subsequent secretion 
of cytokines—particularly interleukin-6 (IL-6), 
interleukin-10 (IL-10), and tumor necrosis factor-alpha 
(TNF-α)—has been closely linked to airflow limitation 
and disease severity in COPD patients.5-7 Pulmonary 
rehabilitation (PR) is regarded as the most effective non-
pharmacological intervention for mitigating dyspnea, 
improving exercise tolerance, and enhancing quality of 
life in individuals with chronic respiratory conditions.8,9 
Regular aerobic exercise has been shown to protect 
against smoke-induced lung damage and to slow rate the 
progression of respiratory dysfunction.10 Among exercise 
modalities, high-intensity interval training (HIIT) has 
gained particular attention in pulmonary rehabilitation 
programs. Compared with moderate-intensity 
continuous training or standard care, HIIT elicits greater 
improvements in pulmonary function, aerobic capacity, 
and overall quality of life.11 Consequently, HIIT has been 
proposed as an optimal training strategy for patients with 
chronic respiratory diseases.12 Beyond exercise-based 
approaches, medicinal plants represent a rich source 
of bioactive compounds with anti-inflammatory and 
antioxidant potential. Yerba Mate (Ilex paraguariensis) is 
particularly notable for its diverse phytochemical profile 
and mineral composition, which collectively contribute 
to its physiological benefits—including antioxidant, 
metabolic, and immunomodulatory effects.13,14 However, 
the clinical use of herbal extracts remains limited by 
poor solubility, instability during storage, and low 
bioavailability, which restrict their therapeutic efficienc.15

To overcome these challenges, novel drug delivery 
systems (NDDSs) such as niosomes have been introduced. 
These non-ionic surfactant–based vesicles enhance 
drug stability and bioavailability while supporting both 
paracellular and transcellular transport.16,17 Niosomal 
formulations have also been explored for pulmonary 
applications, demonstrating improved mucosal 
absorption and targeted delivery to lung tissue.18 Despite 
these advancements, no previous study has examined the 
combined effects of high-intensity interval training and 

Yerba Mate—particularly in its niosomal formulation—
on lung injury. Therefore, the present study aimed 
to determine whether eight weeks of HIIT combined 
with niosomal Yerba Mate supplementation could 
synergistically attenuate inflammation and oxidative 
stress while improving lung structure in a cigarette 
smoke–induced rat model. We hypothesized that the 
combined intervention would exert superior protective 
effects compared with either treatment alone.

Materials and Methods
Materials
Yerba mate (YM) was purchased from a local botanical 
market (Leão Jr., Curitiba, PR, Brazil). Polyethylene 
glycol hexadecyl ether (Brij 52) and cholesterol, used 
as niosome-forming lipids, were obtained from Sigma-
Aldrich (St. Louis, MO, USA). Commercial cigarettes 
(Red Magna, USA) were utilized for COPD induction in 
animals. ELISA Kits were bought for TNF-α (Bio-techne 
Co, USA, Catalog No: DY510-05), IL-10 (Bio-techne, 
USA, Catalog No: R1000), and IL-6 (Bio-techne, USA, 
Catalog No: R6000B). All other solvents and reagents 
were of analytical grade and purchased from Merck 
(Darmstadt, Germany).

Yerba Mate Extract Preparation
A total of 100 g of commercially available dried Yerba 
Mate leaves was infused in 1,000 mL of boiling distilled 
water and maintained at 90 °C in a thermostatic water 
bath for 40 min. The extract was rapidly cooled in an ice 
bath and filtered twice to ensure clarity and consistency.19 
The extraction yield was approximately 14% of the dried 
leaves. The voucher specimen of Ilex paraguariensis 
was authenticated by the Faculty of Pharmacy, Kerman 
University of Medical Sciences, and deposited in the 
herbarium under voucher number H145.

Each rat received an oral dose of 0.5 g/kg body 
weight of either the aqueous Yerba Mate extract, its 
niosomal formulation, or a vehicle solution consisting of 
distilled water containing 0.5% Tween 8.20 Body weight 
was recorded prior to gavage to ensure accurate dose 
calculation. The selected dose was informed by prior in 
vivo investigations reporting favorable efficacy and safety 
profiles of YM at comparable concentrations.21

Niosome Preparation
Non-ionic surfactant vesicles (niosomes) were prepared by 
traditional film hydration method.22 Briefly, 300 µmole of 
lipids (7:3 Brij 52/cholesterol molar ratio) were dissolved 
in chloroform. The organic solvent was then removed 
by rotary evaporator (Heidolf, Germany) at 70°C. For 
evaporation of the trace amount of chloroform, the round-
bottom flask containing niosome constituents was placed 
in a vacuum cabinet whole night. The dried thin lipid film 
was then hydrated by Normal Saline containing YM extract 
(5 g/100 ml) at 70°C for 30 min. The prepared multilamellar 
vesicles (MLVs) were stored at refrigerator.
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Niosomal Suspension Characterization 
Optical microscopy was used to observe the apparent 
morphology of MLVs and a rapid evaluation of 
constituents. particles or crystal separation, niosomal 
aggregation or phase separation. Static laser scattering 
(Malvern 2000E, UK) technique was utilized for niosomal 
size analysis during 6-month shortage period to ensure 
the physical stability of prepared lipid vesicles.23

Encapsulation efficiency percent (EE%) of YM extract 
in MLVs was calculated after separation of encapsulated 
extract from free portion by centrifuge (Eppendorf, USA) at 
14000 rpm in room temperature, spectrophotometrically.

Physicochemical Characterization of Niosomes
Optical microscopy was used to observe the apparent 
morphology of MLVs and a rapid evaluation of 
constituents. particles or crystal separation, niosomal 
aggregation or phase separation. Static laser scattering 
(Malvern 2000E, UK) technique was utilized for niosomal 
size analysis during 6-month shortage period to ensure 
the physical stability of prepared lipid vesicles.

In Vivo Study
A total of 42 adult male Wistar rats (weighing 200–220 
g) were purchased from the Animal Facility of Kerman 
University of Medical Sciences. Animals were housed 
individually in polycarbonate cages under controlled 
environmental conditions (21 °C, adequate ventilation, and 
a 12/12-h reversed light–dark cycle). Standard laboratory 
chow (3 % fat, 16 % protein, 60 % carbohydrates, 5 % 
minerals, and 4 % fiber) and tap water were provided ad 
libitum. After a 10-day acclimatization period, which 
included 5 days of treadmill familiarization, all animals 
underwent a brief running test to assess exercise compliance. 
Those that showed no willingness to run or voluntarily 
refused during treadmill activation were excluded from 
the training-eligible pool. The remaining animals were 
then randomly assigned to seven experimental groups — 
Healthy control (CON), Cigarette smoke (CS), Vehicle 
control (Veh), Yerba Mate aqueous extract (YM), Niosomal 
Yerba Mate extract (Nio-YM), High-Intensity Interval 
Training (HIIT), and synergistic group )CS + HIIT + Nio-
YM(, using computer-generated block randomization 
(block size = 7; allocation ratio = 1:1).24 Randomization was 
conducted by an independent researcher not involved in 
data collection or analysis. Baseline body weights were 
comparable across groups (P > 0.05). All outcome assessors 
and data analysts remained blinded to group assignments 
until the completion of the study and database lock. 
The study protocol was approved under the ethical code 
IR.KMU.AEC.1404.046.

Cigarette Smoke Exposure Protocol
Rats were housed in transparent Perspex exposure chambers 
(73 × 46 × 37 cm; 6 rats per chamber). Animals were exposed 
to cigarette smoke (CS) generated from five commercial 
filtered cigarettes (12.0 mg tar and 1.0 mg nicotine per 
cigarette) for 15 minutes, twice daily, with a 3-hour interval 

between exposures. The exposure protocol was maintained 
for four consecutive weeks, with brief modifications from 
a previously described method.25 During each exposure 
session, all five cigarettes were completely burned within 
approximately 4 minutes, while an internal fan supported 
uniform combustion and ensured homogeneous smoke 
distribution throughout the chamber.

Exercise Training 
To familiarize the animals with treadmill running, rats 
underwent a 4-day habituation protocol during which 
they ran for 15 minutes per day, starting at 5 m/min, 
with the speed increased by 1 m/min each subsequent 
day.26 The high-intensity interval training protocol was 
developed at the Neuroscience Research Center of Kerman 
University of Medical Sciences and implemented over an 
8-week period (Table 1). During the first two weeks, each 
session comprised four intervals, each consisting of 80 
seconds of running at 80% Vmax followed by 150 seconds 
of active recovery at 50% Vmax. Exercise intensity was 
progressively increased by 5% every two weeks, reaching 
95% Vmax during the final phase. Similarly, the number 
of intervals increased by one every two weeks, culminating 
in seven intervals per session by weeks 7 and 8. Vmax 
was reassessed biweekly to ensure proper intensity 
adjustment. All training sessions were performed under 
standardized environmental conditions, and animals were 
continuously monitored throughout the intervention to 
ensure compliance and safety.

Endurance Test and Progressive Running Test
Endurance capacity, defined as the time to exhaustion, 
was evaluated after a 3-minute warm-up at 10 m/min on 
a 10% incline. The treadmill speed was then increased 
to 12 m/min for 2 minutes and to 15 m/min for another 
2 minutes. Subsequently, the speed was raised by 5 m/
min every 2 minutes until the animals reached volitional 
exhaustion. The total running time to exhaustion was 
recorded for further analysis. Fatigue was confirmed 
by observing a delayed righting reflex in the exhausted 
rats.27,28 For the progressive running test, animals first 
completed a 10-minute warm-up at a constant speed of 
6 m/min. The incremental test began at 10 m/min, with 
the treadmill speed increased by 2 m/min every 2 minutes 
until the animals reached exhaustion.29

Tissue Sampling
Animals in the exercise training groups were anesthetized 

Table 1. HIIT Protocol designed for used rats in this study

Weeks
Number of 
Intervals

Running 
Duration 

(sec)

Recovery 
Duration 

(sec)

Running 
Intensity 
(%Vmax)

Recovery 
Intensity 
(%Vmax)

1–2 4 80 150 80 50

3–4 5 80 150 85 50

5–6 6 80 150 90 50

7–8 7 80 150 95 50
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48 hours after the final training session to avoid residual 
acute effects of the last exercise bout.30 Following deep 
anesthesia, animals were euthanized with a lethal dose 
of ketamine (80 mg/kg) and xylazine (50 mg/kg). The 
thoracic cavity was then opened, and lung tissues were 
carefully excised. The upper right lung lobe was snap-
frozen immediately in liquid nitrogen and stored at −80 
°C for subsequent molecular analyses, whereas the lower 
right lobe was fixed in 10% formalin for histopathological 
examination.31

ELISA for Bioactive Materials Detection
The concentrations of TNF-α, IL-10, and IL-6 were 
quantified in the right lung tissue using specific ELISA 
kits, according to the manufacturer’s instructions. For 
the assessment of oxidative stress markers, lung tissues 
were homogenized by sonication, and total protein 
concentrations were determined using the Bradford 
assay. Lipid peroxidation was evaluated by measuring 
malondialdehyde (MDA) levels through the Thio 
barbituric acid reactive substances (TBARS) method at 
532 nm, and the total antioxidant capacity (TAC) was 
assessed using the ferric reducing antioxidant power 
(FRAP) assay at 593 nm.32

Histopathology
The right lungs of samples were fixed in 10% formaldehyde 
for 24 hours, embedded in paraffin, and sectioned at 
a thickness of 5 μm using a rotary microtome (Leica 
RM2135, Germany). Hematoxylin and eosin (H&E) 
staining was performed for histological evaluation of 
general tissue morphology. The stained sections were 
examined under a light microscope (Olympus, CX33, 
Japan) to assess structural alterations. Lung inflammation 
severity was scored by two blinded observers using a 
subjective grading system ranging from 0 to 4 (0: normal, 
1: mild, 2: moderate, 3: severe, 4: very severe).33 This 
assessment was performed without knowledge of the 
animal groups, ensuring objectivity. 

Statistical Analysis
Data normality was evaluated using the Shapiro–Wilk test, 
and Levene’s test was employed to assess the homogeneity 
of variances. Mixed-design ANOVA (composite analysis 
of variance) was used to analyze changes in physical 
performance across different time points. Comparisons 
between group means for the measured variables were 
conducted using one-way ANOVA, followed by Tukey’s 
post hoc test for multiple comparisons. Statistical 
significance was set at P ≤ 0.05. All calculations and the 
graph construction were performed using SPSS 27.0 and 
GraphPad 8.0 software (La Jolla, CA, United States).

Results
YM Niosomes Optical Microscopy Observation
Optical microscopy revealed that the prepared niosomes 
were predominantly round and well-dispersed 

multilamellar vesicles (MLVs) with no visible cholesterol 
or Yerba Mate (YM) crystal residues (Figure 1).

Size Analysis and Physical Stability of YM Niosomes 
As shown in Figure 2, the size distribution of YM niosomes 
exhibited a narrow pattern two weeks after preparation. 
The mean volume diameter (d v0.5 ) was 7.10 ± 0.20 µm for 
the YM niosomal suspension.

Fluctuation of volume distribution of YM niosomes 
was measured by static laser scattering method during 
6 months storage in refrigerator temperature (Figure 3). 
The size (dv0.5) of prepared niosomes was changed from 
7.10 ± 0.20 to 7.36 ± 0.33 µm which indicates high physical 
stability of YM lipid vesicles. 

Figure 1. Optical microscopy of YM niosomes composed of Brij 52/
cholesterol 7:3 molar ratio with 10 × 40 magnification

Figure 2. Size distribution curve of Yerba mate niosomes, 2 weeks after 
preparation and storage at refrigerator temperature

Figure 3. Size distribution curves of YM niosomes during 6 months storage 
at refrigerator temperature as a description of niosomal suspension physical 
stability index
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Encapsulation Efficiency Percent of YM Extract in 
Niosomes
EE% of YM in Brij 52/cholesterol niosomes was measured 
as 63.25 ± 5.30 percent.

Physical Performance Measures 
In the HIIT group, maximum running velocity increased 
progressively throughout the 8-week training period, 
with a statistically significant improvement observed 
during the later weeks (P < 0.0001; Figure 4A), while early 
changes within the first two weeks were not significant 
(P = 0.3149).

In the Nio-YM + HIIT group, no significant 
improvement was detected up to week 4 compared with 
baseline (P = 0.3765); however, a pronounced increase 
was evident by the end of the intervention (P < 0.0001). 
Similarly, exercise tolerance significantly improved from 
baseline to week 8 in both the HIIT (P < 0.0001) and Nio-
YM + HIIT (P = 0.0001) groups (Figure 4B), reflecting a 
marked enhancement in endurance capacity following 
both interventions. The total running distance, presented 
in Table 2, further supports the progressive improvement 
in physical performance across the intervention period.

Cytokine and Oxidative Stress Measurement 
Cytokine Measurement and Oxidative Stress Markers 
Statistical analysis revealed a significant elevation of IL-6 

in the CS group compared to the CON group (P < 0.0001), 
confirming the pro-inflammatory impact of cigarette 
smoke exposure. Conversely, all intervention groups 
YM, Nio-YM, HIIT, and Nio-YM + HIIT exhibited 
significantly reduced IL-6 levels relative to the Veh 
group (P < 0.0001), highlighting their anti-inflammatory 
potential (Figure 5). However, no significant differences 
were observed among the interventions themselves.

Similarly, IL-10 concentrations were markedly 
suppressed in the CS group compared to CON 
(P < 0.0001), reflecting impaired anti-inflammatory 
signaling. Treatment with YM (P = 0.0494), Nio-YM 
(P = 0.0005), HIIT (P = 0.0248), and Nio-YM + HIIT 
(P = 0.0003) significantly restored IL-10 levels versus 
the Veh group, suggesting an enhancement of anti-
inflammatory capacity.

Regarding TNF-α, the CS group showed a significant 
increase compared to CON (P < 0.0001), whereas all 

Figure 4. Improvement of physical performance in rats subjected to (HIIT) and the combined intervention of niosomal Yerba Mate extract with HIIT. ****P < 0.0001 
compared to the first week and ### P < 0.001 compared to the first week

Figure 5. Effect of HIIT, Nio-YM, their combination, and Yerba Mate extract alone on (A); IL-6, (B); TNF-α and (C); IL-10 in lung tissue. Experimental groups 
include Healthy control (CON), cigarette smoke (CS), vehicle control (Veh), yerba mate aqueous extract (YM), niosomal yerba mate aqueous extract (Nio-YM) 
and High intensity interval training (HIIT). ****P < 0.0001 compared to the CON group. Data are presented as mean ± SD for n = 6 in each group. ****P < 0.0001 
compared to the CON group. # P < 0.05, ## P < 0.01, & #### P < 0.0001 compared to the Veh

Table 2. Training volume program used in this study

Weeks Distance (m)
Frequency 

(sessions/week)
Total Distance (m)

Week 0-2 365 ( ± 2) 3 1095

Week 2-4 422 ( ± 2) 3 1266

Week 4-6 510 ( ± 1) 3 1530

Week 6-8 605 ( ± 3) 3 1815
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interventions led to a robust reduction (P < 0.0001 for 
all vs. Veh), underscoring their efficacy in attenuating 
smoke-induced inflammation.

In terms of oxidative stress markers (Figure 6), 
MDA levels were significantly elevated in the CS group 
(P < 0.0001), confirming increased lipid peroxidation. 
All treatment groups significantly lowered MDA levels 
relative to Veh (YM: P < 0.0001; Nio-YM: P = 0.0016; 
HIIT and Nio-YM + HIIT: P < 0.0001), indicating strong 
antioxidative effects. 

TAC levels, which were markedly reduced in the CS 
group (P < 0.0001), significantly increased following 
all interventions (YM: P < 0.0001; Nio-YM: P = 0.0092; 
HIIT: P < 0.0001; Nio-YM + HIIT: P = 0.0086), reflecting 
restoration of antioxidant capacity. As with the cytokines, 
no statistically significant differences were found between 
the treatment groups.

Histopathology of Animal Lung Tissue
Pathological lung injury and airway epithelial damage 
scores were significantly elevated in the cigarette smoke 
and vehicle groups compared with controls (P = 0.0056). 
These groups also exhibited marked inflammatory 
cell infiltration and atelectasis (Figure 7). Among the 

intervention groups, only high-intensity interval training 
significantly attenuated the pathological alterations 
relative to the vehicle group (P = 0.0142), whereas 
Yerba Mate extract, niosomal Yerba Mate, and their 
combination failed to induce significant histopathological 
improvements.

Discussion
To the best of our knowledge, this is the first study to 
explore both the individual and combined effects of 
high-intensity interval training, Yerba Mate extract, 
and its niosomal formulation on systemic inflammation 
and oxidative stress in a rat model of cigarette smoke–
induced lung injury. Non-ionic surfactants have long 
been utilized to improve bioavailability through various 
routes of administration, incorporated into vesicular 
and colloidal systems such as micelles (e.g., curcumin),34 
microemulsions (e.g., enoxaparin),35 nano emulsions 
(e.g., isoformononetin)36 and niosomes, Nate glinide,37 
carvedilol,38 quercetin,39 and Gingko biloba extract.40 
Among these, polyoxyethylene alkyl ethers of the Brij® 
family have drawn particular attention. For instance, Brij 
72 has been applied in oral paclitaxel delivery,41 while 
Brij 76 and Brij 78 have been incorporated as permeation 

Figure 6. Effect of HIIT, Nio-YM, their combination, and Yerba Mate extract alone on (A); MDA and (B); TAC in lung tissue. Healthy control (CON), cigarette 
smoke (CS), vehicle control (Veh), yerba mate aqueous extract (YM), niosomal yerba mate aqueous extract (Nio-YM) and High intensity interval training (HIIT). 
****P < 0.0001 compared to the CON group. Data are presented as mean ± SD for n = 6 in each group. # P < 0.05, ## P < 0.01, & #### P < 0.0001 compared to the Veh

Figure 7. Effect of HIIT, Nio-YM, their combination, and Yerba Mate extract alone on the microscopic presentation of cigarette smoke-induced acute lung injury 
in rats, as observed in hematoxylin and eosin-stained lung sections under light microscopy. A Healthy control group, B cigarette smoke group, C vehicle control 
group, D yerba mate aqueous extract group, E niosomal yerba mate aqueous extract group, F High intensity interval training group and G niosomal yerba mate 
aqueous extract + High intensity interval training group, H inflammation score in lung tissue. Data are presented as mean ± SD for n = 5 in each group. **P < 0.01 
compared to the A group # P < 0.05 compared to the C
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enhancers in Span 60:cholesterol hybrid niosomes to 
improve oral absorption of 17-hydroxyprogesterone 
caproate.42 Similarly, Brij 52–cholesterol niosomes have 
shown improved pharmacokinetic profiles for nasal 
delivery of diltiazem in animal models.43 Consistent with 
our previous findings, where Brij 52-based lipid vesicles 
improved oral insulin delivery in diabetic rats,44 the 
current study employed the same surfactant to enhance 
the bioavailability of aqueous Yerba Mate extract.

Compared with the CS group, both YM–niosomes 
and YM–niosomes combined with HIIT elicited a 
significantly greater increase in IL-10 levels, reflecting a 
robust anti-inflammatory effect likely associated with the 
improved bioavailability and sustained release profile of 
the niosomal formulation.45

In addition to their biological efficacy, Brij 52-based 
niosomes demonstrated high physical stability, as shown 
in Figure 4. Particle size distribution analysis revealed 
minimal changes in vesicle diameter during six months 
of refrigerated storage, consistent with our earlier 
observations on Brij 52 niosomes for insulin delivery.46

The physicochemical characteristics of niosomes depend 
strongly on the preparation technique, which governs 
vesicle morphology and stability. Here, the thin-film 
hydration method was adopted, yielding multilamellar 
vesicles (MLVs). Upon oral administration, these vesicles 
undergo dynamic structural changes that facilitate the 
gradual release of encapsulated bioactive compounds 
into systemic circulation. In the small intestine, bile salts 
and pancreatic enzymes initially induce vesicle swelling 
followed by reduction in size.47 while enzymatic digestion 
of lipid bilayers results in controlled diffusion and erosion-
driven release of the active ingredients.48 Furthermore, 
surfactants such as Triton X-100 and endogenous bile 
salts may integrate into lipid bilayers, transforming them 
into mixed micellar–bilayer structures.49 Nevertheless, the 
relatively large mean diameter of the prepared niosomes, 
together with the inherent complexity of intestinal 
absorption, may partly explain why pharmacokinetic 
differences between YM solution and YM–niosomes were 
not statistically significant in vivo.

High-intensity interval has emerged as a potent non-
pharmacological strategy to regulate systemic and 
pulmonary immune responses in CS-induced lung injury 
and COPD.11,50,51 Chronic smoke exposure establishes a 
pro-inflammatory and oxidative milieu characterized by 
cytokine overproduction, immune cell infiltration, and 
oxidative damage to pulmonary tissue.52,53

Evidence from longitudinal studies indicates that regular 
moderate- to high-intensity exercise not only mitigates 
lung function decline but also reduces the risk of COPD 
development.54,55 In line with these findings, HIIT in the 
present study significantly elevated IL-10 and suppressed 
TNF-α compared with the CS group, confirming its 
potent anti-inflammatory potential. These effects are 
consistent with previous research demonstrating that 
exercise-induced myokines modulate immune signaling 

and attenuate systemic inflammation.56,57 The observed 
TNF-α reduction agrees with reports showing decreased 
airway inflammation following aerobic training,58,59 likely 
mediated through inhibition of STAT3 activation.60 
However, other studies have reported no significant 
alterations in IL-6, TNF-α, or IL-10, indicating that the 
magnitude of the anti-inflammatory response may be 
contingent upon training intensity.61 

Interestingly, IL-6 levels declined in our model, 
supporting its dual role as both pro- and anti-
inflammatory mediator depending on physiological 
context.62-64 This pattern also aligns with epidemiological 
evidence linking greater physical activity to reduced 
systemic inflammation in smokers.65,66 Functionally, HIIT 
significantly enhanced time to exhaustion and maximal 
running speed in CS-exposed rats, supporting prior 
evidence that high-intensity interval training improves 
exercise tolerance and aerobic capacity.67,68

In accordance with a recent meta-analysis that emphasized 
a dose–response relationship between exercise intensity and 
improvements in pulmonary outcomes, the HIIT protocol 
applied in the present study was specifically structured to 
reflect these evidence-based thresholds, particularly within 
the optimal intensity ranges reported to enhance both 
functional capacity and respiratory performance.69 

The antioxidant properties of Yerba Mate (YM) 
also contributed to the reduction of TNF-α levels, 
highlighting the close interplay between oxidative stress 
and inflammation. Consistent with previous findings, 
YM supplementation has been shown to lower TNF-α 
and IL-6 concentrations in diet-induced inflammatory 
models.70 Although its effects on acute lung injury 
remain insufficiently characterized, the present results 
suggest that YM may counteract cigarette smoke–
induced oxidative damage. This interpretation is further 
supported by evidence demonstrating that YM attenuates 
lipid peroxidation (MDA) and strengthens antioxidant 
defenses via activation of the Nrf2 signaling pathway, 
which promotes glutathione synthesis.71-73 The elevation 
in TAC observed in both the HIIT and YM groups 
underscores their complementary roles in strengthening 
antioxidant capacity.74 Moreover, recent findings 
implicate the SOCS5/JAK2/STAT3 pathway in redox 
regulation,75 indicating that both HIIT and YM may 
target overlapping molecular mechanisms.

Importantly, relative to the CS group, a significant 
reduction in inflammatory histological scores was 
observed exclusively in the HIIT group. This improvement 
likely reflects adaptive remodeling of pulmonary 
structures driven by mechanical and metabolic stress 
during repeated high-intensity bouts.76 

Collectively, these results suggest that HIIT primarily 
exerts its protective effects through biomechanical 
and metabolic pathways that foster tissue adaptation 
and systemic immunomodulation. In contrast, Yerba 
Mate acts predominantly through its polyphenolic 
antioxidants, suppressing lipid peroxidation and 
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inflammatory cytokines. The niosomal formulation 
of YM further enhanced its efficacy, as reflected by 
the marked elevation of IL-10, likely due to improved 
bioavailability and sustained release of active compounds. 
However, combining HIIT with YM–niosomes did not 
yield additional synergistic benefits, possibly because both 
interventions modulate overlapping molecular pathways 
involved in inflammation and oxidative balance.

One limitation of this study was the absence of 
histological analyses of lung tissue, which could have 
provided structural evidence supporting the observed 
biochemical findings. Furthermore, the lack of lactometer 
measurements to quantify smoke intensity, along with 
the absence of total particulate matter assessment during 
cigarette smoke exposure, may have affected the precision 
of injury induction.

Conclusion
In summary, the present study demonstrated that 
both high-intensity interval training and niosome-
encapsulated yerba mate extract effectively attenuated 
cigarette smoke–induced pulmonary injury in rats by 
modulating inflammatory cytokines and oxidative stress 
markers. Notably, their combination did not confer 
additive benefits. These findings suggest that HIIT may 
serve as a promising non-pharmacological approach for 
mitigating COPD-related lung damage.
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