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ABSTRACT

Background: Zinc as an essential trace element plays a vital role in 
cellular metabolism and various biological processes. Zinc homeostasis 
in cells is regulated by two families of transporter proteins, Slc30a (ZnT) 
and Slc39a (Zip). This study investigated the effects of high-intensity 
endurance training and supplementation with an aqueous extract of 
Trachyspermum ammi (Ajwain) seeds on the expression of key zinc 
transporter genes in the gastric tissue of male rats.
Methods: Twenty-four male Wistar rats were divided into four groups 
of Saline-Control (SC), Saline-Training (ST), Ajwain-Control (AC), 
and Ajwain-Training (AT). The training groups underwent a treadmill 
running protocol for eight weeks (5 days/week, 60 minutes/session). The 
Ajwain groups received a daily oral gavage of 200 mg/kg body weight of 
aqueous T. ammi seed extract. The gene expression levels of ZnT5, ZnT6, 
ZnT8, ZnT9, Zip7, Zip8 and Zip14 were measured using Real-Time PCR.
Results: The results indicated that training and Ajwain supplementation 
significantly affected the expression of ZnT6, ZnT8, ZnT9, Zip8 and 
Zip14 genes in the gastric tissue, whereas the expression of ZnT5 and 
Zip7 genes did not show significant changes.
Conclusion: Supplementation with T. ammi and high-intensity endurance 
training distinctly modulated the expression of zinc transporter genes 
and may play a role in the regulation of zinc homeostasis and gastric 
health. These findings provide new insights into the effects of nutrition 
and exercise on the gastrointestinal system.
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Introduction
Zinc, as the second most abundant trace element in 
the mammalian body, is a vital micronutrient that 
plays an essential role in enzymatic catalysis, the 
structural stability of proteins (particularly zinc-

finger transcription factors), and the regulation of 
cellular signaling pathways (1, 2). Cytosolic and 
organellar zinc homeostasis is chiefly maintained 
by two opposing membrane transport protein 
families of SLC30A (ZnT) and SLC39A (ZIP). 
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ZnT proteins (10 mammalian members) primarily 
reduce cytosolic zinc by efflux or sequestration 
into organelles (e.g., Endoplasmic Reticulum (ER), 
Golgi apparatus, secretory vesicles). Conversely, 
ZIP proteins (14 mammalian members) elevate 
cytosolic zinc via influx or release from organellar 
stores (3). 

ZnT5 and ZnT6 are predominantly localized to 
the ER and Golgi apparatus, often functioning as 
heterodimers to supply zinc for the activation of 
enzymes resident in the secretory pathway (such as 
alkaline phosphatases) (4). ZnT8 is primarily found 
in the secretory granules of the pancreas (and other 
endocrine glands) and is vital for the storage and 
secretion of peptides like insulin (5). ZnT9 has also 
been identified as a zinc transporter in mitochondria, 
playing a role in maintaining the function of this 
organelle (6). From the ZIP family, the transporter 
Zip7 is situated in the ER and Golgi membranes; 
through the controlled release of zinc into the cytosol 
(regulated by phosphorylation via Casein Kinase 2 
(CK2), it activates signaling pathways associated 
with cell proliferation and survival (7-9). Zip8 is 
found in the plasma membrane and acidic organelles 
(such as lysosomes) and, in addition to transporting 
zinc, is involved in immune and inflammatory 
responses, with its expression being upregulated by 
inflammatory stimuli (10). Zip14 is also located in the 
plasma membrane and transports not only zinc, but 
also non-heme iron and manganese. Its expression is 
strongly regulated by the pro-inflammatory cytokine 
IL-6, rendering it a key interface between systemic 
inflammation and metal metabolism (11, 12).

Intense and prolonged physical activity, such as 
endurance running, constitutes a major physiological 
stressor that can affect bodily homeostasis at various 
levels, including zinc metabolism (13, 14). There 
are reports of decreased serum zinc concentrations 
and increased zinc excretion following exercise, 
indicating an augmented requirement or 
redistribution of zinc in active individuals (15, 16). 
These alterations can have implications for athletic 
performance and general health, as zinc is involved 
in energy metabolism, antioxidant function (as a 
cofactor for superoxide dismutase), and the immune 
response (17, 18). Intense exercise particularly 
affects the gastrointestinal tract, potentially leading 
to “Exercise-Induced Gastrointestinal Syndrome” 
(EIGS). This syndrome involves functional 
disturbances and structural damage, characterized 
by diminished splanchnic perfusion, heightened 
mucosal permeability, localized inflammation, 
oxidative stress, and modified gastrointestinal 
motility (19). As the primary segment following the 
oesophagus, gastric tissue experiences mechanical 

stress, exercise-induced relative hypoxia due to 
blood flow redistribution, and pH alterations. Such 
conditions can impair mucosal barrier function, 
increasing vulnerability (20-22).

Medicinal plants with antioxidant and anti-
inflammatory properties have garnered attention 
as potential strategies for mitigating exercise-
induced physiological stress and enhancing 
training adaptations (23-25). Trachyspermum 
ammi (Ajwain), an Apiaceae family member, is 
traditionally employed for digestive, respiratory, and 
inflammatory conditions (26). Pharmacological study 
has validated the antioxidant, anti-inflammatory, 
antispasmodic, gastroprotective, and antimicrobial 
attributes of Ajwain seed extract, largely due to 
bioactive constituents like thymol, carvacrol, and 
other phenolics and terpenoids. Moreover, Ajwain 
seeds reportedly contain essential minerals, 
including zinc (27).

A recent study in 2025 has highlighted the 
potent bioactive properties of T. ammi. For 
instance, its significant antibacterial and antioxidant 
potential has been reaffirmed, underscoring its 
role as a natural protective agent (28). Moreover, 
comprehensive reviews have documented its 
emerging pharmacological benefits, solidifying 
its traditional use in gastrointestinal health (29). 
The rich phytochemistry of Ajwain is believed to 
be responsible for its wide range of bioactivities, 
making it a compelling candidate for interventions 
aimed at mitigating physiological stress (30).

There is a need to examine the concurrent 
impact of an intensive endurance running regimen 
and aqueous Ajwain extract supplementation on 
the gastric tissue gene expression profile of pivotal 
zinc transporters (Znt5, Znt6, Znt8, Znt9, Zip7, 
Zip8, and Zip14). This lacuna is significant giving 
gastric tissue’s susceptibility to intense exercise as 
a critical function of zinc transporters in cellular 
homeostasis, and the Ajwain’s medicinal properties. 
So this study investigated the in vivo effect of high-
intensity endurance training and T. ammi (Ajwain) 
seed supplementation on expression of specific zinc 
transporter genes in gastric health.

Materials and Methods
Twenty-four male Wistar rats (189±39 g), sourced 
from the Pasteur Institute of Iran (Amol), were 
acclimatized for one week at the University of 
Mazandaran’s animal facility. Animals were group-
housed (five per cage) under controlled conditions 
(20±2°C, 50±5% humidity, 12h light/dark cycle) 
with ad libitum access to water and standard chow. 
Subsequently, rats were randomly allocated to four 
groups (n=6/group):1) Saline-Control (SC): saline 
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gavage, no exercise; 2) Saline-Training (ST): saline 
gavage, treadmill exercise; 3) Ajwain-Control (AC): 
aqueous Ajwain seed extract (200 mg/kg) gavage, 
no exercise; 4) Ajwain-Training (AT): Ajwain 
extract gavage, treadmill exercise. Daily gavage 
occurred 30 minutes post-exercise for ST and AT 
groups, and at a comparable time for SC and AC 
groups. All procedures adhered to International 
Animal Care Guidelines and were approved by the 
University of Mazandaran’s Biomedical Research 
Ethics Committee (IR.UMZ.REC.1403.115). All 
procedures were conducted in accordance with the 
ARRIVE guidelines for reporting animal research.

Ajwain seeds, cultivated in Isfahan, were procured 
from Sari’s traditional market (Mazandaran, Iran) 
and authenticated via morphological comparison 
with herbarium specimens. The washed, shade-dried 
seeds were later powdered. The aqueous extract was 
prepared by adding 10 mL boiling distilled water per 
gram of powder, followed by three-day incubation at 
50±1°C and one hour of gentle boiling. After cooling, 
the mixture was filtered sequentially through muslin 
cloth (single, double, triple-layer) and Whatman No. 
1 filter paper. The filtrate was oven-concentrated to 
one-third its initial volume and stored at 4°C in dark 
glass containers until use (31). AC and AT groups 
received 200 mg/kg BW/day of the extract (32). 

An eight-week aerobic treadmill exercise program 
was conducted five days per week, with 60-minute 
sessions. It began with a one-week adaptation phase 
(10-15 min/day walking at 10 m/min, 0° incline). This 
was followed by a two-week progressive phase (weeks 
2-3), starting at 20 min/day running at 15 m/min (0° 
incline), gradually increasing to 60 min/day at 32 m/
min (0° incline) by week three’s end. The final phase 
(weeks 4-8) maintained constant intensity: 60 min/day 
running at 32 m/min (0° incline) (33). Thirty-six hours 

post-final training/intervention, following a 12-hour 
overnight fast (water ad libitum), rats were deeply 
anaesthetized via intraperitoneal ketamine/xylazine 
injection. Gastric tissue was then promptly dissected, 
rinsed with cold physiological saline, placed in sterile 
microtubes, and snap-frozen in liquid nitrogen for 
subsequent analysis.

Approximately 50 mg of frozen gastric tissue 
was homogenized in liquid nitrogen. Total RNA 
was extracted using a Dena Zist Asia Co. kit as 
per manufacturer’s protocol. Complementary DNA 
(cDNA) was synthesized from 1 µg total RNA 
with an oligo-dT primer and a Yekta Tajhiz Azma 
kit, following instructions, then stored at -80°C. 
Specific primers for target genes (Slc30a5, Slc30a6, 
Slc30a8, Slc30a9, Slc39a7, Slc39a8, Slc39a14) and 
the reference gene (β-actin) were designed using 
Primer Premier 5 and synthesized by Bioneer (South 
Korea) (Table 1). Quantitative Real-Time PCR 
(qPCR) was performed using SYBR Green master 
mix (Ampliqon) on a Rotor-Gene Corbett 6000. The 
thermal profile included initial denaturation (95°C, 
15 min), then 40 cycles of denaturation (95°C, 20s), 
annealing (57°C, 30s), and extension (72°C, 30s). 
Melt curve analysis confirmed product specificity. 
Cycle threshold (Ct) values (≥2 technical replicates/
sample) were determined. Relative mRNA expression 
was calculated via the 2-ΔΔCt method, normalized to 
β-actin. Statistical analyses were conducted using 
SPSS software (IBM Corp., version 27, Chicago, IL, 
USA). Data normality was evaluated via the Shapiro-
Wilk test, with results presented as mean±standard 
deviation. One-way ANOVA was employed to assess 
mean differences among the four groups. Significant 
overall differences prompted Tukey’s HSD post-hoc 
test for pairwise comparisons. Statistical significance 
was set at p<0.05 for all analyses.

Table 1: Primer sequences used for Real-Time PCR analysis.
Gene Forward and Reverse primer Accession number Product length (bp)
Slc30a5
(Znt5)

F-5’-TGACACAAACATGCTGACACC-3’
R-5’-CATGACTGTGGGCGTGACT-3’

NM_001106404.1 89

Slc30a6
(Znt6)

F-5’-TGCTAAACTTCTCAGACCACCA-3’
R-5’-TCACATTTTTCCCAGGCGTATT-3’

NM_001277279 141

Slc30a8
(Znt8)

F-5’-TTCTTTATGGTGGCAGAGGTG-3’
R-5’-GCAGGAAACTAGTCAGGTCAATTA-3’

NM_001130538.1 100

Slc30a9
(Znt9)

F-5’-ACCAATGGAATCCCTGCTATG-3’
R-5’-ATTGCCTGTTATGGAGGTAAGG-3’

NM_001109088.1 247

Slc39a7
(Zip7)

F-5’-CTCATTCGCACGATACTCCG-3’
R-5’-TGTCTCACAAACTTCTCCACCAC-3’

NM_001164744.1 133

Slc39a8
(Zip8)

F-5’-ATAAAGAAGTCGTATTTCCCCAAGA-3’
R-5’-GTAAAATCCACCAAACACAGCAAC-3’

NM_001011952.1 165

Slc39a14
(Zip14)

F-5’-CAATTATGTCTCCAAGTCTGCTGT-3’
R-5’-GTCCGTGATGGTGCTCGTT-3’

NM_001107275.1 110

β-actin F-5’-GTGTGACGTTGACATCCGTAAAGAC-3’
R-5’-TGCTAGGAGCCAGGGCAGTAAT-3’

NM_031144.3 119
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Results
Mineral analysis of the T. ammi seeds revealed 
significant zinc content of 53.4 µg/g. The analysis 
also identified high concentrations of other essential 
minerals, including calcium (14829.3 µg/g),  
potassium (5531.5 µg/g), magnesium (3906 µg/g), 
and phosphorus (2876.1 µg/g), as well as sodium 
(1621.3 µg/g), iron (72.2 µg/g), manganese (25.39 
µg/g), copper (7.3 µg/g), and selenium (1.0 µg/g). The 
data demonstrated that the rat’s weight significantly 
increased at the end of the experimental period 
compared to their initial weight. However, no 
significant differences were observed between the 
groups regarding their initial and final weights 
throughout the study (Figure 1).

Investigation of the expression profile of selected 
genes from the ZnT and Zip families in gastric tissue 
revealed that all studied genes, including Znt5, Znt6, 
Znt8, Znt9, Zip7, Zip8, and Zip14, were expressed in 
this tissue. However, the expression of these genes in 
gastric tissue did not follow a uniform pattern. An 
interesting observation was the presence of relatively 
similar patterns of change in expression levels between 
the gene pairs Znt5 and Zip7, as well as between Znt6 
and Zip14, in response to the applied treatments, which 
may suggest coordinated regulation or related roles 
for these gene pairs. The results of ANOVA analysis 
indicated that changes in the expression of Znt6, 
Znt8, Znt9, Zip8, and Zip14 genes were statistically 

significant among the different groups (p<0.05), 
whereas the expression of Znt5 and Zip7 genes did 
not show significant differences (p>0.05) (Figure 2).

Tukey’s HSD post-hoc test revealed significant 
differences (p<0.05) between specific groups. 
The expression of the Znt6 gene showed that all 
three intervention groups (ST, AC, and AT) were 
significantly higher than the control group (SC). 

Figure 2: Relative mRNA expression of zinc transporter genes in gastric tissue after eight weeks of endurance training 
and Ajwain supplementation. Saline-Control (SC), Saline-Training (ST), Ajwain-Control (AC), and Ajwain-Training (AT). 
Data were presented as mean±standard deviation (Mean±SD) for each group (n=6). * indicates a statistically significant 
difference between the specified groups at p<0.05. 

Figure 1: Mean±SD of body weight in the different 
groups in relation to initial and final weights. Saline-
Control (SC), Saline-Training (ST), Ajwain-Control (AC), 
and Ajwain-Training (AT).
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The expression of the Znt8 gene indicated that 
supplementation with aqueous Ajwain seed extract 
in both groups (AC and AT) showed a significant 
increase compared to the saline groups (SC and ST). 
Furthermore, Tukey’s post-hoc test for Znt9 gene 
expression demonstrated that only the combined 
Ajwain supplementation with training group (AT) 
demonstrated a significant increase compared to 
both saline groups (SC and ST); although the AC 
group also illustrated an increase compared to both 
saline groups (SC and ST), and this increase was 
not statistically significant. Examination of Zip8 
gene expression revealed that the AC group showed 
a significant increase compared to the SC group. 

Moreover, the AT group exhibited the highest 
expression level that showed a significant increase 
when compared to all three other treatment groups 
(SC, ST, and AC). Analyses of Zip14 indicated that 
the gene expression in the SC group was lower 
than all other groups, meaning all three treatment 
groups (ST, AC, and AT) had significantly increased 
expression when compared to SC. Additionally, the 
AC group had the highest expression level among the 
treatments, denoting to a significant increase even 
compared to the AT group. In contrast, the observed 
changes in the expression of Znt5 and Zip7 genes did 
not reach statistical significance between any of the 
groups (p<0.05) (Figure 2).

Discussion
T. ammi (Ajwain) is well-regarded for its rich 
phytochemical profile, which includes bioactive 
constituents like thymol, carvacrol, and various 
phenolics and terpenoids. These compounds are 
largely responsible for its validated antioxidant, 
anti-inflammatory, and gastroprotective properties 
(26, 27). Recent literature further supports these 
attributes, highlighting its potential to counteract 
oxidative and microbial challenges (28, 30). The 
significant mineral content of Ajwain seeds, 
particularly zinc, as identified in our analysis, 
suggests a dual mechanism of action by providing 
essential micronutrients; while its bioactive 
compounds modulate cellular pathways. This makes 
it a particularly interesting supplement in the context 
of exercise-induced stress, which is known to elevate 
oxidative and inflammatory responses (29).

The present study investigated the expression 
profile of selected zinc transporter genes (ZnT 
and Zip families) in the gastric tissue of male rats 
subjected to supplementation with aqueous Ajwain 
seed extract and high-intensity endurance running. 
The first key finding was the expression of all studied 
genes, namely Znt5, Znt6, Znt8, Znt9, Zip7, Zip8, 
and Zip14, in the gastric tissue. This observation 

underscores the potential importance of these 
transporters in zinc homeostasis and the maintenance 
of physiological functions within this vital organ of 
the gastrointestinal tract. However, a more detailed 
analysis revealed that the expression pattern of these 
genes was not uniform in response to the applied 
treatments (exercise, Ajwain supplementation, 
and their combination), exhibiting considerable 
diversity. This heterogeneity, indicative of complex 
and possibly physiologically-conditioned regulation 
of these transporters in the stomach, aligns with 
findings from previous studies in other tissues 
such as the testis (27) and liver (34, 35), although 
the specific response pattern of each gene can be 
distinctly tissue-dependent. 

Furthermore, it must be considered that physical 
activity per se, even at moderate intensity and for 
a relatively short duration (e.g., 1 hour), can lead to 
significant alterations in gastrointestinal function. 
It was demonstrated that endurance exercise can 
disrupt normal gastric electrical activity and delay 
orocaecal transit time (OCTT). These exercise-
induced functional changes, likely occurring via 
neuroendocrine pathways (increased sympathetic 
activity) and reduced splanchnic blood flow 
(splanchnic hypoperfusion), could underlie the 
observed changes in zinc transporter gene expression 
in the exercise group (ST) of the current study (15).

In this study, one-way ANOVA indicated that the 
expression of Znt6, Znt8, Znt9, Zip8, and Zip14 genes 
was significantly altered by the treatments (p<0.05). 
The significant changes in Znt6 gene expression in 
gastric tissue were noteworthy, as similar studies 
employing the same treatments on testis (27) and 
liver (34) tissues did not observe significant changes 
in Znt6 expression. This difference may suggest a 
specific role or a distinct regulatory mechanism 
for Znt6 in the gastric epithelium compared to 
other tissues. Tukey’s post-hoc test revealed that 
Znt6 expression was significantly higher in the ST, 
AC, and AT groups compared to the SC group. 
This increase across all three intervention groups 
suggests a potential role for Znt6 in the gastric 
response to metabolic stresses induced by exercise 
or the bioactive compounds in Ajwain. Moreover, 
the observation of a relatively similar pattern of 
change between Znt6 and Zip14 (both significantly 
affected by treatments) in the present study might 
allude to their coordinated roles in zinc transport 
within specific cellular compartments or response 
to common signals in gastric tissue, although such 
co-regulation was not reported in this manner in 
liver (34) or testis (27) studies.

The expression of the Znt8 gene also exhibited 
significant alterations, and Tukey’s test revealed 
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multiple significant differences between groups (SC 
vs. AC, SC vs. AT, ST vs. AC, ST vs. AT, and AC vs. 
AT). The means displayed a complex pattern; while 
the exercise factor resulted in decreased Znt8 gene 
expression in both the ST group when compared to 
the SC group and the AT group in comparison to 
the AC group. The expression changes in the saline 
groups (SC vs ST) in gastric tissue were similar to 
those in rat testis (27); however, in contrast to gastric 
tissue, Znt8 gene expression in the testis showed a 
significant increase in the AT group compared to the 
AC group. Considering the role of ZnT8 in pancreatic 
beta-cells and testicular Leydig cells, its specific role 
in the stomach and the reasons for these contrasting 
responses to exercise and supplementation warrant 
further investigation (36).

The Znt9 gene also changed significantly, with 
significant differences observed between the SC vs. 
AT and ST vs. AT group pairs. The means indicated 
that the expression of this gene decreased in the ST 
group but reached its highest level in the AT group, 
which was significantly higher than both the SC and 
ST groups. This robust increase in the combined 
group (AT) is consistent with findings from Ajwain 
supplementation in the testis (27) (significant increase 
in Znt9 in the AT group compared to AC and ST) and 
also with pumpkin seed extract supplementation in 
liver tissue, which increased Znt9 gene expression 
(35). This underscores the responsiveness of this 
gene, essential for mitochondrial function, to 
metabolic and nutritional interventions (4). 

The significant change in Zip8 expression in 
the stomach, which showed significant differences 
between the SC vs. AC, SC vs. AT, ST vs. AT, 
and AC vs. AT group pairs, aligns with findings 
from Ajwain supplementation and high-intensity 
endurance activity in liver (34) and testis (27) 
tissues, where Zip8 expression was significantly 
affected by treatments. The results indicate that 
Zip8 gene expression gradually increased from 
the SC group, reaching the highest level in the AT 
group. Furthermore, the increasing pattern of Zip8 
in gastric and liver tissues was similar. This upward 
trend, particularly the strong increase in the Ajwain-
receiving groups (AC and AT), highlights the 
potential role of Zip8, which functions in the plasma 
membrane and lysosomes in zinc homeostasis and 
lysosomal function, in response to exercise and 
especially the bioactive compounds present in 
Ajwain across different tissues (7).

Finally, Zip14 gene expression was also 
significantly affected by the treatments, with 
significant differences observed between the SC vs. 
ST, SC vs. AC, SC vs. AT, and AC vs. AT group 
pairs. The means showed that expression was 

significantly higher in the ST and AC groups than 
in the SC group. Interestingly, however, in the AT 
group, its expression was lower than in the ST and 
AC groups, although it remained higher than in 
the SC group. This result contrasts with findings 
from research involving Ajwain supplementation 
in testis tissue (27) and also chickpea and pumpkin 
seed extract supplementation in liver tissue (35), 
where no significant changes in Zip14 were observed. 
This disparity again emphasizes tissue-dependent 
regulation and possibly supplement-type dependency 
(Ajwain versus pumpkin/chickpea). The complex 
response pattern in the combined group (AT) for 
Zip14 in the stomach requires further investigation.

In contrast to the aforementioned genes, the 
expression of Znt5 and Zip7 genes did not show 
significant differences between groups in the present 
study (p<0.05). The lack of significant change in 
Zip7 is fully consistent with research findings in 
testis (27) and liver tissue (34). This finding, that 
Zip7 expression in the stomach was not significantly 
altered by the treatments, is noteworthy, especially 
considering the vital role of this transporter, 
located in the ER and Golgi apparatus (37), which 
is regulated by phosphorylation (via CK2) to release 
zinc into the cytosol and activate signalling pathways 
(5). The study in skeletal muscle cells showed that 
reduced Zip7 expression significantly impaired 
glucose metabolism and the insulin signaling 
pathway (reduced expression of Insr, Irs1, Irs2, and 
Akt phosphorylation), underscoring its important 
metabolic role (6). 

The lack of a significant response of Zip7 in the 
stomach in our study could indicate differential 
regulation or a less prominent metabolic role in 
this tissue under the specific applied stresses, or 
that its basal expression in the stomach was more 
stable to these interventions. However, the absence 
of a significant change in Znt5 in the stomach 
contrasts with the results of studies on both Ajwain 
supplementation with high-intensity endurance 
running in the testis (27) and liver (34), both of 
which reported significant changes. Yet, it aligns with 
research on chickpea extract supplementation and 
pumpkin seed extract supplementation in liver tissue, 
where no significant changes were observed (35). 

ZnT5 is located in the early secretory pathway 
and Golgi apparatus and, along with ZnT7 or ZnT6, 
plays a role in activating alkaline phosphatase (38). 
This inconsistency indicates the need for further 
investigation into the role and regulation of Znt5 
specifically in the stomach. Although the overall 
changes in Znt5 and Zip7 were not significant, the 
observation of a relatively similar pattern of change 
in their mean expression levels across groups might 
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reflect their shared role or coordinated regulation 
in the early secretory compartments (ER/Golgi), as 
alluded to at the beginning of the results section.

The prominent differences observed in the 
response of zinc transporter genes in the present 
study among gastric, testis (27), and liver (34, 35) 
tissues with similar or related treatments clearly 
demonstrate the importance of tissue-specific 
regulation of zinc homeostasis. Factors such as 
the basal zinc status in each tissue, the different 
metabolic needs of the cells in each organ, and their 
dominant signaling pathways can contribute to these 
differential responses. As previously mentioned, 
endurance exercise alone can affect gastric function 
(e.g., reduced myoelectrical activity) and intestinal 
transit time (15). These functional disturbances 
resulting from the physiological stress of exercise 
could, independently or in interaction with the effects 
of Ajwain supplementation, lead to the observed 
changes in zinc transporter gene expression in the 
stomach. Furthermore, Ajwain extract is rich in 
active compounds and valuable minerals such as 
zinc and iron (27, 34). 

This extract also possesses notable antioxidant 
and anti-inflammatory properties. The diverse 
physiological effects of high-intensity endurance 
exercise (such as induced oxidative stress, changes in 
inflammatory status, and cellular energy demands) 
can influence the expression of these genes in the 
stomach via various molecular pathways. The 
details of significant differences between specific 
groups, as identified by Tukey’s test, provide more 
precise insights into which treatments or treatment 
combinations had the most pronounced effect on 
each specific gene in the stomach and can guide 
future studies to investigate more precise regulatory 
mechanisms.

This study had several limitations that should 
be acknowledged. First, our findings are based on 
a rodent model, and the direct translation of these 
results to human physiology requires caution. Further 
clinical studies are needed to confirm these effects 
in athletes. Second, we measured gene expression 
(mRNA levels), which does not always directly 
correlate with protein levels or functional transporter 
activity. Future research should include proteomic 
analyses to validate these findings. Finally, this study 
used a single dosage of Ajwain extract; while dose-
response studies can provide deeper insights into 
its optimal therapeutic range for modulating zinc 
homeostasis in response to exercise.

Conclusion
Supplementation with T. ammi and high-intensity 
endurance training distinctly modulated the 

expression of zinc transporter genes and may play 
a role in the regulation of zinc homeostasis and 
gastric health. These findings provide new insights 
into the effects of nutrition and exercise on the 
gastrointestinal system.
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