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Abstract

Background: The current study aims to investigate the impacts of aerobic exercise with pumpkin seed oil and white pea extract
supplementation on the gene expression of the liver zinc transporters of healthy male Wistar rats.
Methods: In this experimental study, 60 male Wistar rats (130 - 150 g, aged 4-6 weeks old) were divided into 6 groups (n = 10/groups)
by randomization. These groups include (1) saline control, (2) saline training, (3) pumpkin seed oil control, (4) pumpkin seed oil
training, (5) control-pea, and (6) training-pea. The aerobic exercise protocol consisted of running at a velocity of 25 m/min, 5 days
a week and for 6 weeks. Supplement groups received 4 ml/kg/day of pumpkin seed oil and 2 g/kg/day of white pea extract through
oral gavage. Gene expression levels of ZnT5, ZnT9, and ZIP14 of liver tissue were determined through real-time PCR, and serum levels
of Zn were measured using the ICP-EOS technique approximately 48 hours after the final session of the training program. Data were
analyzed by one-way ANOVA and Tukey post-hoc tests (P < 0.05).
Results: Regarding the results of one-way ANOVA, there were no significant changes in serum Zn levels (P = 0.418) as well as gene
expression levels of ZnT5 and ZIP14 among intervention groups (P = 0.586 and 0.677, respectively), but ZnT9 gene expression level
was significantly changed among the study groups (P = 0.029). Also, the results of the Tukey test showed that six weeks of aerobic
exercise along with pumpkin seed oil supplementation had the greatest effect on ZnT5 gene expression.
Conclusions: Findings showed that aerobic training along with pumpkin seed oil supplementation had the greatest impact on the
up-regulation of ZnT5 as a Zn transporter to retain the blood Zn levels in healthy trained rats, suggesting that pumpkin seed oil can
be an effective ergogenic aid for improving circulatory Zn levels.

Keywords: ZnT, Aerobic Exercise, Pumpkin Seed, White Pea

1. Background

In addition to being an essential micronutrient (1), zinc
is the second most abundant trace element (after iron) that
contributes to a wide range of biological, physiological,
and developmental processes in humans and animals,
including gene expression, differentiation, proliferation,
and signal transmission. Additionally, there is a close
relationship between plasma zinc levels and energy
availability since zinc is required for the activity of several
enzymes in energy metabolism. Meanwhile, several
factors, including exercise, influence zinc concentration

in the circulation. A drop in plasma zinc level may result
in a decrease in concentration in muscle zinc content (2)
that might lead to the reduction of endurance capacity
(3), impaired performance, and biological function
perturbance (4).

Zinc absorption starts from intestinal cells, where
enterocytes absorb zinc, which is then processed by the
liver as a primary organ for its metabolism. The liver
is integral to systemic zinc metabolism by managing
a zinc reservoir that can be quickly exchanged with
plasma and other tissues (5). Due to the central function
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of the liver, changes in zinc status directly alter the
gene expression of zinc transporters, which in turn
affects other organs’ metabolisms (6). Zn entry and exit
processes occur through cell zinc transporters under
steady-state conditions, preventing zinc deficiencies
and excesses from affecting physiological functions (7).
Each zinc transporter has a specific tissue expression
pattern, growth model, and cellular response to various
stimuli, such as zinc deficiency or surplus. The zinc
transporters in mammals are classified into SLC39A
(also known as Zrt and Irt or ZIP proteins) and SLC30A
(ZnT). Currently, 14 ZIP transporters have been identified
in mammals that increase cytosolic zinc content by
facilitating extracellular absorption or release of zinc.
The liver is the major organ where ZIP14 is primarily
expressed (7). The metabolism of zinc is adversely affected
by liver inflammation (8, 9). Inflammation-induced
hypozincemia caused by inflammatory cytokines affects
several metabolic and nutritional functions. (8). ZIP14 is
one of the key mediators of hypozincemia associated with
acute inflammation. Under pro-inflammatory conditions,
ZIP14 increases in response to IL-6 and nitric oxide. It
is reported that IL-6 down-regulates ZnT-10 expression
while increasing ZIP14 expression (10, 11). Also, Activated
ZnT9 is one of the 10 members of the SLC30A family
so far identified in mammals (3, 12). This transporter
reduces cytoplasmic zinc by leaving zinc outside of the
cell or inserting zinc into vesicles (3). It is important to
understand the physiological significance of ZnT9 despite
the lack of research on it. Another essential milestone
of zinc transport that is a primary component of the
secretory pathway is ZnT5. A growing body of evidence
suggests that zinc-oriented intracellular events, such
as transcription, translation, enzyme activity, and some
signaling pathways, are handled by the ZnT5 transporter.
The ZnT5-ZnT6 heterodimers play a key role in zinc
biosynthesis by transferring zinc to the primary secretory
pathway, which activates zinc-dependent enzymes such as
alkaline phosphatase (13).

Zinc concentrations in plasma and serum increase
immediately following short-term and high-intensity
activities, but hypozincemia associated with long-term
exercise and heat exposure might lead to eliminating
Zn through sweating or urination (14). Therefore, it has
been suggested that physically active people should
consume a balanced diet to ensure adequate zinc intake
for optimal health and physical performance. In this
regard, consuming edible seeds and legumes, considering
the possible side effects of zinc supplements, might safely
replenish Zn pools. Chickpeas, scientifically known as
Cicer arietinum, are among legume families of foods with
low glycemic index, along with dietary fiber, antioxidants,

phytochemicals, and mineral content (15) that contains
approximately (0.5 mg/100 g) iron, (1.4 mg/g100) zinc,
(138mg/100 g) magnesium and (160 mg/100 g) calcium. It
has been reported that daily consumption of 100 grams
of chickpea seeds might supply daily zinc requirements
(16). Pumpkin seed oil, scientifically known as (Cucurbita
pepo L.), is another food supplement made from pumpkin
seeds. There is extensive ethnopharmacological evidence
that pumpkin seeds have anti-diabetic and antioxidant
properties. Proteins, phytosterols, polyunsaturated fatty
acids, zinc, and selenium can be found in pumpkin seeds
and oil. Additionally, pumpkin seeds are abundant in
magnesium, iron, calcium, phosphorus, vitamins A, B, and
E, and folic acid (17).

2. Objectives

Despite all new knowledge on complex Zn dynamics
in tissues and body fluids, linking exercise training with
oxidative stress-induced zinc deficiency, the puzzle is
still incomplete, and several pieces of information about
transporters and their roles in the liver seem missing.
We hypothesize that adopting white pea extraction and
pumpkin seed oil may replenish Zn deficiency. Therefore,
we aimed to investigate the effects of aerobic exercise and
supplementation with pumpkin seed and white peas on
serum Zn levels and liver tissue gene expression of ZnT9,5
and ZIP14.

3. Methods

In this experimental study, 60 male Wistar rats aged
4 - 6 weeks and weighing 130 - 150 g were obtained from
Babol University of Medical Sciences. Animals had free
access to water and standard chow (comprising 54%
mixed carbohydrate, 19% protein, and 3% lipid) before
and during the experiment. After being delivered to
our laboratory animal experiment site, rats were given a
week to acclimate to their new environment (24 ± 1 °C,
humidity of 45% to 55%, 12:12 dark/light cycle). Following
this period, the rodents were assigned into 6 groups
(n = 10/groups), including (1) saline control, (2) saline
training, (3) pumpkin seed oil control, (4) pumpkin
seed oil training, (5) control-pea, and (6) training-pea.
The body weight and food intake were recorded every
week. The Guide for the Care and Use of Laboratory
Animals (18) authorized by the University of Mazandaran
Ethics Committee (IR.UMZ.REC.1401.078) served as the
foundation for the care of animals and the ethical
standards that governed animal treatment.
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3.1. Training Protocol

Before starting the training protocol, the rats
underwent one week of adaptation to running on the
treadmill thrice weekly, lasting 10 minutes per session.
After the familiarization period, aerobic exercise groups
performed 60 minutes of running at a velocity of 25
m/min on a motorized treadmill (Iranian Model, 14 lanes,
designed by Prof. Abbass Ghanbari-Niaki, Faculty of Sports,
University of Mazandaran, Mazandaran, Iran), five days
a week and for six weeks. Running was implemented all
weekdays except for Thursday and Friday. The subjects
started running at a speed of 10 m/min and gradually
reached a speed of 25 m/min. Apart from the main
activity time, 5 minutes for warm-up and cool-down were
considered. The training protocol in the present study
was a moderate-intensity training program originating
from two modified protocols of Howarth et al. (19)
and Ghanbari Niaki (20). The intensity of the training
protocol was considered based on the maximum oxygen
consumption of 65% at a medium-intensity level (21).
To prevent the possible effect of electric shock on the
research findings, during the familiarization stage, the
animals were taught to avoid approaching and resting at
the end part of the treadmill by conditioning to sound
an alarm. The exercise training program was done in
the active (dark cycle) cycle. To reduce the stress of the
cages, the sedentary rats were kept out of the cages on a
stationary treadmill for the same period of exercise as the
training groups.

3.2. Pumpkin Seed Oil andWhite Pea Supplementation

3.2.1. Extraction

Briefly, the huskless pumpkin seeds were grounded
and poured into the decanter funnel with Hexane solvent
with a ratio of 50% water. After 12 hours of solvent
contact with pumpkin seeds and white peas, the solvent’s
oil phase and water were removed from the funnel,
and the de-oiled residue was poured into the percolator
for extraction. Then, the required amount of solvent
(60% alcohol) was poured to cover the entire surface
of the oiled material. The solvent was in contact with
pumpkin seeds for 72 hours. Then, by filtering the mixture
through a clean Whatman paper, the hydro-alcoholic
extract was separated, and the solvent was removed by a
rotary at a mild temperature (below 60 degrees Celsius)
(15). Weighing up the concentrated extract allowed us to
determine the pure quantity of material.

3.2.2. Dosage

Supplement groups received 4 ml/kg/day of pumpkin
seed (cold-pressed) oil and 2 g/kg/day of white pea flour

extraction through oral gavage. The control groups also
received saline once a week with the same calculated ratio
to equalize the gavage stress. Re-weighting was performed
weekly to determine the exact dose per kilogram of body
weight (22, 23).

3.2.3. Tissue Extraction and Blood Collection

Following a six-week treatment period, the rats
were subjected to a fasting condition lasting 12
hours. Subsequently, they were anesthetized with
an intraperitoneal injection containing a mixture of
ketamine and xylazine, administered at doses of 80 and 12
mg/kg, respectively. This anesthesia was administered 48
hours after the final exercise session. Blood samples were
collected from the heart and placed under centrifugation
at a speed of 2500 revolutions per minute for 15 minutes at
a temperature of 4 degrees Celsius. The resulting plasma
was then stored at a temperature of -20 degrees Celsius
until measurements for zinc were conducted. The liver
tissue was surgically removed and promptly preserved by
freezing with liquid nitrogen. It was then maintained at
-80°C until it was ready for real-time polymerase chain
reaction (PCR) analysis (24).

3.2.4. RT-PCR Analysis

According to the supplier’s methodology, total RNA
was briefly extracted from the liver tissue using a total
RNA extraction micro kit (Denazist, Iran). After that,
the materials were stripped of any potential DNA using
a DNase I Kit from Sinaclon, Iran. Using MMLV reverse
transcriptase (YTA, Iran), oligo (dT) primer, and dNTP
mix in accordance with the manufacturer’s instructions,
first-strand cDNA was produced from RNA samples. Using
Primer Premier 5, specific primers (ZnT9, ZnT5, ZIP14,
GAPDH, and -actin) were created for this study. Table
1 lists the primer sequences that were utilized in this
study. Real-time polymerase chain reaction (PCR) was
carried out using Rotor-Gene 6000 (Corbett Research,
Australia) and RealQ Plus 2x Master Mix Green (Ampliqon,
Denmark). The thermal cycling protocol consisted of an
initial denaturation step at 95 °C for 15 minutes, followed
by 40 cycles of denaturation at 95°C for 30 seconds,
annealing at 57 °C for 30 seconds, and extension at 72°C
for 20 seconds. The expression level of each sample
was standardized by comparing it to the expression of
β-actin, which served as an appropriate internal reference.
The relative expression level was determined by the
comparative CT method 2-∆∆CT (25).

3.2.5. Serum Zinc Assessment

Water and nitric acid solution were mixed in the
proportion of 93% to 7%, and then 20-fold of the prepared
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Table 1. The Sequences of Forward and Reverse Primer of RT-PCR

Gene Reverse and Forward Primer (5’-3’) NCBI Accession Number Amplicon Size

ZnT9 NM 001130538.1 100

F GCCTGTAATCCCAGCGACC

R TGATGGTACTTTTTCCACTCTGA

ZIP5 NM 001011952.1 165

F ATAAAGAAGTCGTATTTCCCCAAGA

R GTAAAATCCACCAAACACAGCAAC

ZIP14 NM 030826.4 146

F AGTGCGAGGTGAATGGTGAGA

R CCAGGAAATGTCGTTGCG

GAPDH NM 012520.2 147

F ATCAGGTTACTTTCTTGTTCAGCG

R TGATGCCCTGGTCAGTCTTG

β-Actin NM 031144.3 119

F GTGTGACGTTGACATCCGTAAAGAC

R TGCTAGGAGCCAGGGCAGTAAT

solution was added to the serum. Finally, serum values
were measured using the ICP-EOS technique in the
laboratory (26).

3.2.6. Statistical Analysis

All data were given as means ± standard deviations.
One-way ANOVA was used to compare groups, followed
by the Tukey post-hoc test. The threshold for statistical
significance was set at P < 0.05. SPSS statistical software
(Version 22) was used for the statistical analysis.

4. Results

The analysis of variance (ANOVA) indicated that six
weeks of white pea and pumpkin seed oil supplementation
combined with aerobic exercise resulted in a statistically
significant difference in the ZnT9 gene expression levels
(P = 0.029) among the study groups. Still, there was no
significant difference between the study groups in the
gene expression of ZIP14 and ZnT5 (Table 2 and Figure 1).

The results of the Tukey post-hoc test showed that six
weeks of pumpkin seed oil supplementation combined
with aerobic exercise led to an increase in gene expression
of ZnT9 in comparison to the control group (P = 0.031),
but other interventions (Training: P = 0.834; Pea: P = 0.451;
Trainoing + pea: P = 1; Punpkin: P = 0.134) did not alter the
ZnT9 gene expression (Figure 1). Overall, exercise training
accompanied by pumpkin seed oil supplementation
up-regulated the Znt9 gene expression in the liver tissue
(Figure 1).

5. Discussion

According to the results, aerobic exercise combined
with pumpkin seed oil and white pea supplementation
had no significant effect on ZIP14 and ZnT5 gene expression
in liver tissue and serum zinc levels. Pumpkin oil
+ training increased ZIP14 and ZnT5 gene changes
compared to the other groups, and serum zinc levels
almost decreased. However, these changes were not
significant. Unfortunately, due to the lack of studies in
the field of current research and liver tissue, we refer
to the study of Liu et al., who examined the expression
indices of SLC39A/ZIP7, ZIP8, and ZIP14 in response to
exercise-induced skeletal muscle injury and found that
zinc transporters including SLC39A/ZIP7, ZIP8, and ZIP14
shown different expression levels in eccentric exercises
and may take part in the processes of muscle growth or
differentiation via many cellular mechanisms of pathways
after damage caused by exercise (7) that is inconsistent
with the results of the present research. The reason for this
difference might be due to the differences in the type of
muscle tissue and the amount of exercise-induced stress
on the muscle.

Liu et al. examined muscle tissue as the target tissue of
their research. They found that muscles responded acutely
to a single-session training protocol, but the present study
included 6 weeks of training adaptation, which may
explain the inconsistency between the results. While
studies reported increased plasma zinc immediately
after exercise, a decrease in plasma zinc concentration
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Table 2. ANOVA Results for Liver ZnT9, ZnT5, and ZIP14 Gene Expression and Serum Zn Levels a , b

Control Training Pea Training + Pea Pumpkin Training + Pumpkin P-Value

ZnT9 1.008 ± 0.291 ** 1.280 ± 0.458 1.310 ± 0.505 1.018 ± 0.865 ** 1.440 ± 0.450 1.981 ± 0.265 ** 0.029 *

ZnT5 1.007 ± 0.385 1.002 ± 0.330 0.761 ± 0.452 1.146 ± 0.605 1.125 ± 0.232 1.180 ± 0.310 0.586

ZIP14 1.007 ± 0.269 1.143 ± 0.401 1.300 ± 1.094 1.576 ± 0.864 1.376 ± 0.162 1.520 ± 0.430 0.677

Zinc 0.117 ± 0.054 0.100 ± 0.026 0.085 ± 0.011 0.090 ± 0.011 0.085 ± 0.004 0.095 ± 0.029 0.418

a Data presented as Mean ± SD.
b Significant group difference at * P < 0.05 and at **P < 0.01 according to ANOVA.
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Figure 1. Tukey results for liver ZnT9, ZnT5, and ZIP14 gene expression and serum Zn levels. According to Tukey, data is expressed as Mean ± SD. a versus the control group; b
versus the training group; c versus the pumpkin and pea group; d versus training-pea and training-pumpkin.

occurred during exercise recovery (7). The zinc clearance
observed during exercise recovery was attributed to
local exercise-induced muscle inflammation and its
consequences (3). Furthermore, as part of peroxidase
and anti-inflammatory peptides, zinc might be key
in decreasing exercise-induced oxidative stress and
inflammation. According to one study, after aerobic
exercise in which the subjects reached maximum aerobic
capacity, zinc was transferred from plasma to interstitial
fluid and the liver, possibly due to the acute phase response
or changes in osmotic pressure (27). Additionally, many
cells do not follow the same pattern. For example, certain
types of neurons and prostate cells accumulate higher
levels of zinc than other tissues, suggesting a specialized

role for zinc in these particular cell types (28).

Unlike other studies with an acute training phase, the
results of our study showed that serum Zn content wasn’t
eliminated in response to six weeks of sole aerobic training
protocol or supplementation with pumpkin/pea seed. This
would be due to several mechanisms, such as a decreased
rate of muscle degradation due to muscle adaptation to
exercise that can prevent Zn excretion and perturbation
of mineral balance in body fluids. Results from a study
by Dressendorfer and Sokolov showed that twenty-three
percent of the runners had zinc concentrations less than
11.5 pmol/L, the lower limit of the range of normal
serum zinc values. Also, serum zinc concentrations were
inversely related to training mileage (29). According
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to a meta-analysis study, serum zinc levels exhibited a
decline during the recovery process following aerobic
activity. Apart from fitness level, training protocol,
the timing of blood collection, and the alterations in
serum levels observed throughout the recovery period
following exercise may potentially be associated with
cellular processes (30). Muscle damage and inflammation
after exercise change osmotic pressure. This leads to
zinc ions being transferred from the plasma into the
interstitial fluid and liver while inflammation develops
in the body. The liver plays a crucial role in controlling
zinc sources in the body and regulating zinc exchange
between tissues. Zinc may have been sequestered in the
liver due to the simultaneous appearance of inflammatory
cytokines and myokines. Even though our study did not
reveal any significant decreases in zinc levels in the serum,
this trend may be due to a redistribution of zinc in the
blood due to the increased zinc requirements for the entire
body because of inflammation and recovery after exercise
(7). As inflammatory cytokines and myokines, such as
interleukin-1 and IL-6, are released simultaneously, zinc
accumulates in the liver, and circulating zinc decreases
(30). Inflammatory cytokines such as IL-6 are produced
during acute exercise stress, and these cytokines increase
hepatic metallothionein and differentially regulate zinc
transporters (3). According to research, pro-inflammatory
cytokines such as IL-6 regulate ZIP-14, a zinc transporter
that most likely contributes to hypoxemia (31).

There is a close relationship between metallothionein,
an acute phase protein, interleukin-6 (IL-6), and zinc.
In the acute-phase response, IL-6, the most important
proinflammatory cytokine, contributes to zinc deficiency
by upregulating ZIP14 in the liver (31). It has been shown
that the signaling pathways activated by nitric oxide
contribute to the upregulation of ZIP14, which leads to
hepatic zinc accumulation and hypozincemia (32). The
specific physiological functions of ZIP14 are still uncertain.
It was observed that seven days of psychological stress
(PS) significantly increased ZIP14 expression in a way that
PS increased IL-6 levels. According to these findings,
ZIP14, an IL-6-responsive zinc transporter that facilitates
the transport of extracellular zinc into the cytosol, is
upregulated by IL-6 in response to PS, resulting in an
increase in zinc concentration in the liver. During 14
days of PS exposure, ZIP14 levels reached normal levels,
indicating that Zn accumulated in the liver due to PS
exposure (32). Therefore, the expression of ZIP14 is
increased in pro-inflammatory states, especially when IL-6
and nitric oxide levels are elevated (31). In the acute
phase, IL-6 increases ZIP14 expression in the liver, which
increases zinc uptake. As a result, we found that ZIP14
did not significantly increase in adaptation to training

with supplements compared to the control group. It then
returned to its stable and normal initial state, consistent
with regulating pro-inflammatory stimuli (7).

In this study, two natural zinc-rich food supplements
were used to increase the amount of zinc in the body and,
hence, the expression of zinc transporters. As compared
to the saline group, pumpkin seed oil increased the
expression of this transporter. The pumpkin control
and pumpkin training groups showed an increase in
ZnT5 expression compared to the control and training
groups, but this increase was not significant. In addition,
pumpkin training demonstrated a non-significant
increase compared to pumpkin control. In addition, this
increase was not significant in the training-pea group
compared to the control group. Due to the zinc-rich
contents of both supplements, zinc circulatory levels
increased, and consequently, the intracellular transporter
ZnT5 increased, but it was not significant. Pumpkin
supplementation was more effective than chickpea
supplementation in enhancing ZnT5 gene expression.
These two supplements have not been studied for their
effect on zinc transporters, and only limited studies
have found their effect on the amount of zinc and other
ZnT transporters (33). An experiment on rats with low
zinc intake (30 mg zinc/kg body weight) found that ZnT
expression in the kidney and small intestine was lower
than in rats with high zinc intake (35 mg zinc/kg). The
180 mg/kg dietary Zn increased ZnT1 and ZnT2 in these
tissues, while ZnT4 remained unchanged. According to
these findings, metal-responsive elements (MREs) in ZnT1
and ZnT2 promoters are involved in metal-responsive
gene regulation. Metallothionein induction by metals
is carried out by MREs located in the promoter region
of MT genes that recruit the metal response element
transcription factor (MTF-1) and regulate its transcription.
Many metal-responsive elements (MREs) in the ZnT1
promoter and several MREs in the ZnT5 promoter region
mediate zinc-induced transcriptional activation (33).

In an experiment that examined the effect of pumpkin
seed flour biscuits on serum zinc concentration and
body weight in malnourished Wistar rats, the researchers
concluded that preparing biscuits from pumpkin seed
flour increased weight gain in malnourished Wistar rats
but did not affect zinc serum levels (34). Compared
to the control group and saline training, pumpkin seed
oil significantly influenced the expression of the ZnT5
transfer gene. Pumpkin supplement affects ZnT5 gene
expression in liver tissue more than pea supplement.
Human diets often contain phytate, a zinc chelator that
forms insoluble complexes with zinc. Furthermore, zinc
could not be absorbed into the digestive tract due to
the absence of the phytate hydrolyzing enzyme. As a
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result, zinc absorption is affected by other minerals in
food, such as iron, calcium, and copper. Zinc is bound
to non-digestible plant ligands, such as phytate, some
dietary fibers, lignin, and products of Maillard reactions,
which inhibit its absorption and affect the risk of (primary)
dietary zinc deficiency. The pumpkin control group
had a greater increase in zinc expression in the liver
following zinc supplementation in each tissue, but it was
not significant. Zinc concentrations in some cells are very
high compared to other cell types. Other factors, such
as the prevention of hypozinsemia or hyperzinsemia, a
six-month training protocol, or a low supplement intake,
may have contributed to the non-significant results in this
study.

A significant difference in ZnT9 gene expression was
found among the groups. The inter-group comparison
showed a significant increase in ZnT9 levels in the
training group + pumpkin oil compared to the control,
training, and pea groups. No study has examined the
effect of these supplements on ZnT9, and only a few
studies have examined its effect on zinc and other
ZnT family transporters. To date, no studies have
conclusively demonstrated the cellular mechanisms
of zinc transport under exercise-induced stress. It has
not yet been proven that the zinc transporter ZnT9 plays
a role in zinc homeostasis (35, 36) or functions as a zinc
transporter. Evidence shows that low levels of systemic
zinc contribute to several disorders, such as immune
system dysfunction, diabetes, hepatitis, and related
cancers (37). Several studies have analyzed the expression
of zinc transporters in the context of liver and immune
cell diseases, and they are also associated with cancer (38).
There is scattered and scarce information about ZnT9 and
related liver pathologies. Obesity has a secondary effect
on the liver, resulting in fatty liver disease, in a way that
the ZnT9 transcript level in leukocytes of obese Korean
women is decreased in association with ZnT4, ZnT5, ZIP1,
ZIP4, and ZIP6 mRNA levels. No data on ZnT9 expression
at the RNA or protein level in the liver has emerged (37).
However, the available data indicates that ZnT9 (SLC30A9)
exports Zn under normal conditions. The mitochondrial
proton gradient does not operate in the same direction
as other membrane organelles, such as lysosomes and
the Golgi apparatus, even though this appears to be in
contrast with the known function of other members of the
SLC30A family (13), e.g., zinc transport to organelles. It has
also been proposed that components of mitochondrial
ATP synthase’s peripheral stalk contribute to proton
channel formation, suggesting SLC30A9 also plays a role
in proton transport. The function of ZnT9, however, may
not be limited to zinc transport but may also involve
micronutrient transport and other cellular functions. A

possible reason for the increase in ZnT9 may be that the
need for ATP production is increased due to the transfer
of H to mitochondria, which releases zinc (33). However,
more research is required in this area.

Finally, zinc transporters act as zinc sensors and
maintain intracellular zinc homeostasis by responding
to zinc availability. Extracellular and intracellular zinc
concentrations appear to regulate the expression and
distribution of ZIPS and ZnTs (34). Therefore, factors such
as exercise and zinc supplements largely determine zinc
homeostasis and zinc transporters in the human body.
Zinc bioavailability is strongly influenced by diet and
zinc absorption (39). As a result, it has been difficult to
provide an adequate explanation for the expression of zinc
transporters under exercise stress due to a lack of studies.
Nevertheless, further research is needed on the effects of
training protocol and duration on exercise performance in
humans and cellular zinc transporters.

The advantage of this study is the simultaneous
assessment of zinc and its transporters, which allowed us
to make more confident statements regarding the zinc
fluctuations due to the use of supplements and aerobic
exercise. Among the limitations of the present study, we
can point out the lack of measurement of zinc urine levels,
which could have increased the generalizability of the
study results. This indicated that future research should
also measure urine zinc levels and the zinc content of other
tissues, such as muscle.

5.1. Conclusions

The results of the present study suggest that
adaptation to moderate-intensity aerobic exercise
might prevent perturbation of mineral balance in body
fluids and tissues. On the other hand, consumption
of zinc-rich food may increase serum zinc levels
through zinc transporters. This study showed that
ZnT9, the most probable zinc transporter, would
alter the transcriptional and post-transcriptional
expression in response to zinc fluctuations. Pumpkin
supplementation, however, showed the greatest effect
in enhancing ZnT9 gene expression and avoiding zinc
elimination from the body. Zinc-rich supplements are,
therefore, effective in expressing zinc transporters. Since
mutations and disorders in zinc transporters cause health
problems in the body, this can lead to developing new
health-promoting interventions and sports training
in line with the changes in the expression of zinc
transporters. This indicates the balance of cytoplasmic
zinc in normal conditions, which probably supports the
theory that only a moderate increase in zinc transporters
by the liver may contribute to moderate absorption of
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zinc, and the increase or decrease of zinc maintains its
homeostasis.
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