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Introduction: Oxidative stress and impaired antioxidant defenses contribute
significantly to liver dysfunction, particularly with aging. This study evaluated
the dose- and age-dependent effects of dietary ginger (Zingiber officinale)
supplementation on liver antioxidant defense systems in mice.

Methods: Male Swiss Webster mice aged 3, 6, and 12 months (n = 48 per age
group) received standard feed or feed supplemented with either 0.6% or 1.8% dried
ginger powder for 3 months. Liver tissue was analyzed for multiple antioxidant
parameters, including DPPH radical scavenging activity, total antioxidant capacity,
vitamin C levels, total phenolic content, superoxide dismutase (SOD) activity,
malondialdehyde (MDA) levels, and reduced glutathione (GSH) concentrations.

Results: The results demonstrated significant age-dependent declines in several
antioxidant parameters in control animals, including DPPH scavenging activity,
total antioxidant capacity, vitamin C levels, total phenolic content, and SOD
activity. Ginger supplementation produced differential effects based on both
dose and age. While 3-month-old mice showed decreased DPPH radical
scavenging with ginger supplementation, both 6- and 12-month-old mice
exhibited significantly increased activity. Higher-dose (1.8%) ginger supplementation
enhanced GSH levels across all age groups, with effects being most pronounced in
older mice. SOD activity remained unaffected by ginger supplementation across all
groups. MDA levels were significantly reduced by 1.8% ginger supplementation
in 3-month-old mice, with smaller, dose-dependent but non-significant
reductions in older groups.

Discussion: These findings demonstrate that ginger's effects on liver antioxidant
systems are both dose- and age-dependent, with generally stronger beneficial
effects observed at higher doses and in older animals. The observed dose- and
age-dependent variations emphasize the importance of personalized
supplementation strategies and provide a foundation for future research into
the molecular mechanisms underlying ginger's antioxidant effects.
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1 Introduction

Oxidative stress occurs when there is an imbalance between the
production of reactive oxygen species (ROS) and the body’s ability to
detoxify these reactive intermediates or repair the resultant damage
(Burton and Jauniaux, 2011; Afzal et al., 2023). The liver represents a
key target that is often attacked by these reactive species (Sanchez-
Valle et al., 2012). Many external factors such as drinking alcohol,
overusing drugs, exposure to toxins, viruses, and smoking, and
internal factors like obesity and insulin resistance can increase
ROS production in the liver (Manna and Jain, 2015; Muriel and
Gordillo, 2016). To counteract this oxidative damage, the liver,
which is the central metabolic organ for detoxification, has a
sophisticated defense system. Specifically, it produces more
antioxidants under stress conditions through both enzymatic and
non-enzymatic mechanisms (Caetano et al., 2013; Li et al., 2015).
Enzymatic antioxidants, such as superoxide dismutase (SOD),
alongside non-enzymatic antioxidants like vitamin C, among
others, are important in neutralizing the adverse effects of ROS
and maintaining hepatic function (Cichoz-Lach and Michalak,
2014). Aside from external stressors, age is another key factor for
the redox balance of the body, with the activities of key antioxidant
enzymes such as SOD tending to decline with age, which is
associated with increased oxidative damage due to reduced ability
to neutralize ROS (Sohal et al., 1990; Tian et al., 1998). When
antioxidant defenses get overwhelmed, the imbalance caused due to
oxidative stress can disrupt cellular homeostasis, leading to
inflammation, fibrosis, and metabolic dysfunction (Cahill et al.,
2006; Kattoor et al., 2017; Masenga et al., 2023).

Dietary supplements with antioxidant properties are often used
to help manage liver diseases caused by oxidative stress (Li et al.,
2015). Examples include silymarin, curcumin, fenugreek seeds,
vitamin C, vitamin E, and selenium, among others (Almeida
2011; et al, 2020; Ahamed et al., 2022;
Mohammadi et al, 2024). These work by
neutralizing excessive ROS and reactive nitrogen species (RNS),

et al, Tewari

supplements

which, if unchecked, can severely damage cellular lipids, proteins,
and DNA. By doing so, they not only preserve cellular integrity but
also support critical regulatory pathways involved in maintaining
the oxidative-reductive balance (Kurutas, 2016). Among natural
supplements with antioxidant properties, several prior works have
demonstrated that ginger (Zingiber officinale) exhibits promising
effects in enhancing the body’s antioxidant defenses and protecting
against oxidative damage (Ballester et al., 2023; Mustafa and Chin,
2023; Ayustaningwarno et al., 2024). Recent works have also
emphasized that ginger constituents possess potent antioxidant,
anti-inflammatory, and anticancer properties, which are critical
in regulating oxidative stress and protecting liver health,
especially in age-related liver dysfunction (Bekkouch et al., 2022;
Ozkur et al.,, 2022). The antioxidant potential of ginger is largely
attributed to its major bioactive phenolic compounds, including [6]-
gingerol, [8]-gingerol, [10]-gingerol, [6]-shogaol, and zingerone,
which are abundant in fresh or dried rhizome extracts (Mao
et al., 2019; Wu et al,, 2023). These compounds have been shown
to exert antioxidant activity by both direct radical scavenging (e.g.,
against DPPH, superoxide, hydroxyl, and nitric oxide radicals) and
indirect modulation of cellular defense pathways (Peng et al., 2015).
In particular, [6]-gingerol and [6]-shogaol can activate the
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Nrf2-ARE pathway, promoting transcription of cytoprotective
genes like HO-1, NQOI, and GCLC, which help regulate
glutathione metabolism and maintain redox homeostasis (Kim
and Jang, 2016; Hong et al., 2020). Moreover, these compounds
can inhibit NF-kB signaling, thereby reducing oxidative damage
linked to chronic inflammation. These pleiotropic effects on redox-
sensitive transcription factors make ginger a compelling candidate
for dietary antioxidant intervention, particularly in age-associated
liver dysfunction where these pathways are often dysregulated.
Additionally, research has shown that ginger extracts can
effectively scavenge superoxide, hydroxyl, and nitric oxide
radicals in a dose-dependent manner (Jagetia et al.,, 2004). Such
activity may support minimizing cellular damage and maintaining
redox balance. In human cell studies, such as those conducted on
C28/12 chondrocytes, pretreatment with ginger extract reduced ROS
levels, inhibited lipid peroxidation, and enhanced the expression of
antioxidant enzymes, showing its role at a cellular level
(Hosseinzadeh et al., 2017). Although ROS are deeply involved in
liver injury, leading to the loss of its structure and function, the
potential of ginger in counteracting such oxidative effects through
various pathways is worth exploring (Banerjee et al., 2023). Building
on in vitro findings, animal studies have further highlighted ginger’s
therapeutic potential in diverse conditions associated with oxidative
stress, for example, in the context of nephrotoxicity caused by agents
like gentamicin and cadmium (Hegazy et al., 2016; Gabr et al., 2019)
and in Polycystic Ovary Syndrome (PCOS), among other disorders
(Novakovic et al., 2024). While numerous studies have shown that
ginger has strong antioxidant properties, limited research has
explored dose-dependent in vivo effects. The significance of such
studies, is for example, highlighted in a work conducted on STZ-
induced diabetic rats, demonstrated that ginger not only reduces
oxidative stress markers such as malondialdehyde (MDA) but also
reduces genetic damage caused by oxidative stress in a dose-
dependent manner (Kota et al., 2012). Moreover, recent clinical
research showed that ginger supplementation improved the levels of
liver stress-associated biomarkers (most consistently ALT) in
patients (Rahimlou et al., 2016; Rafie et al, 2020; Matin et al.,
2024b). Additionally, taking in consideration the age-dependency of
the regulation of liver antioxidant defense systems it is of interest to
examine how ginger’s effects on liver redox balance may vary with
age. While there is still a lack of conclusive research on this specific
aspect, previous works have explored diverse ginger bioactivities that
support putative general anti-aging action (Matin et al., 2024a).

On the background of the outlined prior research, the goal of the
present study is to explore how ginger (Zingiber officinale) affects
the liver’s antioxidant defense system in mice, focusing on the
impact of different doses and ages. While planning this research
work, we hypothesized that ginger would improve the liver’s
antioxidant defenses at moderate to high doses, and that the
effects will be stronger in older mice.

2 Materials and methods
2.1 Experimental setup

The study was carried out with 144 Swiss Webster male mice,
that were 3 months (n = 48), 6 months (n = 48), or 12 months (n =
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FIGURE 1
Scheme of the conducted ginger supplementation experiment.

48) old at the start of the supplementation (Figure 1). The Swiss
Webster mouse strain was selected due to its widespread use in
nutritional, toxicological, and pharmacological studies (Meek and
Olson, 2007; Abd El-Salam and Hassan, 2017; Glavas et al., 2019).
This outbred strain exhibits robust hepatic function and age-
dependent redox alterations that make it suitable for modeling
liver oxidative stress and assessing dietary antioxidant
interventions. Furthermore, Swiss Webster mice are genetically
heterogeneous, which allows for broader applicability of the
findings and reduces the risk of strain-specific bias in response to
dietary supplementation.

Only male Swiss Webster mice were used in this study to reduce
variability associated with the estrous cycle, which can influence
hormonal regulation of antioxidant enzyme systems and confound
interpretation of redox-related endpoints. This approach allows for
more consistent assessment of age and dose-related effects of ginger
supplementation. However, it is acknowledged that sex-based
differences in antioxidant capacity exist, and future studies
should aim to include female mice to assess the potential for sex-
specific responses to ginger supplementation.

The animals were maintained in standard cages (with four mice
per cage), at the temperature of 22°C under standard conditions with
12 h of daylight and 12 h of darkness, with access to food and water.
Both food and water were provided ad libitum throughout the entire
study period, ensuring unrestricted access to standard or ginger-
For 3 of
supplementation period, the animals were fed with standard
mouse feed (Control) or standard diet supplemented with 0.6%
(Ginger 0.6%) or 1.8% (Ginger 1.8%) dried ginger (Z. officinale)
powder (5% gingerols, supplied by Sabinsa Corporation, 20 Lake
Drive, East Windsor NJ 08520, United States). Ginger powder was
stored at room temperature in a foil-lined, airtight zip bag, protected
from light to prevent degradation and oxidation. The ginger-

supplemented diets and hydration. months

supplemented fodder was prepared freshly by mixing standard
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feed with the respective amounts of ginger powder (0.6% or
1.8%, corresponding to 0.6 g or 1.8 g per 100 g of fodder) twice
a week. After 3 months of supplementation, all animals were
anesthetized with diethyl ether and decapitated. Immediately
after decapitation, the liver was isolated and further processed for
subjection to the described analytical procedures.

The total number of animals (144 mice) was determined based
on allocating n = 16 mice per group, with three dietary treatments
(control, 0.6% ginger, 1.8% ginger) across three age groups (3, 6, and
12 months). This sample size was chosen to ensure sufficient
statistical power to detect medium-to-large effect sizes (Cohen’s
f > 0.25) using one-way and two-way ANOVA with multiple
comparisons. While a formal a priori power analysis was not
performed during the initial design phase, assuming an alpha of
0.05 and a power (1-B) of 0.80, the required sample size per group for
medium effect detection using ANOVA would typically fall within
the range of 12-16 animals per group (Faul et al, 2007). Future
studies may refine group sizes using precise a priori calculations
based on pilot effect sizes.

The selected ginger concentrations (0.6% and 1.8% w/w in the
diet) were based on previous rodent studies that demonstrated
antioxidant and hepatoprotective effects at similar levels. For
instance, Ahmed et al. and Mallikarjuna et al. reported that 1%
ginger in rat diets significantly improved oxidative stress biomarkers
and liver function (Ahmed et al., 2008; Mallikarjuna et al., 2008).
Moreover, dose-dependent antioxidant responses have been
observed with 1% and 2% dietary ginger in rats (Shanmugam
et al, 2011). In our study, 0.6% served as a moderate dose
comparable to those previously shown to be effective, while 1.8%
was selected to probe enhanced biological activity without exceeding
known safe dietary limits in rodents. These levels also correspond to
human-equivalent doses of approximately 3-10 g of ginger daily for
a 70-kg adult, which aligns with the range used in multiple clinical
supplementation studies (Anh et al., 2020).
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The work was performed in the frame of animal handling
permission No. 14186201 in accordance with national regulations
(Act on the Protection of Animals Used for Scientific or Educational
Purposes of 15 January 2015).

2.2 DPPH (1,1-diphenyl-2-picrylhydrazyl)
radical scavenging assay

The potential of liver homogenates to scavenge the free synthetic
DPPH radical was determined according to the procedure described
by Brand-Williams et al. (1995). A 150 mg portion of liver tissue was
cut and mixed with 1.5 mL of ultrapure methanol containing 1%
acetic acid. The sample was then homogenized, and incubated in a
water bath at 40°C for 2 h. Following incubation, the tubes were
removed, allowed to cool briefly, and then centrifuged at 4,000 RPM
for 10 min. Next, 0.5 mL of supernatant was mixed with the same
volume of ethanolic solution of 0.5 mM DPPH, which was
previously diluted to yield an absorbance of 0.9 when measured
at a wavelength of A = 517 nm. Next, the obtained mixture was
thoroughly mixed and incubated in a dark and cool place for 30 min
for stabilization of the color. Finally, Cary 50 Bio UV-VIS
spectrophotometer was used for extinction measurements at a
wavelength of A = 517 nm with the use of Cary WinUV software.

2.3 Antioxidant capacity

The liver samples were handled according to the instructions of
the Antioxidant Assay Kit by Cayman Chemical (Ann Arbor, MI,
United States), according to the manufacturer’s recommendations.
The liver tissue (50 mg) was homogenized in 1 mL of Assay Buffer
(1X), centrifuged at 10,000 x g for 10 min (at 4°C), and the
supernatant was promptly used for the test. According to the
manufacturer’s instructions, the assay was further conducted with
the use of 96-well plates in a 210 pL of total volume per well for
5 min, with the inclusion of 10 uL of Trolox standards in each
handled plate. After the end of the incubation period, absorbance
was read at 750 nm. A Trolox standard curve was plotted, and the
antioxidant capacity of the samples was calculated and expressed as
millimolar (mM) Trolox equivalents.

2.4 Determination of vitamin C

Vitamin C levels in livers of the experimental animals was
determined with a LambdaBio-20 spectrophotometer (Perkin
Elmer, Waltham, MA, United States) according to the method
described by Omaye et al. (1979) with modification by Jozwik
et al. (2012). For sample preparation, 300 mg portion of liver
tissue was weighed and placed into a 5 mL Eppendorf tube. A
total of 1.5 mL of phosphate buffer (pH 7.0) was added to the liver
tissue. The sample was homogenized thoroughly to ensure uniform
consistency. For deproteination and supernatant preparation,
500 uL aliquot of the homogenized sample was transferred into a
test tube. An equal volume (500 pL) of tri-chloro-acetic acid (TCA)
was added, and the mixture was vortexed thoroughly. The sample
was centrifuged at 3,000 RPM for 10 min. A 500 uL aliquot of the
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resulting supernatant was carefully collected into a clean Eppendorf
tube. For colorimetric reaction development, 200 pL of phosphoric
acid (H;PO,) was added to the supernatant, followed by vortexing.
Next, 200 pL of 2,2-dipyridyl was added and the solution vortexed.
Lastly, 100 pL of ferric chloride (FeCl;) was added and the solution
was vortexed. Two blank samples using 500 pL of TCA were
prepared for reference. The reaction mixture was incubated at
37°C for 1 h. Following incubation, the absorbance of the
samples was measured at 525 nm using a spectrophotometer.

2.5 Determination of total phenolic content

The total phenolics content of liver homogenates was assessed
following the modified method by Skerget et al. (2005) through
spectrophotometric measurement of the colorimetric redox reaction
upon application of the Folin-Ciocalteu reagent. Preparation of
supernatant was the same as the procedure of DPPH described
above. 0.5 mL of supernatant were transferred to 6 mL tubes and
mixed with 2.5 mL of Folin-Ciocalteu reagent that was diluted 10-
fold with demineralized water. Next, the samples were thoroughly
mixed and left for 6 min, then 2 mL of saturated sodium carbonate
solution was added. The following step was an incubation for 30 min
at 40°C (to allow the development of a stable blue color). Again
centrifugation was done for 5 min at the speed of 3000 RPM. Finally,
the absorbance of the samples was measured at 765 nm wavelength
in comparison to a blank sample of double-distilled H,O (0.5 mL).
Evaluation of the results was performed with a calibration curve
based on the absorbance of Gallic acid standard solutions in the
range 0-0.5 mg/mL. The final results were expressed as milligrams of
Gallic acid equivalents (GAE) per Gram of tissue.

2.6 Superoxide dismutase activity assay

The liver tissue samples were perfused with phosphate-buffered
saline (PBS; pH 7.4), and homogenized in chilled HEPES buffer
(20 mM, pH 7.2, containing 1 mM EDTA, 70 mM sucrose, and
210 mM mannitol). The chilled homogenates were then centrifuged
for 5 min at 1,500 x g (4°C). The samples were then promptly tested
for SOD activity with the Cayman Chemical Superoxide Dismutase
Assay Kit (Ann Arbor, MI, United States) according to the
manufacturer’s manual. The measurement setup included 96-well
plates and a total volume of 230 uL of total volume per well, and
SOD standard solutions were included on each assayed plate.
The absorbance was determined at 450 nm wavelength using
Synergy4 microplate reader (Biotek; Winooski, VT, United States).
A SOD standard curve was plotted, and the SOD activity of the test
samples was calculated and expressed in U/mL.

2.7 Determination of malondialdehyde levels

MDA levels in liver tissue were determined using the
Thiobarbituric Acid Reactive Substances (TBARS) Assay Kit
Ann Arbor, MI, United States)
manufacturer’s instructions. Briefly, 25 mg of liver tissue was
weighed into a 1.5 mL test tube, and 250 pL of RIPA buffer was

(Cayman, following the

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1597599

Matin et al.

added. The mixture was homogenized while being kept on ice. The
homogenized samples were centrifuged at 1,600 x g for 10 min at
4°C, and the resulting supernatants were stored on ice. The tissue
homogenates did not require dilution before the assay. For the
colorimetric assay, 100 uL of each sample or standard was added to
appropriately labeled microcentrifuge vials, followed by the addition
of 100 uL of 10% trichloroacetic acid (TCA) assay reagent. The
mixture was swirled to ensure thorough mixing before the addition
of 800 pL of Color Reagent, after which the vials were vortexed. The
vials were then incubated in a boiling water bath for 1 h. After
incubation, the vials were transferred to an ice bath for 10 min to
stop the reaction, followed by centrifugation at 1,600 x g at 4°C.
From each vial, 200 pL of the supernatant was transferred (in
duplicate) to a clear plate, and the absorbance was measured at
530-540 nm using a Cary Varian 50Bio spectrophotometer (Santa
Clara, CA, United States). The MDA concentration was calculated
using a calibration curve generated from the MDA standard
provided by the manufacturer, with a concentration range
of 0-50 uM.

2.8 Determination of reduced glutathione
concentration

Reduced glutathione (GSH) concentrations were determined
according to the method of Beutler et al. (1963), with minor
modifications, using DTNB as the chromogenic reagent and
absorbance measured at 412 nm (Beutler et al., 1963). The liver
tissue sample was homogenized at a ratio of 50 mg per 250 uL of
0.1 M of phosphoric buffer containing 0.01 M of EDTA (pH = 7.4).
The homogenized sample was centrifuged for 10 min at 3000 RPM.
For deproteinization of the sample, a mixture was prepared by
adding 100 pL of 10% TCA, 100 pL of the supernatant, and 100 pL of
10 mM EDTA and vortexed. The mixture was then left to stand for
10 min. Following this, it was centrifuged again at 3000 RPM for
10 min. For the preparation of the sample and blank solutions,
230 pL of water was added to the plates. In the sample wells, 30 pL of
3.2 M Tris-HCI (pH 8.1), 10 uL of 10 mM EDTA, 25 puL of the
obtained supernatant, and 10 uL of 3 mM DTNB were added. For
the blank, 30 uL of 3.2 M Tris-HCI (pH 8.1), 20 pL of 10 mM of
EDTA, 10 uL of TCA and 10 pL of 3 mM DTNB were added. Plate
was placed on the shaker and incubated at room temperature for
5 min. Finally, the absorbance was measured at 412 nm. Bio-Tek
Synergy4 microplate reader (Winooski, VT, United States) was used
to determine absorbance at 412 nm and data on reaction kinetics.
The obtained results were evaluated with the Gen5 program
(BioTek), and ultimately the glutathione levels were calculated
as uM concentration values.

2.9 Statistical analysis

The data are presented as mean + standard deviation (SD). Data
analysis was performed using the Real Statistics Resource Pack
software (Release 8.9.1; copyright 2013-2023; Charles Zaiontz;
www.real-statistics.com). Analysis of Variance (ANOVA) at «a =
0.05, with Bonferroni correction for multiple comparisons, was used
to determine statistical significance. Tukey’s Honest Significant
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Difference (HSD) test was conducted as a follow-up to ANOVA.
In the generated graphs, statistically significant differences (p < 0.05,
p < 0.01, and p < 0.001) were indicated by one, two, or three
asterisks, respectively.

3 Results

The effects of dietary ginger supplementation on liver
antioxidant defense systems were evaluated across different age
groups of mice through multiple biochemical and enzymatic tests.

DPPH radical scavenging activity in liver tissue demonstrated
both age- and dose-dependent responses to ginger supplementation
(Figure 2). In the control group animals, there was a decrease in the
DPPH scavenging activity with advancement of age (65.88% =+
5.69%, 55.19% + 7.87%, and 59.00% + 6.82%, for the 3-month-
old, 6-month-old, and the 12-month-old animals, respectively;
with a significance of p < 0.001 in the 6-month-old control group
animals and p < 0.05 in the 12-month-old control animals, both in
comparison to the 3-month-old control group). In the 3-month-
both 0.6% 1.8% ginger
significantly decreased DPPH radical

old mice, and supplementation
scavenging activity
compared to control (65.88% <+ 5.69% for the control,
58.46% * 6.91% for the 0.6% ginger supplemented animals,
and 56.52% + 3.70% for the 1.8% ginger supplemented
animals). This effect was more pronounced in the 1.8% ginger
supplemented group (p < 0.001). The 6-month-old mice and the
12-month-old mice groups showed an inverse pattern, with
significant increase (p < 0.001) in the DPPH radical scavenging
in response to ginger supplementation, thus exhibiting ginger
supplementation-induced reversal of the age-dependent decrease
observed for the control animal groups.

Total antioxidant capacity, measured as Trolox equivalents,
declined in the control animals (2.40 + 0.40, 2.79 + 0.30, and
1.86 + 0.66 Trolox equivalents for the 3-month-old, 6-month-old,
and the 12-month-old animals, respectively) with significant
decrease especially in the 12-month-old control group (p < 0.01,
Figure 3). Ginger supplementation overall displayed a pattern of
enhanced total antioxidant capacity across all age groups, with the
effect being most pronounced in the 1.8% supplemented 12-month-
old group (1.86 + 0.66 Trolox equivalents in the control group versus
3.31 + 0.33 Trolox equivalents in the supplemented animals; with
p < 0.001, in comparison to the 12-month-old control group).

Liver vitamin C levels showed an age-dependent decline in
control animals (2.91 mg + 0.36 mg, 2.56 mg *+ 0.64 mg, and
1.56 mg + 0.15 mg, for the 3-month-old, 6-month-old, and the 12-
month-old animals, respectively; Figure 4), with the 12-month-old
control group exhibiting approximately twice lower vitamin c levels
compared to the 3-month-old control group (1.56 + 0.15 versus
291 =+ SD; p < 0.001). Ginger
supplementation overall displayed a pattern of increased vitamin

0.36 mg/100 g mean =+

C levels in comparison to the respective controls in all age groups,
with a significant effect in the 6-month-old group supplemented
with 1.8% ginger (2.56 mg + 0.64 mg versus 3.46 mg + 0.60 mg; p <
0.01 compared to respective age-matched control).

Total phenolic content showed a tendency of age-related decline
in control animals (6.47 + 0.67, 5.77 £ 0.38, and 5.04 + 1.00 mg GAE/
g for the 3-month-old, 6-month-old, and the 12-month-old animals,
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Liver DPPH radical scavenging activity. Data are presented as the percentage of DPPH radical scavenging across different age groups (3, 6, and
12 months) and dietary treatments (control, 0.6% ginger, 1.8% ginger). Values are shown as mean + standard deviation (n = 16). Statistical significance

between groups is indicated (ANOVA/Tukey HSD; *p < 0.05; ***p < 0.001).
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Liver total antioxidant capacity. Total antioxidant capacity of liver homogenates was determined as described in detail in the Methods section. The
results are expressed in millimolar (mM) Trolox equivalents (TE). Data represent mean + standard deviation (n = 8), with significance denoted by asterisks.

(ANOVA/Tukey HSD; **p < 0.01; ***p < 0.001).

respectively; Figure 5), with the 12-month-old control group showing
significantly lower levels compared to the 3-month-old control group
(5.04 + 1.00 versus 6.47 + 0.67 mg GAE/g tissue; mean * SD; p <
0.001). Ginger supplementation led to differential effects in the
different age groups, with decrease of phenolic content levels in
the 3-month-old animals, increase in the 6-month-old animals
(especially the 1.8% supplemented group, 5.77 + 0.38 versus 8.65 *
0.89 mg GAE/g tissue; p < 0.001 in comparison to the age-matched
control), and no effect in the 12-months-old animal groups.
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Superoxide dismutase (SOD) activity showed significant age-related
decline in control animals (10.76 * 1.15, 6.93 + 1.05. and 7.04 + 2.58 U/
mL for the 3-month-old, 6-month-old, and the 12-month-old animals,
respectively; Figure 6), with both the 6-month-old and the 12-month-
old control group exhibiting markedly lower activity compared to the
3-month-old control group (6.93 + 1.05 and 7.04 + 2.58 versus 10.76 +
1.15 U/mL; mean + SD; p < 0.001). Ginger supplementation did not
produce significantly different effects on SOD activity in comparison to
the respective age-matched control groups.
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Liver vitamin C levels. Vitamin C concentrations in liver tissue were determined spectrophotometrically as described in the Methods section. The
results are expressed as milligrams of vitamin C per Gram of tissue. Data represent mean + standard deviation (n = 8). Statistical significance between

groups is indicated (ANOVA/Tukey HSD; **p < 0.01; ***p < 0.001).
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Liver total phenolic content. The total phenolic content in liver homogenates was assessed using the Folin-Ciocalteu reagent, as detailed in the
Methods section. Results are expressed as milligrams of gallic acid equivalents (GAE) per Gram of tissue. Data are shown as mean + standard deviation (n =
16). Statistical differences between groups are indicated (ANOVA/Tukey HSD; ***p < 0.001).

Malondialdehyde (MDA) levels demonstrated a significant
age-related decrease in control animals (81.08 + 23.16, 34.86 +
4.40, and 37.77 £ 5.89 uM for the 3-month-old, 6-month-old, and
the 12-month-old animals, respectively; Figure 7), with both the 6-
month-old 12-month-old groups exhibiting
substantially lower levels compared to the 3-month-old control
group (34.86 + 4.40 and 37.77 + 5.89 versus 81.08 + 23.16 uM;
mean * SD; p < 0.001). In 6-month-old and 12-month-old
animals, ginger supplementation at both concentrations resulted

and control

Frontiers in Pharmacology

in moderate decreases in MDA levels compared to age-matched
controls, which did not reach statistical significance. The most
pronounced effect was observed in 3-month-old animals
supplemented with 1.8% ginger, where MDA levels were
significantly (p < 0.001; 81.08 + 23.16 versus 45.44 + 5.69 uM)
reduced compared to the age-matched control group.

Reduced glutathione (GSH) levels did not display statistically
significant age-related variations in control groups animals
(Figure 8). Ginger supplementation produced enhancing effects
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Liver superoxide dismutase (SOD) activity. Superoxide dismutase activity in liver homogenates was measured as described in the Methods section
and is expressed in U/mL. Data are presented as mean + standard deviation (n = 8). Statistical significance is indicated (ANOVA/Tukey HSD; ***p < 0.001).
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Liver malondialdehyde (MDA) levels. Malondialdehyde levels, an indicator of lipid peroxidation, were measured in liver tissue homogenates. Data are
expressed as micromolar (UM) concentrations. Results are shown as mean + standard deviation (n = 8). Statistical significance between groups is

indicated (ANOVA/Tukey HSD; ***p < 0.001).

in comparison to the age-matched controls in all age groups, with
the 1.8% concentration being more effective (inducing statistically
significant effects with p < 0.001, p < 0.05, and p < 0.01 in the 3-
month-old, 6-month-old, and 12-month-old animal groups, with
748.07 + 104.25 versus 962.02 + 204.59, 623.94 + 88.30 versus
791.75 £ 132.33, and 634.57 + 84.85 versus 831.43 + 83.73 uM,
respectively).
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4 Discussion

This study provides novel insights into how ginger dietary
supplementation affects liver antioxidant defense systems across
different age groups in mice. The results demonstrate complex age-
and dose-dependent effects of ginger supplementation on various
markers of oxidative stress and antioxidant capacity in liver tissue.
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Liver reduced glutathione (GSH) levels. Reduced glutathione concentrations in liver homogenates were determined as described in the Methods
section and expressed in micromolar (uM) concentrations. Data are shown as mean + standard deviation (n = 16). Statistical significance is indicated

(ANOVA/Tukey HSD; *p < 0.05; **p < 0.01; ***p < 0.001).

Our results confirm the age-dependent decline in several key
antioxidant parameters, including DPPH radical scavenging activity,
total antioxidant capacity, vitamin C levels, total phenolic content,
and SOD activity. This aligns with previous research suggesting that
aging is associated with diminished antioxidant defenses and
increased oxidative stress, which contribute to liver dysfunction
(Shih and Yen, 2007; Castro Mdel et al., 2012; Lozada-Delgado et al.,
2020). Our findings support this paradigm and extend it by
demonstrating the differential response of antioxidant defenses to
ginger supplementation at various life stages. Moreover, the
observed decline in parameters such as SOD activity and vitamin
C levels in the control animal groups emphasizes the importance of
age-specific interventions to counteract these deficits.

The dose-dependent effects of ginger supplementation were
evident across most of the studied biochemical markers. At higher
(1.8%)
supplementation increased DPPH radical scavenging activity,

doses and most consistently in older mice, ginger
enhanced total antioxidant capacity, as evidenced by increased
Trolox equivalents, and increased reduced GSH levels. These
findings align with prior studies suggesting that ginger’s antioxidant
properties are mediated through effects such as scavenging of reactive
oxygen species and enhancement of endogenous antioxidant systems
(Stoilova et al., 2007; Lee et al., 2011; Sueishi et al., 2019).

From a mechanistic standpoint, the antioxidant effects of ginger
are likely mediated by both direct and indirect pathways. Ginger’s
bioactive constituents—particularly gingerols, shogaols, paradols,
and zingerone—are known to exert free radical scavenging activity,
lipid peroxidation inhibition, and upregulation of endogenous
antioxidant defenses. These actions are partially attributed to
modulation of the Nrf2 (nuclear factor erythroid 2-related factor
2) signaling pathway, which regulates the expression of antioxidant
response element (ARE)-dependent genes such as those encoding
glutathione S-transferase, heme oxygenase-1 (HO-1), and NAD(P)
(NQO1) (Peng et al, 2015).
Furthermore, ginger has been shown to inhibit inflammatory

H:quinone oxidoreductase 1
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signaling cascades like NF-«xB, which are often intertwined with
oxidative stress responses. In aged organisms, these pathways may
become dysregulated or exhibit reduced responsiveness. This could
explain the enhanced efficacy of ginger observed in older animals in
the present study—where the supplementation may help restore
diminished redox regulation by reactivating Nrf2 signaling or
replenishing depleted non-enzymatic antioxidants such as GSH
and vitamin C. Moreover, pharmacokinetic alterations with
age—such as slower metabolism and longer tissue retention of
ginger compounds—may enhance their local effectiveness in
older livers.

Although the total antioxidant capacity (TAC) appeared
numerically higher in the 6-month-old control group than in the
3-month-old control group, and lower in the 1.8% ginger-
supplemented group at 3 months compared to the corresponding
control, these differences did not reach statistical significance.
Therefore, these observations should be interpreted with caution.
However, minor fluctuations in TAC between age groups could
reflect transitional physiological states in antioxidant regulation
during early adulthood. Some studies suggest that compensatory
upregulation of endogenous antioxidant systems may transiently
occur during midlife before the onset of age-related decline (Benzi
et al.,, 1989; Shih and Yen, 2007), potentially contributing to slightly
elevated TAC at 6 months. Regarding the numerically lower TAC in
the high-dose ginger group at 3 months, it is possible that high-dose
antioxidant supplementation in physiologically young and redox-
balanced animals may trigger negative feedback regulation or subtle
pro-oxidant shifts, as previously proposed in models of hormesis
and antioxidant overcompensation (Calabrese and Baldwin, 2003).
Although these effects were not statistically significant in our study,
they highlight the importance of considering age and baseline redox
status when evaluating the impact of dietary antioxidant
interventions. Future studies with larger sample sizes or targeted
molecular profiling could help determine whether these trends are
biologically meaningful.
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A key finding was the age-dependent pattern observed in DPPH
radical scavenging activity. While younger (3-month-old) mice
showed decreased DPPH scavenging with ginger
supplementation, both middle-aged (6-month-old) and older (12-

radical

month-old) mice exhibited significantly increased activity. This
differential response suggests that the impact of ginger on free
radical scavenging mechanisms varies with age, potentially due to
age-related changes in baseline antioxidant capacity as well as age-
related changes of in the rate of metabolizing exogenously supplied
bioactive compounds including ginger phytochemicals with
antioxidant action (Kim et al., 2002; Lee et al., 2008). Meanwhile,
the enhanced DPPH radical scavenging observed in older mice
aligns with previous research showing ginger’s ability to combat
oxidative stress that is increased with aging (Peng et al., 2015;
Hosseinzadeh et al., 2017; Al Hroob et al., 2018).

The observed decrease in DPPH radical scavenging activity in 3-
month-old mice supplemented with ginger, particularly at the 1.8%
dose, may be explained by several interconnected mechanisms. First,
young mice generally possess robust endogenous antioxidant
systems, with high baseline levels of enzymatic and non-
additional
antioxidants like ginger may lead to transient pro-oxidant effects

enzymatic antioxidants. Introducing exogenous
or feedback inhibition of endogenous antioxidant responses—a

phenomenon often observed in hormetic responses to
phytochemicals. This biphasic behavior is supported by the
concept that mild oxidative stress can activate protective
mechanisms, whereas excessive antioxidant input in already-
balanced systems may dampen radical signaling or paradoxically
impair redox balance (Calabrese and Baldwin, 2003). Additionally,
certain phenolic compounds in ginger may exhibit dual
roles—acting as antioxidants at low or moderate ROS levels but
exhibiting pro-oxidant effects under high-reducing or low-ROS
cellular states (Maliar et al, 2023). This could explain the
reduced DPPH scavenging in young mice where oxidative
burden is minimal. Moreover, the higher metabolic activity and
detoxification efficiency in younger animals may lead to faster
metabolism and clearance of ginger phytochemicals, limiting
their local accumulation and effect in liver tissue. Collectively,
these age-dependent pharmacodynamic and redox-regulatory
differences help explain the attenuated response in younger
animals and underscore the importance of physiological context
in interpreting antioxidant interventions.

The age-related differences in antioxidant response to ginger
supplementation observed in this study highlight a complex
interplay between baseline redox status and metabolic
responsiveness. Younger mice (3 months old) displayed higher
endogenous antioxidant levels in control groups, which may have
limited the observable benefits of supplementation or even led to
paradoxical effects (e.g., reduced DPPH scavenging and phenolic
content). This may be due to a “ceiling effect,” where antioxidant
systems are already well-regulated and additional stimulation is
unnecessary or counterproductive. In contrast, middle-aged and
older mice (6 and 12 months) exhibited significant age-associated
declines in DPPH scavenging, vitamin C levels, and SOD
activity—creating a physiological state of redox vulnerability.
Ginger supplementation in these groups likely restored redox
homeostasis by bolstering antioxidant reserves, particularly

through the replenishment of GSH and enhancement of total
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antioxidant capacity. This aligns with prior findings that
antioxidant interventions have greater benefit in aged or
oxidatively stressed organisms compared to healthy young
counterparts (Shih and Yen, 2007; Castro Mdel et al., 2012).
These observations support the concept of age-personalized
antioxidant supplementation, where physiological context
determines the efficacy of dietary interventions.

The significant reduction MDA levels, particularly in younger
mice receiving high-dose ginger supplementation, reflects the
previously reported ability of dietary ginger to counter lipid
peroxidation (Ahmed et al, 2000; Ahmed et al., 2008). However,
the less pronounced effects in older animals might indicate an age-
related resistance to modulation of lipid peroxidation pathways.
These findings warrant further investigation into the molecular
mechanisms underpinning these differences.

Interestingly, MDA levels in control animals were significantly
higher at 3 months compared to 6 and 12 months, which contrasts
with the typical expectation of age-related increases in lipid
peroxidation. However, several factors may explain this finding.
In early adulthood, mice exhibit higher metabolic rates, elevated
mitochondrial respiration, and increased membrane lipid turnover,
all of which can transiently elevate ROS production and enhance
susceptibility to lipid peroxidation (Sohal et al., 1990). Moreover,
older tissues may shift toward protein and DNA oxidation markers,
with relatively less lipid peroxidation occurring at baseline (Cakatay
et al., 2003; Ma et al., 2013). Therefore, MDA should not be viewed
in isolation as a direct surrogate of total oxidative burden across
ages. These findings highlight that age-related shifts in oxidative
stress profiles can vary depending on the molecular target (lipid,
protein, DNA), metabolic context, and tissue-specific vulnerability.

Superoxide dismutase activity demonstrated significant age-
the
deterioration of liver enzymatic antioxidant defenses with age
(Reiss and Gershon, 1976; Santa Maria et al., 1996). The lack of

significant changes with ginger supplementation suggests that

related decline, confirming previous findings about

ginger’s antioxidant effects might primarily operate through non-

enzymatic pathways, rather than by modulating SOD
activity directly.

The lack of a measurable effect of ginger supplementation on
total SOD activity, despite improvements in other antioxidant
parameters, may stem from several factors. First, the assay used in
this study measured total SOD activity, without discriminating
SOD1 (cytosolic) and SOD2

(mitochondrial). Prior studies have shown that ginger may

between isoforms such as
preferentially affect mitochondrial oxidative stress pathways and
upregulate SOD2 (Homa and Wentz-Hunter, 2018), changes that
could remain undetected in whole-tissue homogenates where
SOD1 predominates. Second, it is possible that the antioxidant
benefits of ginger in this model were mediated more through non-
enzymatic antioxidants (e.g., GSH, vitamin C) or via modulation of
other enzymatic systems (e.g., catalase, glutathione peroxidase),
thereby limiting the need for enhanced SOD activity. Third, redox
homeostasis involves complex compensatory networks. Increased
glutathione or phenolic content may reduce superoxide burden,
alleviating the need for further SOD induction. Finally, assay
sensitivity and technical variability may also obscure subtle
isoform-specific changes. Further studies examining specific
SOD isoforms at the transcriptional and protein level, or
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subcellular localization of antioxidant effects, could help clarify
these findings.

Although ginger supplementation did not produce statistically
significant changes in SOD activity in any group, it is worth noting
that SOD activity values in the 1.8% ginger groups at 6 and
12 months were numerically lower than those in the 0.6% ginger
groups. This observation, while not statistically significant, may
reflect a dose-dependent regulatory ceiling or feedback suppression
of enzymatic antioxidants when exogenous antioxidant input is
high. At elevated doses, ginger-derived phenolics may strongly
increase non-enzymatic antioxidant reserves—such as GSH and
vitamin C—which could reduce the cellular demand for SOD
activity, leading to compensatory downregulation. This type of
adaptive response has been reported in other antioxidant
supplementation studies, where excessive exogenous antioxidant
availability dampened the expression of genes of endogenous
antioxidant defense proteins (Halliwell, 2000; Calabrese and
Baldwin, 2003). Another possibility is that higher doses of ginger
exert differential effects on antioxidant enzyme regulation
depending on cellular redox state and age, which may not follow
alinear dose-response pattern. However, due to the lack of statistical
significance, these interpretations remain speculative and should be
explored in future studies involving isoform-specific enzyme
measurements and redox-sensitive gene expression profiling.

Glutathione levels showed a consistent positive response to
ginger supplementation across all age groups, with the higher
dose (1.8%) being more effective. This enhancement of GSH
levels is particularly noteworthy given glutathione’s central role
in cellular redox regulation and antioxidant defense (Zhang and
Forman, 2012). The ability of ginger to boost GSH levels across
different age groups suggests it could have broad applications in
supporting liver antioxidant defenses.

The findings of the present study collectively support our initial
hypothesis regarding ginger’s beneficial effects on liver antioxidant
systems, particularly at higher doses. However, the age-dependent
variations in response highlight the complexity of antioxidant
system regulation and suggest that ginger’s effects may be
The
observed in older mice for several parameters (particularly DPPH

modulated by age-related factors. stronger responses
radical scavenging and total antioxidant capacity) align with our
hypothesis about enhanced effects in older animals.

The results also provide insights into potential mechanisms of
ginger’s antioxidant effects. The simultaneous enhancement of non-
enzymatic antioxidants (vitamin C, GSH) and total antioxidant
capacity, coupled with reduced lipid peroxidation (MDA),
suggests multiple pathways of action. This multi-target effect is
consistent with previous studies showing ginger’s diverse bioactive
properties (Mao et al., 2019; Wu et al., 2023).

These findings
therapeutic applications. The age-dependent effects observed

have several potential implications for
suggest that ginger supplementation might be particularly
beneficial in supporting liver antioxidant defenses in older
individuals, where natural antioxidant systems may be
compromised. This aligns with prior research showing ginger’s
potential versatile benefits in supporting liver health (Gao et al,
2012; AuthorAnonymous et al., 2017; Hamza et al., 2021; Guo et al.,
2022). The study outcomes also hint to potential broader anti-aging

benefits of ginger supplementation, in line with its previously
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characterized  versatile  bioactivity —profile  simultaneously
contracting different hallmarks of aging (Ozkur et al, 2022;
Matin et al., 2024a). Additionally, the dose-dependent effects
observed in the present work support the importance of
appropriate dosing in ginger supplementation strategies.

Future research could focus on elucidating the molecular
the effects

particularly the differential responses in young versus older

mechanisms underlying age-specific observed,
animals. Investigation of changes in antioxidant gene expression
and protein levels could provide additional insights into how ginger
modulates these systems. Additionally, longer-term studies could
help understand the sustainability of these effects and potential

adaptations over time.

5 Limitations

This study has several limitations that should be considered
when interpreting the findings. While we evaluated total superoxide
dismutase (SOD) activity, the assay did not distinguish between
SOD isoforms (e.g., SOD1 and SOD2), nor did it assess other
antioxidant enzymes such as catalase or glutathione peroxidase.
Thus, potential isoform-specific or compensatory effects may have
been masked in total activity measurements.

A limitation of this study is the exclusive use of male animals,
which, while controlling for hormonal variability, does not account
for sex-specific differences in antioxidant defense systems. Estrogen,
for instance, has been shown to modulate redox signaling and
influence expression of key antioxidant enzymes such as SOD
and GPx. Therefore, future research should include both sexes to
determine whether the antioxidant effects of ginger exhibit sex-
specific patterns, particularly in the context of aging.

Further, although we observed several trends across age and
dose groups, some differences—particularly those in DPPH
scavenging, total antioxidant capacity, and SOD activity—did not
reach statistical significance. These non-significant patterns should
be interpreted with caution and may benefit from further validation
with larger sample sizes or targeted molecular analyses. In addition,
we did not perform transcriptomic or proteomic analyses to directly
assess the molecular pathways modulated by ginger, such as Nrf2 or
NEF-«B signaling, which are known to regulate antioxidant defenses.
These mechanistic insights remain speculative and should be
explored in future investigations.

Finally, the study was conducted over a 3-month period of
supplementation, which may not fully capture the long-term effects
of dietary ginger supplementation on liver function and redox
balance. Longer-term studies and broader biomarker panels
would strengthen understanding of the sustained impact and
safety profile of ginger in aging models.

6 Conclusion

This study demonstrates that ginger dietary supplementation
exerts significant dose- and age-dependent effects on liver
antioxidant defense systems in mice. Our findings confirm the
initial hypotheses regarding both the dose-dependency of ginger’s
effects and their more pronounced effects in older animals for
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several key parameters. Ginger supplementation enhanced key
including DPPH
scavenging activity, reduced glutathione (GSH) levels, and total

markers of antioxidant capacity, radical
antioxidant capacity, particularly at higher doses and in older
animals. These findings highlight ginger’s potential to mitigate
age-associated  oxidative  stress and  support  hepatic
antioxidant defenses.

The differential impacts of ginger supplementation observed in
this study underscore the importance of tailoring dietary
interventions based on age and dosage. The demonstrated dose-
dependent effects emphasize the importance of appropriate dosing
strategies, while age-specific responses highlight the need for
personalized antioxidant supplementation strategies. Future
research should focus on elucidating the molecular mechanisms
underlying these age-specific effects and investigating the long-term
implications of ginger supplementation on liver health across
different life stages.

Overall, this study establishes ginger as a promising dietary
supplement for supporting liver antioxidant defenses, particularly in
aging populations, while also highlighting the complexity of its
biological effects across different age groups. These findings
contribute to our understanding of natural antioxidant
interventions and their potential role in promoting healthy

liver aging.

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding author.

Ethics statement

The animal study was approved by the animal handling
permission No. 14186201 in accordance with national regulations
(Act on the Protection of Animals Used for Scientific or Educational
Purposes of 15 January 2015). The study was conducted in
accordance with the local legislation and institutional requirements.

References

A, V.V, K, R R, Kurrey, N. K,, K, A. A, and G, V. (2017). Protective effects of
phenolics rich extract of ginger against Aflatoxin B(1)-induced oxidative stress and
hepatotoxicity. Biomed. Pharmacother. 91, 415-424. doi:10.1016/j.biopha.2017.
04.107

Abd El-Salam, H., and Hassan, A. (2017). Phytochemicals boost anti-inflammatory
effect against gamma radiation: activities of ginger and coriander extracts. Arab. J. Nucl.
Sci. Appl. 50 (2), 278-291.

Afzal, S., Abdul Manap, A. S., Attig, A., Albokhadaim, I., Kandeel, M., and Alhojaily,
S. M. (2023). From imbalance to impairment: the central role of reactive oxygen species
in oxidative stress-induced disorders and therapeutic exploration. Front. Pharmacol. 14,
1269581. doi:10.3389/fphar.2023.1269581

Ahamed, M., Lateef, R., Akhtar, M. J., and Rajanahalli, P. (2022). Dietary antioxidant
curcumin mitigates CuO nanoparticle-induced cytotoxicity through the oxidative stress

pathway in human placental cells. Molecules 27 (21), 7378. doi:10.3390/
molecules27217378

Ahmed, R. S., Seth, V., and Banerjee, B. D. (2000). Influence of dietary ginger
(Zingiber officinales Rosc) on antioxidant defense system in rat: comparison with
ascorbic acid. Indian J. Exp. Biol. 38 (6), 604-606.

Frontiers in Pharmacology

12

10.3389/fphar.2025.1597599

Author contributions

MM: Writing - original draft, Investigation, Methodology,
Conceptualization, Formal Analysis, Project administration, Data
curation. KW: Writing - review and editing, Formal Analysis,
Investigation. JH: Conceptualization, Writing - review and
editing. LR: Writing — review and editing, Conceptualization. AA:
Writing - review and editing, Conceptualization.

Funding

The author(s) declare that no financial support was received for
the research and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Ahmed, R. S., Suke, S. G., Seth, V., Chakraborti, A., Tripathi, A. K., and Banerjee,
B. D. (2008). Protective effects of dietary ginger (Zingiber officinales Rosc.) on
lindane-induced oxidative stress in rats. Phytother. Res. 22 (7), 902-906. doi:10.
1002/ptr.2412

Al Hroob, A. M., Abukhalil, M. H., Alghonmeen, R. D., and Mahmoud, A. M. (2018).
Ginger alleviates hyperglycemia-induced oxidative stress, inflammation and apoptosis
and protects rats against diabetic nephropathy. Biomed. Pharmacother. 106, 381-389.
doi:10.1016/j.biopha.2018.06.148

Almeida, I. M., Barreira, J. C., Oliveira, M. B, and Ferreira, I. C. (2011). Dietary
antioxidant supplements: benefits of their combined use. Food Chem. Toxicol. 49 (12),
3232-3237. doi:10.1016/j.fct.2011.09.012

Anh, N. H, Kim, S. J,, Long, N. P,, Min, J. E,, Yoon, Y. C,, Lee, E. G,, et al. (2020).
Ginger on human health: a comprehensive systematic review of 109 randomized
controlled trials. Nutrients 12 (1), 157. doi:10.3390/nul12010157

Ayustaningwarno, F., Anjani, G., Ayu, A. M., and Fogliano, V. (2024). A critical
review of Ginger’s (Zingiber officinale) antioxidant, anti-inflammatory, and
immunomodulatory activities. Front. Nutr. 11, 1364836. doi:10.3389/fnut.2024.
1364836

frontiersin.org


https://doi.org/10.1016/j.biopha.2017.04.107
https://doi.org/10.1016/j.biopha.2017.04.107
https://doi.org/10.3389/fphar.2023.1269581
https://doi.org/10.3390/molecules27217378
https://doi.org/10.3390/molecules27217378
https://doi.org/10.1002/ptr.2412
https://doi.org/10.1002/ptr.2412
https://doi.org/10.1016/j.biopha.2018.06.148
https://doi.org/10.1016/j.fct.2011.09.012
https://doi.org/10.3390/nu12010157
https://doi.org/10.3389/fnut.2024.1364836
https://doi.org/10.3389/fnut.2024.1364836
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1597599

Matin et al.

Ballester, P., Cerda, B., Arcusa, R., Garcia-Munoz, A. M., Marhuenda, J., and Zafrilla,
P. (2023). Antioxidant activity in extracts from zingiberaceae family: cardamom,
turmeric, and ginger. Molecules 28 (10), 4024. doi:10.3390/molecules28104024

Banerjee, P., Gaddam, N., Chandler, V., and Chakraborty, S. (2023). Oxidative stress-
induced liver damage and remodeling of the liver vasculature. Am. J. Pathol. 193 (10),
1400-1414. doi:10.1016/j.ajpath.2023.06.002

Bekkouch, O., Dalli, M., Harnafi, M., Touiss, I., Mokhtari, I, Assri, S. E., et al. (2022).
Ginger (zingiber officinale roscoe), lemon (citrus limon L.) juices as preventive agents
from chronic liver damage induced by CCIl(4): a biochemical and histological study.
Antioxidants (Basel) 11 (2), 390. doi:10.3390/antiox11020390

Benzi, G., Pastoris, O., Marzatico, F., and Villa, R. F. (1989). Age-related effect
induced by oxidative stress on the cerebral glutathione system. Neurochem. Res. 14 (5),
473-481. doi:10.1007/BF00964863

Beutler, E, Duron, O., and Kelly, B. M. (1963). Improved method for the
determination of blood glutathione. J. Lab. Clin. Med. 61, 882-888.

Brand-Williams, W., Cuvelier, M. E., and Berset, C. (1995). Use of a free radical
method to evaluate antioxidant activity. LWT - Food Sci. Technol. 28 (1), 25-30. doi:10.
1016/50023-6438(95)80008-5

Burton, G. J., and Jauniaux, E. (2011). Oxidative stress. Best. Pract. Res. Clin. Obstet.
Gynaecol. 25 (3), 287-299. doi:10.1016/j.bpobgyn.2010.10.016

Caetano, A. C,, da Veiga, L. F., Capaldi, F. R,, de Alencar, S. M., Azevedo, R. A, and
Bezerra, R. M. (2013). The antioxidant response of the liver of male Swiss mice raised on
a AIN 93 or commercial diet. BMC Physiol. 13, 3. doi:10.1186/1472-6793-13-3

Cahill, A, Cunningham, C. C., Adachi, M., Ishii, H., Bailey, S. M., Fromenty, B., et al.
(2006). Effects of alcohol and oxidative stress on liver pathology: the role of the
mitochondrion. Alcohol. Clin. Exp. Res. 26 (6), 907-915. doi:10.1111/j.1530-0277.2002.
th02621.x

Cakatay, U, Telci, A., Kayali, R,, Tekeli, F., Akcay, T., and Sivas, A. (2003). Relation of
aging with oxidative protein damage parameters in the rat skeletal muscle. Clin.
Biochem. 36 (1), 51-55. doi:10.1016/s0009-9120(02)00407-1

Calabrese, E. J., and Baldwin, L. A. (2003). Hormesis: the dose-response revolution.
Annu. Rev. Pharmacol. Toxicol. 43,175-197. doi:10.1146/annurev.pharmtox.43.100901.
140223

Castro Mdel, R., Suarez, E., Kraiselburd, E., Isidro, A., Paz, J., Ferder, L., et al. (2012).
Aging increases mitochondrial DNA damage and oxidative stress in liver of rhesus
monkeys. Exp. Gerontol. 47 (1), 29-37. doi:10.1016/j.exger.2011.10.002

Cichoz-Lach, H., and Michalak, A. (2014). Oxidative stress as a crucial factor in liver
diseases. World J. Gastroenterol. 20 (25), 8082-8091. doi:10.3748/wjg.v20.i25.8082

Faul, F,, Erdfelder, E., Lang, A. G., and Buchner, A. (2007). G*Power 3: a flexible
statistical power analysis program for the social, behavioral, and biomedical sciences.
Behav. Res. Methods 39 (2), 175-191. doi:10.3758/bf03193146

Gabr, S. A., Alghadir, A. H., and Ghoniem, G. A. (2019). Biological activities of ginger
against cadmium-induced renal toxicity. Saudi J. Biol. Sci. 26 (2), 382-389. doi:10.1016/
j.51b$.2017.08.008

Gao, H., Guan, T,, Li, C,, Zuo, G., Yamahara, J., Wang, J., et al. (2012). Treatment with
ginger ameliorates fructose-induced Fatty liver and hypertriglyceridemia in rats:
modulation of the hepatic carbohydrate response element-binding protein-mediated
pathway. Evid. Based Complement. Altern. Med. 2012, 570948. doi:10.1155/2012/
570948

Glavas, M. M., Hui, Q., Tuduri, E., Erener, S., Kasteel, N. L., Johnson, J. D., et al.
(2019). Early overnutrition reduces Pdx1 expression and induces beta cell failure in
Swiss Webster mice. Sci. Rep. 9 (1), 3619. doi:10.1038/s41598-019-39177-3

Guo, X. X,, Zhang, Y. D., Wang, T. C.,, Wang, X. L., Xu, Y. Y., Wang, Y., et al. (2022).
Ginger and 6-gingerol prevent lipopolysaccharide-induced intestinal barrier damage
and liver injury in mice. J. Sci. Food Agric. 102 (3), 1066-1075. doi:10.1002/jsfa.11442

Halliwell, B. (2000). The antioxidant paradox. Lancet 355 (9210), 1179-1180. doi:10.
1016/S0140-6736(00)02075-4

Hamza, A. A., Heeba, G. H., Hamza, S., Abdalla, A., and Amin, A. (2021).
Standardized extract of ginger ameliorates liver cancer by reducing proliferation and
inducing apoptosis through inhibition oxidative stress/inflammation pathway. Biomed.
Pharmacother. 134, 111102. doi:10.1016/j.biopha.2020.111102

Hegazy, A. M., Mosaed, M. M., Elshafey, S. H., and Bayomy, N. A. (2016). 6-gingerol
ameliorates gentamicin induced renal cortex oxidative stress and apoptosis in adult
male albino rats. Tissue Cell 48 (3), 208-216. doi:10.1016/j.tice.2016.03.006

Homa, S., and Wentz-Hunter, K. (2018). Differential gene expression in pancreatic
cancer when treated with ginger extract. Free Radic. Biol. Med. 128, S67. doi:10.1016/j.
freeradbiomed.2018.10.139

Hong, M. K,, Huy, L. L., Zhang, Y. X,, Xu, Y. L, Liu, X. Y., He, P. K,, et al. (2020). 6-
Gingerol ameliorates sepsis-induced liver injury through the Nrf2 pathway. Int.
Immunopharmacol. 80, 106196. doi:10.1016/j.intimp.2020.106196

Hosseinzadeh, A., Bahrampour Juybari, K., Fatemi, M. J., Kamarul, T., Bagheri, A.,
Tekiyehmaroof, N, et al. (2017). Protective effect of ginger (zingiber officinale roscoe)
extract against oxidative stress and mitochondrial apoptosis induced by interleukin-1§
in cultured chondrocytes. Cells Tissues Organs 204 (5-6), 241-250. doi:10.1159/
000479789

Frontiers in Pharmacology

13

10.3389/fphar.2025.1597599

Jagetia, G., Baliga, M., and Venkatesh, P. (2004). Ginger (Zingiber officinale
Rosc.), a dietary supplement, protects mice against radiation-induced lethality:
mechanism of action. Cancer Biother Radiopharm. 19 (4), 422-435. d0i:10.1089/cbr.
2004.19.422

Joiwik, A., Strzalkowska, N., Bagnicka, E., Grzybek, W., Krzyzewski, J., Polawska, E.,
et al. (2012). Relationship between milk yield, stage of lactation, and some blood serum
metabolic parameters of dairy cows. Czech J. Anim. Sci. 57 (8), 353-360. doi:10.17221/
6270-cjas

Kattoor, A. J., Pothineni, N. V. K., Palagiri, D., and Mehta, J. L. (2017). Oxidative
stress in atherosclerosis. Curr. Atheroscler. Rep. 19 (11), 42. doi:10.1007/s11883-017-
0678-6

Kim, J. K,, and Jang, H. D. (2016). 6-shogaol attenuates H(2)O(2)-induced oxidative
stress via upregulation of Nrf2-mediated gamma-glutamylcysteine synthetase and heme
oxygenase expression in HepG2 cells. Food Sci. Biotechnol. 25 (1), 319-327. doi:10.1007/
510068-016-0045-3

Kim, J. W., No, J. K., Ikeno, Y., Yu, B. P, Choi, J. S., Yokozawa, T, et al. (2002). Age-
related changes in redox status of rat serum. Arch. Gerontol. Geriatr. 34 (1), 9-17. doi:10.
1016/50167-4943(01)00178-9

Kota, N., Panpatil, V. V., Kaleb, R., Varanasi, B., and Polasa, K. (2012). Dose-
dependent effect in the inhibition of oxidative stress and anticlastogenic potential of
ginger in STZ induced diabetic rats. Food Chem. 135 (4), 2954-2959. doi:10.1016/j.
foodchem.2012.06.116

Kurutas, E. B. (2016). The importance of antioxidants which play the role in cellular
response against oxidative/nitrosative stress: current state. Nutr. J. 15 (1), 71. doi:10.
1186/512937-016-0186-5

Lee, C., Park, G. H,, Kim, C. Y., and Jang, J. H. (2011). [6]-Gingerol attenuates beta-
amyloid-induced oxidative cell death via fortifying cellular antioxidant defense system.
Food Chem. Toxicol. 49 (6), 1261-1269. doi:10.1016/j.fct.2011.03.005

Lee, J. S., Ward, W. O., Wolf, D. C,, Allen, J. W., Mills, C., DeVito, M. ], et al. (2008).
Coordinated changes in xenobiotic metabolizing enzyme gene expression in aging male
rats. Toxicol. Sci. 106 (1), 263-283. doi:10.1093/toxsci/kfn144

Li, S, Tan, H. Y., Wang, N, Zhang, Z.]., Lao, L., Wong, C. W, et al. (2015). The role of
oxidative stress and antioxidants in liver diseases. Int. J. Mol. Sci. 16 (11), 26087-26124.
doi:10.3390/ijms161125942

Lozada-Delgado, J. G., Torres-Ramos, C. A., and Ayala-Pefia, S. (2020). Aging,
oxidative stress, mitochondrial dysfunction, and the liver. 37-46. doi:10.1016/b978-
0-12-818698-5.00004-3

Ma, Y., Zhang, L., Rong, S., Qu, H., Zhang, Y., Chang, D., et al. (2013). Relation
between gastric cancer and protein oxidation, DNA damage, and lipid peroxidation.
Oxid. Med. Cell Longev. 2013, 543760. doi:10.1155/2013/543760

Maliar, T., Maliarova, M., Blazkova, M., Kunstek, M., Uvackova, L., Viskupicova, J.,
et al. (2023). Simultaneously determined antioxidant and pro-oxidant activity of
randomly selected plant secondary metabolites and plant extracts. Molecules 28 (19),
6890. doi:10.3390/molecules28196890

Mallikarjuna, K., Sahitya Chetan, P., Sathyavelu Reddy, K., and Rajendra, W. (2008).
Ethanol toxicity: rehabilitation of hepatic antioxidant defense system with dietary
ginger. Fitoterapia 79 (3), 174-178. doi:10.1016/j.fitote.2007.11.007

Manna, P., and Jain, S. K. (2015). Obesity, oxidative stress, adipose tissue dysfunction,
and the associated health risks: causes and therapeutic strategies. Metab. Syndr. Relat.
Disord. 13 (10), 423-444. doi:10.1089/met.2015.0095

Mao, Q. Q., Xu, X. Y., Cao, S. Y., Gan, R. Y., Corke, H., Beta, T., et al. (2019). Bioactive
compounds and bioactivities of ginger (zingiber officinale roscoe). Foods 8 (6), 185.
doi:10.3390/foods8060185

Masenga, S. K., Kabwe, L. S., Chakulya, M., and Kirabo, A. (2023). Mechanisms of
oxidative stress in metabolic Syndrome. Int. J. Mol. Sci. 24 (9), 7898. doi:10.3390/
ijms24097898

Matin, M., Joshi, T., Wang, D., Tzvetkov, N. T., Matin, F. B., Wierzbicka, A., et al.
(2024a). Effects of ginger (zingiber officinale) on the hallmarks of aging. Biomolecules 14
(8), 940. doi:10.3390/biom14080940

Matin, M., Matin, F. B., Ksepka, N., Wysocki, K., Mickael, M. E., Wieczorek, M., et al.
(2024b). The clinical research on ginger (zingiber officinale): insights from
ClinicalTrials.gov analysis. Planta Med. 90 (11), 834-843. doi:10.1055/a-2357-7064

Meek, L. R, and Olson, B. S. (2007). Effects of diet on growth and emotionality in
swiss webster mice. Curr. Top. Nutraceutical Res. 5 (2/3), 121.

Mohammadi, S., Ashtary-Larky, D., Asbaghi, O., Farrokhi, V., Jadidi, Y., Mofidi, F.,
et al. (2024). Effects of silymarin supplementation on liver and kidney functions: a
systematic review and dose-response meta-analysis. Phytother. Res. 38 (5), 2572-2593.
doi:10.1002/ptr.8173

Muriel, P., and Gordillo, K. R. (2016). Role of oxidative stress in liver health and
disease. Oxid. Med. Cell Longev. 2016, 9037051. doi:10.1155/2016/9037051

Mustafa, I., and Chin, N. L. (2023). Antioxidant properties of dried ginger (zingiber
officinale roscoe) var. Bentong. Foods 12 (1), 178. doi:10.3390/foods12010178

Novakovic, S., Jakovljevic, V., Jovic, N., Andric, K., Milinkovic, M., Anicic, T., et al.
(2024). Exploring the antioxidative effects of ginger and cinnamon: a comprehensive
review of evidence and molecular mechanisms involved in polycystic ovary Syndrome

frontiersin.org


https://doi.org/10.3390/molecules28104024
https://doi.org/10.1016/j.ajpath.2023.06.002
https://doi.org/10.3390/antiox11020390
https://doi.org/10.1007/BF00964863
https://doi.org/10.1016/s0023-6438(95)80008-5
https://doi.org/10.1016/s0023-6438(95)80008-5
https://doi.org/10.1016/j.bpobgyn.2010.10.016
https://doi.org/10.1186/1472-6793-13-3
https://doi.org/10.1111/j.1530-0277.2002.tb02621.x
https://doi.org/10.1111/j.1530-0277.2002.tb02621.x
https://doi.org/10.1016/s0009-9120(02)00407-1
https://doi.org/10.1146/annurev.pharmtox.43.100901.140223
https://doi.org/10.1146/annurev.pharmtox.43.100901.140223
https://doi.org/10.1016/j.exger.2011.10.002
https://doi.org/10.3748/wjg.v20.i25.8082
https://doi.org/10.3758/bf03193146
https://doi.org/10.1016/j.sjbs.2017.08.008
https://doi.org/10.1016/j.sjbs.2017.08.008
https://doi.org/10.1155/2012/570948
https://doi.org/10.1155/2012/570948
https://doi.org/10.1038/s41598-019-39177-3
https://doi.org/10.1002/jsfa.11442
https://doi.org/10.1016/S0140-6736(00)02075-4
https://doi.org/10.1016/S0140-6736(00)02075-4
https://doi.org/10.1016/j.biopha.2020.111102
https://doi.org/10.1016/j.tice.2016.03.006
https://doi.org/10.1016/j.freeradbiomed.2018.10.139
https://doi.org/10.1016/j.freeradbiomed.2018.10.139
https://doi.org/10.1016/j.intimp.2020.106196
https://doi.org/10.1159/000479789
https://doi.org/10.1159/000479789
https://doi.org/10.1089/cbr.2004.19.422
https://doi.org/10.1089/cbr.2004.19.422
https://doi.org/10.17221/6270-cjas
https://doi.org/10.17221/6270-cjas
https://doi.org/10.1007/s11883-017-0678-6
https://doi.org/10.1007/s11883-017-0678-6
https://doi.org/10.1007/s10068-016-0045-3
https://doi.org/10.1007/s10068-016-0045-3
https://doi.org/10.1016/s0167-4943(01)00178-9
https://doi.org/10.1016/s0167-4943(01)00178-9
https://doi.org/10.1016/j.foodchem.2012.06.116
https://doi.org/10.1016/j.foodchem.2012.06.116
https://doi.org/10.1186/s12937-016-0186-5
https://doi.org/10.1186/s12937-016-0186-5
https://doi.org/10.1016/j.fct.2011.03.005
https://doi.org/10.1093/toxsci/kfn144
https://doi.org/10.3390/ijms161125942
https://doi.org/10.1016/b978-0-12-818698-5.00004-3
https://doi.org/10.1016/b978-0-12-818698-5.00004-3
https://doi.org/10.1155/2013/543760
https://doi.org/10.3390/molecules28196890
https://doi.org/10.1016/j.fitote.2007.11.007
https://doi.org/10.1089/met.2015.0095
https://doi.org/10.3390/foods8060185
https://doi.org/10.3390/ijms24097898
https://doi.org/10.3390/ijms24097898
https://doi.org/10.3390/biom14080940
https://doi.org/10.1055/a-2357-7064
https://doi.org/10.1002/ptr.8173
https://doi.org/10.1155/2016/9037051
https://doi.org/10.3390/foods12010178
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1597599

Matin et al.

(PCOS) and other oxidative stress-related disorders. Antioxidants (Basel) 13 (4), 392.
doi:10.3390/antiox13040392

Omaye, S. T., Turnbull, J. D., and Sauberlich, H. E. (1979). Selected methods for the
determination of ascorbic acid in animal cells, tissues, and fluids. Methods Enzymol. 62,
3-11. doi:10.1016/0076-6879(79)62181-x

Ozkur, M., Benlier, N., Takan, I, Vasileiou, C., Georgakilas, A. G., Pavlopoulou, A.,
et al. (2022). Ginger for healthy ageing: a systematic review on current evidence of its
antioxidant, anti-inflammatory, and anticancer properties. Oxid. Med. Cell Longev.
2022, 4748447. doi:10.1155/2022/4748447

Peng, S., Yao, J,, Liu, Y., Duan, D., Zhang, X,, and Fang, J. (2015). Activation of
Nrf2 target enzymes conferring protection against oxidative stress in PC12 cells by
ginger principal constituent 6-shogaol. Food Funct. 6 (8), 2813-2823. doi:10.1039/
c5f000214a

Rafie, R., Hosseini, S. A., Hajiani, E., Saki Malehi, A., and Mard, S. A. (2020). Effect of
ginger powder supplementation in patients with non-alcoholic fatty liver disease: a
randomized clinical trial. Clin. Exp. Gastroenterol. 13, 35-45. doi:10.2147/CEG.S234698

Rahimlou, M., Yari, Z., Hekmatdoost, A., Alavian, S. M., and Keshavarz, S. A. (2016).
Ginger supplementation in nonalcoholic fatty liver disease: a randomized, double-blind,
placebo-controlled pilot study. Hepat. Mon. 16 (1), €34897. doi:10.5812/hepatmon.
34897

Reiss, U., and Gershon, D. (1976). Comparison of cytoplasmic superoxide dismutase
in liver, heart and brain of aging rats and mice. Biochem. Biophys. Res. Commun. 73 (2),
255-262. doi:10.1016/0006-291x(76)90701-4

Sanchez-Valle, V., Chavez-Tapia, N. C., Uribe, M., and Mendez-Sanchez, N. (2012).
Role of oxidative stress and molecular changes in liver fibrosis: a review. Curr. Med.
Chem. 19 (28), 4850-4860. doi:10.2174/092986712803341520

Santa Maria, C., Ayala, A., and Revilla, E. (1996). Changes in superoxide dismutase
activity in liver and lung of old rats. Free Radic. Res. 25 (5), 401-405. doi:10.3109/
10715769609149062

Shanmugam, K. R., Mallikarjuna, K., Nishanth, K., Kuo, C. H., and Reddy, K. S.
(2011). Protective effect of dietary ginger on antioxidant enzymes and oxidative damage

Frontiers in Pharmacology

14

10.3389/fphar.2025.1597599

in experimental diabetic rat tissues. Food Chem. 124 (4), 1436-1442. doi:10.1016/j.
foodchem.2010.07.104

Shih, P. H,, and Yen, G. C. (2007). Differential expressions of antioxidant status in
aging rats: the role of transcriptional factor Nrf2 and MAPK signaling pathway.
Biogerontology 8 (2), 71-80. doi:10.1007/s10522-006-9033-y

Skerget, M., Kotnik, P., Hadolin, M., Hras, A. R,, Simoni¢, M., and Knez, Z. (2005).
Phenols, proanthocyanidins, flavones and flavonols in some plant materials and their
antioxidant activities. Food Chem. 89 (2), 191-198. doi:10.1016/j.foodchem.2004.02.025

Sohal, R. S., Arnold, L. A., and Sohal, B. H. (1990). Age-related changes in antioxidant
enzymes and prooxidant generation in tissues of the rat with special reference to
parameters in two insect species. Free Radic. Biol. Med. 9 (6), 495-500. doi:10.1016/
0891-5849(90)90127-5

Stoilova, I, Krastanov, A., Stoyanova, A., Denev, P., and Gargova, S. (2007).
Antioxidant activity of a ginger extract (Zingiber officinale). Food Chem. 102 (3),
764-770. doi:10.1016/j.foodchem.2006.06.023

Sueishi, Y., Masamoto, H., and Kotake, Y. (2019). Heat treatments of ginger root
modify but not diminish its antioxidant activity as measured with multiple free radical
scavenging (MULTIS) method. J. Clin. Biochem. Nutr. 64 (2), 143-147. doi:10.3164/
jcbn.18-41

Tewari, D., Jozwik, A., Lysek-Gladysinska, M., Grzybek, W., Adamus-Bialek, W.,
Bicki, J., et al. (2020). Fenugreek (trigonella foenum-graecum L.) seeds dietary
supplementation regulates liver antioxidant defense systems in aging mice. Nutrients
12 (9), 2552. doi:10.3390/nul2092552

Tian, L., Cai, Q. and Wei, H. (1998). Alterations of antioxidant enzymes and
oxidative damage to macromolecules in different organs of rats during aging. Free
Radic. Biol. Med. 24 (9), 1477-1484. doi:10.1016/s0891-5849(98)00025-2

Wu, Y., Li, B. H,, Chen, M. M,, Liu, B., and Jiang, L. L. (2023). Research progress on
ginger polysaccharides: extraction, purification and structure-bioactivity relationship.
Food Funct. 14 (24), 10651-10666. doi:10.1039/d3fo03552b

Zhang, H., and Forman, H. J. (2012). Glutathione synthesis and its role in redox
signaling. Semin. Cell Dev. Biol. 23 (7), 722-728. doi:10.1016/j.semcdb.2012.03.017

frontiersin.org


https://doi.org/10.3390/antiox13040392
https://doi.org/10.1016/0076-6879(79)62181-x
https://doi.org/10.1155/2022/4748447
https://doi.org/10.1039/c5fo00214a
https://doi.org/10.1039/c5fo00214a
https://doi.org/10.2147/CEG.S234698
https://doi.org/10.5812/hepatmon.34897
https://doi.org/10.5812/hepatmon.34897
https://doi.org/10.1016/0006-291x(76)90701-4
https://doi.org/10.2174/092986712803341520
https://doi.org/10.3109/10715769609149062
https://doi.org/10.3109/10715769609149062
https://doi.org/10.1016/j.foodchem.2010.07.104
https://doi.org/10.1016/j.foodchem.2010.07.104
https://doi.org/10.1007/s10522-006-9033-y
https://doi.org/10.1016/j.foodchem.2004.02.025
https://doi.org/10.1016/0891-5849(90)90127-5
https://doi.org/10.1016/0891-5849(90)90127-5
https://doi.org/10.1016/j.foodchem.2006.06.023
https://doi.org/10.3164/jcbn.18-41
https://doi.org/10.3164/jcbn.18-41
https://doi.org/10.3390/nu12092552
https://doi.org/10.1016/s0891-5849(98)00025-2
https://doi.org/10.1039/d3fo03552b
https://doi.org/10.1016/j.semcdb.2012.03.017
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1597599

	Ginger (Zingiber officinale) dietary supplementation in mice regulates liver antioxidant defense systems in a dose- and age ...
	1 Introduction
	2 Materials and methods
	2.1 Experimental setup
	2.2 DPPH (1,1-diphenyl-2-picrylhydrazyl) radical scavenging assay
	2.3 Antioxidant capacity
	2.4 Determination of vitamin C
	2.5 Determination of total phenolic content
	2.6 Superoxide dismutase activity assay
	2.7 Determination of malondialdehyde levels
	2.8 Determination of reduced glutathione concentration
	2.9 Statistical analysis

	3 Results
	4 Discussion
	5 Limitations
	6 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


