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Abstract: Kiwifruit (KF) has shown neuroprotective potential in cell-based and rodent models by
augmenting the capacity of endogenous antioxidant systems. This study aimed to determine whether
KF consumption modulates the antioxidant capacity of plasma and brain tissue in growing pigs.
Eighteen male pigs were divided equally into three groups: (1) bread, (2) bread + Actinidia deliciosa
cv. ‘Hayward’ (green-fleshed), and (3) bread + A. chinensis cv. ‘Hort16A’ (yellow-fleshed). Following
consumption of the diets for eight days, plasma and brain tissue (brain stem, corpus striatum,
hippocampus, and prefrontal cortex) were collected and measured for biomarkers of antioxidant
capacity, enzyme activity, and protein expression assessments. Green KF significantly increased
ferric-reducing antioxidant potential (FRAP) in plasma and all brain regions compared with the
bread-only diet. Gold KF increased plasma ascorbate concentration and trended towards reducing
acetylcholinesterase activity in the brain compared with the bread-only diet. Pearson correlation
analysis revealed a significant positive correlation between FRAP in the brain stem, prefrontal cortex,
and hippocampus with the total polyphenol concentration of dietary interventions. These findings
provide exploratory evidence for the benefits of KF constituents in augmenting the brain’s antioxidant
capacity that may support neurological homeostasis during oxidative stress.

Keywords: kiwifruit; antioxidant; neuroprotection; actinidin; brain regions; acetylcholinesterase

1. Introduction

Numerous physiological and pathological processes increase the body’s reactive oxy-
gen species (ROS) concentration, including physiological or emotional stress and sleep
disturbances. Stressful conditions can result in the excessive production of ROS, over-
whelming the body’s ability to neutralize them and leading to oxidative stress and damage.
This process depletes endogenous antioxidants and disrupts the homeostatic mechanisms
that maintain cellular health. The imbalance between pro-oxidants and antioxidants in
the presence of ROS is a key factor in neuronal damage and the development of neurode-
generative diseases. Maintaining a delicate balance between these factors is essential for
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preserving cellular health and preventing oxidative damage in the brain [1]. The brain’s
sensitivity to oxidative stress is attributed to its high energy demands, the abundance of
lipids, and weak antioxidant capacity. This susceptibility to oxidative damage can cause
neuronal impairment and functional decline through ROS-mediated brain tissue damage,
ultimately increasing the risk of neurodegenerative diseases [2]. Specifically, ROS play a
crucial role in this process by increasing the brain’s susceptibility to damage. Diet and
nutrients have been shown to reduce these risks by enhancing the antioxidant system
activities, thereby protecting from the deleterious effects of oxidative stress and ultimately
leading to improved brain health [3-5].

Superoxide dismutase (SOD) is essential in reducing oxidative stress by converting
ROS into hydrogen peroxide (HyO;), which is subsequently converted into inert molecules
by other antioxidant enzymes. Malondialdehyde (MDA) is a marker of lipid oxidation, and
excessive MDA induced by oxidative stress is associated with major depressive disorder [6].
Acetylcholinesterase (AChE) is the enzyme responsible for breaking down acetylcholine
(ACh), and decreased levels of ACh are associated with neurological disorders. Likewise,
increasing AChE activity is associated with neurological pathogenesis [7]. This has led to
the development of therapeutics that target the treatment of these disorders by inhibiting
or reducing brain AChE activity.

Kiwifruit (KF) has been shown to improve subjective mood [8,9] and sleep quality [10]
in human clinical studies. Furthermore, studies have also shown that consumption of fresh
KF may regulate antioxidant and inflammatory states [11-13]. KF is a rich source of vitamin
C, vitamin E, and polyphenols, which serve as antioxidants, and it is hypothesized that this
may be a mechanism by which KF improves mood [8] and sleep quality [10]. The majority
of the before-mentioned clinical trials incorporating KF supplementation have employed a
standardized serving size of the flesh from two fresh KF, adhering to established norms.
Several in vitro studies have demonstrated that KF is neuroprotective through its efficacy
in attenuating cellular ROS while increasing cell viability [14-17]. Rodent models have
demonstrated the benefit of KF on brain health. A study of mice fed a high-fat diet (to
induce stress) reported reduced oxidative stress in brain regions of mice supplemented
with an extract of the KF Actinidia arguta (known for its high actinidin activity and content).
The reduction in ROS reported in this study was concurrent with increased ACh, improved
SOD activity, and reduced MDA and AChE activity in brain tissue [14]. In another study,
Sprague Dawley rats with lead-induced cognitive dysfunction and neurodegeneration that
were fed ‘Qinmei” KF had higher hippocampal SOD and glutathione peroxidase (GPx)
activities compared with those fed the placebo intervention [15].

While rodent models serve a valuable purpose, translating findings from these mod-
els to humans is constrained by significant physiological and metabolic differences. For
instance, rodents exhibit a higher mass-specific metabolic rate, and their digestive physi-
ology is less complex than that of humans. Additionally, it is important to comprehend
the potential advantages of KF in healthy states, as rodent studies assessing the impact
of KF have introduced an external stressor through diet or supplementation. Compared
with rodents, the physiological function and brain anatomy of pigs share closer affinity to
humans [18]. Moreover, pigs can consume KF in a manner like humans, whereas in rodent
studies, the KF needs to be freeze-dried and ground, potentially resulting in a loss of some
of its properties. Thus, employing pig models to investigate the effects of KF interventions
on brain health outcomes may offer a more accurate reflection of these outcomes in the
human brain than rodent models.

This study primarily explored the antioxidant effects of KF. The samples were col-
lected as part of a larger study aiming to map the digestion of gluten and gluten-derived
immunogenic peptides in the gastrointestinal tract of a pig model that was fed a meal
containing gluten. The aim of this study was to evaluate the effect of consumption of
green and gold KF interventions over one week, compared to a control diet without KF, on
plasma and brain antioxidant levels in a healthy pig model. The distinguishing features
between the two KF interventions are their micronutrient compositions and the presence of
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actinidin, a protease enzyme, in the green KF variety, which is absent in the tested gold
variety. Actinidin is an enzyme needed for the cleavage of kiwellin (a minor protein in
KF) into KiTH and kissper [19]. Kissper is suggested to form ion-channel-like pores by
integrating itself into the phospholipid membrane [20] and may have anti-inflammatory
properties [21]. This, in turn, could influence ROS. Whether these proteins are responsible
for the beneficial effects in the brain has yet to be determined in vivo. We hypothesized
that both KF interventions would improve both plasma and brain antioxidant markers,
and the green KF variety may be more effective due to the presence of actinidin and extra
micronutrients.

2. Materials and Methods
2.1. Animals and Treatments

Briefly, a total of 18 entire male pigs (1 = 6 per diet; body weight (BW): 19.9 £ 0.5 kg,
mean =+ SE) of nine weeks of age were used in this study. Pigs were housed individually
in metabolism crates (1.5 m x 1.5 m) in a room with a 12 h:12 h light/dark cycle and
maintained at 22 & 2 °C (Animal Processing Unit Massey University). Water was provided
ad libitum. The Massey University Animal Ethics Committee, Palmerston North, New
Zealand, approved all animal-related procedures (MUAEC protocol 20/46) [22]. All experi-
ment stages, from group allocation to data analysis, were known to the researchers and
technicians involved.

On arrival, pigs were fed the same commercial grower mix as provided on the farm.
From the following day, experimental diets replaced this commercial diet gradually per day
by 33% increments. Each pig received 90 g dry matter of feed per kilogram of metabolic
BW per day (metabolic BW was calculated as = BW"”?) [23]. The pigs were provided with
a solid meal portion size of 2:1 at 0900 and 1600 h, respectively. The pigs were adapted to
their experimental diet for eight days, and on the final day were fasted and euthanized.
Pigs were assigned to the following experimental diets:

e  Soda bread only.
e  Soda bread + gold KF (Actinidia chinensis cv. ‘Hort16A’).
e  Soda bread + green KF (Actinidia deliciosa cv. ‘Hayward’).

To limit the digestive system’s exposure to proteins other than those derived from
wheat, soda bread was employed in this study, as the focus was to evaluate the effect of
KF on digestion of proteins originating from gluten. For the adaptation diets, pure gluten
was introduced to reach the daily protein requirements. Before feeding the pigs, soda
bread slices were cut into small pieces, and KF pulp was crushed manually before mixing
it thoroughly with the bread. The fresh KF included in the diets comprised 19% of the daily
dry matter intake, equivalent to two fresh KF eaten with a meal [23]. The actinidin activities
were 27.08 £ 1.20 and 0.22 4 0.15 U/g of dry matter for green and gold KEF, respectively [22].
Average daily nutrient intake was calculated from when pigs were on experimental diets
(Table 1). Commercially available vitamin and mineral premixes were added to the adapta-
tion diets according to National Research Council [24] recommendations for the pigs” daily
nutritional requirements.

Table 1. Average determined nutrient (g/kg of body weight (BW) per pig) intake of diets with bread
only, bread + gold kiwifruit (KF), and bread + green KF over the supplementation period.

Composition (Unit/’kg BW per Pig) Bread Only  Bread + Gold KF  Bread + Green KF

Dry matter (g) 40.81 40.61 41.68
Protein (g) 2.80 291 3.00
Starch (g) 14.34 14.82 15.23
Fiber (g) 2.09 2.15 224

Gross energy (kJ) 49391 510.51 525.12
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Table 1. Cont.

Composition (Unit/’kg BW per Pig) Bread Only  Bread + Gold KF  Bread + Green KF

Vitamin C (mg) 0.27 13.27 4.69

Vitamin E (mg) 3.38 2.87 3.30

Vitamin K (ug) 0.18 0.15 0.17

Vitamin B3 (mg) 1.64 1.48 1.56

Vitamin B6 (mg) 0.30 0.31 0.28

Vitamin B9 (ug) 23.06 19.16 19.44

Total polyphenol content (mg GAE) 0.22 0.63 117

GAE: gallic acid equivalents

2.2. Euthanasia and Tissue Collection

On the final day of the experimental diet, pigs were euthanized 300 min after their
final meal. This final meal was smaller than their adaptation meals to mimic a standard
meal size of bread intake by humans, consisting of four slices of bread (178.2 g dry matter)
and two KF of their allocated KF intervention (25.6 g dry matter of green KF and 272 g
dry matter of gold KF). The pigs were anesthetized through intramuscular injection in
the neck at a dose rate of 120 puL/kg of an anesthetic cocktail (Zoletil 100 (50 mg/mL),
ketamine (50 mg/mL), and xylazine (50 mg/mL)). Pigs were transferred from the cage
to the surgery room, where blood samples (~4 mL) from the anterior jugular vein (which
carries blood from the brain to the heart) were collected. Blood samples were collected
into ethylenediaminetetraacetic acid (EDTA)-containing tubes (BD Vacutainer®, Becton,
Franklin Lakes, NJ, USA) and kept on ice for 10 min before centrifugation for separation
of plasma at 3000 x g for 5 min. The plasma samples were frozen on dry ice immediately
and stored at —80 °C until analysis. Once blood samples were collected, the pigs were
euthanized by intracardial injection of sodium pentobarbitone (0.3 mL/kg BW of Pentobarb
300; Provet NZ Pty Ltd., Christchurch, New Zealand) [23].

Once pigs were euthanized, a registered veterinarian removed the head from the body
and placed it into clamps. The skull plate was cut carefully using a bone saw, ensuring the
brain remained undamaged. Once the skull plate was cut, the plate was levered up to give
access to the brain. The brain was carefully scooped out, and the two lobes were gently
pulled apart. The left hemisphere was used for consistency with other studies [25], and
the brain stem (regulation of vital life functions, e.g., breathing, blood pressure), corpus
striatum (reward and reinforcement circuit), hippocampus (role in learning and memory),
and prefrontal cortex (central role in cognitive control functions) were carefully dissected
out. All the samples were snap-frozen in liquid nitrogen, kept on dry ice, and stored at
—80 °C for analysis. All brain samples were collected within 15 min of euthanasia.

2.3. Biochemcial Measures

Prior to biochemical analyses, the brain tissue regions were lysed in Neuronal Protein
Extraction Reagent (N-PER™, Thermo Scientific, Waltham, MA, USA) with a cocktail of
protease and phosphatase inhibitors included (Pierce Protease and Phosphatase Inhibitor Mini
Tablets, Thermo Scientific, Waltham, MA, USA) at a ratio of 10 mL per 1 g of tissue. This
mix was then placed on ice for 10 min and centrifuged at 10,000 x g for 10 min at 4 °C. The
Bradford assay (Bio-Rad Laboratories, Hercules, CA, USA) measured the supernatant protein
concentrations with bovine serum albumin as the standard. As described in the following
sections, the supernatant was aliquoted and stored at —80 °C for downstream analyses.

2.3.1. Plasma Oxidative Stress Measures

Plasma MDA levels (lipid peroxidation biomarker) and plasma protein carbonyls
(protein peroxidation biomarker) were used to evaluate the oxidative stress state of animals.
MDA was assessed by high-performance liquid chromatography (HPLC) using a modified
method described by Karatepe [26] against MDA standards. MDA levels were presented
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as umol/L. Protein carbonyls were measured using the modified version of a colorimetric
end-point assay described by Levine et al. [27]. Carbonyl levels were calculated as nmol/L.

2.3.2. Plasma and Brain Tissue Antioxidant Measures
Oxidative Potential Assay (OPA)

ROS-generating potential capacity was assessed using a modified carboxy-dihydro-
2/,7'-dichlorohydrofluorescein diacetate (carboxy-H2DCFDA) kinetic assay described by
Wang and Joseph [28]. The assay consisted of hydrolyzing 10 uM carboxy-H;DCFDA
(Thermo Scientific, Waltham, MA, USA) into the product dichlorofluorescein (DCF), which
is fluorescent when oxidized. Carboxy-H2DCFDA was hydrolyzed with an equal volume
of methanol and 1 M potassium hydroxide for 1 h at room temperature. An amount of
5 uL of diluted plasma (1:5) and brain lysates (1:100) was added to black 96-well plates, and
then 1 uM H,O, was added. Immediately after, 5 uL of DCF was added to each well. The
changes in fluorescence intensity were measured over 5 min at 37 °C using a fluorescence
plate reader with excitation and emission wavelengths of 485 and 528 nm, respectively.
All plasma and brain extracts were assayed in triplicate, with the coefficient of variation
(CV) of replicate measures being <10%. Data were presented as the percentage change in
relative fluorescence intensity after 5 min (%AFIsyin) and for brain tissue standardized to a
milligram protein content.

Ferric-Reducing Antioxidant Power (FRAP)

The FRAP assay used the standard method described by Benzie and Strain [29].
Briefly, plasma and brain lysates diluted in acetate buffer (1:8) were added to an equal
amount of FRAP reagent (containing TPTZ [2,4,6-tripyridyl-s-triazine] and ferric chloride
in a hydrochloric acid solution). After 15 min of incubation at room temperature, the
absorbance was measured on a plate reader set at a wavelength of 593 nm. All plasma
and brain extracts were assayed in triplicate, with the CV of replicate measures being
<10%. Plasma and brain lysate antioxidant capacities were measured against a standard
curve of Trolox (Merck, Auckland, New Zealand), calculated as uM Trolox equivalents and
standardized to a milligram protein content of plasma and brain tissue.

Oxygen Radical Absorbance Capacity (ORAC)

The ORAC assay used the standard method described by Prior et al. [30]. Briefly,
plasma and brain lysates were diluted in PBS (plasma 1:40 and brain 1:40), and fluorescein
was added and incubated at 37 °C for 30 min. 2,2’-Azobis(2-amidinopropane) dihydrochlo-
ride (AAPH) was added, and the fluorescence intensity was measured on a plate reader
with excitation and emission wavelengths of 485 and 520 nm, respectively, for 90-120 min
at 2 min intervals. All plasma and brain extracts were assayed in triplicate, with the CV of
replicate measures being <10%. The ORAC was measured against the standard curve of
Trolox (Merck, Auckland, New Zealand), calculated as uM Trolox.

Vitamin C (Ascorbate) Concentration

The ascorbate content of plasma and brain tissue was measured on reverse-phase
HPLC with a Synergi 4 micron Hydro-RP 80-A column and an ESA coulochem II electro-
chemical detector [31]. Ascorbate concentrations in plasma were expressed in uM, and
those in brain tissue were expressed in nmol/mg of wet-weight tissue.

Catalase Activity

Catalase activity was determined in the brain regions using the Catalase Colorimetric
Activity Kit (Invitrogen™, Waltham, MA, USA). A bovine catalase standard was used to
generate a standard curve for the assay and all tissue lysates read off the standard curve.
Brain lysates were diluted at 1:20 in the provided assay buffer and added to the wells of
a half-area transparent plate. H,O, was added to each well, and the plate was incubated
at room temperature for 30 min. Following this incubation, the supplied colorimetric
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detection reagent was added, followed by diluted horseradish peroxidase and incubation
at room temperature for 15 min. The colored product was read at 560 nm. All brain extracts
were assayed in triplicate, with the CV of replicate measures being <10%. The activity of
catalase was standardized to protein and expressed as U/mg protein.

Superoxide Dismutase Activity

SOD activity was determined in the brain regions using a SOD Activity Assay Kit
(Sigma-Aldrich, St. Louis, MO, USA), based on the procedure described by Peskin and
Winterbourn [32]. A bovine SOD standard was used to generate a standard curve for the
assay and all tissue lysates read off the standard curve. Briefly, samples were diluted at
1:1000 with the provided assay buffer and added to the wells. The activity of SOD was
determined by measuring the decrease in superoxide anions (generated by the enzyme
xanthine oxidase [XO]). The superoxide anions react with water-soluble tetrazolium (WST)
dye, producing a color read at a 450 nm wavelength. The decrease in signal is proportional
to SOD inhibition activity. All brain extracts were assayed in triplicate with the CV of
replicate measures being <10%. The activity of SOD was standardized to protein and
expressed as U/mg protein.

Western Blot Analysis of Antioxidant Enzymes

A Western blot analysis was conducted to examine the protein levels of antioxidants
in the brain regions. The biochemical analysis section described the brain lysates used for
this analysis. Aliquots containing 25 pg of total protein were boiled in a loading buffer
containing 150 mM Tris (pH 6.8), 3 mM DTT, 6% SDS, 0.3% bromophenol blue, and 30%
glycerol. Catalase was resolved into wells of 12% Mini-PROTEAN® TGX™ Precast Protein
Gels (Bio-Rad Laboratories, Hercules, CA, USA). SOD enzymes were resolved into wells of
4-20% Mini-PROTEAN® TGX™ Precast Protein Gels (Bio-Rad Laboratories, Hercules, CA,
USA). Electrophoresis of all gels was conducted in Bio-Rad Criterion cell systems at room
temperature under normal running buffer (Tris/Glycine/SDS buffer).

Proteins from the gels were blotted onto Immun-Blot® PVDF Membrane (Bio-Rad
Laboratories, Hercules, CA, USA) and then blocked with 5% nonfat dry milk powder in PBS-
Tween (0.08 M NapPOy, 0.02 M NaH, POy, 0.1 M NaCl, 0.1% Tween 20). After washing with
PBS-Tween three times for 10 min each, the membranes were cut at approximately 50 kD
and 30 kD and incubated with primary polyclonal antibodies for 1 h at room temperature.
Polyclonal antibodies used included rabbit anti-catalase (Thermo Scientific, Waltham, MA,
USA, BS-2302R), rabbit anti-SOD2 (Thermo Scientific, Waltham, MA, USA, PA1-31072),
rabbit anti-SOD1 (Abcam, Cambridge, UK, ab13498), and rabbit anti-GAPDH (Thermo
Scientific, Waltham, MA, USA, PA5-85074) diluted to 1:1000, 1:5000, 1:5000, and 1:10,000,
respectively, in PBS-Tween. After washing with PBS-Tween, membranes were incubated
with a secondary antibody, mouse anti-rabbit IgG HRP conjugate (BioLegend, San Diego,
CA, USA, Cat. 410404), diluted to 1:2000 in PBS-Tween, for 1 h at room temperature.
The secondary antibody bound to the membrane was detected with an ECL Western blot
substrate kit (Bio-Rad Laboratories, Hercules, CA, USA). The resulting luminescent bands
were captured with a G:Box Chemi HR16 (Syngene, Cambridge, UK). Relative quantitation
was calculated by normalization to the housekeeping gene GAPDH.

AChE Activity

AChE activity was determined using an Amplex™ Acetylcholine/ Acetylcholinesterase
Assay Kit (Thermo Scientific, Waltham, MA, USA) according to the manufacturer’s in-
structions. Briefly, Amplex Red substrate was added to tissue lysates and H,O, standards
(0.01-2 mM) and phosphate buffer control. The change in fluorescence was measured at
37 °C over 10 min (530-560 and 590 nm excitation and emission wavelengths, respectively)
on a fluorescence plate reader. Brain regional AChE activity was calculated against H,O,
standards and expressed as nM H,O, produced/ g protein/min. All brain extracts were
assayed for AChE activity in triplicate, with the CV of replicate measures being <10%.
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2.4. Data Analysis

Statistical analyses were performed using SPSS software (version 28; IBM, Armonk,
NY, USA). Effects of treatment on plasma biomarkers were determined using a one-way
ANOVA. Outliers were assessed by examination of studentized residuals for values greater
than £3. Normality was assessed by Shapiro-Wilk’s test (p > 0.05). The effects of treat-
ment and brain region and their interaction were determined using a repeated-measures
mixed-effects model. Residual plots were inspected to confirm that the normality and
constant variance model assumptions were met. An unstructured covariance structure
was used to account for the repeated regions. Post hoc comparisons, adjusted for multiple
comparisons using Bonferroni’s correction, were performed when there were significant
main or interaction effects. For some antioxidant measures, data were log-transformed
before analysis to stabilize the variance. Statistical significance was accepted at a probability
inferior to 0.05 (p < 0.05). A statistical trend was observed with a p-value between 0.05
and 0.10. All data are presented as means + standard error of means (SEM). Pearson
correlation was also performed between all regional brain biomarkers and nutrient intakes.
Furthermore, where interaction effects were present in brain regions, Pearson correlation
was also performed with corresponding plasma measures. Correlations with p < 0.05 and
R-value > £0.5 were considered [33].

3. Results
3.1. Plasma Oxidative and Antioxidant Markers

Treatment effects were found for plasma FRAP [F(2, 14) = 4.272, p = 0.0036], OPA
[F(2, 14) = 33.214, p < 0.0005], and plasma ascorbate concentrations [F(2, 15) = 7.402,
p = 0.006]. FRAP was higher in pigs fed bread + green KF (25.9 & 1.4 uM) compared to
pigs fed bread only (14.0 £ 3.1 uM; post hoc p = 0.030) (Figure 1a). OPA was higher after
bread only (4.4 + 0.11 AFIs5i) compared to both bread + gold KF (3.5 &= 0.09 AFIsyin; post
hoc p < 0.005) and bread + green KF (3.6 &+ 0.03 AFIspn; post hoc p < 0.005) (Figure 1b).
Ascorbate concentrations were higher in pigs fed bread + gold KF (5.8 £ 0.9 pM) compared
to pigs fed with bread + green KF (2.7 &+ 0.4 uM; post hoc p = 0.006) and bread only
(3.4 £ 0.5 uM; post hoc p = 0.030) (Figure 1c). There were no effects of treatment on plasma
oxidative stress markers (MDA and protein carbonyls) (Table S1).

1Y
—

o

Bread only Bread +
Gold KF

(a)

5.0 + 8.0 4
b
a
4.5 - 7.0 4 b
a0 | z [
. b b = 6.0
35 4| I ks
b s
—_— < 5.0 1
£3.0 1 =
i ]
5 § 20 a
2 2.5 1 J
g 2
< @
& 2.0 A £ a
o ]
(=
15 | g
m
£
1.0 | &
o
0.5
0.0 -
Bread + Bread only Bread + Bread + Bread only Bread + Bread +

Green KF Gold KF Green KF Gold KF Green KF

(b) (©)

Figure 1. Estimated marginal means and standard error of means (SEM) for plasma ferric-reducing
antioxidant potential (FRAP) values (a), oxidative potential assay (OPA) (b), and ascorbate concentrations
(c) in a growing pig model in response to the bread, bread with gold kiwifruit (KF), and bread with
green KF treatments. Bars in each graph without a common letter are significantly different (p < 0.05).
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3.2. Antioxidant Enzyme Activity and Capacity in Different Brain Regions

A summary of antioxidant and enzyme activity measures is presented in Table 2. The
main effects of the brain region were identified for ORAC [F(3, 15) = 27.03, p < 0.001],
OPA [F(3, 15) = 41.07, p < 0.001], catalase activity [F(3, 15) = 30.54, p < 0.001], SOD
activity [F(3, 15) = 211.87, p < 0.001], SOD2 expression [F(3, 15) = 6.24, p = 0.006], ascor-
bate concentration [F(3, 15) = 379.62, p < 0.001], and AChE activity [F(3, 15) = 3045.85,
p <0.001].

Irrespective of treatment, ORAC was significantly higher in the brain stem (mean = SEM
across brain regions, 39.13 £+ 1.70 uM Trolox/mg protein) compared to corpus striatum
(23.70 £ 1.26 uM Trolox/mg protein, post hoc p < 0.005), hippocampus (27.86 £ 1.70 uM
Trolox/mg protein; post hoc p < 0.005), and prefrontal cortex (26.39 + 1.49 pM Trolox/mg
protein; post hoc p < 0.005). OPA values were higher in the prefrontal cortex (mean + SEM
across brain regions, 29.49 + 5.18 AFI5,in) than in the hippocampus (8.97 £ 1.81 AFlsnin),
corpus striatum (4.93 £ 2.15 AFIs5pin), and brain stem (—1.42 & 1.30 AFI5pmin)-

Catalase activity was significantly higher in the brain stem (mean 4+ SEM across brain
regions, 16.01 &+ 0.42 U/mg protein) compared with all other regions (corpus striatum,
12.16 + 0.22 U/mg protein; hippocampus, 12.67 & 0.43 U/mg protein; prefrontal cortex,
1291 £+ 0.45 U/mg protein). SOD activity was significantly lower in the brain stem
(101.72 + 10.57 U/mg protein) compared with the corpus striatum (351.45 £ 21.85 U/mg pro-
tein), hippocampus (665.03 &= 23.99 U/mg protein), and prefrontal cortex (477.39 & 51.41 U/mg
protein). SOD2 protein expression was higher in the corpus striatum (1.26 &£ 0.09 relative ex-
pression) than in the hippocampus (0.92 £ 0.06 relative expression). Ascorbate concentration
was significantly higher in the hippocampus (1.28 £ 0.02 nmol/mg tissue) compared with
the prefrontal cortex (1.02 & 0.04 nmol/mg tissue), corpus striatum (0.79 & 0.03 nmol/mg
tissue), and brain stem (0.65 £ 0.01 nmol/mg tissue). AChE activity was significantly
higher in the corpus striatum (93.30 £ 0.51 nM H,O, / ug protein/min) compared with the
prefrontal cortex (27.10 & 0.64 nM H,O, /ug protein/min), hippocampus (38.84 + 0.46 nM
H,0,/ug protein/min), and brain stem (46.09 £ 0.65 nM H,O, /g protein/min).

3.3. Antioxidant Enzyme Activity and Capacity after Kiwifruit Intake

An interaction effect of treatment by brain region was found for FRAP [F(6, 15) = 4.33,
p = 0.010]. Within the brain stem and prefrontal cortex, FRAP was significantly higher after
bread + green KF compared to both bread + gold KF and bread only (p < 0.05; Figure 2a).
Furthermore, the greatest FRAP was recorded in the brain stem when bread + green KF
was consumed, and the lowest FRAP was in the prefrontal cortex when bread + gold KF
was consumed.
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Table 2. Measures of antioxidant and enzyme activities across brain regions in a growing pig model in response to the intake of bread, bread with gold kiwifruit

(KF), and bread with green KF treatments.

Measure Treatment Brain Stem Corpus Striatum Hippocampus Prefrontal Cortex Factors F p
FRAP (uM/m, Bread only 0.52 + 0.04 bed 0.50 + 0.02 cde 0.47 + 0.02 cde 0.37 £ 0.02 ¢ Treatment 52.52 <0.001
pm;in) 8 Bread + gold KF 0.52 + 0.04 bed 0.44 +0.02 de 0.37 +0.02 ¢ 0.28+0.02f Brain region 49.48 <0.001
Bread + green KF 0.78 £0.042 0.58 + 0.02 b¢ 0.65 + 0.02 % 0.50 + 0.02 cde Treatment X regions 4.33 0.010
ORAC (uM/m Bread only 34.01 £2.94 23.40 £2.18 29.86 £ 2.94 26.01 £2.57 Treatment 0.27 0.764
rottin) & Bread + gold KF 43.64 £ 2.94 22.21 +£2.18 27.37 £2.94 25.20 £ 2.57 Brain region 27.03 <0.001
P Bread + green KF 39.73 £2.94 25.50 £2.18 26.34 £2.94 27.98 £ 2.57 Treatment X regions 1.72 0.184
OPA (%AFspin /m Bread only —0.47 +2.26 8.76 £3.72 10.19 +3.13 24.49 £+ 8.97 Treatment 0.01 0.995
‘;Otefrr:\)m 8 Bread + gold KF —2.65+2.26 6.76 £ 3.72 8.13 £3.13 29.72 £ 8.97 Brain region 41.07 <0.001
P Bread + green KF —-1.14 £2.26 —-0.72 £3.72 8.59 4+ 3.13 34.26 + 8.97 Treatment X regions 0.73 0.631
Ascorbate (nmol,/m Bread only 0.64 £ 0.02 0.80 £ 0.04 1.25+0.03 1.00 £ 0.07 Treatment 1.00 0.392
ti ) & Bread + gold KF 0.65 £ 0.02 0.77 £ 0.04 1.31 +£0.03 1.12 £ 0.07 Brain region 379.62 <0.001
issue Bread + green KF 0.69 £ 0.02 0.79 £ 0.04 1.30 + 0.03 0.97 £ 0.07 Treatment X regions 1.25 0.338
Catalase activit Bread only 15.53 £ 0.73 13.08 + 0.37 13.92 £ 0.75 13.07 £ 0.78 Treatment 1.11 0.354
(U/m roteingl Bread + gold KF 17.04 +£0.73 12.10 + 0.37 11.98 £ 0.75 12.62 +0.78 Brain region 30.54 <0.001
&P Bread + green KF 15.72 £0.73 11.30 £ 0.37 12.10 £ 0.75 13.04 £ 0.78 Treatment X regions 2.10 0.114
Catalase (relative Bread only 1.02 + 0.07 0.98 £0.11 1.11 + 0.06 1.01 £+ 0.09 Treatment 2.53 0.113
expression) Bread + gold KF 1.11 £ 0.07 1.17 £0.11 0.97 £ 0.06 1.02 £+ 0.09 Brain region 0.78 0.525
P Bread + green KF 1.01 £ 0.07 0.95+0.11 0.79 & 0.06 0.93 4 0.09 Treatment X regions 1.26 0.331
SOD activity (U/m Bread only 101.5 +18.3 327.1+£379 664.2 £41.6 458.8 = 89.1 Treatment 0.30 0.746
rote?n) 8 Bread + gold KF 115.4 +18.3 334.6 £ 37.9 623.6 £41.6 578.9 £ 89.1 Brain region 211.87 <0.001
P Bread + green KF 88.3 +18.3 3927+ 379 707.3 +41.6 394.5 £ 89.1 Treatment X regions 0.92 0.510
SODI (relative Bread only 1.10 £ 0.30 0.96 £ 0.10 1.21 £ 0.07 1.04 £0.21 Treatment 0.41 0.668
expression) Bread + gold KF 0.80 £ 0.30 1.01 £0.10 0.97 £0.07 1.15+0.21 Brain region 0.53 0.669
P Bread + green KF 1.34 +0.30 0.88 +0.10 0.88 &+ 0.07 0.82+0.21 Treatment X regions 1.73 0.181
SOD2 (relative Bread only 0.96 £0.11 1.51 £0.15 1.00 +0.10 0.92 £0.28 Treatment 0.31 0.736
expression) Bread + gold KF 1.09 £ 0.11 1.12+£0.15 0.87 £0.10 0.99 £0.28 Brain region 6.24 0.006
P Bread + green KF 1.11 £ 0.11 1.10 £ 0.15 0.92 +0.10 1.33 - 0.28 Treatment X regions 091 0.516
ACHhE activity (nM Bread only 4597 £1.02 93.19 £ 1.01 39.86 + 1.02 28.48 +£1.04 Treatment 2.90 0.086
HyOy/ g Bread + gold KF 4545 + 1.02 93.20 + 1.01 37.43 £1.02 24.96 £+ 1.04 Brain region 3045.85 <0.001
protein/min) Bread + green KF 46.63 £ 1.02 93.55 + 1.01 38.02 + 1.02 26.02 £ 1.04 Treatment X regions 1.77 0.172

FRAP: ferric-reducing antioxidant potential (values that share the same letters in each region are not significantly different (p < 0.05)), ORAC: oxygen radical absorbance capacity, OPA: oxidative po-
tential assay, CAT: catalase, SOD: superoxide dismutase, AChE: acetylcholinesterase. Representative Western blot figures of catalase, SOD1, and SOD2 are supplied in Supplementary Figures S1-S3.
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Figure 2. Estimated marginal means and standard error of means (SEM) for brain regional ferric-

reducing antioxidant potential (FRAP) values (a) and acetylcholinesterase (AChE) activity across all
brain regions (b) in a growing pig model in response to bread, bread with gold kiwifruit (KF), and
bread with green KF treatments. Values in the graphs that share the same letters in each region are
not significantly different (p < 0.05).

The analysis also determined a trend towards a main effect of treatment for AChE
activity [F(2, 15) = 2.90 p = 0.086; Figure 2b]. AChE activity tended to be lower in the gold
KF treatment group (44.60 = 1.02 nM H,O, /g protein/min) compared to bread only
(46.96 + 1.02 nM H,0O, / pg protein/min, p = 0.090). No additional interaction or treatment
effects were observed on any other measures of antioxidants in the brain regions.

3.4. Correlations between Plasma and Brain Regional FRAP

With treatments and interaction having a significant effect on FRAP measurements, a
correlation analysis between plasma FRAP and brain regional FRAP was conducted. There
was a statistically significant positive correlation between plasma FRAP and brain stem
FRAP (r = 0.57, p = 0.027; Figure 3a), hippocampus FRAP (r = 0.59, p = 0.022; Figure 3c),
and prefrontal cortex FRAP (r = 0.57, p = 0.028; Figure 3d). However, there was no
statistically significant relation between plasma FRAP and corpus striatum FRAP (r = 0.41,
p = 0.135; Figure 3b).

3.5. Correlation between Nutrient Intake and Antioxidant Capcity in the Brain Regions

Pearson correlation analysis revealed significant correlations between FRAP and various
macro- and micronutrients in all brain regions (Figure 4). FRAP in the corpus striatum,
hippocampus, and prefrontal cortex was significantly positively correlated with vitamin E
intake (r = 0.54, 0.58, and 0.57, respectively). Similarly, FRAP in the brain stem, hippocampus,
and prefrontal cortex significantly correlated with total polyphenol content (TPC) intake
(r=0.71,0.57, and 0.57, respectively). FRAP was also significantly correlated with protein and
fiber intake in the brain stem (r = 0.51 and 0.55, respectively). Conversely, FRAP in all the
brain regions was negatively correlated with vitamin B6 intake: brain stem (r = —0.60), corpus
striatum (r = —0.83), hippocampus (r = —0.75), and prefrontal cortex (r = —0.75).
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Figure 3. Linear correlations between plasma ferric-reducing antioxidant potential (FRAP) and brain
regional FRAP in the brain stem (a) (r = 0.57, p = 0.027), corpus striatum (b) (r = 0.41, p = 0.135),
hippocampus (c) (r = 0.59, p = 0.022), and prefrontal cortex (d) (r = 0.57, p = 0.028) in a growing pig model
(n = 15) fed a bread-based diet alone or supplemented with gold or green kiwifruit (KF). Single outliers
per treatment group were detected with scatter plots, leaving each treatment group with an n = 5.

Protein, starch, fiber, energy, and TPC intakes were found to be significantly negatively
correlated with catalase activity in the corpus striatum (r = —0.74, —0.73, —0.74, —0.73, and
—0.67, respectively) and catalase protein expression in the hippocampus (r = —0.59, —0.58,
—0.60, —0.58, and —0.70, respectively). SOD1 protein expression in the hippocampus also
significantly negatively correlated with protein, starch, fiber, energy, and TPC intakes in
the hippocampus (r = —0.56, —0.55, —0.55, —0.55, and —0.60, respectively). Conversely,
catalase activity and SOD1 protein expression in the hippocampus were significantly
correlated with vitamin B9 intake (r = 0.52 and 0.53, respectively).
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Figure 4. Pearson correlation plot between nutrient intake and biochemical markers in different brain
regions (brain stem, corpus striatum, hippocampus, and prefrontal cortex) obtained from pigs fed
bread only, bread with gold kiwifruit (KF), or bread with green KE. The plot is color-coded to indicate
the strength and direction of the correlation, with blue representing a positive correlation and red
representing a negative correlation. Asterisk (*) symbols indicate different levels of statistical significance.
*p <0.05; ** p < 0.01. TPC: total polyphenol content, FRAP: ferric-reducing antioxidant potential,
ORAC: oxygen radical absorbance capacity, OPA: oxidative potential assay, uCAT: catalase activity, rCAT:
catalase expression, uSOD: superoxide dismutase activity, AChE: acetylcholinesterase activity.

4. Discussion

This study sought to investigate how the addition of green or gold KF to a bread-based
diet affected the antioxidant capacity of different brain regions in pigs. The current study
shows that KF supplemented to pigs consuming a bread-based diet resulted in changes
in antioxidant measures in plasma and brain regions. Green KF increased antioxidant
capacity and decreased oxidative-generating potential in plasma, while gold KF increased
plasma ascorbate concentrations and decreased oxidative-generating potential in plasma.
Additionally, green KF increased chemical antioxidant capacity in all brain regions, and
gold KF showed a trend towards reducing AChE activity. Findings from this study also
highlight the differences in antioxidant capacity, antioxidant enzyme activity, and protein
expression between brain regions. This finding is supported by higher catalase in the
prefrontal cortex and SOD activities in the brain stem compared with other brain regions.
Conversely, oxidative generating potential and AChE activity were lower in the brain stem
and prefrontal cortex, respectively, compared with other brain regions. Interestingly, FRAP
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was found to be positively correlated with total polyphenol intake in all brain regions.
Altogether, these findings suggest the effect of green KF consumption in improving brain
antioxidant capacity may have benefits for neuroprotection from oxidative stress.

One of the promoted health benefits of KF is its potential as a dietary antioxidant.
This benefit may be attributed to the concentrations of antioxidant micronutrients in KF
(i.e., vitamin C, vitamin E, carotenoids, and polyphenolics) that are chemically powerful
antioxidants. KF has also been reported to activate the nuclear factor erythroid 2-related
factor (Nrf2) signaling pathway [34] responsible for inducing the transcription of antioxi-
dant enzymes and reducing transcription factor nuclear factor kappa B (NF-«B) [35], a key
transcription factor that regulates the inflammatory response in cells.

4.1. Effects of Kiwifruit on Peripheral Antioxidant Capacity

The increased plasma antioxidant potential after the KF treatments reported from the
current study are consistent with KF interventions in humans, which showed an increase
in plasma FRAP [13] and ORAC [12]. The increase in FRAP observed in this study has
also been observed in pigs fed a wheat diet with polyphenol-rich fruit (blackcurrants) [36].
The interpretation of these results depends on the method of antioxidant measure. Both
methods measure a different “antioxidant capacity’, which may explain the divergent
results (significant effect on FRAP but not on ORAC). A FRAP measurement indicates the
reducing capacity (electron transfer), while an ORAC measurement indicates the capacity
to scavenge radicals (hydrogen atom transfer) [37]. The results suggest that KF might
impact electron transfer, which could lead to a decrease in the generation of ROS. This
observation is consistent with the finding that KF treatments reduced the ROS generating
potential capacity and may prime the body to respond to periods of oxidative stress and
protect from the detrimental effects of excessive ROS. This interpretation is supported by a
recent study reporting reduced levels of oxidative stress in women who consumed a gold
KF drink before engaging in an acute high-intensity exercise [38].

4.2. Effects of Kiwifruit on Brain Antioxidant Capacity

Regulating oxidative stress in the brain is crucial for maintaining cognitive health, as
excessive oxidative damage has been implicated in neurodegenerative disorders. Research
has shown that dietary interventions, such as increased intake of fruits and vegetables,
can enhance antioxidant capacity, as evidenced by improvements in FRAP [39], potentially
mitigating neurodegenerative risks. The hippocampus and prefrontal cortex are reported
to be the most susceptible brain regions to undergo functional decline following exposure
to oxidative stress [40]. The susceptibility of these brain regions to oxidative stress has been
linked to behavioral and cognitive deficits in rodents exposed to stress [41].

While detrimental effects of oxidative stress on these brain regions and their cognitive
consequences have been characterized, it is evident that these regions may also be most
reactive to oxidative stress. OPA results showed that both the prefrontal cortex and the
hippocampus showed the highest ROS generating capacity of the four regions tested.
Like previous studies in rats [42], SOD activity was highest in the hippocampus of pigs
compared with other brain regions, indicating that the higher endogenous antioxidant
activity in the hippocampus provides some resilience to oxidative stress.

KF consumption has been demonstrated to have neuroprotective effects in in vitro
models and in rodents, attenuating cellular ROS and protecting cells from the detrimental
effects of oxidative stress [14-17]. The reduction in oxidative stress and increase in antioxi-
dant markers from KF consumption corresponded with reduced decrements in cognitive
behavioral assessments in stressed rodents [14,15]. In this study, green KF supplementation
induced greater antioxidant protective potential in all brain regions than gold KF and bread
only. Besides having differing vitamin C, vitamin E, and polyphenol contents, as mentioned
previously, actinidin is required for the cleavage of kiwellin, a minor protein in KF, into
KiTH and kissper [19]. The latter has demonstrated anti-inflammatory properties [21],
potentially leading to the downregulation of systemic ROS. Whether these proteins are
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responsible for the beneficial effects in the brain has yet to be determined and could be
explored in future research.

Like findings from human dietary intervention studies [9,11,13,31,43-47], the current
findings showed that consuming gold KF increased plasma concentrations of ascorbate in
pigs. However, this result was not observed in brain tissue where KF consumption had no
effect on regional brain ascorbate concentrations. This could be because pigs, in contrast to
humans, can synthesize ascorbate, and so it is not considered essential for the species [48].
Additionally, the brain retains higher concentrations of ascorbate than does plasma, and
these brain stores are maintained throughout states of deficiency [48]; thus, any additional
dietary intake of ascorbate would result in no observable changes in the brain.

Mapping ascorbate distribution in the human brain [49,50], like the results observed
in this study, showed the highest concentrations of ascorbate in the hippocampus, followed
by the prefrontal cortex. The transportation of ascorbate can explain the differential concen-
trations of ascorbate across the brain. Ascorbate is transported by the sodium-dependent
vitamin C transporter type 2 (SVCT2) [51], which is more abundant in brain regions that
contain many neurons, such as the cortex and hippocampus [52].

Compared to rodents [42], the present findings showed that AChE activity was the
highest in the corpus striatum region in pigs. This is because, in this region, cholinergic
interneurons spontaneously release ACh and AChE [53]. Rodent studies reveal that cur-
cumin [54] and green tea [55] can inhibit AChE activity, hinting at their cognitive health
benefits. KF extracts inhibit AChE in vitro [56]. A trend in reduced AChE activity across the
whole brain after gold KF treatments was observed in the current results, corresponding
with the findings in the brains of high-fat-diet-induced obese mice supplemented with
A. arguta extracts [14]. This finding could be due to the polyphenols that gold KF pro-
vides (epicatechin), which are present in lower concentrations in green KF [57]. These
polyphenols have been shown to have inhibitory effects on AChE [58,59] and warrant
further exploration.

4.3. Correlations between Peripheral and Brain Antioxidant Capacity

The strong correlations between FRAP in plasma and in the different brain regions
suggest that plasma FRAP measurement may serve as a potential biomarker of brain an-
tioxidant capacity. Whether increased peripheral FRAP directly influences the antioxidant
capacity of brain regions is unclear, and further research is needed to elucidate the clinical
relevance of this correlation.

4.4. Assocations between Kiwifruit Composition and Total Antioxidant Capacity

The analysis revealed that increases in antioxidant potential in the brain regions were
strongly correlated with higher concentrations of total polyphenols and vitamin E. Given
that both vitamin E and polyphenols are known to influence FRAP [60] and that both these
constituents are present at higher concentrations in green KF than in gold KF (Table 1), it is
likely that the greater concentrations of these constituents consumed by pigs explains the
greater FRAP in brain tissue. This was observed in pigs that consumed green KF compared
with those who consumed gold KF and bread-only diets.

4.5. Strengths, Limitations, and Future Studies

This study was the first to assess the effect of KF administered with a bread-based
diet on the endogenous antioxidant systems of plasma and brain regions in a pig model.
Although the results do not demonstrate significant impacts on the antioxidant systems,
they provide valuable evidence, which could direct further research. A key strength of
this study is the use of pigs; besides having digestive physiology similar to humans [61],
the pig brain is also more anatomically similar to humans than are mice or rat models.
Like humans, pigs have gyrencephalic brains, and their white-to-gray matter ratio is
60:40 [62]. Moreover, pig and human brains have homologous resting-state networks [63].
Additionally, a notable strength of this study lies in the fact that the dosage of fresh KF
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used mirrors what is commonly considered a standard serving in humans, enhancing the
translational relevance of the results compared to in vitro experiments or studies involving
rodent models using extracts.

Nevertheless, this study has several limitations. Firstly, caution is advised when
interpreting the results as the research was conducted on healthy pigs, and it is unclear
whether KF provides any additional benefits in diseased or unhealthy individuals. Secondly,
while previous studies in rodents showed enhanced antioxidant systems, the models used
in these studies had increased oxidative stress due to external stressors like a high-fat
diet [14], lead exposure [15], and causative agent Af3 injection [16], which may have
amplified the protective effects of KF on antioxidant systems. Thirdly, this study’s sample
size was constrained due to its amalgamation with another study. Future research should
incorporate a larger animal cohort to enhance result reliability. Our findings suggest the
efficacy of green KF in elevating plasma antioxidant protection. However, to validate these
results, a sample size of 40 (20 per KF treatment and control, power = 80%, o = 0.05) is
required based on plasma FRAP mean and standard deviation comparisons between green
KF with bread and bread alone. Additionally, the diet used in this study was limited to
bread only, which is not representative of a normal diet for humans.

As previously highlighted, future studies on the neuroprotective effects of KF in pig
models should consider manipulating stress through dietary interventions (Western or
high-fat) [64,65] or chronic stressors [66]. Cognitive measures [67] and the investigation of
specific components of KF, such as pure vitamins or KF skin, similar to other studies [68],
could provide valuable insights on which KF constituents contribute to the antioxidant
modulatory properties of KF in the brain. Comparisons with other polyphenol-rich fruits or
purified polyphenol compounds could also be informative. Assessing additional biomark-
ers like brain-derived neurotrophic factor (BDNF), which plays a crucial role in neuronal
growth and survival, would further enhance our understanding [69]. Human clinical
studies, particularly with populations experiencing high levels of stress, could provide
relevant information. Administering KF or a placebo prior to cognitive tests and assessing
antioxidant status through blood samples would be a valuable approach, consistent with
similar studies [70].

5. Conclusions

Oxidative stress caused by the inability of endogenous antioxidant systems to coun-
teract ROS formation in the brain leads to neurodegeneration, resulting in cognitive and
behavioral decline. Overall, this study is the first to demonstrate the efficacy of green
and gold KF consumption in differentially augmenting the antioxidant capacity of plasma
and brain regions in growing pigs. Specifically, consuming green KF increased FRAP and
gold KF tended to reduce AChE activity across all brain regions. These findings would
suggest the potential neuroprotective effect of green or gold KF during oxidative stress by
augmenting the brain’s antioxidant capacity. Further studies would need to be conducted
to elucidate the neuroprotective potential of KF during stress.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /nul6081097/s1, Table S1: Plasma oxidative stress and antioxidant
biomarkers. All values are presented as mean =+ SE. Significantly different values within the same
row are represented by different letters (ab; p < 0.05). Figure S1: Representative Western blot analysis
of catalase and GAPDH expression in brain stem (A), corpus striatum (B), hippocampus (C), and
prefrontal cortex (D) in a growing pig model in response to the bread, bread with gold kiwifruit
(KF), and bread with green KF treatments. Figure S2: Representative Western blot analysis of SOD1
and GAPDH expression in brain stem (A), corpus striatum (B), hippocampus (C), and prefrontal
cortex (D) in a growing pig model in response to the bread, bread with gold kiwifruit (KF), and bread
with green KF treatments. Figure S3: Representative Western blot analysis of SOD2 and GAPDH
expression in brain stem (A), corpus striatum (B), hippocampus (C), and prefrontal cortex (D) in a
growing pig model in response to the bread, bread with gold kiwifruit (KF), and bread with green
KF treatments.


https://www.mdpi.com/article/10.3390/nu16081097/s1
https://www.mdpi.com/article/10.3390/nu16081097/s1

Nutrients 2024, 16, 1097 16 of 19

Author Contributions: Conceptualization, A.PK., C.G., N.C.R,, W.C.M. and S.].H.; formal analysis,
A.PK,; funding acquisition, C.A.M. and W.C.M.; investigation, A.PK., C.G.,,L.A]J., D.L.and CAM,;
methodology, A.PK. and D.L.; project administration, I.A.].; supervision, C.G., N.C.R., W.C.M. and
S.J.H.; visualization, A.P.K.; writing—original draft, A.PK.; writing—review and editing, C.G., N.C.R.,
LAJ,D.L, CAM., WCM. and S.J.H. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Riddet Institute (RM18873), a Centre of Research Excellence
(CoRE) funded by the NZ Tertiary Education Commission, with in-kind support from the partner
organizations Zespri International and Alpha Group Holdings. The funders had no role in the design
of this study and did not have any role during its execution, analyses, interpretation of the data, or
decision to submit results. A.K. was supported by a PhD stipend from the Riddet Institute.

Institutional Review Board Statement: The animal study protocol was approved by the Massey
University Animal Ethics Committee, Palmerston North, New Zealand, of MASSEY UNIVERSITY
(MUAEC protocol 20/46 September 2020).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors would like to acknowledge the support of the Riddet Institute and
the Nutrition team conducting the pig study. The authors would also like to thank Zespri for the
provision of fresh KE.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1. Islam, M.T. Oxidative stress and mitochondrial dysfunction-linked neurodegenerative disorders. Neurol. Res. 2017, 39, 73-82.
[CrossRef] [PubMed]

2. Rao, A.V,; Balachandran, B. Role of oxidative stress and antioxidants in neurodegenerative diseases. Nutr. Neurosci. 2002, 5,
291-309. [CrossRef] [PubMed]

3. Godos, J.; Grosso, G. Dietary Antioxidants and Brain Health: Focus on Cognitive and Affective Disorders. Antioxidants 2021,
10, 1659. [CrossRef] [PubMed]

4.  Gomez-Pinilla, F. Brain foods: The effects of nutrients on brain function. Nat. Rev. Neurosci. 2008, 9, 568-578. [CrossRef] [PubMed]

5. Lee, KH.; Cha, M.; Lee, B.H. Neuroprotective effect of antioxidants in the brain. Int. . Mol. Sci. 2020, 21, 7152. [CrossRef]
[PubMed]

6. Islam, M.R,; Islam, M.R.; Ahmed, I.; Moktadir, A.A.; Nahar, Z.; Islam, M.S.; Shahid, S.E.B.; Islam, S.N.; Islam, M.S.; Hasnat, A.
Elevated serum levels of malondialdehyde and cortisol are associated with major depressive disorder: A case-control study.
SAGE Open Med. 2018, 6, 2050312118773953. [CrossRef] [PubMed]

7. Colovic, M.B,; Krstic, D.Z.; Lazarevic-Pasti, T.D.; Bondzic, A.M.; Vasic, V.M. Acetylcholinesterase inhibitors: Pharmacology and
toxicology. Curr. Neuropharmacol. 2013, 11, 315-335. [CrossRef]

8. Carr, A.C.; Bozonet, S.M.; Pullar, ].M.; Vissers, M.C. Mood improvement in young adult males following supplementation with
gold kiwifruit, a high-vitamin C food. J. Nutr. Sci. 2013, 2, e24. [CrossRef] [PubMed]

9.  Conner, T.S,; Fletcher, B.D.; Pullar, ].M.; Spencer, E.; Mainvil, L.A.; Vissers, M.C.M. KiwiC for Vitality: Results of a Randomized
Placebo-Controlled Trial Testing the Effects of Kiwifruit or Vitamin C Tablets on Vitality in Adults with Low Vitamin C Levels.
Nutrients 2020, 12, 2898. [CrossRef]

10. Lin, H.H,; Tsai, P.S.; Fang, S.C.; Liu, J.F. Effect of kiwifruit consumption on sleep quality in adults with sleep problems. Asia Pac. ].
Clin. Nutr. 2011, 20, 169-174.

11. Hunter, D.C,; Skinner, M.A.; Wolber, EM.; Booth, C.L.; Loh, ].M.; Wohlers, M.; Stevenson, L.M.; Kruger, M.C. Consumption of
gold kiwifruit reduces severity and duration of selected upper respiratory tract infection symptoms and increases plasma vitamin
C concentration in healthy older adults. Br. J. Nutr. 2012, 108, 1235-1245. [CrossRef] [PubMed]

12.  Prior, R.L,; Gu, L.; Wu, X,; Jacob, R.A.; Sotoudeh, G.; Kader, A.A.; Cook, R.A. Plasma antioxidant capacity changes following a
meal as a measure of the ability of a food to alter in vivo antioxidant status. J. Am. Coll. Nutr. 2007, 26, 170-181. [CrossRef]

13. Duttaroy, A.K.; Jorgensen, A. Effects of kiwi fruit consumption on platelet aggregation and plasma lipids in healthy human
volunteers. Platelets 2004, 15, 287-292. [CrossRef] [PubMed]

14. Ha,].S,; Kang, ].Y;; Kang, ].E.; Park, S.K; Kim, ].M.; Kim, CW.,; Oh, S.I; Lee, U.; Kim, D.O.; Heo, H.]. Pentacyclic triterpenoid-rich

fraction of the Hardy kiwi (Actinidia arguta) improves brain dysfunction in high fat diet-induced obese mice. Sci. Rep. 2020,
10, 5788. [CrossRef]


https://doi.org/10.1080/01616412.2016.1251711
https://www.ncbi.nlm.nih.gov/pubmed/27809706
https://doi.org/10.1080/1028415021000033767
https://www.ncbi.nlm.nih.gov/pubmed/12385592
https://doi.org/10.3390/antiox10111659
https://www.ncbi.nlm.nih.gov/pubmed/34829530
https://doi.org/10.1038/nrn2421
https://www.ncbi.nlm.nih.gov/pubmed/18568016
https://doi.org/10.3390/ijms21197152
https://www.ncbi.nlm.nih.gov/pubmed/32998277
https://doi.org/10.1177/2050312118773953
https://www.ncbi.nlm.nih.gov/pubmed/29770218
https://doi.org/10.2174/1570159X11311030006
https://doi.org/10.1017/jns.2013.12
https://www.ncbi.nlm.nih.gov/pubmed/25191573
https://doi.org/10.3390/nu12092898
https://doi.org/10.1017/S0007114511006659
https://www.ncbi.nlm.nih.gov/pubmed/22172428
https://doi.org/10.1080/07315724.2007.10719599
https://doi.org/10.1080/09537100410001710290
https://www.ncbi.nlm.nih.gov/pubmed/15370099
https://doi.org/10.1038/s41598-020-62810-5

Nutrients 2024, 16, 1097 17 of 19

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

Xue, W.Z; Yang, Q.Q.; Chen, Y.; Zou, R.X;; Xing, D.; Xu, Y,; Liu, Y.S.; Wang, H.L. Kiwifruit Alleviates Learning and Memory
Deficits Induced by Pb through Antioxidation and Inhibition of Microglia Activation In Vitro and In Vivo. Oxid. Med. Cell Longev.
2017, 2017, 5645324. [CrossRef]

Cho, C.H.; Jung, Y.S.; Kim, ].M.; Nam, T.G,; Lee, S.-H.; Cho, H.S.; Song, M.C.; Heo, H.].; Kim, D.-O. Neuroprotective effects of
Actinidia eriantha cv. Bidan kiwifruit on amyloid beta-induced neuronal damages in PC-12 cells and ICR mice. J. Funct. Foods
2021, 79, 104398. [CrossRef]

Jeong, HR.; Kim, K.J.; Lee, S.G.; Cho, H.S; Cho, Y.S.; Kim, D.O. Phenolic Profiles of Hardy Kiwifruits and Their Neuroprotective
Effects on PC-12 and SH-SY5Y Cells against Oxidative Stress. J. Microbiol. Biotechnol. 2020, 30, 912-919. [CrossRef]

Roura, E.; Koopmans, S.J.; Lalles, ].P.; Le Huerou-Luron, I; de Jager, N.; Schuurman, T.; Val-Laillet, D. Critical review evaluating
the pig as a model for human nutritional physiology. Nutr. Res. Rev. 2016, 29, 60-90. [CrossRef]

Boland, M. Chapter Four—Kiwifruit Proteins and Enzymes: Actinidin and Other Significant Proteins. In Advances in Food and
Nutrition Research; Boland, M., Moughan, PJ., Eds.; Academic Press: Cambridge, MA, USA, 2013; Volume 68, pp. 59-80.
Ciardiello, M.A.; Meleleo, D.; Saviano, G.; Crescenzo, R.; Carratore, V.; Camardella, L.; Gallucci, E.; Micelli, S.; Tancredi, T.; Picone,
D.; et al. Kissper, a kiwi fruit peptide with channel-like activity: Structural and functional features. . Pept. Sci. 2008, 14, 742-754.
[CrossRef] [PubMed]

Ciacci, C.; Russo, I; Bucci, C.; Iovino, P; Pellegrini, L.; Giangrieco, I.; Tamburrini, M.; Ciardiello, M.A. The kiwi fruit peptide
kissper displays anti-inflammatory and anti-oxidant effects in in-vitro and ex-vivo human intestinal models. Clin. Exp. Immunol.
2014, 175, 476-484. [CrossRef]

Jayawardana, I.A. Effect of Kiwifruit Actinidin on the Digestion of Gluten Proteins: A Thesis Presented in Partial Fulfilment of
the Requirements for the Degree of Doctor of Philosophy in Nutritional Sciences at Massey University. Doctoral Dissertation,
Massey University, Palmerston North, New Zealand, 2022.

Montoya, C.A.; Rutherfurd, S.M.; Olson, T.D.; Purba, A.S.; Drummond, L.N.; Boland, M.].; Moughan, PJ. Actinidin from kiwifruit
(Actinidia deliciosa cv. Hayward) increases the digestion and rate of gastric emptying of meat proteins in the growing pig. Br. J.
Nutr. 2014, 111, 957-967. [CrossRef] [PubMed]

Council, N.R. Nutrient Requirements of Swine; The National Academies Press: Washington, DC, USA, 2012; p. 420.

Zhang, T.; Wang, W.; Huang, |.; Liu, X.; Zhang, H.; Zhang, N. Metabolomic investigation of regional brain tissue dysfunctions
induced by global cerebral ischemia. BMC Neurosci. 2016, 17, 25. [CrossRef] [PubMed]

Karatepe, M. Simultaneous determination of ascorbic acid and free malondialdehyde in human serum by HPLC-UV. LC-GC N.
Am. 2004, 22, S104.

Levine, R.L.; Williams, J.A.; Stadtman, E.P,; Shacter, E. [37] Carbonyl assays for determination of oxidatively modified proteins. In
Methods in Enzymology; Elsevier: Amsterdam, The Netherlands, 1994; Volume 233, pp. 346-357.

Wang, H.; Joseph, J.A. Quantifying cellular oxidative stress by dichlorofluorescein assay using microplate reader. Free Radic. Biol.
Med. 1999, 27, 612-616. [CrossRef] [PubMed]

Benzie, L.E; Strain, ].J. The ferric reducing ability of plasma (FRAP) as a measure of “antioxidant power”: The FRAP assay. Anal.
Biochem. 1996, 239, 70-76. [CrossRef] [PubMed]

Prior, R.L.; Hoang, H.; Gu, L.; Wu, X; Bacchiocca, M.; Howard, L.; Hampsch-Woodill, M.; Huang, D.; Ou, B.; Jacob, R. Assays for
hydrophilic and lipophilic antioxidant capacity (oxygen radical absorbance capacity (ORAC(FL))) of plasma and other biological
and food samples. J. Agric. Food Chem. 2003, 51, 3273-3279. [CrossRef] [PubMed]

Carr, A.C.; Pullar, ].M.; Moran, S.; Vissers, M.C. Bioavailability of vitamin C from kiwifruit in non-smoking males: Determination
of ‘healthy” and ‘optimal’ intakes. J. Nutr. Sci. 2012, 1, e14. [CrossRef] [PubMed]

Peskin, A.V.; Winterbourn, C.C. A microtiter plate assay for superoxide dismutase using a water-soluble tetrazolium salt (WST-1).
Clin. Chim. Acta 2000, 293, 157-166. [CrossRef] [PubMed]

Khamis, H. Measures of Association: How to Choose? |. Diagn. Med. Sonogr. 2008, 24, 155-162. [CrossRef]

Lv, ]JM.; Gouda, M.; Ye, X.Q.; Shao, Z.P.; Chen, J.C. Evaluation of Proanthocyanidins from Kiwi Leaves (Actinidia chinensis)
against Caco-2 Cells Oxidative Stress through Nrf2-ARE Signaling Pathway. Antioxidants 2022, 11, 1367. [CrossRef]

Peng, Y.; Cordiner, S.B.; Sawyer, G.M.; McGhie, TK,; Espley, R.V.; Allan, A.C.; Hurst, R.D. Kiwifruit with high anthocyanin
content modulates NF-«B activation and reduces CCL11 secretion in human alveolar epithelial cells. ]. Funct. Foods 2020,
65,103734. [CrossRef]

Walton, M.C.; Lentle, R.G.; Reynolds, G.W.; Kruger, M.C.; McGhie, T.K. Anthocyanin absorption and antioxidant status in pigs.
J. Agric. Food Chem. 2006, 54, 7940-7946. [CrossRef] [PubMed]

Munteanu, 1.G.; Apetrei, C. Analytical Methods Used in Determining Antioxidant Activity: A Review. Int. ]. Mol. Sci. 2021,
22,3380. [CrossRef] [PubMed]

Ali, A.; Mehta, S.; Starck, C.; Wong, M.; O’Brien, W.J.; Haswell, C.; McNabb, W.; Rutherfurd-Markwick, K.; Nasef, N.A. Effect of
SunGold(TM) Kiwifruit and Vitamin C Consumption on Ameliorating Exercise-Induced Stress Response in Women. Mol. Nutr.
Food Res. 2021, 65, €2001219. [CrossRef]

Cao, G.; Russell, R.M,; Lischner, N.; Prior, R.L. Serum antioxidant capacity is increased by consumption of strawberries, spinach,
red wine or vitamin C in elderly women. J. Nutr. 1998, 128, 2383-2390. [CrossRef] [PubMed]

Wang, X.; Michaelis, E.K. Selective neuronal vulnerability to oxidative stress in the brain. Front. Aging Neurosci. 2010, 2, 12.
[CrossRef] [PubMed]


https://doi.org/10.1155/2017/5645324
https://doi.org/10.1016/j.jff.2021.104398
https://doi.org/10.4014/jmb.2001.01047
https://doi.org/10.1017/S0954422416000020
https://doi.org/10.1002/psc.992
https://www.ncbi.nlm.nih.gov/pubmed/18186145
https://doi.org/10.1111/cei.12229
https://doi.org/10.1017/S0007114513003401
https://www.ncbi.nlm.nih.gov/pubmed/24252432
https://doi.org/10.1186/s12868-016-0256-9
https://www.ncbi.nlm.nih.gov/pubmed/27206925
https://doi.org/10.1016/S0891-5849(99)00107-0
https://www.ncbi.nlm.nih.gov/pubmed/10490282
https://doi.org/10.1006/abio.1996.0292
https://www.ncbi.nlm.nih.gov/pubmed/8660627
https://doi.org/10.1021/jf0262256
https://www.ncbi.nlm.nih.gov/pubmed/12744654
https://doi.org/10.1017/jns.2012.15
https://www.ncbi.nlm.nih.gov/pubmed/25191543
https://doi.org/10.1016/S0009-8981(99)00246-6
https://www.ncbi.nlm.nih.gov/pubmed/10699430
https://doi.org/10.1177/8756479308317006
https://doi.org/10.3390/antiox11071367
https://doi.org/10.1016/j.jff.2019.103734
https://doi.org/10.1021/jf061527j
https://www.ncbi.nlm.nih.gov/pubmed/17002474
https://doi.org/10.3390/ijms22073380
https://www.ncbi.nlm.nih.gov/pubmed/33806141
https://doi.org/10.1002/mnfr.202001219
https://doi.org/10.1093/jn/128.12.2383
https://www.ncbi.nlm.nih.gov/pubmed/9868185
https://doi.org/10.3389/fnagi.2010.00012
https://www.ncbi.nlm.nih.gov/pubmed/20552050

Nutrients 2024, 16, 1097 18 of 19

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Salim, S. Oxidative Stress and the Central Nervous System. J. Pharmacol. Exp. Ther. 2017, 360, 201-205. [CrossRef]

Strauss, V.; Rey Moreno, M.C.; Vogt, J.; Dammann, M.; Schneider, S.; Groters, S.; van Ravenzwaay, B. Acetylcholinesterase
measurement in various brain regions and muscles of juvenile, adolescent, and adult rats. Toxicol. Mech. Methods 2017, 27, 666-676.
[CrossRef]

Bozonet, S.M.; Carr, A.C.; Pullar, ].M.; Vissers, M.C. Enhanced human neutrophil vitamin C status, chemotaxis and oxidant
generation following dietary supplementation with vitamin C-rich SunGold kiwifruit. Nutrients 2015, 7, 2574-2588. [CrossRef]
Carr, A.C.; Bozonet, S.M.; Pullar, ].M.; Simcock, ].W.; Vissers, M.C. A randomized steady-state bioavailability study of synthetic
versus natural (kiwifruit-derived) vitamin C. Nutrients 2013, 5, 3684-3695. [CrossRef]

Wilson, R.; Willis, J.; Gearry, R.B.; Hughes, A.; Lawley, B.; Skidmore, P.; Frampton, C.; Fleming, E.; Anderson, A.; Jones, L.; et al.
SunGold Kiwifruit Supplementation of Individuals with Prediabetes Alters Gut Microbiota and Improves Vitamin C Status,
Anthropometric and Clinical Markers. Nutrients 2018, 10, 895. [CrossRef] [PubMed]

Chang, W.H.; Liu, ].E. Effects of kiwifruit consumption on serum lipid profiles and antioxidative status in hyperlipidemic subjects.
Int. J. Food Sci. Nutr. 2009, 60, 709-716. [CrossRef] [PubMed]

Graziani, F,; Discepoli, N.; Gennai, S.; Karapetsa, D.; Nisi, M.; Bianchi, L.; Rosema, N.A.M.; Van der Velden, U. The effect of twice
daily kiwifruit consumption on periodontal and systemic conditions before and after treatment: A randomized clinical trial.
J. Periodontol. 2018, 89, 285-293. [CrossRef]

Mahan, D.C.; Ching, S.; Dabrowski, K. Developmental aspects and factors influencing the synthesis and status of ascorbic Acid in
the pig. Annu. Rev. Nutr. 2004, 24, 79-103. [CrossRef] [PubMed]

Travica, N.; Ried, K; Sali, A.; Scholey, A.; Hudson, I; Pipingas, A. Vitamin C Status and Cognitive Function: A Systematic Review.
Nutrients 2017, 9, 960. [CrossRef]

Mefford, I.N.; Oke, A.F; Adams, R.N. Regional distribution of ascorbate in human brain. Brain Res. 1981, 212, 223-226. [CrossRef]
[PubMed]

Harrison, EE.; May, ].M. Vitamin C function in the brain: Vital role of the ascorbate transporter SVCT2. Free Radic. Biol. Med. 2009,
46,719-730. [CrossRef]

Mun, G.H.; Kim, M.]; Lee, ] H.; Kim, H.J.; Chung, YH.; Chung, Y.B.; Kang, J.S.; Hwang, Y.I.; Oh, S.H.; Kim, ].G,; et al.
Immunohistochemical study of the distribution of sodium-dependent vitamin C transporters in adult rat brain. J. Neurosci. Res.
2006, 83, 919-928. [CrossRef] [PubMed]

Goldberg, J.A.; Reynolds, ].N. Spontaneous firing and evoked pauses in the tonically active cholinergic interneurons of the
striatum. Neuroscience 2011, 198, 27-43. [CrossRef]

Ahmadi, N.; Hosseini, M.].; Rostamizadeh, K.; Anoush, M. Investigation of therapeutic effect of curcumin alpha and beta
glucoside anomers against Alzheimer’s disease by the nose to brain drug delivery. Brain Res. 2021, 1766, 147517. [CrossRef]
Kim, HK.; Kim, M.; Kim, S.; Kim, M.; Chung, J.H. Effects of green tea polyphenol on cognitive and acetylcholinesterase activities.
Biosci. Biotechnol. Biochem. 2004, 68, 1977-1979. [CrossRef] [PubMed]

Lim, Y.J.; Oh, C.-S,; Park, Y.-D.; Eom, S.H.; Kim, D.-O.; Kim, U.-].; Cho, Y.-S. Physiological components of kiwifruits with in vitro
antioxidant and acetylcholinesterase inhibitory activities. Food Sci. Biotechnol. 2014, 23, 943-949. [CrossRef]

Haytowitz, D.B.; Wu, X.; Bhagwat, S. USDA Database for the Flavonoid Content of Selected Foods, Release 3.3. U.S. Department
of Agriculture, Agricultural Research Service. Available online: http:/ /www.ars.usda.gov/nutrientdata/flav (accessed on 2
February 2024).

Jabir, N.R.; Khan, ER.; Tabrez, S. Cholinesterase targeting by polyphenols: A therapeutic approach for the treatment of Alzheimer’s
disease. CNS Neurosci. Ther. 2018, 24, 753-762. [CrossRef] [PubMed]

Khan, H.; Marya; Amin, S.; Kamal, M.A.; Patel, S. Flavonoids as acetylcholinesterase inhibitors: Current therapeutic standing and
future prospects. Biomed. Pharmacother. 2018, 101, 860-870. [CrossRef]

Benzie, LEF.; Devaki, M. The ferric reducing/antioxidant power (FRAP) assay for non-enzymatic antioxidant capacity: Concepts,
procedures, limitations and applications. In Measurement of Antioxidant Activity & Capacity; Wiley: Hoboken, NJ, USA, 2017;
pp- 77-106.

Moughan, P.; Cranwell, P; Darragh, A.; Rowan, A. The domestic pig as a model animal for studying digestion in humans.
Publ.-Eur. Assoc. Anim. Prod. 1994, 80, 389.

Lind, N.M.; Moustgaard, A.; Jelsing, J.; Vajta, G.; Cumming, P.; Hansen, A K. The use of pigs in neuroscience: Modeling brain
disorders. Neurosci. Biobehav. Rev. 2007, 31, 728-751. [CrossRef]

Simchick, G.; Shen, A.; Campbell, B.; Park, H.J.; West, ED.; Zhao, Q. Pig Brains Have Homologous Resting-State Networks with
Human Brains. Brain Connect. 2019, 9, 566-579. [CrossRef] [PubMed]

Hansen, S.N.; Ipsen, D.H.; Schou-Pedersen, A.M.; Lykkesfeldt, ].; Tveden-Nyborg, P. Long term Westernized diet leads to
region-specific changes in brain signaling mechanisms. Neurosci. Lett. 2018, 676, 85-91. [CrossRef]

Yeste, N.; Perez-Valle, ].; Heras-Molina, A.; Pesantez-Pacheco, ].L.; Porrini, E.; Gonzalez-Bulnes, A.; Bassols, A. A High-Fat Diet
Modifies Brain Neurotransmitter Profile and Hippocampal Proteome and Morphology in an IUGR Pig Model. Nutrients 2022,
14, 3440. [CrossRef]

Menneson, S.; Menicot, S.; Ferret-Bernard, S.; Guerin, S.; Rome, V.; Le Normand, L.; Randuineau, G.; Gambarota, G.; Noirot,
V.; Etienne, P; et al. Validation of a Psychosocial Chronic Stress Model in the Pig Using a Multidisciplinary Approach at the
Gut-Brain and Behavior Levels. Front. Behav. Neurosci. 2019, 13, 161. [CrossRef]


https://doi.org/10.1124/jpet.116.237503
https://doi.org/10.1080/15376516.2017.1349849
https://doi.org/10.3390/nu7042574
https://doi.org/10.3390/nu5093684
https://doi.org/10.3390/nu10070895
https://www.ncbi.nlm.nih.gov/pubmed/30002355
https://doi.org/10.3109/09637480802063517
https://www.ncbi.nlm.nih.gov/pubmed/19919518
https://doi.org/10.1002/JPER.17-0148
https://doi.org/10.1146/annurev.nutr.24.012003.132150
https://www.ncbi.nlm.nih.gov/pubmed/15189114
https://doi.org/10.3390/nu9090960
https://doi.org/10.1016/0006-8993(81)90056-1
https://www.ncbi.nlm.nih.gov/pubmed/7225858
https://doi.org/10.1016/j.freeradbiomed.2008.12.018
https://doi.org/10.1002/jnr.20751
https://www.ncbi.nlm.nih.gov/pubmed/16477646
https://doi.org/10.1016/j.neuroscience.2011.08.067
https://doi.org/10.1016/j.brainres.2021.147517
https://doi.org/10.1271/bbb.68.1977
https://www.ncbi.nlm.nih.gov/pubmed/15388975
https://doi.org/10.1007/s10068-014-0127-z
http://www.ars.usda.gov/nutrientdata/flav
https://doi.org/10.1111/cns.12971
https://www.ncbi.nlm.nih.gov/pubmed/29770579
https://doi.org/10.1016/j.biopha.2018.03.007
https://doi.org/10.1016/j.neubiorev.2007.02.003
https://doi.org/10.1089/brain.2019.0673
https://www.ncbi.nlm.nih.gov/pubmed/31115245
https://doi.org/10.1016/j.neulet.2018.04.014
https://doi.org/10.3390/nu14163440
https://doi.org/10.3389/fnbeh.2019.00161

Nutrients 2024, 16, 1097 19 of 19

67.

68.

69.

70.

Kornum, B.R.; Knudsen, G.M. Cognitive testing of pigs (Sus scrofa) in translational biobehavioral research. Neurosci. Biobehav. Rev.
2011, 35, 437-451. [CrossRef] [PubMed]

Wang, Y.; Li, L.; Liu, H.; Zhao, T.; Meng, C.; Liu, Z.; Liu, X. Bioactive compounds and in vitro antioxidant activities of peel, flesh
and seed powder of kiwi fruit. Int. J. Food Sci. Technol. 2018, 53, 2239-2245. [CrossRef]

Miranda, M.; Morici, J.E.; Zanoni, M.B.; Bekinschtein, P. Brain-Derived Neurotrophic Factor: A Key Molecule for Memory in the
Healthy and the Pathological Brain. Front. Cell Neurosci. 2019, 13, 363. [CrossRef] [PubMed]

Watson, A.W.; Haskell-Ramsay, C.F,; Kennedy, D.O.; Cooney, ] M.; Trower, T.; Scheepens, A. Acute supplementation with
blackcurrant extracts modulates cognitive functioning and inhibits monoamine oxidase-B in healthy young adults. ]. Funct. Foods
2015, 17, 524-539. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.neubiorev.2010.05.004
https://www.ncbi.nlm.nih.gov/pubmed/20553757
https://doi.org/10.1111/ijfs.13812
https://doi.org/10.3389/fncel.2019.00363
https://www.ncbi.nlm.nih.gov/pubmed/31440144
https://doi.org/10.1016/j.jff.2015.06.005

	Introduction 
	Materials and Methods 
	Animals and Treatments 
	Euthanasia and Tissue Collection 
	Biochemcial Measures 
	Plasma Oxidative Stress Measures 
	Plasma and Brain Tissue Antioxidant Measures 

	Data Analysis 

	Results 
	Plasma Oxidative and Antioxidant Markers 
	Antioxidant Enzyme Activity and Capacity in Different Brain Regions 
	Antioxidant Enzyme Activity and Capacity after Kiwifruit Intake 
	Correlations between Plasma and Brain Regional FRAP 
	Correlation between Nutrient Intake and Antioxidant Capcity in the Brain Regions 

	Discussion 
	Effects of Kiwifruit on Peripheral Antioxidant Capacity 
	Effects of Kiwifruit on Brain Antioxidant Capacity 
	Correlations between Peripheral and Brain Antioxidant Capacity 
	Assocations between Kiwifruit Composition and Total Antioxidant Capacity 
	Strengths, Limitations, and Future Studies 

	Conclusions 
	References

