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Abstract: Redox-active iron generates reactive oxygen species that can cause oxidative organ dys-
function. Thus, the anti-oxidative systems in the body and certain dietary antioxidants, such as
anthocyanins, are needed to control oxidative stress. We aimed to investigate the effects of dielectric
barrier discharge (DBD) plasma technology in the preparation of Riceberry™ rice flour (PRBF) on
iron-induced oxidative stress in mice. PRBF using plasma technology was rich in anthocyanins,
mainly cyanidine-3-glucoside and peonidine-3-glucoside. PRBF (5 mg AE/mg) lowered WBC num-
bers in iron dextran (FeDex)-loaded mice and served as evidence of the reversal of erythrocyte
superoxide dismutase activity, plasma total antioxidant capacity, and plasma and liver thiobarbituric
acid-reactive substances in the loading mice. Consequently, the PRBF treatment was observed to
be more effective than NAC treatment. PRBF would be a powerful supplementary and therapeutic
antioxidant product that is understood to be more potent than NAC in ameliorating the effects of
iron-induced oxidative stress.

Keywords: anthocyanins; antioxidant; iron overload; plasma technology; reactive species; Rice-
berry™ rice

1. Introduction

In mammalian cells, mitochondrial oxidative phosphorylation produces adenosine
triphosphate as a high-energy compound [1], along with the superoxide radical (O2

−•)
as a by-product. Consequently, reactive oxygen species (ROS) are capable of destroying
biomolecules leading to oxidative cell damage [2,3]. ROS and other reactive species are
fundamental for living systems, without them organisms would perish. On the other hand,
an excess of antioxidants may be detrimental and lead to a condition known as prooxidant.
In this case, the body produces certain anti-oxidative enzymes, such as superoxide dis-
mutase (SOD), catalase (CAT) and glutathione peroxidase (GPx), along with nucleophilic
substrates such as glutathione (GSH), thioredoxin and a reduced form of nicotinamide
adenine dinucleotide phosphate (NADPH), all of which are needed to balance the levels of
harmful free radicals [3,4]. In addition, external factors including high caloric diets (such as
those involving high sugar, fat and alcohol intake), as well as exposure to air pollution and
radiation, can generate ROS that can overwhelm antioxidant defenses leading to oxidative
stress [4–6]. The long-term contribution of oxidative stress can cause certain chronic and
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degenerative diseases including cancer, diabetes, cardiovascular diseases and Alzheimer’s
disease [1,5–10]. Accordingly, the elevation of antioxidant levels and the elimination of ROS
generation are suggested to minimize oxidative stress [11]. Under iron-overloaded condi-
tions, redox-active forms of iron can non-enzymatically catalyze ROS generation, which
can then lead to organ dysfunction and eventually death. Moreover, certain other natural
products, in conjunction with iron chelators, can relieve oxidative organ damage [12–21].
Furthermore, dietary antioxidants present in fruits and vegetables play important roles
in disease prevention, radical scavenging and oxidative activation of the nuclear factor
erythroid 2–related factor 2 in the signaling pathway [22].

Up to now, more than 500 anthocyanins (ACNs) have been distributed and identified
in plants (80% in the leaves, 69% in the fruits and 50% in the colored flowers). These
were originated by cyanidin, delphidin and pelargonidin, and their light absorption was
recorded at about 500 nm [23]. Impotantly, the roles of ACNs in plants were initiated in
response to biotic and abiotic stress, for which O. sativa synthesizes ACNs in the response
to water, salt and fungi stresses [23]. Nowadays, many ACNs-rich supplementary prod-
ucts formulated from edible fruits and vegetables exert preventive and therapeutic effects
on various human diseases [24–29]. Riceberry™ rice (RB, Oryza sativa) was developed
in 2002 from the cross-breeding of Thai Jao Hom Nin purple rice and Thai Khoa Dawk
Mali 105 rice by Professor Dr. Apichart Vanavichit’s research team at the Rice Science
Center, Kasetsart University, Thailand. The trademark for this type of rice was granted in
2012. Importantly, the purple-black colored Riceberry™ grain is abundant in antioxidants,
predominantly ACNs and anti-inflammatory agents that can be used to treat a number of
diseases [30]. Considerably, RB flour is rich in phenolic compounds, particularly ACNs
(188 ± 22 mg/g), of which cyanidin-3-glycosides (C3G) are the major compounds (50.32
± 2.01 mg C3G/g) when compared with rice flour (0.10 ± 0.05 mg C3G/g) [31,32]. In
addition, ACNs concentrations present in brewed RB vinegar, fermented RB vinegar and
wine were reported to be 1.62, 10.92 and 18.73 mg/mL, respectively [33,34]. From a chro-
matographic analysis, RB extract contained four phytosterols (e.g., 24-methyleneergosta-5-
en-3β-ol, 24-methyleneergosta-7-en-3β-ol, fucosterol and gramisterol), three triterpenoids
(e.g., cycloeucalenol, lupenone and lupeol) and three main phenolic compounds (e.g.,
protocatechuic acid, vanillic acid and anthocyanin) [32,35,36]. Importantly, total phenolic
and total anthocyanin contents were found to be approximately 500 times higher in RB
flour than in rice flour [32].

Likewise, the anti-oxidative properties of RB can be increased using the dielectric
barrier discharge (DBD) plasma technology, which is a non-thermal process that involves
the application of a high-frequency electric field in the gaseous state [37]. By way of its
function, DBD plasma technology results in an effective distribution of a given substance
on the surface area of products [38,39]. In the food production industry, plasma technology
has been utilized in the preparation of wheat flour, rice flour, corn flour and tapioca
flour [40–45]. It has been employed to increase bioactive phytochemical yields, as well
as antioxidant activity, and to inhibit the growth of certain microorganisms [46–50]. In
terms of its potential health benefits, pureed RB pudding subjected to plasma technology
resulted in lower glycemic index values than the liquidized original products, while the
bioavailability values recorded in healthy volunteers were not found to be different [51].
This study aimed to use DBD plasma technology in the preparation of Riceberry™ rice
flour (PRBF) and to investigate the effects on iron-induced oxidative stress in mice.

2. Results
2.1. Anthocyanin Content of Riceberry™ Rice Flour (PRBF) Using Plasma Technology

Anthocyanin content in PRBF was determined using the reverse-phase HPLC method.
ACNs content in PRBF was found to be 1.94 mg/g, while the main ACNs were C3G and
P3G (Figure 1). The anthocyanin content of PRBF using DBD plasma technology related
to previous study [3]. Two major compounds, cyanidin-3-glucoside (C3G) (peak a) and
peonidin-3-glucoside (P3G) (peak b), were identified by comparison with the retention
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times of the two standards and the concentrations in terms of mg anthocyanin equivalent
(AE) were calculated.

Figure 1. HPLC analysis of C3G and P3G in PRBF product. Plasma-treated Riceberry™ rice flour (PRBF) was analyzed
using the HPLC conditions described in Section 2.3. Two major compounds, cyanidin-3-glucoside (C3G) (peak a) and
peonidin-3-glucoside (P3G) (peak b), were detected at 510 nm and identified by comparison with the retention times of the
two standards and the concentrations in terms of mg anthocyanin equivalent (AE) were calculated.

2.2. Effect of PRBF Treatment on BW and OWI

In both preventive and therapeutic studies, BW values in all groups of mice with and
without and FeDex loading for 14 d were not found to have significantly changed, while
NAC (100 mg/kg) and PRBF (5 mg AE/kg) treatments over 14 d did not alter the BW
values in the mice of all study groups (Supplementary Materials Figures S1 and S2). In
the preventive study, weight indices of the liver, heart, pancreas and spleen (OWI) taken
from mice with or without FeDex loading, as well as from the FeDex-loaded mice treated
with NAC and PRBF, revealed no significant differences (Figure S2). As was found in the
therapeutic study, weight indices of the heart, pancreas and spleen were not different in
subjects of all study groups; nonetheless, the liver weight index of the FeDex-loaded mice
was found to be less than that of the mice without FeDex loading. Accordingly, this value
was found to be lower following the NAC and PRBF treatments (Figure S2).

2.3. Effect of PRBF Treatment on Hematopoiesis

WBC numbers were found to have increased significantly in mice with FeDex loading
in both preventive and therapeutic studies when compared to mice without FeDex loading,
while the increase in WBC was reversed by the NAC and PRBF treatments in the preventive
study and not in the therapeutic study (Figure 2A). However, the WBC numbers in all
the groups remained within a normal range. Furthermore, levels of RBC numbers, Hb
concentrations and PLT numbers were not found to be significantly different among all
groups in the two study models (Figure 2B–D). This was true except for the PLT numbers
in iron-loaded mice that had been treated with NAC in the therapeutic study. The PLT
numbers in mice in this group were higher than in the other groups.
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Figure 2. Hematological parameter levels in FeDex-loaded mice treated with DI, NAC and PRBF. In terms of a preventive
effect, mice were treated with DI, NAC (100 mg/kg) and PRBF (5 mg AE/kg) for 14 d. This was followed by a single
ip injection with 10 mg FeDex after the last oral dose was administered on day 14. In terms of a preventive effect, mice
were then sacrificed; their heart blood was collected and their hematological parameter levels were determined. In term
of a therapeutic effect, mice were ip injected with 10 mg FeDex together with DI, NAC (100 mg/kg) and PRBF (5 mg
AE/kg) for 14 d. Mice were then sacrificed, their heart blood was collected and their hematological parameter levels were
determined. Data are expressed as mean ± SD values (n = 6). a p < 0.05 when compared with DI alone in the preventive
study; d p < 0.05 when compared with DI alone in the therapeutic study. Abbreviations: AE = anthocyanin equivalent,
PRBF = plasma-treated Riceberry™ rice flour, DI = deionized water, FeDex = iron dextran, Hb = hemoglobin (C), NAC =
N-acetylcystein, PLT = platelets (D), RBC = red blood cells (B), WBC = white blood cells (A), SD = standard deviation.

2.4. Effect of PRBF Treatment on Erythrocyte SOD Activity

According to our findings, Fe-Dex loading significantly decreased erythrocyte SOD
activity in mice in both the preventive study and therapeutic study (Figure 3). Treatments
with PRBF (5 mg AE/g) and NAC (100 mg/kg) equally restored SOD activity in FeDex-
loaded mice in the preventive study. In comparison, only the NAC treatment also restored
SOD activity, whereas PRBE did not produce the same results in the therapeutic study.
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Figure 3. Inhibition of erythrocyte SOD activity in FeDex-loaded mice that had been treated with DI,
NAC and PRBF. In the preventive study, mice were treated with DI, NAC (100 mg/kg) and PRBF
(5 mg AE/kg) for 14 d. This was followed by a single ip injection with 10 mg FeDex after the last
oral dose was administered on day 14. Mice were then sacrificed; their heart blood was collected
and their erythrocyte SOD activity was determined. Results are presented in an inhibition graph.
In the therapeutic study, mice were ip injected with 10 mg of FeDex together with DI, NAC (100
mg/kg) and PRBF (5 mg AE/kg) for 14 d. Mice were then sacrificed, their heart blood was collected
and erythrocyte SOD activity was determined. Data are expressed as mean ± SD values (n = 6).
a p < 0.05 when compared with DI and b p < 0.05 when compared with DI in FeDex loaded mice
in the preventive study; d p < 0.05 when compared with DI and e p < 0.05 when compared with
DI in Fe-Dex loaded mice in the therapeutic study. Abbreviations: AE = anthocyanin equivalent,
PRBF = plasma-treated Riceberry™ rice flour, DI = deionized water, FeDex = iron dextran, NAC =
N-acetylcystein, SD = standard deviation, SOD = superoxide dismutase.

2.5. Effect of PRBF on Plasma TAC

When excessive iron generates high amounts of ROS leading to oxidative stress in the
body, anti-oxidative compounds and enzymes can efficiently destroy the persisting ROS.
All treatments in the preventive study did not influence TAC levels in plasma collected
from FeDex-loaded mice (Figure 4). In terms of the therapeutic study, FeDex-loaded mice
revealed lower plasma TAC levels than mice without FeDex loading (p < 0.05); however,
both PRBF and NAC treatments were able to restore a decrease in the plasma TAC levels
but not to a significant degree (Figure 4). Thus, antioxidant PRBF may be rapidly cleared
from the plasma or metabolized in the liver, while the compound should be supplemented
continuously to sustain effective concentrations in the body.

Figure 4. Levels of TAC in the plasma collected from FeDex-loaded mice that had been treated with
DI, NAC and PRBF. In the preventive study, mice were treated with DI, NAC (100 mg/kg) and PRBF
(5 mg AE/kg) for 14 d. This was followed by a single ip injection of 10 mg FeDex after the last oral
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dose was administered on day 14. Mice were then sacrificed; their heart blood was collected and
plasma TAC values were determined. In the therapeutic study, mice were ip injected with 10 mg
FeDex together with DI, NAC (100 mg/kg) and PRBF (5 mg AE/kg) for 14 d. Mice were then
sacrificed, their heart blood was collected and plasma TAC values were determined. Data are
expressed as mean ± SD values (n = 6). d p < 0.05 when compared with DI alone in the therapeutic
study. Abbreviations: AE = anthocyanin equivalent, PRBF = plasma-treated Riceberry™ rice flour,
DI = deionized water, FeDex = iron dextran, NAC = N-acetylcystein, SD = standard deviation, TAC=
total antioxidant capacity.

2.6. Effect of PRBF on Plasma and Liver TBARS

In this study, TBARS concentrations representing lipid-peroxidation products were
measured in the plasma and liver of mice in both the preventive and therapeutic studies,
for which the results are shown in Figures 5 and 6, respectively. Results from the preventive
study (Figure 5) have revealed that FeDex loading was found to have increased plasma
TBARS levels significantly when compared to the treatments of mice without FeDex
loading, while only PRBF (5 mg AE/kg) treatment lowered the increase in plasma TBARS
levels. Similarly, in the therapeutic study, FeDex loading resulted in a significant increase in
plasma TBARS levels, whereas PRBF and NAC (100 mg/kg) were found to have reduced
the increased TBARS levels in the plasma (Figure 5). In addition, the plasma TBARS
levels observed in the preventive study were reported to be even higher than those in the
therapeutic study.

Figure 5. Levels of TBARS in the plasma collected from FeDex-loaded mice that had been treated
with DI, NAC and PRBF. In the preventive study, mice were treated with DI, NAC (100 mg/kg)
and PRBF (5 mg AE/kg) for 14 d. This was followed by a single ip injection with 10 mg FeDex
after the last oral dose was administered on day 14. Mice were then sacrificed; their heart blood
was collected and TBARS concentrations in the plasma were determined. In the therapeutic study,
mice were ip injected with 10 mg FeDex together with DI, NAC (100 mg/kg) and PRBF (5 mg
AE/kg) for 14 d. Mice were then sacrificed, their heart blood was collected and plasma TBARS
concentrations were determined. Data are expressed as mean ± SD values (n = 6). a p < 0.05 when
compared with DI alone in the preventive study; d p < 0.05 when compared with DI alone in the
therapeutic study. Abbreviations: AE = anthocyanin equivalent, PRBF = plasma-Riceberry™ rice
flour, DI = deionized water, FeDex = iron dextran, NAC = N-acetylcystein, SD = standard deviation,
TBARS = thiobarbituric acid-reactive substances.
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Figure 6. Levels of TBARS in the livers collected from FeDex-loaded mice that had been treated
with DI, NAC and PRBF. In the preventive study, mice were treated with DI, NAC (100 mg/kg)
and PRBF (5 mg AE/kg) for 14 d. This was followed by a single ip injection with 10 mg FeDex
after the last oral dose was administered on day 14. Mice were then sacrificed; their internal organs
were dissected and liver TBARS concentrations were determined. In the therapeutic study, mice
were ip injected with 10 mg FeDex together with DI, NAC (100 mg/kg) and PRBF (5 mg AE/kg)
for 14 d. Mice were then sacrificed, their internal organs were dissected and TBARS concentrations
in the livers were determined. Data are expressed as mean ± SD values (n = 6). a p < 0.05 when
compared with DI alone in the preventive study and b p < 0.05 when compared with DI in FeDex-
loaded mice; d p < 0.05 when compared with DI alone and e p < 0.05 when compared with DI in
FeDex-loaded mice in the therapeutic study. Abbreviations: AE = anthocyanin equivalent, PRBF
= plasma-treated Riceberry™ rice flour, DI = deionized water, FeDex = iron dextran, NAC = N-
acetylcystein, SD = standard deviation, TBARS = thiobarbituric acid-reactive substances.

Consistently, TBARS concentrations in the livers of FeDex-loaded mice in the preven-
tive study were found to be significantly increased when compared to those concentrations
in mice without FeDex loading, while the concentrations were decreased in treatments
with PRBF (5 mg AE/kg) (p < 0.05) and NAC (100 mg/kg) (Figure 6). Likewise, in the
therapeutic study, TBARS concentrations in the livers of FeDex-loaded mice were signifi-
cantly increased when compared to mice in treatments without FeDex loading; however,
the PRBF and NAC treatments were able to significantly lower the increase in hepatic
TBARS concentrations (Figure 6). Taken together, PRBF can effectively inhibit ROS-induced
lipid-peroxidation reactions in iron-loaded plasma and livers, for which the activity would
be more effective than for the reference antioxidant NAC.

3. Discussion

Pigmented rice (e.g., black, red, brown, dark purple and Riceberry™ rice) contain
flavones, ACNs, proanthocyanidins, tannins, phenolics, γ-oryzanols, tocopherols, phytos-
terols and essential oils that are known to be beneficial to human health [52,53]. According
to the chromatographic analysis, proanthocyanidins were only detected in red rice while
ACNs were detected in black and purple rice, wherein they contributed to antioxidant
activity [53]. Anthocyanins, a group of hydrophilic flavonoids, are natural colorants re-
sponsible for the red and purple color of pigmented rice, other cereal grains, and fruits
and vegetables. They are also involved in certain other important biological activities [54].
Our present study has revealed that purple-black colored Riceberry™ rice flour comprises
two major components of ACNs: C3G and P3G. Consistently, high-performance-liquid
chromatographic/mass spectrometric and electron paramagnetic resonance imaging anal-
yses have been used to identify major functional ACNs including C3G, P3G, cyanidin
3-galactoside, cyanidin 3-rutinoside, cyanidin-3,5-diglucoside, malvidin 3-galactoside and
pelargonidin-3,5-diglucoside in pigmented rice, in which C3G and P3G are known to be
the predominant components of the ACNs [52,55,56]. Notably, ACNs that are persistent in
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certain plant foods, such as pigmented rice, are unstable in the small intestines and can only
be absorbed with low bioavailability. Additionally, they may contribute to a range of poor
bioactivities; therefore, suitable rice processing is required. The processing methods include
solvent extraction, acidification, irradiation, fermentation, germination, soaking, boiling,
baking, extrusion and plasma technology; nonetheless, they may actually change the pro-
file and yields of ACNs and other phenolic compounds, or even influence certain other
biological activities [57]. For instance, thermal cooking was found to decrease total ACNs
and C3G contents and antioxidant activity but did not influence anti-inflammatory activity
in black rice [58]. Treatment of Khao Dawk Mali 105, Hom Nil, KiawNgu and LeumPua
rice extracts at 100 ◦C for 15 min degraded phenolic components and total phenolic content
(TPC) but did not change their antioxidant activities. However, acidification of the extracts
did increase TPC and antioxidant activity values [59]. Likewise, a microwave cooking
method could markedly decrease phenolics, ACNs contents and antioxidant activities in
purple rice when compared to uncooked rice, while an electric rice cooker, an autoclave
and a microwave oven method all resulted in a decrease in C3G content and an increase in
protocatchuic acid, along with an anti-proliferation effect on Caco-2 cells [60].

Nowadays, consumers demand safe, high-quality, nutritious ACNs-rich pigmented
foods (e.g., red clover, wheat and Riceberry™ rice) owing to their health benefits. These
foods can also be utilized as pharmaceutical ingredients. Importantly, they serve as
free-radical scavengers and possess antioxidant, anti-inflammatory and anti-microbial
properties [24–27,61]. Cold plasma or dielectric barrier discharge (DBD) plasma technology
is a non-thermal technique involving atmospheric pressure that has been developed to
decontaminate the surfaces of medical instruments, living tissues and food products
to verify that they are free from water, chemicals and microorganisms. By using high-
voltage electrical discharges, microwaves and gas ionization processes, as well as plasma
technologies, can efficiently kill or inactivate bacteria, yeasts, fungi, pathogens, spores and
biofilms. Unfortunately, a 23% loss of ACNs was found in plasma-treated chokeberries,
while a 9% increase in ACNS was found in pasteurized (80 ◦C, 1 min) chokeberries [62].
In addition, the total aerobic plate count in blueberries with plasma technology was
significantly lowered when compared to blueberries without the treatment, whereas total
ACNs content (mainly C3G) was significantly decreased after 90 s of the plasma treatment.
This outcome was probably due to a degradation of ACNs at temperatures >38 ◦C [63].
On the contrary, blueberry juice with plasma technology resulted in increases in phenolics
and ACNs contents, as well as antioxidant activity [64]. Likewise, Thai geminated brown
rice cultivars exposed to the plasma technology produced higher contents of ACNs, total
phenolic compounds, certain simple phenolics, γ-oryzanols, tocopherols, phytosterols and
triterpenoids, but did not change the antioxidant activity when compared to untreated
rice [48]. Moreover, pomegranate juice exposed to plasma treatment technology (3 min)
yielded a 14% increase of ACNs content when compared to untreated juice [65]. Therefore,
we utilized cold plasma for the treatment of Riceberry™ rice flour to achieve high ACNs
yields as well as antioxidant capacity. Our previous study proved that dielectric barrier
discharge (DBD) plasma technology can improve antioxidant activity and anthocyanin
content of Riceberry rice flour [32]. This was also done to sterilize the Riceberry™ rice
product for further studies involving animals.

Hematological parameters, like WBC numbers, can be used to indicate FeDex-induced
oxidative stress since they are significantly increased when compared to subjects without
iron loading [66]. Under blood oxidative stress, increased WBC and PLT numbers generated
high plasma levels of ROS, which then provided additional protection against infection and
pathogen migration [67]. In addition, acute ethanol stress significantly increased total WBC
numbers (particularly neutrophils), along with ROS and malondialdehyde productions in
mice. This outcome was possibly due to an increase in liver microsomal cytochrome P450
detoxification, while melatonin restored an appropriate increase in these oxidative stress
biomarkers [68]. In controversy, Schumann and colleagues have previously demonstrated
that WBC, erythrocyte SOD and CAT values, along with serum C-reactive proteins, total
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oxidative capacities and TBARS values, did not respond to the oral dosing of 120 mg
ferrous sulfate/day over 7 days [69]. In our study, we found that FeDex loading (10 mg
each) significantly increased WBC numbers in C57BL/6 mice, indicating an iron-induced
inflammatory condition; however, ACNs-rich PRBF treatment lowered the increase in WBC
numbers but did not influence other blood cell populations.

With regard to the antioxidant defense in the body, SOD, TAC and TBARS were used
as key biomarkers. Serum and cellular SOD activities can be decreased by an overrun in
ROS in oxidative stress in conjunction with an increase in antioxidant supplementation to
couple O2

−• and 2H+. This was done to form H2O2 before a conversion to nontoxic water [70].
TAC also indicates the antioxidant status possessed by certain antioxidant compounds (e.g.,
GSH, NADPH, phenolic compounds and NAC) and enzymes (CAT, GPx and SOD) in cells
and plasma compartments [71,72]. In addition, TBARS, such as MDA, are measurable final
products of lipid-peroxidation reactions and are commonly used as oxidative stress biomarkers.
Herein, PRBF treatment was found to improve erythrocyte SOD activity and efficiently restore
plasma TAC of FeDex-loaded mice. FeDex loading enhanced the production of ROS that would
subsequently initiate chain-reaction peroxidations of plasma and cellular polyunsaturated fatty
acids resulting in an increase in TBARS concentrations. In the therapeutic study, plasma TBARS
concentrations in FeDex-loaded mice were found to be lower than those obtained from the
preventive study, while the liver TBARS concentrations were found to be inversed and vice
versa. Possibly, mice used in the preventive study were exposed to FeDex for only 24 h before
being euthanized, for which most of the iron remained in the plasma and was accessed to
catalyze the peroxidation of plasma lipoproteins rapidly. This ultimately resulted in higher
plasma TBARS concentrations. Meanwhile, mice used in the therapeutic study were exposed
to FeDex continuously for 14 d, for which most of the iron was cleared from the plasma and
taken up into liver cells. Eventually, the iron was intently presented in the liver rather than
in the plasma and utilized for functional molecules or deposited in ferritin molecules [73,74].
Consistent with our study, consumption of yogurt supplemented with ACNs-rich Riceberry™
rice rapidly increased levels of TAC and MDA in the plasma of healthy subjects when compared
with the control yogurt [75]. In another study, consumption of ACNs-rich Riceberry™ rice bread
significantly increased TAC levels in the plasma collected from heathy subjects, but did not
alter their MDA levels [76]. Hou and colleagues have reported a preventive effect of ACNs-rich
black rice extract (500 mg/kg) on ethanol-induced liver inflammation in male Wistar rats by
significantly lowering the increases of liver enzyme activities in the serum, as well as MDA
concentrations in the serum and liver [77]. Accordingly, the consumption of black-rice ACNs
(200 mg/kg) decreased the body weight of C57BL/6 mice fed with a high-fat diet by 9.6%, while
also decreasing hepatic lipid-peroxidation products, increasing hepatic SOD and GPx activities,
and resulting in a downregulation in the expression of tumor necrotic factor-alpha, interleukin-6,
inducible nitric oxide synthase and nuclear factor-kappa B genes. All of which were indicative of
an alleviation of oxidative stress and inflammation [78]. Importantly, consumption of ACNs-rich
black rice extract could lower plasma TBARS and blood oxidized glutathione concentrations in
high fructose diet-fed rats [79]. Furthermore, C3G and P3G, as the two main components of
ACNs in black rice extract, exerted antioxidant and anti-inflammatory properties in vitro and
murine macrophage RAW264.7 cells [56]. Similarly, ACNs-rich Riceberry™ bran extract was
found to reduce the increase of hepatic MDA concentrations and up-regulate the expression
of SOD genes in gentamycin-induced hepatotoxicity in rats. This outcome is supportive of
the free-radical scavenging antioxidant, iron-chelating, anti-inflammatory and anti-apoptotic
properties of the Riceberry™ extract [80]. Importantly, the phytochemicals present in vegetables
and fruits function as free radical scavenger antioxidants and can also induce microsomal phase
II enzymes. This is known to lead to the induction of the nuclear factor erythroid 2-related factor
2/electrophilic responsive element (Nrf2/EpRE) signaling system [22]. Notably, a black rice diet
that is rich in ACNs, in particular wiith regard to C3G- and protocatchuic acid-rich alleviated
ferric-nitrilotriacetate-induced rats, indicated that renal GPx activity was effectively decreased,
whereas SOD, glutathione S-transferase and NAD(P)H quinone reductase were not associated
with lipid peroxidation levels [81]. Likewise, blueberry and cranberry juices, as well as cyanidin,
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decreased ROS production and lipid peroxidation in neuroblastoma SH-SY5Y cells induced
by hydrogen peroxide by upregulating SOD and CAT activities [82]. More importantly, ACNs,
including cyanidin, delphinidin, delphinidin-3-glucoside, malvidin, petunidin and petunidin-3-
glucoside, were found to release iron (Fe2+) from soybean seed ferritin, which strongly suggests
their iron-chelating activity [83].

4. Materials and Methods
4.1. Chemicals and Reagents

All organic solvents used in this study were of the highest pure grade or HPLC
grade. 2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), bu-
tyrated hydroxyl toluene (BHT), cyanidine-3-glucoside (C3G), dimethyl sulfoxide (DMSO),
iron dextran (FeDx), N-acetylcystein (NAC), peonidin-3-glucoside (P3G), sodium do-
decyl sulphate (SDS), 1,1,3,3-tetramethoxypropane (TMP), thiobarbituric acid (TBA), 6-
hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) and 2-(4-iodophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazoliumand monosodium salt (WST-1) were all
obtained from Sigma-Aldrich Chemicals (St. Louis, MO, USA). Normal-formula food (C.P.
MICE FEED, Serial Number 082) was purchased from Perfect Companion Group Company
Limited (Bangsaothong District, Samutprakarn Province, Thailand) and was nutrition-
ally composed of metabolic energy (3040 kcal/kg), crude protein (24%), fat (4.5%), fiber
(5%), calcium (1.0%), phosphorus (0.9%), sodium (0.20%), potassium (1.17%), magnesium
(0.23%%), manganese (171 parts per million or ppm), copper (22 ppm), zinc (100 ppm),
iron (180 ppm), cobalt (1.82 ppm), potassium iodide (1 ppm), selenium (0.1 ppm), vitamin
A (20,000 IU/kg), vitamin D (4000 IU/kg), vitamin E (100 mg/kg), vitamin K (5 mg/kg),
vitamin B1 (20 mg/kg), vitamin B2 (20 mg/kg), vitamin B6 (20 mg/kg), vitamin B12 (0.0036
mg/kg), niacin (100 mg/kg), folic acid (6 mg/kg), biotin (0.4 mg/kg), pantothenic acid
(60 mg/kg) and choline chloride (1500 mg/kg).

4.2. Methods
4.2.1. Production of Riceberry Rice Flour Using Plasma Technology

Riceberry™ rice grains were purchased from a local grocery store located in Mueang Pan
District (Lampang Province, Thailand). The rice grains were milled into flour and treated with a
DBD plasma generator (Model: PLASMA TAC, ADTEC Plasma Technology Company Limited,
Hounslow, UK) under the following conditions: an operating time of 7.87 min, power set at
166 watts, 0.64 L/min of oxygen gas, 16 L/min of argon gas and 10 L/min of nitrogen gas to
achieve PRBF [32]. In the assay, PRBF was dissolved in deionized water (DI) (1:2, w/w) and
a suspension of the starch was heated until it became completely gelatinized. Subsequently,
α-amylase (11,000 U/mL) was then added and the mixture was continuously stirred for 30 min
at 40 ◦C. The mixture was stirred one more time for 10 min at 50 ◦C to stop the enzyme activity.
The slurry was then placed in a freeze-drying machine. Lastly, the dried flour was weighed and
kept at 4 ◦C for further use.

4.2.2. HPLC Analysis of Anthocyanin Content

Anthocyanin content in PRBF was determined using the reverse-phase HPLC method [84].
Anthocyanin solution (1 mg/mL) was prepared in 1% DMSO and the sample (10 µL) was
analyzed using the HPLC system(Agilent Technologies, Santa Clara, CA, USA) employing a
C18 type column (250 mm × 250 mm, 5 µm particle size, Agilent Technologies) a regulated
temperature of 30 ◦C and a programmed mobile-phase involving water, methanol and formic
acid (75:18:7, v/v/v) with isocratic elution at a flow rate of 0.5 mL/min that was utilized to detect
ACNs at a wavelength of 510 nm [28]. Two selected ACNs, namely C3G and P3G, were compared
with C3G and P3G standards and their concentrations were calculated using the standard curves.

4.2.3. Animal Care

Male wild type mice (Strain C57BL/6, aged 2–3 m, body weight 20–25 g) were kindly
provided by the Thalassemia Research Center, Institute of Molecular Biosciences, Mahidol
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University Salaya Campus (Nakorn Pathom, Thailand). Mice were housed in non-metallic
cages in a clean room under standard conditions (22 ± 1 ◦C and 40–60% humidity, 12-h
day/12-h night cycle) in the Animal House Unit of the Faculty of Medicine, Chiang Mai
University. The Animal Study Protocol was approved of by the Animal Ethical Committee
of the Medical Faculty, Chiang Mai University, Thailand (Protocol Number 26/2562). All
animal experiments were carried out in accordance with the guidelines of the National
Institutes of Health in terms of the care and use of laboratory animals (NIH Publications
No. 8023, revised 1978).

4.2.4. Iron Loading and PRBF Treatment in Mice

All mice were given free access to clean drinking water ad libitum and normal diets.
The body weight (BW) of each mouse was recorded every four days. In the preventive
study, mice were randomly divided into 4 groups (n = 6 each): group 1 received DI and
groups 2–4 were fed DI, NAC (200 mg/kg) and PRBF (5 mg AE/kg), respectively using a
gavage needle once a day for 14 d. Two hours after the last administration, normal saline
solution (NSS) (100 µL) was intraperitoneally (ip) administrated to control group 1, while
10 mg/100 µL Iron dextran (FeDex) were ip administrated to experimental groups 2–4.
The mice were euthanized (sacrificed) by cervical dislocation on day 15, when heart blood
was collected for hematological and biochemical analyses. Internal organs, including the
liver, heart, pancreas and spleen, were removed and kept frozen at −80 ◦C for biochemical
analysis as has been described below.

In the therapeutic study, mice were randomly divided into 4 groups (n = 6 each):
group 1 was daily given DI along with an ip injection of NSS for 14 d; meanwhile, groups
2, 3 and 4 were orally administrated DI, NAC (200 mg/kg), and PRBF (5 mg AE/kg) along
with an ip administration of FeDex (10 mg) for 14 d. On day 15, the mice were euthanized
by cervical dislocation and the heart blood was collected for hematological and biochemical
analyses. Internal organs were excised, weighed and kept frozen at −80 ◦C for biochemical
analysis as has been described below. In addition, the organ weight index (OWI) was
determined as a ratio of organ weight to body weight (BW).

4.2.5. Hematological Parameter Analysis

Complete blood count (CBC), including white blood cell (WBC) numbers, red blood
cell (RBC) numbers, Hb concentration, Hct, mean corpuscular volume (MCV), mean
corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC),
platelet (PLT) numbers and reticulocyte numbers, were determined using an automatic cell
counter at the Central Laboratory, Faculty of Veterinary Medicine, Chiang Mai University,
Thailand according to the manufacturer’s instructions.

4.2.6. SOD Activity Assay

Superoxide dismutase (SOD) is known to catalyze a dismutation of superoxide anion
into hydrogen peroxide and molecular oxygen. SOD activity was determined using WST-1
tetrazolium salt as an electron acceptor that was used to reduce the solution to a water-
soluble WST-1 formazan product giving the absorption spectrum at 440 nm [85]. Herein,
SOD activity in RBC hemolysate was measured using a commercially available SOD
determination kit (Catalogue number 19160, Sigma-Aldrich Chemie, Buchs, Switzerland)
according to the manufacturer’s instructions. Briefly, hemolysate and DI (20 µL) were
mixed with the WST working solution (200 µL), then incubated with a xanthine/xanthine
oxidase working solution at 37 ◦C for 20 min and the absorbance (A) was measured at
440 nm using a 96-well microplate reader. Since the absorption of WST-1 formazan was
directly proportional to the amount of superoxide anion, SOD activity (% inhibitory rate)
was calculated using the following equation:

% Inhibition of SOD activity = 100 × (Ahemolysate − ADI)/ADI
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4.2.7. Determination of Plasma Antioxidant Capacity

Antioxidant capacity (AC) was assayed based on decolorization of blue-colored ABTS•+

cationic radicals. Briefly, working ABTS•+ solution (1 mL) was incubated with plasma or
standard Trolox solution (0.01 mL) for exactly 6 min and A values were immediately measured
at 734 nm against the reagent blank. Plasma AC was calculated from the standard curve of
Trolox and is expressed as Trolox-equivalent antioxidant capacity (TEAC).

4.2.8. Quantification of Plasma and Liver TBARS

Concentrations of thiobarbituric acid-reactive substances (TBARS) were measured using
the fluorometric method established by Masowicz and colleagues with slight modifications [14].
Briefly, plasma, tissue homogenate and standard TMP solution (80 µL) were mixed with 0.2%
BHT (10 µL). Next, 0.44 M metaphosphoric acid (240 µL) and 0.6% (w/v) TBA (160 µL) were
added to the mixture, which was then incubated at 90 ◦C for 30 min and cooled down in an ice
bath at 4 ◦C for 10 min. After that, n-butanol (300 µL) was added to the subsequent mixture
and it was centrifuged at 3000 rpms for 15 min. Finally, the A values of the supernatant were
measured using a microplate reader at a wavelength of 540 nm.

4.2.9. Statistical Analysis

Data were analyzed using Statistical Package for the Social Sciences (SPSS) version 17.0
(IBM Corporation, Armonk, NY, USA) and are shown as mean ± standard deviation (SD)
values or mean ± standard error values of the mean (SEM). An independent Student’s-test
was used to determine statistical significance, for which p < 0.05 was considered indicative
of a significant difference.

5. Conclusions

Together with the plasma technology, cyanidin-3-glucoside and peonidine-3-glucoside
are the two main components of anthocyanins that are abundant in PRBF and present
potent antioxidant and anti-lipid peroxidationtoa better degree than N-acetylcystein. This
can lead to an amelioration of oxidative stress in iron-induced mice. Moreover, insoluble
bound fractions of other phenolics, such as p-coumaric acid, ferulic acid, isoferulic acid
and vanillic acid that are present in Riceberry™ rice, may contribute to the alleviation of
oxidative stress. In future work, Riceberry™ rice products with DBD plasma technology
would be used in the formulation of nutraceuticals or functional foods. Furthermore, they
would be employed in clinical investigations involving oxidative-stress patients.

Supplementary Materials: The following are available online, Figure S1: BW changes of FeDex-
loaded mice treated with DI, NAC and PRBF, and Figure S2: OWI values of the liver, heart, pancreas
and spleen taken from FeDex-loaded mice that had been treated with DI, NAC and PRBF.

Author Contributions: N.S., N.U.-a. and P.K. conceived of and designed the study. N.S. and N.U.-a.
prepared the plasma-treated Riceberry™ rice flour. N.S. and P.K. performed the animal experiments.
T.P. and K.S. determined the concentrations of blood biomarkers and analyzed the data. S.S. (Saovaros
Svasti) supplied the C57BL/6 mice. N.U.-a. and S.S. (Somdet Srichairatanakool) supervised the study
and shared in the discussion. P.K. wrote the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was financially supported by the Research and Researchers for Industries (RRI)
Ph.D. Scholarship, Thailand Science Research and Innovation (TSRI) (Code PHD59I0097) and Prolac
(Thailand) Company Limited.

Institutional Review Board Statement: The Animal Study Protocol was approved of by the Animal
Ethical Committee of the Medical Faculty, Chiang Mai University, Thailand (Protocol Number
26/2562). All animal experiments were carried out in accordance with the guidelines of the National
Institutes of Health in terms of the care and use of laboratory animals (NIH Publications No. 8023,
revised 1978).



Molecules 2021, 26, 4978 13 of 16

Data Availability Statement: The authors confirm that the data supporting the findings of this study
are available within the article.

Acknowledgments: We would like to thank Supannee Teerawat at the Thalassemia Research Center,
Institute of Molecular Biosciences, Mahidol University Salaya Campus, Nakorn Pathom, Thailand for
genotyping C57BL/6 mice. The authors also thank Narisara Paradee of the Cluster of Oxidative Stress,
Department of Biochemistry, Faculty of Medicine, Chiang Mai University, Chiang Mai, Thailand for
kind help in analytical instrumentations.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Not available.

References
1. Burton, G.J.; Jauniaux, E. Oxidative stress. Best Pract. Res. Clin. Obstet. Gynaecol. 2011, 25, 287–299. [CrossRef]
2. Di Meo, S.; Reed, T.T.; Venditti, P.; Victor, V.M. Role of ROS and RNS Sources in Physiological and Pathological Conditions.

Oxidative Med. Cell. Longev. 2016, 2016, 1245049. [CrossRef]
3. Pham-Huy, L.A.; He, H.; Pham-Huy, C. Free radicals, antioxidants in disease and health. Int. J. Biomed. Sci. 2008, 4, 89–96.

[PubMed]
4. Pizzino, G.; Irrera, N.; Cucinotta, M.; Pallio, G.; Mannino, F.; Arcoraci, V.; Squadrito, F.; Altavilla, D.; Bitto, A. Oxidative Stress:

Harms and Benefits for Human Health. Oxidative Med. Cell. Longev. 2017, 2017, 8416763. [CrossRef] [PubMed]
5. Willcox, J.K.; Ash, S.L.; Catignani, G.L. Antioxidants and prevention of chronic disease. Crit. Rev. Food Sci. Nutr. 2004, 44, 275–295.

[CrossRef]
6. Young, I.S.; Woodside, J.V. Antioxidants in health and disease. J. Clin. Pathol. 2001, 54, 176–186. [CrossRef] [PubMed]
7. Droge, W. Free radicals in the physiological control of cell function. Physiol. Rev. 2002, 82, 47–95. [CrossRef]
8. Lin, C.Y.; Lee, H.L.; Jung, W.T.; Sung, F.C.; Su, T.C. The association between urinary levels of 1,3-butadiene metabolites,

cardiovascular risk factors, microparticles, and oxidative stress products in adolescents and young adults. J. Hazard. Mater. 2020,
396, 122745. [CrossRef]

9. Valko, M.; Izakovic, M.; Mazur, M.; Rhodes, C.J.; Telser, J. Role of oxygen radicals in DNA damage and cancer incidence. Mol.
Cell. Biochem. 2004, 266, 37–56. [CrossRef]

10. Valko, M.; Leibfritz, D.; Moncol, J.; Cronin, M.T.; Mazur, M.; Telser, J. Free radicals and antioxidants in normal physiological
functions and human disease. Int. J. Biochem. Cell Biol. 2007, 39, 44–84. [CrossRef]

11. Poljsak, B. Strategies for reducing or preventing the generation of oxidative stress. Oxidative Med. Cell. Longev. 2011, 2011, 194586.
[CrossRef] [PubMed]

12. Koonyosying, P.; Tantiworawit, A.; Hantrakool, S.; Utama-Ang, N.; Cresswell, M.; Fucharoen, S.; Porter, J.B.; Srichairatanakool, S.
Consumption of a green tea extract-curcumin drink decreases blood urea nitrogen and redox iron in beta-thalassemia patients.
Food Funct. 2020, 11, 932–943. [CrossRef]

13. Kalpravidh, R.W.; Siritanaratkul, N.; Insain, P.; Charoensakdi, R.; Panichkul, N.; Hatairaktham, S.; Srichairatanakool, S.;
Phisalaphong, C.; Rachmilewitz, E.; Fucharoen, S. Improvement in oxidative stress and antioxidant parameters in beta-
thalassemia/Hb E patients treated with curcuminoids. Clin. Biochem. 2009, 43, 424–429. [CrossRef] [PubMed]

14. Koonyosying, P.; Kongkarnka, S.; Uthaipibull, C.; Svasti, S.; Fucharoen, S.; Srichairatanakool, S. Green tea extract modulates
oxidative tissue injury in beta-thalassemic mice by chelation of redox iron and inhibition of lipid peroxidation. Biomed. Pharm.
2018, 108, 1694–1702. [CrossRef] [PubMed]

15. Koonyosying, P.; Uthaipibull, C.; Fucharoen, S.; Koumoutsea, E.V.; Porter, J.B.; Srichairatanakool, S. Decrement in Cellular Iron
and Reactive Oxygen Species, and Improvement of Insulin Secretion in a Pancreatic Cell Line Using Green Tea Extract. Pancreas
2019, 48, 636–643. [CrossRef] [PubMed]

16. Ounjaijean, S.; Thephinlap, C.; Khansuwan, U.; Phisalapong, C.; Fucharoen, S.; Porter, J.B.; Srichairatanakool, S. Effect of green
tea on iron status and oxidative stress in iron-loaded rats. Med. Chem. 2008, 4, 365–370. [CrossRef] [PubMed]

17. Saewong, T.; Ounjaijean, S.; Mundee, Y.; Pattanapanyasat, K.; Fucharoen, S.; Porter, J.B.; Srichairatanakool, S. Effects of green tea
on iron accumulation and oxidative stress in livers of iron-challenged thalassemic mice. Med. Chem. 2010, 6, 57–64. [CrossRef]

18. Srichairatanakool, S.; Thephinlap, C.; Phisalaphong, C.; Porter, J.B.; Fucharoen, S. Curcumin contributes to in vitro removal of
non-transferrin bound iron by deferiprone and desferrioxamine in thalassemic plasma. Med. Chem. 2007, 3, 469–474. [CrossRef]

19. Thephinlap, C.; Phisalaphong, C.; Fucharoen, S.; Porter, J.B.; Srichairatanakool, S. Efficacy of curcuminoids in alleviation of iron
overload and lipid peroxidation in thalassemic mice. Med. Chem. 2009, 5, 474–482. [CrossRef]

20. Thephinlap, C.; Phisalaphong, C.; Lailerd, N.; Chattipakorn, N.; Winichagoon, P.; Vadolas, J.; Fucharoen, S.; Porter, J.B.;
Srichairatanakool, S. Reversal of cardiac iron loading and dysfunction in thalassemic mice by curcuminoids. Med. Chem. 2011, 7,
62–69. [CrossRef]

http://doi.org/10.1016/j.bpobgyn.2010.10.016
http://doi.org/10.1155/2016/1245049
http://www.ncbi.nlm.nih.gov/pubmed/23675073
http://doi.org/10.1155/2017/8416763
http://www.ncbi.nlm.nih.gov/pubmed/28819546
http://doi.org/10.1080/10408690490468489
http://doi.org/10.1136/jcp.54.3.176
http://www.ncbi.nlm.nih.gov/pubmed/11253127
http://doi.org/10.1152/physrev.00018.2001
http://doi.org/10.1016/j.jhazmat.2020.122745
http://doi.org/10.1023/B:MCBI.0000049134.69131.89
http://doi.org/10.1016/j.biocel.2006.07.001
http://doi.org/10.1155/2011/194586
http://www.ncbi.nlm.nih.gov/pubmed/22191011
http://doi.org/10.1039/C9FO02424G
http://doi.org/10.1016/j.clinbiochem.2009.10.057
http://www.ncbi.nlm.nih.gov/pubmed/19900435
http://doi.org/10.1016/j.biopha.2018.10.017
http://www.ncbi.nlm.nih.gov/pubmed/30372872
http://doi.org/10.1097/MPA.0000000000001320
http://www.ncbi.nlm.nih.gov/pubmed/31091209
http://doi.org/10.2174/157340608784872316
http://www.ncbi.nlm.nih.gov/pubmed/18673149
http://doi.org/10.2174/157340610791321479
http://doi.org/10.2174/157340607781745447
http://doi.org/10.2174/157340609789117912
http://doi.org/10.2174/157340611794072724


Molecules 2021, 26, 4978 14 of 16

21. Yanpanitch, O.U.; Hatairaktham, S.; Charoensakdi, R.; Panichkul, N.; Fucharoen, S.; Srichairatanakool, S.; Siritanaratkul, N.;
Kalpravidh, R.W. Treatment of beta-Thalassemia/Hemoglobin E with Antioxidant Cocktails Results in Decreased Oxidative
Stress, Increased Hemoglobin Concentration, and Improvement of the Hypercoagulable State. Oxidative Med. Cell. Longev. 2015,
2015. [CrossRef]

22. Chepelev, N.L.; Zhang, H.; Liu, H.; McBride, S.; Seal, A.J.; Morgan, T.E.; Finch, C.E.; Willmore, W.G.; Davies, K.J.A.; Forman, H.J.
Competition of nuclear factor-erythroid 2 factors related transcription factor isoforms, Nrf1 and Nrf2, in antioxidant enzyme
induction. Redox Biol. 2013, 1, 183–189. [CrossRef] [PubMed]

23. Mannino, G.; Gentile, C.; Ertani, A.; Serio, G.; Bertea, C.M. Anthocyanins: Biosynthesis, Distribution, Ecological Role, and Use of
Biostimulants to Increase Their Content in Plant Foods—A Review. Agriculture 2021, 11, 212. [CrossRef]

24. Abdel-Aal, E.M.; Hucl, P.; Rabalski, I. Compositional and antioxidant properties of anthocyanin-rich products prepared from
purple wheat. Food Chem. 2018, 254, 13–19. [CrossRef]

25. Khoo, H.E.; Azlan, A.; Tang, S.T.; Lim, S.M. Anthocyanidins and anthocyanins: Colored pigments as food, pharmaceutical
ingredients, and the potential health benefits. Food Nutr. Res. 2017, 61. [CrossRef]

26. Lee, S.G.; Brownmiller, C.R.; Lee, S.O.; Kang, H.W. Anti-Inflammatory and Antioxidant Effects of Anthocyanins of Trifolium
pratense (Red Clover) in Lipopolysaccharide-Stimulated RAW-267.4 Macrophages. Nutrients 2020, 12, 1089. [CrossRef]

27. Speer, H.; D’Cunha, N.M.; Alexopoulos, N.I.; McKune, A.J.; Naumovski, N. Anthocyanins and Human Health—A Focus on
Oxidative Stress, Inflammation and Disease. Antioxidants 2020, 9, 366. [CrossRef] [PubMed]

28. Van Hung, P. Phenolic Compounds of Cereals and Their Antioxidant Capacity. Crit. Rev. Food Sci. Nutr. 2016, 56, 25–35.
[CrossRef]

29. Xiang, J.; Apea-Bah, F.B.; Ndolo, V.U.; Katundu, M.C.; Beta, T. Profile of phenolic compounds and antioxidant activity of finger
millet varieties. Food Chem. 2019, 275, 361–368. [CrossRef]

30. Settapramote, N.; Laokuldilok, T.; Boonyawan, D.; Utama-ang, N. Physiochemical, Antioxidant Activities and Anthocyanin of
Riceberry Rice from Different Locations in Thailand. Food Appl. Biosci. J. 2018, 6, 84–94.

31. Thiranusornkij, L.; Thamnarathip, P.; Chandrachai, A.; Kuakpetoon, D.; Adisakwattana, S. Comparative studies on physicochemi-
cal properties, starch hydrolysis, predicted glycemic index of Hom Mali rice and Riceberry rice flour and their applications in
bread. Food Chem. 2019, 283, 224–231. [CrossRef] [PubMed]

32. Rakkhumkaew, N.; Boonsri, Y.; Sukchum, A. Utilization of small broken riceberry flour in gluten-free bread. Food Sci. Technol. Int.
2019, 25, 515–522. [CrossRef] [PubMed]

33. Phuapaiboon, P. Gamma-aminobutyric acid, total anthocyanin content and antioxidant activity of vinegar brewed from germi-
nated pigmented rice. Pak. J. Nutr. 2017, 16, 109–118. [CrossRef]

34. Sangngern, N.; Puangnark, T.; Nguansangiam, W.; Saithong, P.; Kitpreechavanich, V.; Lomthong, T. Production and development
of vinegar fermentation from broken Riceberry rice using raw starch-degrading enzyme hydrolysis. Biotech 2020, 10, 515.
[CrossRef]

35. Suttiarporn, P.; Chumpolsri, W.; Mahatheeranont, S.; Luangkamin, S.; Teepsawang, S.; Leardkamolkarn, V. Structures of
phytosterols and triterpenoids with potential anti-cancer activity in bran of black non-glutinous rice. Nutrients 2015, 7, 1672–1687.
[CrossRef]

36. Rodboon, T.; Okada, S.; Suwannalert, P. Germinated Riceberry Rice Enhanced Protocatechuic Acid and Vanillic Acid to Suppress
Melanogenesis through Cellular Oxidant-Related Tyrosinase Activity in B16 Cells. Antioxidants 2020, 9, 247. [CrossRef]

37. Settapramote, N.; Laokuldilok, T.; Boonyawan, D.; Utama-ang, N. Optimisation of the dielectric barrier discharge to produce
Riceberry rice flour retained with high activities of bioactive compounds using plasma technology. Int. Food Res. J. 2021, 28,
386–392.

38. Bernhardt, T.; Semmler, M.L.; Schäfer, M.; Bekeschus, S.; Emmert, S.; Boeckmann, L. Plasma Medicine: Applications of Cold
Atmospheric Pressure Plasma in Dermatology. Oxidative Med. Cell. Longev. 2019, 2019, 3873928. [CrossRef]

39. Jain, V.; Visani, A.; Srinivasan, R.; Agarwal, V. Design and development of a low cost, high current density power supply for
streamer free atmospheric pressure DBD plasma generation in air. Rev. Sci. Instrum. 2018, 89, 033502. [CrossRef] [PubMed]

40. Bahrami, N.; Bayliss, D.; Chope, G.; Penson, S.; Perehinec, T.; Fisk, I.D. Cold plasma: A new technology to modify wheat flour
functionality. Food Chem. 2016, 202, 247–253. [CrossRef]

41. Pal, P.; Kaur, P.; Singh, N.; Kaur, A.; Misra, N.N.; Tiwari, B.K.; Cullen, P.J.; Virdi, A.S. Effect of nonthermal plasma on physico-
chemical, amino acid composition, pasting and protein characteristics of short and long grain rice flour. Food Res. Int. 2016, 81,
50–57. [CrossRef]

42. Misra, N.N.; Kaur, S.; Tiwari, B.K.; Kaur, A.; Singh, N.; Cullen, P.J. Atmospheric pressure cold plasma (ACP) treatment of wheat
flour. Food Hydrocoll. 2015, 44, 115–121. [CrossRef]

43. Dong, S.; Gao, A.; Xu, H.; Chen, Y. Effects of Dielectric Barrier Discharges (DBD) Cold Plasma Treatment on Physicochemical and
Structural Properties of Zein Powders. Food Bioprocess. Technol. 2017, 10, 434–444. [CrossRef]

44. Wongsagonsup, R.; Deeyai, P.; Chaiwat, W.; Horrungsiwat, S.; Leejariensuk, K.; Suphantharika, M.; Fuongfuchat, A.; Dangtip, S.
Modification of tapioca starch by non-chemical route using jet atmospheric argon plasma. Carbohydr. Polym. 2014, 102, 790–798.
[CrossRef] [PubMed]

45. Scholtz, V.; Šerá, B.; Khun, J.; Šerý, M.; Julák, J. Effects of Nonthermal Plasma on Wheat Grains and Products. J. Food Qual. 2019,
2019. [CrossRef]

http://doi.org/10.1155/2015/537954
http://doi.org/10.1016/j.redox.2013.01.005
http://www.ncbi.nlm.nih.gov/pubmed/24024152
http://doi.org/10.3390/agriculture11030212
http://doi.org/10.1016/j.foodchem.2018.01.170
http://doi.org/10.1080/16546628.2017.1361779
http://doi.org/10.3390/nu12041089
http://doi.org/10.3390/antiox9050366
http://www.ncbi.nlm.nih.gov/pubmed/32353990
http://doi.org/10.1080/10408398.2012.708909
http://doi.org/10.1016/j.foodchem.2018.09.120
http://doi.org/10.1016/j.foodchem.2019.01.048
http://www.ncbi.nlm.nih.gov/pubmed/30722865
http://doi.org/10.1177/1082013219842463
http://www.ncbi.nlm.nih.gov/pubmed/30971119
http://doi.org/10.3923/pjn.2017.109.118
http://doi.org/10.1007/s13205-020-02488-8
http://doi.org/10.3390/nu7031672
http://doi.org/10.3390/antiox9030247
http://doi.org/10.1155/2019/3873928
http://doi.org/10.1063/1.4993312
http://www.ncbi.nlm.nih.gov/pubmed/29604759
http://doi.org/10.1016/j.foodchem.2016.01.113
http://doi.org/10.1016/j.foodres.2015.12.019
http://doi.org/10.1016/j.foodhyd.2014.08.019
http://doi.org/10.1007/s11947-016-1814-y
http://doi.org/10.1016/j.carbpol.2013.10.089
http://www.ncbi.nlm.nih.gov/pubmed/24507348
http://doi.org/10.1155/2019/7917825


Molecules 2021, 26, 4978 15 of 16

46. Muhammad, A.I.; Liao, X.; Cullen, P.J.; Liu, D.; Xiang, Q.; Wang, J.; Chen, S.; Ye, X.; Ding, T. Effects of nonthermal plasma
technology on functional food components. Compr. Rev. Food Sci. Food Saf. 2018, 17, 1379–1394. [CrossRef]

47. Pankaj, S.K.; Wan, Z.; Keener, K.M. Effects of Cold Plasma on Food Quality: A Review. Foods 2018, 7, 4. [CrossRef]
48. Yodpitak, S.; Mahatheeranont, S.; Boonyawan, D.; Sookwong, P.; Roytrakul, S.; Norkaew, O. Cold plasma treatment to improve

germination and enhance the bioactive phytochemical content of germinated brown rice. Food Chem. 2019, 289, 328–339.
[CrossRef]

49. Suhem, K.; Matan, N.; Nisoa, M. Inhibition of Aspergillus flavus on agar media and brown rice cereal bars using cold atmospheric
plasma treatment. Int. J. Food Microbiol. 2013, 161, 107–111. [CrossRef]

50. Kang, J.H.; Bai, J.; Min, S.C. Inactivation of Indigenous Microorganisms and Salmonella in Korean Rice Cakes by In-Package Cold
Plasma Treatment. Int. J. Environ. Res. Public Health 2021, 18, 3360. [CrossRef]

51. Suttireung, P.; Winuprasith, T.; Srichamnong, W.; Paemuang, W.; Phonyiam, T.; Trachootham, D. Riceberry rice puddings:
Rice-based low glycemic dysphagia diets. Asia Pac. J. Clin. Nutr. 2019, 28, 467–475. [PubMed]

52. Laokuldilok, T.; Shoemaker, C.F.; Jongkaewwattana, S.; Tulyathan, V. Antioxidants and Antioxidant Activity of Several Pigmented
Rice Brans. J. Agric. Food Chem. 2011, 59, 193–199. [CrossRef] [PubMed]

53. 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]

54. Deng, G.F.; Xu, X.R.; Zhang, Y.; Li, D.; Gan, R.Y.; Li, H.B. Phenolic compounds and bioactivities of pigmented rice. Crit. Rev. Food
Sci. Nutr. 2012, 53, 296–306. [CrossRef] [PubMed]

55. Huang, Y.P.; Lai, H.M. Bioactive compounds and antioxidative activity of colored rice bran. J. Food Drug Anal. 2016, 24, 564–574.
[CrossRef] [PubMed]

56. Ho, M.L.; Chen, P.N.; Chu, S.C.; Kuo, D.Y.; Kuo, W.H.; Chen, J.Y.; Hsieh, Y.S. Peonidin 3-glucoside inhibits lung cancer metastasis
by downregulation of proteinases activities and MAPK pathway. Nutr. Cancer 2010, 62, 505–516. [CrossRef] [PubMed]

57. Nakagawa, K.; Yooin, W.; Saenjum, C. Investigation of Pigments in Thai Purple Rice Using Electron Paramagnetic Resonance
Imaging and HPLC. J. Nutr. Sci. Vitam. 2019, 65, S217–S221. [CrossRef]

58. Hu, C.; Zawistowski, J.; Ling, W.; Kitts, D.D. Black rice (Oryza sativa L. indica) pigmented fraction suppresses both reactive
oxygen species and nitric oxide in chemical and biological model systems. J. Agric. Food Chem. 2003, 51, 5271–5277. [CrossRef]

59. Goufo, P.; Trindade, H. Factors influencing antioxidant compounds in rice. Crit. Rev. Food Sci. Nutr. 2015, 57, 893–922. [CrossRef]
60. Bhawamai, S.; Lin, S.H.; Hou, Y.Y.; Chen, Y.H. Thermal cooking changes the profile of phenolic compounds, but does not attenuate

the anti-inflammatory activities of black rice. Food Nutr. Res. 2016, 60, 32941. [CrossRef]
61. Peanparkdee, M.; Patrawart, J.; Iwamoto, S. Physicochemical stability and in vitro bioaccessibility of phenolic compounds and

anthocyanins from Thai rice bran extracts. Food Chem. 2020, 329, 127157. [CrossRef]
62. Chatthongpisut, R.; Schwartz, S.J.; Yongsawatdigul, J. Antioxidant activities and antiproliferative activity of Thai purple rice

cooked by various methods on human colon cancer cells. Food Chem. 2015, 188, 99–105. [CrossRef]
63. Li, F.; Chen, G.; Zhang, B.; Fu, X. Current applications and new opportunities for the thermal and non-thermal processing

technologies to generate berry product or extracts with high nutraceutical contents. Food Res. Int. 2017, 100, 19–30. [CrossRef]
64. Bursac Kovacevic, D.; Gajdos Kljusuric, J.; Putnik, P.; Vukusic, T.; Herceg, Z.; Dragovic-Uzelac, V. Stability of polyphenols in

chokeberry juice treated with gas phase plasma. Food Chem. 2016, 212, 323–331. [CrossRef] [PubMed]
65. Lacombe, A.; Niemira, B.A.; Gurtler, J.B.; Fan, X.; Sites, J.; Boyd, G.; Chen, H. Atmospheric cold plasma inactivation of aerobic

microorganisms on blueberries and effects on quality attributes. Food Microbiol. 2014, 46, 479–484. [CrossRef] [PubMed]
66. Hou, Y.; Wang, R.; Gan, Z.; Shao, T.; Zhang, X.; He, M.; Sun, A. Effect of cold plasma on blueberry juice quality. Food Chem. 2019,

290, 79–86. [CrossRef] [PubMed]
67. Bursac Kovacevic, D.; Putnik, P.; Dragovic-Uzelac, V.; Pedisic, S.; Rezek Jambrak, A.; Herceg, Z. Effects of cold atmospheric gas

phase plasma on anthocyanins and color in pomegranate juice. Food Chem. 2015, 190, 317–323. [CrossRef] [PubMed]
68. Kotani, K.; Sakane, N. White Blood Cells, Neutrophils, and Reactive Oxygen Metabolites among Asymptomatic Subjects. Int. J.

Prev. Med. 2012, 3, 428–431.
69. Stroot, P.G. Blood oxidative stress (BLOS) is a secondary host defense system responding normally to anaerobic wound infection

and inadvertently to dietary ultra-exogenous sulfide formation (USF). Med. Hypotheses 2017, 98, 28–34. [CrossRef]
70. Kurhaluk, N.; Sliuta, A.; Kyriienko, S.; Winklewski, P.J. Melatonin Restores White Blood Cell Count, Diminishes Glycated

Haemoglobin Level and Prevents Liver, Kidney and Muscle Oxidative Stress in Mice Exposed to Acute Ethanol Intoxication.
Alcohol Alcohol. 2017, 52, 521–528. [CrossRef]

71. Schümann, K.; Kroll, S.; Weiss, G.; Frank, J.; Biesalski, H.K.; Daniel, H.; Friel, J.; Solomons, N.W. Monitoring of hematological,
inflammatory and oxidative reactions to acute oral iron exposure in human volunteers: Preliminary screening for selection of
potentially-responsive biomarkers. Toxicology 2005, 212, 10–23. [CrossRef]

72. Li, J.; Lei, J.; He, L.; Fan, X.; Yi, F.; Zhang, W. Evaluation and Monitoring of Superoxide Dismutase (SOD) Activity and its Clinical
Significance in Gastric Cancer: A Systematic Review and Meta-Analysis. Med. Sci. Monit. 2019, 25, 2032–2042. [CrossRef]

73. Sies, H. Total antioxidant capacity: Appraisal of a concept. J. Nutr. 2007, 137, 1493–1495. [CrossRef]
74. Young, I.S. Measurement of total antioxidant capacity. J. Clin. Pathol. 2001, 54, 339. [CrossRef] [PubMed]
75. Anderson, E.R.; Shah, Y.M. Iron homeostasis in the liver. Compr. Physiol. 2013, 3, 315–330. [PubMed]
76. Deugnier, Y.; Turlin, B. Pathology of hepatic iron overload. World J. Gastroenterol. 2007, 13, 4755–4760. [CrossRef]

http://doi.org/10.1111/1541-4337.12379
http://doi.org/10.3390/foods7010004
http://doi.org/10.1016/j.foodchem.2019.03.061
http://doi.org/10.1016/j.ijfoodmicro.2012.12.002
http://doi.org/10.3390/ijerph18073360
http://www.ncbi.nlm.nih.gov/pubmed/31464393
http://doi.org/10.1021/jf103649q
http://www.ncbi.nlm.nih.gov/pubmed/21141962
http://doi.org/10.1016/S0009-8981(99)00246-6
http://doi.org/10.1080/10408398.2010.529624
http://www.ncbi.nlm.nih.gov/pubmed/23216001
http://doi.org/10.1016/j.jfda.2016.01.004
http://www.ncbi.nlm.nih.gov/pubmed/28911562
http://doi.org/10.1080/01635580903441261
http://www.ncbi.nlm.nih.gov/pubmed/20432172
http://doi.org/10.3177/jnsv.65.S217
http://doi.org/10.1021/jf034466n
http://doi.org/10.1080/10408398.2014.922046
http://doi.org/10.3402/fnr.v60.32941
http://doi.org/10.1016/j.foodchem.2020.127157
http://doi.org/10.1016/j.foodchem.2015.04.074
http://doi.org/10.1016/j.foodres.2017.08.035
http://doi.org/10.1016/j.foodchem.2016.05.192
http://www.ncbi.nlm.nih.gov/pubmed/27374539
http://doi.org/10.1016/j.fm.2014.09.010
http://www.ncbi.nlm.nih.gov/pubmed/25475318
http://doi.org/10.1016/j.foodchem.2019.03.123
http://www.ncbi.nlm.nih.gov/pubmed/31000059
http://doi.org/10.1016/j.foodchem.2015.05.099
http://www.ncbi.nlm.nih.gov/pubmed/26212976
http://doi.org/10.1016/j.mehy.2016.11.009
http://doi.org/10.1093/alcalc/agx045
http://doi.org/10.1016/j.tox.2005.03.014
http://doi.org/10.12659/MSM.913375
http://doi.org/10.1093/jn/137.6.1493
http://doi.org/10.1136/jcp.54.5.339
http://www.ncbi.nlm.nih.gov/pubmed/11328830
http://www.ncbi.nlm.nih.gov/pubmed/23720289
http://doi.org/10.3748/wjg.v13.i35.4755


Molecules 2021, 26, 4978 16 of 16

77. Anuyahong, T.; Chusak, C.; Thilavech, T.; Adisakwattana, S. Postprandial Effect of Yogurt Enriched with Anthocyanins from
Riceberry Rice on Glycemic Response and Antioxidant Capacity in Healthy Adults. Nutrients 2020, 12, 2930. [CrossRef] [PubMed]

78. Chusak, C.; Pasukamonset, P.; Chantarasinlapin, P.; Adisakwattana, S. Postprandial Glycemia, Insulinemia, and Antioxidant
Status in Healthy Subjects after Ingestion of Bread made from Anthocyanin-Rich Riceberry Rice. Nutrients 2020, 12, 782. [CrossRef]

79. Hou, Z.; Qin, P.; Ren, G. Effect of anthocyanin-rich extract from black rice (Oryza sativa L. Japonica) on chronically alcohol-induced
liver damage in rats. J. Agric. Food Chem. 2012, 58, 3191–3196. [CrossRef]

80. Wu, T.; Guo, X.; Zhang, M.; Yang, L.; Liu, R.; Yin, J. Anthocyanins in black rice, soybean and purple corn increase fecal butyric
acid and prevent liver inflammation in high fat diet-induced obese mice. Food Funct. 2017, 8, 3178–3186. [CrossRef] [PubMed]

81. Guo, H.; Ling, W.; Wang, Q.; Liu, C.; Hu, Y.; Xia, M.; Feng, X.; Xia, X. Effect of anthocyanin-rich extract from black rice (Oryza
sativa L. indica) on hyperlipidemia and insulin resistance in fructose-fed rats. Plant. Foods Hum. Nutr. 2007, 62, 1–6. [CrossRef]
[PubMed]

82. Arjinajarn, P.; Chueakula, N.; Pongchaidecha, A.; Jaikumkao, K.; Chatsudthipong, V.; Mahatheeranont, S.; Norkaew, O.;
Chattipakorn, N.; Lungkaphin, A. Anthocyanin-rich Riceberry bran extract attenuates gentamicin-induced hepatotoxicity by
reducing oxidative stress, inflammation and apoptosis in rats. Biomed. Pharm. 2017, 92, 412–420. [CrossRef] [PubMed]

83. Toyokuni, S.; Itani, T.; Morimitsu, Y.; Okada, K.; Ozeki, M.; Kondo, S.; Uchida, K.; Osawa, T.; Hiai, H.; Tashiro, T. Protective
effect of colored rice over white rice on Fenton reaction-based renal lipid peroxidation in rats. Free Radic. Res. 2002, 36, 583–592.
[CrossRef] [PubMed]

84. Cásedas, G.; González-Burgos, E.; Smith, C.; López, V.; Gómez-Serranillos, M.P. Regulation of redox status in neuronal SH-SY5Y
cells by blueberry (Vaccinium myrtillus L.) juice, cranberry (Vaccinium macrocarpon A.) juice and cyanidin. Food Chem. Toxicol.
2018, 118, 572–580. [CrossRef]

85. Deng, J.; Cheng, J.; Liao, X.; Zhang, T.; Leng, X.; Zhao, G. Comparative study on iron release from soybean (Glycine max) seed
ferritin induced by anthocyanins and ascorbate. J. Agric. Food Chem. 2010, 58, 635–641. [CrossRef]

http://doi.org/10.3390/nu12102930
http://www.ncbi.nlm.nih.gov/pubmed/32987943
http://doi.org/10.3390/nu12030782
http://doi.org/10.1021/jf904407x
http://doi.org/10.1039/C7FO00449D
http://www.ncbi.nlm.nih.gov/pubmed/28792056
http://doi.org/10.1007/s11130-006-0031-7
http://www.ncbi.nlm.nih.gov/pubmed/17187297
http://doi.org/10.1016/j.biopha.2017.05.100
http://www.ncbi.nlm.nih.gov/pubmed/28558354
http://doi.org/10.1080/10715760290025960
http://www.ncbi.nlm.nih.gov/pubmed/12150546
http://doi.org/10.1016/j.fct.2018.05.066
http://doi.org/10.1021/jf903046u

	Introduction 
	Results 
	Anthocyanin Content of Riceberry™ Rice Flour (PRBF) Using Plasma Technology 
	Effect of PRBF Treatment on BW and OWI 
	Effect of PRBF Treatment on Hematopoiesis 
	Effect of PRBF Treatment on Erythrocyte SOD Activity 
	Effect of PRBF on Plasma TAC 
	Effect of PRBF on Plasma and Liver TBARS 

	Discussion 
	Materials and Methods 
	Chemicals and Reagents 
	Methods 
	Production of Riceberry Rice Flour Using Plasma Technology 
	HPLC Analysis of Anthocyanin Content 
	Animal Care 
	Iron Loading and PRBF Treatment in Mice 
	Hematological Parameter Analysis 
	SOD Activity Assay 
	Determination of Plasma Antioxidant Capacity 
	Quantification of Plasma and Liver TBARS 
	Statistical Analysis 


	Conclusions 
	References

