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ABSTRACT: This study investigated the protective effects of cereal grains on alcohol-induced hepatocyte damage. Cereal
grains were extracted with methanol, and their radical scavenging properties and total phenolic contents were examined.
Black rice extract exhibited the highest total polyphenol content and radical scavenging capacity. Treatment with sorghum
extract increased the viability of cells exposed to alcohol by up to 81.6%. All cereal grain extracts decreased reactive oxygen
species and malondialdehyde production and glutathione depletion in HepG2 cells exposed to ethanol. In particular, black
rice and sorghum extracts exhibited greater antioxidant effects than other cereal grains. Treatment with black rice extract
increased the levels of alanine aminotransferase and aspartate aminotransferase of alcohol-exposed cells to control levels.
Overall, black rice extract showed a greater protective effect compared with other cereal grains against alcohol exposure in

HepG2 cells and could improve alcohol-induced liver problems.
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INTRODUCTION

Reactive oxygen species (ROS) are highly reactive mole-
cules, and high levels of ROS can damage complex cel-
lular molecules (Cederbaum et al., 2009). Under acute or
chronic alcohol exposure, ROS production is increased,
and antioxidant enzyme levels are decreased. Alcohol con-
sumption enhances oxidative stress in various organs, par-
ticularly the liver (Albano, 2002; Dey and Cederbaum,
2006). Lipid oxidation, which is facilitated by free radi-
cals, is considered as a principal mechanism leading to cell
membrane degradation and cellular injury (Mohan and
Priya, 2010). Alcoholic liver disease (ALD) is a significant
contributor to global illness and mortality; thus, the ef-
fects of ethanol on health have been extensively inves-
tigated (Calabrese et al., 1996). According to a previous
study, ALD is related to excessive ROS generation from
alcohol metabolism (Purohit et al., 2003).

Polyphenols are present in fruits, vegetables, and grains,
and various factors, including genetics, environmental
conditions, and processing methods, can affect their quan-
tities and types (Kris-Etherton et al., 2002). Cereal grains
are major sources of energy and nutrients worldwide (Liu,
2007). Phenolic acids, flavonoids, and tannins are the pri-

mary phenolic compounds found in cereal grains; these
compounds regulate cellular oxidative balance and protect
essential biological molecules such as DNA, proteins, and
membrane lipids from oxidative damage (Yu et al., 2002).
Previously, the consumption of whole cereal grains has
been associated with reduced severity of metabolic syn-
drome and related chronic conditions including type 2 dia-
betes and cardiovascular disease (Rippe and Angelopoulos,
2016). The antioxidant effects of cereal grains, including
black rice (Hu et al., 2003), oats (Handelman et al., 1999),
sorghum (Awika et al., 2003), barley (Kim et al., 2012),
and adlay (Kim et al., 2012), have been well documented.
Among them, brown rice is rich in phenolic acids, which
exhibit antioxidative properties that protect cells from ox-
idative stress (Ravichanthiran et al., 2018). With the in-
creasing desire to maintain a nutritious diet, there is a
growing demand for diverse varieties of whole grain rice,
including brown rice, black rice, barley, oats, and beans
(Han et al., 2012). HepG2 cells are considered as an effec-
tive model for investigating xenobiotic metabolism and
liver toxicity in vitro. Moreover, they are suitable for study-
ing the effects of compounds on cytoprotection, genotox-
icity, and antigenotoxicity (Knasmiiller et al., 2004). This
characteristic is because of their ability to retain various
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antioxidant and phase II enzymes (Knasmiiller et al.,
2004). The present study aimed to explore the hepato-
protective properties of methanolic extracts derived from
commonly consumed grains in Korea, including white rice,
brown rice, black rice, barley, oats, adlay, and sorghum. In
addition, the correlation between antioxidant activity and
the protective effects of these extracts against alcohol-in-
duced oxidative stress in HepG2 cells was examined.

MATERIALS AND METHODS

Chemicals

Gallic acid, Folin-Ciocalteu reagent, 2,2-diphenyl-1-pic-
rylhydrazyl (DPPH), glutathione (GSH) reductase, 2,2’-
azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)
diammonium salt, 6-hydroxy-2,5,7,8-tetramethylchroman-
2-carboxylic acid (Trolox), 2’,7’- dichlorofluorescein diace-
tate, reduced GSH, 3-(4,5-dimethylthiazol-2-y1)-2,5-diphe-
nyltetrazolium bromide (MTT), and absolute ethanol were
purchased from Sigma-Aldrich. All other solvents and re-
agents used were of analytical grade.

Preparation of cereal grain extracts

Cereal grains such as black rice, brown rice, adlay, sor-
ghum, oats, barley, and white rice were obtained from a
local market in Cheongju, Korea. Each cereal grain (30 g)
was washed with distilled water, dried, and milled into
flour. Subsequently, 5 g of cereal flour was combined
with 100 mL of methanol and shaken at 23°C for 18 h.
The obtained mixture was filtered using Whatman No. 2
filter paper (GE Healthcare). Subsequently, the extrac-
tion solvents were eliminated using a vacuum evaporator
(EYELA N-1000, Rikakikai Co.). The remaining residues
were dissolved in dimethyl sulfoxide (DMSO) and stored
at —70°C until use.

Determination of antioxidant activity

The total polyphenol content was measured using the
Folin-Ciocalteu method (Dewanto et al., 2002). The re-
sults were expressed as milligrams of gallic acid equiv-
alent (GAE) per sample weight. The DPPH radical scav-
enging activity was determined in accordance with the
method of Kim et al. (2002). The DPPH radical scaveng-
ing activity was quantified as Trolox equivalent antioxi-
dant capacity, denoted in milligrams of Trolox equivalent
per sample weight. The ABTS radical scavenging activity
was measured in accordance with the method of Re et
al. (1999). The absorbance was measured at 735 nm us-
ing a spectrophotometer.

Cell culture and cytotoxicity
HepG2 cells were obtained from the Korean Collection
for Type Cultures and cultured in Dulbecco’s modified

Eagle’s medium supplemented with 10% heat-inactivated
fetal bovine serum, 100 U/mL of penicillin, 100 pg/mL
of streptomycin, and 5.5 mM D-glucose. Subsequently,
the cells were maintained in a humidified incubator with
5% CO; at 37°C. The cells were then treated with cereal
grain extracts (25 ug/mlL) for 24 h, and MTT assay was
conducted to evaluate the cytotoxicity of each sample. In
addition, HepG2 cells were exposed to 3% alcohol and
cereal grain extracts for 24 h to evaluate the protective
effects of cereal grains (25 pg/mL) against alcohol-in-
duced stress. After 24 h, MTT assay was conducted. The
final DMSO concentration never exceeded 0.1% (v/v) in
any treatment group.

Determination of intracellular ROS levels

Intracellular ROS levels were measured in accordance
with the method of Wang and Joseph (1999). The fluo-
rescence intensity, which indicates intracellular ROS pro-
duction, was assessed using a fluorescence spectropho-
tometer (Perkin-Elmer) for 2 h, with an excitation wave-
length of 485 nm and emission wavelength of 530 nm.

Determination of hepatic alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) levels

The ALT and AST levels in the culture medium were as-
sessed using commercially available assay kits (BioVision),
in accordance with the manufacturer’s instructions.

Determination of GSH levels and lipid peroxidation

The intracellular GSH levels were assessed using the mod-
ified 5,5’-dithiobis (2-nitrobenzoic acid)-GSH disulfide re-
ductase recycling method, as outlined in the study of
Baker et al. (1990). The degree of lipid peroxidation was
evaluated by quantifying malondialdehyde (MDA) levels
using the thiobarbituric acid reactive substances assay,
as detailed in the study of Buege and Aust (1978).

Statistical analysis

The results were expressed as mean=*standard error and
derived from three or more independent experiments. Sta-
tistical analyses were performed using one-way analysis
of variance with SAS version 9.0 (SAS Institute). Statis-
tical significance was considered at P<0.05. The results
of correlation analysis regarding the cytoprotective effects
and antioxidant capacity of cereal grains were presented
as Pearson correlation coefficients using IBM SPSS Sta-
tistics version 24.0 (IBM Corp.).

RESULTS AND DISCUSSION

Polyphenolic contents and antioxidant activities of cereal
grains
Polyphenols have antioxidative properties that can inhib-
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Table 1. Polyphenolic contents and antioxidant activities of cereal grains

Total polyphenol ABTS DPPH
(mg GAE/g sample) (mg TEAC/g sample) (mg TEAC/g sample)
White rice 0.56+0.02¢ 15.8840.61° 0.7740.12°
Barley 0.80+0.02° 7.76+0.02¢ 1.5440.10°
Oat 0.1940.02° 3.22+051° 0.3740.10°
Adlay 0.2340.01° 3.7940.29° 0.38+0.08°
Brown rice 0.83+0.02° 8.03+0.08° 1.16£0.09°
Black rice 5.4440.17° 79.37+0.46° 10.83+1.56°
Sorghum 4.73+0.16 52.8141.26 7.49+1.65°

Values are presented as the meanzSD.

Different letters in the same column (a-e) indicate a significant difference (ANOVA and Duncan’s test, £<0.05).
ABTS, 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid); DPPH, 2,2-diphenyl-1-picrylhydrazyl; GAE, gallic acid equivalent; TEAC,

Trolox equivalent antioxidant capacity.

it free-radical-induced tissue damage by preventing radi-
cal formation, scavenging, or promoting decomposition
(Ratnam et al., 2006). Hence, polyphenol levels need to
be quantified, and their impact on antioxidant capabil-
ities need to be evaluated. The polyphenol content in the
methanolic extracts of seven grains was measured as milli-
grams of GAE per gram of sample (Table 1). The polyphe-
nolic contents of black rice (5.44+0.17 mg GAE/g) and
sorghum (4.73+0.16 mg GAE/g) were remarkably higher
compared with those of other cereal grains. These results
suggest that compounds that contribute to pigmentation,
including anthocyanins, can enhance polyphenol levels
and antioxidant activity (Dykes and Rooney, 2007). In
methanolic extracts, brown rice exhibited higher polyphe-
nolic levels compared with white rice. According to a pre-
vious study, the milling process can eliminate a substan-
tial portion of polyphenolics (Choi et al., 2007). The anti-
oxidant activity of cereal grains was evaluated using DPPH
and ABTS radical scavenging activity (Table 1). Black rice
extract showed the highest antioxidant capacity, followed
by sorghum extract. Phenolic compounds possess potent
antioxidant capabilities because of the hydroxyl substit-
uents on their aromatic rings, which enable them to ef-
fectively neutralize free radicals and prevent the forma-

tion of superoxide anion radicals (Tsao, 2010). Total phe-
nols are strongly correlated with antioxidant activity, in-
dicating that phenolic compounds contribute significant-
ly to antioxidant activity (Turumtay et al., 2014). Nota-
bly, pigmented black rice and sorghum exhibited notably
higher antioxidant activities and contained higher levels
of polyphenolic compounds compared with other cereal
grains. These findings are consistent with the results of
Choi et al. (2007), who also observed relatively higher an-
tioxidant activity levels in black rice and red sorghum.

Protective effects of cereal grains against alcohol-induced
oxidative stress

None of the seven grain extracts affected the cytotoxicity
of HepG2 cells at the specified concentration (25 pg/mL)
for 24 h (Fig. 1A). However, ethanol exposure reduced
cell viability. Cells exposed to ethanol concentrations ex-
ceeding 3% exhibited greatly reduced cell viability (Fig.
1B). Consequently, the noncytotoxic concentrations of
grains (25 pg/mL) and cytotoxic concentration of 3% eth-
anol were selected for further evaluation. MTT assay was
conducted to assess the protective effects of cereal grains
against ethanol-induced toxicity in HepG2 cells. As shown
in Fig. 1C, alcohol exposure significantly decreased HepG2
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Fig. 1. Cytotoxic effect of cereal grain extracts (A) and ethanol (B) on cell viability. Protective effect of cereal grain extracts on
the cell viability of HepG2 cells exposed to alcohol (C). Values are the mean+SD. Different letters (a-e) indicate a significant differ-

ence (ANOVA and Duncan’s test, £<0.05). ns, not significant.
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cell viability by 57.1% compared with the control group.
However, treatment with sorghum, black rice, and brown
rice extracts significantly increased cell viability, with sor-
ghum extracts showing the highest cell viability (81.6%).
These results suggest that brown rice, black rice, and
sorghum can efficiently protect hepatocytes from dam-
age mediated by alcohol-induced oxidative stress. The re-
lease of hepatic transaminase is the main marker of he-
patic damage (Dufour et al., 2000). Hepatotoxicity can be
assessed by directly measuring the levels of hepatic trans-
aminases released into the culture medium (Liu et al.,
2005). In Fig. 2, ethanol treatment increased ALT and
AST levels compared with the control cells, and this ele-
vation was effectively mitigated by treatment with cereal
grains. Ethanol exposure significantly augmented the re-
lease of ALT and AST from the cytoplasm into the cul-
ture medium, which is consistent with previous reports
in vivo and in vitro (Yao et al., 2007). A previous study
showed that polyphenol compounds, such as rutin, have
hepatoprotective effects (Pan et al., 2014). Therefore, the
cytoprotective effects of cereal grains might be associated
with their phenolic compounds, and black rice and red
sorghum could exhibit therapeutic potential in the treat-
ment of liver damage.

Ethanol (3%) (ANOVA and Duncan’s test, 2<0.05).

Intracellular antioxidant activity of cereal grains
Intracellular ROS production was measured to assess
whether cereal grains can attenuate alcohol-induced oxi-
dative stress in HepG2 cells. As shown in Fig. 3A, all
grains inhibited ROS generation compared with alcohol
treatment alone. Remarkably, treatment with black rice
and sorghum significantly reduced ROS generation. This
finding indicates that cereal grains have a hepatoprotec-
tive effect against ethanol-induced liver damage. In the
progression of liver diseases associated with alcohol con-
sumption, the harmful effects of ethanol primarily stem
from oxidative stress, marked by the overproduction of
ROS and MDA, along with the reduction of GSH levels
(Senthil Kumar et al., 2012). Cellular ROS accumulation
is a key indicator of oxidative damage to living cells. More-
over, elevated ROS levels resulting from alcohol metabo-
lism are linked to decreased hepatocyte viability (Lu and
Cederbaum, 2008).

MDA levels were measured to examine the effect of ce-
real grains on alcohol-induced lipid peroxidation (Fig. 3B).
Treatment with cereal grain extracts prevented the ele-
vation of MDA levels against alcohol damage. In partic-
ular, treatment with black rice, sorghum, and brown rice
completely inhibited the elevation of MDA to levels near
those of the control. The excessive ROS produced dur-

A B C
£ 200 = 30 - = 201
[0] [0]
8 a ° a ° a a
‘5 150 A b S ab b a 15 -
o\o° 4 c . %5 20 - ab o @ . 5
< g fof =) c =
S 100 £ . ¢ E 104,
= 3 3
S € 10 1S
$ 50 H £ =l
Q < T
o 3 & |"|
a0 L S 0 O 0 . .
o .. .. ..
= & S P & «\“’Q’v\\o@ © q}\@\ & b\'b* & @)@ & \0* & b\'b* «\"Q’ «\“’Q’v\\o@
¥ AR & S & Nk ARSI
@ Q)\O <b\ %) @ 60 Q\ =) @ Q)\o <b\ o

Ethanol (3%)

Ethanol (3%)

Ethanol (3%)

Fig. 3. Effect of cereal grain extracts (25 pg/mL) on reactive oxygen species (ROS) generation (A), lipid peroxidation (B), and gluta-
thione (GSH) depletion (C) in HepG2 cells exposed to alcohol. Values are the mean+£SD. Different letters (a-g) indicate a significant
difference (ANOVA and Duncan’s test, ~<0.05). MDA, malondialdehyde.
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ing ethanol metabolism swiftly interact with lipid mem-
branes. The intracellular concentration of MDA directly
reflects the peroxidation of membrane unsaturated fatty
acids and has been assessed as a biomarker for ethanol-
induced oxidative damage in hepatocytes (Shah et al.,
2014). To prevent damage from ROS, cells possess an an-
tioxidant defense mechanism that encompasses nonen-
zymatic antioxidants such as GSH, which operates with-
in the cellular thiol/disulfide system (Barrera, 2012). In-
tracellular GSH levels were significantly decreased by eth-
anol exposure, whereas treatment with cereal grains pre-
vented hepatic GSH depletion induced by ethanol (Fig.
3C). In particular, treatment with black rice and sorghum
significantly increased GSH generation, exceeding the con-
trol values. During periods of oxidative stress, endoge-
nous GSH is utilized, leading to rapid depletion of GSH
at the cellular level (Ekléw-Lastbom et al., 1986). Alco-
hol-induced ROS generation plays a crucial role in the
onset of ALDs and in suppressing the expression of cy-
toprotective genes (Das and Vasudevan, 2007; Motohashi
et al, 2010). Therefore, reducing ROS accumulation
through the cellular antioxidant defense system could
aid in maintaining intracellular redox homeostasis. These
findings indicate that treatment with cereal grains signif-
icantly mitigated the ethanol-induced depletion of GSH,
lipid peroxidation, and ROS generation in HepG2 cells.

Correlation between hepatoprotective potential and
antioxidant activities

The relationship between hepatoprotective potential and
antioxidant activities is shown in Table 2. Overall, anti-
oxidant activities showed a positive correlation with GSH
levels and protective effects, whereas they showed a neg-
ative correlation with oxidative stress biomarkers, includ-
ing MDA, ROS, ALT, and AST levels in HepG2 cells. In
particular, a strong correlation was observed between to-
tal polyphenol content and hepatoprotection. These re-
sults suggest that polyphenol compounds play a major
role in hepatoprotection against ethanol-induced oxida-
tive stress. The relationship between antioxidant activities
and hepatoprotective potential of methanolic plant ex-
tracts has been explored (Gutierrez and Navarro, 2010;
Srirama et al., 2012). Previous studies have demonstrated
the presence of anthocyanins, particularly cyanidin-3-O-

glucoside and peonidin-3-O-glycoside, in the aleurone lay-
er of black rice, which enhance cell viability (Ryu et al.,
1998; Hu et al., 2003; Lee, 2010). Anthocyanins contrib-
ute to antioxidant activities, which are associated with
the alleviation of oxidative stress (Hu et al., 2003). Park
et al. (2008) observed that the anthocyanins found in
black rice, including cyanidin-3-O-glucoside and peoni-
din-3-O-glycoside, exhibited potent antioxidant proper-
ties in vitro. Furthermore, cyanidin-3-O-glucoside, iso-
lated from black rice, demonstrated hepatoprotective ef-
fects by scavenging superoxide anion radicals in HepG2
cells (Shim et al., 2006). A previous study has also shown
that certain cereals such as sorghum contain antioxi-
dants comparable to those found in fruits and vegetables
(Awika and Rooney, 2004).

In conclusion, excessive alcohol consumption was close-
ly linked to irreversible liver damage, largely because of
the heightened oxidative stress characterized by increas-
ed lipid peroxidation and elevated ROS production. The
methanolic extracts of cereal grains could decrease ROS
and MDA levels and GSH depletion induced by alcohol
exposure in HepG2 cells. In particular, the antioxidant
activity of extracts from black rice and sorghum could al-
leviate oxidative stress induced by alcohol. Therefore,
the development of dietary supplements, including col-
ored grains such as black rice and red sorghum, holds
promise for protection against alcoholic liver damage.
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