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Abstract: Serial alcohol consumption causes alcoholic liver disease (ALD), which can lead to fatty
liver, hepatitis, and cirrhosis. Terminalia ferdinandiana (Kakadu plum) is an indigenous fruit of
Australia, which is utilized as a functional food. It is a commercially important antioxidant as it
contains a more eloquent level of ascorbic acid than other oranges. In this study, we analyzed the
chemical constituents of vitamin C, gallic acid, ellagic acid, and daidzin via High-performance liquid
chromatography (HPLC) in the Kakadu plum from two different regions including the Northern
Territory (NT) and Western Australia (WA), and compared their biochemical properties. The vitamin
C content was much higher (almost 70%) in Kakadu plum (KKD) from the NT than WA. Moreover,
ROS generation was inhibited significantly in HepG2 (human hepatoma) cells with the KKD-NT
extract treatment when compared to the KKD-WA extract treatment. The cytotoxicity produced
by ethanol was significantly suppressed in response to the treatment with both of the samples. In
addition, our samples (KKD-NT and KKD-WA) increased the activity of two key enzymes involving
alcohol dehydrogenase (ADH) and aldehyde dehydrogenase (ALDH) that metabolize ethanol. These
results show the biochemical confirmation of the mechanism by which KKD exhibits its biological
functions including relief from alcohol hangovers as well as protection of the liver cells by the
suppression of ROS production and toxic insults.

Keywords: Kakadu plum; ethanol metabolism; liver; toxicity; ROS generation

1. Introduction

A moderate amount of alcohol can promote the body’s metabolism rate and reduce
the risk of cardiovascular difficulties. However, long-term, heavy alcohol consumption can
cause hangovers and other health issues including hepatitis, liver cirrhosis and fatty liver,
muscle pain, etc. [1–3]. A meta-analysis and case-cohort study indicated that heavy alcohol
drinking is associated with being a major risk factor for gastric cancer [4,5]. In 2014, gastric
cancer was the second most common cause of morbidity and the third most common cause
of mortality in South Korea [6]. Numerous mechanisms are known to explain alcohol-
induced hepatotoxicity, among these, the generation of reactive oxygen species (ROS) leads
to oxidative stress, which is one of the most extensively studied mechanisms [7,8]. In
addition, the antioxidant level of the liver cells is inhibited by ethanol-induced oxidative
stress [9,10].

Liver is a primary organ that regulates alcohol metabolism as it contains an abundant
amount of alcohol metabolizing enzymes [11]. Alcohol can be metabolized by oxidative
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and non-oxidative pathways in the liver [12]. These pathways involve several enzymes
such as alcohol dehydrogenase (ADH), aldehyde dehydrogenase (ALDH), microsomal
ethanol oxidizing system (MEOS, CYP2E1), and catalase (less significant) [13]. The most
important pathway for alcohol metabolism is represented by alcohol dehydrogenase and
acetaldehyde dehydrogenase enzymes widely distributed in the liver. ADH enzymes
oxidize ethanol into acetaldehyde, which is broken down further into acetate by ALDH
enzymes [14,15]. In addition, the chronic use of alcohol promotes the production of
ROS [16]. Moreover, in mitochondria, NADH is reoxidized into NAD+, which causes an
imbalance in the intracellular redox state that leads to an increase in oxidative stress [17].
The excessive consumption of alcohol also increases the activity of cytochrome P450 2E1
(CYP2E1) but not ADH, and this activated enzyme can produce acetaldehyde via the
formation of ROS [18]. Large amounts of ROS can cause cellular dysfunction and could
eventually lead to cell death [19]. In higher concentrations, both acetaldehyde and ROS can
cause harmful effects such as nausea, vomiting, sweating, and a rapid pulse. Therefore, it
is important to eliminate excess ethanol and acetaldehyde from our body to prevent severe
liver damage [20].

For thousands of years, herbal remedies have been used to cure alcoholic disorders in
several cultures. Terminalia ferdinandiana, commonly known as the Kakadu plum (KKD), is
traditionally the most popular fruit in Australian Aboriginal populations. KKD is found
mostly in the Northern Territory (NT) and Western Australia (WA), and is considered to
be a medicine rather than food by certain tribes [21–23]. In WA, KKD is known as the
bush plum, billygoat plum, gubinge, and Nyaninyari [3]. In the NT, the Aboriginal people
use this fruit as an important commercial product to provide them with a livelihood [23].
The KKD was traditionally used as a refreshing drink for children and adults in WA: it
was consumed for energy and refreshment on hunting trips [24]. The fruit contains a
large amount of vitamin C (L-ascorbic acid) along with a wide range of phytochemicals,
such as phenolic compounds and flavonoids, which includes gallotannins, ellagitannins,
phenolic acids, proanthocyanidins, ellagic and gallic acid [25,26]. T. ferdinandiana is a
potential antioxidant [27–29] and possesses pharmacological activities against cancer [30],
rheumatoid arthritis [31], inflammation [32], bacteria [33], and so on. An investigation
revealed that ascorbic acid from T. ferdinandiana has a protective effect against the chronic
toxicity of acetaldehyde, which arises from heavy alcohol drinking. In contrast, the levels
of ascorbic acid in the body are known to be lowered in alcoholics [34]. However, the
protective mechanism of KKD on ethanol metabolism have not yet been reported. In this
study, we focused on developing an in vitro model to investigate the protective effect of
the KKD from two states of Australia (KKD-NT and KKD-WA) against ethanol (ETOH)-
induced cytotoxicity in HepG2 cells. We also investigated the effects of the KKD fruit on
two key enzymes (ADH and ALDH) with regard to alcohol metabolism along with the
antioxidant effect of the KKD on alcohol-induced HepG2 cells.

2. Materials and Methods
2.1. Chemical and Reagents

HepG2 cells, a human liver cancer cell line, were obtained from ATCC. Roswell
Park Memorial Institute Medium (RPMI 1640) (GenDEPOT Inc Katy, TX, USA.) and 10%
fetal bovine serum (FBS) were purchased from Welgene (Daegu, Korea); penicillin and
streptomycin (P/S) were obtained from GenDEPOT. Dimethyl sulfoxide (DMSO), 30-(4,5-
dimethylthiazole-2yl)-2,5-diphenyltetrazolium bromide (MTT), and nicotinamide adenine
dinucleotide (NAD) were obtained from Sigma Chemical Co. (St. Louis, MO, USA).

2.2. Collection of Fruit Materials

T. ferdinandiana (Kakadu plum) grows across huge areas in two states of Australia
including the Northern Territory (NT) and Western Australia (WA). The different environ-
mental conditions in WA and NT may affect the accumulation of secondary metabolites
in the fruit. Therefore, our study investigated the individual efficacy of the Kakadu plum
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from the two different states on alcoholism. For our study, the native Australian fruit (T. fer-
dinandiana) from the Northern Territory (KKD-NT) were provided by KAKADU LIFE NT
(Canning Vale, Australia) and the fruit from Western Australia (KKD-WA) were provided
by KIMBERLEY WILD GUBINGE (Kimberley, Australia) as dried fruits.

Pomegranate was purchased from POM wonderful LLC (Los Angeles, CA, USA),
oranges and lemons were obtained from Sunkist Growers Inc. (Ontario, CA, USA), blueber-
ries and raspberries were purchased from WOOYANG CO.LTD (Seocheon-gun, Korea):
these fruits were collected as fresh fruits. We selected these fruits as they are a common
source of vitamin C and are commercial products that are readily available for people to
purchase in markets.

2.3. Extract Preparation

The fresh fruits, pomegranate, lemons, oranges, blueberries, and raspberries were
dried for 3 days in a hot air oven (60 ◦C). These dried fruits and the dried Kakadu plum
fruits (KKD-NT and KKD-WA) were then separately ground using a blender to optimize
the extraction process. The extraction of all fruit samples was accomplished by the reflux
method. Briefly, 2 g of powdered sample was boiled with 40 mL of water for 2 h at 95 ◦C
with three repetitions. Whatman filter paper no. 41 was used to filter the mixture in each
processing time and the cooled filtrate was collected. Then, the solvent was evaporated
through rotary evaporator. Finally, to determine the extraction yield from the crude fruit,
extracts were collected and weighed.

2.4. HPLC System and Condition for Analysis of Chemical Contents of Fruits

Before loading into the high-performance liquid chromatography (HPLC) system, the
supernatant obtained after centrifugation was passed through 0.45 µm syringe filter. The
HPLC system condition for analyzing vitamin C, phenolic compounds, and isoflavones is
shown in (Table 1) below:

Table 1. HPLC system and condition for analysis of vitamin C, phenolic acids, and isoflavones.

System/Condition

Compound

Vitamin C Phenolic Acids (Gallic Acid
and Ellagic Acid) Isoflavones (Daidzin)

Flow rate 1.0 mL/min 1.0 mL/min 0.8 mL/min

Wavelength 254 nm 260 nm 254 nm

Injection Volume 10 µL 5 µL 10 µL

Solvents

Gradient eluent:
A: 0.1% Acetic acid in water

B: 0.1% Acetic acid
in methanol/water (90:10)

Gradient eluent:
A: Methanol

B: 0.1% Acetic acid
in water

Gradient eluent:
A: 0.1% Acetic acid in water

B: Acetonitrile

Column Temperature 25 ◦C 35 ◦C 35 ◦C

The Agilent 1260 Infinity Quaternary Pump (G1311B), Agilent 1260 Infinity Standard
Autosampler (G1329B), Agilent 1260 Infinity Column Thermostat Compartment (G1316A),
and Agilent 1260 Infinity Variable Wavelength Detector (G1314F) made up the instrument
system, and ZORBAX Eclipse Plus C18 column (250 mm × 4.6 mm, 5 µm particle size) (Mil-
ford, MA, USA) was chosen as a stationary phase. For vitamin C (L-ascorbic acid) analysis,
the eluent composition was as follow: (0–5 min, 0.5% B; 5–12 min, 90% B; 12–12.5 min 0.5%
B; 12.5–15 min, 0.5% B). The respective gradient elution compositions for phenolic acids and
isoflavones were as follows: (0–8 min, 90–80% B; 8–30 min, 80–55% B; 30–60 min, 55–30%
B) and (0–16 min, 15–30% B; 16–34 min, 30–100% B; 34–40 min, 100–100% B; 40–41 min,
100–15% B; 41–42 min 15–15% B), results shown in (Table 2). To validate the HPLC quan-
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titative data in terms of linearity, the Limit of Detection (LOD), Limit of Quantification
(LOQ), and recovery tests (Table 3) were applied according to Mohapatra et al., 2021 [35].

Table 2. Total amount of vitamin C, phenolics, total flavonoids of KKD-NT and KKD-WA and
other fruits.

Samples
Vitamin C

(L-Ascorbic Acid)
(mg/g DW)

Gallic Acid
(mg/g DW)

Ellagic Acid
(mg/g DW)

Daidzin
(mg/g DW)

Total Phenolics
(mg GAE/g

DW *)

Total Flavonoids
(mg QE/g DW **)

KKD-NT 88.66 ± 2.92 3.67 ± 0.16 0.11 ± 0.02 0.05 ± 0.01 147.2 ± 0.70 1.30 ± 0.01
KKD-WA 52.83 ± 1.85 5.10 ± 0.03 0.36 ± 0.01 0.04 ± 0.00 115.2 ± 2.12 1.10 ± 0.02

Pomegranate T 0.13 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 16.66 ± 1.32 0.32 ± 0.02
Orange 0.03 ± 0.00 T ND ND 27.01 ± 1.14 0.94 ± 0.03
Lemon 0.11 ± 0.00 T T ND 19.52 ± 0.84 0.66 ± 0.01

Blueberry T T ND T 21.96 ± 1.58 0.86 ± 0.06
Raspberry 0.01 ± 0.00 T 0.02 ± 0.00 T 25.79 ± 2.47 0.63 ± 0.03

* mg GAE/g DW: mg gallic acid equivalents (mg GAE)/g dry weight (DW) of fruits; ** mg QE/g DW: mg
quercetin equivalents (mg QE)/g dry weight (DW) of fruits.

Table 3. Parameter of calibration curves and recovery rates of the reference standard compounds.

Standard Solvent Regression
Equations R2 LOD

(mg/mL)
LOQ

(mg/mL)
Recovery

(%)
RSD
(%)

L-Ascorbic acid 0.1% (v/v) 1 M HCL y = 20,641x + 99 0.99998 2.01 6.71 99.13 0.24
Gallic acid

Methanol
y = 14,948x + 113.86 0.99971 1.75 5.84 99.87 0.08

Ellagic acid y = 43,616x − 34.482 0.99999 0.57 1.90 99.35 0.12
Daidzin y = 86,955x − 72.593 0.99981 0.39 1.31 98.50 0.45

LOD = Limit of Detection; LOQ = Limit of Quantitation; RSD = Relative Standard Deviation.

2.5. Cell Culture and Treatment

HepG2 cells were grown in the culture medium RPMI 1640 with 10% FBS and 1%
penicillin. Cells were cultured in a humidified incubator at 37 ◦C with 5% CO2 atmosphere.
Approximately 1.0 × 104 cells/cm2 HepG2 cells were seeded in a 96-well plate and grown
to reach 80% confluency in the CO2 incubator. Post confluent cells were co-treated with 4%
ethanol with or without KKD-NT and KKD-WA of different concentrations (20–100 µg/mL)
for 24 h.

2.6. Cell Viability Test

Cell survival rate was investigated using MTT assay. It is a yellow dye, which leads
to the formation of the blue product formazan crystals that accumulate within the cells.
Briefly, 20 µL of MTT solution was put into each well and the reaction was incubated for 2
to 3 h. Cells were then stained with 100 µL of DMSO to dissolve the insoluble formazan
crystals into a colored solution, and cell survival rate was taken at 570 nm using an enzyme-
linked immunosorbent assay (ELISA) reader (Bio-Tek Instruments, Inc., Winooski, VT,
USA) according to the procedure described by Simu et al. [36].

2.7. DPPH Scavenging Assay

DPPH method was used to evaluate the free radical scavenging activity of tested
samples with the slight modification from the previous method [37]. A total of 0.2 M DPPH
was dissolved with analytical grade ethanol for DPPH radical solution. In 96-well plate,
20 µL of extract and 180 µL of DPPH solution were added and then shaken vigorously in
the dark for 30 min at 25 ◦C. Different concentrations of KKD-NT and KKD-WA (100, 200,
400, 600, 800, and 1000 µg/mL) were adopted to obtain IC50. The absorbance was assessed
at 517 nm. The percentage inhibition of the samples was calculated by using the formula:
(1-Absorbance of sample/Absorbance of control) * 100.
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2.8. Protocol for Reducing Power Activity

The transformation of the Fe3+ to Fe2+ was investigated in the presence of KKD extracts
for the measurement of the reductive ability following the standard method [38]. The
reducing capacity of a component indicates significance of its possible antioxidant activity.

In total, 100 µL of selected concentrations of tested samples were put together with
250 µL of phosphate buffer with a pH 6.6 and 250 µL of (1%) potassium ferricyanide.
Then, we incubated the mixture at 50 ◦C in water bath for 20 min. A total of 250 µL of
(10%) trichloroacetic acid was added to the mixture after cooling. Then, the mixture was
centrifuged at 8000 rpm for 10 min. The top layer of solution was mixed with 100 µL
distilled water and 20 µL of (0.1%) ferric chloride solution, which was prepared instantly.
The absorbance was assessed at 700 nm. In the assay, ascorbic acid and gallic acid were
used as standards. A blank was performed without adding extracts. The reducing power
increases with the increase in absorbance of the reaction mixture. The results are exhibited
in mg of ascorbic acid and gallic acid equivalents per gram (mg AAE/g DW or mg GAE/g
DW) of sample.

2.9. Measurement of Cellular ROS

2′,7′-dichlorofluorescin diacetate (H2DCFDA) is a non-polar compound and cell perme-
able fluorogenic probe that is used to quantify the extent of ROS formation within cells. After
entering in cells, H2DCFDA can be hydrolyzed into polar form 2′,7′-dichlorodihydrofluorescein
(DCFH). In total, 1 × 104 cells/well cells were seeded in 96-well dark plates. Cells were
then serum starved with serum-free medium, and then the cells were treated with the
dried Kakadu fruits (KKD-NT and KKD-WA) in the presence or absence of 4% ethanol for
24 h. The cells were washed twice with ice-cold phosphate buffered saline (PBS) after the
incubation with 10 mM H2DCFDA at 37 ◦C in darkness for 30 min. After the PBS washing,
the fluorescence intensity was measured at excitation and emission wavelengths of 485 and
495 nm, respectively, with a Spectra Fluor multiwell fluorescence reader (Tecan, Maninder,
Austria) according to Castro-Aceituno et al. [39].

2.10. Measurement of Cellular ADH Activity

The ADH activity was measured with minor modifications as described [40]. In brief,
human hepatoma HepG2 cells were seeded in a 6-well pate at 1.0 × 105 cells/well for 24 h.
Then, the cells were kept incubated with medium containing 4% ethanol with or without
KKD-NT and KKD-WA for 24 h. The medium was removed at incubated time points and
cells were lysed with 1% Triton-X 100. The ADH activity was evaluated in the supernatant
at 340 nm. ADH assay was quantified by using the reaction mixture that consists of 0.25 M
Tris-HCl (pH 8.8), 2.8 mM NAD+, 100 mM ethanol along with cell supernatant. After the
incubation of the reaction mixture at 30 ◦C for 5 min absorbance at 340 nm was measured
to verify the NADH production rate.

2.11. Measurement of Cellular ALDH Activity

HepG2 cells were seeded in a 6-well pate at 1.0 × 105 cells/well for 24 h. Then, the
cells were kept in incubator for 24 h with medium containing 4% ethanol with or without
KKD-NT and KKD-WA. The medium was removed at incubated time points and cells were
lysed with 1% Triton-X 100. The ALDH activity was measured in the supernatant at 340 nm
as described [41]. The reaction mixture prepared for the ALDH assay contained 0.25 M Tris-
HCl (pH 8.8), 2.8 mM NAD+, 0.03 M acetaldehyde, 0.1 M KCl, 0.01 M 2-mercaptoethanol
along with cell supernatant. The production rate of NADH from NAD+ was determined at
340 nm after incubation at 30 ◦C for 5 min.

2.12. Statistical Analysis

All data were reported as mean ± SE calculated from at least three independent
experiments. The total variations between treated and untreated (control) groups were
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estimated by Student’s t-test and two-way analysis of variance (ANOVA). The differences
were considered significant at p < 0.05, p < 0.01, and p < 0.001, respectively.

3. Results and Discussion
3.1. Analysis of Vitamin C, Gallic Acid, Ellagic Acid, and Daidzin Using HPLC

Ellagic acid and vitamin C have been widely reported to be present in the Kakadu
plum fruit, and these provide the major functional elements of and are responsible for the
antioxidant activity [42]. The quantification of vitamin C, ellagic acid, and phenolic acid
along with flavonoids was performed using HPLC. Table 2 demonstrates the amount of
ellagic acid present in our fruit samples, ranging from 0.01 ± 0.00 to 0.36 ± 0.01 mg/g
DW, whereas gallic acid varies from 0.13 ± 0.00 to 5.10 ± 0.03 mg/g DW. Recently, other
literature has recorded the presence of a significant amount of ellagic acid and ascorbic acid
in the Kakadu plum [43].

T. ferdinandiana, the Kakadu plum (KKD), is well known as a source of vitamin C
(mainly known as ascorbic acid) [28]. According to previous studies, the Kakadu plum
contains 75 times more vitamin C than oranges [43]. Vitamin C, or ascorbic acid, is a dietary
antioxidant that is necessary for humans, which can easily be degraded in the presence
of excessive heat, water, and air [44,45]. Though the drying process and reflux were our
choice for the extraction method in this study, the aqueous extract of KKD from the NT still
exhibited the highest amount of vitamin C compared with the KKD from WA. Dry weights
of 88.66 ± 2.92 mg/g and 52.83 ± 1.85 mg/g of vitamin C were determined from KKD-NT
and KKD-WA, respectively. According to previous reports, the Kakadu plum has a higher
level of ascorbic acid (vit-C) than other domestic fruits, and 900 times more ascorbic acid
than blueberries [44,45]. Moreover, it has been reported that KKD contains a much larger
amount of vitamin C than common natural sources of vitamin C such as lemons and
oranges [46]. Although lemons and oranges are common sources of vitamin C, our results
showed a smaller amount of vitamin C in those fruits than in the Kakadu plum, which
may due to the extraction of the samples at a higher temperature. It is known that vitamin
C can degrade easily at high temperatures. However, despite their extraction at higher
temperatures, the vitamin C content in KKD did not degrade significantly. According to
previous reports, KKD contains 7000 mg/100 g DW of vitamin C, which is 100 times higher
than the amount in lemons and oranges [47].

Furthermore, in comparison to other fruits, our results showed that KKD possesses a
much higher amount of vitamin C. To enhance the benefits of the Kakadu plum as a source
of phytonutrients, its isoflavones profile was examined. Based on the results (Table 2),
daidzin was present only in the Kakadu plum and pomegranate, while in the other samples
it was not detected or was present in only a trace amount.

3.2. Total Phenolic and Flavonoid Contents

Phenolics and flavonoids are the major secondary metabolites of plants that protect
plant cells from oxidative damage and environmental stress [48]. The Folin–Ciocalteu and
aluminum chloride colorimetric methods were used, respectively, to estimate the total
phenolic (TPC) and flavonoid (TFC) contents of the fruit extracts including KKD-NT and
KKD-WA, as shown in (Table 2).

The contents varied widely, ranging from 16.66± 1.32 to 147.2± 0.70 mg/g, expressed
as gallic acid equivalents (GAE), and from 0.32 ± 0.02 to 1.30 ± 0.01 mg/g, expressed
as quercetin equivalents (QE). A previous study reported that phenolic compounds are
significantly higher in KKD than blueberries [49]. In this study, KKD showed higher levels
of phenolics and flavonoids than the other tested fruits as measured in gallic acid and
quercetin equivalent standards. KKD-NT exhibited significantly larger amounts of total
phenolic and flavonoid content than KKD-WA, followed by pomegranate, oranges, lemons,
blackberries, and raspberries. This clearly shows that the Kakadu plum is one of the richest
sources of phenolic and flavonoid content in edible fruits.
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3.3. Antioxidant Activity of Plant Extracts: DPPH and Reducing Power Assays

In the present study, we selected five different fruits in addition to a native Australian
fruit, the Kakadu plum (T. ferdinandiana), to examine their antioxidant potential. Various
assays are available to quantify antioxidant capacity and, from these, we chose DPPH and
the potassium ferricyanide reducing power assay to evaluate the antioxidant potential
of our samples, expressed as gallic acid equivalents (GAE) and ascorbic acid equivalents
(AAE). These assays are used widely to determine the antioxidant properties of compounds
as free radical scavengers or hydrogen donors [50], and the results are shown in (Table 4)

Table 4. Potential antioxidant activities of KKD-NT and KKD-WA.

Samples
DPPH Reducing Power

(mg GAE/g DW) (mg AAE/g DW) (mg GAE/g DW *) (mg AAE/g DW **)

KKD-NT
KKD-WA

Pomegranate

239.7 ± 8.17
215.9 ± 16.2
2.19 ± 0.02

124.4 ± 4.34
111.1 ± 8.60
5.27 ± 0.04

179.6 ± 5.35
140.6 ± 7.80
7.22 ± 0.12

74.4 ± 2.06
60.5 ± 3.08

15.29 ± 0.23
Orange 1.16 ± 0.02 2.60 ± 0.04 8.75 ± 0.30 18.14 ± 0.56
Lemon 1.66 ± 0.08 2.47 ± 0.05 6.65 ± 0.44 14.08 ± 0.83

Blueberry 2.84 ± 0.01 6.86 ± 0.03 8.94 ± 0.33 18.86 ± 0.61
Raspberry 3.29 ± 0.03 8.13 ± 0.07 11.76 ± 0.20 23.79 ± 0.37

* mg AAE/g DW: mg ascorbic acid equivalents (mg AAE)/ g dry weight (DW); ** mg GAE/g DW: mg gallic acid
equivalents (mg GAE)/ g dry weight (DW) of fruits.

The results of the DPPH assay revealed that the antioxidant capacity of the fruits
ranged from 1.16 ± 0.02 to 239.7 ± 8.17 mg/g, expressed as GAE, and varied from
2.47 ± 0.05 to 124.4 ± 4.34 mg/g, expressed as AAE. Similarly, the reducing power assay
recorded that, in comparison with all fruit samples, KKD-NT and KKD-WA showed the
highest antioxidant properties, ranging from 6.65 ± 0.44 to 179.6 ± 5.35 mg GAE/g DW
and from 14.08 ± 0.83 to 74.4 ± 2.06 mg AAE/g DW. The IC50 value was calculated to
determine the concentration of the sample required to inhibit 50% of the free radical. The
lower the IC50 value, the higher the antioxidant activity of samples [51]. The half-maximal
inhibitory concentration (IC50) value of the KKD-NT extract was 170.6 µg/mL, whereas
KKD-WA showed an IC50 value of 272.9 µg/mL. We examined whether the scavenging
capacities for KKD-NT and KKD-WA were extended dose-dependently (Figures 1 and 2)
and the KKD-NT extract displayed potent antioxidant and reducing power activities com-
pared with those measured for the KKD-WA extract and the other fruits (pomegranate,
lemon, orange, blueberry, and raspberry). According to a previous study, it was also proven
that the Kakadu plum contains a higher level of antioxidant potential in comparison to
blueberries as strong fat-soluble antioxidants are present in the Kakadu plum [51].

Appl. Sci. 2022, 12, x FOR PEER REVIEW 8 of 14 
 

the Kakadu plum contains a higher level of antioxidant potential in comparison to 
blueberries as strong fat-soluble antioxidants are present in the Kakadu plum [51]. 

 
Figure 1. DPPH scavenging activity of KKD-NT and KKD-WA. 

 
Figure 2. Reducing power activity of KKD-NT and KKD-WA. 

3.4. Ethanol Induces Cell Death 
To evaluate the protective effect of the Kakadu plum on alcohol-induced cell death 

the optimal concentration of ethanol was measured in the hepatocellular carcinoma cell 
line (HepG2). For that, we treated HepG2 cells with indicated concentrations of ethanol 
(0.25% to 8%) for 24 h, and then subjected them to MTT reagent to measure the cell 
survival rate. The HepG2 cell line is commonly used as a common model to assess the 
toxicity studies of various compounds against an oxidative stress inducer [52]. The 
viability of the cell in percentage showed a gradual decrease with the increasing 
concentration of ethanol in the HepG2 cells treated for 24 h. At a concentration of 4% 
ethanol, almost half of the cells were inhibited in comparison with the control group (0%) 
in HepG2 cells. Therefore, we selected 4% ethanol to induce cell inhibition in the HepG2 
cells to examine the prevention of cell death by the extracts of Kakadu plum and to study 
the prevention of ethanol-induced ROS production by our samples. 

3.5. Kakadu Plum Protects HepG2 Cells from Ethanol-Induced Cell Death 
The HepG2 cells were incubated with independent concentrations of KKD-NT and 

KKD-WA, which were nearly non-toxic with a concentration up to 200 mg/mL (Figure 3). 
In this study, we decided to conduct all subsequent experiments below the concentration 
of 200 mg/mL (20–100 mg/mL). According to the HPLC analysis, our samples contained 
an abundant amount of vitamin C, which can protect cells from oxidative damage by ROS 
reduction. However, higher levels of ascorbic acid (Vit-C) show cytotoxicity by generating 
excessive ROS as well as blocking the energy homeostasis on cancerous cells [53]. To 
explore the protective effect of KKD-NT and KKD-WA against ethanol-induced cell 
toxicity (Figure 4a), HepG2 cells were co-treated with 4% ethanol with or without KKD-
NT and KKD-WA (0–100 µg/mL) for 24 h, and then the cell survival ratio was examined 
by MTT assay. KKD-NT and KKD-WA significantly inhibited the cytotoxicity of EtOH in 

Figure 1. DPPH scavenging activity of KKD-NT and KKD-WA.

3.4. Ethanol Induces Cell Death

To evaluate the protective effect of the Kakadu plum on alcohol-induced cell death the
optimal concentration of ethanol was measured in the hepatocellular carcinoma cell line
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(HepG2). For that, we treated HepG2 cells with indicated concentrations of ethanol (0.25%
to 8%) for 24 h, and then subjected them to MTT reagent to measure the cell survival rate.
The HepG2 cell line is commonly used as a common model to assess the toxicity studies
of various compounds against an oxidative stress inducer [52]. The viability of the cell in
percentage showed a gradual decrease with the increasing concentration of ethanol in the
HepG2 cells treated for 24 h. At a concentration of 4% ethanol, almost half of the cells were
inhibited in comparison with the control group (0%) in HepG2 cells. Therefore, we selected
4% ethanol to induce cell inhibition in the HepG2 cells to examine the prevention of cell
death by the extracts of Kakadu plum and to study the prevention of ethanol-induced ROS
production by our samples.
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3.5. Kakadu Plum Protects HepG2 Cells from Ethanol-Induced Cell Death

The HepG2 cells were incubated with independent concentrations of KKD-NT and
KKD-WA, which were nearly non-toxic with a concentration up to 200 mg/mL (Figure 3).
In this study, we decided to conduct all subsequent experiments below the concentration
of 200 mg/mL (20–100 mg/mL). According to the HPLC analysis, our samples contained
an abundant amount of vitamin C, which can protect cells from oxidative damage by ROS
reduction. However, higher levels of ascorbic acid (Vit-C) show cytotoxicity by generating
excessive ROS as well as blocking the energy homeostasis on cancerous cells [53]. To
explore the protective effect of KKD-NT and KKD-WA against ethanol-induced cell toxicity
(Figure 4a), HepG2 cells were co-treated with 4% ethanol with or without KKD-NT and
KKD-WA (0–100 µg/mL) for 24 h, and then the cell survival ratio was examined by MTT
assay. KKD-NT and KKD-WA significantly inhibited the cytotoxicity of EtOH in a dose-
dependent manner (Figure 4b). EtOH decreased the cell survival rate by close to 50%
compared to the untreated cells, whereas the cell viability was dose-dependently increased
in the KKD extracts co-treatment. The viability of the 100 µg/mL Kakadu-treated group
increased significantly, indicating the protective effect of KKD-NT and KKD-WA against the
cytotoxicity of EtOH. Cell viability was evidently elevated in the KKD-NT-treated group
compared with the KKD-WA-treated group because of the protective function.
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Figure 4. Measurement of cell viability of HepG2 following ethanol treatment. (a) Cells were treated
with selected concentration of ethanol (EtOH) for 24 h; (b) cells were incubated with indicated
concentrations of KKD-NT and KKD-WA in the presence of EtOH for 24 h. Cell survival percentage
was assessed using MTT assay as mentioned in materials and methods section. Values are means of
three independent experiments ± SD (n = 3 # p < 0.05, ## p < 0.01, ### p < 0.001 indicate differences
from the ethanol-treated group. *** p < 0.001.

3.6. Kakadu Plum Suppresses Elevated Levels of ROS in HepG2 Cells

In normal conditions, ROS generation and their destruction by the cellular antioxidant
system are balanced in our bodies. Alcohol administration causes oxidative stress along
with an accumulation of intracellular ROS in hepatic cells, which play a vital role in the
development of alcoholic liver disease [54]. In this study, alcohol exposure increased
intracellular ROS generation in HEpG2 cells.

The Kakadu plum (T. ferdinandiana) exerts potential ROS-scavenging activity in Caco-2
and KERTr cells [55]. To examine whether the protective ability of KKD is associated with
EtOH metabolism-mediated ROS formation in the hepatic cell culture models, we further
quantified the cellular levels of ROS in the HepG2 cells. The ratio of NADH/NAD+ can
be drastically changed by ethanol metabolism causing the ROS formation. As indicated
in (Figure 5), 4% EtOH notably increased ROS production compared to the control. As
expected, the ethanol-mediated intracellular accumulation of ROS in the cells was abolished
in a dose-dependent manner by KKD-NT and KKD-WA treatment. It is known that
antioxidants can neutralize free radicals by giving up some of their own electrons and
our sample has potential antioxidant properties. These results provide evidence of the
inhibitory effect of KKD-NT and KKD-WA on ethanol-induced ROS production because of
the higher antioxidant capacity of the fruits. Overall, the results show that KKD-NT inhibits
ROS production in cells more significantly than KKD-WA as the antioxidant activity of
KKD-NT exceeds KKD-WA.
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Figure 5. Effect of KKD-NT and KKD-WA on intracellular ROS levels in EtOH-induced HepG2 cells.
Cells were treated with different concentrations of KKD-NT and KKD-WA in medium containing 4%
EtOH. Values are expressed as mean ± SE (n = 3). ## p < 0.01, ### p < 0.001, compared with the EtOH
control group.

3.7. Effect of KKD-NT and KKD-WA on ADH and ALDH Activities

Alcohol-induced mechanisms are closely related to the metabolism of ethanol, and the
main enzymatic pathway is the ADH pathway. In the present study, we examined whether
the KKD-NT and KKD-WA extracts could enhance the ADH/ALDH-mediated ethanol
metabolism in liver cells. ADH/ALDH activities were evaluated from the enzymatic assays
using HepG2 liver cells. ADH and ALDH activities increased dose-dependently when
treated with KKD-NT and KKD-WA (Figure 6).
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ROS are generated by the excess ethanol in the metabolic pathways, and the ADH-
dependent removal of alcohol is a primary mechanism for the protection of liver cells from
oxidative stress. Our results proposed that KKD-NT and KKD-WA increase ADH and
ALDH enzymatic activity. As our samples contain Vit-C along with gallic acid, it is already
proven that gallic acid can increase ADH and ALDH activities [56]. In addition, Vit-c
has a protective effect against ascorbic acid equivalents, acetaldehyde, in alcoholism [34].
According to our results, KKD-NT and KKD-WA show a strong antioxidant and a potent
catalytic factor to stimulate the alcohol metabolism-related enzymes.

4. Conclusions

The results of this study indicate that the extracts of KKD-NT and KKD-WA contain
a higher level of ascorbic acid than other oranges available. The results showed that
the appropriate concentrations of KKD have potential efficacy to protect liver cells from
EtOH-induced cytotoxicity. Furthermore, the extracts of Kakadu Plum (KKD-NT and
KKD-WA) were found to exert significant alcohol detoxification properties along with
strong, promising antioxidant activities and showed a capability for free radical scavenging
in HepG2 cells. Moreover, the Kakadu plum extracts promoted the activities of two major
enzymes (ADH and ALDH) related to alcohol metabolism in the enzymatic assay. Taken
together, our results demonstrate that the Kakadu plum can be a promising therapeutic
agent in the prevention of liver damage caused by alcohol.
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