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Abstract: Growing location is known to affect the metabolite content and functionality of wild
harvested fruits. Terminalia ferdinandiana, commonly known as Kakadu plum (KP), is among the most
commercially important native Australian bush foods. Therefore, we evaluated the composition and
in vitro bioactivity of aqueous acidified ethanol (AAE) and water extracts prepared from KP fruit
wild harvested in the Northern Territory (NT) and Western Australia (WA). Compositional analysis
included vitamin C, total ellagic acid (TEA), and total phenolic content (TPC), while in vitro bioactivity
was assessed through anti-inflammatory (RAW 264.7 macrophages) activity and cell viability (Hep
G2) assay. The IC50 of the extracts ranged from 33.3 to 166.3 µg/mL for NO inhibition and CC50

from 1676 to 7337 µg/mL for Hep G2 cell viability inhibition. The AAE KP fruit extracts from the
NT exhibited potent anti-inflammatory activity and impacted Hep G2 cell viability more than other
extracts, most likely due to TEA (3189 mg/100 g dry weight (DW)), vitamin C (180.5 mg/g DW) and
TPC (196 mg GAE/g DW) being higher than in any other extract. Overall, the findings of the present
study are promising for using KP fruit and derived products in functional foods, nutraceuticals, or
dietary supplements.

Keywords: Terminalia ferdinandiana; kakadu plum; Australian grown; anti-inflammatory; antiproliferative;
vitamin C; ellagic acid; ellagitannins; bioactive compounds

1. Introduction

Edible plants are common targets for alternative therapies as these sources are more
likely to be recognised as safe, and approved by regulaory bodies. In addition, many
epidemiological and experimental studies have showed that polyphenol-rich plants and
derived products can modulate non-communicable diseases (NCDs), making these plant
sources important targets for the development of functional foods and nutraceuticals [1–4].
Terminalia ferdinandiana, commonly known as Kakadu Plum (KP), is one such target that
has been investigated for more than 10 years. Kakadu plum is a native Australian bush
food, wild harvested for its high vitamin C content [5]. This fruit is also rich in polyphenols
such as ellagic acid and ellagitannins, including hydrolysable tannins [6], which play
important roles in its in vitro antioxidant [7] and antimicrobial [8] activities. However,
studies exploring other biological effects of KP and derived extracts are very limited.

Inflammation is an important biological defense to injury, infection, and “foreign mate-
rials” [9] that contributes to uncontrolled inflammation causing chronic non-communicable
diseases (NCDs), including cancer and inflammatory bowel disease (IBD), cardiovascular,
and neurodegenerative diseases [10,11]. Aggravated by industrialization, lifestyle, genetics,
and infections [12], NCDs contributed to approximately 80% of the global disease burden
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in 2020 and are still increasing at an alarming rate [13]. NCDs not only severely impact
patient quality of life, but the associated psychological disturbances also impact families
and communities [14,15].

Macrophages play a central role in inflammation by producing cytokines, reactive
oxygen species, and nitric oxide (NO)—a signaling molecule synthesized from arginine
by the enzyme nitric oxide synthase (NOS) [16,17]. In normal physiological conditions,
NO exhibits a range of important functions such as vasodilation and modulation of cell-
mediated immunity [18]. However, excess NO associated with chronic inflammation can
break DNA double strands [19], form peroxynitrite, which damages lipids [20] and proteins,
and cause oxidative injury, necrosis, and apoptosis [21]. These biochemical processes
promote growth of cancer cells that can infiltrate and destroy normal body tissues [22].

The treatment of NCDs involves lifestyle changes and therapeutic treatments. For
example, inflammation is treated with non-steroidal anti-inflammatory drugs (NSAIDs),
and chemotherapy is administered for the treatment of cancer [23,24]. However, NSAIDs
can produce adverse gastrointestinal and cardiovascular effects [24] and chemotherapy
drugs cause severe cytotoxicity [25]. These serious side effects have prompted researchers
to identify alternative therapies with less side effects, leading to extensive research into
plant-based therapies.

Anti-inflammatory activity is commonly examined in vitro using lipopolysaccharide
(LPS)-stimulated RAW 264.7 macrophage cells to produce NO [16,26]. The direct measure-
ment of NO is extremely challenging due its short half-life and rapid oxidation to nitrite
and nitrate; however, nitrite is a stable metabolite that can be used to estimate total NO
production in cells [27] via the Griess [16] and 2,3-Diaminonaphthalene (DAN) [26] assays.
In the DAN assay, non-fluorescent DAN reacts with NO2

− to yield 2,3-naphthotriazole
offering the most sensitive measurement for NO produced from NOS [28]. This assay
directly correlates NO production with nitric oxide synthase activity [29].

Chemotherapy involves the administration of cytotoxic agents to control the rapid
proliferation of cancer cells [30]. In addition to in vivo animal studies and human clinical
trials, substantial in vitro research has been dedicated to identifying safer cytotoxic com-
pounds with less side effects that can impact cancer cell viability and reduce cancer cell
proliferation [31]. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), or
MTT assay, is the most used technique [30,32] to measure cell viability. However, it has been
reported that phenolics, proteins, and carbohydrates can reduce MTT-based reagents and
interfere with cell viability measurements [33,34]. In this regard, Akter and co-workers [34]
compared different assays to investigate if antioxidant-rich KP fruits and derived extracts
influence cell viability measurements. The authors reported that the CyQUANT® (Thermo
Fisher Scientific Corporation, Waltham, MA, USA) NF Cell Proliferation Assay reagent
was not impacted by KP extracts. Furthermore, the CyQUANT® NF Cell Proliferation
Assay has been applied in several studies investigating cancer cell viability in response to
different treatments [35–37].

Therefore, the aims of the present study were to explore the composition and in vitro
bioactivity of KP fruit wild harvested from two main growing regions in Australia, the
Northern Territory and Western Australia, to evaluate the impact of growing location on
fruit composition and resultant bioactivity. Vitamin C, total ellagic acid, and total phenolic
content were determined in the wild harvested KP fruit samples, while in vitro bioactivity
was assessed through anti-inflammatory activity and cell viability. Anti-inflammatory
activity was measured through the DAN assay and the CyQUANT® NF Cell Proliferation
assay was used to observe the impact of KP fruit extracts on cell viability.

2. Materials and Methods
2.1. Reagents and Mammalian Cell Lines

Growth media (RPMI 1640), Dulbecco’s modified eagle medium (DMEM), Dulbecco’s
phosphate buffered saline without calcium and magnesium (PBS), Hank’s Balanced Salt
Solution (HBSS), Penicillin and Streptomycin, glutamax, trypsin-EDTA, and fetal bovine
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serum (FBS) were sourced from Gibco (Invitrogen/Life Technologies Pty Ltd., Mt. Waver-
ley, VIC, Australia). Nunc™ F96 MicroWell™ Black polystyrene plates were purchased
from Invitrogen (Thermo Fisher Scientific Corporation, Waltham, MA, USA). CyQUANT®

NF Cell Proliferation Assay reagent was purchased from Invitrogen (Thermo Fisher Sci-
entific Corporation). Lipopolysaccharide (LPS) (from Escherichia coli 0111: B4) (LPS), 2,3-
diaminonaphthalene (DAN), quercetin, and Hep G2 cell lines were purchased from Sigma-
Aldrich (Castle Hill, NSW, Australia). The murine macrophage cell line, RAW264.7 was
from the American Type Culture Collection (Rockville, MA, USA).

2.2. Plant Material Collection and Extract Preparation

The mature KP fruit samples were wild harvested in Karajarri country and Yawuru
conservation in the Kimberley’s, WA, as well as Darwin, the Northern Territory, in January
2020 (Figure S1). Ten KP trees from each site or location were randomly selected and
approximately 50–100 fresh fruits were collected from each tree. The samples were put in
plastic bags and transported under refrigerated conditions to the laboratory for analysis.
After manually deseeding the fruits, the remaining pulp and peels were blended to a puree
using mortar and pestle first, and then a Waring 8010S Laboratory Blender (Waring®

Laboratory Science, Torrington, CT, USA).
This was conducted for each site and location to generate composite sample batches.

The fruit puree was freeze-dried under vacuum (Lindner & May Ltd., Brisbane, QLD, Aus-
tralia), milled to provide a homogenous powder and stored at −80 ◦C for further analysis.

Extracts were prepared using water and aqueous acidified ethanol (80% ethanol, 19%
water, 1% w/v citric acid) as described previously [6]. Briefly, 0.1 g of sample material
from each site and location was mixed with 5 mL of extraction solvent (either water or
acidified ethanol). After that, the mixture was vortexed (30 s), sonicated (15 min) and
centrifuged (4000 rpm, 15 min). The obtained supernatant was collected and the procedure
repeated two more times. An aliquot of the collected supernatant was kept at −80 ◦C for
total phenolic and ellagic acid analysis while the remaining supernatant was freeze-dried
under vacuum (Lindner & May Ltd.) for the anti-inflammatory and cell viability assays.
The whole procedure was performed in triplicate.

Lyophilized acidified ethanol extracts were reconstituted in dimethyl sulfoxide (DMSO)
and water extract concentrations were selected based on findings reported by Akter and
colleagues [34,38]. Samples for anti-inflammatory experiments were diluted in RPMI-1640
growth media to achieve 500, 250, 125, 63, 31 & 15.5 µg/mL. For Hep G2 cell viability
assays, samples were diluted in HBSS to achieve 70,000, 60,000, 50,000, 30,000, 10,000, 5000,
2000, 500, and 50 µg/mL. Quercetin solutions were diluted in growth media to achieve
15,000, 11,000, 8000, 6000 & 3000 µg/mL.

2.3. Total Phenolic Content (TPC), Total Ellagic Acid (TEA), and Vitamin C

TPC, TEA, and vitamin C were determined according to Bobasa et al. [6]. However, as
already described in Section 2.2, KP fruit samples from the NT and WA were extracted with
both water and aqueous acidified ethanol (AAE) and analysed separately. Briefly, the TPC
was determined using the Folin-Ciocalteu reagent a micro-plate absorbance reader (Infinite
M200, Tecan Austria GmbH, Grodig, Austria) at 700 nm. Two mL of the supernatant
(Section 2.2) were added into a 5 mL Reacti-Therm vial (Fisher Scientific, Bellefonte, PA,
USA) containing a stirring bar. For the TEA analysis, the solvents were evaporated under
nitrogen and subjected to an overnight hydrolysis at 90 ◦C using 2 M HCl. After hydrolysis,
the vial was cooled, and the content extracted with 5 mL 100% methanol to determine
the total ellagic acid content. Vitamin C, L-ascorbic acid (L-AA) and dehydroascorbic
acid (DHAA), was extracted by 3% meta-phosphoric acid containing 8% acetic acid and
1 mL ethylenediaminetetraacetic acid (EDTA). DHAA, which was also present in the
extracts/samples, was reduced to L-AA prior to analysis. Both ellagic acid and total vitamin
C (TVC, sum of L-AA and reduced DHAA) were analysed using a Waters AcquityTM
UPLC-PDA system.
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2.4. Nitric Oxide Production in RAW 264.7 Cells Using the Diaminonaphthalene Assay
2.4.1. RAW 264.7 Cell Culture

RAW 264.7 macrophages were cultured in RPMI 1640 with 100 U/mL penicillin,
100 µg/mL streptomycin, and 10% FBS. Cells were grown in vented 175 cm2 flasks (Nunc™
EasYFlask™ Cell Culture Flasks, Thermo Fisher Scientific Corporation) at 37 ◦C and 5%
CO2 in humidified air with media being replaced every 2–3 days. The cells were detached
at 90% confluence using 0.25% (v/v) trypsin-EDTA, resuspended in fresh growth media,
counted, and diluted to obtain 8 × 105 cells/well in 96-well plates. Cell plating, sample
administration, and media changes were performed with an epMotion® 5075t liquid
handling system (Eppendorf, Hamburg, Germany) [38].

2.4.2. Nitric Oxide Production by RAW264.7 Cells

Nitric oxide production was measured using the DAN assay according to Breger et al. [26]
and Suleria et al. [16]. In 96-well plates, 8 × 105 RAW 264.7 cells resuspended in 100 µL
growth media, were added to each well with 20 µL 300 ng/mL LPS and either 20 µL of
extract, quercetin (15,000–3000 µg/mL), or growth media. Cells were incubated at 37 ◦C and
5% CO2 for 48 h before 20 µL cell media was transferred from each well into a new 96-well
plate. To prepare a standard curve, 20 µL sodium nitrite (3.13–200 µM) and media were also
added to the new 96-well plate. Next, 80 µL RO water was added to each well followed
by 10 µL DAN reagent. The plate was then mixed in the dark at 25 ◦C for 10 min before
20 µL 2.8 N NaOH was added to each well. The plate was mixed gently and incubated at
room temperature in the dark for one minute before fluorescence was measured (360 nm
excitation and 430 nm emission) using a Spectramax M3 multi-mode microplate reader
(Molecular Devices, San Jose, CA, USA). Nitrite concentration was extrapolated from the
sodium nitrite standard curve and expressed as a percentage decrease in NO production
compared to the LPS treatment control. The concentration required to reduce 50% NO
production is defined as half maximal inhibitory concentration (IC50) [16,26].

Cell viability was also assessed in the remaining cells using the CyQUANT® NF Cell
Proliferation Assay. CyQUANT® NF DNA binding dye (74 µL) was added to each well
using a manual multichannel pipette. The plate was then covered and incubated at 37 ◦C
for 1 h before fluorescence was measured (485 nm excitation and 530 nm emission) using
a Spectramax M3 multi-mode microplate reader (Molecular Devices). Cell viability was
calculated as a percentage of viable cells compared to the HBSS control [34].

2.5. Hep G2 Cell Viability Assay

In this study, the Hep G2 hepatic tumor cell line was selected to explore the impact
of KP extracts on cell viability as Hep G2 cells provide an acceptable model for studying
anticancer drugs [39].

2.5.1. Cell Culture

All cell numbers and growth conditions were adapted from Akter et al. [38]. Hep G2
cells were maintained in DMEM supplemented with 10% FBS (v/v), 100 U/mL penicillin,
100 µg/mL streptomycin, and 2 mM Glutamax. Cells were grown in vented culture flasks
at 37 ◦C and 5% CO2. To investigate the impact of KP extracts on Hep G2 cell viability,
5 × 104 Hep G2 cells/well were grown in 96-well plates for 24 h prior to cell treatment.

2.5.2. Cell Viability Assay

Hep G2 cell viability was examined by the CyQUANT® NF Cell Proliferation Assay
as described previously [38]. The concentration required to reduce 50% of viable cell was
represented as 50% cytotoxic concentration (CC50).

2.6. Statistical Analysis

Results are reported as mean ± SEM (n = 6). The mean difference between extracts was
compared by one-way ANOVA followed by Tukey’s and Dunnett’s T3 post hoc tests using
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the SPSS statistical software package 20.0 (SPSS Inc., Chicago, IL, USA). One sample t-test
and Wilcoxon test, as well as unpaired t-test were also performed to determine the differ-
ences between two groups. The IC50 and CC50 were calculated using normalized response
variable curves fitted by GraphPad Prism version 9 (San Diego, CA, USA). p-values < 0.05
were considered significant.

3. Results and Discussion
3.1. TPC, TEA, and Vitamin C

Extract composition is presented in Table 1. To the best of our knowledge, this is
the first study to report free ellagic acid (FEA) and TEA, obtained after acid hydrolysis,
in KP fruit wild harvested from different growing regions. Overall, TEA and FEA were
significantly higher in matched extracts from NT compared to WA. For example, TEA in the
NT AAE KP fruit extracts was 1.3-fold higher than that in the WA AAE extracts, similarly
TEA in NT water extracts was 1.6-fold higher than TEA in WA water extracts. The highest
FEA was measured in the NT AAE extracts (1228 ± 23 mg/100 g DW) while the lowest
FEA was determined in the WA water extracts (43 ± 1.3 mg/100 g DW). These results
also showed that AAE extracts contained significantly more TEA and FEA compared to
water extracts.

Table 1. Total phenolic content (TPC), free ellagic acid (FEA), ellagitannins (ETs), total ellagic acid
(TEA) and vitamin C of KP fruits wild harvested from the Northern Territory (NT) and Western
Australia (WA).

Samples FEA
(mg/100 g DW)

ETs &

(mg EAE/100 g DW)
TEA

(mg/100 g DW)
TPC

(mg GAE/g DW)
Vitamin C (mg/g DW)

L-AA DHAA TVC

NT
NT AAE 1228 ± 23.1 d 1961.6 ± 24.4 d 3189.6 ± 25.7 d 196 ± 3.6 d

171 ± 0.7 b 9.6 ± 1.2 a 180.5 ± 1.0 b
NT water 148 ± 3.8 b 373.1 ± 4.0 b 521.1 ± 3.5 b 88.8 ± 5.0 b

WA
WA AAE 1045 ± 9.4 c 1449.7 ± 10.1 c 2494.7 ± 11.1 c 174 ± 5.0 c

116.3 ± 1.3 a 8.7 ± 1.0 a 125 ± 3.0 a
WA water 43 ± 1.3 a 276 ± 5.2 a 318.8 ± 9.1 a 64.3 ± 5.0 a

Values are expressed as mean ± SEM of triplicate measurements, mean comparison using One-Way ANOVA
followed by Tukey’s Post Hoc test for ellagic acid and unpaired t-test for vitamin C. Different letters in the same
column indicate significant difference (p < 0.05). mg EAE: milligram ellagic acid equivalent; mg GAE/g DW:
milligram gallic acid equivalent per gram dry weight. L-AA: L-ascorbic acid, DHAA: dehydroascorbic acid, TVC:
total vitamin C (sum of L-AA and reduced DHAA). & calculation adapted from Williams et al. [40].

Compared to previous studies, the levels of FEA found in NT and WA KP fruit extracts
were considerably higher than the FEA content reported in other fruits, such as strawberry
(4.8 ± 0.1 mg/100 g DW) and boysenberry (5.5 ± 0.6 mg/100 g DW) methanol extracts [40].
Williams and co-workers [41] also determined TEA in 80% aqueous acidified methanol
extracts prepared from boysenberry and strawberry, again TEA concentrations were much
lower than those in the present study (96 and 32 mg/100 g DW for boysenberry and
strawberry versus 2494 and 3189 mg/100 g DW for WA and NT KP). Furthermore, the TEA
content in KP fruit was also higher than that reported in several other species of economic
importance, such as guava, blackberry, and walnuts [42] that place KP fruit as a valuable
source of EA.

Table 1 shows significant (p < 0.05) differences in TPC. Like the EA trends, the high-
est TPC was measured in NT AAE extracts, followed by WA AAE, NT water, and WA
water (with the lowest TPC of 64.3 mg GAE/g DW). The TPC findings (considering
85% moisture content in fresh KP fruits) were considerably higher than that found in
many common fruits and vegetables, such as watermelon (0.10 ± 0.01 mg GAE/g FW),
orange (1.3 ± 0.01 mg GAE/g FW), chives (6.78 ± 0.90 mg GAE/g FW), and pakchoi
(7.11 ± 0.37 mg GAE/g FW) [43,44]. It should be also noted that the TPC assay employed
in this study used the Folin-Ciocalteu (F-C) reagent creating an electron transfer-based (an-
tioxidant capacity) assay that measures the reducing capacity of a sample. This means that
the F-C reagent also reacts with non-phenolic compounds such as ascorbic acid (vitamin C)
that might contribute to the high TPC results shown in Table 1 [45,46].



Nutraceuticals 2023, 3 18

Like EA and TPC, vitamin C content also differed significantly (p < 0.05) between NT
and WA KP fruit (18% versus 12.5% vitamin C per DW) (Table 1). However, these results
are still within the vitamin C concentration range reported previously for KP fruit and
derived powder (14–19% per DW) [40,47]. Notably, the 12.5% vitamin C content in the WA
KP fruit samples was still considerably higher than that found in common vitamin C rich
fruits, such as oranges, apples, and grapes [48]. These findings further highlight KP fruit
and derived products as a natural and abundant source of vitamin C.

The significant variations observed in total phenolic, FEA, TEA, and vitamin C con-
tents between fruit harvested from the NT and WA are most likely due to environmental
differences, such as micro-climate, soil composition, rainfall, and sun exposure, rather than
differences in maturity, as all fruits were ripe and collected at a similar time [7,40].

3.2. Effect of KP Fruit Extracts on Inflammation Induced by LPS In Vitro
3.2.1. Cell Viability

RAW 264.7 cell viability was assessed to ensure that all cell treatments, includ-
ing KP extracts and quercetin, did not significantly decrease cell viability. Statistically
non-significant (p > 0.05) differences were observed between the cells treated with the
five concentrations of the AAE and water extracts in both region (500, 250, 125, 63, 31
&/15.5 µg/mL) and quercetin (15,000, 11,000, 8000, 6000 & 3000 µg/mL) relative to LPS
treated control (Figure 1).
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Figure 1. Determination of cell viability in RAW 264.7 macrophages treated with LPS and Kakadu
Plum extracts, prepared from fruits wild harvested in Western Australia (WA) and the Northern
Territory (NT). Values are expressed as mean ± SEM of triplicate measurements of three independent
experiments. AAE: aqueous acidified ethanol, LPS: Lipopolysaccharide (300 ng/mL).
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3.2.2. Inhibition of NO Production

Figure 2 and Table 2 show that samples treated with either KP extracts, or quercetin
significantly (p < 0.05) decreased NO production. The NT AAE, NT water, WA AAE and WA
water extracts inhibited NO production by 50% at concentrations of 33.3 ± 1.3, 52.4 ± 2.1,
157.0 ± 1.5 and 163.3 ± 1.3 µg/mL, respectively (Table 2). The IC50 demonstrated in the NT
fruits, both AAE and water extracts, are comparable to Eucalyptus eximia, E. acmenoides, and
E. notabilis leaf ethanol extracts that demonstrated 50% NO inhibition in LPS-stimulated
RAW 264.7 cells at 34.14 ± 7.1, 56.93 ± 11.8 and 53.84 ± 7.7 µg/mL, respectively [49]. The
highest concentration of NT water extracts (500 µg/mL) inhibited ≥90% of NO production
like F. suspense aqueous extracts (2000 µg/mL, >90%) [50], whereas the highest dose of WA
water extracts (500 µg/mL) reduced NO production (61%) greater than that of C. militaris
fruit water extracts (1250 µg/mL, 51%) [51].
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Figure 2. Anti-inflammatory activities, expressed as percentage inhibition of nitric oxide (NO)
production, of KP fruits wild harvested in Western Australia (WA) and the Northern Territory (NT),
in RAW 264.7 macrophages. Values are expressed as mean ± SEM of triplicate measurements of three
independent experiments.

Table 2. IC50 values for anti-inflammatory activity determined in RAW264.7 macrophages.

Extracts Inhibition of NO Production (IC50 µg/mL)

WA Water 166.3 ± 1.3 c

WA AAE 157.0 ± 1.5 c

NT Water 52.4 ± 2.1 b

NT AAE 33.3 ± 1.3 a

Quercetin 4269.3 ± 3.1 d

Values are expressed as mean ± SEM of triplicate measurements of three independent experiments. IC50: half-
maximal inhibitory concentration, anti-inflammatory activity is compared using unpaired t-test, different letters
in the same column indicate significant difference (p < 0.05). NT: Northern Territory, WA: Western Australia, AAE:
Aqueous acidified ethanol.
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Our results, presented in Figure 2, show that the NT AAE extract was the most
potent inhibitor of NO in LPS-stimulated RAW264.7 cells (Table 2). Solvent extracts pre-
pared from other wild edible plants, such as A. horridus [52], S. officinalis, R. officinalis
and M. piperita [53], also have strong anti-inflammatory activities in vitro. In addition,
hydrolysable tannins in a KP fruit AAE extract [6] such as corilagin [54], 2,3,6-tri-O-galloyl-
β-D-glucose, chebulinic acid [55], ellagic acid, gallic acid and punicalagin A&B [56], have
also been found to inhibit production of pro-inflammatory cytokines and mediators in
LPS-stimulated RAW 264.7 cells. Interestingly, the NT fruit AAE extract contained the
highest TEA and may explain the potent anti-inflammatory activity associated with this
extract (Figure 2 and Table 2).

Furthermore, our study found strong anti-inflammatory properties (Table 2) in the
water extracts (NT water IC50 = 52.4 ± 2.1 µg/mL and WA water IC50 = 166.3 ± 1.3 µg/mL).
Similarly, water extracts prepared from T. arjuna fruits inhibited NO production in RAW
264.7 cells more than acetone and methanol extracts [57]. Water extracts in T. chebula fruit
also retained the highest level of gallic acid (553.79 ± 3.76 nmol/mg), almost 50-fold higher,
compared to punicalagin, chebulagic acid, and chebulinic acid [58]. Gallic acid, 3,4,6-tri-
O-galloyl-β-D-glucose, corilagin and ellagic acid [59–62] were also identified in aqueous
extracts of T. chebula and T. bellirica fruits. Similarly, Diop et al. [63] and Markom et al. [64]
reported corilagin, ellagic acid and punicalagin in the aqueous extracts of other plant
species such as P. niruri and C. aculeatum. Subsequently, the compounds that are present in
aqueous extracts of related Terminalia species could also be present in our samples and may
be responsible for the potent anti-inflammatory activities observed in vitro.

However, the NT water extract exhibited potent (IC50 52.4 ± 2.1 µg/mL) anti-inflammatory
activities accompanied by WA water and AAE extracts, respectively (Table 2). These
differences could be justified by the level of vitamin C (Table 1) which provide different
degree of protection to the oxidation of phenolic compounds [65].

3.3. Hep G2 Cell Viability Results

The impact of KP extracts on Hep G2 cell viability was measured using the CyQUANT®

NF Cell Proliferation assay. Hep G2 cell viability in response to 50–70,000 µg/mL KP ex-
tracts is shown in Figure 3, while CC50 values are displayed in Table 3. Hep G2 cell viability
decreased with increasing KP extract concentrations producing more than 90% cell death at
70,000 µg/mL of all the extracts. The NT AAE impacted Hep G2 cell viability significantly
(p < 0.05) more than other extracts producing the lowest CC50 value (1676 ± 1.1 µg/L),
followed by WA AAE (2456 ± 1.1 µg/mL), WA water (5440 ± 1.0 µg/mL), and NT water
(7337 ± 1.5 µg/mL) water extracts.

Overall, NT water extracts impacted cell viability the least with a CC50 value of
7337 ± 1.5 µg/mL; however, this extract is 6, 8, 11, 14, and 16-fold more potent than
the half maximal cytotoxic concentration reported by Chu et al. [66] in Hep G2 cells in
response to 80% acetone extracts of spinach, cabbage, red pepper, yellow onion, and
broccoli, respectively. Liu and co-worker [67] also evaluated cytotoxic activities of four
fresh raspberry varieties (Heritage, Kiwigold, Goldie, and Anne) using Hep G2 cells. The
potent inhibitor of cell proliferation was Goldie raspberry (EC50 = 11.7 ± 0.6 mg/mL),
almost seven times the NT AAE dose required to kill 50% of Hep G2 cells.

Extracts prepared from plants rich in hydrolysable tannins (HTs) produced antipro-
liferative effects in various cancer cell lines [68,69]. For instance, pomegranate fruit husk
water [70] and S. cumini pulp 75% aqueous acidified ethanol [71] extracts contained
punicalagin and ellagic acid that contributed to their cytotoxic activities in cancer cells.
Pellati et al. [72] determined chemoprotective activities of HTs isolated from T. chebula fruits
decoction where punicalagin > chebulinic acid > chebulagic acid > 3,4,6-tri-O-galloyl-β-
D-glucose > corilagin produced more than 80% cancer cell death. The ellagitannins (ETs)
isolated from P. emblica, including ellagic acid, corilagin, chebulagic acid, and elaeocarpusin,
also exhibited an anti-proliferative effect [68,69]. The findings from the present study also
suggest that the observed impact on Hep G2 cell viability could be due to high EA or HT
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contents in the NT fruits. For example, NT AAE extracts contained the highest EA and ET
contents and exhibited the strongest anti-inflammatory activity and impacted Hep G2 cell
viability more than any other extract. The physicochemical properties of EA and HTs, like
being soluble in polar solvents, most likely explain the significant cellular responses to AAE
extracts. Furthermore, the differences between NT and WA fruit composition where NT
AAE exhibited the highest TPC, FEA, and ETs (as displayed in Table 1), suggest regional
differences influenced by growing location and climate.
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Table 3. CC50 values for Hep G2 cells using the CyQUANT® NF Cell Proliferation Assay.

Extracts Cytotoxicity (CC50 µg/mL)

WA Water 5440 ± 1.0 c

WA AAE 2456 ± 1.1 b

NT Water 7337 ± 1.5 d

NT AAE 1676 ± 1.1 a

Values are expressed as mean ± SEM of triplicate measurements of three independent experiments. CC50: half-
maximal cytotoxic concentration, cytotoxicity is compared using one sample t-test and Wilcoxon test, different
letters in the same column indicate significant difference (p < 0.05). NT: Northern Territory, WA: Western Australia,
AAE: Aqueous acidified ethanol.

4. Conclusions

To the best of our knowledge, this is the first study reporting the in vitro anti-inflammatory
and cytotoxic activities of KP fruits wild harvested from two Australian growing regions:
NT and WA. Fruit extracts, prepared with water or AAE, exhibited strong anti-inflammatory
and cytotoxic activities in vitro. Samples from the NT showed potent inhibition of NO
production in LPS-stimulated RAW264.7 cells and impacted Hep G2 cell viability more
than the other extracts. In particular, AAE extracts prepared from KP fruit wild harvested
from the NT exhibited greater bioactivity, most likely due to high TEA, vitamin C, and
TPC. Overall, the results from this in vitro study clearly demonstrate the potential of KP
fruit and derived products to be used in nutraceuticals or dietary supplements. However,
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further research is warranted to determine the full range of biological activities and to
substantiate the in vitro results in vivo.
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//www.mdpi.com/article/10.3390/nutraceuticals3010002/s1, Figure S1: Terminalia ferdinandiana
(Kakadu plum).

Author Contributions: Conceptualization, E.M.B., M.E.N. and Y.S.; methodology, E.M.B., S.A.,
M.E.N., A.D.T.P., S.O. and Y.S.; investigation, E.M.B. and S.A.; formal analysis, E.M.B. and S.A.; data
curation, E.M.B., A.D.T.P., S.A. and S.O.; writing—original draft preparation, E.M.B.; writing—review
and editing, E.M.B., S.A., A.D.T.P., M.E.N., D.C., S.O. and Y.S.; supervision, M.E.N., A.D.T.P., D.C.
and Y.S.; funding acquisition, Y.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Cooperative Research Centre for Developing Northern
Australia (CRCNA; Grant number: HT.2.1718031) and the support of its investment partners the
Western Australian, Northern Territory and Queensland Governments, and the Australian Research
Council (ARC) Industrial Transformation Training Centre for Uniquely Australian Foods (Grant
number: IC180100045).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study is contained within the article.

Acknowledgments: The authors would like to acknowledge the Traditional Owners of the lands
on which the Terminalia ferdinandiana was harvested and respect the knowledge and experience the
Traditional Owners hold regarding the care, harvest, and use of these plants.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References
1. Kim, H.S.; Quon, M.J.; Kim, J.A. New insights into the mechanisms of polyphenols beyond antioxidant properties; lessons from

the green tea polyphenol, epigallocatechin 3-gallate. Redox Biol. 2014, 2, 187–195. [CrossRef]
2. Manach, C.; Williamson, G.; Morand, C.; Scalbert, A.; Remesy, C. Bioavailability and bioefficacy of polyphenols in humans. I.

Review of 97 bioavailability studies. Am. J. Clin. Nutr. 2005, 81, 230s–242s. [CrossRef]
3. Scalbert, A.; Johnson, I.T.; Saltmarsh, M. Polyphenols: Antioxidants and beyond. Am. J. Clin. Nutr. 2005, 81, 215s–217s. [CrossRef]
4. Williamson, G. The role of polyphenols in modern nutrition. Nutr. Bull. 2017, 42, 226–235. [CrossRef]
5. Konczak, I.; Maillot, F.; Dalar, A. Phytochemical divergence in 45 accessions of Terminalia ferdinandiana (Kakadu plum). Food Chem.

2014, 151, 248–256. [CrossRef]
6. Bobasa, E.M.; Phan, A.D.T.; Netzel, M.E.; Cozzolino, D.; Sultanbawa, Y. Hydrolysable tannins in Terminalia ferdinandiana Exell fruit

powder and comparison of their functional properties from different solvent extracts. Food Chem. 2021, 358, 129833. [CrossRef]
7. Konczak, I.; Zabaras, D.; Dunstan, M.; Aguas, P. Antioxidant capacity and hydrophilic phytochemicals in commercially grown

native Australian fruits. Food Chem. 2010, 123, 1048–1054. [CrossRef]
8. Akter, S.; Netzel, M.E.; Tinggi, U.; Osborne, S.A.; Fletcher, M.T.; Sultanbawa, Y. Antioxidant Rich Extracts of Terminalia ferdinandiana

Inhibit the Growth of Foodborne Bacteria. Foods 2019, 8, 281. [CrossRef]
9. Tian, T.; Wang, Z.; Zhang, J. Pathomechanisms of Oxidative Stress in Inflammatory Bowel Disease and Potential Antioxidant

Therapies. Oxidative Med. Cell. Longev. 2017, 2017, 4535194. [CrossRef]
10. Gunawardena, D.; Karunaweera, N.; Lee, S.; van Der Kooy, F.; Harman, D.G.; Raju, R.; Bennett, L.; Gyengesi, E.; Sucher, N.J.;

Munch, G. Anti-inflammatory activity of cinnamon (C. zeylanicum and C. cassia) extracts—Identification of E-cinnamaldehyde
and o-methoxy cinnamaldehyde as the most potent bioactive compounds. Food Funct. 2015, 6, 910–919. [CrossRef]

11. Neurath, M.F. Cytokines in inflammatory bowel disease. Nat. Rev. Immunol. 2014, 14, 329. [CrossRef] [PubMed]
12. Zheng, Y.; Ley, S.H.; Hu, F.B. Global aetiology and epidemiology of type 2 diabetes mellitus and its complications. Nat. Rev.

Endocrinol. 2017, 14, 88. [CrossRef] [PubMed]
13. Wang, Y.; Wang, J. Modelling and prediction of global non-communicable diseases. BMC Public Health 2020, 20, 822. [CrossRef]
14. Dulai, P.S.; Singh, S.; Ohno-Machado, L.; Sandborn, W.J. Population Health Management for Inflammatory Bowel Disease.

Gastroenterology 2018, 154, 37–45. [CrossRef]
15. Chaudhury, A.; Duvoor, C.; Reddy Dendi, V.S.; Kraleti, S.; Chada, A.; Ravilla, R.; Marco, A.; Shekhawat, N.S.; Montales, M.T.;

Kuriakose, K.; et al. Clinical Review of Antidiabetic Drugs: Implications for Type 2 Diabetes Mellitus Management. Front.
Endocrinol. 2017, 8, 6. [CrossRef]

https://www.mdpi.com/article/10.3390/nutraceuticals3010002/s1
https://www.mdpi.com/article/10.3390/nutraceuticals3010002/s1
http://doi.org/10.1016/j.redox.2013.12.022
http://doi.org/10.1093/ajcn/81.1.230S
http://doi.org/10.1093/ajcn/81.1.215S
http://doi.org/10.1111/nbu.12278
http://doi.org/10.1016/j.foodchem.2013.11.049
http://doi.org/10.1016/j.foodchem.2021.129833
http://doi.org/10.1016/j.foodchem.2010.05.060
http://doi.org/10.3390/foods8080281
http://doi.org/10.1155/2017/4535194
http://doi.org/10.1039/C4FO00680A
http://doi.org/10.1038/nri3661
http://www.ncbi.nlm.nih.gov/pubmed/24751956
http://doi.org/10.1038/nrendo.2017.151
http://www.ncbi.nlm.nih.gov/pubmed/29219149
http://doi.org/10.1186/s12889-020-08890-4
http://doi.org/10.1053/j.gastro.2017.09.052
http://doi.org/10.3389/fendo.2017.00006


Nutraceuticals 2023, 3 23

16. Suleria, H.A.R.; Addepalli, R.; Masci, P.; Gobe, G.; Osborne, S.A. In vitro anti-inflammatory activities of blacklip abalone (Haliotis
rubra) in RAW 264.7 macrophages. Food Agric. Immunol. 2017, 28, 711–724. [CrossRef]

17. Sharma, J.N.; Al-Omran, A.; Parvathy, S.S. Role of nitric oxide in inflammatory diseases. Inflammopharmacology 2007, 15, 252–259.
[CrossRef]

18. Tripathi, P.; Tripathi, P.; Kashyap, L.; Singh, V. The role of nitric oxide in inflammatory reactions. FEMS Immunol. Med. Microbiol.
2007, 51, 443–452. [CrossRef]

19. Folkes, L.K.; O’Neill, P. DNA damage induced by nitric oxide during ionizing radiation is enhanced at replication. Nitric Oxide
2013, 34, 47–55. [CrossRef]

20. O’Donnell, V.B.; Freeman, B.A. Interactions Between Nitric Oxide and Lipid Oxidation Pathways. Circ. Res. 2001, 88, 12–21.
[CrossRef]

21. Pacher, P.; Beckman, J.S.; Liaudet, L. Nitric oxide and peroxynitrite in health and disease. Physiol. Rev. 2007, 87, 315–424.
[CrossRef] [PubMed]

22. Tan, A.C.; Konczak, I.; Ramzan, I.; Zabaras, D.; Sze, D.M. Potential antioxidant, antiinflammatory, and proapoptotic anticancer
activities of Kakadu plum and Illawarra plum polyphenolic fractions. Nutr. Cancer 2011, 63, 1074–1084. [CrossRef]

23. Tu, D.G.; Chyau, C.C.; Chen, S.Y.; Chu, H.L.; Wang, S.C.; Duh, P.D. Antiproliferative Effect and Mediation of Apoptosis in Human
Hepatoma HepG2 Cells Induced by Djulis Husk and Its Bioactive Compounds. Foods 2020, 9, 1514. [CrossRef]

24. Wongrakpanich, S.; Wongrakpanich, A.; Melhado, K.; Rangaswami, J. A Comprehensive Review of Non-Steroidal Anti-
Inflammatory Drug Use in the Elderly. Aging Dis. 2018, 9, 143–150. [CrossRef] [PubMed]

25. Koch, S.; Mayer, F.; Honecker, F.; Schittenhelm, M.; Bokemeyer, C. Efficacy of cytotoxic agents used in the treatment of testicular
germ cell tumours under normoxic and hypoxic conditions in vitro. Br. J. Cancer 2003, 89, 2133–2139. [CrossRef] [PubMed]

26. Breger, J.C.; Lyle, D.B.; Shallcross, J.C.; Langone, J.J.; Wang, N.S. Defining critical inflammatory parameters for endotoxin impurity
in manufactured alginate microcapsules. J. Biomed. Mater. Res. Part B Appl. Biomater. 2009, 91B, 755–765. [CrossRef]

27. Qian, Z.J.; Kim, S.A.; Lee, J.S.; Kim, H.J.; Choi, I.L.W.; Jung, W.K. The antioxidant and anti-inflammatory effects of abalone
intestine digest, Haliotis discus hannai in RAW 264.7 macrophages. Biotechnol. Bioprocess Eng. 2012, 17, 475–484. [CrossRef]

28. Bryan, N.S.; Grisham, M.B. Methods to detect nitric oxide and its metabolites in biological samples. Free Radic. Biol. Med. 2007, 43,
645–657. [CrossRef]

29. Lyle, D.B.; Shallcross, J.C.; Durfor, C.N.; Hitchins, V.M.; Breger, J.C.; Langone, J.J. Screening biomaterials for stimulation of nitric
oxide-mediated inflammation. J. Biomed. Mater. Res. Part A 2009, 90A, 82–93. [CrossRef]

30. Florento, L.; Matias, R.; Tuaño, E.; Santiago, K.; Dela Cruz, F.; Tuazon, A. Comparison of Cytotoxic Activity of Anticancer Drugs
against Various Human Tumor Cell Lines Using In Vitro Cell-Based Approach. Int. J. Biomed. Sci. 2012, 8, 76–80.

31. Aslantürk, Z.S. In Vitro Cytotoxicity and Cell Viability Assays: Principles, Advantages, and Disadvantages. In Genotoxicity—A Pre-
dictable Risk to Our Actual World; Larramendy, M.L., Soloneski, S., Eds.; InTech: London, UK, 2017.

32. Ogbole, O.O.; Segun, P.A.; Adeniji, A.J. In vitro cytotoxic activity of medicinal plants from Nigeria ethnomedicine on Rhab-
domyosarcoma cancer cell line and HPLC analysis of active extracts. BMC Complement. Altern. Med. 2017, 17, 494. [CrossRef]
[PubMed]

33. Stepanenko, A.A.; Dmitrenko, V.V. Pitfalls of the MTT assay: Direct and off-target effects of inhibitors can result in
over/underestimation of cell viability. Gene 2015, 574, 193–203. [CrossRef] [PubMed]

34. Akter, S.; Addepalli, R.; Netzel, E.M.; Tinggi, U.; Fletcher, T.M.; Sultanbawa, Y.; Osborne, A.S. Antioxidant-Rich Extracts of
Terminalia ferdinandiana Interfere with Estimation of Cell Viability. Antioxidants 2019, 8, 191. [CrossRef] [PubMed]

35. Prudnikova, T.Y.; Mostovich, L.A.; Domanitskaya, N.V.; Pavlova, T.V.; Kashuba, V.I.; Zabarovsky, E.R.; Grigorieva, E.V. Antiprolif-
erative effect of D-glucuronyl C5-epimerase in human breast cancer cells. Cancer Cell Int. 2010, 10, 27. [CrossRef]

36. Zhang, L.; He, M.; Zhang, Y.; Nilubol, N.; Shen, M.; Kebebew, E. Quantitative high-throughput drug screening identifies novel
classes of drugs with anticancer activity in thyroid cancer cells: Opportunities for repurposing. J. Clin. Endocrinol. Metab. 2012, 97,
E319–E328. [CrossRef]

37. Pandey, S.; Walpole, C.; Shaw, P.N.; Cabot, P.J.; Hewavitharana, A.K.; Batra, J. Bio-Guided Fractionation of Papaya Leaf Juice for
Delineating the Components Responsible for the Selective Anti-proliferative Effects on Prostate Cancer Cells. Front. Pharmacol.
2018, 9, 1319. [CrossRef]

38. Akter, S.; Addepalli, R.; Netzel, M.; Fletcher, M.; Sultanbawa, Y.; Osborne, S. Impact of polyphenol-rich extracts of Terminalia
ferdinandiana fruits and seeds on viability of human intestinal and liver cells in vitro. Food Chem. Mol. Sci. 2021, 2, 100024.
[CrossRef]

39. Arzumanian, V.A.; Kiseleva, O.I.; Poverennaya, E.V. The Curious Case of the HepG2 Cell Line: 40 Years of Expertise. Int. J. Mol.
Sci. 2021, 22, 13135. [CrossRef]

40. Williams, D.J.; Edwards, D.; Pun, S.; Chaliha, M.; Sultanbawa, Y. Profiling ellagic acid content: The importance of form and
ascorbic acid levels. Food Res. Int. 2014, 66, 100–106. [CrossRef]

41. Williams, D.J.; Edwards, D.; Chaliha, M.; Sultanbawa, Y. Measuring the three forms of ellagic acid: Suitability of extraction
solvents. Chem. Pap. 2016, 70, 144–152. [CrossRef]

42. Evtyugin, D.D.; Magina, S.; Evtuguin, D.V. Recent Advances in the Production and Applications of Ellagic Acid and Its Derivatives.
A Review. Molecules 2020, 25, 2745. [CrossRef] [PubMed]

http://doi.org/10.1080/09540105.2017.1310186
http://doi.org/10.1007/s10787-007-0013-x
http://doi.org/10.1111/j.1574-695X.2007.00329.x
http://doi.org/10.1016/j.niox.2013.04.005
http://doi.org/10.1161/01.RES.88.1.12
http://doi.org/10.1152/physrev.00029.2006
http://www.ncbi.nlm.nih.gov/pubmed/17237348
http://doi.org/10.1080/01635581.2011.596646
http://doi.org/10.3390/foods9101514
http://doi.org/10.14336/AD.2017.0306
http://www.ncbi.nlm.nih.gov/pubmed/29392089
http://doi.org/10.1038/sj.bjc.6601375
http://www.ncbi.nlm.nih.gov/pubmed/14647149
http://doi.org/10.1002/jbm.b.31452
http://doi.org/10.1007/s12257-011-0544-2
http://doi.org/10.1016/j.freeradbiomed.2007.04.026
http://doi.org/10.1002/jbm.a.32060
http://doi.org/10.1186/s12906-017-2005-8
http://www.ncbi.nlm.nih.gov/pubmed/29166892
http://doi.org/10.1016/j.gene.2015.08.009
http://www.ncbi.nlm.nih.gov/pubmed/26260013
http://doi.org/10.3390/antiox8060191
http://www.ncbi.nlm.nih.gov/pubmed/31234479
http://doi.org/10.1186/1475-2867-10-27
http://doi.org/10.1210/jc.2011-2671
http://doi.org/10.3389/fphar.2018.01319
http://doi.org/10.1016/j.fochms.2021.100024
http://doi.org/10.3390/ijms222313135
http://doi.org/10.1016/j.foodres.2014.09.003
http://doi.org/10.1515/chempap-2015-0193
http://doi.org/10.3390/molecules25122745
http://www.ncbi.nlm.nih.gov/pubmed/32545813


Nutraceuticals 2023, 3 24

43. Deng, G.F.; Lin, X.; Xu, X.R.; Gao, L.L.; Xie, J.F.; Li, H.B. Antioxidant capacities and total phenolic contents of 56 vegetables.
J. Funct. Foods 2013, 5, 260–266. [CrossRef]

44. Chen, G.-L.; Chen, S.-G.; Zhao, Y.-Y.; Luo, C.-X.; Li, J.; Gao, Y.-Q. Total phenolic contents of 33 fruits and their antioxidant
capacities before and after in vitro digestion. Ind. Crop. Prod. 2014, 57, 150–157. [CrossRef]

45. Huang, D.; Ou, B.; Prior, R.L. The Chemistry behind Antioxidant Capacity Assays. J. Agric. Food Chem. 2005, 53, 1841–1856.
[CrossRef]

46. Prior, R.L.; Wu, X.; Schaich, K. Standardized Methods for the Determination of Antioxidant Capacity and Phenolics in Foods and
Dietary Supplements. J. Agric. Food Chem. 2005, 53, 4290–4302. [CrossRef]

47. Mridusmita, C.; David, W.; David, E.; Sharon, P.; Heather, S.; Yasmina, S. Bioactive rich extracts from Terminalia ferdinandiana by
enzyme-assisted extraction: A simple food safe extraction method. J. Med. Plants Res. 2017, 11, 96–106. [CrossRef]

48. Phillips, K.M.; Tarrago-Trani, M.T.; McGinty, R.C.; Rasor, A.S.; Haytowitz, D.B.; Pehrsson, P.R. Seasonal variability of the vitamin
C content of fresh fruits and vegetables in a local retail market. J. Sci. Food Agric. 2018, 98, 4191–4204. [CrossRef]

49. Akhtar, M.; Raju, R.; Beattie, K.; Bodkin, F.; Münch, G. Medicinal Plants of the Australian Aboriginal Dharawal People Exhibiting
Anti-Inflammatory Activity. Evid.-Based Complement. Altern. Med. 2016, 2016, 2935403. [CrossRef]

50. Park, E.; Kum, S.; Wang, C.; Park, S.Y.; Kim, B.S.; Schuller-Levis, G. Anti-inflammatory Activity of Herbal Medicines: Inhibition of
Nitric Oxide Production and Tumor Necrosis Factor-α Secretion in an Activated Macrophage-like Cell Line. Am. J. Chin. Med.
2005, 33, 415–424. [CrossRef]

51. Jo, W.S.; Choi, Y.J.; Kim, H.J.; Lee, J.Y.; Nam, B.H.; Lee, J.D.; Lee, S.W.; Seo, S.Y.; Jeong, M.H. The Anti-inflammatory Effects of
Water Extract from Cordyceps militaris in Murine Macrophage. Mycobiology 2010, 38, 46–51. [CrossRef]

52. Altundag, E.M.; Gençalp, D.; Özbilenler, C.; Toprak, K.; Kerküklü, N. In vitro antioxidant, anti-inflammatory and anti-cancer
activities of methanolic extract of Asparagus horridus grows in North Cyprus Kuzey Kıbrıs da yetişen Asparagus horridus
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