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ARTICLE INFO ABSTRACT

Handling Editor: V Kuete Ethnopharmacological relevance: Herb-induced liver injury is poorly described for African herbal remedies, such as

Acokanthera oppositifolia. Although a commonly used treatment for pain, snake bites and anthrax, it is also a well-

Keywords: known arrow poison, thus toxicity is to be expected.

Acokanthera oppositifolia Aim of the study: The cytotoxicity and preliminary mechanisms of toxicity in HepG2 hepatocarcinoma cells were
Apocynaceae assessed.

gzziﬁﬁty Materials and methods: The effect of hot water and methanol extracts were on cell density, oxidative status,
HepG2 mitochondrial membrane potential, fatty acids, caspase-3/7 activity, adenosine triphosphate levels, cell cycling
Ouabain and viability was assessed. Phytochemicals were tentatively identified using ultra-performance liquid

chromatography.

Results: The hot water extract displayed an ICsq of 24.26 pg/mL, and reduced proliferation (S- and G2/M-phase
arrest) and viability (by 30.71%) as early as 24 h after incubation. The methanol extract had a comparable ICsq of
26.16 pg/mL, and arrested cells in the G2/M-phase (by 18.87%) and induced necrosis (by 13.21%). The hot
water and methanol extracts depolarised the mitochondrial membrane (up to 0.84- and 0.74-fold), though did
not generate reactive oxygen species. The hot water and methanol extracts decreased glutathione (0.42- and
0.62-fold) and adenosine triphosphate (0.08- and 0.26-fold) levels, while fatty acids (2.00- and 4.61-fold) and
caspase-3/7 activity (1.98- and 5.82-fold) were increased.

Conclusion: Extracts were both cytostatic and cytotoxic in HepG2 cells. Mitochondrial toxicity was evident and
contributed to reducing adenosine triphosphate production and fatty acid accumulation. Altered redox status
perturbed proliferation and promoted necrosis. Extracts of A. oppositifolia may thus promote necrotic cell death,
which poses a risk for inflammatory hepatotoxicity with associated steatosis.

1. Introduction

Traditional remedies form part of the primary healthcare system
within Sub-Saharan Africa (James et al., 2018; van Wyk and Prinsloo,
2018) due to its perceived superior efficacy and safety over allopathic
medicines, as well as being more cost-effective and aligns to sociocul-
tural beliefs (James et al., 2018; Jing and Teschke, 2018). The use of
traditional remedies is often undisclosed to healthcare providers, which
complicates diagnosis and treatment due to potential interference with
Western medicine (James et al., 2018). Acokanthera oppositifolia (Lam.)

Codd, a member of the Apocynaceae family, is a small tree with thick
leaves, white flowers, and red berries. It is also known as the Bushman’s
poison as aqueous bark and root decoctions are employed as arrow
poison while hunting (Adedapo et al., 2008). Regardless of known
toxicity, A. oppositifolia is an ethnomedicine for the treatment of pain,
snake bites and anthrax (Adedapo et al., 2008). As herbal remedies may
be toxic (Amadi and Orisakwe, 2018; James et al., 2018), and their
popularity and economic potential are increasing (van Wyk and Prin-
sloo, 2018), it is necessary to determine the potential detriments to
cellular systems. Unfortunately, little research is available regarding the
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efficacy and safety of plants, including those used in Africa (Amadi and
Orisakwe, 2018). Thus, activity directed at organs, such as the liver
(Amadi and Orisakwe, 2018), is difficult to obtain and little inference
can be made about their potential risks.

The liver is necessary for xenobiotic metabolism but is susceptible to
direct and indirect toxicity (Amadi and Orisakwe, 2018). Incidences of
herb-induced liver injury have increased globally (Amadi and Orisakwe,
2018; Jing and Teschke, 2018), and thus it is important to understand
the complex underlying effects thereof. Furthermore, hepatotoxicity
testing in preclinical investigation is needed (van Tonder, 2011).
Various mechanisms contribute to cytotoxicity, leading to hepatotoxic-
ity. Mitochondrial toxicity is often an underlying mechanism of reactive
oxygen species (ROS) generation due to electron leakage (Begriche
et al., 2011), with subsequent depletion of endogenous antioxidant
(such as reduced glutathione [GSH]) and bolstered oxidative stress (Xu
et al., 2004). Mitochondrial alterations may further affect the cell cycle
(Kroemer et al., 1998), promote cell death (Kroemer and Reed, 2000),
decrease adenosine triphosphate (ATP) production (Pessayre et al.,
2012) and/or allow for fatty acid accumulation with induction of hep-
atosteatosis (Begriche et al., 2011).

Due to the paucity of information on the effects of A. oppositifolia on
hepatocytes, the study aimed to determine its cytotoxicity and pre-
liminary mechanisms of a hot water (ethomedicinal simulant) and
methanol (pharmaceutical relevance) extract in hepatocarcinoma cells.

2. Materials and methods
2.1. Extraction of plant material

Root-bark was collected by Mr Lawrence Tshikudo, and a voucher
specimen (LT0019) was stored at the Department of Toxicology
(Onderstepoort Veterinary Institute, Pretoria, South Africa). The plant
material was cleaned of debris and ground to a fine powder. The hot
water extract was made by steeping 10 g root-bark powder in 100 mL
boiling distilled water for 15 min. The methanol extract was made by
sonicating (40 kHz, 18 °C-20 °C, Bransonic 52, Branson Cleaning
Equipment Co.) 10 g root-bark powder in 100 mL methanol for 30 min,
agitating the solution for 2 h on an orbital shaker, and extracting for a
further 16 h at 4 °C. The methanol extract was decanted, the marc re-
extracted thrice, and all supernatants combined.

The extracts were centrifuged (1000 g 5 min) to collect the super-
natant, and filtered (0.22 pm). The methanol extract was dried using
rotary-evaporation (Biichi Rotovapor R-200, Biichi), and reconstituted
in distilled water. The hot water and reconstituted methanol extracts
were freeze-dried (Freezone Freeze Dry System, Labconco), and the
resultant dry masses dissolved (25 mg/mL) in phosphate-buffered saline
(PBS) or dimethyl sulfoxide (DMSO), respectively. The hot water extract
was filter-sterilised (0.22 pm) and stored at —80 °C.

2.2. Tentative chemical profiling of extracts

Tentative phytochemical profiling was done using ultra-performance
liquid chromatography (UPLC; Waters) coupled in tandem to a photo-
diode array (PDA; Waters) detector and high-definition mass spec-
trometer (HDMS; SYNAPT G1, Waters) as described previously by
Cordier et al. (2020).

2.3. Cellular maintenance and preparation for seeding

HepG2 (ATCC #HB-8065) cells were cultured in Eagle’s Modified
Dulbecco’s Medium (EMEM) fortified with 10% foetal calf serum (FCS)
and 1% penicillin/streptomycin in 75 cm? flasks at 37 °C and 5% CO,.
Confluent (90%) cells were sub-cultured using trypsinisation. Detached
cells were centrifuged (200 g for 5 min) and the pellet resuspended in
complete medium. Cells were counted using the trypan blue exclusion
assay and diluted with 10% FCS-supplemented medium to 2 x 10° cells/
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mL or 1.7 x 10* cells/mL for 96- and 24-well plate experiments,
respectively.

2.4. Seeding and exposure of cells to crude extracts

2.4.1. 96-Well plate format

A single-plate cytotoxicity method (established by van Tonder
[2011]) with modifications described by Cordier et al. (2018) was used
to assess the effects of extracts on cell density, oxidative stress (intra-
cellular ROS and GSH), A¥m, fatty acid accumulation and caspase-3/7
activity (Sections 2.5.1 to 2.5.6). The effect on lipid peroxidation and
ATP levels were assessed separately. To achieve this, two columns were
dedicated to each assay allowing for duplicates.

Cells (100 pL) were pipetted into sterile 96-well plates (clear plates
for lipid peroxidation (Section 2.6); white plates for all other assays
(Sections 2.5.1 to 2.5.6, and Section 2.7). Cells were incubated overnight
to facilitate attachment to the plate surface. Attached cells were exposed
for 72 h to 100 pL. DMSO (0.8%; negative vehicle control), crude extracts
(2-200 pg/mL) or the respective positive control prepared in FCS-free
medium. The blank consisted of 200 pL 5% FCS-supplemented me-
dium alone to account for sterility and background noise.

2.4.2. 24-Well plate format

For cell cycle analysis, cells were synchronised to the S-phase using
the double thymidine blocking method. Two types of media was created;
A: 10% FCS-supplemented EMEM; and B: 10% FCS-supplemented
EMEM supplemented with 3 mM thymidine (Chiang et al., 2010).
Cells were cultured in medium A till confluent, for 16 h in medium B, for
10 h in medium A, and finally for 16 h in medium B. Cells were rinsed
with PBS before replacing the medium. Cells were harvested via tryp-
sinisation and prepared for seeding.

For cell cycle (Section 2.8) and cell viability (Section 2.9) analysis,
600 pL synchronised or non-syncrhonised cells were seeded into 24-well
plates, and exposed to two-fold the ICs5¢ of each extract for 24 and 72 h.

2.5. Single-plate cytotoxicity parameters

For the single-plate cytotoxicity assessment, as described in Section
2.4.1, end-point assays were performed as described in Sections 2.5.1 to
2.5.6.

2.5.1. Cellular density

The sulforhodamine B (SRB) staining assay was used to measure cell
density (Vichai and Kirtikara, 2006). Tamoxifen (10 pM in-reaction) was
used as positive control. Exposed cells were fixed with 50 pL trichloro-
acetic acid (50%) overnight at 4 °C. Fixed cells were washed three times
under slow-running tap water, and stained with 100 pL SRB (0.057% in
1% acetic acid) for 30 min. Stained cells were washed with 100 pL acetic
acid (1%) three times to remove unbound dye. The plates were dried,
and the bound dye eluted using 200 pL Tris-buffer (10 mM, pH 7.4).
Aliquots (100 pL) were transferred from each well to a clear 96-well
plate for spectrophotometric measurement at 510 nm (reference 630
nm) using a Synergy 2 plate reader (Bio-Tek Instruments, Inc.). All the
absorbance values were blank-subtracted, and the cell density calcu-
lated using the following equation:

A
Cell density (% relative to negative control) :A—Z x 100

where, As = the blank-adjusted absorbance of the sample, and Ac = the
blank-adjusted average absorbance of the negative control.

2.5.2. Intracellular reactive oxygen species

The dichloro-dihydrofluorescein diacetate (Ho-DCF-DA) conversion
and activation assay was used to measure intracellular ROS (as modified
by van Tonder [2011]). Potassium peroxidisulfate (150 pM in-reaction)
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was used as positive control. Medium was removed from exposed cells
and replaced with 10 pM Hy-DCF-DA for 2 h, after which fluorescence
was measured using a FLUOstar Optima plate reader (BMG Labtech) at
Aex = 485 nm and Aey = 520 nm (gain 750). After fluorometric mea-
surement, the cells were fixed as per the SRB assay described in Section
2.5.1. Fluorescence data was blank-subtracted and normalised to cell
density. The intracellular ROS was calculated using the following
equation:

FIs
Intracellular ROS (fold — change relative to negative control) = Tl x 100

where, FIs = fluorescent intensity of the sample, and Flc = average
fluorescent intensity of the negative control.

2.5.3. Intracellular reduced glutathione

The monochlorobimane adduct formation assay was used to measure
the intracellular GSH (as modified by Cordier et al. [2013]). n-Ethyl-
maleimide (10 pM in-reaction) was used as positive control. Medium
was removed from exposed cells and replaced with 16 pM mono-
chlorobimane for 2 h. The fluorescence was measured at Aexy = 355 nm
and Aem = 460 nm (gain 1250). After fluorometric measurement, the
cells were fixed as per the SRB assay described in Section 2.5.1. Fluo-
rescence data was blank-subtracted and normalised to cell density. The
intracellular GSH was calculated using the following equation:

FIs
Intracellular GSH (fold — change relative to negative control) = F—IZ x 100

where, FIs = fluorescent intensity of the sample, and Flc = average
fluorescent intensity of the negative control.

2.5.4. Mitochondrial membrane potential

The JC-1 monomer/aggregate ratiometric assay was used to measure
A¥m (as modified by van Tonder [2011]). Rotenone (100 nM
in-reaction) was used as positive control. Medium was removed from
exposed cells and replaced with 10 pM JC-1 for 2 h. Fluorescence was
measured at Aex = 492 nm and Ay, = 590 nm (gain 1000; for aggregates)
and Aex = 485 nm and A, = 520 nm (gain 1750; for monomers). The
ratio of monomers to aggregates’ fluorescence was determined, and
A¥m calculated using the following equation:

R
m (fold — change relative to negative control) = R—Z x 100

where, Rs = the ratio of fluorescent intensity of the sample, and Rc = the
ratio of average fluorescent intensity of the negative control.

2.5.5. Fatty acid accumulation

The nile red uptake assay was used to measure fatty acid accumu-
lation (Kiela et al., 2005), with oleic acid (200 pM in-reaction) as posi-
tive control. Medium was removed from exposed cells and replaced with
10 pM nile red for 2 h. The fluorescence measured at Aex = 544 nm and
Aem = 590 nm (gain 1000). After fluorometric measurement, the cells
were fixed as per the SRB assay described in Section 2.5.1. Fluorescence
data was blank-subtracted and normalised to cell density. The intra-
cellular fatty acid levels was calculated using the following equation:

. . . FIs

Intracellular fatty acid levels (fold — change relative to negative control) = Fle

x 100

where, FIs = fluorescent intensity of the sample, and Flc = average
fluorescent intensity of the negative control.

2.5.6. Caspase-3/7 activity
The Ac-DEVD-AMC cleavage assay was used to measure caspase-3/7
activation (as modified by van Tonder [2011]). Staurosporine (10 pM
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in-reaction) was used as positive control. Plates were centrifuged (200 g,
5 min) and the medium was replaced with 25 pL cold lysis buffer for 15
min on ice. After lysis, 100 pL caspase-3/7 substrate buffer (supple-
mented with 10 pM Ac-DEVD-AMC) was added. Plates were incubated
for 4 h at 37 °C, and then for a further 16 h at 4 °C for fixation as per
Section 2.5.1. Fluorescence was measured at Aex = 355 nm and Aeyp =
460 nm (gain 750). Fluorescence data was blank-subtracted, normalised
to the average cell density obtained from Section 2.5.1 and the
caspase-3/7 activity calculated using the following equation:

FI
Caspase —3 / 7 activity (fold — change relative to negative control) :FTS % 100
c

where, FIs = fluorescent intensity of the sample, and Flc = average
fluorescent intensity of the negative control.

2.6. Lipid peroxidation

The thiobarbituric acid reactive species assay was used to measure
lipid peroxidation (as described by Stern et al., 2010). 2,2'-Azobis
(2-amidinopropane) dihydrochloride (500 pM in-reaction) was used as
positive control. Medium (200 pL) was collected from the exposed cells
and replaced with 100 pL trypsin. After 5 min, trypsinised cells (100 pL)
were collected and combined with the medium in a 5 mL tube, and
vortex-mixed with 100 pL trichloroacetic acid (16.5%) and 100 pL thi-
obarbituric acid (2.5% in 0.1 M sodium hydroxide and 50 pM ethyl-
enediaminetetraacetic acid). The mixture was heated in a waterbath
(95 °C) for 20 min, and 250 pL butanol added. Tubes were vortex-mixed
again and allowed to split into an aqueous and organic phase. The
organic phase (100 pL) was pipetted into a white 96-well plate and the
fluorescence measured at Aex = 544 nm and Ae, = 590 nm (gain 750).
Fluorescence data was blank-subtracted, normalised to the average cell
density obtained from Section 2.5.1 and the lipid peroxidation activity
calculated using the following equation:

Fls
Lipid peroxidation (fold — change relative to negative control) = F_IZ x 100

where, FIs = fluorescent intensity of the sample, and Flc = average
fluorescent intensity of the negative control.

2.7. Adenosine triphosphate levels

The ApoSENSOR™ ATP cell viability chemiluminescence kit was
used to measure ATP (as per the manufacturer; MCL Corporation, 2015).
Saponin (1% in-reaction) was used as positive control. Medium was
removed from exposed cells and replaced with 100 pL
nucleotide-releasing buffer. Plates were agitated for 5 min on a shaker to
lyse cells. Afterwards, 10 pL. ATP-monitoring enzyme was added, and
plates read immediately. Luminescence data was blank-subtracted,
normalised to the average cell density obtained from Section 2.5.1 and
the ATP levels calculated using the following equation:

LIs

ATP level (fold — change relative to negative control) = I

where, LIs = luminescence intensity of the sample, and LIc = average
luminescence intensity of the negative control.

2.8. Cell cycle analysis

Propidium iodide staining was used to assess the effects of the ex-
tracts on the cell cycle (Darzynkiewicz and Juan, 1997), with three
positive controls: FCS-deprivation (24 h; GO/G1-block), 10 pM metho-
trexate in-reaction (14 h; G2/M-block) and 20 pM curcumin in-reaction
(14 h; S-block). Medium was collected from exposed cells prior to
trypsinising them for 5 min. Trypsinised cells were combined with the
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collected medium, as well as a 1% FCS-supplemented PBS wash-off to
ensure all cells were collected. Cells were centrifuged twice (200g, 5
min) with 1% FCS-supplemented PBS. The cells within the combined
suspension were fixed with 3 mL cold ethanol (70% [v/v]) overnight at
4 °C. Fixed cells were centrifuged (200 g; 5 min) and stained for 40 min
at 37 °C with 500 pL propidium iodide staining solution (100 pg/mL
RNase, 40 pg/mL prodidium iodide and 0.1% Triton X-100). The DNA
distribution was measured flow cytometrically using a FC500 Series
flow cytometer (Beckman-Coulter), and analysed using deconvolution
software (Multicycle V3.0, WinCycle).

2.9. Cell viability

The Annexin V-FITC/propidium iodide assay was used to measure
the effect of extracts on cell viability (Hingorani et al., 2011). Rotenone
(50 nM in-reaction; apoptosis) and ethanol-sonication (3 min; necrosis)
was used as positive controls. Medium was collected from exposed cells
prior to trypsinising them for 5 min. Trypsinised cells were combined
with the collected medium, as well as a 1% FCS-supplemented PBS
wash-off to ensure all cells were collected. Cells were centrifuged twice
(200 g, 5 min) with 1% FCS-supplemented PBS, and resuspended in 500
pL Annexin V-binding buffer. Cells were stained for 15 min with 2.5 pL
Annexin V-FITC solution. Immediately prior to analysis, 2.5 pL propi-
dium iodide (3 mM) was added as a counterstain. Cellular distribution
was measured flow cytometrically using a FC500 Series flow cytometer
as FL-1-positive (Annexin V-FITC, early apoptosis), FL-3-positive (pro-
pidium iodide, necrosis) or FL-1 and FL-3 positive (late apoptosis, or
aponecrosis).

2.10. Statistics

Experiments were conducted with two intra- and three inter-
replicates. Results were captured using Microsoft Excel 2010 and ana-
lysed with GraphPad Prism 5.0. Results were expressed as the mean +
SEM. The ICs( was calculated using non-linear regression. For all plate
assays, significant differences relative to the negative control were
determined using Kruskal-Wallis with a post-hoc Dunn’s test. Flow
cytometric results were analysed using two-way analysis of variance
(ANOVA) with a post-hoc Bonferroni test. Significance was deemed as p
< 0.05.

3. Results

The hot water and methanol extracts presented with an extraction
yield of 6.1% and 8.1%, respectively. Phytochemicals tentatively pro-
filed within the extracts are presented in Table 1, with representative
chromatograms in Fig. 1. More phytochemicals were identified in the
hot water extract than the methanol extract.

Table 1
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Positive controls altered biological parameters as expected. Cell
density, AYm, GSH and ATP were decreased by 94.2%, 0.34-, 0.85- and
0.99-fold, while ROS, fatty acids, lipid peroxidation and caspase-3/7
activity was increased by 2-, 2.5-, 1.93- and 2.2-fold, respectively.
Double thymidine blocking synchronised cells in the S-phase of the cell
cycle (71.18%), while positive controls resulted in a GO/G1-block (in-
crease of 8.83%), S-block (increase of 16.69%) and G2/M-block
(14.25%). Apoptotic and necrotic controls yielded an increase of
45.94% and 95.10% of cells in each representative quadrant,
respectively.

After 72 h exposure to the hot water extract, significant (p < 0.01),
dose-dependent reduction in cell density was observed at concentrations
>10 pg/mL, with a maximum decrease of 65.95% (Fig. 2A). The hot
water extract displayed a half-maximal inhibitory concentration (ICsp)
of 24.26 pg/mL. Although the A¥Ym was decreased at all concentrations,
it was only significant (p < 0.01) at >10 pg/mL, with a maximum 0.84-
fold reduction at 100 pg/mL (Fig. 2B). Non-significant (p > 0.05) re-
ductions in intracellular ROS concentrations were observed (Fig. 2C).
Intracellular GSH concentrations were reduced significantly (p < 0.05)
at concentrations >3.2 pg/mL, and plateaued at >10 pg/mL (0.56-fold)
(Fig. 2D). Although not dose-dependent, fatty acid levels increased
significantly (p < 0.001) at concentrations >10 pg/mL by up to 2.33-
and 2.00-fold at 32 pg/mlL and 100 pg/mL, respectively (Fig. 2E). Lipid
peroxidation remained relatively unaffected apart from a non-
significant (p > 0.05) increase of 1.24-fold at 3.2 pg/mL (Fig. 2F). The
hot water extract reduced ATP levels dose-dependently at all concen-
trations (p < 0.05) between 0.08- to 0.42-fold (Fig. 2G). Although not
significant (p > 0.05), caspase-3/7 activity was reduced at concentra-
tions <3.2 pg/mL (~0.35-fold), but increased at >10 pg/mL by up to
1.98-fold (100 pg/mL) (Fig. 2H).

The hot water extract (at the ICsg) reduced the percentage of cells in
the GO/G1-phase significantly (p < 0.01) by 15.10% after 24 h exposure,
which reflected as an increase in the number of cells in the sub-G1
(3.03%), S- (5.66%) and G2/M-phase (9.44%) (Fig. 3B). In parallel,
cellular viability was decreased by 30.71% (p < 0.001) with an increase
of necrosis by 29.98% (Fig. 4B). After 72 h exposure, the percentage of
cells in the GO/G1-phase decreased by 27.70% (p < 0.001), while the
percentage of cells in the sub-G1-, S- and G2/M-phase increased by
17.53% (p < 0.05), 17.76% (p < 0.05) and 10.54%, respectively
(Fig. 3E). Viability decreased by 20.83% (p < 0.01) with an increase of
early apoptosis (2.3%), late apoptosis (1.38%) and necrosis (17.13%; p
< 0.05) (Fig. 4E).

After 72 h, the methanol extract displayed a calculated ICsg of 26.16
pg/mL, with cell density significantly (p < 0.05) decreased at concen-
trations >3.2 pg/mL. A maximum reduction of 72.14% at 100 pg/mL
was observed (Fig. 5A). A significant (p < 0.01) dose-dependent decline
in AYm was observed at >10 pg/mL, with a maximum change of 0.74-
fold at 100 pg/mL (Fig. 5B). The ROS concentrations were reduced at all

Phytochemicals tentatively identified within the hot water and methanol extracts of A. oppositifolia using ultra-performance liquid chromatography coupled to a

photodiode array detector and high-definition mass spectrometer.

Identified phytochemicals Extract Empirical formula MMM (Da) MCM (Da) ESI mode
Hot water Methanol

3-Caffeoylquinic acid X C16H1809 354.0951 353.0873 Negative
4-Caffeoylquinic acid X C16H1809 354.0951 353.0873 Negative
5-Caffeoylquinic acid X C16H1809 354.0951 353.0873 Negative

Acobioside A X X C36Hs6014 712.3670 713.3748 Positive
Acolongifloroside K X Co9Hy4012 584.2833 585.2911 Negative and positive
Acovenoside A X X C30H4609 550.3142 551.3220 Positive

Acovenoside B X C32H4g010 592.3248 593.3326 Positive
Acovenosigenin (substructure) X Cy3H3405 390.2406 391.2485 Positive

Opposide X C29H44011 568.2884 569.2962 Negative and positive
Ouabagenin (substructure) X Cy3H3408 438.2254 439.2332 Positive

Ouabain X X C20H44012 584.2833 585.2911 Negative and positive

MMM: Monoisotopic molecular mass; MCM: Monoisotopic calculated mass.
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Fig. 1. Chemical profiles of the A) hot water and B) methanol extracts of A. oppositifolia as determined by UPLC-HDMS.

concentrations tested, with a significant (p < 0.05) decline at >32 pg/
mL, and complete abolishment at 100 pg/mL (Fig. 5C). Intracellular
GSH was significantly (p < 0.01) decreased when treated with extract
concentrations ranging between 3.2 pg/mL and 32 pg/mL (0.29-fold to
0.43-fold reduction), though increased non-significantly at 100 pg/mL
by 1.20-fold (Fig. 5D). Fatty acid levels were significantly (p < 0.05)
increased at >10 pg/mL, and resulted in a 4.61-fold increase at 100 pg/
mL (Fig. 5E). Lipid peroxidation was not significantly (p > 0.05) altered
(Fig. 5F). The ATP levels decreased significantly (p < 0.05) by 0.47- and
0.81-fold at all tested concentrations (Fig. 5G). Although caspase-3/7
activity was elevated, significant (p < 0.05) changes were only
observed at 100 pg/mL by 5.82-fold (Fig. 5H).

After 24 h, the methanol extract decreased the percentage of cells in
the GO/G1-phase by 4.90%, while increasing the percentage of cells in
the sub-G1- (4.21%), S- (0.70%) and G2/M-phase (4.19%) (Fig. 3C).
Cellular viability was reduced by 21.77% (p < 0.05), with a parallel
increase in early apoptosis (3.08%), late apoptosis (1.19%) and necrosis
(17.51%) (Fig. 4C). After 72 h exposure, the number of cells in the GO/
Gl-phase was further reduced by 20.37% (p < 0.05), while the per-
centage of cells in the sub-G1- (14.69%), S- (1.50%) and G2/M-phase
(18.87%; p < 0.05) was increased (Fig. 3F). Cellular viability was

reduced by 20.53% (p < 0.01), and there was an increase of 4.22%,
3.09% and 13.21% of cells in the early apoptotic, late apoptotic and
necrotic quadrants, respectively (Fig. 4F).

Although the effect on cell density was similar for both extracts, the
hot water extract had a greater effect on cellular processes, especially
when cell viability in taken into consideration. Intracellular GSH con-
centrations, A¥m and ATP levels were more prominently reduced by the
hot water extract, while the methanol extract increased fatty acid con-
tent and caspase-3/7 activity to a greater degree. Although both extracts
reduced ROS concentrations, the methanol extract abolished this at
higher concentrations. Lipid peroxidation does not appear to occur. The
hot water extract increased the percentage of cells in the S- and G2/M-
phase, while the methanol extract only increased the cells in the G2/M-
phase. Both extracts led to an increase in cells in the sub-G1-phase after
72 h. In parallel, both extracts decreased cellular viability and increased
the number of necrotic cells as early as 24 h, however, the hot water
extract was more effective in doing so.

4. Discussion

Analyses support the presence of the phytochemicals tentatively
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identified in the present study (Hauschild-Rogat et al., 1967; Chen,
1970; Ezzat et al., 2016), however, chlorogenic acid (3-O-caffeoylquinic
acid), crypto-chlorogenic acid (4-O-caffeoylquinic acid) and neo-
chlorogenic acid (5-O-caffeoylquinic acid) have only been reported once
before by our research group (Lepule et al., 2019). Given the extraction
profiles, ratiometric difference between phytochemicals help explain
the similarity and differences in biological effects observed.

Extracts reduced cell density by ~50% at concentrations between 24
and 27 pg/mL, which are considered within the bracket of potentially
cytotoxic extracts (ICso < 30 pg/mL). Lower cytotoxicity has been re-
ported by this group in SH-SY5Y neuroblastoma cells for acetone and
methanol root-bark extracts of A. oppositifolia (ICsg values of 30.5 and

41.4 pg/mL, respectively) (Lepule et al., 2019). Greater cytotoxicity has
been described for a methanol leaf extract (human drug-sensitive
CCRF-CEM leukaemia [ICso = 2.5 pg/mL] and multi-drug resistant
CEM/ADR5000 leukaemia cells [IC5y = 2.83 pg/mL]) (Saeed et al.,
2016) and dichloromethane root extract (total growth inhibition <12.5
pg/mL in TK10 renal, MCF-7 breast and UACC62 melanoma cell lines)
(Fouche et al., 2008). As such, extracts may present cell type-specific
cytotoxicity with extraction solvent and plant part affecting their po-
tency. Cytotoxicity data reported for individual phytochemicals suggest
acovenoside A, acolongifloriside K, opposide (Kingston and Reichstein,
1974) and ouabain (Gao et al., 2010; Xu et al., 2010a; Ozdemir et al.,
2012; Pezzani et al., 2014) as contributors. Ouabain has been reported
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to reduce hepatocellular carcinoma cell line viability (Gao et al., 2010; DNA synthesis (DiPaolo, 2002). In support, the increased percentage of
Xu et al., 2010a,b; Ozdemir et al., 2012) and contribute to apoptosis cells in the sub-G1-phase is indicative of DNA fragmentation. Ouabain
(Song et al., 2020). has been shown to arrest cells in the S- (Gao et al., 2010; Xu et al.,

Cytostatic and cytotoxic effects decreased cell density as early as 24 h 2010a) or GO/G1-phase (Pezzani et al., 2014), as well as incur mito-
after incubation, with the hot water extract displaying a greater change chondrial DNA damage (Nar et al., 2012). Cell viability was reduced
relative to the negative control. Effects increased over the 72 h exposure after 24 h exposure, highlighting the interplay between cytostatic and
time, suggesting time-dependent alterations. Cytostatic effects occurred cytotoxic effects. It is unclear whether the antiproliferative effect is
as a G2/M-arrest, however, the hot water extract also increased cells in upstream of the extract-induced necrosis, or rather a parallel process.
the S-phase. Such inhibition is most likely due to DNA damage occurring Necrosis may produce widespread toxicity and downstream
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inflammation (Kroemer et al.,
hepatotoxicity.

Mitochondrial depolarisation is suggestive of mitochondrial toxicity
and appears to be an underlying mechanism to the effects observed.
Unwanted opening of the mitochondrial permeability transition pore
(MPTP) depolarises the mitochondrial membrane, hindering mito-
chondrial and cellular function (Kroemer et al., 1998). Contrary to what
was expected, the extracts’ cytotoxicity were not associated with
increased ROS, but rather a decrease. Instead of oxidative stress, the
methanol extract appears to have caused reductive stress (Sun et al.,
2013), debilitating ROS’ function in signaling (Vivancos et al., 2010).
Pathways (such as mitogen-activated protein kinases [MAPK]) involved

1998), promoting inflammatory

in proliferation, survival and apoptosis, depend on a tightly controlled
redox status and mediation by ROS (Vivancos et al., 2010; Son et al.,
2011). The time-dependence of this effect on ROS was not assessed
though, and thus the initial change to ROS may reflect differently.
Ouabain has been shown to down-regulate MAPK1 (Xu et al., 2010a),
which supports reductive stress. Compounding the altered redox status,
GSH was depleted by both extracts. Although the possibility of early
oxidation was not assessed, which may have caused antioxidant deple-
tion, the role of GSH as a phase II conjugate for detoxification (Begriche
et al., 2011) cannot be discounted. Excessive GSH depletion may favour
hepatocyte necrosis rather than apoptosis (Yuan and Kaplowitz, 2009).
The slight elevation in GSH at 100 pg/mL by the methanol extract may



W. Cordier et al.

be due to an adaptive de novo response (Vivancos et al., 2010). In sup-
port of the lack of oxidative stress, lipid peroxidation was not observed.

Depletion of ATP and hindered bioenergetic processes are typically
observed following mitochondrial depolarisation (Pessayre et al., 2012).
Hindered ATP production occurs due to mitochondrial toxicity, and
likely contributed to the G2/M-phase arrest (Gemin et al., 2005). In
parallel to the decreased ATP, caspase 3/7 activity was increased, but
did not lead to apoptosis. Given the energy-dependent nature of
apoptosis (Begriche et al., 2011), the activation suggests an extrinsic
pathway was promoted. Surface death receptors activate caspase-8,
which in turn directly or indirectly activates caspase-3 (Kroemer and
Reed, 2000; Danial and Korsmeyer, 2004). Indirect mechanisms include
cleavage of the pro-apoptotic protein Bid or production of ceramide
(Kroemer and Reed, 2000; Danial and Korsmeyer, 2004); the latter
which is produced from fatty acids (Huang and Freter, 2015). Ceramide
is linked to necrosis when mitochondria are damaged, ATP is depleted,
or apoptotic pathways are not sufficiently activated (Hetz et al., 2002).
Mitochondrial proteins, such as apoptosis-inducing factor, promote cell
death and DNA fragmentation in the absence of ATP (Kroemer and Reed,
2000), supporting the increased the percentage of cells in the
sub-G1-phase and necrotic quadrant. Ouabain promotes apoptosis (Gao
et al., 2010), necrosis (Pezzani et al., 2014) or a mixture thereof (Chen
et al., 2014), via ROS generation, calcium influx (Xu et al., 2010b),
elevated caspase-3 activity and/or mitochondrial depolarisation (Chen
et al., 2014). The contradictory ROS results may be due to variations in
the phytochemical matrix between the extracts, thus allowing for in-
teractions between bioactive molecules.

Altered mitochondrial function would activate adenosine
monophosphate-activated kinase (AMPK) pathways to promote ATP-
production from fatty acids (Pessayre et al., 2012). As ATP levels were
reduced, mitochondrial p-oxidation may have been impaired, debili-
tating fatty acid use and facilitating accumulation (Xu et al., 2004;
Bradbury, 2006). Increased fatty acid levels would in turn promote ATP
leakage (Brenner et al., 2013), and thus decrease the concentrations
thereof as seen in the present study. Given the current profile, hep-
atosteatosis may occur with extract use.

5. Conclusion

Extracts of A. oppositifolia reduced HepG2 viability due to a G2/M-
phase cell cycle arrest with associated necrosis, which is linked to un-
derlying mitochondrial dysfunction. Mitochondrial toxicity contributes,
and is associated with, reduced GSH and ATP levels, fatty acid accu-
mulation, and stimulation of caspase-3/7 activity. Although redox status
was altered, oxidative stress was not observed, but rather reductive
stress at 72 h. Given tentative profiling of phytochemicals, ouabain is
thought to be the main cytotoxic component, however, interactions
between other phytochemicals identified in the extracts cannot be dis-
counted. Given the antiproliferative and necrotic effects, sufficient
exposure may present clinically with delayed hepatocellular viability
and proliferation, with associated necrosis. As fatty acid accumulation
occurred, inflammatory liver disease with hepatosteatotic changes may
likely occur. Further studies are warranted to assess the upstream
cytotoxicity mechanisms, particularly aligned to proliferative and bio-
energetics pathways.
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