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Objective: Secondary metabolites and polyphenolic compounds from medicinal plants have been demon-
strated to have multiple biological functions with promising research and development prospects. This
study examined the effect of b-stigmasterol (with ergosterol) and xylopic acid isolated from
Anchomanes difformis on liver mitochondrial permeability transition pore (mPTP).
Methods: The compounds were isolated by vacuum liquid chromatography. Mitochondrial swelling was
assessed as changes in absorbance under succinate-energized conditions.
Results: 1H and 13C NMR spectroscopic elucidation of the isolates affirmed the presence of b-stigmasterol
with ergosterol (1:0.3) and xylopic acid. The isolates reversed the increase in lipid peroxidation and
inhibited the opening of mitochondrial permeability transition pores caused by calcium and glucose.
Pharmacological inhibition of mPTP offers a promising therapeutic target for the treatment of
mitochondrial-associated disorders.
Conclusion: Reduction in the activity of calcium ATPase and the expression of Caspase-3 and �9 were
observed, suggesting that they could play a role in protecting physicochemical properties of membrane
bilayers from free radical-induced severe cellular damage and be useful in the management of diseases
where much apoptosis occurs.
� 2023 Tianjin Press of Chinese Herbal Medicines. Published by ELSEVIER B.V. This is anopen access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction designed by the electron transport chain of the inner mitochondria
Mitochondria perform several functions as diverse as energy
production, fatty acid b-oxidation, reactive oxygen species (ROS)
production and detoxification, as well as cell death regulation.
The coordination of these functions relies on independent mito-
chondrial processes as well as continued cross-talk with other
organelles and/or cytosol. Consequently, tight regulation of mito-
chondrial functions ensures cell homeostasis (Zorov, Juhaszova, &
Sollott, 2014).

Mitochondrial membrane permeability transition (MPT) pore
opening disrupts the proton gradient of the intermembrane space
membrane, therefore resulting in uncoupling oxidative phosphory-
lation, rupture of the outer mitochondrial membrane, the release of
apoptogenic proteins such as cytochrome C, apoptosis-inducing
factor, and small mitochondrial-dependent activator of caspase
(Zorov et al., 2014; Halestrap, McStay & Clarke, 2002).

An increase in intracellular calcium concentration and higher
concentrations of inorganic phosphate had been implicated in
the opening of the mitochondrial permeability transition pore
(mPTP). A high concentration of glucose leads to hyperglycemia
and over time, could reduce the insulin secretion capacity of pan-
creatic b-cells, and the subsequent increase in insulin resistance
leads to further hyperglycemia which will eventually result in
oxidative stress (Dubois, Vacher, Roger, Huyghe, & Vandewalle,
2007). Evidence demonstrates that some toxicants increase their
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carcinogenicity via oxidative stress. A high concentration of toxi-
cants can induce mitochondrial swelling, decrease the membrane
potential, enhance the permeability of H+ and K+, and induce mem-
brane lipid peroxidation (Fan et al., 2018).

Higher intracellular calcium concentration coupled with oxida-
tive stress lead to the opening of permeability transition pore and
ultimately leads to cell death through pathophysiological condi-
tions such as drug toxicity and neurodegenerative diseases
(Bernardi, Rasola, Forte, & Lippe, 2015). Inhibition and induction
of the MPT pore are well implicated with diseases associated with
uncontrolled cell growth (including Alzheimer, motor neuron,
spinal muscular atrophy, etc) and cell death (Srinivasan, 2012).
Bioactive compounds from medicinal plants have been reported
to serve asmodulators of theMPT pore and are valuable in the phar-
macological targeting of mitochondria (Adeoye, Falode, Jeje,
Agbetuyi-Tayo, & Giwa, 2022; Devendra & Leng, 2011; Fulda, 2010).

Anchomanes difformis (Blume) Engl. belongs to the family Ara-
ceae and is a native of West African countries including Nigeria,
Ghana, and Senegal (Adebayo, John-Africa, Agbafor, Omotosho, &
Mosaku, 2014). It is commonly known as igolangbodo, ogiriosako
(in South Western Nigeria), forest anchomanes, etc (Adebayo,
John-Africa, Agbafor, Omotosho, & Mosaku, 2014). It is a large
herbaceous perennial plant with a stout prickly stem of about 0.8
to 2 m high (Akinkurolere, Adedire & Odeyemi, 2006). The plant
has been reported to possess antimalarial, anti-inflammatory,
antimicrobial, and antinociceptive properties (Oyetayo, 2007).
Phytochemical screening of A. difformis extracts confirmed the
presence of alkaloids, terpenoids, tannins, saponins, and flavonoids
(Oyetayo, 2007). Stigmasterol is a plant lipid whose chemical
structure is similar to that of cholesterol but with slight modifica-
tions. Several studies have reported its use as a therapeutic
mediator in the treatment of various diseases as an antipyretic,
anti-cancer, anti-atherosclerotic cholesterol-lowering, anti-
inflammatory, and immune-modulating agents (Sabeva, McPhaul,
Li, Cory, & Feola, 2011; Bouic, Etsebeth, Liebenberg, Albrecht, &
Pegel, 1996). Xylopic acid is a kaurene diterpene with analgesic,
antimalarial and antipyretic properties (Boampong, Ameyaw,
Aboagye, Asare, & Kyei, 2013). There have been continuous
research efforts toward the identification of potent bioactive
agents from medicinal and dietary plants that can modulate the
mitochondria MPT pore. Despite the properties exhibited by both
stigmasterol and xylopic acid, it is not yet known whether they
could modulate the opening of the transition pore and thus allevi-
ate excessive tissue wastage in neurodegenerative disease condi-
tions. This study, therefore, investigated the isolation and
characterization of b-stigmasterol (with ergosterol) and xylopic
acid from A. difformis and their effects on MPT pore in vitro.
2. Materials and methods

2.1. Chemicals and reagents

Methanol, n-hexane, chloroform, ethyl acetate, silica gel, man-
nitol sucrose, ethyl glycol tetraacetic acid (EGTA), 4-2-
hydroxyethyl piperazine-1-ethane sulfonic acid (HEPES), spermine,
rotenone, and succinate were purchased from Sigma-Aldrich Com-
pany (St. Louis, MO, USA). BSA (bovine serum albumin), calcium
chloride, sodium hydroxide, sodium carbonate, copper sulfate,
phosphate buffer, Folin C and other reagents used were of analyt-
ical grade.
2.2. Plant material collection

A. difformis plant sample was collected at Odo Oro, Ikole-Ekiti,
Ekiti State, Nigeria. The sample was air-dried in the laboratory at
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room temperature and relative humidity of about 50%. The dried
leaves and stems were pulverized separately and stored in clean
glass vials.

2.3. Extraction of crude extract from plant sample

Pulverized leaves (about 950 g) and stems (570 g) of A. difformis
were each transferred into separate glass containers, respectively. A
total of 5 L of methanol was added to each container, stirred for 2 h,
and allowed to stand for 72 h. The resulting solution mixtures were
filtered using a porcelain filter with a fine-pored muslin cloth. The
filtrate in each case was concentrated in a vacuum oven at 40 �C.
The percentage yield was 42 g (4.4%) for the leaf and 16 g (2.8%)
for the stem. The concentrated crude methanolic extract was trea-
ted with 200 mL of 50% of the methanolic solution in a separating
funnel. The n-hexane solution (200 mL) was subsequently added
to the funnel and carefully shaken for equilibration. The resulting
mixturewas allowed to stand for 10min to ensure proper partition-
ing of the two phases. The hexane layer (at the top) was collected
after releasing the methanol/water layer (bottom). This process
was repeated until a clear layer was obtained for the hexane por-
tion. Isolated fractions were concentrated using a rotary evaporator
and vacuum oven respectively at 40 �C. The yield obtained from the
n-hexane stem fraction (L1) was 5.8 g and 10.2 g for the methanol
residue (L2). The yield obtained from the n-hexane leaf fraction
(L3) was 25.4 g and 16.6 g for the methanol residue of the leaf
(L4). Only samples L1 and L4 were subjected to further studies.

2.4. Isolation of pure compounds from hexane and methanol fractions

The 5 g of the n-hexane stem fraction (L1) was subjected to fur-
ther purification by vacuum liquid chromatography (VLC). The
hexane fraction was pre-absorbed with 100 mL of n-hexane and
added 100 g of silica gel GF254. The mixture was allowed to dry
and packed in a sintered glass which has been packed with 200 g
of silica gel with the aid of a vacuum pump. Elution of the compo-
nents was achieved using 500 mL of each of the following solvent
systems of increasing polarity: n-hexane, n-hexane/chloroform,
chloroform/ethylacetate, ethylacetate/methanol until the extract
was fully eluted. The obtained fractions were concentrated using
a rotary evaporator at 40 �C. Crystals from fraction 2 were col-
lected, washed with methanol, and dried under a vacuum. The
same procedure was repeated for methanol leaf fraction (L4).

2.5. NMR characterization of compounds

The 1H and 13C NMR spectra of the isolated compounds (from
samples L1 and L4) were recorded at 25.0 �C on a 600 MHz Avance
II Bruker NMR spectrometer (Console/DRX 600, Mundelein, Illinois
USA) operating at 600.28 MHz for 1H and 150.95 MHz for 13C using
deuterated chloroform. The chemical shifts (d) are reported in parts
per million (�10-6) and the spectra were referenced relative to the
tetramethylsilane (TMS), Me4Si internal standard at 0 ppm.

2.6. Experimental animals

Eighteen normal male albino rats (Wistar strain) weighing
between 100 and 150 g were obtained from Animal Colony,
Department of Science Technology, Federal Polytechnic Ado-Ekiti,
Ekiti State, Nigeria. Animals were maintained in controlled well-
ventilated plastic cages and were given grower mash and water
ad libitum. They were allowed to acclimatize for one week at the
Animal House, Department of Biochemistry, Federal University
Oye-Ekiti, Ekiti State, Nigeria before the in vitro experiments. Eth-
ical approval and the license for the use of animals were approved
by the Faculty of Science, Federal University Oye-Ekiti ethical
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review committee (Approval Number: FAS/BCH2021026). All pro-
cedures in this study conformed to the guiding principles for
research involving animals as recommended by the Declaration
of Helsinki and the National Institute of Health.

2.7. Biochemical analysis

Low-ionic-strength liver mitochondria were isolated as previ-
ously described by Johnson and Lardy (1967). The mitochondrial
protein was estimated as previously described according to
Lowry, Rosebrough, Farr & Randall (1951) using Bovine Serum
Albumin (BSA) as standard. Mitochondrial swelling was assessed
according to the method described by Lapidus and Sokolove
(1993). Lipid peroxidation assay was done using the method of
Ruberto, Baratta, Deans & Dorma (2000). Cytochrome C release
from isolated mitochondria was carried out and estimated from a
standard curve according to Appaix, Minatchy, Riva-Laveille,
Olivares & Antosson (2000). Caspase-3 and Caspase-9 were done
using rat-specific ELISA kits according to McKenzie, Fernandes,
Doan, Schmitt & Brandon (2021). Calcium ATPase activity was
measured using the method of Lin and Way (1982).

2.8. Statistical analysis

Data were analyzed by one-way ANOVA with Dunnett’s multi-
ple comparison post hoc test to compare groups with one indepen-
dent variable. Data were analyzed using Graphpad Prism 5.0
version. All data were presented as mean ± standard error of the
mean (SEM). The level of significance was set at P < 0.05.
3. Results

3.1. Identification of compounds by 1D NMR (1H, 13C) and 2D NMR
spectroscopy

Two white solid samples were isolated from the n-hexane frac-
tion of stems (L1) and the methanol fraction of leaves (L4) of A. dif-
formis respectively. Both 1D NMR (1H, 13C) and 2D NMR (COSY,
HMBC, HSQC) of the isolates were carried out for structural eluci-
dation. The isolates from L1 were identified to be a mixture of b-
stigmasterol (L1a; molecular weight = 412.69 g/mol) and ergos-
terol (L1b; molecular weight = 396.65 g/mol) (Fig. 1) in the ratio
of 1:0.3 according to the integration of their 1H NMR resonance,
especially for the observed resonance of H-3 (1H, 3.53, m) and H-
4 (2H, 2.30, ddd, J = 13.2, 5.2, 2.1 Hz) for L1a and found at 3.64
(m) and 2.47 (ddd, J = 14.3, 4.7, 2.5 Hz) respectively for L1b as
shown in Fig. S1. The details of all the 1H and 13C NMR were shown
in Table 1 for the two identified compounds in sample L1. The 13C
NMR also clearly showed the difference in the resonance of the L1a
and L1b mixture as indicated in Fig. S2. Some of the distinguishing
features of the two compounds in the mixture were C-5 (140.77,
Fig. 1. Structures of b-stigmasterol (L1a), ergosterol (L1b
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*139.80), C-6 (121.73, *119.60), C-7(31.9, *116.30), C-22 (138.32,
*135.58), C-23 (129.29, *131.99). The values with superscript ‘*’
are for the L1b compound. The results of the 2D NMR COSY, HSQC,
and HMBC for sample 1 were added to the supplementary data as
Figs. S3–S5 respectively for the mixture of L1a and L1b. One of the
most distinguishing features of the L1b from L1a is the correlation
of its 1H/13C for CH at C-7 as indicated in HSQC which is found in
the upper field compared with that of L1a which is found in the
lower field (Fig. S5). Another was the 1H/1H NMR from COSY show-
ing the correlation of H-6 and H-7 in L1b (Fig. S3). The second iso-
late from sample L4 was identified to be a pure compound of
xylopic acid (XL4, molecular weight = 360.5 g/mol, refractive
index = 1.55). The 1H and 13C NMR were shown in Figs. S6 and
S7, respectively.

The 2D NMR COSY, HMBC, and HSQC were added to the supple-
mentary data as Figs. S8–S10. The details of all the 1H and 13C NMR
that characterized the XL4 molecules were shown in Table 1.
Among the important resonance were those of H-1 (2H, 0.89, td,
J = 13.0, 3.7 Hz), H-3 (2H, 1.03, td, J = 13.7, 4.4 Hz), H-7 (2H,
1.18, dd, J = 11.8, 4.5), H-9 (1H, 1.33 (d, J = 7.1 Hz), H-14 (2H,
1.39, td, J = 13.4, 3.9, 1.47 Hz), H-18 (3H, 1.24, s) and H-20 (3H,
0.98, s) that were shown in Fig. S8 and those of carbon C-5
(56.50), C-9 (46.98), C-11 (18.01), C-15 (81.66), C-16 (153.76), C-
17 (106.12), C-18 (28.90), C-19 (184.42), C-20 (15.85), C-21
(171.44), C-22 (21.32). Among the identified 1H/13C correlation in
the 2D HMBC are the correlation of H-22/C-21 and H-18/C-19
and H-6/C-19 as indicated in Fig S9. In the HSQC NMR, the C-17/
H-17 (CH2) and C-15/H-15 (CH), C-13/H-13 (CH), C-5/H-5 (CH),
and C-20/H-20 (CH3) as shown in Fig. S10 differentiating CH2

(blue) from CH (red).
3.2. Assessment of mitochondrial intactness

Fig. 2 depicted the assessment of calcium (the reference trigger-
ing agent) and high glucose concentration as well as spermine (the
reference inhibitor) on permeability transition pores in normal rat
liver mitochondria. No significant change was observed in the
absorbance of mitochondrial within 12 min recorded at 540 nm
in the absence of calcium. This implies the intactness (integrity)
of the mitochondria, i.e., there was no induction of membrane per-
meability transition pore opening of mitochondrial energized with
succinate. The result showed a drastic reduction in absorbance at
540 nm in the presence of exogenous calcium and glucose, indicat-
ing a large amplitude mitochondrial swelling with an induction
fold of 22.61 and 8.39 respectively, which was significantly inhib-
ited by spermine with 87.48% inhibition.
3.2.1. Effect of b-stigmasterol (with ergosterol) on permeability
transition pores in presence and absence of calcium

The effect of varying concentrations (10, 20, 32, and 45 lg/mL)
of b-stigmasterol (with ergosterol) i.e. L1 (a & b) on the permeabil-
), and xylopic acid (XL4) isolated from A. difformis.



Table 1
1H and 13C NMR data for compounds L1a, L1b, and XL4 (in CDCl3, 600.28 and 150.95 MHz for 1H and 13C).

No. L1a L1b XL4

dH dC dH dC dH dC

1 37.3 38.4 0.89 (td, J = 13.0, 3.7 Hz)1.94
(d, J = 14.1 Hz)

40.8

2 31.7 32.0 1.46
1.90

19.1

3 3.53 (m) 71.8 3.64 (m) 70.5 1.03 (td, J = 13.7, 4.4 Hz)
1.24

37.7

4 2.30 (ddd, J = 13.2, 5.2, 2.1 Hz)2.23
(m)

42.2 2.47 (ddd, J = 14.3, 4.7, 2.5 Hz)2.28
(m)

40.8 � 43.7

5 140.8 139.8 1.02 (d, J = 11.8 Hz) 56.5
6 5.35 (m) 121.7 5.38 (m) 119.6 1.80

1.88
21.3

7 31.9 5.57 (dd, J = 5.6, 2.3 Hz) 116.3 2.07 (d, J = 11.8 Hz)1.18
(dd, J = 11.8, 4.5 Hz)

36.4

8 31.9 141.4 � 46.0
9 51.3 46.3 1.33 (d, J = 7.1 Hz) 47.0
10 36.5 37.0 � 39.4
11 21.2 21.1 1.57

1.69
18.0

12 39.9 39.1 1.49
1.65

33.3

13 42.3 42.8 2.67 (br s) 40.6
14 56.9 54.6 1.39 (td, J = 13.4, 3.9 Hz)

1.47)
38.9

15 24.4 23.0 5.15 (t, J = 1.5 Hz) 81.7
16 28.9 28.3 � 153.8
17 56.1 55.8 4.94 (d, J = 2.5 Hz)4.87

(br s)
106.1

18 12.3 12.0 1.24 (s) 28.9
19 19.8 17.6 � 184.4
20 40.5 40.4 0.98 (s) 15.8
21 21.1 21.1 � 171.4
22 5.15 (dd, J = 15.3, 8.4 Hz) 138.3 5.23 (dd, J = 15.2, 7.3 Hz) 135.6 2.17 (s) 21.3
23 5.02 (dd, J = 15.3, 8.5 Hz) 129.3 5.18 (dd, J = 15.2, 7.3 Hz) 132.0 � �
24 50.2 42.8 � �
25 34.0 33.1 � �
26 23.1 19.7 � �
27 19.4 20.0 � �
28 26.1 16.3 � �
29 12.1 – � �

Note: Chemical shifts are given in (ppm) relative to an internal reference, tetramethylsilane (TMS). Coupling constants (J) are given in Hz.

Fig. 2. Induction of mitochondrial membrane permeability transition pore opening
by calcium and glucose and reversal by spermine in normal rat liver mitochondria.
NTA: Non-triggering agent; TA: Triggering agent (Calcium).
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ity transition pores in the absence, and presence of exogenous cal-
cium and glucose were presented in Fig. 3. In the absence of cal-
cium, L1 (a & b) significantly inhibited the mitochondrial
permeability transition pores at all concentrations tested
(Fig. 3A). The percentage inhibition for L1 (a & b) in the absence
of calcium at (10, 20, 32, and 45 lg/mL) are 94.05%, 94.68%,
536
90.77%, and 83.72% respectively. In the presence of calcium and
glucose, L1 (a & b) exhibited a mild inductive effect in a
concentration-dependent manner. However, this mild inductive
effect was higher in the presence of calcium when compared with
the presence of glucose (Fig. 3B and C).

3.2.2. Effect of xylopic acid on permeability transition pores in
presence and absence of calcium

The effect of varying concentrations (10, 20, 32, and 45 lg/mL)
of xylopic acid (XL4) on the permeability transition pores in the
absence and presence of exogenous calcium and glucose was
shown in Fig. 4. In the absence of calcium, xylopic acid significantly
inhibited the MPT pores at all concentrations tested. The percent-
age inhibition for sample L1 (a & b) in the absence of calcium at
(10, 20, 32, and 45 lg/mL) were 96.09%, 96.40%, 94.52%, and
86.07% respectively (Fig. 4A). In the presence of calcium and glu-
cose, xylopic acid also revealed a mild inductive effect in a
concentration-dependent manner. In this way with sample L1 (a
& b), the mild inductive effect observed for XL4 was also higher
in the presence of calcium when compared with the presence of
glucose (Fig. 4B and C).

3.2.3. Effects of b-stigmasterol (with ergosterol) and xylopic acid on
cytochrome C release

From the results, the release of cytochrome c from calcium
(the reference standard) and glucose was significant when com-



Fig. 3. Effect of various concentrations of b-stigmasterol (with ergosterol) (sample L1 a & b) on mitochondrial membrane permeability transition pore in the absence and
presence of calcium and glucose. NTA: Non-triggering agent; TA: Triggering agent, +Ca2+: in the presence of calcium.

Fig. 4. Effect of various concentrations of xylopic acid (XL4) on mitochondrial MPT pore in the absence and presence of calcium and glucose. NTA: Non-triggering agent; TA:
Triggering agent; +Ca2+: in the presence of calcium.

K.O. Sodeinde, A.O. Adeoye, A. Adesipo et al. Chinese Herbal Medicines 15 (2023) 533–541
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pared with b-stigmasterol (with ergosterol) (sample L1 a & b) and
xylopic acid (sample XL4), both in the absence and presence of cal-
cium and glucose respectively (P < 0.05). There was no
significant induction of cytochrome C relwease at the two
concentrations (32 and 45 lg/mL) tested for both samples L1 (a
& b) and XL4 both in the presence of exogenous calcium and
glucose (Fig. 5).
3.3. Mitochondrial lipid peroxidation

The results showed that there was a significant increase in
mitochondrial lipid peroxidation in the presence of triggering
agents, exogenous calcium, and glucose when compared with the
isolated b-stigmasterol (with ergosterol) and xylopic acid at the
two concentrations in the absence of the triggering agents
Fig. 5. Effect of various concentrations of b-stigmasterol (with ergosterol) (sample L1 a
(mean ± SEM, n = 5). Values with different alphabets are statistically different at P < 0.0

Fig. 6. Effect of various concentrations of b-stigmasterol (with ergosterol) (sample L1 a
(mean ± SEM, n = 5). Values with different alphabets are statistically different at P < 0.0
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(P < 0.05). The concentrations of malondialdehyde in b-
stigmasterol (with ergosterol) and xylopic acid were significantly
lowered at the two concentrations in the presence of exogenous
calcium and glucose when compared with the triggering agents
alone (Fig. 6).
3.4. Caspase-3 and -9 activities

A significant P < 0.05 increase in the expression of caspase-3
and �9 activities were observed in the presence of triggering
agents, exogenous calcium, and glucose when compared with b-
stigmasterol (with ergosterol, L1 a & b) and xylopic acid (XL4) at
the two concentrations in the absence of the triggering agents.
The expression of caspase-3 and �9 activities in b-stigmasterol
(with ergosterol, L1 a & b) and xylopic acid (XL4) without the addi-
&b) and xylopic acid (XL4) on normal rat liver mitochondrial cytochrome c release
5. NTA: Non-triggering agent; TA: Triggering agent (Calcium).

& b) and xylopic acid (XL4) on normal rat liver mitochondrial lipid peroxidation
5. NTA: Non-triggering agent; TA: Triggering agent (Calcium).
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tion of calcium and glucose were found to be lowered at the two
concentrations when compared with the triggering agents alone
(Fig. 7).

3.5. Calcium ATPase activities

In the same manner, a significant P < 0.05 increase in the activ-
ities of calcium ATPase was observed in the presence of triggering
agents, exogenous calcium, and glucose when compared with stig-
masterol and xylopic acid at the two concentrations in the absence
of the triggering agents. Calcium ATPase activities in b-
stigmasterol and xylopic acid without the addition of calcium
and glucose were found to be lowered at the two concentrations
when compared with the triggering agents alone (Fig. 8).

4. Discussion

Under normal conditions, the mitochondrial matrix contains
CypD and the mPTP remains closed. Its opening is regulated by a
plethora of factors, including changes in ionic Ca2+, pH, reactive
oxygen species (ROS), adenosine diphosphate/adenosine triphos-
Fig. 7. Effect of various concentrations of b-stigmasterol (with ergosterol) (L1 a & b) a
(mean ± SEM, n = 5). Values with different alphabets are statistically different at P < 0.0

539
phate (ADP/ATP) levels, and the expression of B-cell lymphoma-2
(Bcl-2), an anti-apoptotic protein (Rao, Carlson, & Yan, 2014). The
additive proapoptotic effects of loss of mitochondrial membrane
potential and calcium overload in the mitochondria will induce
mitochondria permeability transition (MPT) pore opening inevita-
bly. The disturbance of mitochondrial membrane permeability can
result in swelling owing to the penetration of the solutes in the
matrix (Li, Liu, Zhang, Tian, & Zhao, 2012). From the results of this
study (Fig. 2), there was no change in the absorbance of mitochon-
drial under a succinate-energized condition in the absence of a
triggering agent (calcium), which signifies the intactness and
integrity of the isolated liver mitochondrial. The observation from
this study is in agreement with previous reports (Adeoye,
Olanlokun, & Bewaji, 2018; Daniel, Adeoye, Ojowu, & Olorunsogo,
2018). However, in the presence of triggering agents, there was a
large-amplitude swelling which was reversed by spermine, a stan-
dard inhibitor. Reversal of calcium-induced pore opening by sper-
mine showed that the isolated mitochondria were intact,
uncoupled, and therefore suitable for further use. It was observed
from the study that exogenous calcium significantly opened the
pore when compared with glucose.
nd xylopic acid (XL4) on normal rat liver caspase-3 (A, B) and �9 (C, D) activities
5. NTA: Non-triggering agent; TA: Triggering agent (Calcium).



Fig. 8. Effect of various concentrations of b-stigmasterol (with ergosterol) (L1 a & b) and xylopic acid (XL4) on normal rat liver calcium ATPase activity (mean ± SEM, n = 5).
Values with different alphabets are statistically different at P < 0.05. NTA: Non-triggering agent; TA: Triggering agent (Calcium).
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Pharmacological inhibition of mPTP offers a promising thera-
peutic target for the treatment of mitochondrial-associated disor-
ders (Baines, Kaiser, Purcell, Blair & Osinska, 2005; Morita, Sovari,
Xie, Fishbein & Mandel, 2009). Stigmasterol (with ergosterol) and
xylopic acid exhibited modulatory effects on the pore opening in
the absence of a reference triggering agent; calcium. However, in
the presence of calcium and glucose, they contributed to mild
induction of the pore opening in a concentration-dependent
manner.

The release of cytochrome C from mitochondria during apopto-
sis occurs through the opening of the mitochondria membrane per-
meability transition pore which is followed by the swelling-
induced rupture of the mitochondria outer membrane (Appaix
et al., 2000). From the results obtained in this study, there was
an increase in cytochrome release in the presence of triggering
agents (calcium and glucose) which indicated that there was a sig-
nificant increase in MPT pore opening. The release of cytochrome C
in b-stigmasterol (with ergosterol) and xylopic acid, both in the
absence and presence of calcium was found to be significantly
lower when compared with the triggering agents alone.

Lipid peroxides usually decompose to form aldehydes (e.g.
malondialdehyde) which can cross-link or change the structures
of proteins, lipids, carbohydrates, and DNA (Alessio, 2000). A signif-
icant increase in mitochondrial lipid peroxidation was observed in
the presence of triggering agents which is in agreement with the
significant opening of the MPT pore. Lipid peroxidation may
increase the destructive effect of the MPT in cells since it also pro-
motes mitochondrial swelling and cytochrome C release (Ruberto,
Baratta, Deans & Dorma, 2000). Stigmasterol (with ergosterol) and
xylopic acid inhibited mitochondrial lipid peroxidation at the two
concentrations tested both in the absence and presence of calcium
when compared with the triggering agents alone. It could be sug-
gested that the isolated b-stigmasterol (with ergosterol) and xylo-
pic acid could play a role in protecting the physicochemical
properties of membrane bilayers from free radical-induced severe
cellular damage.

Caspases are responsible for the regulation of the death sen-
tence in cells (Yuan, Najafov, & Py, 2016). In the cytosol, cyto-
chrome C engages the apoptotic protease activating factor-1
(APAF1) and forms the apoptosome, which activates caspase-9.
Caspase-3 is a protein that interacts with caspase-8 and caspase-
9. It is encoded by the CASP3 gene. Caspase-9 is a member of the
caspase family of cysteine proteases that have been implicated in
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apoptosis and cytokine processing. The results of this study
showed that there was a significant increase in the expression of
caspase-3 and -9 in the presence of triggering agents. The expres-
sion of caspase-3 and -9 activities in b-stigmasterol (with ergos-
terol) and xylopic acid without the addition of calcium and
glucose were found to be lowered at the two concentrations when
compared with the triggering agents alone.

Calcium ATPase is a transport protein in the plasma membrane
of cells that serves to remove calcium from the cell. It is vital for
regulating the amount of calcium within cells (Strehler and
Zacharias, 2001). It was observed from the results that calcium
ATPase activities increased significantly in the presence of trigger-
ing agents compared with b-stigmasterol (with ergosterol) and
xylopic acid at the two concentrations in the absence of the trig-
gering agents.
5. Conclusion

The modulatory potentials of b-stigmasterol (with ergosterol)
and xylopic acid isolated from A. difformis on mitochondrial perme-
ability transition pore in vitro were successfully investigated.
Detailed 1H and 13C NMR spectra of the isolates confirmed the
presence of b-stigmasterol (with ergosterol) and xylopic acid. Both
b-stigmasterol (with ergosterol) and xylopic acid reversed the
increase in mitochondrial lipid peroxidation and also inhibited
the opening of the mitochondrial permeability transition pore
caused by calcium and glucose. Furthermore, both isolates caused
a reduction in the activity of calcium ATPase as well as the expres-
sion of caspase-3 and -9. Hence, b-stigmasterol (with ergosterol)
and xylopic acid could play a role in protecting the physicochemi-
cal properties of membrane bilayers from free radical-induced sev-
ere cellular damage and could also be useful in the management of
diseases where too much apoptosis takes place.
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