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ARTICLE INFO ABSTRACT

Arl ﬁle? History: Androstachys johnsonii Prain has been identified through ethnobotanical studies as a medicinal plant used in
Received 21 October 2024 traditional medicine to treat medical complications, including diabetes mellitus (DM). The development of
Revised 6 March 2025 DM complications involves hyperglycaemia and excessive production of free radicals and inflammatory cyto-
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kines. This study investigates the hypoglycaemic, antioxidant, and anti-inflammatory properties of the aque-
ous extract of A. johnsonii, to reveal the possible pathways through which the extract can possibly treat DM
complications. A total of 34 phenolic compounds (majorly flavonoids) was identified in the plant extract
through the Ultra-High Performance Liquid Chromatography Mass Spectrometry (UHPLC-MS) analysis. Total
polyphenols were 403.28 + 12.75 mg gallic acid equivalent (GAE)/g with 88.35 + 2.16 mg catechin equiva-
lent (CE)/g of flavanols and 6.96 + 3.10 mg quercetin equivalent (QE)/g flavonols. For antioxidant capacity
determination, ferric reducing antioxidant power (FRAP) (1342.68 + 3.41 mg ascorbic acid equivalent (AAE)/
g), 2,2-diphenyl-1-pycrylhydrazyl (DPPH) (571.57 £ 0.55 mg Trolox equivalent (TE)/g), and Trolox equivalent
antioxidant capacity (TEAC) (478.8840.09 mg Trolox equivalent (TE)/g) values were obtained. The extract
demonstrated a concentration-dependent anti-inflammatory activity on RAW macrophage cells. The highest
concentration of the extract increased glucose uptake and utilisation in C3A hepatocarcinoma cells. The
extract showed a significant concentration-dependent (P < 0.05) increase in «-glucosidase inhibition and a
significantly (P < 0.05) lower pancreatic lipase inhibition. These results suggest the potential therapeutic

effect of A. johnsonii in the treatment of DM.
© 2025 The Authors. Published by Elsevier B.V. on behalf of SAAB. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Hyperglycaemia is a main characteristic of diabetes mellitus (DM)
(Yao et al., 2023). DM is a global concern due to its increased preva-
lence and an increase in mortality rate (Bodke et al., 2023; Ye et al.,
2023). Currently, 1 in 11 adults globally have been diagnosed with
DM (commonly type 2 diabetes mellitus) (Fenta et al., 2023). It has
also been estimated that 642 million people worldwide will be
affected by DM in 2040 (Bodke et al., 2023). Although the pathogene-
sis of DM arises from reduced glycaemic control and impaired glu-
cose metabolism, several other factors such as oxidative stress and
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inflammation are implicated in the development of DM complica-
tions (Jubaidi et al.,, 2021). During the development of DM, the inter-
action of excessive glucose with biomolecules leads to the formation
of advanced glycation end-products, and subsequent tissue damage
(Khalid et al., 2022). Chronic inflammation is one of the instigators of
medical complications accompanying DM (Ramesh et al, 2022;
Rohm et al., 2022). Glucotoxicity leads to the upregulation of the
nuclear factor erythroid 2-related factor (NRF2) which causes
immune cells infiltration and further damage caused by excessive
production of inflammatory cytokines (Cai et al., 2023). Hyperglycae-
mic complications also include the excessive production of reactive
oxidative species and compromised antioxidant system leading to
oxidative stress (Bhatti et al., 2022). The reaction of ROS with biomo-
lecules causes oxidation and subsequent damage which leads to apo-
ptosis, alteration, and deactivation of biomolecules (Liu et al., 2022b).
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Oxidative stress is also directly linked to chronic inflammation and
exacerbation of DM complications (Sahakyan et al., 2022). It is there-
fore evident that the direct amelioration of both oxidative stress and
inflammation, and the reduction of blood glucose levels is paramount
in the treatment of DM.

The modern treatment of DM includes the use of hypoglycaemic
synthetic drugs (Haq et al., 2021). As an example, the use of acarbose
has also been linked with its hypoglycaemic effect through the inhibi-
tion of ow-glucosidase and o-amylase (Saddique et al., 2022). Regard-
less of the effectiveness of synthetic drugs, traditional medicine has
drawn scientific focus due to the review of the adverse effects and
economical concerns that arise from the use of synthetic drugs (Bla-
hova et al., 2021; Nguyen et al., 2022). Currently, several ethnobotan-
ical studies have been conducted in search of medicinal plants that
are effective in the treatment of DM (Amoo et al., 2022; Andrade et
al., 2020; Bouyahya et al., 2021). Previous studies show that the phar-
macological effect of medicinal plants is linked to the bioactive com-
pounds constituted in the plants (Khan et al.,, 2022; Rahman et al.,
2022; Yang et al., 2021b). The isolation of individual compounds with
respect to their targets and mechanisms of action is of interest inves-
tigating therapeutic alternatives in the treatment of diseases (Ercan
and Dogru, 2022). However, medicinal plants contain several pheno-
lic compounds that can possibly act synergistically. Phenolic com-
pounds in plants are known to have hypoglycaemic, antioxidant and
anti-inflammatory properties (Pieczykolan et al., 2021), hence their
use in the treatment of various disease conditions including DM. In
line with the discovery of efficacious medicinal plants, several studies
have been conducted to investigate the chemical composition of
plants, and their beneficial effects in the treatment of medical com-
plications (Kiliccioglu et al., 2024; Shoukat et al., 2024).

Androstachys johnsonii Prain, also known as Lebombo ironwood, is
a relatively tall (up to 15 m tall), green plant belonging to the Picro-
dendraceae family (Mfotie Njoya et al., 2024). A. johnsonii originates
from the Africa and Madagascar, commonly known as a source of yel-
low wood (Magalhaes, 2021). The leaves, roots, and barks of A. john-
sonii are used in traditional medicine for the treatment of infections,
stomach aches, DM, and as an aphrodisiac for men (Mfotie Njoya et
al., 2024). Phenolic compounds such as catechins, bioflavonoids, gal-
lic acid, tannins, quinic acid were previously identified in the leaves
of A. johnsonii (Mfotie Njoya et al., 2024). A similar biological study
revealed the antifungal effect of A. johnsonii roots, barks, and leaves
with association to the presence of catechin as a bioactive compound
(Molotja et al,, 2011). Although ethnobotanical studies have identi-
fied the plant as a commonly used treatment for DM, only very scanty
studies have revealed the action of the plant and its bioactive com-
pounds possibly responsible for its effect. Therefore, this study was
designed to comprehensively investigate the potential effect of A.
johnsonii in reducing glucose levels and ameliorating oxidative stress
and inflammation.

2. Materials and methods
2.1. Chemicals

The following chemicals and reagents were purchased from
Sigma-Aldrich; Dimethyl sulfoxide (DMSO), «e-glucosidase (from Sac-
chromyces cereviciae), Lipase from porcine pancreas, p-nitrophenyl
palmitate (pNPP), dibasic sodium phosphate, monobasic sodium
phosphate, acarbose, Tris—HCl, 4-nitrophenyl beta-d-glucoside
(pNPG), triton-X100, isopropanol, sodium deoxycholate ferric reduc-
ing antioxidant power (FRAP) reagent, 2,2-diphenyl-1-pycrylhydra-
zyl (DPPH) reagent, 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic
acid (ABTS), ascorbic acid, gallic, acid, atropine, catechin. minimal
essential medium (MEM) and phosphate buffered saline (PBS) with-
out Ca®* and Mg?* were purchased from Cytiva, in Marlborough, MA,
USA. Lipopolysaccharide (LPS), aminoguanidine and RPMI1640
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culture medium were purchased from GE Healthcare Life Sciences,
Logan, UT, USA. Sulphanilamide and NED Solutions were purchased
from Promega. Penicillin/streptomycin, foetal bovine serum and non-
essential amino acids were purchased from Biowest in Nuaille,
France. orlistat, RPMI-1640 Medium, RAW 264.7 mouse macrophages
were purchased from Cellonex, South Africa. C3A hepatocarcinoma
cells were purchased from ATCC, USA.

2.2. Plant material collection and preparation

The A,johnsonii plant was identified at the Brackenridgea Nature
Reserve in Thengwe, Limpopo, South Africa. The leaves of the plant
were harvested and authenticated at the University of Venda, by Prof.
Tshisikhawe (voucher number: MNU0O01/10/22) and a specimen was
kept at the herbarium at the University of Venda. An aqueous leaf
extract was prepared from the leaves of A. johnsonii. The leaves were
dried in the shade for 3 days and hand-crushed to smaller particles.
The leaves were then blended into a powder. The powder was
weighed and soaked in 100 °C hot distilled water at a ratio of 1:10.
The mixture was left overnight (24 h). Extraction of the liquid in the
mixture was performed using size 2 and 3 filters and the filtrate was
freeze dried overnight. The extract was kept in a —20 °C freezer.

2.3. Ultra-High performance liquid chromatography mass
spectrophotometry (UHPLC-MS) phenolic compound profiling

Phytochemical profiling of aqueous leaf extract of A. johnsonii was
performed using a mass spectrometer, Water Synapt G2 Quadrupole
time-of-flight (QTOF) coupled with a Waters Acquity ultra-perfor-
mance liquid chromatograph from Waters, Milford, MA, USA. The
UHPLC-MS procedure was performed following the methods fol-
lowed by Idris and colleagues (Idris et al., 2024). Data processing and
acquisition was performed under MSE using MassLynx™ software
version 4.1 (Waters, Milford, MA, USA) and the format was converted
from project files (.PRO) to NetCDFfiles (.CDF) using Databridge in
MassLynx and MZmine (Version 3). To specifically detect phytochem-
ical compounds, ionization was in negative mode and the tempera-
ture of desolvation was set at 275 °C (650 L/h) and voltage at 15 V.
The compounds were identified both in MSE mode and in resolution
mode (between the range of m/z 150—1500). In MSE mode, data was
captured at a low collision of 4 V and then at a higher collision energy
range (40—100 V) to also obtain fragmentation data. Sodium formate
was used to calibrate the instrument and Leucine enkephalin was a
reference for mass determination accuracy. Waters T3 HHS,
2.1 x 150 mm, 1.7 um column was used.

During separation, 0.1 % formic acid in water (solvent A) and 0.1 %
formic acid in acetonitrile (solvent B) were used for mobile phase
with 2 uL volume initially injected. The flow was linear, and the flow
rate was set at 0.3 mL/min. The flow was maintained for 22 min with
solvent A flowing for 1 min at 100 % gradient to 28 % for solvent B
which was then raised to 40 % for 50 s. A wash step was then per-
formed for 1.5 min at 100 % solvent B after-which the instrument
was re-equilibrated for 4 min at 55 °C. At MSE acquisition mode,
retention time (RT) was set to start from 0.0 to 29.0 min and toler-
ance at +0.2 min while m/z tolerance was set at 0.01 or 10ppm.
Adducts in the negative ion ([M-H]~, [M-2H]*", [M-H-H,0]", [M
+Cl]~, [M-H-CO,]~, [M+HCO,] ", and [2M-H]) were considered. Mass
range was 40—1200 Da and the mass accuracy tolerance was set at
5 4+ 5 ppm. Detection of compounds was done according to UV, MS1,
MS2 (m/z) and RT. Compounds were predicted according to the N-
rule and the seven heuristic rules. The selection of the spectra was
performed, and the retention times were aligned during the identifi-
cation of metabolites. Unknown compounds were grouped, and their
compositions were predicted. Compounds were named tentatively
using 3 steps: 1) The masses of the compounds were matched and
compared to existing data in Metlin (http://metlin.scripps.edu/index.
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php (accessed on 15 October 2023), MassBank (http://www. Mass-
Bank.jp) (accessed on 15 October 2023), NIST (http://chemdata.nist.
gov/ (accessed on 15 October 2023), and ReSpect (http://spectra.psc.
riken.jp/(accessed on 15 October 2023). 2) Compounds were identi-
fied by comparing their mass fragmentation, retention time and ioni-
zation modes to existing phenolic compounds standards run at the
same conditions. Due to the presence of many compounds identified
in this present study, not all standards were used. For other com-
pounds, theMS' and MS? fragment ions were obtained from previous
literature and databases. 3) The calculation of carbons atoms at the
peak of compounds with several isotopes was done to limit false
identifications.

2.3.1. Specificity and sensitivity

Phenolic compounds such as epicatechin and catechin were run at
the same conditions and used as standards for the detection of phe-
nolic compounds in the plant extract. This study did not focus on spe-
cific phenolic compounds, leading to many compounds detected. Due
to too many compounds detected, not all standards were used. How-
ever, the MS! and MS? fragment ions of previous similar compounds
were found in databases and used to determine the detected com-
pounds.

The sensitivity of the method used in this study was validated in a
previously similar study (Idris et al., 2024). In brief, the limits of
detection (LODs) and limits of quantification (LOQs) were used calcu-
lated and chemical markers were set. A UV and concentration stan-
dard curve for calibration was generated from epicatechin and
catechin standards at 3.9; 7.8; 15.6; 62.5; 125.0 and 250,0 mg/L con-
centrations. The intra (0.14—3.14 %) and inter (1.01-2.90 %) repeat-
ability of the RT of standards ranging from was considered. Phenolic
acids were detected at 300, 309, and 322 nm and flavonols flavanols
were detected at 254, 255, and 354, and 278 nm, respectively. The
correlation coefficient of linear regression was maintained at r > 0.99.

2.4. Flavonol

Quercetin was used as a standard to determine the concentration
of flavonols, and the quantity of flavonol was expressed as mg quer-
cetin equivalent (QE) per gram of the extract (mg QE/g). The standard
and samples were plated in a 96-well plate with 12.5 uL of 0.1 % HCI
and 225 ul of 2 % HCL. The plate was incubated at room temperature
for 30 min before reading at 360 nm in a Multiskan Spectrum plate
reader (Thermo Fisher Scientific, Waltham, MA, USA) (Matsabisa et
al., 2022).

2.5. Flavanol

Catechin (1 mM) was used as a standard to quantify the amount of
flavanol in the extract. A volume of 25 uL of samples and the stan-
dard were plated into a 96-well plate after which 275 p©l DMACA
solution (DMACA in methanol-HCI to a concentration of 10 pg/mL)
was added. The plate was kept at room temperature for 30 min
before reading. Absorbance was read at 640 nm. Results were
expressed as mg catechin equivalent (CE) per gram of the extract (mg
CE/g) (Matsabisa et al., 2022).

2.6. Alkaloid

To detect the presence alkaloid, the sample (500 mL) was mixed
with 2 M sodium phosphate buffer (pH 4.7), BCG solution (5 ml) and
chloroform (12 mL). The presence of alkaloids was noticed by the
presence of 2 layers (yellow and blue). If so, 0.1 mg/mL atropine (pre-
pared in 2 M sodium phosphate buffer, pH 4.7) was used as a stan-
dard to calculate the concentration of alkaloid in the extract. The
yellow layer in the extract sample/standard (300 wL) was plated into
a 96-well plate and the plate was immediately read at 470 nm in a
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Multiskan Spectrum plate reader (Thermo Fisher Scientific, Waltham,
MA, USA). Results were expressed as mg atropine equivalent (AE) per
gram of the extract (mg AE/g) (Alabi et al., 2019).

2.7. Total polyphenols

Gallic acid was used as a standard in the quantification of total
polyphenols. Both the standard and the extract sample (25 L) were
loaded in a 96-well plate. A concentration of 200 mM Folin-Ciocalteu
reagent (125 L) was then added in the wells containing the sam-
ples/standard after which sodium carbonate was added. After an
incubation of 30 min at 37 °C, the plate was read at 765 nm in a Mul-
tiskan Spectrum plate reader (Thermo Fisher Scientific, Waltham,
MA, USA). Results were expressed as mg gallic acid equivalent (GAE)
per gram of the extract (mg GAE/g) (Mndi et al., 2023).

2.8. Trolox equivalent antioxidant capacity assay

Trolox equivalent antioxidant capacity (TEAC) of the plant extract
was measured following the methods by Alabi and colleagues (Alabi
etal., 2019). Briefly, Trolox (1000 mg/L) was used as a standard in the
assay. Both the serial dilution concentrations prepared from Trolox,
and the extract (25 uL) were added into wells of a 96-well plate in
triplicates. Immediately after, 275 uL of 0.4 mg/mL 2,2-azino-bis-3-
ethylbenzothiazolinee-6-sulphonic acid (ABTS) was added into the
wells and the plate was kept at room temperature for 30 min before
reading. The plate was read at 593 nm using a Multiskan Spectrum
plate reader (Thermo Fisher Scientific, Waltham, MA, USA). Results
were expressed as mg Trolox equivalent (TE) per gram of the extract
(mg TE/g).

2.9. Ferric reducing antioxidant power assay

Ferric reducing antioxidant power (FRAP) assay of the plant
extract was measured following the methods by Okaiyeto and col-
leagues (Okaiyeto et al., 2023). 1000 uM of vitamin C was diluted
into a series of concentrations and used as a standard in the assay. A
volume of 10 L of the standard and extract were added into 96-well
plate in triplicates. Immediately after, 300 L of FRAP reagent solu-
tion (300 mM acetate buffer, pH 3.6, iron (IIl) chloride hexahydrate
solution, and TPTZ solution in distilled water at 10:1:1:2 ratio) was
added into each well and the plate was kept at room temperature for
30 min before reading. The plate was read using a Multiskan Spec-
trum plate reader purchased from Thermo Fisher Scientific, Waltham,
MA, USA at 593 nm. Results were expressed as mg ascorbic acid
equivalent (AAE) per gram of the extract (mg AAE/g).

2.10. 2,2-Diphenyl-1-picrylhydrazyl assay

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay was performed
following the methods by Okaiyeto and colleagues (Okaiyeto et al.,
2023). Briefly, Trolox (1000 mg/L) was used as a standard in the assay
to express the results as mg of Trolox per gram of the plant. Both the
serial dilution concentrations prepared from Trolox, and the extract
(25 uL) were added into 96-well plate in triplicates. Immediately
after, 275 L of 0.4 mg/mL DPPH was added into the wells and the
plate was kept at room temperature for 30 min before reading. The
plate was read at 593 nm using a Multiskan Spectrum plate reader
(Thermo Fisher Scientific, Waltham, MA, USA). Results were
expressed as mg Trolox equivalent (TE) per gram of the extract (mg
TE/g).

2.11. Anti-inflammatory effect determination

Anti-inflammatory activity was determined by quantifying the
amount of nitric oxide (NO) produced by RAW 264.7 cells treated


http://metlin.scripps.edu/index.php
http://www
http://chemdata.nist.gov/
http://chemdata.nist.gov/
http://spectra.psc.riken.jp/
http://spectra.psc.riken.jp/

M. Nethengwe, N. Kerebba, K. Okaiyeto et al.

with the extract. A macrophage cell line (RAW 264.7 cells) from mice
was used to determine anti-inflammatory activity. The cells were
grown overnight in a 96-well plate (1 x 10° per well), in RPMI1640
culture medium supplemented with 10 % FBS. After the overnight
incubation, the culture media was removed and cells were treated
with different concentrations of the plant extract (50, 100 and
200 pg/mL) prepared in the culture media. The extract concentra-
tions were chosen from a preliminary trial with consideration of the
highest concentration that caused less toxicity. Positive control cells
were treated with 100 ©M aminoguanidine (AG). A volume of 50 uL
of 1 ug/mL lipopolysaccharide (LPS) prepared in the media was then
added to the cells and4 the plate was incubated for 24 h. NO produc-
tion was determined by measuring the concentration of nitrite in the
each well using the Griess reagent. A volume of 50 ¢ L of the spent
medium from the plate was added into the wells of a new plate after
which 50 uL of sulphanilamide solution (1 % sulphanilamide in 5 %
phosphoric acid) was added. After a 10 min incubation in the dark at
room temperature, the plate was read at 540 nm in a spectrophotom-
eter (BioTek® PowerWave XS from Winooski, VT, USA). Sodium
nitrite was used as a standard and the concentration of nitrite was
measured in M. The MTT assay was also performed to determine
the toxicity of the extract concentrations as a function of the NO pro-
duction (van de Venter et al., 2008).

2.12. Glucose and lipid metabolism

2.12.1. Glucose utilisation

Glucose utilisation was measured on treated hepatocarcinoma
cells (C3A). The cells were maintained in complete medium prepared
by adding 10 % FBS, 1 % Pen-Strep to MEM with 1 % NEAA in a 10 cm
culture dish. A volume of 100 uL of the C3A hepatocarcinoma cells
were then seeded in 96-well plates at a density of 2 x 10 cells/well
and left overnight to attach. The cells were then treated with the
extract concentrations (15.625, 31.25, and 62.5 pug/mL) prepared in
the complete medium for 24 h before the cells were transferred to a
new 96-well plate and the medium was removed. The cells were
washed with PBS (100 xL) and 25 uL of incubation buffer prepared
by diluting RPMI-1640 with PBS in 0.1 % BSA to a final glucose con-
centration of 8 mM and incubated for 4 h. Glucose oxidase (200 L)
was added into the cells and the 96-well plate was incubated for
15 min at room temperature before reading at 510 nm using a Bio-
Tek® PowerWave XS spectrophotometer (Winooski, VT, USA) (van de
Venter et al., 2008).

2.12.2. Glucose uptake

C3A hepatocarcinoma cells were maintained in complete medium
prepared by adding 10 % FBS, 1 % Pen-Strep to MEM with 1 % NEAA in
a 10 cm culture dish and then seeded in wells of a 96-well plate
(100 pL of 2 x 10* cells/well) overnight. The cells were then treated
with the extract concentrations ((15.625, 31.25, and 62.5 pg/mL) pre-
pared in the complete medium for 24 h. The cells were then trans-
ferred to another 96-well plate where 200 uL of glucose oxidase
prepared from 1 mU/mL Aspergillus niger glucose oxidase, 2.5 U/mL
horseradish peroxidase, 0.25 mM EDTA, 3 mM phenol, 0.5 M PBS, pH
7.0, and 0.4 mM 4-aminoantipyrine, was added. The standard con-
tained only glucose, medium and the buffer without cells. The plate
was kept at room temperature for 15 min and then read in a BioTek®
PowerWave XS spectrophotometer (Winooski, VT, USA) at 510 nm.
Glucose intake (in mM) was measured by finding the difference
between the glucose concentration in the standard and the glucose
remaining in the samples after the reaction (van de Venter et al.,
2008).

2.12.3. Cytotoxicity
The MTT assay was performed after the glucose uptake and uti-
lisation assays. After both assays, the medium was removed, and the
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cells were treated with 100 uL of complete medium with 0.5 mg/mL
MTT followed by a 1-hour incubation at 37 °C. The MTT solution was
then aspirated, and DMSO (100 L) was added to the wells contain-
ing the cells. The plate was read using a BioTek® PowerWave XS spec-
trophotometer (Winooski, VT, USA) at 540 nm (van de Venter et al.,
2008).

2.12.4. Lipase inhibition

Lipase inhibition was determined following the methods by Prin-
gle and colleagues (Pringle et al., 2021). Briefly, 10 uL of extract con-
centrations (31.25, 62.5, 125, 250, 500 ng/mL) prepared in 100 mM
Tris—HCI, pH 8.0 were aliquoted into wells in quadruplicate of a 96-
well plate. The concentrations were prepared from the highest solu-
ble concentration to the lowest concentration that at least showed
lipase inhibition activity. A volume of 40 uL Porcine lipase enzyme
was then added into the wells containing the extract solutions. The
plate was kept at 37 °C for15 min. A volume of 170 uL of the 1 mg/
mL p-nitrophenyl palmitate (pNPP) substrate (diluted in isopropanol)
was added and the plate was incubated again at 37 °C for 25 min. The
plate was then read in a BioTek® PowerWave XS spectrophotometer
(Winooski, VT, USA) at 405 nm.

2.12.5. a-glucosidase inhibition

Following the methods of Kwon and colleagues (Kwon et al.,
2006), a-glucosidase inhibition of the plant extract was measured
against acarbose, as a standard. Both the standard and concentrations
(0.1, 0.2, 0.3, 0.4, 0.5 mg/mL) of the plant prepared in distilled water
were plated into a 96-well plate in triplicates up to 50 i L. The extract
concentrations were chosen following the dilution series of a-gluco-
sidase concentrations used and reported from previous studies (Tela-
gari and Hullatti, 2015). A volume of 100 uL of a-glucosidase was
then added to each well. The plate was incubated for 10 min at room
temperature. A volume of 50 uL of the substrate (5 mM of 4-nitro-
phenyl beta-d-glucoside (pNPG) in 20 mM phosphate buffer, pH 6.8)
was the added to the wells and the reaction was allowed to occur for
30 min at 35.5 °C. The plate was read at 405 nm using a Multiskan
Spectrum plate reader (Thermo Fisher Scientific, Waltham, MA, USA).

2.13. Statistical analysis

Data was analysed using Prism version 5 (GraphPad software). A
non-parametric test was done using One-Way ANOVA and the Tur-
key post-test with the value of (P < 0.05) indicating significance. The
significance in the data is indicated by letters of the alphabet, with
different letters showing significance between groups and the same
letters denoting no significance between groups.

3. Results
3.1. Cytotoxicity

The toxicity of the aqueous extract of A. johnsonii leaves was
investigated against C3A hepatocarcinoma cells and the results are
shown in Fig. 1. Melphalan was used as a positive control and suc-
cessfully showed a significant (P < 0.05) decrease of 93.95 % in cell
viability in the untreated C3A cells compared to the negative control
cells (100 % cell viability). Cell viability in the cells treated with the
extract was concentration dependent, with the lower concentrations
(15.625, 31.25, 62.5, and 125 pg/mL) showing significantly (P < 0.05)
higher cell viability compared to the negative control cells. The
higher concentrations (200 and 250 ug/mL) reveal the possible cyto-
toxicity of the plant extract as shown by a significant (P < 0.05)
decrease in cell viability with the highest concentration showing
almost 50 % decrease in cell viability compared to control cells.
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Fig. 1. Toxicity of different concentrations (15.625, 15.625, 31.25, 62.5, 125, 200, and
250 pg/ml) of the A. johnsonii aqueous leaf extract and Melphalan (10 ©M) against
C3A hepatocarcinoma cells after 48 h. The bar graph is a result of the mean of values in
quadruplicate with error bars representing standard deviation. Data was analysed
using One-way ANOVA and Tukey post-test. The letters on top of the bars indicate sig-
nificance, and significant difference is shown by different letters (P < 0.05).

3.2. Ultra-high performance liquid chromatography mass spectrometry
(UHPLC-MS) analysis

Phytochemical screening of the aqueous leaf extract of A. johnsonii
identified a total of 34 phenolic compounds in the extract as depicted
Table 1. The chromatograph obtained from the phytochemical
screening is shown in Fig. 2. Flavonoids (flavonols, flavanols and fla-
vones) were the most abundant phenolic compounds identified in
the plant extract amongst other compounds such as hydroxybenzoic
acids, gallotannins, quinic acid, citric acid and trihydroxy-octadeca-
dienoic acid.

3.2.1. Identification of hydroxybenzoic acid and derivatives

In Fig. 2, peak 7 was identified as gallic acid whose my/z value is
consistent with earlier studies owing to UV absorption of about
276 nm and my/z 125 [gallic acid —H,0—CO,]". Its derivatives were
identified at peaks 6 and 7. Peak 6 was identified as 5-galloylquinic
acid with m/z 343.0566 [M -H]~, and MS? fragments m/z 191.0440 [M
-H -galloyl]~, m/z 169.0091 [M -H —191]" consistent with literature
(Bresciani et al., 2017). Similarly peak 9 was identified as 3-galloyl-
quinic acid. The order of elution and thus the loss of the galloyl group
(G)is 5-G>3-G.

3.2.2. Identification of hydroxycinnamic acid

Ferulic acid [M-H]~, could be detected with an adduct [M-Na]~, m/
z 215.0231 and it characteristic MS? fragment m/z 174.0336 [M-H-
H,0]~, m/z 165.0247|feruloyl-CO]~ and these results were tabulated
in Table 1.

3.2.3. Identification of flavonols

Five flavonols could be detected and identified (peaks 27, 28, 29,
30 and 31 of Fig. 2). They were identified at characteristic uv maxi-
mum of 352 or 354 nm. Quercetin hexoside at peak 30 exhibited par-
ent ion at m/z 463.0855 and MS? fragments m/z 300.9797 signifying
loss of sugar moiety (—162). Additional acylation of quercetin hexo-
side with a galloyl group could result in quercetin-3-0-3-d-(6'!-gal-
loyl) glucopyranoside and quercetin-3-0-B-d-(6''-  galloyl)
galactopyranoside at peaks 27 and 28, respectively, identified using
their order of retention on the column. Rutin was identified at peak
29 with parent ion 609.1478 [M - H]~ and MS? fragment m/z
300.0137 [M -H-glc - rha - H| 7, i.e., consecutive loss of glucose (glc)
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(162 Da) and rhamnose (rha) (146 Da) sugars. The acetyl hexoside
conjugate derivative of quercetin was identified at peak 31.

3.2.4. Identification of flavone

Two flavone peaks could be detected and identified (peaks 32 and
33 of Fig. 2). They could exhibit characteristic maximum wavelength
of 341 nm. These included luteolin-7-galactoside with 447.0903 [M-
H]~ and its MS? fragments m/z 285.0282, [M- H -Glc]~ m/z 171.0058
and nicotiflorin, m/z 593.1525 [M- H]-, its MS? fragments m/z
285.0388 [M- glc- rha- H] .

3.2.5. Identification of flavan-3-ols

Eleven flavan-3ols, including oligomeric flavan-3-ols were identi-
fied and depicted in Fig. 2 and Table 1. A few of them were in oligo-
meric/ polymerised forms (peaks 10, 11, 12, 15, 16, 17, 18, 19, 20, 24,
26) were identified from the stereoisomers; catechin and epicatechin
and (Table 1). The monomers: catechin, epicatechin, gallocatechin
and gallo(epi)catechin gave various lengths of polymers called proan-
thocyanidins (PAs). The two types of B-type PAs are linked by C4-C8
or C4—C6 interflavan linkages and A-type which have an additional
C2-C5 or C2—-C7 interflavan ether-linkages between the oligomers.
The order of hydrophobicity for flavan-3o0l monomers in the
reversed-phase liquid chromatography ie (-/+)-epicatechin >
(-/+)-catechin > (-/+)-epigallocatechin > (-/+)-gallocatechin also
enabled identification of the monomers and the oligoners. The order
of elution from the column is in the opposite direction. Thus (-/+)-gal-
locatechin elutes earlier and epicatechin comes out last. Therefore,
(-/+)-gallocatechin (peak 11), and (-/+)-epicatechin (peak 17) could
be identified. Catechin and epicatechin exhibit fragments m/z 151,
135 (due to retro Diels Alder (RDA) fragmentation) upon collision
induced dissociation (CID) of their precursor ions [M -H]~; m/z 289.
In addition, fragment ions m/z 245 ([epicatechin -H-44]", loss of
CO,), m/z 205 (|epicatechin -H-84], loss of flavonoid A ring) and m/z
179 ([M-H-110], loss of flavonoid B ring) were consistent with that
of literature (Escobar-Avello et al., 2019).

Some polymers of PAs such as B-type procyanidin trimer (epi)cat-
echin-4,8'-(epi)catechin-4',8"-(epi)catechin) (peak 10), (epi)catechin-
(epi)gallocatechin (peak 12), procyanidin B1 dimer (also called B-
type procyanidin dimer)- (Epi)catechin-4,8'- catechin (peak 15), pro-
cyanidin B11 dimer ((Epi)catechin-4,8'-(epi)catechin (peak 16) which
is an isomer among others were formed from the interflavan linkages
between different monomers. The main fragment ions of parent ions
of procyanidin B1 dimer (B-type procyanidin dimer), i.e., (Epi)cate-
chin-4,8'- catechin at m/z 577.1438 were m/z 425.0825 [M - H -
152] from RDA of the heterocyclic rings, 407.0655 [M- H- 170]~
from RDA of the heterocyclic rings and loss of water, m/z 289.0684
[M -H- 288]" from interflavanic bond cleavage, 451.1040
[M + H — 126]~ from cleavages between C4—C5 and O—C2 of one of
pyran rings.

Similarly, fragment ions of B-type procyanidin trimer with m/z
865.2118 and/ or 577.1343 included those at m/z 577.1438 [M - H
—288] from interflavanic bond cleavage, m/z 695.1594 [M- H-170]~
from RDA of the heterocyclic rings and loss of water, m/z 425.0729
[M- H- 288 - 152]~ from interflavanic bond cleavage plus RDA of the
heterocyclic rings, m/z 407.0655 [M- H- 288- 170]~ from interflavanic
bond cleavage and RDA of the heterocyclic rings and loss of water,
etc. In addition, another main fragment ion m/z 577.1343 [M- H-
290] might arise from interflavanic bond cleavage following the qui-
none-methide mechanism (Shui & Leong, 2004). Procyanidin B11
dimer may be characterised with m/z 575.0995.

3.2.6. Identification of gallotannins

Gallotannins constituted another significant group of phytochem-
icals to be identified. They were detected at peaks (13, 14, 21, 22, 23,
and 25) in Fig. 2. The main HHDP galloyl glucose moiety could be
detected at peak 21. They are ellagic acid derivatives in polyol form
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Table 1
Compounds identified from the extract of Androstachys johnsonii Prain.

PeakNo RT,min UV Apax m/z MS/MS Tentative name
(nm) [M-H]~
1 1.48 225.0510 179.0437,131.0379 unidentified
2 1.62 215.02311mNa1= 165.0247, 174.0336, 96.9604 Ferulic acid
3 1.72 191.0080 unfragmented Quinic acid
4 1.80 225 191.0457 unfragmented Citric acid
5 1.83 225 191.0459 85.0176 Isocitric acid
6 4.69 273 343.0566 191.0440, 169.0091 5-Galloylquinic acid
7 6.94 272 169.0052 125.0175 Gallic acid
8 11.93 273 647.2078 343.0649, 191.0471 Galloylquinic acid derivative
9 12.37 274 343.0596 169.0050, 175.9536 3-Galloylquinic acid
10 12.94 279 865.2118 323.1297,695.1594 B-type procyanidin trimer
((Epi)catechin-4,8'-
(epi)catechin-4',8"-(epi) catechin)
11 13.23 273 305.0587 261.0300 (+)-Gallocatechin
12 13.96 277 593.1240 4491241, 433.0793 (Epi)catechin-
(epi)gallocatechin
13 14.17 274 495.0747 169.0009, 125.0170, 325.0498, 343.0668  Mucic acid lactone digallate
14 14.24 274 495.0744 345.0760, 203.0758 Mucic acid lactone digallate isomer
15 1543 279 577.1438 289.0684, 125.0148, 425.0825, 407.0655, Procyanidin B1 dimer (B-type procyanidin dimer)-
451.1040 (Epi)catechin-4,8'- catechin
16 15.91 279 577.1367 289.0710, 425.0725, 125.0126, 407.0942  Procyanidin B11 dimer
((Epi)catechin-4,8'-(epi)catechin
17 16.25 279 289.0624 245.0777 (Epi)catechin
18 16.28 279 579.1522 289.0627 Procyanidin B4
(Catechin-4,8'-(epi) catechin)
19 16.48 279 865.2097 289.0622, 325.0828 Procyanidin trimer ((Epi)catechin-4,8'-(epi) catechin-4',8"-(epi)catechin (iso-
mer))
20 16.86 279 865.2111 291.0057, 575.0995 Procyanidin trimer (Epi)catechin-4,8'-(epi) catechin-4',8"-
(epi)catechin (isomer))
21 17.79 268 633.0814 463.0589, 300.9778 HHDP galloyl glucose isomer.
22 17.95 647.0881 305.0703, 485.0419, 633.0795 Methyl galloyl-HHDP-hexose
23 18.43 277 951.0864 300.9938, 475.0364, 169.0060, 125.0157  Trisgalloyl HHDP glucose isomer
24 19.49 279 577.1343 289.0629, 425.0729 Procyanidin B5
Catechin-4,8'-(epi)catechin (isomer)
25 20.38 276 953.1051 476.0410, 541.2192 Galloyl chebuloyl -HHDP glucose
300.9952, 169.0020, 463.0730
26 20.80 278 595.1254 541.2440, 481.1049, 385.1217 (Epi)gallocatechin-(epi)catechin
27 21.10 266, 353 615.1038 300.0220, 463.1964 Quercetin 3-0-$-d-(6''-galloyl) glucopyranoside
28 21.36 264,354 615.1016 537.2035, 463.0755 Quercetin 3-0-8-d-(6'!-galloyl) galactopyranoside
29 21.67 256,354sh  609.1478 300.0137 Rutin (Quercetin 3-0-(6-O-rhamnosyl-glucoside))
30 22.19 254sh, 352 463.0855 300.9797 Quercetin hexoside
31 22.83 268sh,352 761.1660 549.2669, 505.2141, 485.1760, 300.9898  Quercetin O-acetyl
Hexoside derivative
32 23.20 266, 341 593.1525 300.9981, 285.0388 Nicotiflorin
33 23.75 266, 341 447.0903 285.0282, 171.0058 Luteolin 7- O -glucoside
34 24.60 327.2097 215.1185,211.1227 Trihydroxy-octadecadienoic acid

HHDP = hexahydroxydiphenic acid, [™™N4l-=[M-Na] ", sh = shoulder.
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Fig. 2. Androstachys johnsonii Prain aqueous leaf extract UHPLC-ESI-MS base peak chromatogram obtained after analysis in the ESI negative mode.
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distinguished by their characteristic fragment ion in their spectra
leading to sequential losses of galloyl (—152 Da), gallate (170 Da),
and HHDP residues (301 Da) (Singh et al., 2016). HHDP-galloylglu-
cose has a precursor ion of m/z 633.0814 [M- H]~ and its MS? frag-
ments 463.0589 [M- H- galloyl- H-H,0]~, 300.9778 [M- H- galloyl-
H,0- Hex| . Trisgalloyl HHDP glucose could be detected at m/z
951.0864 [M- H]~, and its MS? fragment 300.9938 [M- H- galloyl-
H,0- HHDP] ", 475.0364, 169.0060 [M - H -galloyl —191]~, 125.0157
[gallic acid -H,0-CO,]~. Mucic acid lactone digallate at peaks 13 and
14 could also be identified with m/z 495.0747 ([M -H] "), 343.0668 [M
-H- galloyl]~, 169.0009 [M - H -galloyl —191]~, 169.0009 [gallic acid
-H]™ and m/z 125.0170 [gallic acid -H,0-CO,]~, while m/z 325.0498
signifies possibility of lactonisation.

3.2.7. Identification of other compounds
Other compounds like quinic acid, citric acid and trihydroxy-octa-
decadienoic acid using accurate mass match.

3.3. Phenolic compounds quantification and antioxidant capacity

It was deduced from the phytochemical profiling (Table 1) that
flavonoids are majorly present in the aqueous leaf extract of A. john-
sonii. Flavonoids (flavanol and flavonol) and alkaloids were quanti-
fied, and the results are shown in Table 2. In the total polyphenol
content (403.28 + 12.75 mg GAE/g), 88.35 + 2.16 mg CE/g is con-
sisted of flavanols and 6.96 + 3.10 mg QE/g flavonol. No alkaloids
were identified in the extract. Antioxidant capacity was determined
by measuring DPPH, FRAP, and TEAC values, and the results are
depicted in Table 2. The plant extract showed an overall high antioxi-
dant capacity. The extract showed a higher FRAP value
(1342.68 + 3.41 mg AAE/g) compared DPPH (571.57 + 0.55 mg TE/g)
and TEAC (478.88+0.09 mg TE/g).

3.4. Anti-inflammatory activity of A. johnsonii

Anti-inflammatory activity was of the aqueous extract of A. john-
sonii leaves was investigated on RAW macrophage cells and depicted
in Fig. 3. The relative excessive production of nitrite represented
increased inflammation in the macrophage cells. The negative control
cells with no induction of inflammation by LPS showed a low produc-
tion of nitrite (approximately 10 «M). All cell groups with induced
inflammation through the administration of LPS (both treated and
untreated) showed a significant (P < 0.05) increase in the production
of nitrite (Fig. 3A). The administration of LPS with no extract or drug
treatment caused a significant (P < 0.05) increase in the nitrite con-
centration to 40 uM. The treatment of the inflammation-induced
macrophage cells with AG (a control drug) showed a significant
(P < 0.05) reduction of nitrite concentration compared to the
untreated inflammation-induced cells (a difference of approximately
15 uM). The nitrite-reducing capacity of the extract was concentra-
tion-dependent, with the lower concentrations showing a non-signif-
icant (P > 0.05) difference amongst each other and a significant

Table 2
Antioxidant capacity values and phenolic compound quantities in A. johnsonii
aqueous leaf extract.

Phenolic compound/antioxidant capacity =~ Presence (+/-)  Quantity/value

Phenolic compounds

Flavonols (mg QE/g) + 6.96 + 3.10
Flavanols (mg CE/g) + 88.35+£2.16
Alkaloids (mg AE/g) - 0

Total polyphenols (mg GAE/g) + 403.28 +12.75
Antioxidant capacity

DPPH (mg TE/g) + 571.57 £ 0.55
FRAP (mg AAE/g) + 1342.68 + 3.41
TEAC (mg TE/g) + 478.88+0.09
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(P < 0.05) decrease in nitrite concentration (50 and 100 pg/mL) com-
pared to the untreated induced cells. The highest concentration (200
ug/mL) of the extract investigated significantly (P < 0.05) reduced
the nitrite concentration to a concentration comparable to the
treated cells. As the production of nitrite is dependent on the cell via-
bility, the MTT assay was conducted, and the results are represented
in Fig. 3B Cells induced with LPS showed a significant (P < 0.05)
decrease in cell viability. Although there was no significant difference
in cell viability between cells treated with 100 pg/mL and those
treated with 200 ug/mL, there was a significant decrease in nitrite
production with 100 pg/mL extract treatment compared to 200 ug/
mL extract treatment.

3.5. The hypoglycaemic effect of A. johnsonii

3.5.1. Glucose utilisation and intake

The effect of the A. johnsonii aqueous leaf extract on glucose and
lipid metabolism was investigated through the determination of glu-
cose uptake and utilisation, «-glucosidase inhibition, and lipase inhi-
bition, respectively. The results are depicted in Fig. 4. Fig. 4A shows
the results of glucose uptake amongst the groups. There was a signifi-
cant (P < 0.05) increase in glucose uptake following insulin treat-
ment, compared to the control cells. However, there was a significant
(P < 0.05) increase in glucose uptake after treatment with the highest
concentration (62.5 pg/mL) of the extract compared to the lower
extract concentrations (15.625 and 31.25 pg/mL), and the normal
untreated cells (Fig. 4A). Glucose uptake facilitated by the highest
concentration of the leaf extract was comparable to insulin-induced
glucose uptake. As depicted in Fig. 4B, there was no significant
(P > 0.05) difference observed between the lowest concentrations
(15.625 and 31.25 pg/mL) of the extract investigated. However, the
highest concentration (62.5 ug/mL) of the extract caused a significant
(P < 0.05) increase in glucose utilisation compared to the control
(insulin) and the lower concentrations of the plant. Although the
MTT assay (Fig. 4C) showed a slight significant (P < 0.05) decrease in
cell viability in cells treated with 62.5 wg/mL concentration of the
extract, both glucose intake and glucose utilisation results were not
affected by cell viability.

3.5.2. Pancreatic lipase and a-glucosidase inhibition

Pancreatic lipase inhibition results are represented in Fig. 4D The
inhibitory activity of the different concentrations (31.25, 62.5, 125,
250, 500 pg/mL) of the extract was compared to that of 100 M of
orlistat. The control drug (orlistat) showed approximately 65 % inhi-
bition of pancreatic lipase activity. There was no significant (P > 0.05)
difference in pancreatic lipase inhibition amongst the different con-
centrations of the extract. There was a significantly (P < 0.05) lower
inhibitory activity against the pancreatic lipase with the extract treat-
ment concentrations compared to the control. The inhibitory activity
of the extract against «-glucosidase was compared to the standard
drug, acarbose and the results are shown in Fig. 4E. There was a con-
centration-dependent increase in the inhibitory activity of both the
extract and acarbose. However, the inhibitory activity of the extract
against a-glucosidase increased to the highest inhibition of 97.54 %,
while the inhibitory activity of acarbose only increased to 41.82 %.

4. Discussion

Medicinal plants exert their effects in the treatment of disease
through the activity of the constituent bioactive compounds (Dar et
al., 2023). The resulting pharmacological effect of medicinal plants is
dependent on the type of phytochemical compounds in the plant
(Stuntar, 2020). This study revealed and focussed on the presence of
phenolic compounds in the leaves of A. johnsonii, and their role in
potentially reducing hyperglycaemic, oxidative stress, and inflamma-
tion. Oxidative stress plays a crucial role in the development of DM
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Fig. 3. A. The effect of A. johnsonii on the concentration of nitrite in LPS-activated macrophages after 24 h of exposure to treatments. Aminoguanidine (AG) was used as a control
drug. B. Cell viability ( %) of LPS activated macrophages after 24 h of exposure to treatments. The bar graph is a result of the mean of values in quadruplicate with error bars repre-
senting standard deviation. Data was analysed using One-way ANOVA and Tukey post-test. The letters on top of the bars indicate significance, and significant difference is shown by

different letters (P < 0.05).

complications (Unuofin and Lebelo, 2020). In previous studies, dia-
betic models, characterised by hyperglycaemia showed excessive
occurrence of reactive oxidative species and consequent organ dam-
age (Abukhalil et al., 2021; Dong et al., 2022). Diabetic models have
also shown the compromised antioxidant system caused by glucotox-
icity (Rahmani et al., 2023). It is therefore a necessity to increase anti-
oxidant capacity, in a hyperglycaemic state, to reduce oxidative
stress. Phenolic compounds are bioactive compounds commonly
known as free radical scavengers (Esmaeilzadeh Kenari and Razavi,
2022). The quantification of phenolic compounds in the leaves of A.
Jjohnsonii showed both the availability and abundance of polyphenols,
specifically flavonoids.

Flavonoids are naturally occurring compounds found in fruits and
vegetables and known for their beneficial effect in ameliorating oxi-
dative stress (Shen et al., 2022). Quantified flavonols were further
confirmed by the HPLC-MS detection of quercetin, a type of flavonol.
Flavonols upregulate the antioxidant system by increasing the activa-
tion of antioxidant enzymes (catalase, superoxide dismutase, gluta-
thione peroxidase, etc.) and upregulation of the expression of other
non-enzymatic antioxidants (Shen et al., 2022).The present study has
revealed the presence of phenolic acids (hydroxybenzoic and hydrox-
ycinnamic acids) such as quinic acid, ferulic acid, gallic acid, and gal-
lonylquinic acid. The detection of hydrocinnamic acid, ferulic acid,
revealed the antioxidant capacity of A. johnsonii leaves. Ferulic acids
are phenolic compounds with reported effect of reacting with DPPH
and FRAP radicals, thereby reducing them (Yang et al., 2021a). The
observed DPPH and FRAP scavenging capacityof the plant extract can
therefore be linked to the presence of ferulic acid. Although ferulic
acid is abundant in daily diet, its post-prandial bioavailability is insuf-
ficient (Mancuso et al., 2021). The aqueous leaf extract of A. johnsonii
is therefore a necessary supplement in humans, especially in those
with increased free radicals. The moiety and structure of gallic acid,
with three phenolic hydroxyl groups contribute to its antioxidant
effect (Yang et al., 2021a). Although a previous study has concluded
that quinic acid lacks antioxidant capacity due to its stable cyclohex-
ane structure and a missing aromatic ring, it has also revealed that
quinic acid reduces lipid peroxidation in small amounts (Ercan and
Dogru, 2022). The antioxidant capacity of the leaf extract of A. johnso-
nii can therefore be possibly alluded to a synergistic effect of the dif-
ferent phenolic acids present. The phenolic compound profiling of A.
johnsonii in this study revealed the presence of new compounds
such as mucic acid lactone digallate and luteolin 7-O-glucoside that
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have not been detected in previous profiling of the same plant, which
could be beneficial in the amelioration of oxidative stress and inflam-
mation.

Besides oxidative stress, diabetic complications are aggravated by
the excessive accumulation of proinflammatory markers (Guo et al.,
2022). For instance, complications such as nephrotic failure in dia-
betic patients can be detected through the increase in systemic
immune-inflammation index (Guo et al., 2022). This finding suggests
the occurrence and contribution of inflammation in the development
of DM. Therefore, the reduction of proinflammatory cytokines plays a
role in the management of diabetic complications (Guan et al., 2021).
The process of inflammation is initiated by activation of IKb kinases
as a response to an infection of tissue damage (Bai et al., 2021). The
phosphorylation of the IKb kinases leads to the breakdown of NF-KB
inhibitory proteins, allowing NF-KB to attach to the nucleus and initi-
ate the expression of proinflammatory cytokines (Bai et al., 2021).
Glucotoxicity caused by hyperglycaemia leads to the activation of the
immune system through the increased transcription of the NF-KB
gene and a downstream production and secretion of proinflamma-
tory cytokines (Li et al., 2020). The excessive secretion of proinflam-
matory cytokines and inflammatory cell infiltration exacerbate
insulin resistance in diabetic individuals, further increasing blood
glucose levels (Zhao et al., 2024).

Besides other cytokines, the increase in the concentration of
nitrite is an indicator of inflammation. In the present study, inflam-
mation was induced by LPS, and observed by the increase in the level
of nitrite as an indicator of nitric oxide production. It is evident that
the induction of inflammation by LPS activation caused a significant
(P < 0.05) decrease in cell viability. However, the type and concentra-
tion of treatment played a role in cell viability. Although inflamma-
tion is one of the factors that can lead to reduced cell viability, the
reduction of nitrite after extract treatment was not necessarily
caused by reduced cell viability. This is observed by the significant
(P < 0.05) change in nitrite concentration between 100 pg/mL and
200 pg/mL concentrations of extract regardless of the non-significant
(P > 0.05) difference in cell viability between the two concentrations.
Treatment with the A. johnsonii aqueous leaf extract reduced the con-
centration of nitrite produced by the macrophage cells. Although the
anti-inflammatory properties of A. johnsonii are not well-studied,
individual phytochemical compounds detected in the leaf extract
have been reported for their crucial role in amelioration of inflamma-
tion. Ferulic acid is associated with a significant reduction of pro-
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Fig. 4. The effect of different concentrations of A. johnsonii aqueous leaf extract on glucose and lipid metabolism. A. Glucose utilization ( %) compared to insulin, in C3A cells after 24
h of treatment with different concentrations of the extract (in ;g/mL unless stated otherwise). B. Glucose uptake ( %) compared to insulin after 4 h of pre-treatment, in C3A cells. C.
Glucose uptake and utilisation results were normalized to cell viability as determined using the MTT assay. D. Pancreatic lipase inhibition of the extract compared to orlistat
(100 wM). E. The effect of the extract on «-glucosidase inhibition was compared to acarbose as a positive control. The bar graph is a result of the mean of values in quadruplicate
with error bars representing standard deviation. Data was analysed using One-way ANOVA and Tukey post-test. The letters on top of the bars indicate significance, and significant
difference is shown by different letters (P < 0.05).

inflammatory cytokines such as IL-6 and TNF-« (Liu et al., 2022a). downregulation of the NF-KB pathway (Chicas et al., 2020) which
This effect can be linked to the observed anti-inflammatory effect of leads to the reduction of pro-inflammatory cytokines. The HPLC-MS
the leaf extract of A. johnsonii. The anti-inflammatory effect of the profile detected the presence of gallic acid. Gallic acid exerts its anti-
extract can be linked to the presence of gallotannins, which were pre- inflammatory properties by inhibiting the phosphorylation of IKb
viously recorded for their anti-inflammatory activity through the kinases, thereby blocking the expression of cytokines through down-
upregulation of the AMPK pathway (Kim et al., 2022), and the regulation of NF-KB (Bai et al., 2021).

676



M. Nethengwe, N. Kerebba, K. Okaiyeto et al.

The role of obesity in the pathogenesis of DM is crucial. Lipid accu-
mulation leads to insulin resistance and consequent hyperglycaemia.
On the other hand, DM is a metabolic disease, and its pathogenesis
involves impairment in lipid metabolism, which involves the exces-
sive release of fatty acids. Previous studies have revealed the role of
lipase inhibition in the management of both obesity and DM (Liu et
al., 2020). In our present study, no lipase inhibitory activity was
observed with the extract. However, some phytochemicals present in
the leaf extract of A. johnsonii (flavonol, kaempferol, and quercetin)
ameliorate dyslipidaemia (Jubaidi et al., 2021), by decreasing the
level of triglycerides and low-density lipoprotein cholesterol and
increasing high-density lipoprotein cholesterol (Abukhalil et al.,
2021). It is therefore paramount to understand that although the
extract shows no lipase inhibitory activity, its benefit in the
reduction of hyperlipidaemia through possible alternative mecha-
nisms cannot be ignored. The HPLC-MS profiling revealed the
presence of anthocyanidins such as procyanidin B1 and B11.
Besides their antioxidant properties, anthocyanins reduce the
accumulation of lipids by decomposing cholesterol (Shen et al.,
2022). This effect can reduce obesity and insulin resistance
thereby alleviating hyperglycaemia.

The pathogenesis of DM arises from hyperglycaemia as a main
characteristic (Galicia-Garcia et al., 2020). Both inflammation and oxi-
dative stress are aggravated by glucotoxicity caused by the produc-
tion of AGEs (Passarelli and Machado, 2021). The reduction of blood
glucose is therefore a research interest in DM management. Blood
glucose levels are controlled by the production and release of glucose
into the blood, and glucose uptake by the cells (Norton et al., 2022).
An increase in the activity of «-glucosidase ultimately leads to the
rapid breakdown of carbohydrates and a release of excessive glucose
molecules into the blood (Lawal et al, 2022). Similarly, the low
uptake of glucose, mainly caused by insulin resistance leads to tri-
glyceride breakdown and hyperglycaemia (Kalra et al,, 2021). The
hypoglycaemic effect of A. johnsonii was observed through the evi-
dent inhibition of a-glucosidase.

Flavonoids improve glucose transporter expression through the
activation of the insulin pathway factors such as PI3K/Akt which
leads to a reduction in blood glucose (Manavi et al., 2021). Although
the glucose uptake effect of the extract is comparable to that of insu-
lin, it is arguable that the synergistic effect of the extract with insulin
in vivo could result in an increased glucose uptake. It has also been
reported that procyanidins function similarly to insulin in the process
of glucose intake (Manavi et al., 2021). The presence of different pro-
cyanidins in the extract could have possibly played a role in both glu-
cose intake and utilisation, leading to a similar effect caused by
insulin. Therefore, A. johnsonii extract is a possible alternative in the
amelioration of insulin resistance.

5. Conclusion

Scientific focus on medicinal plant research aims to find more
effective and affordable treatment for medical complications. In this
current study, the aqueous leaf extract of A. johnsonii was found to
cause a concentration-dependent reduction in inflammation and
exhibit possible antioxidative effect as observed with antioxidant
capacity values. The extract also showed a very high inhibitory activ-
ity against a-glucosidase compared to the standard drug (acarbose)
The hypoglycaemic, anti-inflammatory and antioxidative effects
observed in this study were linked to the phenolic compounds identi-
fied, with abundance of flavonoids. The observed effect of the plant
extract is dependent on the concentration, with very high concentra-
tion showing cytotoxicity. It is therefore paramount to find the suit-
able concentration that is highly effective with lower cytotoxicity.
These findings therefore serve as contribution towards further inves-
tigation of A. johnsonii as a possible pharmacotherapeutic medicinal
plant in the treatment of DM.
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6. Limitations and future perspectives

In this study, hepatocellular carcinoma cell lines were chosen due
to their wide availability and high proliferation rates, which covers
financial constraints. However, hepatocellular carcinoma cells display
increased glycolysis and altered glucose utilisation which may have
impacted the findings of this study. Future studies may consider the
use of a different cell line to validate these results. In addition to this,
the application of metabolomics in the cells could reveal more under-
standing on the glucose metabolism.
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