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ARTICLE INFO ABSTRACT

Keywords: Phytoantioxidants from Terminalia boivinii Tul. are of medical interest given their potential
Antioxidant inhibitory capacity against the formation of glycation end products and key enzymes associated
Enzyme inhibition activity with metabolic syndrome. The present study investigated and compared the polyphenolic content
Phytochemical analysis and biological properties of ethyl acetate, n-butanol and aqueous solvent fractions of T. boivinii

Terminalia boivinii Tul fruits, leaves, stem and bark methanolic extracts. The total bioactive content of the tested ma-

terials was evaluated by spectrophotometric methods. The antioxidant activity was analyzed
using DPPH, superoxide anion radical, metal chelation and FRAP assays. The enzyme inhibitory
properties were tested on o-glucosidase, a-amylase, lipase and HMG-CoA reductase enzymes,
while antiglycation activities were evaluated by the bovine serum albumin (BSA) - methylglyoxal
(MG) method. Phytochemical analysis indicated that the ethyl acetate fractions had high levels of
phenols (40.58 + 2.94 mg GAE/g DW of leaves) and flavonoids (20.32 + 1.62 mg QE/g DW of
leaves) compared to the other extracts, which is directly related with their significant antiradical,
reducing power, a-glucosidase, lipase and HMG-CoA reductase inhibitory ability. However, the
water fraction with the lowest polyphenol content was more active in metal chelation. Moreover,
the antiglycation activities followed a similar pattern to the radical scavenging activities. Our
results showed that T. boivinii is a viable source of natural bioactive antioxidant and enzyme-
inhibiting chemicals that maybe considered for commercial exploitation.

1. Introduction

Metabolic syndrome (MS) is a clinical multifactorial health problem characterized by interconnected abnormalities such as hy-
pertension, hyperglycemia, and dyslipidemia that is most normally associated with obesity (Mongraw-Chaffin et al., 2018). MS is a
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complex health disease, and treatment options include both non-pharmacological and pharmaceutical treatments.
Non-pharmacological treatment involves lifestyle modifications such as diet control, weight reduction and increased physical activity,
which may be supplemented with psychiatric therapies if necessary (De la Iglesia et al., 2016). However, pharmacotherapies are
frequently necessary due to the tremendous difficulties most patients have in maintaining significant weight loss requiring regular
exercise program. Overall, a multifactorial pharmaceutical strategy is intended to modify the metabolic imbalances associated with
diabetes while also lowering cardiovascular risk (Lim and Eckel, 2014). A multidrug program, or polypharmacy, is a serious challenge
in the treatment of individuals with MS due to adverse effects and drug-drug interactions (Alwhaibi et al., 2018). Nonetheless, the
efficacy of these multifactorial therapies can be limited by high patient noncompliance, which might be improved by combining two or
more active ingredients in a single tablet (Artasensi et al., 2020).

Polypharmacy has attracted enormous interest in the pharmaceutical and academic fields as a prospective therapeutic solution to
multifarious health problems like cancer, diabetes mellitus, cardiovascular complications and drug resistance phenomena (Talevi,
2015). Enzymes remain important targets for pharmacological intervention in human illnesses because of their crucial catalytic
function in various physiological processes (Ramsay and Tipton, 2017). Inhibition of 3-hydroxy-3-methylglutaryl coenzyme A
(HMG-CoA) reductase, the primary and regulatory enzyme in the cholesterol biosynthetic pathway, results in a decrease in low-density
lipoprotein (LDL) cholesterol, that is important for managing metabolic disorders (Liu et al., 2021). Another most effective therapeutic
strategy for lipid lowering is the down regulation of pancreatic lipase. Pancreatic lipase is key enzyme in the hydrolysis dietary tri-
glycerides and thus regulates the lipid absorption (Hou et al., 2020). Inhibition of a-glucosidase and a-amylase that are responsible for
the breakdown of carbohydrates and glucose absorption leads to lower postprandial hyperglycemic, which is important in the
treatment and management of diabetics (Gulati et al., 2012). Overall, the treatment of metabolic disorders involves the use of
lipid-lowering, anti-obesity, anti-hypertensive, and anti-diabetic medicines that have both central nervous system and peripheral
effects, raising concerns about polypharmacy (Lillich et al., 2020).

Polypharmacy related concerns can be curbed through the adoption of a comprehensive treatment approach for metabolic diseases.
The development of a drug with antihypertensive, antihyperglycemic, and antidyslipidemic effects would be a great success in the
treatment of metabolic disorders. Presently, there are no authorized medicines that can permanently relieve the various symptoms
linked with MS (Handelsman and Jellinger, 2011). However, formulations made from a combination of phytomedicines and natural
products from various plants found in most traditional medicines seem to adopt a versatile and all-inclusive approach. These phar-
maceutical formulations comprise a number of natural ingredients that have synergistic effect on a range of targets via various methods
to treat the illness more effectively (Zimmermann et al., 2007). As a result, it appears that the conventional, unidirectional treatment
method in diabetes care is progressively being replaced by a more holistic, multidimensional approach (Oyenihi et al., 2014).

Terminalia is the second largest genus belonging to the family of Combretaceae with around 200 species (McGaw et al., 2001).
Terminalia boivinii is indigenous to Madagascar, has spread to the tropical and subtropical zones of Africa and now it is also found in in
southern Asia and Australia (McGaw et al., 2001). The genus has received significant pharmacological research because of its
widespread usage in traditional Asian (Tibetan, Indian, and Chinese) medical systems (Fyhrquist et al., 2002; Okatch et al., 2012;
Semenya et al., 2013; Senkoro et al., 2014; York et al., 2012). Modern pharmacological activities of the genus Terminalia were re-
ported, including antibacterial (Datta et al., 2017), antioxidant (Kouassi et al., 2019), antiproliferative (Basu et al., 2017), antifungal
(de Aratjo et al., 2019), antiviral (Kesharwani et al., 2017), anti-inflammatory (Saleem et al., 2017), antinociceptive (Khan et al.,
2018), and antidiabetic (Philip et al., 2017) therapeutic activities. However, T. boivinii have been underutilized, to the best of our
knowledge few pharmacological studies were conducted on the plant. Most studies were directed to the Asian species for their
phytochemical and biological properties (Cock, 2015). The extensive usage of Terminalia species in indigenous medicine for a variety
of illnesses, as well as the considerable pharmacological activities displayed by some species, merits additional research into this plant
for other putative biological activities. In this study, the antioxidant, antiglycation activities and potential inhibition of key metabolic
enzymes of importance in the formulation of multifactorial therapeutic agents for the treatment and management of metabolic diseases
by various extracts of T. boivinii were discussed.

2. Materials and methods

2.1. Plant collection and identification

Various parts (fruits, leaves, stem and stem bark) of T. boivinii were collected at National Pingtung University of Science and
Technology, Pingtung County (Taiwan), and air dried at room temperature at the Department of Biological Science and Technology
where a voucher specimen (No.BT524) was deposited. The plant material was authenticated by Professor Sheng-Zehn Yang, Her-
barium Curator, Department of Forestry, National Pingtung University of Science and Technology.

2.2. General procedures

Alpha-glucosidase from Saccharomyces cerevisiae, a-amylase from porcine pancreas, pancreatic lipase, 4-p-nitrophenyl butyrate
(pNPB), bovine serum albumin (BSA), 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMG-CoA) and DL-3-hydroxy-3-
methylglutaryl coenzyme A sodium salt were obtained from Sigma Aldrich (St. Louis, MO, USA). Acarbose, sodium azide, dithio-
threitol, nitro blue tetrazolium (NBT), phenazine methosulphate (PMS), methylglyoxal (MG), 4-p-nitrophenyl-a-p-glucopyranoside
(pNPG) and p-nicotanamide adenine dinucleotide (NADH) were purchased from Acros Organics Company. Nicotinamide adenine
dinucleotide phosphate (NADPH) and 2-chloro-4-nitrophenyl-a-D-maltotrioside (CNP-G3) were obtained from Carbosynth Limited
(Unit 8 & 9, Old Station Business Park, Compton, Berkshire, RG20 6NE, UK). All other chemicals and organic solvents were obtained
from American Tedia Company and Acros Organics Company. The absorbance was recorded in a Thermo Fisher Scientific (Ratastie 2,
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FI-01620 Vantaa, Finland) spectrophotometer while fluorescence was measure in Thermo Scientific Varioskan LUX multimode
microplate reader.

2.3. Extraction and partition

Fruits, leaves, stem and bark of T. boivinii were oven-dried at 60 °C for 24 h and crushed into powder, passing through a 100-mesh
sieve. The plant materials (200 g) were extracted with 2 L of methanol at room temperature for 10 days and repeated three times. Each
extract was concentrated to dryness under vacuum pressure using rotary evaporator to obtain crude extracts. The crude extracts
(MeOH) were suspended in water then sequentially partitioned with ethyl acetate (EtOAc) and n-butanol (BuOH) to obtain EtOAc, n-
BuOH and water-soluble fractions. Table 1 shows the dry weight and yield of the extracts.

2.4. Phytochemical analysis of extracts

2.4.1. Determination of total phenolic content

Total phenolic content was measured by the Folin-Ciocalteu colorimetric method with some minor modifications (Chang et al.,
2001). The sample solutions (10 mg/mL) were prepared in methanol/water (50:50, v/v). In an eppendorf, 0.5 mL of sample solutions
were mixed with 0.5 mL of 50% Folin-Ciocalteu reagent and allowed to stand at room temperature. After 5 min, 1.0 mL of 20% NayCOs3
was introduced into the reaction mixture and left to stand for 10 min. The mixture was then centrifuged at 1000 rpm for 8 min. The
supernatant (200 pL) was transferred into a microplate and absorbance was measured at 730 nm. Gallic acid standard solutions were
used to construct the calibration curve, and results are reported as gallic acid equivalents (GAE) in milligrams per gram of sample dry
weight (mg GAE/g DW).

2.4.2. Determination of total flavonoid content

The total flavonoid content was evaluated by following the method of Quettier-Deleu et al. (2000) with minor changes. In a 96-well
microplate, 20 pL of sample solution, 80 pL of deionized water and 5 pL of sodium nitrite solution (5% NaNO; dissolved in distilled
water) were mixed and allowed to stand at room temperature for 5 min. Thereafter, 20 pL of aluminum trichloride solution (10%
methanolic AlCl3e6H20) was added into the reaction mixture. After 1 min, 20 pL sodium hydroxide (1 M NaOH) was added and the
volume of each well was adjusted to 200 pL with deionized water. The mixture was allowed to stand for 10 min, and absorbance was
measured at 430 nm using microplate reader. The calibration curve was generated using quercetin, and the values were reported in
milligrams of quercetin per 100 g dry weight (mg QE/g DW).

2.4.3. Liquid chromatography-mass spectrometry (LC-MS) analysis

LC-MS analysis was performed using TSQ Quantum™ Access MAX Triple Quadrupole Mass Spectrometer (Thermo Scientific
equipped with an Heated Electrospray Ionization (HESI) source in positive and negative modes (mass range of m/z 50-1000). The
spectrometer was connected to a Shimadzu LC-20A system consisting of a LC-20AD pump, a DGU-20Asg degassing unit, and a SIL-20A
auto sampler (injection volume 5 pL) (Shimadzu Corporation, Japan). A Thermo Scientific SyncronisTM C18 column (150 mm x 2.1
mm, 5 pm particle size) with a mobile phase of water (solvent A) and acetonitrile (solvent B) was used for extract separation, with each
solvent containing 0.1% formic acid. The solvent gradient was as follows: 15% (B) for 75 min, then 100% (B) from 75 to 85 min, and
finally 15% (B) from 85 to 90 min at a flow rate of 0.35 mL/min. The temperature of the column was 25 °C. The experimental pa-
rameters were as follows: 3500 V spray voltage, collision gas pressure 1.17 Torr, capillary temperature 320 °C, and nitrogen was used
as sheath gas. Xcalibur software version 2.1 was used for system control and data analysis. Compounds were identified based on the
mass of compounds previously identified in the genus Terminalia.

TM)

Table 1

The percentage yield of the extracts from T. boivinii.
Extract Amount (g) Yield (%)
FME 52.0 26.1
FEF 3.8 1.9
FBF 6.2 3.1
FWF 41.6 20.8
LME 44.8 22.4
LEF 15.4 7.7
LBF 14.2 7.1
LWF 17.6 8.8
SME 12.2 6.1
SEF 1.8 0.9
SBF 1.2 0.6
SWF 8.0 4.0
BME 23.0 11.5
BEF 3.4 1.7
BBF 3.4 1.7
BWF 13.8 6.9

The plant materials used was 200 g per sample; FME, fruit methanol extract; FEF, fruit ethyl acetate fraction; FBF, fruit n-butanol fraction; FWF, fruit water fraction;
LME, leaves methanol extract; LEF, leaves ethyl acetate fraction; LBF, leaves n-butanol fraction; LWF, leaves water fraction; SME, stem methanol extract; SEF, stem ethyl
acetate fraction; SBF, stem n-butanol fraction; SWF, stem water fraction; BME, bark methanol extract; BEF, bark ethyl acetate fraction; BBF, bark n-butanol fraction;
BWF, bark water fraction.
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2.5. Antioxidant activities

2.5.1. DPPH scavenging assay

The antiradical effect of the stable radical 2,2-diphenyl-1-picrylhydrazyl (DPPH) by the extracts was measured by a method
previously used by Shimada et al. (1992), with few alterations. The samples and standards were dissolved in dimethyl sulfoxide
(DMSO) while the DPPH radical was prepared in 5% DMSO in methanol. Briefly, 5 pL of samples and 45 pL of 5% DMSO in methanol
were mixed with 150 pL of DPPH (400 pM) in a 96-well plate and incubated in the dark at room temperature. After 90 min, the
absorbance of the extracts was recorded at 517 nm. Butylated hydroxytoluene (BHT) was used as a reference compound. The scav-
enging effect of the samples was determined using the following formula:

Scavenging effect(%) = (

A, — A
< 5 % 100 1
A ) o)
where A, is the absorbance of the reaction in the absence of the samples or standards and Ay is the absorbance of the reaction in the
presence of the samples.

2.5.2. Superoxide ion scavenging assay

The superoxide ion scavenging activity was monitored by the reduction of nitro blue tetrazolium (NBT) following the protocol of
Siddiqui et al. (2016). The samples were dissolved in DMSO while the B-nicotanamide adenine dinucleotide (NADH), nitro blue
tetrazolium (NBT) and phenazine methosulphate (PMS) were prepared in phosphate buffer (100 mM, pH 7.4). In a 96-well plate, each
well contained 10 pL samples solution, 90 pL phosphate buffer, 40 pL. NADH (200 pM), 40 pL NBT (80 pM). Twenty microliter of PMS
(80 pM) was used to initiate the reaction. After 5 min incubation, the absorbance was measured at 560 nm using a microplate reader.
Quercetin was used as a positive control. Equation (1) was employed to calculate the scavenging effect of the samples.

2.5.3. Ferrous ion chelating assay

The ferrous ion chelating capacity of the samples was evaluated in according to a method described by Dinis et al. (1994) with some
modifications. Briefly, 0.25 pL sample solutions were mixed with 10 pL FeCly (2 mM in distilled water) in a 96-well plate. Ten
microliter of ferrozine (5 mM in distilled water) was introduced to the reaction mixture and left to stand for 10 min at room tem-
perature. The absorbance of the solution was determined with a spectrophotometer at 562 nm. Equation (1) was used to determine the
iron chelating effect.

2.5.4. Ferric reducing antioxidant power assay

The ferric reducing antioxidant power (FRAP) assay was carried out with slight modifications according to Oyaizu (1986). In an
eppendorf, 200 pL of samples solution was mixed with 400 pL of potassium phosphate buffer (0.2 M, pH 6.6) and 200 pL of potassium
ferricyanide [K3Fe(CN)gl, and incubated for 20 min at 50 °C. After incubation, 200 pL of 10% trichloroacetic acid (TCA) was added to
the reaction and the solution was then centrifuged for 10 min at 3000 rpm. After centrifuge, the supernatant (100 pL) was mixed with
distilled water (80 pL) and 0.1% FeClg (20 pL), and left to react for 10 min at room temperature. After reaction, the absorbance was
measured at 700 nm. The values were presented as ascorbic acid equivalents (pg AAE/mL).

2.6. Enzymatic activities

2.6.1. a-Amylase inhibition assay

The inhibition of a-amylase by the tested plant extracts was conducted following the procedures of Okutan et al. (2014) with minor
adjustments. Briefly, 5 pL of the extract solution (0-1000 pg/mL, dissolved in DMSO), 160 pL of phosphate buffer (0.1 M, pH 6.0) with
0.02% sodium azide, and 10 pL of a-amylase (0.05 U/mL, final concentration) were mixed in a 96-well microplate and incubated at
37 °C for 5 min. After incubation, initiated the reaction with 10 pL of pNPG solution (25 mM, in phosphate buffer) and incubated at
37 °C for 60 min. After incubation, 5 pL. NaOH (5M in distilled water) was introduced to the reaction mixture and the absorbance was
recorded at 405 nm using a microplate reader. Acarbose (0-25 pg/mL) was used as reference drug. The percentage of inhibition was
calculated using the following formula.

A, — A,
Inhibition effect(%) = (T

) x 100 (2)
where A. denotes enzyme reaction without the samples or standard and A represents the enzyme reaction with the samples. ICsg
values were calculated using variable slope nonlinear regression (GraphPad Prism 5.0.1, GraphPad Software, San Diego, California
USA).

2.6.2. a-Glucosidase inhibition assay

The a-glucosidase inhibitory properties of the plant extracts were evaluated according to the methods of Lin et al. (2015) and
Morocho et al. (2018) with minor changes. Briefly, 10 pL of a-glucosidase (1 U/mL, dissolved in phosphate buffer) was pre-incubated
with 5 pL of the extract solution (0-1 mg/mlL, dissolved in DMSO) and 170 pL of phosphate buffer (0.2 M, pH 6.8) in a 96-well
microplate. After 5 min of incubation at 37 °C, the reaction was initiated by adding 10 pL of 4-p-nitrophenyl-a-p-glucopyranoside
(pNPG) solution (25 mM in phosphate buffer) as substrate and incubated for 60 min at 37 °C. After incubation, the reaction was
terminated with the addition of 5 pL. NaOH (5 M in distilled water) and the absorbance was measured at 405 nm using a spectro-
photometer. Acarbose (0-1 mg/mL) was used as positive control. The amount of DMSO [2.5% (v/v)] used did not affect the
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experiment. Equation (2) was used to estimate the percentage of inhibition.

2.6.3. Lipase inhibitory assay

The inhibition of lipase enzyme was assessed by measuring the enzymatic hydrolysis of 4-p-nitrophenyl butyrate (pNPB) to p-
nitrophenol, according to the protocol of Chen et al. (2019) with slight changes. A volume of 50 pL lipase solution (1.2 mg/mL in
phosphate buffer 0.1M, pH 7) was mixed with 0.75 pL plant extract solution (0-1 mg/mL, dissolved in DMSO) and pre-incubated on ice
for 5 min. Thereafter, 225 pL phosphate buffer and 20 pL pNPB (10 mM in phosphate buffer) were added into the mixture and
incubated at 37 °C for 20 min. The reaction was terminated by the addition of 5 pL hydrochloric acid (2N HC) and the absorbance was
recorded at 405 nm. The inhibitory activity was calculated according to equation (2) and ursolic acid was used as a reference
compound.

2.6.4. HMG-CoA reductase inhibition assay

HMG-CoA reductase inhibitory capacity of the extracts was evaluated using spectrophotometric method, according to Baskaran
et al. (2015). The sample solutions (10 pg/mL) were prepared in DMSO while nicotinamide adenine dinucleotide phosphate (5 mM
NADPH), HMG-CoA sodium salt solution (400 pM) and HMG-CoA reductase stock solution (0.75 mg/mL) were prepared in a phos-
phate buffer (100 mM, pH 7.4) containing potassium chloride (120 mM), ethylenediaminetetraacetic acid (1 mM), and dithiothreitol
(5 mM). Each sample (0.2 pL) was mixed with NADPH (5 pL), HMG-CoA sodium salt (10 pL), potassium phosphate buffer (55 pL),
followed by the addition of HMG-CoA reductase (2 pL). The reaction was incubated for 10 min at 37 °C and absorbance was measured
at 340 nm. Lovastatin was used as a standard. Equation (2) was used to calculate the HMG-CoA reductase inhibition effect.

2.7. Non-enzymatic activities

2.7.1. BSA-MG assay

The test was performed according to the protocol described by Siddiqui et al. (2016), with slight modifications. This model is used
to examine the intermediate protein glycation that results from the interaction of bovine serum albumin (BSA) with methylglyoxal
(MG). Briefly, 0.5 pl of the sample solutions (various concentrations in DMSO) were mixed with 50 pL BSA solution (10 mg/mL), 100
pL sodium azide solution (6 mM), and 50 pL methylglyoxal solution (14 mM) in a 96-well microplate. All reagent solutions were
prepared in phosphate buffer (100 mM, pH 7.4). The reaction mixture was incubated at 37 °C for 7 days with constant stirring and
fluorescence was determined using an Varioskan LUX multimode microplate reader at Aex = 370 and Aeyy = 440 nm. Equation (2) was
used to quantify the antiglycation activities.

2.8. Statistical analysis

SPSS version 25 was used for all statistical analyses. One-way analysis of variance (ANOVA) was performed for statistical com-
parison of the extracts, and the Tukey’s HSD test was used to assess differences between means, with p values less than 0.05 considered
significant. Pearson correlation was used to evaluate the relationship between the biological activities and polyphenolic content at two
statistical levels (p < 0.05 and p < 0.01). Each figure reflects three separate experiments, and results are reported as the mean +
standard deviation (SD). The variable slope nonlinear and linear regression methods was used to determine ICs( values (GraphPad
Prism 5.0.1, GraphPad Software, San Diego, California USA).

Table 2

The total phenolic and flavonoid contents of T. boivinii extracts.
Extract Total Phenolic Content (TPC, mg GAE/g DW) Total Flavonoid Content (TFC, mg QE/g DW) TFC/TPC ratio
FME 0.96 + 0.03’ 0.32 + 0.05 0.33
FEF 0.74 + 0.05’ 0.43 + 0.06’ 0.58
FBF 1.89 + 0.17° 0.95 =+ 0.05 0.50
FWF 0.45 + 0.06* 0.21 + 0.07% 0.47
LME 29.40 + 1.85° 14.09 + 1.36° 0.73
LEF 40.58 + 2.94° 20.32 + 1.62° 0.50
LBF 31.41 + 2.77° 16.38 + 1.86° 0.52
LWF 16.11 + 1.35¢ 9.82 + 1.35° 0.63
SME 4.69 + 0.218 2.57 + 0.22" 0.55
SEF 6.32 + 0.53f 3.89 + 0.728" 0.62
SBF 5.32 + 0.348 2.98 + 0.30" 0.56
SWF 4.10 + 0.25" 0.37 + 0.12% 0.09
BME 15.09 + 1.21° 8.14 + 0.48f 0.67
BEF 18.29 + 1.03¢ 11.41 + 0.16¢ 0.64
BBF 14.85 + 1.27¢ 10.12 + 0.28% 0.74
BWF 12.05 + 1.69° 4.96 + 0.268 0.41

TPC, total phenolic content; TFC, total flavonoid content; GAE, gallic acid equivalent; QE, quercetin equivalent; FME, fruit methanol extract; FEF, fruit ethyl acetate
fraction; FBF, fruit n-butanol fraction; FWF, fruit water fraction; LME, leaves methanol extract; LEF, leaves ethyl acetate fraction; LBF, leaves n-butanol fraction; LWF,
leaves water fraction; SME, stem methanol extract; SEF, stem ethyl acetate fraction; SBF, stem n-butanol fraction; SWF, stem water fraction; BME, bark methanol extract;
BEF, bark ethyl acetate fraction; BBF, bark n-butanol fraction; BWF, bark water fraction. Values expressed are means + standard deviation (SD) of three parallel
measurements. Different letters (a-k) in the same column indicate significant differences (p < 0.05) by Tukey’s HSD test.
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3. Results and discussion

3.1. Phytochemical content

Polyphenols, particularly phenolics and flavonoids, have potent antiradical properties, which underpin their ability to reduce the
risk of numerous chronic diseases such as diabetes (Lin et al., 2016). In this study, various extracts from the fruits, leaves, stem and bark
of T. boivinii were analyzed for their extraction yield and collective bioactive constituents. As shown in Table 1, the extraction yield of
the extracts and partitions varied from 0.6% to 26.1%, with the highest yield for FME (26.1%) and the lowest yield for SBF (0.6%). The
yield of the extracts was different because of the composition of the individual parts of the plant, while the yield of the fractions varied
because of the different polarity of the solvents used for the separation (Naima et al., 2015). Preliminary phytochemical evaluation of
the extracts showed that the LEF fraction contained the highest TPC content (40.58 + 2.94 mg GAE/g DW) and TFC content (20.32 +
1.62 mg QE/g DW), while the FWF extract had the lowest TPC content (0.45 + 0.06 mg GEA/g DW) and TFC content (0.21 & 0.07 mg
QE/g DW) among the extracts (Table 2). The TPC content of the extracts varied significantly from 0.45 to 40.58 mg GEA/g DW, while
the TFC content ranged from 0.21 to 20.32 mg QE/g DW. The TFC/TPC ratio of plant extracts showed that the extracts contained more
than 50% flavonoids except the extract FME (33%). The partitions also contained more than 50% flavonoids, except for the water
partitions (FWF, SWF and BWF), and the highest flavonoid contents were observed in BBF (74%) and LME (73%). Considering the
selectivity of methanol for phenolics (Zhao and Hall, 2008), all plant parts were extracted with this solvent to maximize such yields. We
observed that the low polar fractions (ethyl acetate partition) had higher phenolic and flavonoid contents, while the high polar
fractions (water partition) had low phenolic and flavonoid contents. These observations were in agreement with the findings of
Saravanakumar et al. (2021) that contents of phenols and flavonoids varies in the extracts of different polarity. The results indicate that
the phenols and flavonoids of the extract are mainly distributed in the ethyl acetate and butanol fractions.

3.2. Chemical constituents of T. boivinii based on LC-MS analysis

The ethyl acetate fractions (FEF, LEF, SEF and BEF) of T. boivinii were analyzed for their chemical constituents using LC-MS. The
results of the analysis revealed the presence of several chemical constituents mainly belonging to tannins, lignans, triterpenoids and
flavonoids. Tannins and lignans have been found to be a characteristic class of compounds in the genus Terminalia (Amalraj and Gopi,
2017; Zhang et al., 2019). Thirty-eight compounds were identified from the ethyl acetate fractions and their relative base peak
chromatograms are shown in Figs. S1-4 (Supplementary Material). Table S1 shows detailed information on the identified compounds
based on high-resolution mass spectrometry values obtained in positive and negative ionization modes. The compounds were
tentatively identified by comparing the MS spectra with information from the literature. All the identified compounds were previously
isolated from the genus Terminalia using various methods (Zhang et al., 2019). However, to our knowledge, this is the first report on the
phytochemical study of T. boivinii. Gallic acid, methyl gallate, quercetin, and ellagic acid were found in all fractions studied. Similarly,
Zhang et al. (2019) reported that gallic acid and ellagic acid were present in several species of the genus Terminalia. Researchers have
shown that a majority of simple phenolic compounds have antioxidant, antibacterial, hypoglycemic, liver and kidney protective
properties (Singh et al., 2016). Tannins, lignans and triterpenoids not only possess the above activities but also have beneficial effects
on immune regulation, cardiovascular diseases and diabetes (Cock, 2015).

Table 3

Antioxidants activities of T. boivinii extracts.
Extract Radical scavenging assays ICso values (pg/mL) Reducing power FRAP (ug AAE/mL) Ferrous ion Chelating ICso values (pg/mL)

DPPH Superoxide ion

FME 528.41 + 16.52% 350.60 + 9.61¢ 2.50 + 0.28! 851.63 + 28.34%°
FEF 88.83 + 5.64° 289.49 + 8.74° 6.62 + 1.03%" 669.87 + 17.23°
FBF 84.32 + 4.32° 465.75 + 11.25° 5.80 + 1.21" >1000
FWF >1000 605.43 + 14.64% 1.55 + 0.56' 478.92 + 14.36¢
LME 33.10 + 3.23¢ 142.27 + 5.45" 9.17 + 0.24° 973.44 + 24.78%
LEF 9.55 + 0.98" 55.64 + 6.82P 16.70 + 0.42° >1000
LBF 31.14 + 1.57¢ 81.31 + 4.28" 12.64 + 1.05¢ >1000
LWF 27.62 + 1.14% 135.72 + 5.58 10.52 + 0.57% 433.41 + 9.25°
SME 85.91 + 3.79" 174.60 + 4.89f 7.29 + 0.438" 487.60 + 11.86¢
SEF 25.27 + 2.46° 105.08 + 4.25' 12.77 + 0.86° >1000
SBF 60.31 + 2.75° 116.16 + 5.68% 9.83 + 1.28° >1000
SWF 80.70 + 3.64° 156.70 + 6.198 8.08 + 0.82%8 301.47 + 9.541
BME 12.29 + 1.338 115.93 + 4.17% 11.82 + 1.17¢ 802.40 + 21.4°
BEF 10.82 + 0.898" 80.34 + 5.82" 14.65 + 1.24° >1000
BBF 15.53 + 1.28" 96.11 + 4.21' 12.24 + 1.08¢ >1000
BWF 15.04 + 1.02° 124.62 + 3.52 10.18 + 0.85° 480.84 + 8.98¢
BHT 15.17 + 0.56° 311.05 + 8.18¢ - -
Quercetin 69.73 + 4.25°¢ 50.90 + 2.01P - -
EDTA - - - 120.72 + 2.688

DPPH, 1,1-Diphenyl-2-trinitrophenylhydrazine; FRAP, ferric reducing antioxidant power; AAE, ascorbic acid equivalent; FME, fruit methanol extract; FEF, fruit ethyl
acetate fraction; FBF, fruit n-butanol fraction; FWF, fruit water fraction; LME, leaves methanol extract; LEF, leaves ethyl acetate fraction; LBF, leaves n-butanol fraction;
LWF, leaves water fraction; SME, stem methanol extract; SEF, stem ethyl acetate fraction; SBF, stem n-butanol fraction; SWF, stem water fraction; BME, bark methanol
extract; BEF, bark ethyl acetate fraction; BBF, bark n-butanol fraction; BWF, bark water fraction. Values expressed are means + standard deviation (SD) of three parallel
measurements. Different letters (a-p) in the same column indicate significant differences (p < 0.05) by Tukey’s HSD test.
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3.3. Antioxidant activities

3.3.1. Radical scavenging activities

The extracts and fractions of T. boivinii were assessed for their ability to scavenge DPPH and superoxide anion radicals. Although
DPPH and superoxide anion are not physiologically relevant, they are commonly used as indicators for evaluating the antiradical
activity of several plant extracts via hydrogen donating and electron delocalizing antioxidants (Dorman et al., 2003). As shown in
Table 3, the plant extracts and partitions showed considerable antiradical activities against both DPPH and superoxide anion radical.
The antiradical activities of the extracts and partitions varied considerably, with the LEF fraction showing the lowest ICso values for
DPPH (9.55 =+ 0.98 pg/mL) and superoxide anion (55.64 + 6.82 pg/mL) compared to the extracts, partitions and standards (BHT and
quercetin), indicating significant radical scavenging activities. The FWF fraction showed the lowest radical scavenging effects among
the extracts for both DPPH (ICs¢ > 1000 pg/mL) and superoxide anion (ICso = 605.43 + 14.64 pg/mL). Pearson coefficients (Table 5)
revealed strong correlations (p < 0.01) between polyphenol content and antiradical activities of the extracts, suggesting that phenolic
components (especially flavonoids) are responsible for the plant activities. This observation is consistent with the literature in which
several flavonoid compounds were described for their scavenging properties, and the amount of hydroxyl groups in the structure was
closely related to the antiradical activity (Rice-Evans et al., 1996).

3.3.2. Ferrous reducing antioxidant power activities

The ability of plant extracts to reduce antioxidant power was evaluated by their electron donating capacity. The reducing power
activities of the extracts of T. boivinii followed a similar pattern to the antiradical activity (Table 3). All the samples exhibited reducing
activity; the ethyl acetate fractions showed high activity (LEF: 16.70 + 0.42 pg AAE/mL; BEF: 14.65 + 1.24 ng AAE/mL; SEF: 12.77 +
0.86 pg AAE/mL) followed by the n-butanol fractions (LBF: 12.64 + 1.05 pg AAE/mL; BBF: 12.24 + 1.08 pg AAE/mL). The water
fractions of the plant part exhibited the lowest radical scavenging activities. Moreover, the ethyl acetate and n-butanol fractions
exhibited the strongest reduction capacities and radical scavenging activities, which might be related to the higher bioactive content
and phytochemical composition of these extracts. The results of these antioxidant assays are consistent with previous studies that also
showed a significant relationship between phytochemical content and antioxidant capacity (Wang et al., 2017; Zengin et al., 2018a).
Pearson coefficients showed a high correlation (p < 0.01) between TPC (r = 0.757), TFC (r = 0.756) and reduction power activities of
the studied samples (Table 5). Similarly, a positive correlation was observed between polyphenol content and antioxidant activity in
different parts of E. lathyris (Zhang et al., 2017).

3.3.3. Ferrous ion-chelating activities

The metal chelating activity of the extracts of T. boivinii was assessed and the ICsg values are presented in Table 3. The results of
metal chelation properties were in contrast to the scavenging and reducing power activities of the extracts. The SWF fraction (301.47
+ 9.54 pg/mL) followed by the water fractions (LWF > FWF > BWF) showed the highest metal chelating activity, while in the other
antioxidant assays, the water fractions showed the least activity compared to the other extracts. Similarly, all ethyl acetate and n-
butanol fractions showed lower metal chelating activity while they were the most active in the other antioxidant assays. Nevertheless,
all extracts were less active than the reference compound EDTA (ICso = 120.72 + 2.68 pg/mL). These results were similar to the
findings of Saleem et al. (2021) in the methanol extracts of Emex australis Steinh.

Table 4

Enzyme inhibitory activity of the extracts of T. boivinii.
Fractions ICsp values (ug/mL)

a-Glucosidase a-Amylase Lipase

FME 533.32 + 7.65° 627.32 + 9.78% >1000
FEF 70.38 + 3.34¢ 128.73 + 4.24° 167.78 + 5.758
FBF 317.21 + 8.18° 489.39 + 7.59" 679.65 + 7.64°
FWF >1000 >1000 878.06 + 12.20%
LME 10.72 + 1.21M 78.41 + 5.61° 197.31 + 7.96
LEF 6.29 + 0.78% 56.20 + 4.918 177.76 + 5.82%
LBF 8.83 + 1.07' 62.13 + 6.238 248.72 + 5.53°
LWF 14.75 + 1.548" 97.2 + 7.67° 364.80 + 8.12°
SME 20.21 + 1.28° 108.68 + 8.17¢ 347.27 + 8.29°
SEF 15.68 + 1.438 92.84 + 4.38° 189.34 + 6.18f
SBF 12.23 + 0.98" 112.30 + 7.46¢ 298.70 + 5.479
SWF 27.16 + 1.04° 128.53 + 9.28° 370.85 + 5.69°
BME 4.37 + 0.48' 62.41 + 2.518 105.76 + 4.30'
BEF 2.65 + 0.45™ 43.74 + 3.71" 94.43 + 3.49
BBF 3.68 + 0.21 54.86 + 4.368 128.41 + 5.99"
BWF 5.78 + 0.56" 70.31 + 4.13f 288.64 + 9.36¢
Acarbose 942.58 + 19.02* 10.72 + 0.42' -
Ursolic acid - - 89.20 + 2.49

FME, fruit methanol extract; FEF, fruit ethyl acetate fraction; FBF, fruit n-butanol fraction; FWF, fruit water fraction; LME, leaves methanol extract; LEF, leaves ethyl
acetate fraction; LBF, leaves n-butanol fraction; LWF, leaves water fraction; SME, stem methanol extract; SEF, stem ethyl acetate fraction; SBF, stem n-butanol fraction;
SWF, stem water fraction; BME, bark methanol extract; BEF, bark ethyl acetate fraction; BBF, bark n-butanol fraction; BWF, bark water fraction. Values expressed are
means =+ standard deviation (SD) of three parallel measurements. Different letters (a-m) in the same column indicate significant differences (p < 0.05) by Tukey’s HSD
test.
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Table 5
Pearson’s correlation coefficients between phytochemical contents, antioxidant and enzyme inhibitory activities of T. boivinii.
TPC TFC DPPH SAR FRAP FIC

TPC 1 0.960** -0.720%* -0.612%* 0.757** 0.203
TFC 0.960** 1 -0.829+* -0.623** 0.756** 0.291*
AG -0.597** -0.629** 0.848%* 0.902** -0.848%* -0.262
a-Glucosidase -0.6427%* -0.655%* 0.970** 0.905** -0.754* -0.200
a-Amylase -0.593** -0.612** 0.939** 0.933** -0.728+* -0.191
Lipase -0.482* -0.536** 0.351* 0.475%* -0.579%* -0.085
HMG-CoA 0.546** 0.561** -0.668** -0.835%* 0.749** -0.151

TPC, total phenolic content; TFC, total flavonoid content; DPPH, 1,1-Diphenyl-2-trinitrophenylhydrazine; SAR, superoxide anion radical; FIC, ferrous ion chelating;
FRAP, ferric reducing antioxidant power; AG, antiglycation; HMG-CoA, 3-Hydroxy-3-methylglutaryl-coenzyme A reductase; *correlation significant at p < 0.05;
**correlation significant at p < 0.01.

3.4. Antiglycation activities

Non-enzymatic glycation of proteins is caused by the formation of unstable Schiff bases, which are transformed to Amadori
products by the interaction of free amino acids with reducing sugars. The degradation of Amadori products to a-dicarbonyl compo-
nents such as methylglyoxal before cyclic reactions, dehydration and oxidation, leads to the production of stable and irreversible
advanced glycation end products (AGEs) (Ma et al., 2016). In the present work, the extracts of T. boivinii were tested for their potential
to inhibit the production of AGEs (Fig. 1). All fractions showed moderate antiglycation activities with ICsq values ranging from 61.20 to
867.74 pg/mL, which were significantly lower than that of the reference compound, rutin (ICso = 37.42 + 1.25 pg/mL). Compared to
the other extracts, the fraction BEF exhibited the highest antiglycation activity with an ICsg value of 61.20 + 1.22 pg/mL, while the
FWF fraction had the lowest activity with an ICsg value of 867.74 + 10.85 pg/mL. Pearson correlation (p < 0.01) showed a strong
relationship between TPC (r = -0.597), TFC (r = -0.629) and antiglycation activities. The inhibition of the extracts on the formation of
AGEs could be due to a combination of reactive carbonyl species trapping, metal chelating and free radical scavenging properties
(Ramonaityte et al., 2009).

3.5. Enzymatic activities
3.5.1. Alpha-glucosidase and a-amylase inhibition activities

Natural products are believed to be an important means of treating serious health disorders such as diabetes mellitus by inhibiting
important key enzymes. (Zengin et al., 2018b). Two major enzymes (a-glucosidase and a-amylase) are thought to play important roles
in regulating plasma glucose levels and controlling postprandial glycemia. One of the most important strategies to control glycemic
levels is to inhibit these antidiabetic enzymes, which delay the breakdown of carbohydrates in the intestine. (Uysal et al., 2018). In this
work, the extracts of T. boivinii were tested for their a-glucosidase and a-amylase inhibitory activities. All extracts showed inhibitory
effects against both enzymes (Table 4). All samples (except for FWF) inhibited a-glucosidase more efficiently than the reference
acarbose. However, in inhibiting amylase, acarbose was more effective than the extracts. The fraction BEF was most active against both
a-glucosidase (ICso = 2.65 + 0.45 pg/mL) and a-amylase (ICso = 43.74 + 3.71 pg/mL), while the FWF fraction had the least activity
against both enzymes, with an ICsg value greater than 1000 pg/mL. The inhibitory effects of the extracts were significantly (p < 0.01)
correlated with TPC and TFC (-0.642 < r > -0.655 for a-glucosidase and -0.593 < r > -0.612 for a-amylase) (Table 5), suggesting that
flavonoids contribute to the enzymatic activity of the extracts. These results are in agreement with a previous report (de Sousa Gomes
et al., 2021), which confirmed that flavonoids were responsible for the enzymatic inhibition of Terminalia phaeocarpa extracts. The
ethyl acetate and n-butanol fractions exhibited higher inhibitory activity compared to the water fractions and extracts.

MeOH extract B EtOAc fraction B BuOH fraction B Water fraction
1000
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Rutin Fruits Leaves Stem Bark

Fig. 1. Antiglycation activities of T. boivinii extracts and partitions. Results are expressed as the mean =+ standard deviation (n = 3). Asterisk (*) indicate a significant
difference (p < 0.05) vs standard. Different letters (a—d) represent a significant difference (p < 0.05) within a cluster by Tukey’s HSD test.
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3.5.2. Pancreatic lipase and HMG-CoA reductase inhibition activities

Inhibition of lipase in combination with other key digestive enzymes has been found to lower postprandial glucose levels and
appetite, enhancing the efficacy of treatment in obese patients (Holmback et al., 2020). Moreover, downregulation of lipase along with
HMG-CoA reductase inhibitory activity was determined to be effective in inducing hypolipidemic effect of therapeutic agents (Talawar
etal., 2017). In this work, in vitro inhibitory activities of pancreatic lipase and HMG-CoA reductase were also conducted, and the results
showed considerable strong activities associated with the BEF fraction as compared to other extracts. The fraction BEF effectively
inhibited lipase activity with an ICs( value of 94.43 + 3.49 pg/mL which was not significantly different from the reference compound
ursolic acid (ICsp value 89.20 + 2.49 pg/mL). As shown in Table 4, all other fractions showed good inhibitory activities against lipase,
although statistically lower than that of the ursolic acid. All samples and lovastatin (positive control) were tested for their HMG-CoA
reductase inhibitory activity at the same concentration (10 pg/mL) (Fig. 2). The LEF fraction showed the highest inhibitory activity
(96.3%), while lovastatin (91.0%), LEM (92.8%) and LBF (89.4%) had similar inhibitory activity and were significant compared to the
other extracts. Pearson correlation analysis showed a significant negative relationship between TPC (r = -0.482, p < 0.05), TFC (r =
-0.536, p < 0.01) and lipase inhibitory activities, while a positive association (p < 0.01) was observed for HMG-CoA reductase
inhibitory activities TPC (r = 0.546) and TFC (r = 0.561). These results indicate that the phytochemical content of the tested samples
contributes to the inhibitory activities of the extracts. The hypolipidemic activity of the extracts may be attributed to their bioactive
constituents, either individually or mutually with synergistic effect on the therapeutic properties (Talawar et al., 2017).

3.6. Relationship between antioxidant, antiglycation and enzyme inhibition activity

Pearson correlation was performed to understand the relationships between the extract and fractions of T. boivinii, polyphenol
content and respective bioassays (antioxidant, antiglycation and enzyme inhibitory activity. As indicated in Table 5, strong positive
correlations (p < 0.01) were found between a-amylase (r = 0.939 DPPH, r = 0.933 SAR), a-glucosidase (r = 0.970 DPPH, r = 0.905
SAR), antiglycation (r = 0.848 DPPH, r = 0.902 SAR) and radical scavenging activities, while lipase showed moderate correlation with
DPPH (r = 0.351, p < 0.05) and SAR (r = 0.475, p < 0.01). In addition, Pearson correlation analysis showed a significantly high
negative correlation (p < 0.01) between DPPH (r = -0.668), SAR (r = -0.835) and inhibition of HMG-CoA reductase. The considerable
correlations between antioxidants and enzyme inhibition suggest that the group of bioactive chemicals that have antioxidant activity
could also be responsible for the enzyme inhibitory effect of the extracts. According to the correlation data, the antiradical and metal
chelating abilities of the extracts could serve as a starting point for the search for enzyme inhibitory compounds. It seems that excellent
radical scavengers and metal chelators also have good enzyme inhibitory properties. Therefore, the identification of antioxidants from
natural sources can be a starting point for the search for natural substances that can prevent metabolic disorders. Moreover, anti-
oxidants have the potential to reduce oxidative stress-induced abnormalities and possess various biological effects under different
conditions (Talawar et al., 2017). There is growing evidence that antioxidants from natural sources may be beneficial in the prevention
and treatment of metabolic disorders (Bahadoran et al., 2012). Several studies have indicated that increased oxidative stress is
relatively strongly associated with metabolic disorders (Ceriello and Motz, 2004; Grattagliano et al., 2008). Oxidative stress is a
double-edged sword as it can be both the cause and the consequence of metabolic syndrome. It has been suggested that an imbalance
between free radical production and an impaired antioxidant defense system, leading to accumulation of oxidative damage, may play
an important role in pathological conditions such as insulin resistance, altered energy production, and endothelial dysfunction, which
are important risk factors for metabolic syndrome (Bahadoran et al., 2012). Glycoxidation is increased in metabolic syndrome leading
to altered enzyme activities, altered binding of ligands to their receptors and altered protein functionality and immunogenicity.
Hyperglycemia-induced oxidative stress leads to the accumulation of advanced glycation end products (AGEs), which cause further
cellular damage (Rani et al., 2016), supporting the close relationship between metabolic disorders and oxidative stress.
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Fig. 2. HMG-CoA reductase inhibition activities of T. boivinii extracts and partitions. Results are expressed as the mean + standard deviation (n = 3). Asterisk (*)
indicate a significant difference (p < 0.05) vs standard. Different letters (a-d) represent a significant difference (p < 0.05) within a cluster by Tukey’s HSD test.
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4. Conclusions

This is the first study to comprehensively evaluate the antioxidant, enzyme inhibitory and non-enzymatic activities of T. boivinii
extracts. It was found that the ethyl acetate fractions from all parts exhibited higher phenolic and flavonoid content, superior anti-
radical, reducing, antiglycation and enzyme inhibitory activities. However, the water fractions exhibited better metal chelating ac-
tivities compared to the other extracts. Pearson correlation analysis showed a strong relationship between phytochemical content,
antioxidant (DPPH, SAR and FRAP) and enzyme inhibitory properties. According to the current results, the fruits, leaves, stem and bark
of T. boivinii have high potential as a source of antioxidants and enzyme inhibitors and can be used as an alternative remedy for a
variety of public health problems. However, further studies on toxicity are required.
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