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Abstract

Objective: The onset of insulin resistant diabetes has
been associated with a high-sucrose diet in vertebrates
and invertebrates. However, various parts of Spondias
mombin reportedly possess antidiabetic potential. How-
ever, the antidiabetic efficacy of S. mombin stem bark in
high-sucrose diet-induced Drosophila melanogaster model
has not been explored. In this study, the antidiabetic and
antioxidant effects of the solvent fractions of S. mombin
stem bark were evaluated using in vitro, in vivo, and in
silico methods.

Methods: Successive fractionation of S. mombin stem
bark ethanol extract was performed; the resulting frac-
tions were subjected to in vitro antioxidant and antidia-
betic assays using standard protocols. The active
compounds identified from the high-performance liquid
chromatography (HPLC) study of the n-butanol fraction
were docked against the active site of Drosophila o-
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amylase using AutoDoc Vina. The n-butanol and ethyl
acetate fractions of the plant were incorporated into the
diet of diabetic and nondiabetic flies to study the in vivo
antidiabetic and antioxidant properties.

Results: The results obtained revealed that n-butanol and
ethyl acetate fractions had the highest in vitro anti-
oxidant capacity by inhibiting 2,2-diphenyl-1-
picrylhydrazyl (DPPH), ferric reducing antioxidant po-
wer, and hydroxyl radical followed by significant inhibi-
tion of da-amylase. HPLC analysis revealed the
identification of eight compounds with quercetin having
the highest peak followed by rutin, rhamnetin, chloro-
genic acid, zeinoxanthin, lutin, isoquercetin, and rutinose
showing the lowest peak. The fractions restored the
glucose and antioxidant imbalance in diabetic flies, which
is comparable with the standard drug (metformin). The
fractions were also able to upregulate the mRNA
expression of insulin-like peptide 2, insulin receptor, and
ecdysone-inducible gene 2 in diabetic flies. The in silico
studies revealed the inhibitory potential of active com-
pounds against o-amylase with isoquercetin, rhamnetin,
rutin, quercetin, and chlorogenic acid having higher
binding affinity than the standard drug (acarbose).

Conclusion: Overall, the butanol and ethyl acetate frac-
tions of S. mombin stem bark ameliorate type 2 diabetes
in Drosophila. However, further studies are needed in
other animal models to confirm the antidiabetes effect of
the plant.

Keywords: Antioxidant; Diabetes; Drosophila; In silico;
In vitro; In vivo
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Introduction

Diabetes is a metabolic disease characterized by high blood
glucose (hyperglycemia) resulting from insulin deficiency, in-
sulin resistance, or both.' Diabetes mellitus (DM) is associated
with the abnormal metabolism of fats, carbohydrates, and
proteins,2 and often leads to complications such as peripheral
neuropathy, retinopathy, coronary heart disease, and
cataracts.>  Chronic hyperglycemia causes glucose
autoxidation and protein glycosylation, resulting in the
generation of reactive oxygen species (ROS).4

Dietary sugar remains the major source of glucose in the
bodys; this sugar is converted to monosaccharides in the body
before absorption and transportation by the blood to cells
and tissues for metabolism.” However, excess sugar disrupts
glucose homeostasis in the body causing obesity, which can
lead to other metabolic disorders such as fatty liver,
hypertension, and eventually the onset of type 2 DM.° The
diabetes-induced Drosophila melanogaster (fruit fly) model
is an excellent experimental model for studying type 2

diabetes, because 74% of human disease-related genes are
conserved in the fly.’ In particular, glucose-metabolizing
genes are highly conserved between mammals and fruit
flies.” The unwanted side effects and cost of available oral
hypoglycemic drugs and insulin injection for diabetes
management have shifted the research focus to natural
products as sources of antidiabetic therapy.

Spondias mombin (Linn) belongs to the family of Ana-
cardiaceae, commonly known as the Hog plum; the plant is
locally called Iyeye, Olosan (Yoruba), and Uvuru (Igbo) in
Nigeria; Ubo in Peru; and Hobo in Mexico.® In herbal
medicine, S. mombin is used traditionally for the treatment
of gastrointestinal disorders such as diarrhea.” The
antidiabetic potential of S. mombin leaves has been
reported in alloxan-induced rats'’ and streptozotocin-
induced diabetic rats.'' The hypoglycemic effect of
S. mombin stem bark has been reported in healthy rats.'”
After establishing high-sucrose diet (HSD)-induced dia-
betes in Drosophila as in previous studies,™'® this study
investigated the antidiabetic potential of ethyl acetate and
n-butanol fractions of S. mombin stem bark in this HSD-
induced Drosophila model.

Materials and Methods
Plant materials

The stem bark of S. mombin (Linn) was removed from a
tree with a clean knife at the medicinal garden of Adekunle
Ajasin University, Akungba-Akoko (Ondo State, Nigeria).
Authentication of the plant was done by Dr. Obembe from
the Plant Science and Biotechnology Departmental Her-
barium (PSBH) of our institution. The voucher specimen
with voucher number V/No. PSBH-222 was deposited at the
Herbarium.

Culture of fly stock

D. melanogaster (Harwich strain) used for this study was
collected from the Drosophila Laboratory of Biochemistry
Department, University of Ibadan (Oyo State, Nigeria). The
flies were maintained at 25 £+ 2 °C at the Phytomedicine and
Functional Food Laboratory of the Biochemistry Depart-
ment of our institution. The fly diet was composed of corn-
meal, agar—agar, Brewer’s yeast, and Nipagin (preservative).

Methods

Extraction and solvent-partitioned fractionation of crude
ethanol extract

The stem bark of S. mombin was dried in a cool envi-
ronment for 28 days and powdered using a mechanical
blender. The ethanol extract was obtained by soaking 115 g
powdered sample with 1000 mL ethanol for 72 h. The extract
was filtered to remove the unsolubilized portion. The solvent
was removed from the filtrate by concentration using a ro-
tary evaporator. The S. mombin extract (45 g) was dissolved
in distilled water (500 mL), and extracted with four solvents
according to increasing order of polarity. Hexane was used
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to partition the extract from water for the n-hexane fraction
of S. mombin (HSM), followed by ethyl acetate for the ethyl
acetate fraction of S. mombin (ESM). The aqueous portion
was also partitioned with n-butanol for the n-butanol frac-
tion of S. mombin (BSM) and the resultant aqueous fraction
of S. mombin (ASM).

In vitro antioxidant assay

Determination of ferric reducing antioxidant potential

The ferric reducing antioxidant potential (FRAP) was
assayed according to the procedure of reduction of Fe’t-
tripyridyltriazine to Fe”-tripyridyltriazine at alkaline pH
using the antioxidant ability of the tested sample.14 The
FRAP assay for fractions was carried out according to the
Benzie and Strain method.' Briefly, freshly prepared
FRAP working reagent was prepared consisting of acetate
buffer (25 mL), 2.4,6-tripyridyl-s-troazine (2.5 mL) solu-
tion, and ferric chloride (10:1:1), and the mixture was used at
37 °C. The reaction mixture was made of 0.2 mL fractions
and 2.8 mL working reagent, and kept in the dark for 30 min
at 27 °C. The absorbance was read at 593 nm, and the FRAP
concentration was estimated from the standard curve of
ferrous sulphate and calculated in mMFe’*.

1,1-Diphenyl-2-picrylhydrazyl scavenging activity

The scavenging capacity of 1,1-diphenyl-2-picrylhydrazyl
(DPPH) of the fractions was evaluated according to the
procedure described by Omoboyowa et al.'” with slight
modification. Briefly, 1 mL of 250—1000 pg/mL of the
tested compounds was added to 1 mL DPPH reagent
(2.4 mg DPPH prepared with 200 mL methanol). The
mixture was mixed thoroughly and allowed to stand in the
dark for 30 min. The absorbance was read at 517 nm, and
the percentage DPPH inhibition was evaluated as:

Percentage DPPH inhibition

_ Absorbance of control — Absorbance of sample % 100

Absorbance of control

In vitro hydroxyl radical inhibitory activity

The inhibitory ability of hydroxyl (OH) radicals was
estimated as described by Kunchandy and Rao.'¢ Briefly,
1.0 mL working reagent comprising 100 pL of 28 mM of
deoxyribose prepared with 20 mM potassium phosphate
buffer (pH 7.4), 500 pL of fractions, 200 uM FeCl; (1:1 v/
v), 200 pL of EDTA (1.04 mM), 100 pL of H,0;
(1.0 mM), and 100 pL of ascorbic acid (1.0 mM) was
allowed to stand for 1 h at 37 °C. Then 1.0 mL of 1%
thiobarbituric acid and 1.0 mL of 2.8% trichloroacetic acid
were added and allowed to stand for 20 min at 100 °C. The
mixture was allowed to cool, and the absorbance was read
at 532 nm against the blank sample.

In vitro assay of a-amylase inhibition

Inhibition of a-amylase of the fractions was evaluated
according to the method of Worthington.'” The fractions
were diluted as appropriate and added to 500 pL of 0.2—

1.0 mg/mL, 500 pL of 0.02 M sodium phosphate buffer
(pH 6.9) prepared with 0.006 M NaCl, and 0.5 mg/mL a-
amylase solution; the mixture was allowed to stand at
27 °C for 10 min. Then 500 pL of 1% starch solution in
sodium phosphate buffer (pH 6.9) was added. The mixture
was allowed to stand for 10 min at 25 °C. Next, 1.0 mL of
96 mM dinitrosalicylic acid was added to stop the reaction.
The mixture was boiled for 5 min and cooled before the
absorbance was read at 540 nm. The percentage inhibition
was estimated using the following formula:

Abs of control — Abs of sample

Abs of control x 100

Inhibition percentage =

High-performance liquid chromatography analysis

The n-butanol fraction was found to be the most active
fraction based on the in vitro o-amylase inhibitory study.
Therefore, the BSM was subjected to HPLC analysis (Shi-
madzu Co., Kyoto, Japan) with a fluorescence detector (RF-
10AXL), Prominence autosampler (SIL-20AHT; Shimadzu),
Prominence pump (LC-20AD; Shimadzu), Hypersil GOLD
column (4.6 x 250 cm, 5 pm; Thermo Fisher Scientific,
Waltham, MA, USA), and column oven (CTO-10ASvp;
Shimadzu). The syringe filter was used to filter the samples
(fraction and reference compounds). Then 50 pL filtrate
from each sample was inserted at a flow rate of 1 mL/min and
running time of 50 min. To prepare the sample, 10 g n-
butanol fraction was dissolved in an amber bottle with 20 mL
acetonitrile/methanol. The mixture was vigorously shaken
for 30 min. After shaking, the organic solvent was decanted
into a 25 mL standard flask and filled up to the mark.
Standard analytes were initially inserted into a chromato-
graph to generate a chromatogram with a peak profile used
to create a window in the HPLC machine for analysis of the
test sample. Then an aliquot of the sample (BSM) was
inserted into the chromatograph to generate a corresponding
peak profile of the sample in the chromatogram. The peak
area and retention time of the sample were compared to
those of the reference sample relative to the concentration
obtain for the sample using the following formula:

Concentration of sample
Peak of sample x standard concentration
n peak area of the standard

Survival assay

Approximately 3- to 4-day old flies were transferred under
mild anesthesia using ice from culture vials, and separated
into five different groups of 30 flies. The files were always
transferred at 5-day intervals into new diet vials for a period
of 45 days to ensure good quality of diet throughout the
experiment. The effects of the fractions on fly survival were
investigated with a pilot study to determine the concentra-
tion of the fractions used.

Group 1: Normal diet group; 1 mL EtOH/10 g diet
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Group 2: 1 mg BSM/10 g diet
Group 3: 2 mg BSM/10 g diet
Group 4: 3 mg BSM/10 g diet
Group 5: 1 mg ESM/10 g diet
Group 6: 2 mg ESM/10 g diet
Group 7: 3 mg ESM/10 g diet

The BSM and ESM concentrations were added to the fly
diet every 5 days for 45 days and fly mortality was docu-
mented daily for 45 days.

Induction of diabetes in flies using sucrose

Induction of type 2 diabetes in fruit flies was carried out
by a protocol reported by Omale et al."’ with slight
modifications. Briefly, 2.5 g sucrose/10 g diet was added to
the normal diet of the fly with other diet components
remaining constant (1% agar, 3.4% yeast, 8.3% cornmeal,
and 1% nipagin) to induce diabetes in the Harwich strain
of D. melanogaster. The flies were exposed to sucrose
incorporated in the diet for 10 days and observed for
diabetes symptoms such as low rate of L3 larvae
emergence, decreased body size, and decreased locomotive
activities.

Treatment of sucrose-induced flies with active fractions

To investigate the antidiabetic activity of ESM and BSM
in D. melanogaster, diabetes-induced flies were placed on
fractions incorporating the diet, and metformin served as
reference drug for 10 days according to the design below.
Thirty-five flies were included in each group with four
replicates.

Group 1: Normal diet

Group 2: Normal flies exposed to 4.0 mg BSM/10 g diet
Group 3: Normal flies exposed to 4.0 mg ESM/10 g diet
Group 4: Diabetes flies exposed to 1 mL ethanol/10 g diet
Group 5: Diabetes flies exposed to 16 mg metformin/10 g
diet

Group 6: Diabetes flies exposed to 2.0 mg BSM/10 g diet
Group 7: Diabetes flies exposed to 4.0 mg BSM/10 g diet
Group 8: Diabetes flies exposed to 2.0 mg ESM/10 g diet
Group 9: Diabetes flies exposed to 4.0 mg ESM/10 g diet

After 10 days of treatment, the flies were anesthetized
using ethanol, allowed to blot-dry, and weighed using 0.1 M
phosphate buffer (pH 7.0) to homogenize the flies at a ratio
of 1 mg flies to 10 pL buffer. The homogenates were centri-
fuged for 10 min at 4000xg. Then the supernatants were
separated from the pellets and used for in vivo antioxidant
and glucose concentration assays.

Locomotor assay

The negative geotaxis assay method was used for the lo-
comotor assay. '8 Ten normal flies and experimental flies were
briefly anesthetized under ice and transferred toa 15 x 15cm
glass column. After recovery, the flies were gently tapped
down the column. The number of flies that were able to

climb up to the 6 cm mark was recorded. The percentage
negative geotaxis was estimated using the following formula:
% negative geotaxis

_ Total No of flies — No of flies that climb above 6 cm

Total No of flies x 100

Estimation of glucose concentration

The assay for determining the concentration of glucose in
the fly homogenate was conducted according to the pro-
cedure of Trinder,'"” using the Agappe LiquiCHEK Kit.

Estimation of total thiol content

The total thiol content of the fly homogenate was esti-
mated by the procedure of Adedara et al.'’®  with
modifications. The working reagent consisted of 1700 pL
potassium phosphate buffer (0.1 M; pH 7.4), 200 pL
homogenates, and 100 pL of 5,5'-dithiobis-(2-nitrobenzoic
acid). The mixture was allowed to stand for 30 min at
27 °C. The absorbance was read at 412 nm. The standard
used was reduced glutathione, and the results are presented
as wmol/mg of protein.

Estimation of nitric oxide level

The nitric oxide (NO) concentration was estimated by the
Griess reaction procedure as reported by Green et al.”’ The
mixture of homogenate and Griess solution was allowed to
stand for 20 min at 27 °C. Thereafter, the absorbance was
read at 550 nm. The level of NO in the mixture was
extrapolated from the NaNO; calibration curve.

Assay of lipid peroxidation assay

The assay for lipid peroxidation level was performed ac-
cording to the procedure described by Ohkawa et al.’! The
reagent mixture consisted of 5 upuL of 10 mM
butylhydroxytoluene (BHT), 200 pL thiobarbituric acid
(0.67%), 600 pL of 1% O-phosphoric acid, distilled water
(105 pL), and fly homogenate (90 pL). The mixture was
allowed to stand for 45 min at 90 °C, and the absorbance
was read at 535 nm. The results were calculated as pmol of
malondialdehyde/pL.

Total RNA extraction and cDNA conversion

RNA was extracted from the whole drosophila homog-
enates with the Quick-RNA MiniPrep™ Kit (Zymo
Research International, Tustin, CA, USA). DNAse I (Cat:
MO0303S; New England Biolabs [NEB], Ipswich, MA, USA)
treatment was used to remove DNA contaminants from the
isolated RNA. The RNA was quantified at 260 nm and the
purity was confirmed at 260 and 280 nm using the A&E
Spectrophotometer (A & E Lab (UK) Co. Ltd., London,
UK). DNA-free RNA (1 pg) was converted by reverse
transcriptase reaction to cDNA using the ProtoScript II
First Strand cDNA Synthesis Kit (NEB) based on a three-
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step reaction: 65 °C for 5 min, 42 °C for 1 h, and 80 °C for
5 min.”

Gene amplification by PCR and agarose gel electrophoresis

Polymerase chain reaction (PCR) for amplification of
insulin-like peptide 2 (ILP2), insulin receptor (InR), and
ecdysone-inducible gene 2 (IMPL?2) genes was performed with
the OneTaqR2X Master Mix using the following primers
(Inqaba Biotec, Pretoria, South Africa): set: >NM_079288.3
Drosophila  1LP2, forward primer: AGGTGCTGAG-
TATGGTGTGC, reverse primer: TGTCGGCACCGGG-
CAT, >NM_00-1274480.1 Drosophila ImpL2, transcript
variant D, forward primer TGCCGGCTTAGA-
CACTAATTT, reverse primer GCTGCCTGAATCGC-
TAGGAA, >NM_001144622.2 Drosophila InR, forward
primer TTTGTGCCTCGCA-CTTTGC, reverse primer
ATACGCTCACCAACACATGC. >NM_001273184.2
Drosophila GPDH, transcript variant G, forward primer
TCGGACTGCGTAGACACTAGA, reverse primer
AGCGCCATCTATGTAAGGATGT was used as the
housekeeping gene. PCR amplification was performed in 25 pL
reaction reagent consisting of cDNA, primer (forward and
reverse), and Ready Mix Taq PCR master mix under the
following condition: starting denaturation at 95 °C for 5 min,
30 cycles of amplification (denaturation at 95 °C for 30 s,
annealing for 30 s, and extension at 72 °C for 60 s) and ending
with final extension at 72 °C for 10 min. The amplicons were
resolved on a 1.0% agarose gel. The GAPDH gene was
required to normalize the relative expression level of each gene,
and intensity of the band was quantified with Image]
software.””

In silico study

Bioactive compounds that were identified from HPLC
analysis of BSM were retrieved from the PubChem database
(https://pubchem.ncbi.nlm.nih.gov). The protein (a-amylase
[2QV4]) was retrieved from http://rcsb.org. Eight com-
pounds identified from S. mombin and reference drug were
virtually screened against the binding site of the protein using
the catalytic site of the ligand co-crystallized with the protein
to generate a grid coordinate of x = 39.01, y = 31.15,
z = 24.00. Virtual screening of the compounds against the
protein was performed using AutoDock 4.0 via PyRX.23 The
protein and compounds were prepared before docking. Co-
crystallized molecule of the protein was extracted, pre-
pared, and redocked into the same binding domain of the
proteins for validation of the screening precedure.24 The
visualization and conversion of protein-ligand complexes
to two-dimensional format was performed by using Dis-
covery Studio 2020.

Statistical analyses

The statistical analyses of the data obtained were carried
out by GraphPad Prism 9, and the survival rate was analyzed
by the Kaplan—Meier’s method. Log-rank tests were used
for the mean comparisons. For the biochemical data, one

way analysis of variance was used for the data analyses,
followed by Dunnett’s post hoc test. P < 0.05 was considered
statistically significant.

Results and discussion
In vitro antioxidant activity

Plants have always been an excellent source of drugs
for many metabolic disorders such as diabetes and cancer,
and many currently used drugs are derived directly or
indirectly from medicinal plants.23 S. mombin is widely
known for its pharmacological benefits. The anticancer
potential of carotenoid isolates from the leaves of
S. mombin has been documented by Metibemu et al.”
Although  previous studies have reported the
antidiabetic activity of S. mombin leaves,m’” the
antidiabetic efficacy of solvent fractions of S. mombin
stem bark in the HSD-induced diabetes Drosophila model
has not been explored.

Free radicals are key players in the pathogenesis of
various metabolic disorders; therefore, the anti-oxidant
potency of natural products has been attributed to their
therapeutic properties. Investigation of the in vitro free
radical inhibiting capacity of S. mombin stem bark via
DPPH, OH scavenging activity, and FRAP (Figure la—c)
revealed that ESM and BSM possessed appreciable free
radical scavenging potential. The DPPH assay estimates
the potential of natural compounds to release proton to
convert DPPH salt to its reduced form
(diphenylpicrylhydrazine).27 The high DPPH-scavenging
power of n-butanol might be associated with the presence
of polyphenols, as evident in the HPLC analysis (Figure 3).
Ascorbic acid and galic acid were used as standards for

hydroxyl radical inhibition and percentage DPPH
inhibition, respectively, because Omoboyowa et al.”®
reported the in vitro antioxidant power of both

compounds. The ferric-reducing antioxidant power of
the fractions is represented in Figure Ic; the results
showed that BSM had the highest ferric-reducing power.
The results from this study are consistent with the obser-
vations of Boni et al.,”” who reported the in vitro
antioxidant potential of methanol and water extracts of
S. mombin stem bark.

In vitro a-amylase inhibition assay

One of the major ways to control blood sugar level is by
delaying its absorption, which is achieved by inhibiting
carbohydrate-hydrolyzing proteins including o-amylase
present in the small intestine. This enzymatic inhibition
slows down carbohydrate digestion and monosaccharide
absorption, thereby reducing the postprandial glucose
level.”’ The present study showed the inhibitory effect of
S. mombin stem bark (HSM, ESM, BSM and ASM) in
Figure 2. The results showed that, across the
concentrations of the fractions used, BSM and ESM
significantly (P < 0.05) inhibited o-amylase activity
compared to ASM and HSM. Hence, the reason for their
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Figure 1: (a) Percentage DPPH inhibition (b) Percentage OH radical inhibition and (c) Ferric-reducing antioxidant power of fractions of
S. mombin stem bark extract. AA: Ascorbic acid; GA: Gallic acid; ASM: Aqueous fraction of S. mombin; BSM: n-butanol fraction of
S. mombin; ESM: Ethyl acetate fraction of S. mombin; HSM: n-hexane fraction of S. mombin. *[P < 0.05]; significant compared with BSM.

selection for further in vivo study. The results of this study
are in accordance with the report of Ojo et al.,’’ who
reported higher percentage inhibition of a-amylase in
BMS and ESM.

HPLC analyses of BSM

The results of the HPLC study of BSM showed the
presence of eight flavonoids in the increasing concentration
order of quercetin > rutin > rhamnetin > chlorogenic

acid > zeinoxanthin > lutein > isoquercetin > rutinoside
(Figure 3, Table 1). Chlorogenic acid is an insulin sensitizer
that potentiates the action of insulin in a comparable
manner to the therapeutic mechanism of metformin by
directly inhibiting glucose-6-phosphatase activity.?! Lutein
reportedly protects against diabetes retinopathy due to its
ability to absorb oxidizing blue light, and its antioxidant
potential and ability to be stored in the retina.’>’
Isoquercetin has shown the potential to ameliorate
hyperglycemia and regulates key glucose-metabolizing



Antidiabetes study of Spondias mombin (Linn)

669

100
B3 250 pg/ml
80 Za 500 pg/ml
E3 750 pg/ml

60

40

20

% a~amylase inhibition

Fractions

Figure 2: Percentage o-amylase inhibition of various fractions of
S. mombin stem bark extract. ASM: Aqueous fraction of
S. mombin; BSM: n-butanol fraction of S. mombin; ESM: Ethyl
acetate fraction of S. mombin; HSM: n-hexane fraction of
S. mombin. ¥[P < 0.05]; significant compared with 250 pg/mL.

enzymes via the insulin signaling pathway in streptozotocin-
induced diabetic rats.*> Rutin is a bioflavonoid present in
many medicinal plants and food with neuroprotection and

antidiabetic activity of the bioactive compounds identified
in the BSM might be responsible for the observed
antidiabetic efficacy reported in this study.

Effects of ESM and BSM on the climbing and survival rates
of diabetic flies

After 45 days, the flies fed diets mixed with 2 mg BSM/
10 g diet and 2 and 3 mg ESM/10 g of diet showed a non-
significant (P > 0.05) increase in the percentage survival of
flies compared with flies fed 1 mL ethanol/10 g diet
(Figure 4). This result justified the concentration of fractions
used in this study. A significant (P < 0.05) increase was
observed in the climbing (locomotor) activity of normal
flies and diabetic flies treated with ESM- and BSM-
incorporated diets compared with diabetic flies without
treatment (Figure 5). The significant (P < 0.05) reduction in
locomotor activity of diabetic flies without treatment was
confirmed by a report that insulin resistant diabetes causes
peripheral neuropathy, which includes weakness of the
muscles, loss of coordination, and loss of reflexes especially
of the legs.35 The rescue activity of ESM and BSM

antidiabetic  activities.>®  The previously  reported fractions might be due to their antioxidant activity.
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Figure 3: Chromatogram of HPLC compounds identified from BSM.
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Table 1: Flavonoids identified in the BSM.

Retention time Compounds Height
1.266 Chlorogenic acid 33.461
2.750 Zeinoxanthin 24.967
4.450 Lutein 11.447
9.350 Isoquercetin 9.050
11.050 Quercetin 162.603
12.166 Rutin 68.379
13.700 Rhamnetin 45.298
16.250 Rutinose 6.176

In vivo antioxidant activity and glucose concentration of
diabetic and normal flies treated with ESM and BSM

The glucose concentration of the normal and diabetic flies
treated with ESM and BSM was carried out using the
glucosidase method. The results showed that normal flies
with or without BSM- and ESM-incorporated diets showed a
significant (P < 0.05) reduction in glucose concentration
compared with flies induced with HSD only (Figure 6d).
Treatment of diabetic flies with ESM and BSM
significantly (P < 0.05) reduced the glucose concentration
compared with HSD-induced flies but above the glucose
concentration of normal flies. The antidiabetic effect
observed in the fractions was comparable to that of the
standard drug metformin. Therefore, the fractions may
possess a similar mode of action as metformin. The results
observed in this study are in accordance with the report of
Omale et al.,"? who reported the glucose-lowering effect of
Parinari curatellifolia stem bark in HDS-induced flies.

The pathogenic complications in diabetes have been
associated with the generation of free radicals. Hence, the
effects of ESM and BSM on selected oxidative stress markers
(e.g., total thiols, NO, and lipid peroxidation) in HSD-

Survival (%)

04 T T T
0 10 20 30 40 50
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1 ml ethanol/10 g diet

=— 2 mg of BSM/10 g diet =— 3 mg of BSM/10 g diet Qé‘
== 1 mg of ESM/10 g diet 2 mg of ESM/10 g diet \é“
3 mg of ESM/10 g diet \@\@9

== 1 mg of BSM/10 g diet
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100
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Negative Geotaxis (%)

! Sucrose induced diabetes flies

Figure 5: Locomotor (climbing) activity of diabetes and normal
D. melanogaster treated with ESM and BSM. *[P < 0.05] signifi-
cant compared to the normal control (Group 1).

induced diabetes flies was investigated. NO is a vital regu-
latory molecule with cellular and metabolic effects; therefore,
regulating NO metabolism is vital in type 2 diabetes since
activation of NO synthase is influenced by insulin.*
Elevation of NO concentration with high lipid
peroxidation as observed in Figure 6a and b signifies
oxidative damage. The ability of ESM and BSM to
appreciably reduce NO and MDA levels in HDS-induced
diabetic flies further confirmed their antioxidant potential.
The decrease in total thiol concentration of diabetic flies is in
agreement with the results of Prakash et al.,"’ 7 who showed
that ESM and BSM restored the total thiol level in diabetic
flies. Omale et al.*® reported similar findings in Pleurotus
ostreotusto extract.

TSR
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Figure 4: Percentage survival of D. melanogaster treated with S. mombin stem bark fractions. *[P < 0.05]; significant compared with 1 mL

ethanol/10 g diet.
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Expression of D. melanogaster glucose-metabolizing genes

The potential use of D. melanogaster for the type 2 dia-
betes study was confirmed by the results obtained for the
mRNA expression of glucose metabolism genes in the flies.
Vertebrates such as D. melanogaster have one insulin gene,
and Drosophila secretes several insulin-like peptides from
insulin-producing cells (IPCs) within the brain.” The
mRNA expression of three (ILP-2, InR, and IMPL2) of
these peptides was evaluated to confirm the antidiabetic
efficacy of ESM and BSM in HSD-induced Drosophila.
Interestingly, the flies fed an HSD diet without fractions or
drug had the downregulation of ILP-2, InR, and IMPL2
mRNA expression compared with normal and diabetic flies

P < 0.05] significant compared with Group 3.

fed ESM- and BSM-incorporated diets (Figure 7a—c). ILP-2
is expressed in the imaginal disc and salivary gland.*’ It has
the highest homology with the vertebrate insulin genes,
synthesized together with ILP-1, ILP-3, and ILP-5 in the
IPCs within the brain and activates the insulin pathway in
the fat body.’w Therefore, ILP-2 regulates the metabolism of
sugar and protein in response to dietary intake.*' Therefore,
upregulation of the gene observed in normal and HSD-
induced flies fed ESM- and BSM-incorporated diets
(Figure 7a) suggested an increase in the metabolism of
biomolecules in the flies. Normal and HDS-induced dia-
betic flies fed ESM- and BSM-incorporated diets also
showed the significant (P < 0.05) upregulation of InR genes
compared with diabetic flies (Figure 7b). Failure of the InR
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Figure 7: (a) ILP-2, (b) InR and (c¢) IMPL-2 mRNA expression of diabetes and normal D. melanogaster treated with ESM and BSM
4P < 0.05] significant compared with Group 1; b[P < 0.05] significant compared with Group 4.

causes insulin resistance as a result of damage to the B-cell.
Therefore, upregulation of the InR in diabetic-treated flies
might promote glucose tolerance. In Drosophila, the ho-
mology is IMPL2 is an insulin-growth factor that serves a
regulatory function by inhibiting hunger in diabetes.*” The
upregulation of this gene in HSD-induced flies fed ESM-

and BSM-incorporated diets showed the ability of these
fractions to activate InR and increase the release of ILP-2.
The findings in this study are consistent with the upregula-
tion of ILP-2, InR, and IMPL2 genes reported in
D. melanogaster fed an HSD supplemented with Artocarpus
camansi extract.”
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Figure 8: The binding conformation of co-crystallized (green) and

redocked (blue) ligands at the catalytic site of a-amylase (2QV4)

Table 2: Analysis of the docked complexes.

Entry Name Docking No H- Other
score (kcal/  bonds interactions
mol)

Chlorogenic acid —7.8 6 4

Zeinoxanthin —6.4 = 2

Lutein —6.3 1 S

Isoquercetin —8.4 6 3

Quercetin —-7.8 4 6

Rutin -7.9 2 1

Rhamnetin -8.0 = 7

Rutinose —6.7 6 2

Acarbose -7.2 6 6

(standard)

Molecular docking of identified compounds from S. mombin
against a-amylase

Molecular docking is an important tool in drug design
and discovery. It suggests the effective interaction mecha-
nism of small molecules for the binding site of the targeted
receptor.44 The docking procedure was validated by
superimposition of extracted co-crystalized ligands from
the crystallographic structure of the protein. The root mean
square deviation of the redocked ligands (blue) from the co-
crystalized ligand (green) in the same binding pocket of o-
amylase was 0.868 A (>2.0 A) (Figure 8).

To predict potent antidiabetic molecules with high binding
affinity against the binding pocket of d-amylase, the com-
pounds identified from the HPLC chromatogram of BSM
were docked against o-amylase using AutoDoc vina. Table 2
shows the results of docking analysis of in silico antidiabetic
potential of the identified compounds from S. mombin stem
bark. The compounds showed varying degrees of binding
affinities for o-amylase: rhamnetin, quercetin, rutin,
isoquercetin, and chlorogenic acid had higher docking
scores against d-amylase than the standard ligand
(acarbose). The ligands interacted with various amino acids
present in the binding pockets of a-amylase with different
molecular interactions such as van dal waar, hydrogen
bond, and pi—pi stacked (Figure 9). The interaction of small

Lutein

Rutinose

Figure 9: Two-dimensional presentation of interactions of com-
pounds with catalytic pocket of a-amylase (2QV4).
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molecules with the amino acid at the binding site of target is
vital for the inhibition of such protein.45

Conclusion

From our observations, n-butanol and ethylacetate
fractions of S. mombin stem bark exhibit antioxidant property
to scavenge reactive oxygen species, improved survival
rate, rescued locomotor performance and restored glucose
homeostasis in high sucrose diet induced D. melanogaster.
Up-regulation of ILP2, InR and IMPL2 mRNA expression
was observed in diabetes and non-diabetes flies fed with
diet incorporated with n-butanol and ethylacetate fractions
of S. mombin stem bark compared with diabetes flies fed
with normal diet. The inhibition of a-amylase was proposed
as the mechanism of anti-diabetes action from the in vitro
and in silico inhibitory prediction of the active compounds
identified from the HPLC chromatogram of S. mombin stem
bark. Overall, the n-butanol and ethylacetate fractions of
S. mombin stem bark demonstrated antioxidant and
anti-diabetes efficacy in high sucrose diet induced
D. melanogaster. It would be interesting to isolate these active
compounds from S. mombin stem bark and test their potency
in rescuing diabetes in other animal models before clinical
trial of this plant part.
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