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m INTRODUCTION in Indonesia revealed a significant increase in diabetes
prevalence from 6.9% in 2013 to 8.5% in 2018 [3]. DM

Diabetes mellitus (DM) is a chronic condition .
has two types of disease namely type 1 and type 2. Type

caused by insufficient insulin hormone production and

function as blood glucose regulation, thus generating 1 DM is characterized by insufficient insulin release by

chronic hyperglycemia [1]. The prevalence of DM is pancreas. Type 2 DM s characterized by insulin

increasing worldwide and positioned as the fifth leading resistance, thus leading tohyperinsulinemia. - Both

cause of mortality and morbidity. In the global conditions provoke a hyperglycemia state and failure of

glucose utilization for energy expenditures [4].

population, Indonesia ranked 5" for individuals aged 20~
Among both types of DM, type 2 DM (T2DM) is the

79 with DM in 2021 [2]. The current basic health research
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most common in the population. The T2DM is identified
in more than 90% of cases of DM and is the 5" leading
cause of death in individuals aged 50-74 [5]. Prolonged
hyperglycemia in DM causes systemic organ
complications involving the role of pro-inflammatory
biomarkers called advanced glycation end products
(AGEs) and its receptors, receptor for advanced glycation
end products (RAGE) [6]. The AGEs are produced
through non-enzymatic glycation of proteins and glucose.
Different AGEs can be found in human blood, tissue, and
processed food [7]. AGEs pose a significant health risk,
damaging organs like kidneys, retinas, and bones. Their
toxic effect on pancreatic beta cells further fuels diseases
like diabetes and heart disease. Understanding these risks
and implementing strategies to lower AGE exposure is
crucial for long-term health [8-9].

There are drugs to inhibit AGEs, but they have
severe side effects. Aminoguanidine, OPB-9195, and
pyridoxamine are examples of AGE inhibitor drugs that
have been clinically tested, but all have significant side
effects that can cause infection, liver dysfunction, and
lupus-like symptoms. Therefore, an alternative is needed,
which is to use plants as natural AGE inhibitors. Plants
have various compounds that can inhibit AGEs, such as
antioxidants, metal chelators, and carbonyl sorbents.
Several studies have shown that plants can inhibit AGEs
without causing severe side effects [10].

In one study, bioactive compounds of Bajakah
(Spatholobus suberectus) demonstrated a significant
potential to prevent the formation of AGEs and oxidative
stress seen in T2DM due to its antioxidant content and
antiglycative properties. Furthermore, tomatoes also
possess high antioxidant effects and are readily available
[11]. Building on these findings, this study will explore
whether
specifically tomatoes, are capable of acting as effective
AGEs inhibitors. Additionally, the study aims to identify
the bioactive compounds within tomatoes that hold the

bioactive compounds present in fruits,

greatest potential for antidiabetic complications.
m EXPERIMENTAL SECTION
Materials

The research materials used were purchased from
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Sigma-Aldrich: genistein (cat. no. G6776), methanol,
sodium hydroxide, potassium ferricyanide, trichloroacetic
iron(III)
chloride, starch, and a-glucosidase from Saccharomyces

acid, 4-nitrophenyl-a-D-glucopyranoside,
cerevisiae. The following materials were obtained from
TCI: a-amylase diluted with starch from Bacillus
amyloliquefaciens, and ascorbic acid. Three varieties of
Solanum lycopersicum from three sub-districts in
Malang, Indonesia, were used in this research. They
were Sirvo tomatoes from Tumpang, Marvel tomatoes
from Karangploso, and Montana tomatoes from Batu,
East Java, Indonesia.

Instrumentation

The instruments used in this study were a shaker
water bath (Memmert), rotary evaporator (IKA HB 10),
UV-vis spectrophotometer (SmartSpec Plus™, BioRad
Laboratories Inc., Hercules, CA, USA), and set instrument
high-performance thin-layer chromatography-CAMAG
(Linomat 5, TLC Scanner 4, dan UV Cabinet 4).

Procedure

Physicochemical,
screening
A list of 42 natural compounds found in tomatoes

pharmacokinetic, and toxicity

was compiled from a study by Kumar et al. [12]. We
evaluated the drug-likeness of these compounds using
the Molinspiration website
(https://www.molinspiration.com/) following Lipinski’s
rule of five, including molecular weight (< 500), log P
(<5), hydrogen bond acceptor (< 10), and hydrogen
bond donors (<5) [13]. The pharmacokinetics and
toxicity properties of compounds were analyzed using
pKcSM (https://biosig.lab.uq.edu.au/pkcsm/prediction)
[14]. This subsequent stage of screening resulted in the

selection of five final compounds.

Plant extraction tomato sample preparation
Tomato preparation begins with the tomato fruit
being washed, weighed, and cut into several parts.
Tomatoes are dried in an oven at 50 °C. The dried
tomato samples were pulverized so that they became
tomato powder simplicia [15]. A total of 5.0 g of tomato
simplicia was extracted with a ratio of methanol and
distilled water (90:10, v/v) at 80 °C for 1h in a water
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bath, then filtered and evaporated using a rotary
evaporator [16].

Amino acid determination

Characterization of essential and non-essential
amino acid profiles was conducted in PT. Saraswanti Indo
Genetech, Bogor, West Java, Indonesia using the ultra
performance liquid chromatography (UPLC) method,
18-5-17/MU/SMM-SIG (UPLC-PDA) for the amino
acids L-alanine, glycine, L-isoleucine, L-leucine, L-serine
and L-tyrosine test, and 18-5-63/MU/SMM-SIG (HPLC-
PDA) for the amino acid L-tryptophan test. The UPLC
used column AccQ.Tag Ultra C18 1.7 pm (2.1 x 100 mm).
A photodiode array (PDA) detector, calibrated to a
wavelength of 260 nm, was used for detection. The mobile
phase consisted of a gradient system comprised of A)
eluent A concentrate Amino Acid Analysis AccQ.Tag
Ultra, B) eluent B Amino Acid Analysis AccQ.Tag Ultra
diluted to 10% in water, C) aquabidest, and D) eluent B
Amino Acid Analysis AccQ.Tag Ultra. The flow rate was
maintained at a constant rate of 0.5 mL/min [17].

High-performance thin-layer chromatography

This analysis was performed using a set of HP-TLC-
CAMAG instruments consisting of Linomat 5, TLC
Scanner 4, and UV Cabinet 4. Three tomato samples and
standards were diluted in methanol. The solution was
spotted on the silica gel plate F,ss. Next, the silica gel plate
Fas4 was eluted in a mobile phase with toluene-acetate
ethyl-formic acid eluent. The spots were observed under
UV chamber of 254 and 366 nm, and a TLC scanner.
Standard curves were prepared by varying the injection
volume from 1.0, 1.5, 2.0, 2.5, 3.0, and 3.5 puL. Each
solution was injected with a volume of 10 pL of genistein
standard solution [18].

Antioxidant activity test with ferric reducing
antioxidant power (FRAP) method

Samples were diluted with 0.1% HCI in methanol at
concentrations of 0, 1, 2, 4, 6, 8, and 10 pg/mL. Gold
standard solutions of genistein was prepared at
concentrations of 0, 1, 2, 4, 6, 8, and 10 ug/mL. The
solution was mixed with 200 mmol/L phosphate buffer
pH 6.6 of 2.5mL and 1% potassium ferricyanide of
2.5 mL. The solution was incubated at 50 °C for 30 min,
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and 2.5 mL of 10% TCA was added and homogenized.
Then, 5 mL of solution was taken and transferred to a
new test tube. The solution was added with 5 mL of
distilled water and 1 mL of 0.1% ferric chloride, and the
absorbance was measured at 700 nm using UV-vis
spectrophotometry
calculated by the Eq. (1). The ICs, value was determined

[19]. Antioxidant activity was

by creating a linear regression equation with the sample
concentration and its percentage antioxidant activity on
the x and y axes, respectively.

Control,, —Sample,; .

% Antioxidant = { j x100% (1)

Control
Enzyme inhibition assay of a-amylase and a-
glucosidase

In the a-amylase enzyme inhibition assay, acarbose
standard and extracts with a range of concentration
variations were added as much as 250 pL into a test tube.
The extract was mixed with 250 puL of a-amylase enzyme
and incubated for 20 min at 37 °C. After incubation, 1%
amylum was added and incubated for 10 min. DNS was
added as 500 pL, and the sample was heated for 5 min. The
absorbance was measured at 490 nm [20].

In the enzyme inhibition assay of a-glucosidase,
50 pL of plant extracts with varying concentrations from
12.5 to 400 pg/mL were incubated with 10 pL of a-
glucosidase for 20 min at 37 °C with the addition of
125 pL of 0.1 M phosphate buffer (pH 6.8). After 20 min,
4-nitrophenyl-B-D-glucopyranosiduronic acid substrate
was added and incubated for 30 min. The reaction was
stopped by the addition of 0.1 N Na,CO; (50 uL), and
the final absorbance was measured at 405 nm [21].
Calculation of percentage of inhibition uses the
following Eq. (2).

Control p, —Sample,

%Inhibition = [ ] x100% 2)

Control

In silico analysis

Data mining. The five compounds that successfully
passed the previously described screening stage were
selected as the ligands for molecular docking. As control
ligands, we included two AGEs, namely argpyrimidine
and pentosidine. The three-dimensional structure of the
ligands was retrieved from the PubChem database

Sekararum Narwasthu et al.



Indones. J. Chem., 2024, 24 (4), 1170 - 1183

(https://pubchem.ncbi.nlm.nih.gov/). For our
investigation into T2DM intervention, we designed
RAGE as the target protein. The structure of RAGE was
downloaded from the RCSB Protein Data Bank with PDB
ID: 2M1K (https://www.rcsb.org/) [6,22].

Molecular docking and visualization. The 3D
structure of the protein was prepared using the Biovia
Discovery Studio 2019 which
removing any attached native ligands and water

software, involved
molecules. Meanwhile, the ligands were prepared using
Open Babel, integrated with PyRx 8.0 software, for energy
minimization [23]. Prior to the docking study, the
docking parameters and algorithm were validated by re-
docking the native ligand to the target receptor [24].
Protein-ligand docking was simulated using AutoDock
Vina in PyRx software [25]. Ligand binding poses were
combined using PyMOL and analyzed for residue
interactions using Biovia Discovery Studio. Complexes
with binding energies lower or equal to AGEs were
considered for downstream analysis [26-27].

Molecular dynamics. Molecular dynamics is performed
using Yasara software. The parameters of the simulation
included pH 7.4, salt content (NaCl) of 0.9%, a
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temperature of 37 °C, pressure 1 atm, and simulation
time of 20 ns [28].

m RESULTS AND DISCUSSION

Physicochemical, Pharmacokinetic, and Toxicity
Potencies of Tomato Compounds

The drug-likeness prediction was performed as an
initial stage for drug development by following Lipinski’s
rule of five [29]. The results showed that 19 compounds
successfully passed this selection stage (Table S1). A
portion of 5 compounds in tomatoes met Lipinski’s rule
of five (Table 1A) determined using the following
characteristics involving molecular weight < 500 kDa,
hydrogen bond donor < 5, hydrogen bond acceptor < 10,
and a log P value < 5. A single minor violation of one of
those parameters is tolerable. Compounds with a
molecular weight > 500 Da typically indicate low
permeability due to their large size, thus allowing them
to be absorbed more slowly in the body. Therefore, the
compounds are
membranes [30-31]. Hydrogen bond capacity is indicated
by the number of hydrogen bond donors. Higher

ineffectively ~crossing the cell

hydrogen bonding capacity relates to higher energy for

Table 1. Physicochemical, pharmacokinetic, and toxicity potencies of tomato compounds from (A) Molinspiration

screening and (B) pKcSM screening

A. Molinspiration screening result of the bioactive compound in tomato

CID Compound Canonical SMILES miLogP  TPSA MW  nON nOHNH nViolate nrotb
5280443 Apigenin C1=CC(=CC=C1C2=CC(=0)C3 90.89 270.24 5 3 0 1
=C(C=C(C=C302)0)0)0
5280961 Genistein C1=CC(=CC=C1C2=C0OC3=CC 90.89 270.24 5 3 0 1
(=CC(=C3C2=0)0)0)0
5280863 Kaempferol Cl1=CC(=CC=C1C2=C(C(=0)C 111.12 286.24 6 4 0 1
3=C(C=C(C=C302)0)0)0)0
932 Naringenin ~ C1C(OC2=CC(=CC(=C2C1=0) 86.99 272.26 5 3 0 1
0)0)C3=CC=C(C=C3)0
4788 Phloretin C1=CC(=CC=C1CCC(=0)C2=
C(C=C(C=C20)0)0)0 97.98 27427 5 4 0 4
B. pKcSM screening result of the selected bioactive compound in tomato
CID Compound VDss BBB, . CNS, . Hepatotoxicity S.k.m . ,CY?3,A4 Intestlr.lal
permeability  permeability Sensitization inhibitor absorption
5280443 Apigenin 0.822 -0.734 -2.061 No No No 93.25
5280961 Genistein 0.094 -0.710 -2.048 No No No 93.38
5280863 Kaempferol 1.274 -0.939 -2.228 No No No 74.29
932 Naringenin ~ -0.015 -0.578 -2.215 No No No 91.31
4788 Phloretin 0.765 -0.927 —-2.535 No No No 60.50
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the absorption process [32]. Log P suggests the balance of
lipophilicity of the compounds. Log P value reflects the
solubility of compounds in polar and non-polar solvents.
A larger log P value correlates with the incline of
hydrophobic characteristics [33]. Because the molecules
in the lipid bilayer membrane are separated longer, they
will be dispersed widely throughout the body, increasing
the level of toxicity caused by overly hydrophobic
compounds. This decreases the compound's selective
ability to inhibit the target protein. As the log P number
gets more negative, the molecule's ability to pass through
membranes decreases [31].

To determine potential of oral drug candidates, the
characteristics of pharmacokinetics are important to
evaluate. The percentage of a compound absorbed in the
human gut (%HIA) predicted by pKcSM software. The
percentage > 80% indicates good intestinal absorption,
and 30% indicates poor absorption [34]. Absorption
analysis presented in Table 1B, demonstrates remarkable
performance for genistein, apigenin, and naringenin as
potential oral drug candidates as visualized by the
percentage of absorption value. The parameter of volume
of distribution at steady state (VDss) refers to drug
distribution throughout the body after reaching steady
state. High VDss means more drugs distributed to tissues
than circulatory blood. VDss values can be categorized as
less than —0.15 for low distribution and above 0.45 for
high distribution. Drugs reaching the brain directly can
cause fewer side effects, be less toxic, and work better. This
ability is measured in animals as "log BB". Compounds

Indones. J. Chem., 2024, 24 (4), 1170 - 1183

with log BB > 0.3 easily penetrate to brain tissue,
meanwhile score < —1 has difficulty to across the BBB
[35].

BBB penetration, the study investigated the ability
of drugs to reach the deeper central nervous system
(CNS). A compound's log PS value > -2 suggests good
CNS penetration, while a value < -3 indicates limited
access. According to the pKCSM prediction, genistein
log VDss =>-0.15, while
kaempferol, apigenin, and phloretin have log VDss
> 0.45 (Table 1B), meaning that they can be distributed
moderately to yield higher concentrations in tissue than

and naringenin have

in plasma. Interestingly, all tomato compounds have a
log BBB value > -1, meaning that these compounds can
readily cross the BBB and have log PS value > -3, which
means that they can penetrate the CNS [36]. The liver
enzyme CYP450 can deactivate certain drugs and inhibit
other molecules, thus promoting drug interactions.
Therefore, drug candidates need to be evaluated for their
interactions with CYP450. The pKCSM software can
predict these interactions for five key CYP isoforms.
Based on the result below, none of these compounds
were predicted to be CYP3A4 inhibitors [37].

We studied how different amino acids (AA) affect
insulin sensitivity and release (Table 2). Glycine and
serine from Marvel tomato can improve insulin
sensitivity, while alanine, tyrosine, and isoleucine from
Montana tomato can reduce it. Additionally, alanine,
isoleucine, leucine, tryptophan, and valine from
Montana tomato may inhibit insulin release. Noteworthy,

Table 2. Specific essential and non-essential of three tomato varieties to improve or reduce the insulin function

associated with diabetes

Function Amino acid Sirvo tomato Marvel tomato Montana tomato
Improved insulin sensitivity Non-Essential Glycine 3608.27 3930.62 2710.51
L-Serine 3441.62 3506.48 2460.08
Reduction of insulin sensitivity Non-Essential L-Alanine 3764.21 3527.03 3100.92
L-Tyrosine 2122.77 2790.37 1440.65
Essential L-Isoleucine 1652.88 2293.80 1528.39
Reduction of insulin secretion =~ Non-Essential L-Alanine 3764.21 3527.03 3100.92
Essential L-Isoleucine 1652.88 2293.80 1528.39
L-Leucine 3516.31 4132.82 2656.93
L-Tryptophan 1043.00 701.69 631.96
L-Valine 1865.43 2477.72 1682.88
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tryptophan and alanine seem to have a dual effect,
reducing both sensitivity and release.

These findings are in line with previous studies by
van Sloun et al. [38], which reported that glycine, serine,
glutamine, and asparagine were associated with improved
insulin sensitivity. At the same time, glutamate, tyrosine,
isoleucine, and alanine influence decreasing insulin
sensitivity. Moreover, this research also identified
glutamate, tyrosine, isoleucine, and alanine as potent
insulin sensitivity inhibitors. Interestingly, their work
further linked phenylalanine and tyrosine to reduced
insulin secretion and elevated glucose levels, supporting
existing evidence that connects these AAs to insulin
resistance and diabetes. This study further expands our
understanding of tryptophan's role by demonstrating its
potential to impede insulin secretion. This finding
coincides with its predominant metabolic pathway
(> 95%), the kynurenine pathway, which has been linked
to inflammation, immune response, and excitatory
neurotransmission. Previous research suggests that
metabolites from this pathway could contribute to
diabetes in humans by inhibiting both proinsulin
synthesis and insulin release. Additionally, existing
evidence indicates that elevated alanine levels may be
linked to impaired insulin action in individuals with
T2DM [38-39].

The TLC results show that the gold standard with
several volume variations (1-3.5 uL) has an R value of
0.378, in Montana and Sirvo tomatoes, which also have
the same R¢ value, in contrast to Marvel tomatoes, which
have an R¢ value of 0.386 (Fig. 1). The range of values
indicates the presence of genistein compounds in
accordance with the gold standard. Another study using
the same KLT method showed the results of genistein Rf
values ranging from 0.38-0.39 derived from Semen Sojae
Praeparatum (fermented Glycine max seeds) and Glycine
max seeds [40].

Antioxidant and Antidiabetic Activity

The test of genistein compounds' activity as
antioxidants was conducted by FRAP scavenging assay.
The antioxidant test shows that Marvel tomato and
Montana tomato have the highest antioxidant activity with
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Fig 1. TLC chromatograms of the genistein compound
of Montana, Marvel, and Sirvo tomatoes compared with
genistein gold standard were documented at 254 nm (a),
366 nm (b), and TLC scanner (c), the star is R¢ for
genistein of Marvel tomato

ICso of 7.76 and 7.94 pg/mL. In the antioxidant activity
test, genistein as the gold standard with ICs of
8.90 pg/mL, followed by ascorbate compound as control
with ICso of 9.30 ug/mL and Sirvo tomato with ICs, of
9.60 ug/mL (Fig. 2). Antioxidants are natural or
synthetic compounds that scavenge free radicals,
protecting cells and promoting overall health. They
donate electrons to free radicals, stabilize them, and
prevent their harmful effects. Montana and Marvel's
tomatoes are likely rich in diverse antioxidants. By
chelating metal ions like Cu’* and Fe’* and stabilizing
unpaired electrons with its phenolic rings, bioactive
compounds in tomatoes exhibit strong antioxidant
properties [41].

Based on the results of the a-amylase enzyme
inhibition test, it shows that Montana tomato has the
greatest activity among other tomato samples with ICs,
of 7.6 ug/mL. In comparison, Sirvo tomato has the lowest
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Fig 2. (a) Antioxidant activity by gold standard (genistein), ascorbic acid, Sirvo tomato, Marvel tomato and Montana

tomato at various concentration, (b) inhibitory percentage of a-amylase enzyme, and (c) inhibitory percentage of a-

glucosidase enzyme by gold standard (genistein), acarbose, Sirvo tomato, Marvel tomato and Montana tomato at

various concentration

a-amylase inhibitory enzyme activity with ICs of
9.52 ug/mL. In the a-amylase enzyme inhibition activity
test, acarbose was used as a positive control. In the a-
glucosidase enzyme inhibition activity test, acarbose with
the same concentration variation was wused for
comparation. These results show that Montana tomato
has the highest inhibitory activity with an ICs, value of
7.3 ug/mL (Fig. 2). Acarbose is a drug that works by
inhibiting the enzyme that breaks down carbohydrates in
the digestive tract [42]. In people with DM, high blood
glucose levels can lead to serious complications.
Inhibitors of carbohydrate-degrading enzymes such as
amylase and glucosidase can help lower blood glucose
levels by inhibiting the digestion of carbohydrates. This
causes glucose to be released into the bloodstream slowly,

thus controlling blood glucose levels [43].
Molecular Docking and Molecular Dynamics

Docking methods were used to predict the binding
modes and affinities of proteins and target compounds.
To achieve accurate docking results, it is critical to predict
the position of the native ligand within the receptor
binding site as well as understand the associated
physicochemical molecular interactions [44]. The
docking results of RAGE and argpyrimidine, RAGE and
pentosidine, two AGEs, showed binding energy values of
—5.6 and —5.7 kcal/mol, respectively. The bonds formed
on RAGE, and argpyrimidine are hydrogen bonds at
amino acid residues lys169, gly170, thr195, alal97 and
hydrophobic bonds at amino acid residue pro204, while
the bonds formed on RAGE and Pentosidine are

hydrogen bonds at amino acid residues thr195, lys169,
asp201 (Fig. S1 and Table S2).

Specifically, pentosidine interacts with domains C
and V, while argpyrimidine connects upstream of the C1
domain of RAGE [45]. Interestingly, the five tomato
compounds showed lower binding energy values
compared to AGEs, with the lowest binding energy value
being genistein at —7.3 kcal/mol. RAGE and apigenin
formed hydrogen bonds indicated by amino acid residues
leu49, gIn67, val78, and gIn67, while hydrophobic bonds
at leu49, pro45, pro66, val78, and pro80. RAGE and
genistein form hydrogen bonds indicated by amino acid
residues lys169, gly170, thr195, and gly200, electrostatic
bonds at asp201, and hydrophobic bonds at val194 and
pro196. The bonds between RAGE and kaempferol are
hydrogen bonds at ser74, gIn67, and arg77. The bonds
between RAGE and naringenin formed are hydrogen
bonds at gIn47, arg77, and gln67 and hydrophobic bonds
at pro45, pro80, and pro87.

RAGE and phloretin formed hydrogen bonds at
thr195 and hydrophobic bonds at lys169, pro196, and
pro204. This suggests that these tomato compounds
have a stronger bond with the target protein, specifically
RAGE in this case. The binding energy value obtained
from the docking results can determine the strength of
the bond between the ligand and the RAGE target
protein. Binding energy represents the strength of the
interaction between two or more molecules, and a
higher binding energy value indicates a lower affinity
between the receptor and the ligand [46]. Apigenin,
kaempferol, and naringenin interact with RAGE in the
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V domain, while genistein and phloretin interact in the
C1 domain (Fig. S1 and Table S2).

The V and C1 domains constitute structural and
functional units, serving as the binding sites for most
ligands [47]. To determine the interaction between AGEs
and specific bioactive compounds, all of bioactive
compounds of tomatoes fruit analyzed with
argpyrimidine and pentosidine. The analysis result
showed binding energy values respectively, argpyrimidine
(40.1 kcal/mol),
naringenin (29.3 kcal/mol), argpyrimidine and apigenin
(20.1 kcal/mol),
(17.0 kcal/mol), as well as argpyrimidine and kaempferol
(10.2 kcal/mol).

compound, pentosidine has the highest binding energy

and genistein argpyrimidine and

argpyrimidine ~ and  phloretin

Similar with previous bioactive

with genistein (50.0 kcal/mol), followed by pentosidine
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atl
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RAGE-Apigenin
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Genistein-RAGE Apigenin-RAGE
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1177

and naringenin (36.1 kcal/mol), pentosidine and
kaempferol (32.8 kcal/mol), pentosidine and apigenin
(30.4 kcal/mol), as well as pentosidine and phloretin
(15.8 kcal/mol) (Fig. S2 and Table S3).

The docking results for RAGE-genistein-kaempferol
showed the highest binding energy value of —6.0 kcal/mol
and RAGE-apigenin-pentosidine of —5.8 kcal/mol (Fig.
3 and Table 3). Both hydrogen bonds and hydrophobic
interactions suggest a highly specific and stable binding
between complex RAGE-bioactive with AGEs. This
strong interaction could potentially enhance the efficacy
of these compounds in inhibiting AGE-mediated
damage [48]. The bonds formed during the docking
process include hydrogen bonds and hydrophobic
bonds. In the

argpyrimidine, RAGE-kaempferol-argpyrimidine, and

docking of RAGE-naringenin-

c RMSD All

A,‘C‘:(/‘w. N

)
W\'ﬁ'\.'

Fig 3. Comparation of binding poses and ligand interaction between complex RAGE-bioactive compound with (a)
AGEs and complex AGEs-bioactive compound tomato fruit with (b) RAGE, and (c) structural stability and integrity
of RAGE with selected compounds according to the (1) RMSD All, (2) hydrogen bond, (3) RMSD backbone, and (4)

ligand movement
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Table 3. Interaction table of complex RAGE-bioactive compound with AGEs (A) and complex AGEs-Bioactive
compound tomato fruit with RAGE (B)

Binding affinit
Point interaction Chemistry bond Type (kcalg/mol) Y
A. RAGE-bioactive compound-AGEs
RAGE-genistein-argpyrimidine
N:UNKI:H- A:GLU32:0E2 Hydrogen Bond Conventional Hydrogen Bond -6.0
N:UNKI:H- B:ALA41:0 Hydrogen Bond Conventional Hydrogen Bond
N:UNK1:H- B:CYS38:0 Hydrogen Bond Conventional Hydrogen Bond
B:LYS37:NZ- N:UNK1:0 Hydrogen Bond Conventional Hydrogen Bond
N:UNKI1- A:PRO33 Hydrophobic Pi-Alkyl
N:UNK1 - B:LYS37 Hydrophobic Pi-Alkyl
RAGE-apigenin-pentosidine
N:UNK1:H- A:GLN67:0E1 Hydrogen Bond Conventional Hydrogen Bond -5.8
N:UNKI1:H- B:SER74:0G Hydrogen Bond Conventional Hydrogen Bond
N:UNKI:H - A:LEU64:0 Hydrogen Bond Conventional Hydrogen Bond
N:UNKI1:H- A:LEU64:0 Hydrogen Bond Conventional Hydrogen Bond
N:UNK1:HN- A:VAL78:0 Hydrogen Bond Conventional Hydrogen Bond
N:UNK1:C- A:VAL78:0 Hydrogen Bond Carbon Hydrogen Bond
A:LEU79:C,0;PRO80:N- N:UNK1 Hydrophobic Amide-Pi Stacked
N:UNKI1- A:PRO80 Hydrophobic Pi-Alkyl
RAGE-phloretin-pentosidine
N:UNK1:H- N:UNK1:0 Hydrogen Bond Conventional Hydrogen Bond -5.0
N:UNKI:H- N:UNK1:0 Hydrogen Bond Conventional Hydrogen Bond
N:UNKI:HN- A:THR195:0 Hydrogen Bond Conventional Hydrogen Bond
N:UNKI:HN - A:LYS169:0 Hydrogen Bond Conventional Hydrogen Bond
A:ALA197:N - N:UNK1:0 Hydrogen Bond Conventional Hydrogen Bond
A:ASP201:N- N:UNK1:0 Hydrogen Bond Conventional Hydrogen Bond
N:UNKI:C - A:LYS169:0 Hydrogen Bond Carbon Hydrogen Bond
N:UNKI:C- N:UNKI:0 Hydrogen Bond Carbon Hydrogen Bond
A:PRO196:CA- N:UNK1:0 Hydrogen Bond Carbon Hydrogen Bond
B. AGEs-bioactive compound-RAGE
Argpyrimidine-phloretin-RAGE
N:LIGI:N - B:GLY68:0 Hydrogen Bond Conventional Hydrogen Bond -8.4
N:UNKI:H- N:UNK1:0 Hydrogen Bond Conventional Hydrogen Bond
N:UNK1:H- A:SER74:0G Hydrogen Bond Conventional Hydrogen Bond
N:UNKI1:H- B:ASP73:0 Hydrogen Bond Conventional Hydrogen Bond
A:GLN67:NE2- N:UNKI1:0 Hydrogen Bond Conventional Hydrogen Bond
A:SER74:0G- N:UNK1:0 Hydrogen Bond Conventional Hydrogen Bond
B:SER74:0G- N:LIG1:0 Hydrogen Bond Conventional Hydrogen Bond
A:ASP73:0D2- N:UNK1 Electrostatic Pi-Anion
N:LIG1- N:UNK1 Hydrophobic Pi-Pi Stacked
N:LIG1- N:UNK1 Hydrophobic Pi-Pi Stacked
N:UNK1- N:LIG1:C Hydrophobic Pi-Alkyl
N:UNK1- N:LIG1:C Hydrophobic Pi-Alkyl
Pentosidine-apigenin-RAGE
N:LIG1:HO- N:LIG1:0 Hydrogen Bond Conventional Hydrogen Bond -8.5
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Point interaction Chemistry bond Type Blrziizlg/jgg ity
N:UNKI1:H- A:GLN119:0E1 Hydrogen Bond Conventional Hydrogen Bond
N:UNK1:H- A:ILE120:0 Hydrogen Bond Conventional Hydrogen Bond
B:LYS43:N- N:UNKI1:0 Hydrogen Bond Conventional Hydrogen Bond
B:LYS43:N- N:UNK1:0 Hydrogen Bond Conventional Hydrogen Bond
B:LYS44:N- N:UNK1:0 Hydrogen Bond Conventional Hydrogen Bond
N:LIGI1:H - N:UNK1:0 Hydrogen Bond Carbon Hydrogen Bond
N:LIG1- N:UNK1 Hydrophobic Pi-Pi T-shaped

N:UNKI1 - B:LYS43 Hydrophobic Pi-Alkyl

N:UNKI1- B:LYS44 Hydrophobic Pi-Alkyl

N:UNKI1- B:LYS44 Hydrophobic Pi-Alkyl
Pentosidine-genistein-RAGE

N:LIG1:N- A:LYS169:0 Hydrogen Bond Conventional Hydrogen Bond -84
N:LIG1:HO- N:UNK1:0 Hydrogen Bond Conventional Hydrogen Bond
N:LIG1:HO- A:LYS162:0 Hydrogen Bond Conventional Hydrogen Bond
N:LIG1:HO- A:PRO163:0 Hydrogen Bond Conventional Hydrogen Bond
N:LIG1:H- A:ASP160:0D2 Hydrogen Bond Carbon Hydrogen Bond
N:UNKI1:H - N:LIG1:0 Hydrogen Bond Carbon Hydrogen Bond
N:LIG1:0- N:UNKI1 Hydrogen Bond Pi-Donor Hydrogen Bond
N:LIG1- N:UNK1 Hydrophobic Pi-Pi Stacked

N:LIG1- A:LEU159 Hydrophobic Pi-Alkyl

RAGE-apigenin-argpyrimidine, it was observed that
RAGE blocks the binding of naringenin, kaempferol, and
apigenin to argpyrimidine, which should bind to RAGE-
AGEs. However, argpyrimidine still binds to the RAGE
domain, specifically the C1 domain with different chains.
On the other hand, the docking of RAGE-genistein-
argpyrimidine and  RAGE-phloretin-argpyrimidine
reveals that RAGE can hinder the binding of genistein and
phloretin to argpyrimidine, causing it to translocate from
the C1 domain to the V domain. The translocation of
argpyrimidine from the C1 domain to the V. domain upon
binding to genistein and phloretin indicates potentially
different biological activities compared to its interaction
with RAGE alone. Investigating these alternative binding
sites could reveal novel therapeutic avenues [49].
Meanwhile, the docking of RAGE-phloretin-
pentosidine and RAGE-apigenin-pentosidine indicates
that RAGE can block the binding of phloretin and apigenin
while interacting with pentosidine. When tomato
compounds and AGEs bind to RAGE, they compete to
interact with the RAGE domain. In this study, naringenin,
kaempferol, apigenin, genistein, and phloretin successfully

interacted with RAGE and displaced the position of
AGEs (Fig. S3 and Table S4). The V domain of RAGE
serves as a ligand-binding domain, and the two C
domains operate as transmembranes. RAGE interacts
with AGEs like argpyrimidine and pentosidine,
contributing significantly to the problems of DM. Due
to an increase in oxidative stress, the production and
secretion of pro-inflammatory cytokines, and their
binding to RAGE, these ligands cause cellular signal
transduction failure [19,45].

The docking results reveal that in the cases of
argpyrimidine-naringenin-RAGE, pentosidine-phloretin-
RAGE, pentosidine-kaempferol-RAGE, and pentosidine-
genistein-RAGE, tomato compounds have a higher
affinity for RAGE compared to AGEs, indicating their
ability to outcompete AGEs for binding to RAGE (Fig. 3).
On the other hand, the docking results of pentosidine-
naringenin-RAGE,  argpyrimidine-phloretin-RAGE,
argpyrimidine-apigenin-RAGE, and  pentosidine-
that
intervene in the RAGE-AGE:s interaction by interacting

apigenin-RAGE  show tomato compounds

with AGEs and inducing conformational changes in
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AGE:s (Fig. S4 and Table S5). These findings suggest that
apigenin, genistein, kaempferol, naringenin, and
phloretin have the potential to function as competitive
inhibitors of AGEs and RAGE interactions, thereby
interfering with cellular mechanisms and signal
transduction [45]. Furthermore, natural compounds such
as polyphenols, polysaccharides, flavonoids, and other
natural products have been shown to inhibit AGE
formation, which can contribute to lowering blood
glucose levels and protecting protein structures [50].

The 5 compounds (genistein, kaempferol, apigenin,
naringenin, and phloretin) showed higher root-mean-
squared-deviation (RMSD) values compared to the
control compound. This indicates that the molecular
structures of all compounds during MD simulation
showed more fluctuations or were more different from
the RAGE structure compared to the control. The ligand
movements for all compounds were relatively stable
during the MD simulations (Fig. 3).

The stability of their movements indicates that all
compounds did not experience significant movements or
large fluctuations in their positions during the simulation.
The RMSD all shows that genistein, apigenin and
naringenin showed higher movement of the protein
structure towards side chain flexibility compared to the
control compound and phloretin, but at the end of the
simulation the genistein, apigenin and naringenin
compounds decreased while the control compound
increased. This is also related to the number of hydrogen
bonds, because the genistein compound at the end of the
simulation has more hydrogen bonds than argpyrimidine.
RMSD is used to identify the structural stability of the
protein-ligand complex [51]. Although the RMSD values
were higher for these 5 compounds, this may indicate
normal structural variation during MD simulations and

not poor stability [52].
m CONCLUSION

Tomatoes contain genistein and have high
antioxidant and antidiabetic properties. Genistein also
has promising potential as a therapeutic agent due to its
good drug-likeness, moderate to high distribution, and

ability to compete with AGEs for RAGE binding.
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