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Abstract: Numerous scientific studies have confirmed the beneficial therapeutic effects of phenolic
acids. Among them gentisic acid (GA), a phenolic acid extensively found in many fruit and veg-
etables has been associated with an enormous confirmed health benefit. The present study aims to
evaluate the antidiabetic potential of gentisic acid and highlight its mechanisms of action following
in silico and in vitro approaches. The in silico study was intended to predict the interaction of GA
with eight different receptors highly involved in the management and complications of diabetes
(dipeptidyl-peptidase 4 (DPP4), protein tyrosine phosphatase 1B (PTP1B), free fatty acid receptor 1
(FFAR1), aldose reductase (AldR), glycogen phosphorylase (GP), a-amylase, peroxisome proliferator-
activated receptor gamma (PPAR-y) and x-glucosidase), while the in vitro study studied the potential
inhibitory effect of GA against x-amylase and «-glucosidase. The results indicate that GA interacted
moderately with most of the receptors and had a moderate inhibitory activity during the in vitro
tests. The study therefore encourages further in vivo studies to confirm the given results.

Keywords: gentisic acid; in silico; molecular docking; in vitro; DPP4; PTP1B; FFAR1; AldR; GP;
a-amylase; PPAR-y; x-glucosidase

1. Introduction

Recently, medicinal plants and natural products have gained more popularity in the
field of drug discovery, with many active compounds studied and pharmacologically
approved within the past decade [1]. The therapeutic usage of plants in the treatment of
various challenging illnesses incorporates a long history of clinical use, indicating in most
cases a high patient tolerance and acceptance [2]. A large number of plant species and
plant-derived bioactive molecules have been screened for their medicinal use, and many of
them are commercialized and constitute essential parts of the therapies used nowadays. A
few relevant examples are: morphine isolated in the early 1800s by shallowly scoring the
unripe seedpods of the Papaver somniferum poppy, aspirin isolated from Salix alba in 1899,
paclitaxel from Taxus brevifolia in 1962, artemisinin in 1972, silymarin, cocaine, codeine,
digitoxin, quinine and pilocarpine and many others [3,4].

Plant-derived bioactive molecules were subjected to profound studies to discover the
relationship between the chemical composition and pharmacological activities, leading to
(i) substantial progress in the design and (ii) synthesis of new compounds and amelioration
of their pharmacokinetics and pharmacodynamics proprieties [5].

Plant biomolecules have been classified and divided following their chemical char-
acteristics into many families and subfamilies. Among them, phenolic acids (or phenol
carboxylic acids), derived from either cinnamic or benzoic or acid skeletons specify a wide
association of compounds forming an aromatic ring containing hydroxyl and carboxyl
substitutes. Over the past few years, a growing body of clinical research has focused on
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the possible impact of phenolic acids on tumor progression, cardiovascular disease and
other health problems (such as inflammation, diabetes, neurological disorders) [6]. Widely
distributed in vegetables and fruits and considered as secondary plant products such proto-
catechuic, caffeic, vanillic, sinapic, syringic, p-coumaric, salicylic, ferulic, p-hydroxybenzoic,
gallic and gentisic acids synthesized basically from tyrosine or phenylalanine (shikimate
pathway) [7]).

Gentisic acid (GA), also known as gentisate or 2,5-dihydroxybenzoic acid (2,5-DHBA)
isolated initially from the root of the genus Gentiana, is a hydroxybenzoic acid derivative
and one of the metabolites of aspirin [8]. GA is commonly found in many plants like
gentian, batoko plum, kiwi, grapes, citrus, apple, bitter melon, Jerusalem artichoke, olives,
sesame, avocados, and blackberries [9].

Gentisic acid has numerous pharmacological activities like antioxidant, anticarcinogen-
esis, hepatoprotective, antimicrobial, analgesic, neuroprotective, and cardioprotective [9].
A study conducted by Shivanagoudra et al. [10] evaluated the in vitro «-glucosidase and
alpha-amylase activities of gentisic acid 5-O-f3-D-xyloside and found an inhibition rate
between 56% to 75%. Therefore, it is known that after ingestion, polyphenols and in order
to be absorbed, the attached sugar must be removed [11], meaning that principally only
the aglycone form (gentisic acid) is going to reach the circulation and exhibit its activity.
This study was undertaken (i) to reveal the potential action of gentisic acid as an antidi-
abetic molecule using in vitro methods (ii) assessing its ability to inhibit the x-amylase
and o-glucosidase activities and in silico, (iii) studying its mode of action using molecular
docking against eight receptors that have a direct impact on the overall status of diabetes
(dipeptidyl-peptidase 4 (DPP4), protein tyrosine phosphatase 1B (PTP1B), free fatty acid
receptor 1 (FFAR1), aldose reductase (AldR), glycogen phosphorylase (GP), «-amylase
(AAM), peroxisome proliferator-activated receptor gamma (PPAR-y), and x-glucosidase).

2. Results and Discussion
2.1. Molecular Docking

The receptors selected for this research were strongly involved in the complications
and treatments of diabetes. The criteria to choose a ligand pose are its affinity and in-
teraction with the receptor’s active site. To gain a better insight from the results, a com-
parison was made with another molecule, “amentoflavone” a well-known antidiabetic
molecule [12], using the same docking methodology. The affinity results are presented in
Table 1 and the docking poses for amentoflavone are provided in the supplementary file.

Table 1. Overview of affinities of gentisic acid to receptors.

Affinity (kcal/mol)
PPAR o- Aldose Glycogen
Molecule PTP1B DPP4 FFAR1 o-Amylase Gamma Glucosidase  Reductase  Phosphorylase
Gentisic acid —6.7 None -5.6 None —6.1 —6.9 —6.3
Amentoflavone —-10.5 None —-11.3 None —9.5 —10.0 —-10.7

2.1.1. Protein Tyrosine Phosphatase 1B (PTP1B)

The protein tyrosine phosphatase 1B (PTP1B) is an important regulator enzyme that
interact with the insulin receptor (dephosphorylation) and at downstream signaling com-
ponents [13]. Genetic evidence and multiple studies linked PTP1B to type 2 diabetes with
a contribution to insulin resistance and obesity in humans [14]. In a study conducted by
Elchebly et al., mice with a deficiency in PTP1B demonstrated resistance to weight gain
with a marked insulin sensitivity while they were on a high-fat diet [13,15].

The catalytic loop is identified by the amino acids Trp179, Pro180, Asp181 [16], Gly218,
Ile219, Gly220, His214, Ser216, Ala217, and Arg221 [17,18] and the active site on Cys
215 [18].
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The results described in Figure 1 indicate that gentisic acid made an interaction with
the catalytic site (conventional hydrogen bonds on ASP181 and Gly220, Van der Waals
bonds Arg 221, Gly218, and Ile219) and the active site (conventional hydrogen bond on
Cys215) while the docking affinity was —6.1 kcal/mol.

VAL

A:49
Interactions
| van der Waals |:| Pi-Donor Hydrogen Bond
I Conventional Hydrogen Bond B ri-Sigma

Carbon Hydrogen Bond

Figure 1. Two-dimensional (2D) scheme of the gentisic acid (GA) interactions with protein tyrosine
phosphatase 1B (PTP1B) receptor.

2.1.2. Dipeptidyl-Peptidase 4 (DPP4)

Originally located on multiple cell surfaces, with various denominations such as
adenosine deaminase complexing protein 2 (ADCP 2) and T-cell activation antigen CD26,
dipeptidyl-peptidase 4 (DPP4) is classified as a serine exopeptidase (belongs to S9B family)
whose main activity is to cleave X-proline dipeptides from the N-terminus of polypeptides
such as growth factors, neuropeptides and incretin hormones (one of the most important
regulators of postprandial insulin secretion) [19]. Inhibition of DPP4 provides a new
possible treatment solution to type 2 diabetes mellitus as monotherapy, and it is currently
available for medical applications [20]

The DPP4 active site (/3-hydrolase domain) is identified by the residues from 39 to
51 and from 501 to 706 [21,22]. Low interactions, according to Figure 2 were made between
gentisic acid and DPP4 receptor in the «/3-hydrolase domain (Van der Waals bonds on
His592 and Asp588), adding to this a docking affinity of —6.7 kcal/mol. This receptor’s
inhibition is considered one of the type 2 diabetes promising therapy (gliptin family).
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Figure 2. Two-dimensional scheme of the GA interactions with dipeptidyl-peptidase 4 (DPP4) receptor.

2.1.3. Free Fatty Acid Receptor 1 (FFAR1)

Free fatty acid receptor 1 (FFAR1) or human G-protein coupled receptor 40 (hGPR40)
is found primarily in pancreatic (3-cells and some endocrine cells and can also be found in
the brain [23]. With a large distribution in the pancreatic (3 cells, its function constitutes the
recognition of the long-chain of free fatty acids and a contribution to insulin secretion [24].
The free carboxyl group of the free fatty acids binds to FFAR1 amino acids Arg183, Arg258,
and Tyr2240 located near the extracellular domain [25], while the binding pocket is recog-
nized by the amino acids Glul72, Arg183, Ser187, Tyr240, Asn241, Asn244, Arg258 and
Tyr91 [26,27].

The docking results and through multiple poses did not show any kind of interaction
between gentisic acid and the FFAR1 receptor.

2.14. x-Amylase

a-amylases are widely found in many living organisms (plants, animals, bacteria, and
fungi). They are also found in human’s salivary glands, and it is secreted continuously
by the pancreas into the small intestine during digestion. They are classified as amylases
enzymes (alpha, beta, and gamma) that catalyze the hydrolysis of polysaccharides into
monosaccharides, disaccharides, and trisaccharides, which are converted further to a
glucose supply for the body’s energy [28,29].

Asp197, Glu233, and Asp300 constitute x-amylase active sites along with other impor-
tant residues like Arg337 and 195, Trp203, 284, 58 and 59, Phe298, 265 and 295, His101, 201
and 299, Asn298, Ala307, Gly306, Tyr62, [30-33].

Figure 3 represents the interactions between gentisic acid and the x-amylase receptor
on the catalytic residues (hydrogen conventional bond Asp300, Glu233, and Asp197) and
the other confirmed important residues (Van der Waals bonds Arg 195, Trp58, and Trp59),
with an affinity of —5.6 kcal/mol.
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Figure 3. Two-dimensional scheme of the GA interactions with x-amylase receptor.

2.1.5. Peroxisome Proliferator-Activated Receptor Gamma (PPARY)

Peroxisome proliferator-activated receptor gamma (PPAR-y or PPARG, glitazone
receptor) is a key protein in the regulation of fatty acid storage and the metabolism of
glucose, leading to increased insulin sensitivity and reduced lipotoxicity [34].

The PPARY ligand-binding domain is located between the amino acids Ser289, His323,
Tyr473, and His449 [35].

Analysis of the docking results and through multiple poses did not show any potential
interaction between gentisic acid and the PPARYy receptor (also compared with rosiglitazone
as a reference, which shows a perfect binding to the active site).

2.1.6. «-Glucosidase

a-glucosidase (also known as «-D-glucosidase, maltase, glucosidosucrase, glucoinvertase,
maltase-glucoamylase, x-glucopyranosidase, glucosidoinvertase, x-1,4-glucosidase, -D-
glucoside glucohydrolase, x-glucoside hydrolase) is an enzyme primarily found in the
small intestine at the brush border. Its prominent role is to catalyze the hydrolysis of
polysaccharides (Starch) to glucose (acts upon o(1—4) bonds) to facilitate its absorption,
leading to higher levels of blood glucose [36].

The amino acids involved in the x-glucosidase activity are Asp404, 518, 616, 645,
Trp376, 516, 613, 481 Arg600, His674, Ile441, Met519, Phe649, Leu405, and Arg672 [37,38].

Figure 4 indicates that gentisic acid interacted with many amino acids related to the
receptor activity (hydrogen conventional bond Asp404 and Asp518, Van der Waals bonds
Trp481 Leud05 Ile441 Trp516 Arg672) with an affinity of —6.1 kcal/mol. Inhibiting such an
enzyme could be beneficial in terms of reducing postprandial glycemia.
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Figure 4. Two-dimensional scheme of the GA interactions with «-glucosidase receptor.

2.1.7. Aldose Reductase

Located in various organs in the body like the retina, lens, Schwann cells, red blood
cells, aldose reductase (AldR) is considered an essential enzyme with its role consisting
of the catalyze of the NAD(P)H-dependent reduction of glucose to sorbitol through the
sorbitol-aldose reductase pathway, resulting on an excessive accumulation of intracellular
reactive oxygen species (ROS) in various tissues [39], causing potential multiple health
complications [40].

The best pose with the best affinity (—6.9 kcal/mol) in the barrel core of the aldose
reductase receptor (active site [41]) is represented in Figure 5.

LYS
A:2l
SER
A:214
Al I260
GLY :
A:lls
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I:] van der Waals - Fi-Sigma
I conventional Hydrogen Bond Pi-Pi Stacked

Figure 5. Two-dimensional scheme of the GA interactions with aldose reductase receptor.
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2.1.8. Glycogen Phosphorylase

Glycogen phosphorylase (GP) is one of the phosphorylase enzymes that catalyze the
hydrolysis of glycogen to generate glucose-1-phosphate [42].

The inhibition of the enzyme are controlled by the amino acids 280-288 (The 280’s
loop) [43,44]. Figure 6 confirms the interaction of gentisic acid with GP’s 280’s loop with
an affinity of —6.3 kcal/mol.

ARG
A:770
A:55s
TYR ; ASN
A:613 A:282
E Zr:l::r:tl‘:::lliwdmgen Bond _ :—-:Ilhi:ackm

Figure 6. Two-dimensional scheme of the GA interactions with glycogen phosphorylase receptor.

Glycogen phosphorylase is known to be one of the causes of hyperglycemia since it is
responsible for the development of glucose. Inhibiting this can contribute to a substantial
improvement in the glycemic condition of diabetic people.

The interactions, even when established with the receptors on their active site, did not
make a sign of a remarkable activity as the highest affinity reached only —6.9 kcal/mol
with the aldose reductase receptor compared to amentoflavone a well-known antidia-
betic molecule who exhibited very excellent affinities to almost all receptors (—8.8 to
—11.3 kcal/mol). The docking results reading and, when compared to other studies, didn’t
give any sign of a solid and performed interaction [45]. The ligand binds with most of the
receptors tested but did not act in a way to make it a potential antidiabetic molecule. The
results presented will ensure a better understanding of the key activities of gentisic acid
and to help identify the molecule’s true action in a given plant extract or molecule mixture.

Phenolic acids, which are naturally produced by numerous plants, are assumed to
have a strong antioxidant and free radical scavenging ability, with the mechanism of
inhibiting the enzymes that generate ROS [46]. Latest study has shown that oxidative
stress exacerbates the development of diabetes, while consuming an antioxidant-rich diet
decreases it risk [47]. Gentisic acid did not demonstrate an oriented inhibition toward a
specific receptor but it general ability as antioxidant and anti-inflammatory [9] could be ben-
eficial as a treatment complement for people with diabetes; in contrast, amentoflavone with
its spectacular affinities toward multiple receptors could serve as a specific inhibitor such as
DPP4 or a-glucosidase inhibitors which are a class of antidiabetic commercialized drugs.
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2.2. In Vitro Assays

The inhibition of glucose absorption is one of the efficient strategies used for treating
diabetes. By inhibiting the digestive enzymes responsible for polysaccharides’ hydrolysis
into tiny absorbable fragments, we prevent postprandial elevated blood glucose [48].
Among those enzymes are «-glucosidase and o-amylase. Gentisic acid will be evaluated
against these two enzymes for a possible inhibitory effect to identify one or more of this
molecule mode of action

2.2.1. Inhibitory Effect of x-Amylase

x-amylase is known to be one of the most important enzymes in the digestive process.
Predominantly present in saliva and pancreatic juice, because of its significant function
in the breakdown of polysaccharides [30]. One of the potential strategies for avoiding
elevated postprandial blood glucose is to target and suppress this enzyme [37].

a-amylase inhibition potential of gentisic acid is displayed in Figure 7. The inhibition
of the enzyme tends to be related to the dosage, as the concentration of the GA clearly
influences the amount of enzyme inhibited. The calculated IC50 (concentration needed
to inhibit 50% of the enzyme activity) showed that acarbose (positive control) inhibition
potential is better than GA with an IC50 of 0.717 &+ 0.054 mg/mL noted for acarbose against
2.07 £ 0.3 mg/mL noted for GA.

100-

ition

.

60 — Gentisic acid

== Acarbose

Percentage of inhi
f-9
(=]
]
H

1 1 1 1 1 1 1 1 1 1
0.001 0.003 0.007 0.015 0.031 0.062 0.125 0.250 0.500 1.000
Concentration (mg/mlL)

Figure 7. Results of a-amylase inhibitory activity. Values are expressed as mean =+ standard deviation (SD, n = 3).

GA exhibited a very moderate activity compared to acarbose in total agreement with
the in silico results above.

2.2.2. Inhibitory Effect of «-Glucosidase

The «-glucosidase enzyme, found in the mucosal brush boundary of the small intes-
tine, is also one of the main digestion enzymes. Its role is to transform and degrade complex
carbohydrates into short, quick and absorbable carbohydrates. Inhibition is an important
way to slow the absorption of glucose and also to avoid elevated levels of postprandial
blood glucose, which may slow the development of diabetes.

Figure 8 displays the x-glucosidase inhibition activity of gentisic acid. As the highest
concentrations exhibited the highest inhibition activity, the inhibition effect is correlated to
the GA concentration. The calculated IC50 showed that the inhibition potential of acarbose
(IC50 0.00084 + 0.00007 mg/mL) is better than GA (IC50 1.69 £ 0.027 mg/mL). GA activity
was also in accordance with the docking results with moderate activity.
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Figure 8. Results of a-glucosidase inhibitory activity. Values are expressed as mean + SD (1 = 3).

3. Materials and Methods
3.1. Chemicals and Reagents

Gentisic acid (CAS number: 490-79-9; MW: 154.12), x-amylase (CAS number: 9000-85-
5) a-glucosidase (CAS number: 9001-42-7) were procured from Sigma-Aldrich (St. Louis,
MO, USA). The other chemicals and reagents used in this study were of analytical grade.

3.2. Molecular Docking
3.2.1. Ligand Preparation

The gentisic acid SDF file was obtained from PubChem (CID: 3469) and then converted
to the PDBQT format with AutoDockTools v1.5.6 [49] for the docking simulation. The
preparation included the addition of the Gasteiger partial charges, the definition of rotatable
bonds, and the merge of the non-polar hydrogen atoms.

3.2.2. Receptors’ Preparation

The PDB file of each receptor was retrieved from the protein data bank website
(https:/ /www.rcsb.org, accessed on 25 March 2021) [50]. Precise X-ray crystal structures
of the receptors were chosen based on their completeness, resolution, and their fit with our
objective. The selected receptors (PID) were as follows: PTP1B (1c83), glycogen phosphory-
lase (115q), FFAR1 (4phu), PPAR gamma, (5ycp), a-amylase (1smd), x-glucosidase (5nn5),
aldose reductase (2hv5) and DPP4 (2p8s).

Using the windows software Discovery Studio Visualizer v19.1.0, the receptors were
prepared by removing water molecules, the default ligand, and heteroatoms. The modified
receptors were opened with AutoDockTools to add polar hydrogen atoms, Gasteiger
charges and were converted into PDBQT for further docking simulation.

3.2.3. Docking Simulations

The grid box size was specified for each receptor using AutoDock Tools, and AutoDock
Vina [51] was used for carrying out the docking simulations for the gentisic acid (Ligand)
and the eight receptors. The simulation exhaustiveness was set to 24 to ensure Vina
provided the best results possible within a reasonable time period. The protein-ligand
complexes visualization was carried out using Discovery Studio Visualizer V19.
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3.3. Enzymes In Vitro Inhibition
3.3.1. Assay of the a-Amylase Inhibitory Effect

The assay was performed following Mitra et al. protocol [52]. A 0.2 mL solution of
0.5M Tris-HCl buffer (pH 6.9) containing 0.01M CaCl, was mixed with 2 mg of starch to
prepare the substrate solution. The substrate solution was spread into test tubes, boiled
(for 5 min), and pre-incubated (for 5 min at 37 °C). GA was dissolved and prepared at
varying concentrations of 1, 3, 7, 15, 31, 62, 125, 250, 500 and 1000 pg/mL using DMSO.
0.2 mL of the GA solution (0.2 mL) was added at various concentrations was added to the
substrate solution, and then, 0.1 mL of alpha amylase (2 units per mL in Tris-HCI buffer)
was added. This reaction was carried out for 10 min at 37 °C and then halted by applying
0.5 mL of 50% acetic acid to each test tube. Centrifugation was undertaken (3000 rpm at
4 °C for 5 min), and the optical density of the supernatant was performed at 595 nm using
a spectrophotometer. Acarbose (x-amylase inhibitor) was used as a positive control in this
assay. For each concentration, the tests were replicated thrice and represented in terms of
mean values and standard deviation values (X &£ SD).

The inhibitory action of a-amylase was estimated using the following formula:

Inhibitory action of x-amylase = [(X — Y)/X] x 100. @

Xis the control absorbance, and Y is the sample absorbance.

The IC50 values for acarbose and GA (concentration needed to inhibit 50 percent of
the enzyme activity) were calculated after evaluating the a-amylase inhibitory activity of
the various concentrations.

3.3.2. Assay of the x-Glucosidase Inhibitory Effect

The test was conducted using the procedure of Pistia Brueggeman and Hollingsworth [53].
At different concentrations (1, 3, 7, 15, 31, 62, 125, 250, 500 and 1000 pg/mL), 50 uL of GA
was prepared and incubated with a solution comprising 10 pL of a-glucosidase 1 U/mL
and 125 pL of 0.1 M phosphate buffer (pH 6.8) at 37 °C for 20 min. A solution of 20 uL
of 1 M pNPG (substrate) was used to initiate the reaction and then incubated for half an
hour. We applied 50 puL of 0.1 N NapyCOs to stop the reaction. The optical density was
calculated by a spectrophotometer at 405 nm. Acarbose (x-glucosidase inhibitor) was used as
a positive control in this assay. For each concentration, the tests were performed three times
(n = 3) and represented in terms of mean values and standard deviation values (X &= SD). The
a-glucosidase inhibitory activity was calculated by using the following formula:

Inhibitory action of a-glucosidase = [(X — Y)/X] x 100. 2)

X is the control absorbance, and Y is the sample absorbance.

The IC50 values for acarbose and GA (concentration needed to inhibit 50% of the
enzyme activity) were calculated after evaluating the o-amylase inhibitory activity of the
various concentrations.

4. Conclusions

Despite its multiple pharmacological activities, and besides its interaction with most
of the receptors tested, the antidiabetic activity of gentisic acid was moderate and did not
indicate any real potential in the frame of the investigation performed in this research
work. This conclusion is partially demonstrated by the in vitro tests, which confirm the
x-amylase and x-glucosidase’s in silico results. This research was conducted in a scientific
context to discover and study a plant-based bioactive molecule (gentisic acid) in a manner
to approve or deny its potential antidiabetic activity for a better understanding of this
molecule’s overall action on the human body as it is present in many daily consumed
foods. Although the in vitro and in silico studies were conducted, an in vivo study should
be performed to confirm these results.
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