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Abstract

Medicinal plants have been used traditionally since ancient times as alternative medications to treat various human diseases.
In this work, we examined the chemical constituent, antioxidant activity, and enzyme inhibition of an endemic plant Thymus
migricus. The plant extracts showed remarkable inhibition effects against the acetylcholinesterase (AChE), butyrylcholinest-
erase (BChE), glutathione S-transferase (GST), and a-glycosidase (a-Gly) enzymes that are linked with some metabolic
disorders. IC, values (concentration of a sample to inhibit 50% of enzyme activity) for AChE, BChE, GST, and a-Gly were
found as 18.23 mg/mL, 17.77 mg/mL, 31.5 mg/ml, and 16.5 mg/mL, respectively. Antioxidant activities of water extract
of T. migricus (WET) and methanol extract of T. migricus (MET) were determined using four in vitro techniques. The
extracts showed considerable antioxidant actions on all four techniques. In addition, quinic acid (18.30 mg/g), chlorogenic
acid (0.94 mg/g), cynaroside (0.49 mg/g), luteolin (0.21 mg/g), and p-coumaric acid (0.19 mg/g) were characterized as
major phenolic compounds using advanced LC-MS/MS technique. The interactions of some phenolic compounds with the
enzymes have been investigated using molecular docking studies. The docking analysis results revealed that the interactions
of the major compounds of the plant with AChE, BChE, GST, and a-Gly enzymes are responsible for the inhibitory activity.
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Introduction (Turrens 2003). ROS have been reported to be associated

with some of the cancer types, mitochondrial diseases such

Reactive oxygen species (ROS) are produced by cellular
metabolism or by exogenous reasons such as drugs, chemi-
cals, smoke, and bad environmental conditions. The chemi-
cal structure of ROS contains at least one unpaired electron
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as diabetes mellitus, insulin resistance, cardiovascular dis-
ease, Alzheimer’s disease, amyotrophic lateral sclerosis,
and Parkinson’s disease (Bursal et al. 2019a). Antioxidant
substances can maintain health by scavenging radicals and
reactive oxygen species (Gulcin 2020).

In the last few decades, there was increasing awareness
of natural plant-based diet notably important for human
health (Nirmala et al. 2018). It is believed that two-thirds
of the plant species have medicinal value and have anti-
oxidant potential in certain amounts (Hassan et al. 2017).
Plant-based antioxidant substances are widely distributed in
plants that are used for many biological functions (Aras et al.
2019). T. migricus is a perennial endemic herb that belongs
to the Lamiaceae family. Lamiaceae family consists of aro-
matic plants that spread almost in all parts of the world,
especially in the Mediterranean region and North-Western
Asia. Thymus L. is represented in the territory of Turkey
with 39 species (60 taxa), 20 of which endemic (Tohidi et al.
2017). Some previous studies reported that various Thymus
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species have strong antioxidant (Koksal et al. 2017), diu-
retic (Hazzit et al. 2009), antibacterial (Rota et al. 2008),
antispasmodic carminative (Dob et al. 2006), antifungal
(Gongalves et al. 2010), and antiviral (Aouam et al. 2019)
activities. Phenolic compounds are secondary metabolites of
plants with having several benefits for human health. They
have correlations with antioxidant properties and preven-
tive effects against oxidation (Koeduka et al. 2014). Natural
antioxidants such as flavonoids, phenolic compounds, and
other phytochemicals besides preventing the lipid oxidation
process can act as free radical scavengers (Baharfar et al.
2015; Silinsin and Bursal 2018).

Alzheimer’s disease (AD) generally affects the memory
and behavior of elderly people worldwide. This neurologi-
cal disease is affected by an acetylcholine (ACh) deficiency
and is manifested by increased degeneration of brain tissue
(Giilgin et al. 2020). AChE and BChE enzymes are known to
be responsible for hydrolyzing the ACh in the human body
(Lu et al. 2019). AChE takes charge of break up the acetyl-
choline in the synaptic of the brain cleft (Isik et al. 2019).
Hence by the keeping of the acetylcholine for neurotrans-
mission in the synaptic cleft, AD symptoms being reducing
or preventing (Yates et al. 2019). Recent studies demon-
strate that ACh as a neurotransmitter decreases because of
the decline in acetyltransferase activity and choline (Taslimi
et al. 2020a). Therefore, researchers have focused on cho-
linesterase (ChE) inhibitive treatment as an asymptomatic
intervention (Kocyigit et al. 2018). It is reported that plant
secondary metabolites have ChE inhibition which can be
utilized for the treatment of the AD (Tiirkan et al. 2019).

Diabetes mellitus (DM) is a metabolic disease that is
characterized by abnormal levels of glucose in the human
blood, as well as some disorders including retinopathy, ath-
erosclerosis, cardiovascular diseases, neural damage, and
neuropathy (Rendra et al. 2019). DM causes different dis-
eases in different organs such as kidneys, eyes, and veins
(Tiirkan et al. 2019). Since digestive enzymes hydrolyze
polysaccharides to monosaccharide units, inhibition of these
enzymes is an important treatment method for DM (Gulgin
et al. 2018). a-Gly release from intestine cells and hydro-
lyzes oligosaccharides and polysaccharides to the small
monosaccharides. Therefore, a-Gly inhibitors had great
importance for controlling DM (Burmaoglu et al. 2019).
GST enzyme hydrolyzes the nucleophilic combination of
glutathione (GSH) with some electrophilic substrates. This
enzyme combination is an important system of detoxifica-
tion in mammals and some families of herbicides in plants
(Giilgin et al. 2016b).

There are numerous studies on the literature about bio-
logical properties and enzyme inhibitory effects of various
plant species. However, best of our knowledge there is no
detailed single study about enzyme inhibitions related to
phenolic content and biological activity of T. migricus. The
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essential oils of T. migricus were determinated by several
former studies (Bager et al. 2002; Kiiciikbay et al. 2014). In
this study, we verified the antioxidant activity of 7. migricus
using in vitro bioanalytical methods and we tested the plant
extracts against AChE, BChE, GST, and a-Gly enzymes.
Also, the most abundant compounds of 7. migricus such
as chlorogenic acid, cynaroside, luteolin, p-coumaric acid,
and quinic acid were observed to be effective with receptor
binding scores by molecular docking analysis.

Materials and methods
Plant sample and extraction

Thymus migricus Klokov & Desj.-Shost samples were col-
lected between Adakli and Baglarpinar: villages in Bingol,
Turkey on July 2017, by a plant taxonomist Dr. Kili¢
(voucher id 5923). The natural habitat of the plant was the
steppe areas and the slopes at an altitude 1500-1600 m.

The plant extractions were prepared with both water
and methanol solvents. For the water extract of 7. migricus
(WET), 20 g air-dried leaves of the plant was powdered and
mixed with 200 mL of pure water. It was stirred at room tem-
perature for 12 h and filtered. The filtrate was lyophilized in
a lyophilizer (Labconco, Freezone) at 5 mmHg, — 50 °C. For
the methanol extract of 7. migricus (MET), 20 g air-dried
leaves of the plant was powdered and mixed with 200 mL of
methanol. It was filtered after stirring at room temperature
for 12 h. The filtrate was evaporated with a rotary evaporator
(Heidolph 94200).

Determination of phenolic content using LC-MS/MS

Ultrahigh performance liquid chromatography (Shimadzu-
Nexera) coupled with a tandem mass spectrometer (LCMS-
8040 model) was used to determine the phenolic contents
of T. migricus. The reversed-phase UHPLC was equipped
with a SIL-30AC model autosampler, a CTO-10ASvp model
column oven, LC-30CE model binary pumps, and a DGU-
20A3R model degasser. Different columns such as RP-C18
Inertsil ODS-4 (100 mm X 2.1 mm, 2 pm) and 120 EC-C18
models (150 mm X 2.1 mm, 2.7 pm) analytical columns were
used and the column temperature was set to 40 °C. Metha-
nol and acetonitrile were used as mobile phases, ammonium
formate, ammonium acetate, acetic acid, and formic acid
were used as mobile phase additives. The gradient elution:
20% B (35—45 min), 100% B (25 — 35 min), 20-100% B
(0—25 min). The flow rate was 0.5 mL/min and the injec-
tion volume was 5 pL. Ionization source (ESI) was used
for spectrometric detection. ESI was operated in positive
ionization mode for vanillin, daidzin, piceid, coumarin,
and hesperidin, while for other standards ESI operated in
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negative. MS conditions: drying gas (N,) flow, 15 L/min;
nebulizing gas (N,) flow, 3 L/min; interface temperature,
350 °C, heat block temperature, 400 °C, DL temperature,
250 °C (Yilmaz 2020).

Determination of antioxidant activity

Various in vitro techniques such as cupric ion reducing
antioxidant capacity (CUPRAC) (Apak et al. 2006), ferric
ion reducing antioxidant power (FRAP) (Aras et al. 2017),
DPPH (1,1-diphenyl-2-picrylhydrazyl) free radical scaveng-
ing (Aras et al. 2018), and ABTS (2,2-azino-bis-3-ethylb-
enzothiazloine-6-sulphonic acid) cation radical scavenging
methods (Bursal et al. 2019b) were used to screen the anti-
oxidant activities of the 7. migricus extracts.

Determination of enzyme inhibition

The inhibition of a-Gly was determined using p nitrophe-
nyl-p-glucopyranoside (p-NPG) substrate (Tao et al. 2013).
AChHE and BChE inhibitions of T. migricus extracts were
defined using acetylthiocholine iodide (AChI) and butyryl-
choline iodide (BChI) substrates (Bursal et al. 2020). GST
enzyme inhibition of T. migricus was determined by the
method used in a previous study (Gulgin et al. 2018).

Molecular docking studies

Molecular docking analyses of the main compounds of
the plant for some metabolic enzymes were performed to
investigate the binding mechanisms and the exact binding
sites of the ligands on the. The Maestro 11.8 version was
applied in the molecular docking studies (Release 2019).
The high-resolution (1.55-2.10 A) crystalline structures
of acetylcholinesterase (PDB id: SHF9), butyrylcholinest-
erase (PDB id: SNNO), glutathione s-transferase (PDB id:
1GNW), and a-glycosidase (PDB id: 3A4A) enzymes were
downloaded from Protein Data Bank (PDB) (Burley et al.
2019). The structures of the ligands were downloaded in
PubChem site in SDF file format. All of the compounds
were prepared according to previous studies with Ligprep
module. At this stage, all of the water molecules in the
crystal structure were deleted. The protein ion balance was
optimized by determining the active region of the protein
for flexible binding with this module. Using the Receptor
grid generation module, grid boxes were created to allow
flexible clamping by making grids on the binding regions of
the protein according to the previous studies (Karimov et al.
2020; Taslimi et al. 2020b). Ligand—protein docking studies
were performed with the Glide docking module. The highest
binding energies and binding conformation between ligands
and enzymes were calculated. The lowest energy positions

indicate the highest binding affinities. The resulting receptor
3D interactions were visualized with Discovery Studio 4.5
version (Visualizer 2005) (Fig. 1).

Results and discussion
Phenolic content

In the present study, the phenolic compounds of 7. migricus
were identified and quantified using advanced LC-MS/MS
techniques. As indicated in Table 1, totally 56 analytes were
used as standards.

According to the LC-MS/MS analyses, quinic acid
(18.303 mg/g), chlorogenic acid (0.944 mg/g), cynaro-
side (0.495 mg/g), luteolin (0.21 mg/g), and p-coumaric
acid (0.194 mg/g) were found to be the major pheno-
lics in T. migricus extract. Besides, the lower amounts
of acacetin (0.001 mg/g), apigenin (0.003 mg/g), cou-
marin (0.024 mg/g), hesperidin (0.03 mg/g), isoquercitrin
(0.044 mg/g), protocatechuic aldehyde (0.02 mg/g), and
tannic acid (0.061 mg/g) were detected as well. The rest
of the analytes were not detected in the plant extract by the
LC-MS/MS analysis of the present study.

Antioxidant activity

The level of free radicals and antioxidants should be in a
balance in the human system (Alisi et al. 2018). Potential
antioxidant compounds can transfer electrons to reactive
radicals for transforming them into stable and unreactive
forms (Bursal et al. 2019b). In the current study, the water
and methanol extracts were tested to evaluate the antioxi-
dant potential of the T. migricus. DPPH and ABTS methods
were used for measuring the radical scavenging capacity.
CUPRAC and FRAP methods were used for measuring the
reducing power antioxidant activities. In the ABTS method,
the ICs,, values were found as; 25.0+3.3 pg/mL for WET,
52.2+15.2 pg/mL for MET, 60.8 +16.9 pg/mL for BHA,
27.949.4 pg/mL for BHT, 41.0+17.1 pg/mL for ascorbic
acid, and 52.9 +10.1 pg/mL for a-tocopherol. The ABTS
cation radical inhibition percentages of 7. migricus sample
at same concentration (30 pug/mL) was calculated as; BHA
(16.3%) < MET (18.7%) < a-tocopherol (25.5%) < ascorbic
acid (26.8%) <BHT (34.3%) < WET (38.8%). According
to the ABTS technique, the water extract of 7. migricus
(WET) had the highest radical scavenging activity among
the extracts and standards. Figure 2 demonstrates that radi-
cal scavenging potentials of the plant extracts and standards
increased by increasing their concentrations.

According to the DPPH method, both of the water
and methanol extracts of 7. migricus demonstrated lower
scavenging activities compare to the standards. As a

@ Springer



1136 Chemical Papers (2021) 75:1133-1146
2}0@2‘091‘264 Standards
|
*i
1,00 } , ‘
’ |
’\ ) “ ““ . | } | |
(] i}
bv ' “i :: ‘ i ,‘ A ’w | ‘| i
In (- [ N O A T | Il ‘ I
1A ﬂ A JIVL o UG VA TN N LA LA ] |
0’00_‘ T T T | T T T T ‘ T fﬁ; T T | T T T T | T T T [ l\l T T T | T T T T | : T )‘Il T [ T T T T
5 10 15 20 25 30 35 40 45
3,00
i 301.064 T. migricus
2,00
1,00
|
|
! \ |
0.00-—~ e - -
’ R U T T T T T T I '
5 10 15 20 25 30 35 40 45

Fig.1 LC-MS/MS chromatograms of 56 standards and 7. migricus

consequence, the ICy, values of the extracts were higher
than the ICs, values of the standards. The DPPH scavenging
percentages at the same concentration (30 uM) decreased
as, ascorbic acid (94.0%) > BHA (91.2%) > a-tocopherol
(90.9%)>BHT (81.8%) >MET (38.8%) > WET (22.1%).
Additionally, the ICs, values of extracts and standards for
both ABTS and DPPH methods were calculated and indi-
cated in Table 2. The lower IC5, means higher radical scav-
enging activity. As understood from the low ICs, values,
the methanol and water extracts of 7. migricus had effective
ABTS** cation radical scavenging activities. However, both
extracts showed low DPPH free radicals scavenging activity.

FRAP and CUPRAC methods are common techniques to
measure reducing antioxidant powers of samples. Antioxi-
dants cause the reduction of ferric (Fe**) ions to the ferrous
(Fe**) due to their reducing capacities. The FRAP reducing
levels of the water and methanol extracts were lower than
reducing levels of the standards. At the same concentration
(30 pg/mL), the reducing antioxidant capacities decreased
in the order of a-tocopherol>BHT > BHA > ascorbic
acid > WET > MET. Similarly, an updated CUPRAC method
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was used to measure cupric reducing antioxidant potential
of T. migricus extracts. The methanol and water extracts
of T. migricus showed moderate reducing capacities in the
CUPRAC method compare to the standards (a-tocopherol,
BHA, BHT, and ascorbic acid). The reducing capacities
ordered as; BHA > ascorbic acid > BHT > a-tocopherol >
WET > MET at the same concentration (30 pg/mL). The
remarkable differences were observed between water and
methanol extracts. The results showed that the water extract
has higher antioxidant activities than methanol extract using
FRAP, CUPRAC, DPPH, and ABTS methods.

Enzyme inhibition

Cholinesterase enzymes catalyze the hydrolysis of the neu-
rotransmitter acetylcholine and butyrylcholine (Aslan et al.
2018). AChE and BChE are two types of cholinesterases
in the human nervous system (Cheng et al. 2019). AChE is
detected as a predominant enzyme in the brain, while BChE
is related to the regulation of acetylcholine level with the
secondary role (Chen et al. 2017). GST is a multifunctional
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Table 1 LC-MS/MS parameters and phenolic compounds of 7. migricus
No. RSD%* RT® MIm/z)° FI(m/z)¢ 7~ Lin- LOD/LOQ (ug/L)" Recovery (%) Standards T. migricus

earity range

(mg/L)
1 242 9.8 515.0 191.0 0.999 0.1-5 5.8/9.4 0.9983 1,5-dicaffeoylquinic acid ND
2 1.24 10.5 137.2 65.0 0.999 0.2-10 68.4/88.1 1.0032 4-OH Benzoic acid ND
3 1.67 40.7 283.0 239.0 0.997 0.05-2.5 1.5/2.5 0.9949 Acacetin 0.001
4 2.07 4.0 172.8 129.0 0971 0.1-5 16.4/31.4 0.9968 Aconitic acid ND
5 1.35 39.7 537.0 417.0 0.992 0.05-2.5 2.8/5.1 0.9991 Amentoflavone ND
6 1.17 38.2 268.8 151.0/149.0 0.998 0.05-2.5 1.3/2.0 0.9985 Apigenin 0.003
7 2.08 304 447.0 255.0 0.999 0.1-5 6.6/8.2 0.9968 Astragalin ND
8 1.11 12.1 179.0 134.0 0.999 0.05-2.5 7.719.5 1.0015 Caffeic acid ND
9 2.14 74 288.8 203.1 0.999 0.2-10 55.0/78.0 1.0024 Catechin ND
10 215 8.4 3530 85.0 0.995 0.1-5 13.1/17.6 1.0000 Chlorogenic acid 0.944
11 146 40.5 252.8 145.0/119.0 0.999 0.05-2.5 1.5/2.8 0.9922 Chrysin ND
12 1.65 28.2 431.0 269.0 0.998 0.4-20 6.3/9.2 0.9940 Cosmosiin ND
13 2.11 20.9 1469 103.1 0.999 0.05-2.5 214.2/247.3 0.9950 Coumarin 0.024
14 1.56 23.7 447.0 284.0 0.997 0.05-2.5 12.1/16.0 1.0072 Cynaroside 0.495
15 2.18 34.0 253.0 223.0 0.999 0.1-5 9.8/11.6 0.9926 Daidzein ND
16 2.25 152 417.1 199.0 0.996 0.05-2.5 7.0/9.5 0.9955 Daidzin ND
17 1.57 27.6 301.0 284.0 0.999 0.1-5 56.9/71.0 1.0005 Ellagic acid ND
18 147 11.6 289.0 203.0 0.996 1-50 139.6/161.6 1.0013 Epicatechin ND
19 1.63 15.5 441.0 289.0 0.997 0.1-5 19.5/28.5 0.9984 Epicatechin gallate ND
20 1.22 6.7 304.8 219.0 0.998 1-50 237.5/265.9 0.9969 Epigallocatechin ND
21 1.30 9.4 457.0 305.1 0.999 0.2-10 61.0/86.0 0.9981 Epigallocatechin gallate ND
22 144 18.8 192.8 149.0 0.999 1-50 11.8/15.6 0.9951 Ferulic acid ND
23 NA 18.8 196.2 152.1 N.A NA N.A N.A Ferulic acid-D3-IS" ND
24 1.75 30.6 285.0 163.0 0.999 0.05-2.5 10.1/12.7 0.9980 Fisetin ND
25 1.05 39 1152 40.9 0.995 1-50 135.7/167.9 0.9963 Fumaric aid ND
26 1.60 44 168.8 79.0 0.999 0.1-5 13.2/17.0 1.0010 Gallic acid ND
27 148 36.9 269.0 135.0 0.999 0.05-2.5 3.7/5.3 1.0069 Genistein ND
28 2.01 26.3 431.0 239.0 0991 0.1-5 14.9/21.7 1.0062 Genistin ND
29 181 8.3 152.8 109.0 0.997 0.1-5 18.5/28.2 0.9963 Gentisic acid ND
30 247 36.7 301.0 136.0/286.0 0.999 0.1-5 7.19.1 0.9998 Hesperetin ND
31 1.84 25.8 611.2 449.0 0.999 0.1-5 19.0/26.0 0.9967 Hesperidin 0.03
32 213 25.6 463.0 271.0 0.998 0.1-5 8.7/13.5 1.0057 isoquercitrin 0.044
33 149 37.9 285.0 239.0 0.999 0.05-2.5 10.2/15.4 0.9992 Kaempferol ND
34 1.67 36.7 284.8 151.0/175.0 0.999 0.1-5 2.6/4.1 0.9952 Luteolin 0.21
35 131 24.1 477.0 150.9 0.999 0.05-2.5 10.6/14.7 0.9934 Miquelianin ND
36 234 359 2709 119.0 0.999 0.1-5 2.6/3.9 1.0062 Naringenin ND
37 148 30.6 592.9 255.0/284.0 0.999 0.1-5 11.9/16.7 0.9954 Nicotiflorin ND
38 2.11 26.1 162.8 93.0 0.999 0.1-5 31.8/40.4 1.0044 o-Coumaric acid ND
39 192 17.8 163.0 93.0 0.999 0.1-5 25.9/34.9 1.0049 p-Coumaric acid 0.194
40 194 17.2 391.0 135/106.9  0.999 0.05-2.5 13.8/17.8 1.0042 Piceid ND
41 143 6.8 152.8 108.0 0.957 0.1-5 21.9/38.6 0.9972 Protocatechuic acid ND
42 2.08 8.5 137.2 92.0 0.996 0.1-5 15.4/22.2 1.0002 Protocatechuic aldehyde 0.02
43 1.89 35.7 301.0 272.9 0.999 N.A 15.5/19.0 0.9967 Quercetin ND
44 N.A 35.6 304.0 275.9 N.A 0.1-5 N.A N.A Quercetin-D3-IS" ND
45 224 29.8 447.0 301.0 0.999 0.1-5 4.8/6.4 0.9960 Quercitrin ND
46  0.69 3.0 190.8 93.0 0.996 0.1-5 25.7/33.3 1.0011 Quinic acid 18.303
47 1.24 26.6 359.0 197.0 0.999 0.1-5 16.2/21.2 1.0056 Rosmarinic acid ND
48 1.38 25.6 608.9 301.0 0999 N.A 15.7/22.7 0.9977 Rutin ND
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Table 1 (continued)

No. RSD%* RT® MIm/z)° FI(m/z)¢ ¢ Lin- LOD/LOQ (ug/L)" Recovery (%) Standards T. migricus
earity range
(mg/L)
49 N.A 255 6122 304.1 N.A 0.1-5 N.A N.A Rutin-D3-IS" ND
50 1.48 21.8 1372 65.0 0.999 6.0/8.3 0.9950 Salicylic acid ND
51 145 18.9 222.8 193.0 0.999 0.2-10 65.2/82.3 1.0031 Sinapic acid ND
52 1.18 12.6 196.8 166.9 0.998 1-50 82.3/104.5 1.0006 Syringic acid ND
53 251 14.6 181.0 151.1 0.999 0.4-20 19.7/28.0 1.0001 Syringic aldehyde ND
54 240 9.2 182.8 78.0 0.999 0.05-2.5 15.3/22.7 0.9970 Tannic acid 0.061
55 192 11.8 166.8 108.0 0.999 1-50 141.9/164.9 1.0022 Vanilic acid ND
56 1.10 13.9 153.1 125.0 0.996 0.1-5 24.5/30.4 1.0009 Vanillin ND
ND Not detected
“Relative standard deviation
PRetention time
“Molecular ions of the standard analytes (m/z ratio)
dFragment ions
¢Coefficient of determination
fLimit of detection/quantification
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Fig.2 Antioxidant activities of T. migricus extracts and standards using ABTS, DPPH, CUPRAC, and FRAP methods
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Table 2 The IC, values of T. migricus extracts for antioxidant and enzyme inhibitory methods

Methods BHA BHT Ascorbic acid a-Tocopherol Methanol Water extract (WET) Acarbose
extract (MET)

DPPH 11.0+5.4 120+5.4 10.6+5.3 10.9+5.2 24.9+4.0 4524225 -

ABTS 18.7+6.8 38.8+15.3 16.3+6.9 343+9.5 26.8+17.3 25.5+10.8 -

GST - - - - 31.50 - -
(R*=0.91)

AChE - - - - 18.23 - -
(R2=0.90)

BChE - - - - 17.77 - -
(R*=0.95)

a—Gly - - - - 16.50 - 22.80
(R*=0.99) (R*=0.99)

enzyme and used for catalyzing the metabolic pathway for
detoxification. It is used as a catalyst in the first step in form-
ing mercapturic acid, which is the water-soluble end prod-
uct (Giilgin et al. 2016b). Catalyzed by GST in this first
step, glutathione (GSH) binds the endogenous and exog-
enous hydrophobic electrophiles (Giilgin et al. 2016a). In
this study, AChE, BChE, GST, and a-glycosidase enzymes
were efficiently inhibited by 7. migricus extracts as shown
in Fig. 3. IC, values for T. migricus methanol extract on
metabolic enzymes were obtained 31.50 mg/mL for GST,
18.23 mg/mL for AChE, 17.77 mg/mL for BChE and
16.50 mg/mL for a-Gly. Overall, AChE, BChE, GST, and
a-Gly were inhibited by 7. migricus methanol extracts.

Molecular modelling and docking studies

ADME analysis is important for drug molecule design
as a preliminary study in performance analysis related to

the absorption, distribution, metabolism, and excretion
(Taslimi et al. 2020b). Traditionally, after the determi-
nation of these features as a preliminary study with the
progression of computer-aided studies clinical trials of
the drug are carried out. The Lipinski Five Rule (Lipin-
ski et al. 1997) was designed to assist the development
of bioavailable drugs as a guide for all small molecule
drugs when evaluating ADME analysis. Under this rule,
molecular weight < 500 g/mol, more than five hydrogen
bond donors, more than ten hydrogen bond acceptors,
and a division coefficient (log P) value <5 are expected.
These properties correspond to the poor absorption of the
drug in the membrane and the ability to cross the intes-
tinal barriers. In this study, SwissSADME software was
used to determine ADME features (Table 3). Among the
compounds used in the study, it contains < 500 g/mol by
weight, Lipophilicity consensus log P <5 and other prop-
erties close values.

Fig.3 The enzyme inhibition AChE o a-glycosidase
of T. migricus extract against 120 - YR_’ ioggc"‘l"g 120 y = 10080052
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Table 3 Lipophilicity and physicochemical properties of the major compounds of T. migricus using SwissADME software
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TPSA® (A?) % ABS¢

MR"

H-bond acc H-bond don

MW? (g/mol) Heavy atoms Aromatic Rot. bond

Lipophilicity con-
sensus log P

Compounds

heavy atoms

52.16

164.75

83.50
108.13

25

-0.39 354.31

Chlorogenic acid

43.45
70.71

190.28

11

16
16

32
21

448.38

0.15
1.73
1.26
—1.69

Cynaroside

111.13

76.01

286.24

Luteolin

88.99
68.29

57.53

45.13

164.16

p-Coumaric acid

118.22

40.11

13

192.17

Quinic acid

#Molecular weight

"Molar refractivity

“Topological polar surface area

dpercentage of absorption

Table 4 Best-binding affinity scores (kcal/mol) of phenolic com-
pounds in the catalytic sites of the enzymes

Compounds Docking Scores

GST a-Gly AChE BChE
Chlorogenic acid —-7.39 —5.18 —-8.98 -7.70
Cynaroside —8.36 -6.81 -8.39 —-7.42
Luteolin -5.93 -5.56 —8.49 -8.17
p-Coumaric acid -5.40 —-4.77 —5.69 -6.31
Quinic acid -17.10 -6.44 -6.60 -6.29

Molecular docking of five major phenolic compounds
of the plant with AChE, BChE, GST, and a-Gly target
enzymes were calculated to predict the binding affinities
and binding interactions at the active sites. Totaly, 20 sep-
arate docking results were obtained from docking analyses.
These structures were placed in the catalytic active region
of the enzyme and the placement results were analyzed.
In the docking of the most active compounds with the
highest binding affinity, it was chosen as the best poses for
ligand-enzyme interactions. According to the result scores,
chlorogenic acid exhibited the highest binding affinity with
AChHE enzyme (Table 4).

Molecular docking with GST and a-Gly enzymes

After the best binding pose selection for all af the ligand-
enzyme docking studies, the binding modes were analyzed
to understand the inhibition mechanisms. Figure 4a, b
represent 3D and 2D interactions of the quinic acid-GST
docking. Glide score of quinic acid in GST binding affinity
was calculated as —7.10 kcal/mol. Here, hydrogen bond
has played an important role in protein docking. Effec-
tive coupling occurred in regions of the protein such as
GLNS53, VAL54, GLU66, and SER67.

In the binding affinity with a-Gly, the Glide score of
cynaroside was determined as — 6.81 kcal/mol and it was
calculated as the highest score. Among the ligand enzymes
in the active site, the hydrogen bond, n-cation, w-anion,
n—n stacked, carbon—hydrogen bonds have significant
bonds with ASP307, ASP352, ARG442, PHE303, and
HIS280 residues, respectively. Figure 4c shows the 3D
view of the aromatic surface on the receptor and Fig. 4d
shows 2D view of cynaroside-a-Gly enzyme interactions.
Cynaroside exhibited the best interactions with AChE
and GST enzymes. Cynaroside exhibited the best interac-
tions with AChE and GST among enzymes. A previous
molecular docking study showed that cynaroside (luteolin-
7-glucoside) strongly interacted to a-glucosidase cavity by
establishing six hydrogen bonds (Uysal et al. 2018).
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Fig.4 The interactions of quinic acid-GST and cynaroside-a-Gly

Molecular docking with BChE enzyme

Figure 5a, b represent 3D and 2D interactions of luteo-
lin-BChE docking study. The Glide score of luteolin with
BChE (—8.17 kcal/mol) was detected as the highest score.
GLU197 hydrogen bond, GLY439 carbon-hydrogen bond,
TRPS2 n—x stacked of the first benzene ring, TRP82 oxygen-
containing ring n—x stacked, ALA328 hydrogen bond are
the example ones.

The 3D and 2D interactions of p-coumaric acid with
BChE enzyme were showed in Fig. 5c, d. The binding affin-
ity was detected as —6.31 kcal/mol in the binding mech-
anism of the compound with the BChE enzyme. HIS438
in the active site of the enzyme, TYR128 hydrogen bond,
TRP82 n—n stacked on the benzene ring, GIY121 car-
bon-hydrogen bond interactions were found. All these

observations investigated a good binding of p-coumaric
acid with BChE enzyme. Similar to the result of the present
study, a previous molecular docking study reported high
binding of p-coumaric acid with BChE enzyme (Yener
et al. 2020). According to a recent study, molecular docking
of p-coumaric acid derivatives against tyrosinase enzyme
showed a good binding of tyrosinases and inhibits their
activities on melanin synthesis (Varela et al. 2020).

Molecular docking with AChE enzyme
The interactions of chlorogenic acid-AChE are shown in
Fig. 6a, d. The Glide score was calculated as — 8.98 kcal/

mol. For the attachment mechanism TRP286 benzene ring
n—n stacked, TYR72 benzene ring n—x stacked, TYR341

@ Springer
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Fig.5 The interactions of chlorogenic acid-AChE and luteolin-BChE

n-sigma bond, VAL294 carbon-hydrogen bond, TYR124,
and VAL282 are the examples of hydrogen bonding.

Chlorogenic acid is a polyphenol derivative found in
many plant species and a well-known antioxidant com-
pound. A previous study reported the high binding affin-
ity of chlorogenic acid against four selected matrix met-
alloproteinases that can help to promote wound healing
activity (Govindharaj et al. 2020). According to a another
study, chlorogenic acid had higher inhibitory potential
than other tested compounds against the AChE enzyme
(Isik and Beydemir 2020).

Overall, all of the ligand-receptor interactions are
detailed in Table 5. Totally, interactions of five major

@ Springer

phenolic compounds of 7. migricus with four enzyme were
evaluated, separately.

Conclusions

In this research, we investigated some biological activities
and phenolic content of endemic plant 7. migricus extracts.
The results of antioxidant activity methods indicated that
T. migricus extracts are able to scavenge radical oxygen
species. Also, the extracts have significant enzyme inhibi-
tion effects considering to the enzyme methods. Molecular
docking of the compounds with enzymes demonstrated
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that chlorogenic acid-AChE, cynaroside-a-Gly, luteolin-
BChE, p-coumaric acid-BChE, and quinic acid-GST crys-
tal structures had higher affinity scores and more effective
in binding energy than the standards. In docking studies,
the interactions of the ligands with AChE as well as the
inhibition studies showed a relatively better correlation

compared to the other enzymes. In vivo and in silico stud-
ies obtained values demonstrated that this plant can be
taken into consideration in drug design processes used in
DM and AD treatment. Altogether, this study highlighted
the impressive pharmacological activity of T. migricus as
a source of potential bioactive components.
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