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ABSTRACT
To find a potent a-glucosidase inhibitor, 24 tyrosol derivatives
with different substituents located at the meta, ortho, or para pos-
ition of the phenyl group have been synthesised via the
Mitsunobu reaction, characterised by 1H NMR, 13C NMR, ESI-MS
and IR and evaluated for inhibition. The derivatives possessed
varying degrees of in vitro inhibitory activity against a-glucosidase
and a relationship between the structure and activity was subse-
quently established for all compounds. Two of these compounds
with substituents at the para position showed significant inhibi-
tory effects surpassing that of the control standard acarbose.
Molecular docking studies performed to better understand the
binding interactions between the enzyme and the two most
active compounds showed substantial binding within the active
site of a-glucosidase. Taken together, these results indicate that
the position of the substituent plays a crucial role in this inhib-
ition and may facilitate the development of new a-glucosidase
inhibitors.
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1. Introduction

Diabetes is a complicated chronic metabolic disorder of which there are two clinical
types. Type I diabetes is caused by an insufficient insulin secretion, whereas Type II
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diabetes is caused by an insufficient insulin utilisation (Wang et al. 2016). Postprandial
hyperglycaemia is a major feature in diabetes and causes many complications, includ-
ing kidney disease, retinopathy and cardiovascular disease (Han et al. 2017). One of
the most effective approaches to reducing postprandial blood glucose is to inhibit the
activity of carbohydrate hydrolases, especially a-glucosidase in the intestinal epithelial
cells (Schmidt et al. 2014). a-Glucosidase hydrolyses a-1,4 glycosidic bonds to release
a-glucose, which is the final step in carbohydrate digestion (Shimba et al. 2009;
Motabar et al. 2009). Therefore, a-glucosidase inhibitors can effectively control post-
prandial hyperglycaemia. Some a-glucosidase inhibitors, such as acarbose and vogli-
bose, have been clinically applied to treat diabetes. However, there are increasingly
more reports on their side effects, which include abdominal pain, diarrhoea and other
gastrointestinal diseases (Wei et al. 2017; Peng et al. 2016). Therefore, it is urgent to
find effective a-glucosidase inhibitors with fewer side effects.

Tyrosol is one of the major natural phenolic antioxidants contained in olive oil
(Servili et al. 2009) and has been reported to possess various physiological benefits
because of its potent antioxidant activity (Giovannini et al. 1999).

Recent studies have suggested that tyrosol possesses antigenotoxic activity and
may prevent apoptosis in keratinocytes (Salucci et al. 2015). Other studies indicate
that it may play a role in preventing Alzheimer’s disease and Parkinson’s disease by
antagonizing the b-amyloids and inhibiting apoptosis of dopaminergic neurons (St-
Laurent-Thibault et al. 2011; Dewapriya et al. 2013). In addition, there are claims that
tyrosol can effectively increase longevity (Canuelo et al. 2012), reduce the risk of heart
disease (Sun et al. 2015), and prevent cancer (Ahn et al. 2008). Tyrosol has been
shown to exhibit a-glucosidase inhibitory activity (Kwon et al. 2006), and plays a role
in the regulation of key enzymes in carbohydrate metabolism (Chandramohan et al.
2015; Chandramohan et al. 2017). Thus, tyrosol may be a promising candidate with
the potential to facilitate the prevention and treatment of diabetes.

The structural modification of tyrosol is a research area of growing interest in the
field of medicinal chemistry. In recent studies, tyrosol glucuronates have been pre-
pared as antitrypanosomal and antileishmanial agents (Belmonte-Reche et al. 2016).
Tyrosyl gallate has been prepared as potent melanin formation inhibitors (Lee et al.
2007). Other studies have focused on the synthesis of tyrosol ethers and esters and
evaluating their antioxidant activities (Madrona et al. 2011; Zang et al. 2018; Zhou
et al. 2017). In addition, tyrosol esters have been synthesised to investigate its role in
the control of metastatic breast cancer (Busnena et al. 2013). To our knowledge, there
have not been any studies on the hypoglycemic effect of tyrosol derivatives. Thus, we
report herein the design and synthesis of tyrosol derivatives, and the characterisation
of their a-glucosidase inhibitory activities in order to find highly active compounds.

2. Results and discussion

2.1. Chemistry

The 24 derivatives 3a-3x were synthesised from tyrosol via the Mitsunobu reaction
with substituted benzoic acid in tetrahydrofuran (THF) for 48 h to obtain overall high
yields of the target compounds. the synthetic routes are outlined in Scheme 1.
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2.2. Biological activity

The inhibitory activity of compounds 3a-3x against a-glucosidase was then carried
out. The results summarized in Table 1. In addition to compound 3m, 3o, 3r and 3s,
other compounds showed a variable degree of a-glucosidase inhibition with IC50 val-
ues ranging between 15.2 and 730.5 lM in comparison with the positive control acar-
bose, which had an IC50 value of 60.9 lM. The structure and activity relationship was
investigated by adding different substituents to the phenyl group.

Compounds 3u displayed the most potent inhibitory activity among the series. The
greater potential shown by this compound might be due to the electron-withdrawing
cyano group. The most active compound 3u (IC50¼15.2lM), a para-cyano substituted
derivative, was found to be superior in comparison with the compound
3s(IC50>800 lM) and 3t (IC50¼394.9 lM) containing ortho-cyano and meta-cyano sub-
stituents, respectively. These results indicate that the position of the substituent plays
a crucial role in this inhibition.

Table 1. a-Glucosidase inhibitory activity of compounds 3a-3x.
Compd. Structure IC50 (lM) Compd. Structure IC50 (lM)

3a 730.5 ± 9.3 3m >800

3b 619.1 ± 7.6 3n 450.8 ± 3.8

3c 594.3 ± 5.7 3o >800

3d 309.2 ± 4.0 3p 92.8 ± 0.5

3e 168.0 ± 2.3 3q 67.2 ± 0.8

3f 161.8 ± 2.1 3r >800

3g 272.7 ± 1.9 3s >800

3h 153.9 ± 1.5 3t 394.9 ± 3.4

3i 132.6 ± 1.3 3u 15.2 ± 0.1

3j 375.8 ± 2.5 3v 349.1 ± 2.4

3k 388.4 ± 2.1 3w 137.0 ± 0.9

3l 401.7 ± 2.1 3x 41.2 ± 0.2

Acarbose 60.9 ± 1.0
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A comparison of compound 3x (IC50 ¼ 41.2 lM) with 3v (IC50 ¼ 349.1 lM) and 3w
(IC50 ¼1 37.0lM) shows that although these three derivatives have a hydroxyl group
on the phenyl ring, the position of the hydroxyl group is different in each and their
inhibitory activities vary. This confirms that the difference in the substituent position
affects the inhibitory potentials of the compounds. Compounds having the hydroxyl
substituent at the para position were able to efficiently inhibit a-glucosidase.

For compounds 3a-3c with fluoro substituents at the ortho, meta, and para posi-
tions of the phenyl ring, respectively, the inhibitory potential was lowest for the ortho-
fluoro substituent (3a) and highest for the para-fluoro substituent (3c). This further
supports that the position of the substituent is important in this inhibition. A similar
pattern was also observed for other derivatives in this series.

For electron-withdrawing and electron-donating groups on the phenyl ring, we
observed that the location of the substituent influenced the inhibitory properties of
the tyrosol derivatives. The compounds with electron-withdrawing substituents at the
para position were more active than their meta and ortho counterparts. In contrast,
the compounds containing electron-donating substituents at the meta position were
found to be more active than their para and ortho counterparts. To understand the
binding interaction of the most active derivatives, molecular docking studies
were performed.

2.4. Docking results

The molecular modelling simulation software AutoDock was used for the protein-lig-
and interaction study. The compound 3u and 3x, along with the control compound
acarbose, were docked. Our analysis showed that the active molecules of the tyrosol
derivatives displayed substantial binding within the active site of a-glucosidase.
Overall, the tyrosol derivatives with either a cyano or hydroxyl group at the para pos-
ition on the phenyl ring showed good activity.

The most active derivative among the series is compound 3u and is shown in
Figure 1. The hydroxyl group of the tyrosol formed H-bond with Tyr158 and Asn415,
whilst the carbonyl group of the para-cyanobenzoic acid formed H-bond with Arg315
and Thr310; these were the main interactions between 3u and a-glucosidase. Ser311
formed an amide-p stacking with the phenyl ring of the para-cyanobenzoic acid.

Figure 1. Compound 3u was docked to the binding pocket of the a-glucosidase.
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Additionally, the p-cation interactions and p-r interactions were observed
between the phenyl ring of the para-cyanobenzoic acid and the residues Asp307
and Pro312.

The second most active compound is compound 3x and is shown in Figure 2.
Similar to 3u, the docking studies showed that the hydroxyl group of the tyrosol in 3x
formed H-bond with Tyr158 and Asn415, whilst the carbonyl group of the para-cyano-
benzoic acid formed a H-bond with Arg315. For this derivative, the p-cation interac-
tions and p-r interactions were also observed between the phenyl ring of the para-
cyanobenzoic acid and the residue Asp307 and Pro312.

A molecular docking study of the standard drug acarbose with a-glucosidase was
also performed (Figure 3). The docking studies showed that the hydroxyl group of
acarbose formed H-bond with Tyr158, Asp242, Pro312, His280, Ser311, Asp307, Thr310
and Gly309. Compound 3u was the most active compound, followed by 3x and their
free binding energies were calculated to be �7.08 kcal/mol and -6.02 kcal/mol, respect-
ively, which are lower than acarbose (�5.67 kcal/mol).

Taken together, the a-glucosidase inhibition results and molecular interaction stud-
ies clearly suggest that the cyano group and hydroxyl group attached to the para pos-
ition of the phenyl ring from the tyrosol derivatives are responsible for influencing the
inhibitory activity. The presence of a hydrophilic group on the phenyl ring was
accountable for the improvement of activity, which provided valuable information for
the design of inhibitory compounds.

Figure 2. Compound 3x was docked to the binding pocket of the a-glucosidase.

Figure 3. Acarbose was docked to the binding pocket of the a-glucosidase.
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3. Experimental

3.1. General information

Yeast a-Glucosidase (EC 3.2.1.20) was purchased from the supplier (Sigma-Aldrich).
Acarbose 98% from Ark Pharm. p-Nitrophenyl-a-D-glucopyranoside (pNPG, 99%) from
Acros. Tyrosol, 98%, Triphenylphosphine (TPP, 98%), Diisopropyl azodicarboxylate
(DIAD, 97%), dry THF, 99.5% were purchased from the supplier (Energy Chemical).
EtOAc, 99.5%, Methanol, 99.5% were used as received from the supplier
(Sinopharm Chemical).

Column chromatography was carried out on silica gel (200-300 mesh). Thin layer
chromatography (TLC) was performed using silica gel 60 F254 plates. 1H NMR and
13C NMR spectra were measured on an AV-600 Spectrometer (Bruker, Germany)
using tetramethylsilane as an internal standard. Electrospray ionization mass spec-
trometry (ESI-MS) were performed on an Aglient 6520 Q-TOF (Agilent, USA) in posi-
tive ionization mode. Epoch microplate spectrophotometer (BioTek, USA). Melting
points were determined in open capillary tubes and the temperature was
uncorrected.

3.2. Synthesis

A general experimental procedure for the synthesis of compounds (3a-3x)
The target compounds were synthesised as outlined in our previously published

work (Zang et al. 2018). Tyrosol 1 (0.4mmol, 1.0 equiv), organic acids 2 (0.4mmol,
1.0 equiv) and TPP (0.4mmol, 1.0 equiv) were placed in a dry standard Schlenk
tube under N2. Dry THF (1.0mL) was added, followed by the addition of DIAD
(0.4mmol, 1.0 equiv) at 0 �C. The reaction mixture was stirred at room
temperature for 48 h, and the reaction was monitored with thin-layer chromatog-
raphy. The crude reaction mixture was purified by flash silica gel column chroma-
tography (petroleum ether: ethyl acetate ¼ 4:1) to obtain the
corresponding product.

3.3. a-Glucosidase inhibition assay

a-Glucosidase was assayed according to the method with slight modifications (Yuan
et al. 2012). Each sample in DMSO solution(20mL) (from 0.1 to 10mM) was added to
100 mL of a-Glucosidase solution (pH 6.9, 0.1 U/mL, in 0.1M phosphate buffer). The
reaction mixtures were incubated at 25 �C for 10min. Then, 50lL pNPG solution (pH
6.9, 5mM, in 0.1M phosphate buffer) was added to each well, the reaction mixtures
were incubated at 25 �C for 5min. Before and after incubation, the absorbance was
recorded at 405 nm on a microplate spectrophotometer (BioTek). Acarbose was used
as a positive reference. The a-Glucosidase inhibition activity was expressed as % inhib-
ition and was calculated as follows:

%inhibition ¼ 1� DAsample

DAcontrol

� �
� 100%

6 L. ZHANG ET AL.



3.4. Statistical analysis

All the experiments were carried out in triplicate and the data were analyzed using
SPSS software (Version 22.0) and Origin software (Version 8.0).

3.5. Molecular docking studies

To investigate the binding modes of compound 3u and 3x, a docking simulation was
performed targeting the crystal structure of a-glucosidase. Because the crystal struc-
ture for a-glucosidase from Saccharomyces cerevisiae (S. cerevisiae) is still not available,
a docking study was conducted using a homology model for a-glucosidase.
Preliminary results on the sequence analysis of a-glucosidase from S. cerevisiae showed
that the most suitable template for homology modelling is isomaltase (EC 3.2.1.10,
oligo-1,6-glucosidase, MALX3) (protein data bank (PDB) ID: 3A4A) from baker’s yeast. It
shares 71% identity and 84% similarity with the target enzyme, a-glucosidase from S.
cerevisiae. The crystal structure was retrieved from the PDB, and the a-glycosidase was
pre-docked using the Autodock software. The 3D structures of 3u and 3x were built
with ChemBioDraw Ultra 14.0 and ChemBio3D Ultra 14.0, and then converted to
PDBQT coordinates using AutoDockTools 1.5.6. In AutoGrid, maps were calculated for
each atom type in the ligand with a 0.375 Å spacing between the grid points and the
centre of the grid box was placed at x¼ 12.583, y ¼ �7.896, z¼ 12.519. The dimen-
sions size was set at 40 Å� 40Å� 40Å. Flexible ligand dockings were accomplished
for the selected compounds. Each docked system was carried out by 50 runs of the
AutoDock search by the Lamarckian genetic algorithm. The best positions of the
selected compounds were chosen by analysing the interactions between the enzyme
and inhibitors. The best-scoring positions, as judged by the docking score, were then
selected and visually analysed using Discovery Studio Client 2017.

4. Conclusion

In summary, a series of tyrosol derivatives have been synthesised and screened for
a-glucosidase inhibitory activity. Compound 3u (IC50¼15.2lM) and 3x (IC50¼41.2lM)
showed significant inhibitory effects, which surpassed that of the control standard acar-
bose (IC50¼60.9lM). The structure and activity relationship was examined by designing
tyrosol derivatives with various substituents at different positions on the phenyl group,
and evaluating how the position affected the inhibitory properties of the tyrosol deriva-
tives. The binding interactions of the most active compounds were confirmed through
molecular docking studies, which showed substantial binding within the active site of
a-glucosidase. The compounds synthesised in this study have demonstrated that the
position of the substituent plays a crucial role in affecting the inhibition activity, and
may be useful for the development of new a-glucosidase inhibitors.
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