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Flavonoids are naturally occurring polyphenolic compounds with 
very broad biological activity including promising anticancer 
effect.1 Both natural and synthetic flavonoids as well as their 
related compounds can inhibit the activities of several enzymes 
such as tyrosinase,2 arylamine N-acetyltransferases,3 phospho
diesterase,4 pancreatic elastase,5 digestive enzymes including 
trypsin, a-amylase and pancreatic lipase,6 phosphorylase kinase 
and tyrosine protein kinase7 as well as DNA topoisomerase.8 
Certain flavones can irreversibly inhibit serine esterases such as 
cholesterol-9 and carboxylesterase10 which are responsible for 
metabolism and transformation of xenobiotics containing either 
ester or amide, thioester and carbamic bonds.11 Carboxylesterase 
(CE) is hardly present in human blood, while the blood of 
laboratory rodents contains it in large quantities.12 Therefore, 
to  simplify interspecies extrapolation of toxicological data in 
preclinical trials and to improve the ex vivo stability of drug ester 
compounds, new selective irreversible low toxic CE inhibitors 
are required.13

In this work, the effect of substituents on the inhibitory 
activity of chrysin and 7-hydroxyflavone derivatives towards CE, 

acetylcholinesterase (AChE) and butyrylcholinesterase (BuChE) 
as well as their cytotoxic activity has been demonstrated. Phos
phorylated flavone derivatives have been synthesized by reaction 
with chlorophosphates or phosphites (Scheme 1). Monophos
phorylated chrysin derivatives were the main reaction products 
because of the hydrogen bond existence between the 5-hydroxy 
group and the nearby carbonyl group of flavonoids, which 
made  the final compounds more stable. The structure of com
pound 7 was unambiguously determined by X-ray crystallo
graphy (Figure 1).† 
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A series of phosphorylated flavonoids has been synthesized 
and evaluated in vitro for inhibitory activity against carboxyl­
esterase, acetylcholinesterase and butyrylcholinesterase as 
well as for their cytotoxicity towards human adenocarcinoma 
A549 and human glioblastoma U251 cell lines. Diethylphos­
phoryl derivatives of chrysin and 7-hydroxyflavone were 
found to be the most effective with bimolecular rate con­
stants for carboxylesterase inhibition ki = 2.0×106 and 
5.7×106 dm3 mol–1 min–1, respectively.

†	 Crystal data for 7. C21H19O7P (M = 414.33), triclinic, space group P1
–
 

(no. 2), a = 8.2685(8), b = 8.9080(6) and c = 13.9927(13) Å, a = 
= 78.860(8)°, b = 89.856(8)°, g = 72.248(8)°, V = 961.32(15) Å3, Z = 2, 
T = 100(2) K, m(MoKa) = 0.185 mm–1, dcalc = 1.431 g cm–3, 8112 reflec
tions measured (5.818° £ 2q £ 54.986°), 4408 unique (Rint = 0.0284, 
Rs  = 0.0433) which were used in all calculations. Using Olex2, the 
structure was solved with the ShelXS structure solution program utilising 
Direct Methods and refined with the ShelXL refinement package using 
Least Squares minimisation. The final R1 was 0.0406 [I > 2s(I)] and wR2 
was 0.1131 (all data).
	 CCDC 1873194 contains the supplementary crystallographic data for 
this paper. These data can be obtained free of charge from The Cambridge 
Crystallographic Data Centre via http://www.ccdc.cam.ac.uk.

Figure  1  X-ray crystal structure of compound 7.
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Chrysin and 7-hydroxyflavone have no significant inhibitory 
activity towards CE and AChE compared to their dimethyl
phosphoryl and diethylphosphoryl derivatives.9,10(b) However, 
compounds with similar structure are known as effective inhibitors 
of BuChE.14 Therefore, BuChE was also tested to characterise 
the selectivity of the synthesised compounds. IC50 values of the 
compounds towards three serine esterases were calculated from 
the results of in vitro experiments (Table 1).

The OH group in the 5-position does not substantially affect 
the interaction of the compounds with CE. IC50 values towards 
AChE for all chrysin derivatives (1–8) are higher than the cor
responding values for the derivatives of 7-hydroxyflavone (9–14). 
However, for most compounds these differences are insignificant.

Nevertheless, in the case of diphenyl- and bis(2,2,2-trifluoro
ethyl)phosphoryl derivatives the presence of OH group in the 
parent flavonoid makes the value of IC50 one order of magnitude 
higher with respect to AChE and thus increases the selectivity of 
CE inhibition, because OH group does not affect the interaction 
of these compounds with other esterases. A similar effect is 
observed for compound 8 and 2-(O-o-cresyl)-4H-1,3,2-benzo
dioxaphosphinin-2-oxide (CBDP). Their IC50 towards AChE 
also differ in one order of magnitude and simultaneously they 
have the same values for the other two enzymes. The most potent 
CE inhibitors are diethyl-, diisopropyl-, dibutyl- and diallylphos
phoryl derivatives as well as CBDP and compound 8. Compounds 
3 and 11 were found to be the most selective and effective at the 
same time. We used well-known CBDP15 and iso-OMPA (tetra
isopropyl pyrophosphoramide)16 as control.

Both in vitro and in vivo selectivity of the two control 
substances is not high.16–18 For the first time we conducted a 
comparative analysis of the inhibitory effect of these compounds 
in relation to the three serine esterases in single study in vitro. 
Despite the fact that the inhibition effect of iso-OMPA towards 
commercially available enzymes is much smaller compared 
to other compounds represented in Table 1, its selectivity for 
BuChE is rather high: IC50 value towards BuChE is two orders 
of magnitude lower than those towards CE and AChE. In com
parison with iso-OMPA compounds 1 and 9 are much more 
efficient inhibitors. Unfortunately, their IC50 values towards 
BuChE and AChE differ by only one order of magnitude. A major 
toxicity factor for investigated compounds in experiments in vivo 
is their inhibition effect on AChE. Therefore, the less effective, 

but more selective inhibitor, such as iso-OMPA, will be preferable 
for in vivo experiments. On the other hand, for in vitro experiments 
preference may be given to such compounds as 1 and 9, since 
their in vitro effect on AChE relegates to the background. Contrary 
to iso-OMPA, CBDP is very effective but not selective serine 
esterase inhibitor. Selectivity becomes even less after we combined 
CBDP and chrysin into one chemical structure 8. Compounds 2 
and 10 are very similar to CBDP by their IC50 values, but it was 
necessary to obtain kinetic constants for these compounds to 
compare them properly as irreversible inhibitors with different 
structure.

Compounds 2, 3, 10 and 11 were taken as the most potent and 
selective inhibitors of CE to further calculate their inhibition 
constants (Table 2). Diethylphosphoryl derivatives are more 
potent CE inhibitors compared to diisopropylphosphoryl ones, 
their ki values differ by almost one order of magnitude. Therefore, 
formation of the enzyme–inhibitor complex in the case of 2 and 
10 occurs much faster than for 3 and 11. The ki values obtained 
for 2 and 10 are comparable to the previous results19 for the 
three most effective CE inhibitors among investigated fluorinated 
aminophosphonates with similar structure. 

Cytotoxic activity of investigated compounds was evaluated 
on two human cancer cell lines A549 and U251. Almost all 
investigated compounds dose-dependently reduce the viability 
of cells (Figure S1, see Online Supplementary Materials). All 
compounds are low-cytotoxic, since most of them have statis
tically significant influence on cell viability beginning from 50 mm 
concentration. The influence is less pronounced for bis(2,2,2-tri
fluoroethyl)phosphoryl derivatives 6, 14, compound 13, CBDP, 
7-hydroxyflavone and dimethylphosphoryl derivatives 1, 9 
towards U251 cell line. CBDP is the only compound which has no 
statistically significant difference from control values throughout 
the range of concentrations used, so it is the least cytotoxic 
compound of all studied. The most cytotoxic compounds are 
diisopropylphosphoryl and dibutylphosphoryl flavonoid deriva
tives. Diethylphosphoryl and diallylphosphoryl derivatives are 
slightly inferior to them. Chrysin is slightly more cytotoxic 
compared with 7-hydroxyflavone (see Figure S1).

In conclusion, substituent effect on inhibitor activity of flavonoid 
derivatives towards three serine esterases as well as the effect 
on cytotoxicity have been estimated. The presence of OH group 
in the 5-position of investigated compounds do not significantly 
affect their inhibitor properties and cytotoxicity. Chrysin derivative 
with CBDP-moiety (compound 8) is more toxic to both tested 
cell lines compared to CBDP. High efficiency and selectivity of 
diisopropylphosphoryl flavonoid derivatives (3, 11) relative to 
EC in vitro has been shown for the first time. The most effective 
CE inhibitors are diethylphosphoryl derivatives (2, 10). The values 
of bimolecular rate inhibition constants for diethylphosphoryl 
and diisopropylphosphoryl derivatives with regard to CE have 
been determined. 

This work was partly supported by the Russian Science Founda
tion (grant no. 16-13-10301). We are grateful to T. L. Panikorovskii 
for X-ray investigations carried out using resources of the X-ray 
Diffraction Centre of St. Petersburg State University.

Table  1  Inhibition of CE, AChE and BuChE by investigated compounds.

Com- 
pound

IC50 /nm Selectivitya

    CE       AChE BuChE
BuChE/ 
CE

AChE/ 
CE

  1     1719±281       196±60   31.4±4.1 0.02 0.11
  2       0.73±0.17       39.6±4.2   0.89±0.24 1.23 54.6
  3       2.11±0.33       379±58   6.46±1.63 3.06 179
  4       1.58±0.27       7.77±2.14   1.19±0.38 0.76 4.91
  5       8.17±1.05     1209±156   1.80±0.13 0.22 148
  6       175±12       > 25000 4393±1202 25.0   –
  7       2.59±0.58       16.7±1.7   0.65±0.15 0.24 6.46
  8       2.42±0.18       3.81±0.45   3.00±0.21 1.30 1.65
  9     2060±290       114±4.5   55.1±12.0 0.02 0.05
10       1.39±0.47       34.9±7.1   1.80±0.25 1.29 25.1
11       2.21±0.42       273±27.7   15.1±2.7 6.82 124
12       1.60±0.36       2.31±0.45   0.14±0.03 0.09 1.45
13       5.48±1.15       123±33   1.40±0.24 0.26 22.4
14       156±19.4   16271±3050 2642±113 16.9 103
CBDP       1.01±0.17         49±7.2   0.96±0.21 0.95 48.5
iso-OMPA 382787±46725 220532±23114 4187±545 0.01 0.58

a Selectivity was calculated as ratio between the corresponding IC50 values.

Table  2  Kinetic constants for the inhibition of CE by diethylphosphoryl 
and diisopropylphosphoryl derivatives of chrysin and 7-hydroxyflavone.

Compound k2 /min–1 Kd /mmol dm–3 ki (k2 /Kd)/dm3 mol–1 min–1

  2 1.02 ± 0.03 0.18 ± 0.04 (5.7 ± 0.7) × 106

  3 1.30 ± 0.28 2.43 ± 0.53 (4.9 ± 0.8) × 105

10 1.08 ± 0.02 0.54 ± 0.04 (2.0 ± 0.3) × 106

11 1.92 ± 0.22 4.75 ± 0.65 (4.1 ± 0.3) × 105
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