
RESEARCH PAPER

Kinetic study on the inhibition of xanthine oxidase by acylated derivatives of
flavonoids synthesised enzymatically

Maria Elisa Melo Branco de Ara�ujoa, Yollanda Edwirges Moreira Francoa, Thiago Grando Albertoa,
Marcia Cristina Fernandes Messiasa, Camila Wielewski Lemeb, Alexandra Christine Helena Frankland Sawayac and
Patricia de Oliveira Carvalhoa

aLaboratory of Multidisciplinary Research, S~ao Francisco University, Bragança Paulista, Brazil; bDepartment of Biochemistry, Institute of Biology,
State University of Campinas (UNICAMP), Campinas, Brazil; cDepartment of Plant Biology, Institute of Biology, State University of Campinas
(UNICAMP), Campinas, Brazil

ABSTRACT
Studies have reported that flavonoids inhibit xanthine oxidase (XO) activity; however, poor solubility and
stability in lipophilic media limit their bioavailability and applications. This study evaluated the kinetic
parameters of XO inhibition and partition coefficients of flavonoid esters biosynthesised from hesperidin,
naringin, and rutin via enzymatic acylation with hexanoic, octanoic, decanoic, lauric, and oleic acids cata-
lysed by Candida antarctica lipase B (CALB). Quantitative determination by ultra-high performance liquid
chromatography–mass spectrometry (UHPLC–MS) showed higher conversion yields (%) for naringin and
rutin esters using acyl donors with 8C and 10C. Rutin decanoate had higher partition coefficients (0.95),
and naringin octanoate and naringin decanoate showed greater inhibitory effects on XO (IC50 of 110.35
and 117.51lM, respectively). Kinetic analysis showed significant differences (p< .05) between the flavo-
noids before and after acylation regarding Km values, whereas the values for Vmax were the same, implying
the competitive nature of XO inhibition.
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Introduction

Many in vitro and in vivo experiments in animals and humans
have reported the biological activity of the flavonoids especially
that related to their antioxidant action in the prevention and/or
combat of chronic degenerative diseases, and as anti-inflammatory
and anti-microbial agents and modulators of the activities of
enzymes such as xanthine oxidase (XO)1.

Xanthine oxidase is an enzyme widely distributed in many spe-
cies ranging from bacteria to human beings and is present in vari-
ous mammal tissues2. XO catalyses the oxidation of hypoxanthine
into xanthine and uric acid during the metabolic processes of
purines3, producing superoxide radicals (O2

�) and hydrogen per-
oxide (H2O2)

4. Thus, XO is one of the main enzymatic sources of
reactive oxygen species (ROS)5. Various inflammatory stimuli regu-
late XO such as lipopolysaccharides, hypoxia, and cytokines and
elevated levels of this enzyme can lead to an excessive formation
of EROs and consequently oxidative processes that can result in
tissue damage6.

Some flavonoids have been described as effective XO inhibitors
but the low absorption of flavonoids in vivo is a limiting factor for
their bioavailability7,8. The presence of various hydroxyl groups in
the flavonoid molecules endows the compound with some degree
of polarity and reduces its lipophilicity9,10. Their low solubility in
lipophilic systems also limits the applications of flavonoids in the
food, pharmaceutical, and cosmetic industries7.

Enzymatic synthesis of acylated derivatives of flavonoids cata-
lysed by lipases has been considered as an effective and

promising strategy for improving the liposolubility of these com-
pounds11. The great interest in using enzymatic processes to mod-
ify molecules is due to their selectivity, especially of the lipases12

and the lesser number of stages required in comparison with the
classical chemical methods13.

Enzymatic acylation of glycosylated flavonoids, catalysed by
Candida antarctica lipase B (CALB), is highly regioselective; it pro-
ceeds exclusively on the primary alcoholic group of the sugar moi-
ety, and the mild conditions of this reaction do not interfere with
the flavonoids structures14. Some authors have investigated the
regioselectivity of CALB in the acylation of rutin and isoquercetin
by molecular modelling. According to their reports, the aglycon
portion of flavonoids is stabilised at the entrance of the enzyme-
binding site by hydrogen bonds and hydrophobic interactions,
locating its glycoside residue near the centre of the site. Only the
primary 600-OH of the isoquercetin glucose and the secondary 400-
OH of the rutin rhamnose are acylated, as they stabilise close to
the catalytic sites15.

Flavonoid selectively acylated with different aliphatic or aro-
matic acids may not only alter physicochemical properties of these
molecules but also improve bioavailability and biological proper-
ties compared to the maternal compounds16. These include
increased capacity to inhibit microsomal lipoperoxidation of iso-
quercitrin acylated esters11, increased antiproliferative activity of
long chain acylated esters of quercetin-3-O-glucoside17, improved
antiangiogenic and antitumor properties of silybin18, rutin and nar-
ingin esters19, and inhibition of the sarco/endoplasmic reticulum
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Ca2þ-ATPase (SERCA1) by rutin derivatives20. On the other hand,
the results obtained for the antioxidant capacity of acylated fla-
vonoid derivatives are contradictory. Literature reports found that
the acylation of rutin with unsaturated fatty acids, such as oleic,
linoleic, and linolenic acid, increased the antioxidant potential of
the initial compound21,22. The acylation of isoorientin and isovi-
texin significantly improved their lipophilicity, but reduced their
antiradical activity23. This data is in accordance with another
report about the antioxidant activity of isoorientin-acylated deriva-
tives, which shows that the derivatives exhibited lower DPPH rad-
ical scavenging activity than their parental form isoorientin24. A
recent study showed that lipophilization of rutin esters (rutin lau-
rate and rutin palmitate) did not improve capacity in bulk oil and
in an o/w emulsions compared to untreated rutin25.

There has been little work to demonstrate the inhibitory effects
of acylated flavonoid derivatives on XO. Acylation of 3-OH group
of a new isomer of mesquitol (2,3-trans-30,40,7,8-tetrahydroxyfla-
van-3-ol) isolated from Dichrostachys cinerea significantly enhanced
the a-glucosidase inhibition and displayed xanthine oxidase inhibi-
tory potential26. Similarly, acylation of isoquercitrin increased the
antioxidant properties, including a higher XO inhibition27. Also the
acylation of isorhamnetin-3-O-glicoside extracted from Nitraria
retusa using ethyl laurate and ethyl butyrate, catalysed by CALB,
increased the XO inhibitory capacity of the compound albeit there
was a decrease in radical neutralizing potential28. The structural
differences, such as the number and position of hydroxyl groups,
the nature of saccharidic moieties, as well as the position of glyco-
sidic bonds affect overall conversion yield. For naringin molecule,
which possesses primary hydroxyl group on glucose, the acylation
takes place on the 600-OH21 since the primary hydroxyl is favoured
by CALB. On the other hand, rutin, which has no primary hydroxyl,
either the 300-OH of glucose or the 400-OH of rhamnose can be
acylated12,16,19.

Our research group previously reported the enzymatic acylation
of hesperidin using as acyl donor a medium chain fatty acid
(decanoic acid) catalysed by CALB in a two-phase system contain-
ing [bmim]BF4 and acetone29. However, the XO inhibitory capacity
of these compounds had not been assessed. Accordingly this
study set out to synthesise new acylated derivatives of the flavo-
noids rutin, naringin, and hesperidin with various monocarboxylic
acids (hexanoic, octanoic, decanoic, lauric, and oleic acids) with
Candida antarctica lipase B (CALB) as the catalyst, in a bid to
obtain compounds with greater capacity to inhibit XO than the
untreated flavonoids. The partition coefficients and the kinetic
parameters of the XO inhibition (Vmax and Km) were assessed for
both the untreated flavonoids and their acylated derivatives.

Materials e methods

Enzymes and reagents

CALB immobilised in acrylic resin (EC 3.1.1.3, 10,000U/g)
(Novozyme 435), xanthine oxidase from bovine milk, xanthine,
allopurinol, hesperidin, naringin, and rutin standards and hexanoic,
octanoic, decanoic, lauric, and oleic acids were obtained from the
Sigma-Aldrich Chemical Co., St. Louis, MO. All the solvents and
reagents were of analytical, spectrometric, or chromatographic
quality.

Enzymatic synthesis of acylated derivatives of flavonoids with dif-
ferent fatty acids
The enzymatic synthesis of acylated derivatives of flavonoids
was performed according to a previously described method29,30

with some modifications. The reaction medium consisted 5ml
of acetone, previously treated with 100mg/ml 4 Å molecular
sieves activated by being kept for 1 h at 100 �C, 12 h prior to
the reaction. The molar mass ratio used between the flavonoid
and the fatty acid was 1:5 (0.575mmol of flavonoid and
2.875mmol of fatty acid). After the solubilisation of the
reagents in the reaction medium, 0.65 g of CALB was added for
the experiment. The tests were incubated in sealed flasks in a
shaker at 45 �C set at 100 rpm and the aliquots were removed
after 12 and 24 h of incubation. Purification of the acylated fla-
vonoid derivatives was based on partition between hexane/
water (4:1, v/v) system as previously described31. After each
rinse the mixture was centrifuged (2800 rpm for 2min) and the
organic phase containing the free fatty acids was discarded.
The samples were lyophilized, frozen at �20 �C and forwarded
for ultra-high performance liquid chromatography–mass spec-
trometry (UHPLC-MS) analyses to determine the conversion rates
of the acylated derivatives.

Conversion yields of acylated derivatives of flavonoids determined
by UHPLC-MS
The chromatographic separation was achieved using an Acquity
UPLC system (Waters, Milford, MA) equipped with a Waters UPLC
BEH column (2.1� 50mm, particle size 1.7 lm) at a temperature of
30 �C. A 3ll of each sample was injected and the gradient applied
used two mobile phases – (A) ultrapure water with 1% of formic
acid and (B) methanol, starting with 5% of B, increasing to 100% B
in 8min, maintained until 8.50min, and finally returning to the ori-
ginal conditions and stabilising at 10min. Detection was in nega-
tive ions mode using an Acquity TQD electrospray ionization-mass
spectrometer (Micromass Waters, Milford, MA) in the following
conditions: capillary – 3000 V, cone – 30 V, source temperature
150 �C, and desolvation temperature 350 �C. Quantification of the
compounds was achieved using standard curves obtained by
injecting standards of the flavonoids in concentrations of ranging
from 30 to 300lg/ml. The conversion yields were calculated from
the ratio between the concentration of the acylated derivatives
and the initial concentration of flavonoids before the acylation
reaction. Calibration curves for each flavonoid were obtained
using standards in methanol. The calculations were based on the
following equations: hesperidin concentration (lg/ml)¼ (4� 10�5)
(peak area)þ 112.28 and rutin/naringin concentration (lg/ml)¼
(6� 10�5) (peak area)þ 256.71 and the data were expressed in
percentage yields (%).

Partition coefficient determination in octanol/water (k)

The partition coefficients of the untreated flavonoids in octanol/
water (k) were analysed to determine their degrees of lipophilic-
ity. In test tubes, 2.0ml of a solution of the sample with a con-
centration of 50 lM were added to 2.0ml of octanol saturated
with water. The mixture was shaken for 1min and then centri-
fuged for 15min at 3000 rpm. After filtering through 0.22 lm
polyethylene filter with a PTFE membrane (Merck Millipore,
Billerica, MA), the compound concentration was determined for
each phase by UHPLC–MS. The partition coefficient was obtained
using the equation:

k ¼ Co
Ca� r

;

where Co¼ test compound concentration in octanol, Ca¼ test
compound concentration in aqueous solution, r¼ ratio of the vol-
umes of the oily and the aqueous phases.
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Inhibition of xanthine oxidase (XO) activity by flavonoids and
acylated derivatives

Inhibition of XO activity was assessed by measuring the uric acid
formed from the xanthine substrate. Solutions of xanthine in vari-
ous concentrations in a 0.1M, pH 7.4 phosphate buffer were incu-
bated together with 100 ll of ethanol and the same volume of
samples of the solutions with different concentrations (45 and
90lM in a 0.1M, pH 7.4 phosphate buffer). The samples were pre-
incubated at 37 �C for 10min. The XO solution (0.3ml, 0.1 U/ml)
was added to the reaction mixture and the flasks were incubated
at 37 �C for 20min. The enzymatic reaction was interrupted by
adding 25 ll of 3.2% HCl. The absorption of the samples was
measured using an ELISA reader Epoch, BioTek (Winooski, VT) at
290 nm. The uric acid production was calculated from the differen-
tial absorbance with a blank solution without xanthine oxidase.
The control was a solution containing xanthine and XO.
Allopurinol, a specific XO inhibitor, was used as a positive control.
XO inhibitory activity was expressed as the percentage inhibition
of XO (XOI, %) by using the following equation:

XOI %ð Þ ¼ 1� Absam
Absc

� �
� 100;

where Absc and Absam¼ absorbance values for the control reac-
tion and for the test samples, respectively.

Measurement of the kinetic constants

The enzymatic kinetics trials were made with those compounds
that showed the highest percentage inhibition (XOI) of XO activity.
Vmax (maximum reaction rate) and Km (Michaelis–Menten constant,
that is the substrate concentration at 1/2 the maximum reaction
rate) were calculated and the type of inhibition kinetics was identi-
fied using the Origin 8.6 program and the rectangular hyperbola
model. The Michaelis–Menten equation linearized by
Lineweaver–Burk was used to determine Vmax and Km by plotting
a graph, that is 1/V against 1/[substrate concentration], and esti-
mated by the intercept and slope respectively. Reaction rate
(expressed as uric acid concentration in lmol/min) was obtained
from the uric acid standard curve (y¼ 0.024x� 0.1242,
R2¼ 0.9786). Those concentrations associated to 50% inhibition
(IC50) were also calculated.

Statistical analysis

The experiments were performed in triplicate ANOVA one way
was used to analyse statistical significance followed by Turkey
(Bonferroni) test using Origin Pro 8 (OriginLab, Northampton, MA)
statistics software. The results are presented as mean± SD and sta-
tistics were considered significant when the p values was .05 or
less.

Results and discussion

Enzymatic synthesis of the acylated derivatives of flavonoids

Table 1 shows the conversion yields derivatives of naringin,
hesperidin, and rutin acylated using hexanoic, octanoic, decanoic,
lauric, and oleic acids.

The highest conversion yields were obtained for hesperidin,
followed by rutin and naringin. Acylation of rutin and naringin
was more favourable with the shorter chain hexanoic (6C), octa-
noic (8C), and decanoic (10C) fatty acids. Lauric (12C) and oleic
(18C) acids are poor substrates for the acylation of rutin and

naringin albeit they efficiently esterified the hesperidin molecule.
Earlier studies have reported that the highest CALB-catalysed bio-
synthesis yields of acylated derivatives of naringin and rutin are
obtained using fatty acids with up to 10C21,32. Any further
increase of the number of C in the fatty acid chain seems to
impede esterification and reduce the efficiency of enzymatic con-
version33. According to a recent study, isoquercitrin (quercetin-3-
O-b-D-glucopyranoside) can be efficiently substituted at 600-OH by
acetate or by C4- to C16-aliphatic acids by CALB. Shorter dicar-
boxylic acids (C2 to C4) were not substrates for the lipase and
did not react at all, while the enzyme has accepted C5- to C12-
dicarboxylic acid11.

Kinetics of xanthine oxidase (XO) inhibition

Figure 1 displays the percentages of XO inhibition (XOI) obtained
for the respective compounds before and after 12 h of enzymatic
acylation.

There was a considerable increase in the inhibitory effect on
XO activity associated to three of the acylated derivatives, narin-
gin octanoate, naringin decanoate, and hesperidin decanoate
(28.80 ± 5.76, 25.61 ± 2.85, and 16.42 ± 3.21, respectively), compared
to the untreated flavonoids (14.78 ± 4.80 and 8.24 ± 2.10 for narin-
gin and hesperidin, respectively). Compared to allopurinol, which
strongly inhibited XO (89.67%), the derivatives biosynthesised with
naringin and hesperidin showed a moderate, but rather promis-
ing, activity. For the rutin derivatives, however, the acylation reac-
tion did not enhance the inhibition of XO activity. In the light of
those results, the three acylated compounds were selected to
assess the kinetic parameters involved in XO inhibition (Vmax, Km,
and IC50) and to determine their partition coefficients in octanol/
water (k).

Two concentrations (45 and 90 lM) of the inhibitors hesperidin
decanoate, naringin octanoate, and naringin decanoate and three

Table 1. Conversion yields (%) of acylated flavonoid derivatives with monocar-
boxylic acids (hexanoic, octanoic, decanoic, lauric, and oleic acids).

Untreated
flavonoids

Flavonoid acylated
derivatives Time (h)

Conversion
yields (%)

Naringin Naringin hexanoate 12 27.30
24 13.66

Naringin octanoate 12 38.40
24 28.89

Naringin decanoate 12 9.22
24 24.32

Naringin laurate 12 –
24 –

Naringin oleate 12 –
24 –

Hesperidin Hesperidin hexanoate 12 33.00
24 31.00

Hesperidin octanoate 12 44.00
24 44.70

Hesperidin decanoate 12 23.50
24 24.60

Hesperidin laurate 12 32.40
24 41.90

Hesperidin oleate 12 31.80
24 64.20

Rutin Rutin hexanoate 12 24.90
24 20.27

Rutin octanoate 12 37.95
24 51.29

Rutin decanoate 12 34.65
24 28.71

Rutin laurate 12 –
24 9.34

Rutin oleate 12 –
24 1.53
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concentrations of xanthine (250, 500, and 750 lM) were used to
determine the kinetic parameters. The reactions were performed
in the presence and absence of the inhibitor to obtain the
Michaelis–Menten curves and the Lineweaver–Burk double recipro-
cal plots as shown in Figure 2.

The response of the acylated flavonoids naringin octanoate,
naringin decanoate, and hesperidin decanoate in inhibiting XO
activity is directly proportional to their concentrations and 90 lM
is the concentration with the greatest effect in reducing the reac-
tion rate (uric acid concentration formed/minute). The results were
analysed by means of the Lineweaver–Burk double reciprocal plots
and the Km and Vmax values obtained (Table 2) by graphic extrapo-
lation. The Vmax/Km ratio was also calculated to determine catalytic
efficiency. The double reciprocal graph (B), expressed as 1/Vo (y)
plotted against 1/[S] (x) produces a straight line for which the
slope gives the value of Km/Vmax, the intercept on the 1/Vo axis
is equal to 1/Vmax and the intercept on the 1/[S] axis is equal
to �1/Km.

Given that the Vmax values show no significant alterations and
that the Km (called the apparent Km and expressed as the [S] in
which Vo¼ 1=2Vmax) were higher in the presence of inhibitors when
compared to the control, then it can be supposed that there is a
competitive, reversible inhibition reaction mechanism of the
untreated and acylated flavonoids. The competitive inhibitors are
those most similar to the substrate and they, therefore, occupy
the active site. The occupation by the inhibitor thus prevents the
substrate from connecting to the active site of the enzyme.
Whenever [S] greatly exceeds [I], the probability of an inhibitory
molecule connecting to the enzyme is minimized and the reaction
will show a normal Vmax value. That effect on the increase in the
apparent Km, together with the absence of any effect on the Vmax,
is the diagnosis for competitive inhibition and it is readily revealed
in the double reciprocal plots. To compare the inhibitory efficiency
of the compounds in regard to XO, the Vmax/Km ratios provide bet-
ter evidence. As seen in the results, the Vmax/Km ratios were higher
when acylated flavonoid derivatives were used as inhibitors com-
pared to similar untreated flavonoids.

That finding is in agreement with an earlier study that eval-
uated the inhibitory effect of apigenin, quercetin, myricetin,

genistein, and isovitexin on XO activity and reported that they all
performed as competitive inhibitors34. The presence of sugar units
in flavonoid structures also reduces their inhibitory power so that
an aglycone form such as quercetin is a more efficient inhibitor
than the glycosylated form, rutin34,35.

The XOI (%) as a function of flavonoid concentration and the
IC50 values are displayed in Table 3 and Figure 3. For each
equation corresponding to the straight lines of the graph, calcu-
lations were made to obtain the value of x when y¼ 50 (IC50).
It can be seen that the acylation reaction led to a reduction in
the IC50 for the three acylated derivatives. Naringin octanoate
showed the greatest inhibitory effect on XO activity
(IC50¼ 110.35 lM), followed by naringin decanoate
(IC50¼ 117.51 lM) and hesperidin decanoate (IC50¼ 198.96 lM),
whereas the standard inhibitor of xanthine oxidase (allopurinol)
had an IC50value of 14.67 lM.

Higher inhibition activities were reported for isoquercitrin ole-
ate (C18:1), which presents an unsaturation in the acyl group,
when compared to its saturated analogue (IC50 values of 27 and
61 lM, respectively)28. The authors observed an increase in the
IC50 values of saturated esters with the decrease in the carbon
chain length (from 61 to 144 lM for isoquercitrin stearate and
butyrate, respectively)28.

Based on the structure of flavonoids, a method for predicting
IC50 values of XO by calculating the contribution of each hydroxyl
moiety towards inhibition of this enzyme was described36. The
group with the strongest negative contribution to inhibition of XO
is the 20-hydroxyl moiety as can be concluded from comparing
kaempferol with morin in which the IC50 increases from 2.5 to
40 lM, respectively. The flavones (lutein and apigenin) and the fla-
vonols (like quercetin, kaempferol, and miricetin) are capable of
inhibiting the activity of this enzyme even when they are only pre-
sent in low concentrations36–38. Hydroxyl groups at C-5 and C-7
and the double bond between C-2 and C-3 were described as
essential for high inhibitory activity against XO39. The planar struc-
ture of flavones and flavonols and the C2¼C3 double bonds of
flavonoids were considered advantageous for XO inhibition34.
Unfortunately those authors did not assess hesperidin, naringin, or
any other acylated flavonoid derivative.

Figure 1. Xanthine oxidase inhibition (XOI %) by different untreated flavonoids and their acylated derivatives at 45lM using 250lM of xanthine substrate. �p< .05,��p< .01 compared with similar untreated flavonoid.
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Partition coefficients of acylated derivatives of flavonoids in
1-octanol/water

Partition coefficient in 1-octanol/water (k) was measured for all
prepared compounds as a basic empirical determination of hydro-
or lipophilicity (Table 4). This value is a parameter that relates sin-
gle-solute partitions between polar (water) and nonpolar (octanol)

Figure 2. XO inhibition kinetics using Michaelis–Menten curve and Lineweaver–Burk double reciprocal plots for hesperidin decanoate (A), naringin octanoate (B), and
naringin decanoate (C) at 45 and 90lM.

Table 2. Kinetic parameters of the enzymatic reaction catalysed by xanthine oxi-
dase in the absence (control) and presence of the inhibitors (45 and 90 lM).

Inhibitor [Inhibitor] (lM) Vmax (mmol/min) Km (mM)a Vmax/Km
Control 0 5.19 ± 0.15 0.17 30.52
Naringin 45 4.43 ± 0.07 0.20�� 22.15

90 3.68 ± 0.03 0.18 20.44
Naringin octanoate 45 3.94 ± 0.91 0.19� 20.74

90 3.11 ± 0.18 0.17 18.29
Naringin decanoate 45 3.94 ± 0.63 0.19� 20.74

90 3.30 ± 0.70 0.20�� 16.50
Hesperidin 45 4.74 ± 0.67 0.20�� 23.70

90 4.37 ± 0.27 0.19�� 23.00
Hesperidin decanoate 45 4.47 ± 0.45 0.20�� 22.35

90 3.91 ± 0.78 0.22�� 17.77
�p< .01.��p< .001 compared with control (without inhibitor).
aSD <0.002.

Table 3. IC50 (lM) of untreated flavonoids and acylated derivatives.

Inhibitor Straight line equation R2 value IC50 (lM)

Naringin y¼ 2.55þ 0.23x 0.90 206.30
Naringin octanoate y¼ 5.86þ 0.40x 0.84 110.35
Naringin decanoate y¼ 4.17þ 0.39x 0.89 117.51
Hesperidin y¼ 0.15x 0.99 333.33
Hesperidin decanoate y¼ 2.25þ 0.24x 0.91 198.96
Allopurinol – – 14.67
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phases, which determines in vitro solubility in appropriate pharma-
ceutical and cosmetic preparations.

Among the flavonoids and their acylated derivatives that have
been analysed, the aglycone form, quercetin, is the one that
presents the highest partition coefficient and therefore the highest
degree of lipophilicity (1.46). That high partition coefficient of
quercetin in an octanol/water system when compared to its glyco-
sylated form has already been reported39,40. The derivatives bio-
synthesised with decanoic acid had partition coefficients of 0.95,
0.83, and 0.86 for rutin decanoate, hesperidin decanoate, and nar-
ingin decanoate, respectively. Those values were higher than the
coefficients obtained for the untreated flavonoids, 0.48, 0.42, and
0.37 for rutin, hesperidin, and naringin, respectively. The same K
values were obtained for the naringin derivatives whether they
were acylated with 8C chains or 10C chains.

The variety of substituents on the flavonoid molecules largely
influence their physicochemical properties such as dipole moment
or hydrophobicity, and thus determine the partitioning into lipid
membranes41. Flavonoid acylated derivatives are expected to
exhibit a higher affinity for phospholipidic membranes and so to
be transferred into cells28. The result indicated that the degree of
lipophilicity played a major role in improving enzyme inhibitory
activity. These results are in alignment with reports in the litera-
ture which indicate that increasing the lipophilicity of the flavon-
oid molecule enhances its inhibitory effect on XO, as has been
described for isoquercitrin27, insofar as it increases the accessibility
of the compound to the active site of the enzyme26.

Conclusion

Flavonoid acylation, as has been described, provides a useful tool
for flavonoid ester formation with improved characteristics. The
results suggest that selective enzymatic synthesis of acylated flava-
none derivatives catalysed by CALB lipase may represent a new
approach to the production of XO competitive inhibitors with
greater lipophilicity. The most potent XO inhibition was observed
in naringin derivatives with octanoic and decanoic acids (naringin
octanoate and naringin decanoate). The results provide the basis
of the kinetics of the interaction mechanisms of acylated flavonoid
derivatives with XO that may lead to the development of potential
new drugs for XO inhibition. This approach also enables the use
of flavonoid fatty acid esters in oil-based systems. Thus, these acy-
lated derivatives are promising candidates to be used in pharma-
ceutical, cosmetic, and nutritional preparations for preventive and/
or therapeutic purposes.

Acknowledgements

We thank financial support from FAPESP and CAPES (postgraduate
scholarships). This work was performed in partial fulfilment of the
requirements for the PhD in Postgraduate Program in Health
Sciences of M. E. M. B. Ara�ujo, in S~ao Francisco University
(Bragança Paulista, Brazil).

Disclosure statement

The authors declare no conflict of interests.

Funding

We thank financial support from FAPESP and CAPES (postgraduate
scholarships).

References

1. Danihelova M, Viskupicova J, Sturdik E. Lipophilization of fla-
vonoids for their food, therapeutic and cosmetic applica-
tions. Acta Chim Slov 2012;5:59–69.

Figure 3. Effect of concentrations of untreated flavonoids and acylated derivatives on xanthine oxidase inhibition (XOI %).

Table 4. Partition coefficient in octan-1-ol/water (k) of untreated
flavonoids and their acylated derivatives.

Compound Partition coefficient (k)a

Quercetin 1.46
Naringin 0.37
Rutin 0.48
Hesperidin 0.42
Naringin octanoate 0.86
Naringin decanoate 0.86
Rutin decanoate 0.95
Hesperidin decanoate 0.83
aSD <0.01.

JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY 983



2. Umamaheswari M, Madeswaran A, Asokkumar K. Virtual
screening analysis and in-vitro xanthine oxidase inhibitory
activity of some commercially available flavonoids. Iran J
Pharm Res 2013;12:317–23.

3. Zarepour M, Kaspari K, Stagge S, et al. Xanthine dehydrogen-
ase AtXDH1 from Arabidopsis thaliana is a potent producer
of superoxide anion via its NADH oxidase activity. Plant Mol
Biol 2010;72:301–10.

4. Paravicin TM, Touyz RM. NADPH oxidases, reactive oxygen
species, and hypertension: clinical implications and thera-
peutic possibilities. Diabetes Care 2008;31:171–80.

5. Nomura J, Busso N, Ives A, Tsujimoto S, et al. Febuxostat, an
inhibitor of xanthine oxidase, suppresses lipopolysaccharide-
induced MCP-1 production via MAPK phosphatase-1-medi-
ated inactivation of JNK. PLoS One 2013;8:e75527.

6. Borges F, Fernandes E, Roleira F. Progress towards the dis-
covery of xanthine oxidase inhibitors. Curr Med Chem
2002;9:195–217.

7. Viskupicova J, Ondrejovic M, Maliar T. Enzyme-mediated
preparation of flavonoid esters and their applications.
Biochemistry 2012;10:263–78.

8. Thilakarathna SH, Rupasinghe HPV. Flavonoid bioavailability
and attempts for bioavailability enhancement. Nutrients
2013;5:3367–87.

9. Tarahovsky YS, Kim YA, Yagolnik EA, Muzafarov EN.
Flavonoid–membrane interactions: involvement of flavo-
noid–metal complexes in raft signaling. Biochim Biophys
Acta 2014;1838:1235–46.

10. Van Dijk C, Driessen AJ, Recourt K. The uncoupling efficiency
and affinity of flavonoids for vesicles. Biochem Pharmacol
2000;60:1593–600.

11. Vavrikova E, Langschwager F, Jezova-Kalachova L, et al.
Isoquercitrin esters with mono- or dicarboxylic acids:
enzymatic preparation and properties. Int J Mol Sci 2016;
17:E899.

12. Ardhaoui M, Falcimaigne A, Engasser J-M, et al. Acylation of
flavonoids using lipase of Candida antarctica as biocatalyst. J
Mol Catal B: Enzym 2004;29:63–7.

13. Kyriakou E, Primikyri A, Charisiadis P, et al. Unexpected
enzyme-catalyzed regioselective acylation of flavonoid agly-
cones and rapid product screening. Org Biomol Chem
2012;10:1739–42.

14. Chebil L, Humeau C, Falcimaigne A, et al. Enzymatic acyl-
ation of flavonoids. Process Biochem 2006;41:2237–51.

15. De Oliveira EB, Humeau C, Chebil L, et al. A molecular mod-
elling study to rationalize the regioselectivity in acylation of
flavonoid glycosides catalyzed by Candida Antarctica lipase
B. J Mol Catal B Enzym 2009;59:96–105.

16. De Ara�ujo MEMB, Franco YEM, Messias MCF, et al.
Biocatalytic synthesis of flavonoid esters by lipases and their
biological benefits. Planta Medica 2017;83:7–22.

17. Sudan S, Rupasinghe HPV. Antiproliferative activity of long
chain acylated esters of quercetin-3-O-glucoside in hepato-
cellular carcinoma HepG2 cells. Exp Biol Med 2015;240:
1452–64.

18. Xanthakis E, Theodosiou E, Magkouta S, et al. Enzymatic
transformation of flavonoids and terpenoids: structural and
functional diversity of the novel derivatives. Pure Appl Chem
2010;82:1–16.

19. Mellou F, Loutrari H, Stamatis H, et al. Enzymatic esterifica-
tion of flavonoids with unsaturated fatty acids: effect of the
novel esters on vascular endothelial growth factor release
from K562 cells. Process Biochem 2006;41:2029–34.

20. Viskupicova J, Majekova M, Horakova L. Inhibition of the
sarco/endoplasmic reticulum Ca2þ-ATPase (SERCA1) by rutin
derivatives. J Muscle Res Cell Motil 2015;36:183–94.

21. Katsoura MH, Polydera AC, Tsironis L, et al. Use of ionic
liquids as media for the biocatalytic preparation of flavonoid
derivatives with antioxidant potency. J Biotechnol 2006;123:
491–503.

22. Viskupicova J, Danihelova M, Ondrejovic M, et al. Lipophilic
rutin derivatives for antioxidant protection of oil-based
foods. Food Chem 2010;123:45–50.

23. Ma X, Yan R, Yu S, et al. Enzymatic acylation of isoorientin
and isovitexin from bamboo-leaf extracts with fatty acids
and antiradical activity of the acylated derivatives. J Agr
Food Chem 2012;60:10844–9.

24. Xu J, Qian J, Li S. Enzymatic acylation of isoorientin isolated
from antioxidant of bamboo leaves with palmitic acid and
antiradical activity of the acylated derivatives. Eur Food Res
Technol 2014;239:661–7.

25. Lue B-M, Sorensen A-DM, Jacobsen C, et al. Antioxidant effi-
cacies of rutin and rutin esters in bulk oil and oil-in-water
emulsion. Eur J Lipid Sci Tech 2016;119:1600049.

26. Rao RJ, Tiwari AK, Kumar US, et al. Novel 3-O acyl mesquitol
analogues as free-radical scavengers and enzyme inhibitors:
synthesis, biological evaluation and structure–activity rela-
tionship. Bioorg Med Chem Lett 2003;13:2777–80.

27. Salem JH, Humeau C, Chevalot I, et al. Effect of acyl donor
chain length on isoquercitrin acylation and biological activ-
ities of corresponding esters. Process Biochem 2010;45:
382–9.

28. Salem JH, Chevalot I, Harscoat-Schiavo C, et al. Biological
activities of flavonoids from Nitraria retusa (Forssk.) Ach. and
their acylated derivatives. Food Chem 2011;124:486–94.

29. Ara�ujo MEMB, Contesini FJ, Franco YEM, et al. Optimized
enzymatic synthesis of hesperidin fatty acid esters in a two-
phase system containing ionic liquid. Molecules 2011;16:
7171–82.

30. Ziaullah Bhullar KS, Warnakulasuriya SN, Rupasinghe HPV.
Biocatalytic synthesis, structural elucidation, antioxidant cap-
acity and tyrosinase inhibition activity of long chain fatty
acid acylated derivatives of phloridzin and isoquercitrin.
Bioorg Med Chem 2013;21:684–92.

31. Lue B-M, Guo Z, Glasius M, Xu X. Scalable preparation of
high purity rutin fatty acids esters. Jaocs 2010;87:551–61.

32. Viskupicova J, Ondrejovic M., Effect of fatty acid chain length
on enzymatic esterification of rutin. In: 1st International
Conference of Applied Natural Sciences – Book of Abstracts,
Trnava, Slovakia; 2007:59.

33. Pleiss J, Fischer M, Schmid RD. Anatomy of lipase binding
sites: the scissile fatty acid binding site. Chem Phys Lipids
1998;93:67–80.

34. Lin C-M, Chen C-S, Chen C-T, et al. Molecular modeling of
flavonoids that inhibits xanthine oxidase. Biochem Biophys
Res Commun 2002;294:167–72.

35. Ara�ujo MEMB, Franco YEM, Alberto TG, et al. Enzymatic de-
glycosylation of rutin improves its antioxidant and antiproli-
ferative activities. Food Chem 2013;141:266–73.

36. Van Hoorn DEC, Nijveldt RJ, Van Leeuwen PAM, et al.
Accurate prediction of xanthine oxidase inhibition based on
the structure of flavonoids. Eur J Pharmacol 2002;451:111–8.

37. Cos P, Ying L, Calomme M, et al. Structure–activity relation-
ship and classification of flavonoids as inhibitors of xanthine
oxidase and superoxide scavengers. J Nat Prod 1998;61:
71–6.

984 M. E. M. B. DE ARA�UJO ET AL.



38. Nagao A, Seki M, Kobayashi H. Inhibition of xanthine oxi-
dase by flavonoids. Biosci Biotechnol Biochem 1999;63:
1787–90.

39. Brown EJ, Khodr H, Hider CR, Rice-Evans CA. Structural
dependence of flavonoid interactions with Cu2þ ions: impli-
cations for their antioxidant properties. Biochem J 1998;330:
1173–8.

40. Rothwell JA, Day A, Morgan MRA. Experimental determin-
ation of octanol–water partition coefficients of quercetin
and related flavonoids. J Agr Food Chem 2005;53:4355–60.

41. Scheidt HA, Pampell A, Nissler L, et al. Investigation of the
membrane localization and distribution of flavonoids by
high-resolution magic angle spinning NMR spectroscopy.
Biochim Biophys Acta – Biomembranes 2004;1663:97–107.

JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY 985


	Kinetic study on the inhibition of xanthine oxidase by acylated derivatives of flavonoids synthesised enzymatically
	Introduction
	Materials e methods
	Enzymes and reagents
	Enzymatic synthesis of acylated derivatives of flavonoids with different fatty acids
	Conversion yields of acylated derivatives of flavonoids determined by UHPLC-MS

	Partition coefficient determination in octanol/water (k)
	Inhibition of xanthine oxidase (XO) activity by flavonoids and acylated derivatives
	Measurement of the kinetic constants
	Statistical analysis

	Results and discussion
	Enzymatic synthesis of the acylated derivatives of flavonoids
	Kinetics of xanthine oxidase (XO) inhibition
	Partition coefficients of acylated derivatives of flavonoids in 1-octanol/water

	Conclusion
	Acknowledgements
	Disclosure statement
	References



<<
	/PreserveCopyPage true
	/MonoImageDownsampleType /Bicubic
	/MonoImageDict <<
		/K -1
	>>
	/ParseICCProfilesInComments true
	/PreserveHalftoneInfo false
	/TransferFunctionInfo /Preserve
	/GrayImageMinResolution 150
	/EncodeColorImages true
	/AutoFilterGrayImages true
	/ImageMemory 1048576
	/PDFXRegistryName ()
	/EmbedJobOptions true
	/MonoImageFilter /CCITTFaxEncode
	/PDFXNoTrimBoxError true
	/ASCII85EncodePages false
	/DefaultRenderingIntent /Default
	/GrayImageAutoFilterStrategy /JPEG
	/PDFXCompliantPDFOnly false
	/GrayImageFilter /DCTEncode
	/ColorImageResolution 150
	/DownsampleMonoImages true
	/EncodeGrayImages true
	/ColorImageFilter /DCTEncode
	/PreserveDICMYKValues false
	/GrayImageMinDownsampleDepth 2
	/ParseDSCComments true
	/ColorImageAutoFilterStrategy /JPEG
	/EmbedOpenType false
	/AntiAliasMonoImages false
	/JPEG2000ColorImageDict <<
		/Quality 15
		/TileHeight 256
		/TileWidth 256
	>>
	/ColorImageDepth -1
	/CreateJDFFile false
	/PreserveEPSInfo false
	/PDFXSetBleedBoxToMediaBox true
	/DSCReportingLevel 0
	/NeverEmbed [
	]
	/Optimize true
	/Description <<
		/DEU <>
		/NOR <>
		/ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/ESP <>
		/FRA <>
		/SUO <>
		/JPN <>
		/NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
		/ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
		/DAN <>
		/PTB <>
		/SVE <>
	>>
	/CreateJobTicket false
	/EndPage -1
	/MonoImageDepth -1
	/GrayImageResolution 150
	/AutoFilterColorImages true
	/AlwaysEmbed [
	]
	/ColorImageMinResolution 150
	/ParseDSCCommentsForDocInfo true
	/sRGBProfile (sRGB IEC61966-2.1)
	/AutoRotatePages /All
	/MonoImageResolution 600
	/AllowTransparency false
	/GrayACSImageDict <<
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/DoThumbnails false
	/GrayImageDepth -1
	/AntiAliasGrayImages false
	/ColorImageDownsampleThreshold 1.5
	/CompressObjects /Tags
	/AntiAliasColorImages false
	/EmbedAllFonts true
	/ColorImageMinResolutionPolicy /OK
	/PDFXOutputConditionIdentifier ()
	/PreserveFlatness true
	/DownsampleColorImages true
	/MonoImageDownsampleThreshold 1.5
	/PDFXOutputIntentProfile ()
	/GrayImageDict <<
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/UsePrologue false
	/ColorACSImageDict <<
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/JPEG2000GrayACSImageDict <<
		/Quality 15
		/TileHeight 256
		/TileWidth 256
	>>
	/ColorConversionStrategy /sRGB
	/EmitDSCWarnings false
	/MonoImageMinResolutionPolicy /OK
	/UCRandBGInfo /Remove
	/DetectCurves 0.1
	/ColorSettingsFile (None)
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/GrayImageDownsampleThreshold 1.5
	/CropColorImages true
	/MonoImageMinResolution 600
	/JPEG2000ColorACSImageDict <<
		/Quality 15
		/TileHeight 256
		/TileWidth 256
	>>
	/CalRGBProfile (sRGB IEC61966-2.1)
	/CompressPages true
	/Binding /Left
	/PDFXTrapped /False
	/PDFX3Check false
	/DetectBlends true
	/JPEG2000GrayImageDict <<
		/Quality 15
		/TileHeight 256
		/TileWidth 256
	>>
	/GrayImageDownsampleType /Bicubic
	/CompatibilityLevel 1.6
	/PassThroughJPEGImages false
	/PDFXOutputCondition ()
	/CannotEmbedFontPolicy /Warning
	/AllowPSXObjects true
	/LockDistillerParams true
	/ConvertImagesToIndexed true
	/GrayImageMinResolutionPolicy /OK
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoPositionEPSFiles true
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/DownsampleGrayImages true
	/PDFX1aCheck false
	/CropGrayImages true
	/CalGrayProfile (Gray Gamma 2.2)
	/CropMonoImages true
	/SubsetFonts true
	/ColorImageDownsampleType /Bicubic
	/CheckCompliance [
		/None
	]
	/PreserveOPIComments false
	/PreserveOverprintSettings true
	/EncodeMonoImages true
	/MaxSubsetPct 100
	/ColorImageMinDownsampleDepth 1
	/ColorImageDict <<
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/OPM 1
	/StartPage 1
>>
setdistillerparams
<<
	/PageSize [
		612.0
		792.0
	]
	/HWResolution [
		600
		600
	]
>>
setpagedevice


