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REVIEW
Rutin fatty acid esters:
from synthesis to biological health effects and application
JANA VISKUPICOVA - TIBOR MALIAR
Summary

Flavonoids are promising compounds with a significant therapeutic potential. However, rutin efficiency after oral
administration is limited due to its poor bioavailability. This paper presents perspectives of rutin fatty acid esters
prepared by selective enzyme-mediated synthesis. The process is affected by several factors, such as acyl donor, acyl
acceptor, ratios of reactants, solvent, temperature, reaction time and water content. Targeted products retain the
antioxidant activity of the parental compound rutin in both hydrophilic and hydrophobic medium but, compared
to rutin, the derivatives express increased antioxidant activity in lipophilic models, such as low density lipoprotein
oxidation assay, B-carotene linoleate system or Rancimat test. Moreover, rutin esters have enhanced inhibitory activ-
ity toward certain proteases, mainly to serine proteinases of the trypsin-like family. A very interesting finding is the
modulatory effect of rutin fatty acid esters on sarco/endoplasmic reticulum Ca2+-ATPase (SERCA1 isoform) activity.
Interestingly, upon oxidation by peroxynitrite (150 umol‘l-1), rutin derivatives exert a dose-response hormetic effect on
SERCAL activity. Moreover, cytotoxic/anti-proliferative and cytogenetic activities of certain rutin fatty acid esters were
reported. Based on these findings, rutin fatty acid esters may find application in pharmaceutical, food and cosmetic
industrial fields.
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In recent years, there has been a growing de-
mand for efficient bioactive compounds due to
increasing incidence of chronic diseases. Struc-
tures derived from natural sources play a signifi-
cant role in the process of drug discovery and may
provide selective ligands for disease-related tar-
gets. Flavonoids, a group of secondary plant me-
tabolites, have been gaining increasing attention
in experimental studies in vitro and in vivo. Based
on current knowledge, they appear to represent
promising structural groups to be used in preven-
tion and/or treatment of various chronic diseases
due to their potent antioxidant, anti-inflammatory,
anticancer, antidiabetic, antiviral and neuropro-
tective properties. There is an inverse correlation
between the intake of flavonoid-rich diet and the
risk of cardiovascular as well as several chronic

diseases [1-6]. These beneficial effects on human
health rank flavonoids among the most attractive
natural products to support current therapeutic
possibilities.

Quercetin is one of the commonly con-
sumed and widely studied flavonoids. It is main-
ly available in the form of glycosides, such as
quercetin-3-O-rutinoside ~ (rutin), quercetin-3-
O-rhamnoside  (quercitrin), —quercetin-3-O-ga-
lactoside (hyperoside), quercetin-3-O-glucoside
(isoquercetin), quercetin-3-O-arabiniside (gua-
javerin) and quercetin-3-O-xyloside [7]. Rutin
(rutoside, quercetin-3-O-rutinoside) is the gly-
coside of the flavonol quercetin with the disac-
charide rutinose (a-L-rhamnopyranosyl-(1—6))-
B-p-glucopyranose). The highest content of rutin
was detected in capers (3.33 g'kgl), black olives
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(0.45 gkgl), buckwheat (0.36 g-kgl), black tea
(0.20 g-I'1), black raspberry (0.19 g-kgl) and as-
paragus (0.23 g'kgl) [8]. A number of pharma-
cological activities of rutin have been reviewed
in various experimental models, including anti-
oxidant, cytoprotective, vasoprotective, anticar-
cinogenic, neuroprotective and cardioprotective
effects [9].

Glycosylated flavonoids are in general rela-
tively hydrophilic compounds, thus their ap-
plication in food matrices, pharmaceutical or
cosmetic formulations is limited. Therefore, fla-
vonoid lipophilization, e.g. via lipase-catalysed
esterification/transesterification, was introduced
in order to increase the solubility and miscibil-
ity of glycosylated flavonoids in hydrophobic en-
vironments [10]. Flavonoids are unstable due to
both the presence of oxygen at the heteroatomic
ring C, and due to the presence of many hydroxyl
groups in their structures. Thus, they might be de-
graded, by light, oxygen/oxidizing agents and/or by
high temperature, to the related quinones. Acyla-
tion of flavonoids with respective fatty acids may
represent a solution to increase the stability of
flavonoids in lipophilic media [11]. Another draw-
back is the poor bioavailability of flavonoids.
According to pharmacokinetic data, bioavailabil-
ity of rutin in humans was reported to be rather
low (the maximum plasma concentration Cmax =
0.20 wmoll-l = 0.06 wmol-1-l, the mean time to
reach the maximum plasma concentration tmax =
6.5 h = 0.7 h) compared to quercetin glucosides
(Cmax = 1.46 pmoll! = 0.45 pmolll, fmax =
1.1 h = 0.3 h) [12]. Selectively acylated rutin de-
rivatives are likely to reach target tissues/cells
more readily and thus might be orally more active
pharmacological drugs than parent flavonoid mo-
lecules. Indeed, rutin transformation to fatty acid
esters was reported to improve certain bioactivi-
ties, such as antioxidant, anti-proliferative or en-
zyme inhibitory [13-15].

This review paper provides available informa-
tion on rutin fatty acid esters synthesized, with
their most important biological effects in vitro, as
well as on potential practical applications of these
hydrophobized rutin derivatives in foods, pharma-
ceuticals or cosmetics.

Synthesis of rutin esters

Over the past 20 years, there has been a sub-
stantial effort to implement acylation strategies
into practice. In plants, flavonoid acylation was
reported to modulate physiological activity of the
resulting flavonoid esters by altering solubility, sta-
bility, reactivity and interaction with cellular tar-
gets [16].

Presently, enzyme-catalysed flavonoid es-
terification in organic media is a well-mastered
technique for synthesis of selectively acylated fla-
vonoids. The key factors, which influence regio-
selectivity and the performance of the enzymatic
acylation of flavonoids, include type and concen-
tration of enzyme, structure and concentration of
substrates (acyl donor, acyl acceptor and their ra-
tio), nature of the reaction media, water content in
the media, reaction temperature and nature of the
reaction, as reviewed in [10, 17].

VISKUPICOVA et al. [13] previously synthesized
rutin derivatives, esterified by fatty acids of chain
lengths of C4-C22. Conversion of rutin to a re-
spective rutin fatty acid ester increased with the
decreasing length of the carbon chain, with the
highest yield achieved when using butyrate as acyl
donor. The nuclear magnetic resonance (NMR)
analysis of the derivatives prepared showed that
the 47-OH position at rhamnose moiety was
acylated (Fig. 1) [13]. The same acylating position
on rutin molecule was identified also by MELLOU
et al. [14, 18], RAzaAK et al. [19], KATSOURA et al.
[20] and by ArRDHAOUI et al. [21-23]. Other re-
search groups reported that rutin acylation may
also take place in the 3”-OH position of glucose
moiety (Fig. 1) [24, 25]. Alternatively, both the
3”-OH position of glucose and the 4”’-OH posi-
tion of rhamnose can be acylated, yielding rutin-
37,4”-O-diester (Fig. 1) [26]. The differences
in rutin acylation are caused by several factors,
most importantly by the solvent type, reaction
temperature, acyl donor structure, as well as type
and concentration of the enzyme used. Reaction
conditions, including enzyme, acyl donor, solvent,
temperature, time of incubation and percentage of
conversion, employed for the synthesis of rutin fat-
ty acid esters are summarized in Tab. 1. As evident,
lipase B from Candida antarctica, reaction media
such as acetone or 2-methylbutan-2-ol, tempera-
ture of 50-60 °C and fatty acids of C4-C22 have
been most frequently used. Based on the reaction
conditions selected, rutin conversion to appropri-
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Fig. 1. Acylation sites on rutin molecule.
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Tab. 1. Reaction conditions for rutin fatty acid ester synthesis.

Enzyme Acyl donor (fatty acid) Solvent g)%egﬁg;gs Cor;/\i/;r;ion Ref.
CAL-B C4-C18 2-Methylbutan-2-ol 60 °C, 168 h 28-62 % [13]
CAL-B (Novozym 435) | C18:1, C18:2, C18:3 Acetone 50°C,96 h 70 % [14]
CAL-B C12 Acetone 20-55°C, 120 h 20-56 % [19]
Novozym 435, C12, C18, C18:1 lonic liquids, acetone 60 °C, 96 h 16-51 % [20]
Lipozyme TLIM, 50 °C, 96 h
Lipozyme RMIM
CAL-B C6-C18 2-Methylbutan-2-ol 60 °C, 150 h 42-76 % [21, 22]
CAL-B (Novozym 435) | C2 Pyridine, acetone 45°C, 45 h 91 % [26]
C8, C10, C12 Acetone, THF, 45 °C, ns <25% [27, 28]
2-Methylbutan-2-ol,
solvent-free
Subtilisin C4 Pyridine 45°C, 48 h 67 % [29]
CAL-B (Novozym 435) | C12, C16 Acetone 50 °C, 96 h 70-77 % [30]
PUFA concentrate of C18-C22 | Acetone 50°C, 96 h 30 % [31]
C18:3 (n-3) Acetone 55°C, 60 h 92.6 % [32]
C16 2-Methylbutan-2-ol 60 °C, 80 h 2% [33]
Subtilisin C4 Pyridine 45°C,8h 90 % [34]

CAL:B - lipase B (EC 3.1.1.3) from Candida antarctica, Novozym 435 — CAL-B lipase (EC 3.1.1.3) immobilized on an acrylic
resin, Lipozyme TLIM - lipase (EC 3.1.1.3) from Thermomyces lanuginosus immobilized on a non-compressible silica gel carrier,
Lipozyme RMIM - lipase (EC 3.1.1.3) from Rhizomucor miehei immobilized on a macroporous ion-exchange resin, subtilisin —
a serine endopeptidase (EC 3.4.21.62), PUFA — polyunsaturated fatty acids, THF — tetrahydrofuran, ns — not specified.

ate fatty acid ester varied from 2 % to 93 %.
Besides the reaction conditions described in
Tab. 1, other factors have also been reported to
play an important role in rutin fatty acid ester
synthesis. These include water content in reaction
media, molar ratio of acyl acceptor/acyl donor
(rutin/fatty acids), nature in terms of saturation
and molecule length of acyl donors. Water con-
tent in reaction media is an important parameter
as it alters the thermodynamic equilibrium of the
reaction towards hydrolysis or synthesis. ARD-
HAOUI et al. [21] reported the best enzyme activ-
ity and the highest rutin conversion when water
content in media was kept lower than 200 mg-kg-1.
KONTOGIANNI et al. [27, 28] observed the highest
conversion yield when water activity of the me-
dia was 0.11 or less. The molar ratio of rutin/acyl
donor of 1:5 has been preferred for optimal li-
pase-catalysed acylation performance [13, 14, 28,
29]. Since lipase-catalysed acylation involves the
formation of an acyl-enzyme intermediate, the
structure of acyl donor has a significant effect on
reactivity. To date, acyl donors with chain lengths
ranging from short (C2) to long (C30) have been
introduced to flavonoid skeleton in acylation
reactions [35], with highest yields reached either
at short [13, 18] or at medium lengths of fatty acid
chain [21, 22, 28]. It seems that the use of aliphat-
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ic saturated acyl donors resulted in higher ester
yields than if (poly)unsaturated fatty acids were
used, probably due to different molecular shape,
coiled in the latter case due to stereochemistry
of double bonds.

Biological effects of acylated rutin derivatives

Selectively acylated flavonoids with different
aliphatic or aromatic acids were reported to have
improved physico-chemical properties, such as
thermostability, light-resistivity [36], lipophilic so-
lubility and partitioning properties [37]. Aliphatic
acylation of flavonoids was described to protect
glycosides from enzymatic degradation and to
enhance pigment solubility in water [38]. Moreo-
ver, these modifications were reported to increase
affinity to cell membranes (resulting in better pe-
netration) [34, 39], antioxidant activity [13, 18, 20],
enzyme-inhibitory [15, 40], anti-proliferative [14],
cytogenetic [34] and antimicrobial [18] properties
(reviewed by VISKUPICOVA et al. [41]).

Antioxidant activity

Although rutin is a potent antioxidant, its
moderately hydrophilic nature is a critical fac-
tor for accessibility to the active sites of oxida-
tive damage in vivo. Esterification of the hydroxyl
groups of rutin by fatty acids provides an approach
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to increase hydrophobicity and bioavailability, so
that lipid oxidation in biological systems can be
inhibited more effectively. Increased lipophilic-
ity of rutin fatty acid esters with higher partition
coefficient (log P) values may lead to its better
absorption and distribution. For compounds to
have a reasonable probability of being well ab-
sorbed, their log P values must not be greater than
5.0. In general, the compounds with lower log P
values have lower extent of absorption, are rapidly
eliminated from an organism and, therefore, have
a lower systemic effect on physiology. Targeted
rutin derivatives acylated by medium chain fatty
acids (C6-C14) with log P values between 1 and
5 are expected to reach optimal absorption and
clearance properties, thus favourable bioavailabili-
ty and pharmacological response may be achieved.
Several research groups reported that medium to
long chain fatty acid derivatives of rutin prevented
lipid peroxidation more effectively than did rutin
or short chain rutin fatty acid esters [13, 14, 37,
42].

The human low density lipoprotein (LDL)
oxidation assay is considered to be a biologically
relevant in vitro assay for evaluation of antioxidant
effects in vivo. Investigations on LDL oxidation
performed by LUE et al. [37] revealed that rutin
laurate was the most effective compound in in-
hibiting oxidation by prolonging LDL lag time for
an in vitro system, compared to rutin palmitate,
parent molecule rutin and synthetic hydropho-
bic antioxidant butylated hydroxytoluene (BHT),
which is frequently used as commercial antioxi-
dant in the food and cosmetic sectors. Acylation
of rutin with medium or long chain fatty acids may
result in improved antioxidant abilities in more
complex systems, including LDL-oxidation assays.
Likely reasons may concern improved lipophilic
solubility and partitioning properties allowing for
better accessibility to the actual site of oxidation
[37]. KaTsoura et al. [20] investigated the anti-
oxidant potential of rutin derivatives acylated with
lauric, stearic and oleic acids on the oxidation of
LDL. They found that the introduction of oleic
acid (C18:1), the main fatty acid of olive oil, led to
improvement of the antioxidant effect towards oxi-
dation of LDL or serum, compared to non-acylat-
ed rutin and its saturated acyl derivatives. The
authors hypothesized that the lipophilic properties
of antioxidants may affect their incorporation into
the lipid part of the LDL particle, reaching the site
of lipid peroxidation more readily. Apart from an
increase in lipophilicity, other mechanisms, relat-
ed to the structure of the acyl donor (e.g. presence
of unsaturated bonds), may also act on the antioxi-
dant properties of flavonoids [20].

MBATIA et al. [31] evaluated the antioxidant
activities of both rutin and vanillyl esters acylat-
ed with a concentrate of n-3 polyunsaturated
fatty acids (PUFAs), recovered from fish oil, us-
ing 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical
scavenging and thiobarbituric acid reactive sub-
stances (TBARS) assays. In the DPPH- assay, ru-
tin esters showed better activity than did vanillyl
esters and, on the contrary in lipophilic medium,
vanillyl esters were found to be superior to rutin
esters. In emulsion, the esters showed better activ-
ity than a-tocopherol. Moreover, by attaching to
natural phenolics, PUFAs were protected against
oxidation and PUFA improved the hydrophobicity
of the phenolic, which could enhance its function
in lipid systems [31].

VISKUPICOVA et al. [13] also studied the effect
of rutin derivatives acylated with C4-C18 on
DPPH radical scavenging, inhibition of lipid per-
oxidation in B-carotene linoleate bleaching mod-
el and their potential to act as food antioxidants
according to the inhibition of lipid peroxidation in
sunflower oil using the Rancimat test. The DPPH
radical-scavenging capacity of rutin esters was four
to five times higher than that of the comparative
antioxidant, BHT. Induction times of esters in the
Rancimat test increased with their hydrophobicity,
suggesting their potential to increase stability of
sunflower oil when added to it. Of the rutin esters
tested, rutin stearate exhibited the highest protec-
tive effect, which was comparable to that of BHT.
Esters of rutin with palmitate, stearate, oleate, li-
noleate and linolenate were found to be the most
efficient antioxidative agents in the inhibition of
lipid peroxidation in sunflower oil, with an effect
higher than or comparable to that of a-tocopherol.
The results suggest that lipophilic rutin esters may
be useful agents in protection of oil-based foods
against oxidation [13]. The mechanism of the anti-
oxidant effect in lipid oxidation inhibition may in-
fluence its activity in different media, which may
also have an impact on the relationship between
polarity and antioxidant activity [43]. However,
antioxidant efficiency depends on many factors,
which cannot be fully controlled just by addressing
one of them, e.g. hydrophobicity.

SoRENSEN et al. [42] studied the antioxidant
effect of two esters of rutin acylated with C12 and
C16 in fish oil-enriched milk emulsions as a model
for a complex food system. Rutin laurate showed
significantly better antioxidant properties in milk
emulsion compared with the parent molecule rutin
and with rutin palmitate. According to SORENSEN
et al. [42], the optimal alkyl chain length for reach-
ing the highest antioxidant capacity of rutin esters
is below 16 carbon atoms. When hydrophobicity of
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the lipophilized compound increases above a cer-
tain level, the lipophilized compound has been
suggested to form micelles in the aqueous phase
[42].

Findings of DuAN et al. [44] also indicate that
esterification of the 4’-OH position in the rham-
nose moiety may improve the antioxidant activity
of rutin. The antioxidant activities of rutin esters
acylated with capric, lauric or stearic acid were
assessed using the TBARS assay and based on the
inhibitory effects on oxidative modification of leci-
thin induced by Fe2+. The results showed that all
the three rutin esters effectively inhibited oxida-
tion and the effects of rutin-4""-O-laurate or rutin-
4-0O-caproate were better than that of rutin [44].

WARNAKULASURIYA et al. [45] found that fatty
acid derivatives of quercetin-3-O-glucoside acted
as better antioxidants in the oil-in-water emul-
sion system than the initial molecule. Derivatives
acylated with eicosapentaenoic, decosahexaenoic
or o-linolenic acid showed significantly higher
inhibition of Cu2*- and peroxyl radical-induced
LDL oxidation in comparison to non-acylated
quercetin-3-O-glucoside [45]. The authors also
observed that pre-incubation with a-linolenic,
eicosapentaenoic or docosahexaenoic acid esters
of quercetin-3-O-glucoside led to a significantly
greater cell viability of both human lung fibroblasts
(WI-38) and human primary hepatocytes upon
exposure to hydrogen peroxide. Only in human
primary hepatocytes, cytoprotection against
oxidative stress induced by hydrogen peroxide
was observed in the presence of quercetin-3-O-
glucoside esters acylated by oleic or linoleic acids
[46]. Acylation may also enhance the inhibitory
activity of glycosylated flavonoids towards the for-
mation of acrylamide in a lipid food system [47].

The results suggest that rutin lipophilization
with medium to long chain fatty acids might rep-
resent a promising way to increase the antioxidant
activity of rutin. However, the antioxidant effect
of lipophilic rutin esters tested in different experi-
mental systems (aqueous, lipid or emulsions) may
lead to different conclusions.

Enzyme inhibitory properties

Flavonoids were reported to modulate enzyme
activities in vitro as well as in vivo through various
mechanisms, including covalent association, non-
covalent association, allosteric effect, and also via
binding to ATP-binding sites on enzymes/recep-
tors, or influencing Ca2+ homeostasis within cells
[48]. Quercetin was shown to bind into the ATP-
binding pocket, thus causing cooperative inhibi-
tion of sarco/endoplasmic reticulum Ca2+-ATPase
(SERCA) [49]. Experimental evidence suggests
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that acylated flavonoid derivatives may increase
enzyme inhibitory activities [15, 50, 51].

Inhibition of sarco/endoplasmic reticulum Ca2+-
ATPase activity

VISKUPICOVA et al. [15, 52] studied the effect of
rutin fatty acid esters on the sarco/endoplasmic re-
ticulum (SR) calcium transport ATPase (SERCA)
protein isolated from rabbit fast-twitch skeletal
muscle. This enzyme is responsible for maintain-
ing calcium homeostasis within cells and its dys-
function has been associated with various patho-
logical states. SERCAL1 isoform is specific for SR
in fast-twitch skeletal muscle.

VISKUPICOVA et al. [15, 52] indicated that se-
lective rutin lipophilization may increase affinity
of rutin to membrane proteins such as SERCA1
and thus modulate SERCA1 activity [14, 50].
The authors showed that lipophilic rutin deriva-
tives acylated with fatty acids of chain lengths of
16-22 caused significant concentration-depend-
ent decrease of SERCAL activity with the half-
maximum inhibitory concentrations (/Cso) ranging
from 23 umol-l-! to 64 umol-1-1. Moreover, signifi-
cant conformational alterations in the transmem-
brane region of the enzyme were observed. The
strongest SERCA1 inhibition was exerted by rutin
arachidonate (R20:4) and rutin linoleate (R18:2),
with ICsp equal to 23 umol-l'l £ 6.5 umollI'! and
25 wmol'lI'l = 5.5 umol‘l-1, respectively. The inhi-
bition was probably associated with binding of the
derivatives to the transmembrane region of the
enzyme in the vicinity of calcium binding sites, as
supported by in silico studies. Interestingly, upon
oxidation by peroxynitrite (150 wmol-l-l), rutin
derivatives exerted a dose-response hormetic
effect on SERCAL1 activity, i.e. prevention of en-
zyme activity decrease at low concentrations
(< 50 umol‘l'!) and inhibition of SERCA1 activ-
ity at high concentrations (> 50 wmolll) [15].
Lipophilic rutin derivatives also caused a signifi-
cant decrease in membrane fluidity in a concen-
tration-dependent manner, as shown by fluores-
cence anisotropy of erythrocyte membranes [53].
TsucHIYA [54] suggested that structure-depend-
ent membrane interactions of flavonoids, which
modify membrane fluidity, may be associated with
flavonoid bioactivity in the membrane lipid phase.
The ability of flavonoids to interact with mem-
branes at the water-lipid interface seems to con-
tribute to their antioxidant capacity [55].

Antiprotease activity

Current knowledge suggests that polyphenolic
compounds have the ability of selective inhibition
of a wide range of enzymes including proteases
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with potential pathological effects [S6-59]. Strong
inhibitory effects of polyphenols, including flavo-
noids, on various serine proteinases was reported
[56, 60, 61].

VISKUPICOVA et al. [40] investigated the ability
of polyphenol fatty acid esters to inhibit the activ-
ity of serine proteases trypsin, thrombin, elastase
and urokinase. Rutin derivatives esterified with
fatty acid of medium to long, mono- and polyun-
saturated chains (e.g. laurate, myristate, palmitate,
stearate, oleate, linoleate, linolenate, arachidonate
and erucate) showed effective serine protease in-
hibition activities in low micromolar concentration
range with the most significant inhibitory effect
on thrombin (3-14 pmol‘l-1), followed by uroki-
nase (9-50 umol‘l-1) and trypsin (10-130 wmol-I-1).
Quantitative structure-activity ~ relationship
(QSAR) study of the compounds showed that
the most significant parameters for individual in-
hibition activities were the number of hydrogen
bond donors for urokinase, molecular volume
for thrombin and solvation energy for elastase. It
has been suggested that increased inhibitory ac-
tivity of acylated polyphenols may be associated
with enhanced hydrophobicity of the compounds.
Probably the acyl introduced to the polyphenolic
skeleton would provide an interaction with the
hydrophobic region of serine enzymes, thus pro-
viding a higher inhibitory activity. However, non-
specific interactions of the longer acyl chains are
also possible and these may result in a decrease
in protease activity through aggregation induced
by hydrophobic interactions [40] or may act by so
called lipophilic cork effect, i.e. by breaking the
interaction between ligand molecule and solvation
sphere around the enzyme-inhibitor complex.

Cytotoxic or anti-proliferative effects

The cytotoxic effect of rutin derivatives was
tested on various cancer cell lines. VISKUPICOVA et
al. [62] investigated the ability of rutin esterified
with fatty acids of short to long chains (C6—C20) to
inhibit proliferation of colon cancer cells CaCO-2
and mouse leukemic cells L1210. The most potent
anti-proliferative properties on both CaCO-2 and
L1210 cell lines were displayed by rutin caproate
(R6), rutin caprate (R10), rutin stearate (R18)
and rutin oleate (R18:1) with ICso values lower
than 300 umol-I-! after 72 h of incubation. Based
on fluorescent staining, necrosis in CaCO-2 cells
evoked by cytotoxic concentrations of R6, R18 and
R18:1 were detected after 24 h. Similarly, apop-
totic death of L1210 cells was induced by cytotoxic
concentrations of R6, R10 and R18 after 24 h. No
correlation between fatty acid chain length and cy-
totoxic effect was observed [62].

The research group of MELLOU et al. [14]
studied angiogenic activity of rutin fatty acid
esters and reported a significant decrease in the
production of vascular endothelial growth factor
(VEGF), a major angiogenic factor that plays
a key role in tumor growth, in human K562 lym-
phoblastoma cells. The parental molecules (rutin
and unsaturated fatty acids) alone were not
effective [14].

Similarly, SALEM et al. [63] observed that fatty
acid esters of quercetin-3-O-glucoside acylated
with C8-C16 exhibited a dose-dependent anti-
proliferative activity on CaCO-2 cells, indicating
their potential as anti-tumor drugs. The authors
suggested that the activity of a compound in a bio-
logical system does not only depend on its inter-
action with cell membranes due to its lipophilic-
ity but also on its affinity to specific cell receptors
[63].

KopELIA et al. [34] investigated cytologi-
cal properties of butyryl-rutin ester. The authors
found significant differences between rutin and
rutin ester in the induced frequency of micronu-
clei treated cells. At a dose of 100 pug'ml! of ru-
tin, 3.5 % micronuclei was observed, whereas for
a similar dose treatment with rutin-ester, a fre-
quency of 8% of micronuclei was observed. The
fact that rutin ester caused formation of micro-
nuclei at significantly higher levels than did ru-
tin alone can be considered the manifestation of
a stronger action of the agent on the chromosome
owing to its easier penetration into the cell after
its esterification [34].

Recent analysis of naringin laurate uptake in
macrophage cells revealed that the ester bond was
partially degraded in the cell membrane and free
naringin molecule was translocated to the cytosol
[64]. Regarding the structural similarity of narin-
gin and rutin, it may be supposed that the cyto-
toxic effect of rutin esters may be associated with
the action of rutin inside the cells upon crossing
the cell membrane and being released from the
ester-bound form.

Moreover, flavonoids were reported to act as
multidrug resistance modulators due to direct
binding to the nucleotide-binding domain (NBD2)
of P-glycoprotein [65]. Increased hydrophobicity
through the introduction of prenyl or other alkyl
groups into the flavonoid structure resulted in en-
hanced inhibitory effect on P-glycoprotein-based
multidrug resistance [66]. A series of flavonoid
dimers were found to be efficient P-glycoprotein
modulators that increased cytotoxicity of antican-
cer drugs in vitro and dramatically enhanced their
intracellular drug accumulation [67].
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Applications of rutin fatty acid esters

Selectively acylated rutin derivatives represent
useful active principles applicable in various indus-
trial fields, such as food, dietetics, cosmetics, der-
matopharmaceuticals/pharmaceuticals or in agro-
industry (Tab. 2). Current patent inventions refer
to cosmetic, pharmaceutical formulations and nu-
tritional products comprising acylated rutin de-
rivatives with fatty acids ranging from C2 to C30,
and their practical uses.

Lipid oxidation is one of the most important
factors for quality preservation in the food or cos-
metics industry. Frequently used antioxidants to
control lipid oxidation are synthetic, e.g. butylat-
ed hydroxyanisole (BHA) or BHT. Recently, li-
pophilic phenolic compounds were synthesized to
provide “natural” and “healthy” alternatives to

synthetic antioxidants [75]. This hydrophobization
of phenolic molecules can be achieved either by
chemical or enzymatic acylation.

MBATIA et al. [31] showed that the attachment
of PUFAs to natural (poly)phenols protected
PUFAs against oxidation. Moreover, PUFAs im-
proved the hydrophobicity of the phenolic, thus
enhancing its solubility and stability in lipid sys-
tems. PUFAs are vital for a wide range of biologi-
cal functions and are implicated in the prevention
of cardiovascular diseases.

The invention of Moussou et al. [11] refers to
esters of flavonoids such as flavones, flavonols (in-
cluding rutin), flavanones, flavanols, flavanolols,
isoflavones, anthocyanins, proanthocyanidins,
chalcones, aurones and hydroxycoumarins conju-
gated by an ester bond to an w-substituted C6—-C22

Tab. 2. Overview of physico-chemical and biological properties
of lipophilic rutin derivatives in respective application fields.

Application field Physico-chemical and biological properties of lipophilic rutin derivatives Reference

7T stability [11, 31, 68, 69]
Food/ dietetics T solubility [11, 31, 69, 70]

Improved sensory properties/nutritive value [71]

T bioavailability [70]

T penetration through cell membrane [34, 35, 70]

T anticancer effect [14, 72]

Suppress multidrug resistance/inhibit P-glycoprotein [66, 67]

7 free radical-scavenging activity [18, 37, 71]

T antioxidant effect [42, 63, 70]
Pharmaceuticals

Inhibit development of diabetes [71]

T vasodilatory activity [71]

T prophylaxis of oncological, cardiovascular and neurological diseases [70]

T antiangiogenic effect [14]

{ vascular endothelial growth factor in human leukemic cells K562 [14]

T antiproteinase activity [40]

T inhibition of lipid peroxidation/antioxidant efficiency in lipid systems [18, 37, 42]

T penetration into the skin [68]

T photo-protective effect [68]

7T skin protection against UV radiation (UV filters) [11, 71, 73]

T skin-protective effect [70, 71]
Cosmetics/ 1 anti-aging and anti-wrinkling properties [70, 71]
dermatopharmaceuticals | 1 antioxidant and transcription-inhibiting activity [70, 71]

T skin-protective and anti-aging effect [74]

T anti-inflammatory properties [74]

T skin elasticity [35]

T anti-wrinkling and anti-ageing effect [35]

7T strength of blood capillaries [35]

(") — an increase/decrease in the effect.
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fatty acid. These flavonoid derivatives were shown
to exhibit excellent skin protecting properties es-
pecially against mitochondrial or nuclear DNA
damage caused by UV radiation. They showed
very good chemical stability and were easily in-
corporated into cosmetic and pharmaceutical for-
mulations. These w-substituted fatty acid esters
protected skin and scalp against skin aging, oxida-
tive stress and environmental stress (pollutants)
or against inflammation. Surprisingly, these es-
ters of flavonoids were found to have the ability
to protect the skin cells against damage caused by
UV radiation, specifically against UVA and UVB
radiation, more effectively than did unesterified
flavonoids. Moreover, these esters demonstrated
their ability to stimulate the glutathione metabo-
lism of human skin cells after UVA irradiation,
i.e. to stimulate their cellular defenses. They have
also anti-inflammatory and soothing properties, as
demonstrated by the inhibition of released pros-
taglandin E2 after UVB irradiation. This allows
their use as free radical scavengers, anti-oxidants,
anti-blotchiness agents, useful for draining treat-
ment, for slimming treatment, for anti-wrinkle
treatment, as stimulators of the synthesis of elas-
tin and other extracellular matrix elements, and in
toning-up compositions. The compounds may also
be used in compositions for applications related to
cardiovascular diseases, inflammatory disorders,
viral and bacterial infections, venotonic indica-
tions, allergies, stabilizing or protecting therapeu-
tic agents [11].

The invention of PERRIER et al. [35] relates
to flavonoid esters of at least one flavonoid (in-
cluding rutin) and an organic monoacid with
3 to 30 carbon atoms. These flavonoid esters may
comprise active principles for the manufacture of
cosmetic, dermopharmaceutical, pharmaceuti-
cal, dietetic or agri-foodstuff compositions. The
derivatives can be used for carrying out a tonic
treatment for veins, for increasing the strength of
blood capillaries, they exhibit an inhibitory effect
on blotchiness, an inhibitory effect on chemical,
physical or actinic erythema, a treatment for sensi-
tive skin, a decongesting effect, a draining effect,
a slimming effect, an anti-wrinkle effect, a stimu-
lating effect on the synthesis of components of
the extracellular matrix of the epidermis, a toning
effect on the epidermis, an improving effect on the
elasticity of the skin and an anti-ageing effect on
the skin. Moreover, the compounds of the inven-
tion exert lipophilic activity, which provides them
with a liposoluble nature and specifically with an
affinity to cell membranes and particularly the
tissues of the epidermis [35].

CONCLUSIONS

Rutin fatty acid esters possess various biologi-
cal activities and can interact with multiple cellu-
lar or molecular targets. These selectively acylated
molecules exert potent antioxidant or anti-radical
properties, which are enhanced in lipid/oil matrix
compared to the parent molecule rutin. The en-
zyme inhibitory activity increases with acylation
of rutin with fatty acids. This may be associated
with a higher degree of penetration through the
cell membrane and with enhanced hydrophobic-
ity. Depending on fatty acid chain length, rutin
esters might act as possible modulators of cal-
cium signalling pathways via Ca2*+-ATPase activ-
ity modulation. Selective modification of rutin
via lipophilization with fatty acids may represent
a new approach to the production of potent low
toxic serine protease inhibitors, especially towards
thrombin. Moreover, these lipophilic esters ex-
press potent cytotoxic or anti-proliferative effects
towards various cancer cell lines and may be po-
tentially therapeutically applied for the induction
of apoptosis or necrosis in antitumor therapy.

Current research further indicates that am-
phiphilic or lipophilic antioxidants, such as rutin
fatty acid esters, can increase oxidative stability
of ®-3 PUFA-enriched food products. The use of
efficient antioxidants may lower the amount of
antioxidant needed to protect food against lipid
oxidation and may, in addition, decrease the costs.
These lipophilic compounds may represent food
additives that are more “natural” and “healthy”
than the existing synthetic antioxidants such as
BHT or BHA.

Considering the increased bioavailability or
penetration trough the cell membrane of lipophi-
lized rutin derivatives upon oral administration,
it is likely that the therapeutic effect, mainly
oriented towards oxidative stress-related diseases
and cancer, will be enhanced in physiological con-
ditions. However, additional studies are required
since there is a lack of in vivo and clinical evalua-
tions and thus the questions of stability, metabo-
lism and in vivo bioactivity must be addressed in
order to better understand the action of these pro-
spective compounds.
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