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ABSTRACT

In this investigation, we report the ability of polyphenolic extracts from leaves of Lotus ornithopodioides,
Hedysarum coronarium, Medicago sativa, and Cichorium intybus to affect the activity of key enzymes involved
in the cellular redox balance, such as catalase (CAT) and xanthine oxidase (XO). The tested extracts presented a
different polyphenol composition; in fact, while L. ornithopodioides and H. coronarium extracts mainly contained
condensed tannins (HcCT and LoCT, respectively), M. sativa, and C. intybus extracts were richer in flavonoids (CiF
and MSsF, respectively). These condensed tannins (CTs) or flavonoids-containing extracts, had a similar although
moderate inhibition strength towards CAT (IC; 28—53 uM) with mixed inhibition mechanisms. On the other hand,
among the four extracts, MsF caused a clear dose-dependent reduction of the XO activity (IC, 15 uM), followed at
a distance by CiF (IC, 83 uM). Interestingly, both flavonoid-containing extracts displayed a competitive inhibition
mechanism. Vice versa, those containing CT resulted almost ineffective in the inhibition of XO activity. Finally, we
evaluated the effects exerted by these plant extracts on the viability of human gastric cancer cells. Using MKN-28
and AGS as a cellular model for this investigation, we found that, among the four extracts, MsF was endowed with
the highest cytotoxicity, thus suggesting its putative use in anticancer treatments.
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INTRODUCTION

Over the last few years, there has been a growing
interest in using natural compounds produced by plants and
understanding their biological significance. Indeed, many
of these compounds may have applications in the food,
pharmaceutical, or biotechnological industry [1,2]. Among the
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various organic structures possessed by these biomolecules,
polyphenols present in plant foods such as fruits, legumes, and
vegetables have been shown to have significant health benefits
[3]. Indeed, a vegetable-based diet, rich in polyphenols, has
been associated with a decrease in the incidence of many
human pathologies, such as cancer, neurodegenerative, and
cardiovascular diseases. Polyphenols can be divided into two
main groups: flavonoids and non-flavonoids, such as tannins
[2]. Flavonoids and condensed tannins (CT) are synthesized
in several plant species, including forage plants, which also
represent a rich and interesting source of bioactive molecules
endowed with therapeutic potential in human health [4]. For
instance, the Fabaceae family, including Medicago sativa,
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Hedysarum coronarium, and Lotus ornithopodioides contains
the richest source of polyphenols [4]. These phytochemicals
possess anti-cancer properties, acting on enzymes and
proteins, regulating cellular and signaling events in growth,
and having anti-inflammatory effect and anti-oxidant action
[5]. The bioactive components present in these plants possess
antioxidant, anti-inflammatory, immunostimulatory, and
antiaging properties [6,7]. Among antioxidant effects, M.
sativa inhibits the xanthine dehydrogenase/xanthine oxidase
conversion and resultant superoxide anion production in
ischemia [8]. Hedysarum coronarium is a short-lived legume,
found throughout the Mediterranean region both as a wild herb
and as a cultivated fodder crop [9]. Hedysarum coronarium is
a source of main specialized metabolites within the chemical
classes of flavonoids, CT, and saponins, which have various
applications in human and animal health and nutrition [10].
Asteraceae is another important plant family cultivated
worldwide. Most members of this family have therapeutic
applications and a long history in traditional medicine. Many
species of Asteraceae exhibit various pharmacological activities,
such as anti-inflammatory, antimicrobial, antioxidant, and
hepatoprotective properties, attributed to their phytochemical
components, including saponins, and polyphenolic compounds
[11]. Chicory, or Cichorium intybus L., is a perennial herb of
the Asteraceae family and is cultivated worldwide. It is a rich
source of bioactive compounds, including inulin, caffeic acid
derivatives, flavonoids, and vitamins. Cichorium intybus has
anti-inflammatory, antioxidant, immunological, anti-diabetic,
anti-cancer, gastro-protective, anti-microbial, and many other
properties [12]. Therefore, the properties of the polyphenols
present in these Mediterranean forage crops prompted an
investigation into their effects towards the activity of some redox
enzymes involved in the cellular control of reactive oxygen
species (ROS), eventually produced during an uncontrolled
electron transport chain [13].

It is known that ROS, although considered important
cell-signaling components when present in low amounts
[14], can cause serious damage to cellular biomolecules [15]
including lipids, DNA, RNA, and proteins, contributing to cell
pathophysiology. In particular, hydrogen peroxide, superoxide
anion radical, singlet oxygen, and hydroxyl radical are
considered the most common ROS acting in biological systems.
The uncontrolled endogenous/exogeneous ROS production,
called oxidative stress, is a feature commonly observed in
several pathologies including cancer [15,16]. Cells contain
several redox enzymes, acting as pro- or anti-oxidant systems,
and are involved in the fine tuning of a balanced ROS level.
Superoxide dismutase, catalase, peroxiredoxin, and glutathione
peroxidase are considered the most common antioxidant
enzymes [17]. Among these, catalase (CAT) is present in a
wide range of aerobic and anaerobic organisms and is highly
conserved throughout evolution. CAT plays a crucial role in cell
detoxification from ROS, because it catalyzes the dismutation of
two hydrogen peroxide molecules into two molecules of water
and one of oxygen [18,19]. However, CAT is also capable of
scavenging peroxynitrite, another strong ROS responsible for
severe damage to biomolecules. Hydrogen peroxide, although
produced by superoxide dismutase, is also formed during the

activity of xanthine oxidase (XO), a redox enzyme involved
in purine catabolism. Together with xanthine dehydrogenase,
XO derives from the conversion of a common pro-enzyme
called xanthine oxidoreductase; however, XO becomes the
predominant form in oxidant environments. XO catalyzes the
oxidation of xanthine to uric acid, by producing one molecule
of hydrogen peroxide from one molecule of oxygen and one of
water. However, in some conditions, XO forms two superoxide
anions instead of one hydrogen peroxide, by using two
molecules of oxygen and one of water. In this work, CAT and
XO have been considered as typical redox enzymes to study the
possible effects of the bioactive molecules contained in extracts
from leaves of L. ornithopodioides, H. coronarium, M. sativa,
and C. intybus.

The working hypothesis of this study was the question
of whether extracts from forage crops could be endowed with
an inhibitory effect towards typical redox enzymes; in fact, to
the best of our knowledge, this type of investigation has not
been considered yet. However, previous investigations on
plant extracts pointed to the importance of phytomedicine as
a coadjuvant in disease treatment [20-22]. Under this concern,
the extract from M. sativa displayed significant inhibition of
xanthine oxidase, an enzyme frequently used as a target of
pharmacological studies aimed at the identification of possible
novel drugs. Interestingly, this extract was also endowed with
cytotoxicity against human gastric cancer cell lines.

MATERIALS AND METHODS

Materials and reagents

Reagents

Xanthine, hydrogen peroxide (30% v/v stabilized
solution), xanthine oxidase from bovine milk (0.5 U/mg protein),
catalase from bovine liver (2,000-5,000 U/mg protein), and
all other reagents and solvents of high analytical grade were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Gallic
acid, (+)-catechin, and delphinidin were purchased from Sigma-
Aldrich (Merk Life Science, Milan, Italy).

Preparation of plant extracts

Leaves of Lotus ornithopodioides and Cichorium
intybus were obtained from plants indigenous to Sardinia (Italy),
grown as previously reported [23]; those from Medicago sativa
were obtained by CRA-FLC (Lodi, Italy) [4]; leaves from
Hedisarum coronarium were obtained from cultivated fields
of Irsina, Matera (Italy) [4]. Deep-frozen samples were finely
powdered, defatted with chloroform, and then subjected to the
following extraction procedure on 100-200 mg of defatted
material. Concerning samples from L. ornithopodioides and
H. coronarium, the procedure included a first step of water/
acetone extraction [24], followed by chromatography on
Sephadex LH 20 column that was first eluted with aqueous
methanol (1:1) to eliminate the lower molecular weight
phenols; a second elution step with aqueous acetone (3:7)
allowed the obtainment of a source of CT [10]. Regarding M.
sativa and C. intybus, samples were extracted with 5 ml of
80% methanol under stirring overnight. After centrifugation
(3,000 x g), the supernatant was collected, whereas the residue
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underwent a second step of extraction and centrifugation, and
the supernatant was combined with the previous, thus forming
a source of flavonoids [10]. Solvent from all these extracts
was eliminated under vacuum and the samples underwent a
final freeze-dried step of lyophilization. Stock solutions of
these extracts were prepared by dissolving the lyophilized
material in dimethylsulfoxide (DMSQO). These solutions were
used for evaluating the presence of the different groups of
phenolic compounds. In particular, the total phenolic content
in the extracts was determined according to the adapted Folin—
Ciocalteu colorimetric method [25], measuring the amount as
gallic acid equivalents; total flavonoids were evaluated with
the AICL, method [26] as catechin equivalents; the presence of
proanthocyanidins were determined by the butanol/HCI assay
[27] as delphinidin equivalents.

Biochemical methods

For measuring the activity of catalase from bovine
liver (CAT) and xanthine oxidase from bovine milk (XO), the
spectrophotometric methods chosen entailed the usage of a Cary
100 UV-Vis Spectrophotometer (Agilent Technologies, Milan,
Italy). In the CAT assay, the wavelength was set at 240 nm,
because the elimination of hydrogen peroxide by CAT provoked
a specific absorbance decrease at this wavelength. On the other
hand, in the XO assay, the wavelength was set at 295 nm,
because the formation of uric acid by XO provoked a specific
absorbance increase at this wavelength. The following reaction
mixtures were prepared for the steady-state determination of
CAT and XO. In the CAT assay, the 1 ml final volume of a 50
mM potassium phosphate buffer, pH 7.0 (buffer A) contained
32.6 mM hydrogen peroxide and different concentrations of the
various plant extracts. In the XO assay, the 500 pul final volume
of'a 100 mM potassium phosphate buffer, pH 7.8 supplemented
with 0.1 mM EDTA (buffer B) contained 75 pM xanthine
and different concentrations of the various plant extracts.
Moreover, all reaction mixtures contained an identical 1% (v/v)
concentration of DMSO as a vehicle. The reaction started at
25°C with the addition of 1 U/ml of CAT or 0.2 U/ml of XO,
respectively. The absorbance decrease/increase was kinetically
recorded up to 30 seconds, to evaluate the linear part of the
kinetics. The effect of each polyphenolic extract was expressed
through the ratio of CAT or XO activity measured in the presence
of the putative inhibitor over that measured in the absence of
the inhibitor. This activity ratio, expressed as a percentage, was
directly reported vs the concentration of extract, evaluated as
the molarity of gallic acid equivalent [25] in a dose-dependent
profile; 1 uM gallic acid equivalent corresponded to 0.17 pg/
ml. Moreover, a logarithmic transformation of the activity
ratio was realized and semilogarithmic plots were constructed
to calculate the inhibitor concentration that caused a 50%
reduction of the activity (IC,)) through an evaluation of the data
from the resulting straight lines [28].

To evaluate the inhibition power and mechanism
exerted by the polyphenolic extracts, kinetic measurements of
CAT and XO activity were realized. To this aim, the substrate
concentration in the reaction mixtures ranged between 3.26
and 32.6 mM hydrogen peroxide or 4 and 30 uM xanthine,
in the CAT or XO assay, respectively; the other experimental

conditions remained those of the steady-state assays.
Furthermore, the kinetics were performed in the absence or in
the presence of two fixed concentrations of each polyphenolic
extract. The K|, for the substrate and V__ of the reaction were
derived either from the direct nonlinear interpolation in the
Michaelis—Menten hyperbolic equation of the initial rate of
reaction versus the substrate concentration or from a double
reciprocal transformation of the kinetic data in Lineweaver—
Burk plots. The putative type of inhibition mechanism was
tentatively assessed on the basis of the effect of polyphenolic
extracts on K, and V__ values. In particular, a putative
competitive mechamsm was assigned if the V_of the reaction
remained essentially unvaried, whereas the K for the substrate
significantly increased in the presence of the inhibitor; vice
versa, a noncompetitive mechanism was assigned if the V_
decreased and the K, remained unvaried; finally, a concomitant
decrease of K|, and V,__suggested an uncompetitive inhibition
mechanism. The inhibition constant (K.) was obtained by using
the following equations for competitive (a), noncompetitive (b),
or uncompetitive (¢) mechanism:

K=K x[1/(K",-K,) equation (a)

K=V <[V

max max)

equation (b)

K=V <V, ~V,)and K =K', x (K, ~K",)

equations (c)

where K’ or V' represents the K, or V_ measured in the
presence of the concentration [I] of the inhibitor.

Cell cultures and treatments

The human gastric adenocarcinoma MKN-28 [29] and
AGS cell lines (American Type Culture Collection, Manassas.
VA, USA), were cultured in Dulbecco’s modified Eagle
medium (DMEM; Microgem Laboratory Research, Milan,
Italy) supplemented with 10% heat-inactivated fetal bovine
serum (FBS; Microgem Laboratory Research, Milan, Italy),
2 mM L-glutamine, 100 IU/ml penicillin G, and 100 pg/ml
streptomycin, in a humidified incubator at 37°C under a 5% CO,
atmosphere. Cancer cells were split and seeded in plates (75
cm?) every 2 days and used for assays during the exponential
phase of growth. Cell treatments were always carried out 24
hours after plating.

The cell viability was evaluated as a mitochondrial
metabolic activity using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-biphenyltetrazolium bromide (MTT) assay, as previously
reported [29,30]. Briefly, cells were seeded into 96-well
microplates (1 x 10* cells/well), and after 24 hours of
incubation, treated with different concentrations of the extracts
or with 0.6% (v/v) DMSO as the control vehicle. After 24
hours of treatment, 10 pl of the MTT solution (5 mg/ml) was
added to each well in the dark, and the plates were incubated
for 3 hours at 37°C under a 5% CO, atmosphere. At the end of
incubation, the culture medium was removed, and 100 ul of 0.1
N hydrochloric acid in isopropanol was added to each well to
solubilize the formazan crystals. Finally, the absorbance was
measured at a wavelength of 570 nm using a BioTek Synergy
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H1 microplate reader (Agilent, Santa Clara, CA, USA). The cell
viability was expressed as a percentage relative to the untreated
cells set as 100%.

Statistical analysis

All the activity measurements were repeated in at least
three separate experiments and the resulting data were analyzed
with the KaleidaGraph program (Synergy, 5.0 version, Adalta,
Italy). The kinetic and inhibition parameters were reported
as the mean + standard error. The statistical significance of
nonlinear and linear fittings of the data was evaluated with the
correlation coefficient R. The statistical significance of the cell
viability data was evaluated with ANOVA with Bonferroni’s
Post hoc test, and the significance was accepted when p < 0.05.

RESULTS

Preparation of polyphenolic extracts from leaves of
Mediterranean forage crops

Leaves from typical plants of Mediterranean forage
crops, such as L. ornithopodioides, H. coronarium, M. sativa,
and C. intybus were subjected to extraction procedures
to obtain a source of polyphenols. The total polyphenolic
content ranged in the 4-50 mg of gallic acid equivalent per
mg of defatted material. In particular, the extraction from L.
ornithopodioides and H. coronarium aimed at the obtainment
of CT and the corresponding samples were called LoCT and
HcCT, respectively; vice versa, the extraction from M. sativa
and C. intybus aimed at the obtainment of flavonoids (F) and the
corresponding samples were called MsF and CiF, respectively.
The four extracts displayed a different composition as shown
in Table 1. A higher amount of phenolics was found in CiF,
representing 66.1% = 1.1% of the total extract, followed by
flavonoids, evaluated as 33.9% + 1.3% of the total. Flavonoids
were quoted as the dominant compounds in MsF, evaluated as
65.4% =+ 2.8% of the total extract, while phenolics accounted
for 34.5% = 1.6%. CT were found in HcCT and LoCT where
they represent 58.4% + 2.2% and 27.8% + 1.0% of the total,
respectively, whereas they are completely absent in the other
plant extracts. Vice versa, flavonoids (18.2% = 1.4% and 47.1%
+1.4%, in HcCT and LoCT, respectively) and phenolics (23.4%
+ 1.8% and 25.1% + 0.4%, in HcCT and LoCT, respectively)
were also found in both these plant extracts.

Table 1. Percentage composition of the main classes of polyphenolic
compounds detected in the four plant extracts used in this

investigation.
Extract Phenolics °  Flavonoids ® Proanthocyanidins ©
Lotus ornithopodioides ~ 25.1 +0.4 471+14 278+ 1.0
(LoCT)
Hedysarum coronarium 234+ 1.8 182+1.4 584+22
(HcCT)
Medicago sativa (MsF)  34.5+1.6 65.4+2.8 -
Cichorium intybus 66.1 +1.1 339+13 -

(CiF)

*as gallic acid equivalent; ®as catechin equivalent; ¢as delphinidin equivalent.

Effect of polyphenolic extracts on the steady-state activity of
some typical redox enzymes

The effect of the plant extracts on the activity of redox
enzymes was investigated. The first redox enzyme considered in
this study was CAT and the effect of an increasing concentration
of these extracts on the steady-state activity of CAT is illustrated
in Figure 1 A. All the extracts caused a dose-dependent reduction
of the activity, thus suggesting that the polyphenolic compounds
present in the extracts were endowed with some inhibitory
effect on CAT; however, no great differences seem to emerge in
their inhibition strength. After a logarithmic transformation of
the activity data (Fig. 1B), an IC, value was calculated for each
extract and reported in Table 2 as the molarity of gallic acid
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Figure 1. Effect of LoCT, HcCT, MsF, and CiF extracts on the steady-state
activity of bovine liver catalase (CAT). (A) The ratio of CAT activity was
assayed in the absence without (empty circle) or in the presence of the indicated
concentrations of LoCT (filled circles), HcCT (triangles), MsF (inverted
triangles) and CiF’ (squares) and expressed as a percentage, as indicated in the
Methods section. 1 uM gallic acid equivalent corresponded to 0.17 pg/ml. (B)
Data analyzed after a logarithmic transformation of the activity ratio.
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Table 2. Inhibition by polyphenolic extracts on the steady-state
activity of typical redox enzymes.

Extract Bovine liver catalase Bovine milk xanthine oxidase
(CAT) (X0)
Concentration interval IC, * Concentration interval IC, *
(M) (uM ") (M) (M)
LoCT 0-60 53+£3 0-100 >>100
HcCT 0-60 28+5 0-100 >100
MsF 0-30 363 0-30 15+2
CiF 0-60 37+5 0-100 83+4

“The IC, values were extrapolated from the logarithmic transformation of the
steady-state activity data obtained from at least triplicate experiments. The
correlation coefficient R of the resulting straight lines ranged in the 0.973-0.997
interval, with exception of the XO activity data obtained with LoCT and HcCT
(R =0.541 and 0.962, respectively).

] uM gallic acid equivalent corresponded to 0.17 pg/ml.

equivalents. These parameters confirm the previous observation
on a similar moderate inhibition strength possessed by the
various extracts, because all values are comprised in a narrow
concentration interval. Indeed, the inhibition strength of HcCT
(IC,, 28 £ 5 uM) is closely followed by MsF (36 + 3 uM), CiF
(37 £ 5 uM), and LoCT (53 £ 3 uM). These findings suggest
that these extracts, containing CT or flavonoids, have a similar
moderate inhibition strength towards CAT.

The evaluation of the possible inhibition by the
polyphenolic extracts was extended to XO, another crucial
enzyme involved in the homeostasis of the cellular ROS
levels. Indeed, Figure 2A shows the effect of an increasing
concentration of the extracts on the steady-state activity of XO.
Among the four extracts, MsF caused a clear dose-dependent
reduction of the XO activity, followed at a distance by CiF,
the other flavonoid-containing extract. On the other hand, the
extracts containing CT, namely LoCT and HcCT, caused only a
scarce if any inhibition of the XO activity. After a logarithmic
transformation of the data (Fig. 2B), reliable IC, values were
obtained only for MsF and CiF (Table 2). As expected, MsF had
a significant inhibition power towards XO with an IC, value
of 15 + 2 pM, followed at a distance by CiF, having an IC, of
83 =4 uM. For LoCT and HcCT, no reliable IC_ values could
be calculated because of their low inhibition strength; a rough
evaluation of the IC, extrapolated for these extracts predicted
a value greater than 100 pM (Table 2). Therefore, the extracts
containing CT were no longer considered as possible inhibitors
of the XO activity, whereas the flavonoid-containing extracts,
especially MsF, merited a deeper investigation.

Effect of polyphenolic extracts on the kinetic parameters of
catalase and xanthine oxidase

The investigation of the inhibition mechanism
exerted by the extracts was also realized through kinetic
measurements of the CAT and XO activity. Concerning CAT,
the time-dependent consumption of hydrogen peroxide was
measured at different hydrogen peroxide concentrations in
the absence or in the presence of two fixed concentrations of
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Figure 2. Effect of LoCT, HcCT, MsF, and CiF extracts on the steady-state
activity of bovine milk xanthine oxidase (XO). (A) The ratio of XO activity
was assayed in the absence (empty circle) or in the presence of the indicated
concentrations of LoCT (filled circles), HcCT (triangles), MsF (inverted
triangles) and CiF' (squares) and expressed as a percentage, as indicated in the
Methods section. 1 uM gallic acid equivalent corresponded to 0.17 pg/ml. (B)
Data analyzed after a logarithmic transformation of the activity ratio.

the various extracts. The resulting data of initial velocity were
analyzed either in the typical Michaelis—Menten representation
(Fig. 3, panels A, C, E, and G) or in Lineweaver—Burk plots
(Fig. 3, panels B, D, F, and H). In particular, the analysis of
the straight lines drawn in the Lineweaver—Burk plots allowed
the tentative assignment of the inhibition mechanism for each
extract. In the case of LoCT and MsF, the almost parallel
straight lines did not intersect, when crossing neither the
abscissa nor the ordinate axis, a behavior corresponding to an
uncompetitive mechanism of the CAT activity; vice versa, a
noncompetitive mechanism was envisaged for HcCT, because
the straight lines apparently intersected when crossing the
abscissa axis; finally, in the case of CiF, the intersection
occurred when crossing the ordinate axis, thus pointing to a
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Figure 3. Kinetic analysis of the CAT inhibition by LoCT, HcCT, MsF, and CiF extracts. The kinetic measurements of
CAT activity were realized as reported in the Methods section in the presence of 3.26-32.6 mM H,0O, concentration,
without (empty circles) or with the following concentrations of polyphenolic extracts: (A, B) 20 uM (triangles) or 40
puM (filled circles) LoCT; (C, D) 20 puM (triangles) or 40 uM (filled circles) HcCT; (E, F) 20 uM (triangles) or 40 pM
(filled circles) MsF; (G, H) 20 uM (triangles) or 40 uM (filled circles) CiF'. 1 uM gallic acid equivalent corresponded to
0.17 pg/ml. Data were reported using the hyperbolic Michaelis—Menten equation (A, C, E, G) or the Lineweaver—Burk
representation (B, D, F, H). The correlation coefficient R of the hyperbolic or linear equation ranged between 0.994 and

0.999 (A, B), 0.966-0.998 (C, D), 0.988-0.998 (E, F), 0.991-0.999 (G, H).
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Table 3. Effect of polyphenolic extracts on the kinetic parameters of bovine liver catalase.

Extract Concentration K, H,0, Vmax Putative inhibition K, Calculation of K,
(M ?) (mM) (AE/min) mechanism (M ?)
None 16.7+1.5 0.083 £ 0.005
20 14.0+£0.3 0.058 £0.001
LoCT uncompetitive 522+17.6 equations (c)
40 7.1+£04 0.035+0.001
20 11.3+£2.1 0.043 £ 0.004
HceCT noncompetitive 227412 equation (b)
40 83+£23 0.031 £ 0.004
20 134+1.6 0.049 + 0.003 . .
MsF uncompetitive 36.6+15.1 equations (c)
40 5.6+0.5 0.024 +0.001
20 269+5.1 0.073£0.011 . )
CiF competitive 45.6 £13.0 equation (a)
40 28.1+£ 1.7 0.069 £ 0.001

All values were obtained from kinetic measurements of enzyme activity performed in at least triplicate experiments.

2 1 uM gallic acid equivalent corresponded to 0.17 pg/ml.

Table 4. Effect of polyphenolic extracts on the kinetic parameters of bovine milk xanthine oxidase.

Extract Concentration K, Xanthine Vo Putative inhibition K, Calculation of K,
(uM?) (uM) (AE/min ) mechanism (uM*)
None 123+1.0 0.193 £ 0.008
32 228+1.8 0.207 £ 0.009 . .
MsF competitive 50+£1.2 equation (a)
10.8 339+1.2 0.152 £ 0.003
10 16.0+0.4 0.209 +0.003 . .
CiF competitive 442 +10.9 equation (a)
30 19.0+3.8 0.213 +£0.023

All values were obtained from kinetic measurements of enzyme activity performed in at least triplicate experiments.

* 1 uM gallic acid equivalent corresponded to 0.17 pg/ml.

competitive inhibition mechanism. Interestingly, the values
of the kinetic parameters K, and V_  derived from the
Michaelis—Menten equation were almost overlapping with
those calculated from the Lineweaver—Burk plots. On the
basis of the effects observed on these parameters of the CAT
activity calculated in the absence or in the presence of two
concentrations of extracts, it was possible to obtain the K, value
for each extract (Table 3). Compared to IC, , K, represents a
more accurate measurement of the inhibition power exerted
by each extract on the enzyme CAT, because this parameter
is independent on the substrate concentration. Among the
four samples, the lowest K, (22.7 + 1.2 uM) was found with
HcCT. The inhibition power of the other samples slightly and
progressively decreased with MsF, CiF, and LoCT in the order,
because the corresponding K, values were 36.6 = 15.1 uM,
45.6 £ 13.0 uM, and 52.2 = 17.6 uM, respectively. These data
confirm that the CT and flavonoids extracted from leaves of
common forage crops are endowed with a common evident,
although moderate capability to inhibit the CAT activity.
Concerning XO, the kinetic analysis of its activity in
the presence of the extracts involved only MsF and CiF, because
the steady-state measurements of the XO activity indicated that
LoCT and HcCT had a scarce if any inhibition strength. Even
in this case, the time-dependent formation of uric acid was
measured at different xanthine concentrations without or with
two fixed MsF or CiF concentrations. The resulting data were
analyzed with the Michaelis—Menten (Fig. 4, panels A and C)
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Figure 4. Kinetic analysis of the XO inhibition by MsF and CiF polyphenolic
extracts. The kinetic measurements of XO activity were realized as reported in
the Methods section in the presence of 4-30 uM xanthine concentration, without
(empty circles) or with the following concentrations of polyphenolic extracts: (A,
B) 3.2 uM (triangles) or 10.8 uM (filled circles) MsF; (C, D) 10 uM (triangles)
or 30 uM (filled circles) CiF. 1 pM gallic acid equivalent corresponded to 0.17
pg/ml. Data were reported using the hyperbolic Michaelis—-Menten equation (A,
C,) or the Lineweaver-Burk representation (B, D). The correlation coefficient
R of the hyperbolic or linear equation ranged between 0.990 and 0.999 (A, B),
0.990-0.999 (C, D).
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Figure 5. Cell viability of human adenocarcinoma cell lines after treatment with
polyphenolic extracts. AGS (gray columns) and MKN-28 (black columns) cells
were treated for 24 hours with the indicated concentrations of LoCT (panel A),
HcCT (panel B), MsF (panel C), or CiF (panel D). Control cells were incubated
with 0.6 % (v/v) DMSO as a vehicle. Cell viability was determined with the
MTT assay, as reported in Materials and Methods. 1 uM gallic acid equivalent
corresponded to 0.17 pg/ml. The values, reported as a percentage compared
to control cells, represent the mean + standard error of separate experiments
performed in triplicates. The significance was evaluated with p < 0.05 (*), 0.01
(#), and 0.001 ().

or Lineweaver—Burk representation (Fig. 4, panels B and D).
In particular, the straight lines observed in the Lineweaver—
Burk plots seem to intersect when crossing the ordinate axis,
a behavior suggesting a tentative competitive inhibition
mechanism of the XO activity for both MsF and CiF. Based
on the effects of the extracts on the kinetic parameters of the
XO activity, namely an increase of the K, with CiF and even
more with MsF, while the ¥ remained essentially unvaried,
the K. values were calculated and reported in Table 4. MsF was
endowed with a low value of K, (5.0 + 1.2 puM), thus pointing
to its powerful inhibition strength, whereas CiF had a 9-fold
greater value of K, (44.2 + 10.9 uM). These data suggest that
some flavonoids extracted from leaves of M. sativa may act as
powerful inhibitors of the XO activity.

Effect of polyphenolic extracts on the viability of gastric
cancer cell lines

The known anti-cancer activity of plant polyphenols
prompted an investigation on the possible cytotoxic effect
exerted by the polyphenolic extracts, using an in vitro cell
model. In particular, we evaluated whether these extracts could
affect the cell viability of the human gastric adenocarcinoma
cell lines AGS (from primary tumors), and MKN-28 (from
metastatic lymph nodes), using the 3-(4,5-dimethylthiazol-2-
yl)-2,5-biphenyltetrazolium bromide MTT assay. Specifically,
AGS and MKN-28 cells were incubated for 24 hours with

vehicle alone or in the presence of increasing concentrations
of the four extracts (Fig. 5). The data show that only MsF
displayed an evident and strong concentration-dependent
inhibition of cell viability (Fig. 5C). In particular, cell
proliferation was progressively reduced starting from low
concentrations of this extract and, after treatment with 250
uM MsF, cell viability was reduced to 9% and 18% for AGS
and MKN-28, respectively. The extrapolated IC value for
MSsF ranged in the 75-100 puM interval for both cell lines.
Conversely, the other extracts were much less effective
in reducing proliferation of the cancer cells, because their
cell viability remained always greater than 50% even after
treatment with the maximum extract concentration. In
particular, cell viability of AGS and MKN-28 was 67% and
58%, respectively, after treatment with 250 uM LoCT (Fig.
5A); 74% and 56%, respectively, after treatment with 250 uM
HcCT (Fig. 5B); 73% and 65%, respectively, after treatment
with 150 uM CiF (Fig. 5D). Furthermore, a general overview
of the cell viability data suggested that, compared to AGS,
the MKN-28 cell line was apparently more sensitive to the
treatments with the various extracts.

DISCUSSION

It is known that the Mediterranean diet may give a
great contribution to a healthy status and that the advantages
of this eating behavior are probably linked to the presence of
several edible plants. Indeed, many plants, including those used
as forage crops, are rich in polyphenols, whose consumption
produces several benefits [31]. In particular, the antioxidant
and anti-inflammatory properties of these compounds are
relevant for preventing and/or reducing the incidence of many
human pathologies, such as neurodegenerative, cardiovascular,
gastric or metabolic diseases, and even cancer. Furthermore,
the complementation of synthetic medical drugs with the
consumption of natural polyphenols during a therapeutic
treatment may be useful to reduce the dosage of compounds
that frequently cause adverse side effects, when administered in
great amounts and/or for long periods.

Among polyphenolic substances, flavonoids are the
most abundant in the human diet. They can be found in flowers,
leaves, and seeds of fruits, vegetables, and other food crops
[32,33]. It is widely recognized that the regular consumption
of flavonoids is beneficial for preventing several diseases
and maintaining a good health status [34-37]. Tannins, a
heterogeneous group of high molecular weight polyphenolic
compounds, are abundant in plants and have been identified
in almost all their parts, including fruits, leaves, roots, seeds,
wood, and bark [38]. Tannins are classified into hydrolysable
and CT, these latter are the most abundant plant-derived
polyphenols, and their presence in forage plants has been
reported to increase the efficiency of protein digestion in
husbandry animals [39].

Typical plants of Mediterranean forage crops are M.
sativa, H. coronarium, L. ornithopodioides, and C. intybus. The
preparation of extracts from these plants represented a good
source of flavonoids and CT, useful for investigating the effects
of these polyphenols on the activity of crucial redox enzymes,
such as catalase and xanthine oxidase. The studies on steady-
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state activity and the kinetic parameters of these enzymes
presented in this work show that the mixture of polyphenols
present in the plant extracts displayed inhibition properties on
these target macromolecules. However, significant differences
emerged in the inhibition strength between the two enzymes, as
well as among the various extracts.

When considering the effects on the activity of
bovine liver CAT, the mixture of CT in LoCT and HcCT or
flavonoids in MsF and CiF had a moderate inhibition of this
enzyme, as emerging from the K, values calculated for these
extracts, all of them ranging in the 22.7-52.2 uM interval.
Therefore, independently of a possible different composition,
the CT and flavonoids present in the extracts displayed a similar
modest inhibition of catalase activity. The putative inhibition
mechanism possessed by the four extracts was analyzed and
some differences emerged. In particular, LoCT and MsF seemed
to act as uncompetitive inhibitors, HcCT as noncompetitive, and
CiF as competitive. However, this apparent different behavior
could be also explained with a similar modest inhibition power,
which impaired an undoubtful ranking. Taken together, all these
data suggest that catalase cannot be considered as a promising
target enzyme for its inhibition by polyphenolic substances.

Moving to the effects caused by the various plant
extracts on the activity of bovine milk XO, a different behavior
emerged with respect to CAT. Indeed, the mixture of CT in
LoCT and HcCT was essentially ineffective in inhibiting the
activity of XO, whereas the flavonoids contained in MsF and
CiF were capable to cause an evident inhibition. Furthermore,
among these two extracts, a strong difference emerged in the
inhibition power, because the K, of MsF (5.0 + 1.2 uM) was
strikingly lower than that calculated for CiF (44.2 + 10.9 uM).
It seems relevant that both the efficacy of MsF in inhibiting
XO (K, in the micromolar range) and the inhibition mechanism
(competitive) was in line with that observed for allopurinol,
a xanthine structural homolog already used as a drug, and
for polyphenolic extracts obtained from other plants [40,41].
Therefore, MsF could be ranked as a powerful inhibitor of XO,
whereas CiF had a 9-fold lower inhibition power. Despite their
different inhibition strength, both these extracts displayed a
competitive inhibition mechanism towards the XO activity. It
is likely that the bioactive compounds contained in our extracts
could mimic the purine-based structure typically present in
XO inhibitors [28,42]. This finding, together with the powerful
inhibition strength displayed by the MsF extract could suggest
considering in the future xanthine oxidase as a promising target
enzyme for its inhibition by a specific class of polyphenolic
substances, such as the flavonoids contained in the extract of
M. sativa, a finding already reported for other plant extracts
[43,44].

Polyphenols are known to be associated with a
reduction in the incidence of many human diseases, including
cancer. The human gastric adenocarcinoma cell lines AGS
and MKN-28, were previously used as a representative
cellular model of the gastrointestinal system, to study the anti-
inflammatory and chemo-preventive effects of lemon peel
polyphenols [45]. Therefore, these two cell lines were used to
evaluate the effects on cell viability exerted by the polyphenolic
extracts obtained from leaves of Mediterranean forage crops.

The evaluation of the cellular effects exerted by the extracts on
MKN-28 and AGS cell lines demonstrated that only the extract
of M. sativa was able to cause a significant reduction of cell
proliferation. This finding was an additional thrust to consider
the polyphenolic substances contained in MsF as bioactive
molecules endowed with properties useful for the design of
drugs beneficial for human health [46].

CONCLUSION

The data reported in this work were obtained with
commercially available bovine enzymes, which share several
properties with the corresponding human counterparts. However,
this choice should not represent a strong limitation, as these
enzymes have already been used as experimental models for
inhibition studies by several compounds. Therefore, our findings
could reinforce the working hypothesis that polyphenols could
represent bioactive molecules useful for the design of drugs
beneficial for human health. Under this concern, the extract from
leaves from Medicago sativa can be considered as a suitable
source of compounds endowed with putative pharmacological
properties. Future perspectives of our study include an
investigation on the molecular mechanisms underlying the
observed effects as well as an extension of the study on the
effects on different cellular system models of diseases; under
this aspect, cell morphology analysis and investigation of bio-
signaling pathways linked to proliferation would clarify the
observed effects. Moreover, also in vivo experiments would be
necessary, in order to explore the possible use of the extract(s)
as integration in functional foods. Furthermore, a deeper
investigation on the extract(s) composition would be helpful to
shed light in the inhibition mechanism observed, even in terms
of synergistic action. Finally, studies on the effect of natural
extracts on the activity of crucial redox enzymes could be useful
even for people interested in the obtainment of health benefits
through an appropriate consumption of vegetables.
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