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Abstract

In the present work, the potentid hepatoprotective effects of five phenolic compounds
againg oxidative damages induced by tert-butyl hydroperoxide (t-BHP) were evaluated
in HepG2 cdlsin order to relate in vitro antioxidant activity with cytoprotective effects.
t-BHP induced considerable cdl damage in HepG2 cells as shown by significant LDH
leakage, increased lipid peroxidation, DNA damage as well as decreased leves of
reduced glutathione (GSH). All tested phenolic compounds sgnificantly decreased cdl
desth induced by t-BHP (when in co-incubetion). If the effects of quercetin are given
the reference vaue 1, the compounds rank in the following order according to inhibition
of cel degth: luteolin (4.0) > quercetin (1.0) > rosmarinic acid (0.34) > lutedlin-7-
glucoside (0.30) > caffeic acid (0.21). The results underscore the importance of the

compound's lipophilicity in addition to its antioxidant potentid for its biological
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activity. All tested phenalic compounds were found to significantly decreaselipid
peroxidetion and prevent GSH depletion induced by t-BHP, but only luteolin and
quercetin Sgnificantly decreased DNA damage. Therefore, thelipophilicity of the
natura antioxidants tested appeared to be of even grester importance for DNA
protection than for cdl survivd. The protective potentid againgt cell desth was
probably achieved mainly by preventing intracdlular GSH depletion. The phenolic
compounds studied here showed protective potentia againgt oxidetive damage induced
in HepG2 cdls. This could be beneficia againgt liver dissases whereiit is known thet

oxidative stress plays a crucid role.

K eywor ds: Phenolic compounds; Liver; Oxidative stress, HepG2 cells; tert-butyl

hydroperoxide; Antioxidants
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Introduction

Anoverdl increasein cellular levels of reective oxygen species (ROS) above the cdls
defenses results in oxidative stress that can ultimately cause cell deeth. Oxidetive stress has
been recognized to be involved in the etiology of severd age-related and chronic diseases
such as cancer, diabetes, neurodegenerative and cardiovascular diseases (Tiwari, 2004; Cui
et d., 2004; Ceridlo and Motz, 2004; Klaunig and Kamendulis, 2004; Willcox et d., 2004;
Bdllinger, 2005; Gibson and Huang, 2005). In particular with respect to liver diseases such
as hepatocdlular carcinoma, vird and dcoholic hepatitis and non-alcoholic gegtods itis
known that ROS and reactive nitrogen species play acrucid role in disease induction and
progresson (Adachi and Ishii, 2002; Loguercio and Federico, 2003; Vitaglioneet d.,

2004). Theliver is particularly susceptible to toxicants since the porta vein brings blood to
this organ after intestind absorption. The aosorbed drugs and xenobiatics in a concentrated
form can cause ROS- and free radica-mediated damage that may result in inflammatory
and fibrotic processes (Jaeschke et d., 2002) .

Because oxidative stress plays a centrd rolein liver diseases pathology, dietary
antioxidants have been proposed as thergpeutic agents to counteract liver damage
(Vitaglione et d., 2004) . This sameidea has aso been suggested for other oxidative siress
based chronic diseases (Tiwari, 2004; Willcox et d., 2004) . In fact, severd

epidemiologica studies have shown thet diets rich in fruit and vegetables and other plant
foods (including tea.and wine) are associated with adecreased risk of premature desth and
mortaity from chronic diseases, such as cardiovascular diseases and some types of cancer
(Stanner et d., 2004; Scabert et d., 2005) . Phenolic compounds (PhC), and in particular
polyphenadls, are believed to be, at least in part, reponsible for such effects. Results from

some humean dinicd trids support the role of these compoundsin prevention of some
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chronic diseases (Ren et d., 2003; Spencer e d., 2004; Tiwari, 2004; Willcox et d., 2004;
Scalbert e d., 2005).

Today much is known about the chemistry and antioxidant potential of PhC as aresult of
in vitro chemicd and sub-cdllular gudies(Rice-Evanset d., 1997; Croft, 1998). However,
besdestheir strong free radica scavenging activity, PhC can dso act as antioxidants by
chdating meta ions, preventing radica formation, and indirectly by modulating enzyme
activities and dtering the expresson levels of important proteins, such as antioxidant and
detoxifying enzymes (Ferguson, 2001; Ross and Kasum, 2002; Ferguson et d., 2004) . Few
studies, however, address the biologica effects of PhC, and the ones performed using
cellular and in vivo moddsindicate apoor corrdation between the antioxidant potency of
PhC messured in vitro and the compound's biologica activity. The biologica effect of
PhC and their in vivo dirculating metabolites will ultimately depend on their cdlular

uptake and/or the extent to which they associate with cell membranes (Spencer et d.,
2004).

HepG2 cdlls, ahuman hepatoma cdl line, are consdered a good mode to study in vitro
xenobicotic metabolism and toxicity to theliver, since they retain many of the specidized
functions which characterize norma human hepatocytes (Knasmuller et d., 1998). In
particular, HepG2 cdlls retain the activity of many phase |, phase Il and antioxidant
enzymes ensuring that they congtitute a good tool to sudy cytoprotective, genotoxic and
antigenatoxic effects of compounds (Knasmuller et d., 2004; Mersch-Sundermann et .,
2004). Recently, studies of cytoprotection by naturd antioxidantsin HepG2 cdls have
increesingly been usng tert-butyl hydroperoxide (t-BHP), an organic hydroperoxide, asthe
toxic agent (Thabrew et d., 1997; Kinjo et d., 2003; Mersch-Sundermann et d., 2004; Lee
et d., 20053, 2005h; Aliaet d., 2006). t-BHP can be metabolized in the hepatocyte by

glutathione peroxidase, generating oxidized glutathione (GSSG) (Sies and Summer, 1975;
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Rush et d., 1985). GSSG is converted back to reduced glutathione (GSH) at the expense of
NADPH by glutathione reductase (GR). Depletion of GSH and NADPH oxidation are
associated with altered calcium homeostasis, leading to loss of cell viability (Bellomo et dl.,
1982, Matin et d., 2001) . Alternatively, t-BHP can be converted into its peroxyl and

akoxyl free radicds by cytochrome P450 enzymes and by free iron-dependent reactions.
These free radicas can subsequently initiate lipid peroxidation, form covaent bonds with
cellular molecules (such as DNA and proteins) and further decrease GSH levels. The latter
effect, in addition to dtering calcium homeogtas's, affects mitochondria membrane
potentia, eventudly causing cell degth (Rush et d., 1985; Nicotera et d., 1988; Masaki et
d., 1989; Davies 1989; Buc-Caderon et d., 1991; Kasset d., 1992; VanderZee et d.,
1996; Hix et d., 2000).

In this study we eva uate hepatoprotective effects of PhC againgt t-BHP-induced oxiddive
damage in HepG2 cdlls, in order to relate in vitro antioxidant activity with cytoprotective
effects. Two phenolic acids, caffeic acid and rosmarinic acid (an ester of caffeic acid and
3,4-dihydroxyphenyllactic acid), and three flavonoids, lutedlin (flavone), luteolin-7-

glucoside (flavone glycoside) and quercetin (flavonol), were used (Fig. 1). Firdly, the
concentrations of PhC that protected by 50% (ICso) against t-BHP-induced cdll degth were
determined. Based on the |C g, vaues for each compound, biologicd activity wasrelated to
both antiradica efficiency and hydrophobicity. Subsequently, 1Cgo vaues, a concentration
thet effectively protects 80% of the cdlls against t-BHP-induced cdll desth, were used to
evduate the effects of each compound on severd markers d oxidative damage, such as
intrecdlular glutathione, lipid peroxidetion, glutathione-related enzyme such as
glutathione-S-transferase (GST), GR and glutathione peroxidase (GPox), aswedl ason
DNA damage. The relative importance of effects of PhC on these parametersto protection

againg t-BHP-induced cdl degth is discussed.



R

B

R BB REBERRRBRRESREHE

B B B B B

Materials and methods

Chemicals

Minimum Essentid Medum Eagle (MEM), tert-butyl hydroperoxide, quercetin,
rosmarinic acid, caffeic acid and Bradford reagent were purchased from Sigma-Aldrich
(S. Louis, MO, USA). Feta bovine serum (FBS) was obtained from Biochrom KG
(Germany). Luteolin and luteolin-7-O-glucoside were purchase from Extrasynthese

(Genay, France). All other reegents were of andytica grade.

Cell culture

HepG2 cdls (hepatocdlular carcinoma cdl line), obtained from the American Type
Culture Collection (ATCC), were maintained in culture in 75 cm? polystyrene flasks
(Felcon) with MEM containing 10% FBS, 1% antibiotic-antimycotic solution, 1 mv

sodium pyruvate and 1.5 g/l sodium bicarbonate under an atmosphere of 5% CO2 at 37°C.

Assay for t-BHP cytotoxicity and protection by phenolic compounds

HepG2 cells were plated in 24-muitiwell culture plates a 2.5x10° cdlls per well. To study
t-BHP cytotoxicity, forty hours after plating, the medium was discarded and fresh medium
containing t-BHP at various concentrations was added. At different time points, cdlular
viahility was determined by the MTT assay (Mosmann, 1983) and by lactate
dehydrogenase (LDH) leakage assay (Limaet d., 2005). In order to determine the
concentration of PhC that protects 50% of the cells from damage induced by the toxicant
(1Cs), cdllswere incubated with 2 mM of t-BHP for 5 h to induce significant cdll desth.
The prevention of LDH leskage (cdll degth) was measured in co-incubations with PhC

dissolved in DM SO (1% v/v find concentration, controls with DM SO only) a severd
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concentrations. The 1Cso and the Hill dope— the dope of the PhC concentrations (in
logarithm) plotted versus cell degth protection relative to the control (2 MM t-BHP, 5 h) —
were caculated graphicaly using a computer program (GraphPead Prism, version 4.00,
GraphPad Software Inc.). Based on the dose-response curves of cell desth protection by
PhC againgt the t-BHP-induced oxidetive damage in HepG2 cdlls, the 1Cgp concentrations
were estimated and used in the following experiments to eva uate the protective potentia

of the compounds on severd cdlular parameters.

Eval uation of the effects of t-BHP and PhC at the | Cgy concentration on lipid peroxidation,
glutathione levels and glutathionerelated enzyme activitiesin HepG2 cells

HepG2 cells were plated in 6:multiwell culture plates at 7.5x10° cdlls per well. Forty hours

after plating, the medium was discarded and fresh medium containing 2 mM t-BHP and/or

the I Cgo concentration of each PhC was added. Five hours later, cdl culture medium and

cdl scrapings were harvested and kept at -80°C for following quantification of severd

parameters. Cell scrapings were harvested in lysis buffer (25 mM KH,PO 4, 2 mM MgCl,,

5mM KCl, 1mM EDTA, 1 mM EGTA, 100 uM PMSF, pH 7.5) after rinang the cdlls

with PBS (137 mM NaCl, 2.7 mM KCl, 85 mM NaH PO, 1.5 mM KH2PO4, pH 7.4).

Evaluation of the effects of t-BHP and PhC at the |Cg concentration on DNA damagein
HepG2 cells

HepG2 cells were plated in 6:multiwell culture plates at 5x10° cells per well. To study t-
BHP-induced DNA damage, 16 h &fter plating, the medium was discarded and fresh

medium containing t-BHP at various concentrations was added. After 1 hour of incubation,
cellswere rinsed in warm PBS and then incubated for 5 min with 0.125% (w/v) trypsinin

PBS. The cdlswere then harvested in PBS to be used in the alkaline version of the comet
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assay for evauation of DNA damage. To study the protective potentia of PhC at 1Cgo
concentration on t-BHP-induced DNA damage, cells were incubated with 200 uM t-BHP
for 1 hto induce sgnificant DNA damage. For that, Sixteen hours after plating, the
medium was discarded and fresh medium containing 200 uM t-BHP and/or the IC s
concentration of each PhC was added to the cdlls. After 1 h incubetion, cells were treated

as aboveto carry out the comet assay.

Comet assay

The sngle cdl gel dectrophoresis (comet) assay was performed based on previous
descriptions (Klaude et d., 1996; Uhl et d., 1999, 2000) with dight modifications. Briefly,
40,000 celsin PBS were centrifuged (80 xg, 2 min), the pellet was mixed with 100 pl of
low melting agarose 0.5% (w/v) in PBS, at 37°C and spread on agarose coated dides. The
agarose was dlowed to set at 4°C for 10 min, and then the dides were immersed in lysis
buffer (2.5 M NaCl, 100 mM EDTA, 10 mM Tris, pH 10 with NaOH, triton X-100 1% viv
added fresh) at 4°C for 2 h. After being rinsed with didtilled water, the dides were
immersed in a horizonta eectrophoresis tank with dedrophoresis buffer (300 mM NaOH,
1 mM EDTA, pH >13) a 4°C and exposed for 40 min to dlow adkaine unwinding.
Afterwards, dectrophoresiswas carried out under akaline conditions for 20 min, 300 mA,
a 0.8 V/cmin acold room (4°C). Findly, the dides were neutraized by washing three
timesfor 5 min each with 0.4 M Tris, pH 7.5, at 4°C, fixed with methanol and kept a 4°C
until evauation. For analysis of the comet images, the DNA was ained with ethidium
bromide and scored under a fluorescent microscgoe using a computer assisted image
andyss sysem and/or avisud scoring method avoiding andlyzing cells at the edges of the
gel. The computer image analyses were done using a public domain image-andyss

program — NIH image (Hdmaand Uhl, 2000) , and the results expressed in terms of tall
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length, tail moment and % DNA intail of 50 cdlsin 4 independent experiments. In the
semiquantitative method of visud scoring, the comet images were classfied in five classes
according to the intengity of fluorescence in the comet tall, attributingavadueof 0, 1, 2, 3
or 4 from undamaged to maximal damage. In thisway, the total score for 200 images can
range from O (dl undamaged) to 400 (al maximaly damaged, giving the overdl DNA
damage of the cdll population expressed in arbitrary units(Duthie and Dolbson, 1999;

Duthie, 2003).

Biochemical analyses

Lipid peroxidation

The extent of lipid peroxidation was estimated by the levels of maondiddehyde messured
using the thiobarbituric acid reactive substances (TBARS) assay at 535 nm following a
methodology previoudy described (Limaet d., 2005). The results are expressed as
nmol/mg of protein using amolar extinction coefficient of 1.56x10° M cm™.
Glutathione levels

The glutathione levels from the cdll cultures were determined by the DTNB-GSSG
reductase recycling assay as previoudy described (Anderson, 1985), with some
modifications(Limaet d., 2004). The results are expressed as nmol GSH/mg of protein.
Glutathionerelated enzyme activities

For measurement of the glutathione-related enzyme activities, the cell scraping
homogenates were centrifuged at 10,000 xg for 10 min a 4°C and the supernatant
collected.

GST and GR activities were measured spectrophotometricaly at 30°C as previoudy

described (Lima et d., 2005) and the results expressed in nmol/min/mg protein (mU/mg).
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The sdenium-dependent and -independent GPox activity was assayed as previoudy
described (Martin-Aragon et d., 2001) with some modifications. Briefly, GPox activity
was measured at 30°C following NADPH oxidation a 340 nm on a plate reader
spectrophotometer (Spectra Max 340pc, Molecular Devices, Sunnyvae, CA, USA)in the
presence of 1 mM GSH, 0.18 mM NADPH, 1 mM EDTA, 0.5 U/ml GR and 0.7 mM t-
BHP in 50 mM imidazole (pH 7.4). The activity was expressed as nmol of subdtrate
oxidized per minute per mg of protein (muU/mg).

Protein

Protein content was measured with the Bradford Reagent purchased from Sigma using

bovine serum dbumin as astandard.

Antiradical activity

Thefreeradica scavenging (antiradical) activity of PhC was studied againgt two radicals
the stable free radicd 2,2-diphenyl-1-picrylhydrazyl (DPPH?) and the superoxide redicdl.
For DPPH scavenging activity, after addition of different concentrations of PhC to DPPH
(90 uM), the percentage of remaining DPPH was determined at different times from the
absorbance a 515 nm using a plate reader spectrophotometer. As suggested by Sanchez-
Moreno and callaborators (SanchezMoreno e d., 1998), the amount of antioxidant
necessary to decrease by 50% theinitid DPPH concentration (ICsq) was expressed in terms
of initid concentration of DPPH to make the results eesier comparable with other
published results. However, we put the results of the PhC in terms of molesinstead of
grams to better relate the results with the chemica structures (Fig. 1) of the PhC studied.
We dso caculated the parameter antiradical efficiency (AE) (SanchezMoreno et d.,
1998) using the estimated Ticso — time needed to reach the Steady state at the corresponding

| Cso concentration, where AE = 1/(ICs0 % T ics0). Findly, anew parameter is aso shown —
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the Hill dope, the graphicaly caculated dope from the plotted PhC concentration (in
logarithm) versus the remaining DPPH concentration (GraphPad Prism). The higher this
vaue, the narrower the concentration range from 0 to 100% of antiradica activity. This
graph was aso used to caculate the 1Cso of each compound.

The superoxide radica scavenging activity was determined using the phenazine
methosulphate-NADH nonenzymetic assay as previoudy described (Vdenteo et d., 2001).
Asfor DPPH assay, we aso show the Hill dope from the graphics used to cadculate the

| Cso (GraphPad Prism).

Measurement of the partition coefficients
The degree of hydrophohicity of the PhC was examined by measuring the partition
coefficients taken in logarithm using an noctanol/HEPES system (K y) as previoudy

described (Arelas et d., 2001), a ambient temperature (~25°C).

Satistical analysis
Data are expressed as means + SEM. Statistical significances were determined using aone-
way ANOVA followed by the Student-Newman-Keuls post-hoc test. P values = 0.05 were

congdered datidticaly sgnificant.

Results

t-BHP cytotoxicity

The cytotoxicity of t-BHP to liver cells has been extensvely studied dthough its
mechanisms of action have not been totaly established (Sies and Summer, 1975; Cadenas
and Sies, 1982, Belomo et d., 1982; Rush et d., 1985; Jewd| et d., 1986; Nicoteraet d.,

1988; Masaki et d., 1989; Davies, 1989; Buc-Caderon et d., 1991; Kass et d., 1992; Hix
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et d., 2000; Matin et d., 2001) . Recently, HepG2 cdlls have been used to study the
hepatotoxicity of t-BHP (Kim et d., 1998, 2000; Firet et d., 2002, 2004; Aliaet d., 2005),
and this modd suggested to evauate the protective properties of naturd compounds and
plant extracts againgt oxidative damages(Thabrew et d., 1997; Kinjo et d., 2003; Lee et
d., 20053, 2005b; Aliaet d., 2006). However, because the cdll’ sresponse to t-BHP
depends on culture conditions, we first sudied HepG2 cdls responseto t-BHP dose (1
mM and 2 mM) and incubation time (1-16 B by measuring LDH leskage and by the MTT
assay (Fig. 2). All our experiments with HepG2 cdlls were done with a culture medium
containing 10% (v/v) FBS. LDH leakage and MTT assay gave Smilar results for effects on
cdl viahility in response to t-BHP at both studied concentrations (Fig. 2). In the subsequent
studies, cdl incubations were performed with 2 mM of t-BHP for 5 h to induce 40-50% of
cdl death (Fig. 2) and usad to eva uate the hepatoprotective potentia of PhC againgt this

oxidant insult.

Potential hepatoprotective effects of the PhC against t-BHP-induced toxicity in HepG2
cells

The potential hepatoprotective effects of the five PhC againg the t-B H P-induced toxicity

(2mM, 5 h) was evduated by determining protection of cel viability, as measured by

LDH leskage (Fig. 3) in HepG2 cdls. From the graphicaly computed vaues (Fig. 3), 1Cso

and Hill dope vauesfor each compound were obtained (Table 1). Asshown in Table 1, of

the tested compounds, Iuteolin had the highest protective activity againgt t-B HP-induced

toxicity. The glycosylation of the hydroxyl group & postion 7, present in luteolin-7-

glucoside, sgnificantly decreased both 1Csp and Hill dope (Table 1). Quercetin, the

flavonal of luteolin, in addition to ahigher 1Cso dso had alower Hill dope, indicating a

lower hepatoprotective potentid when compared to the flavone. Rosmarinic and caffeic



acids had lower protective potentias againg the oxidant insult to HepG2 cdlls when
compared to the flavonoids — higher 1Cs values and lower Hill dopes (Table 1).
Comparing the phenalic acids (Table 1), the polyphenol rosmarinic acid had higher

hepatoprotective potentia than caffeic acid, which corrdates well with the presence of one

8 8 B ¥ B

more ortho dihydroxy phenalic sructure (Fig. 1).

®

Based an the dose—response curves of protection from cell death, the PhC ICg
concentrations were extrapolated (Table 1) and used to eva uate the effects of each
compound againg t-B H P-induced oxidative injuriesin HepG2 cdlsin terms of lipid
peroxidetion, glutathione leves, glutathione-related enzyme activities and DNA damage.

Theleve of protection of cdl viahility obtained for each compound was corrdated with

g 8 B B B

the effect on each of the severd parameters outlined above.

3

3

Effects of the t-BHP and PhC at the ICg concentration on lipid peroxidation, glutathione

B

levels and glutathionerelated enzyme activities in HepG2 cells

8

Theincubation of HepG2 cdlswith 2 mM t-BHP for 5 h decreased cdll viability by 40-

“

50% (Fig. 2), dong with asignificant increasein lipid peroxidation and GSSG levels

(Table 2), aswell asadecreasein GSH leves (Fig. 4). The toxicant aso Sgnificantly
decreased the GR and GPox activities and had no significant effect on GST activity (Table
3).

All the PnC tested at 1Cgy concentration decreased sgnificantly thet-BHP-induced
increase in lipid peroxidation (Table 2), caffeic acid being the most powerful with a 35%
reduction and the weskest being luteolin-7-glucoside with a 25% reduction. None of the

PhC dgnificantly changed lipid peroxidation and GSSG levdsin cdls incubated done

8 8 8§ 8 8 8§ 8B 8

(without t-BHP) for 5 hours. As shown in Table 2, dl the compounds reduced the t-BHP-

310  induced increasesin GSSG levels, but the effect was sgnificant only for rosmarinic acid.
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The decrease in the GSH levelsinduced by t-BHP was sgnificantly atenuated by al of the
PhC (Fig. 4). Luteolin-7-glucoside showed the best protective effect (81%) againgt the t-
BHP-induced decrease in GSH levds, followed by Iuteolin (53%), quercetin (40%), caffeic
acid (36%) and rosmarinic acid (34%). When HepG2 cdlls were incubated done with the
PhC for 5 h, rosmarinic acid and the three tested flavonoids dightly decreased basa GSH
levds, dthough not Sgnificantly (Fig. 4). When this effect is taken into consderation,
luteolin-7-glucosde dmost completely prevented the decrease of GSH induced by the
toxicant.

When incubated done with HepG2 cells, lutedlin-7-glucoside decressed significantly the
GST activity by 17% (Table 3). Asobserved in Table 3, the t-BHP-induced decressesin
GR and GPox activities were only dightly atenuated by the PhC, and only quercetin

showed a significant protective effect (19%) on GPox activity.

t-BHP-induced DNA damage in HepG2 cells

The extent of DNA damage produced by 1-hour incubationswith increasing concentrations
of t-BHP were determined by the comet assay and the images analyzed both by computer
assged program and visud scoring. This modd of t-BH P-induced DNA damagein
HepG2 cdls has been usad by other authors (Woods et d., 1999, 2001). As stated
previoudy, due to effects of culture conditions a dose—responseto t-BHP on DNA damage
was Sudied. As shown in Figure 5, t-BHP concentrations of 200 uM and higher result in
sgnificant DNA damage as visudized by the comet assay. The semiquantitative method of
visud scoring used has been extensively vaidated by comparison with computerized

image andysis systems and corrdates well with more quantitative measures, such as %
DNA inthetall and tail moment (Duthie, 2003) . Our results aso showed good correlations

between the semiquantitative method and the parameters given by computer andysis

14
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system (Fig. 5E). To evauate the effect of the PhC at 1Cgo concentration on t-B H P-induced
DNA damage, HepG2 cells were coincubated for 1 h with the different PhC plus 200 uM
t-BHP, and the DNA damage was assessed using the akaline version of the comet assay
(results scored using the semiquiantitative method). Incubation conditions of 1 h with 200

KM t-BHP were chosen to test the protective effects of PhC because intermediate damage

to the DNA was produced (~200 AU).

Effects of PhC at the | C gy concentration on t-BHP-induced DNA damage in HepG2 cells
Of the PnhC tested, quercetin and luteolin conferred the best protection againgt t-BHP-

induced DNA damage (Fig. 6). Even if the | Cgp concentration for luteolin is 4 times lower

than that for quercetin (Table 1), Iuteolin gave better protection than the flavonal (76% and

58%, respectively) (Fig. 6). Both quercetin (Fig. 7) and luteolin (data not shown) showed a
concentration-dependent DNA protection. As shown in Figure 7B, the protective effect of
quercetin was visualy clear in the comet assay images. Rosmarinic acid (14%) and
lutedlin-7-glucoside (18%) dso protected significantly from DNA dameages, dthough to a

much lower extent. At ICg concentration, caffeic acid did not show protection of the

DNA. None of the PhC tested induced DNA damage when incubated adone for 1 h at 1Cgo

concentration (Fg. 6).

Antiradical activity

The antiradicd activity of the PhC used in this study was evauated by the DPPH and
superoxide radica scavenging assays. Figure 8 shows graphicaly the results from the
DPPH scavenging assay of caffeic acid as an example, which was used to caculate the
| Cso and the Hill dope for the compound. Rosmarinic acid had the best 1Cso vaues both

againgt DPPH and superoxide radicas (Tables 4 and 5). The ICsp vaduesin both antiradica
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activity assays for caffeic acid were, as expected, sgnificantly higher than those for
rosmarinic acid, but both compounds showed smilar Hill dopes. Quercetin presented
lower 1Cs vaues than the other flavonoids againg both radicds (Tables 4 and 5). On the
other hand, quercetin had the lowest AE (Table 4). Comparing luteolin with its glucoside,
the aglycone had a dightly lower 1Csp and a higher Hill dope againgt both radicds. In the
case of the DPPH scavenging activity, the higher AE vaue with asimilar IC s means that
for luteolin-7-glucoside the time needed for it to reach the Steedy Sate at the corresponding
| Csp concentration was shorter than for luteolin.

The antiradica activity of some of these PhC has been extensively studied by many
authors (Sanchez-Moreno et d., 1998; Moridani et d., 2003; Butkovic et d., 2004; Pargo

et d., 2004; Kosar et d., 2004) , and our results are, in generd, in agreement with theirs.

Partition coefficients

The degree of hydrophohicity of the PhC was examined by measuring the partition
coefficients usng an nroctanol/HEPES system. Havonoids are much more hydrophobic
than phendlic acids (Table 6). As expected, the glycosylation of the hydroxyl group a
position 7 of luteolin decressed considerably the degree of hydrophobicity of this
compound. Luteolin had adightly higher PC than that of quercetin (Table 6). The
experimentaly determined hydrophobicity of these two flavonoids has often been referred
in the literature, but the results are controversd. Some authors describe luteolin as more
hydrophobic than quercetin (Brown et d., 1998; Ardias et d., 2001; Murata et d., 2004)
whereas others hold the opposite to be true (Moridani et d., 2003) . The computer program
that can be accessed at htp://www.esc.syrres.com, the KowWin (LogKow) software, gives
alower degree of hydrophobicity for quercetin than for Iuteolin, 1.48 and 2.36,

respectively. This program uses fragmenta analysis of the compound’ s structure for the



prediction and the computed vaues show usudly a high correlation with quoted

experimental values ( = 0.95).

Discussion

8 8 8 4 8

The present work demongrates that dl the tested PhC possess protective effects against t-

&

BHP-induced cell death in HepG2 cdlls. Conferred protection decreased in the following
order: luteolin > quercetin > rosmarinic acid > luteolin-7-glucoside > caffeic acid as shown
by 1Csp vaues. Congdering the compounds hydrophobicity (luteolin > quercetin >
luteolin-7-glucoside > rosmarinic acid > caffeic acid) and the antiradica activity evauated

both for DPPH (rosmarinic acid > quercetin > caffeic acid > luteolin > luteolin-7-glucoside)

g8 8 8 8 K

and superoxide radicd (rosmarinic acid > quercetin > luteolin > luteolin-7-glucoside >

8

caffeic acid) scavenging activities, the results show that the hepatoprotective potentia of

8

these PhC corrdates primarily with their degree of hydrophobicity and only secondarily

with their antiradica capacity. Infact, Rice-Evans et d. (1996) and Spencer et d. (2004)

S

suggested that the antioxidant biologica activity of PhC will depend more heavily on the

5

extent to which they associate, interact and permeste cell membranes than on its antiradica
activity aone. In agreement with this, it was only for compounds with comparable
hydrophobicities, such as the two tested phenolic acids, that a direct correlation between

biological adtivity and antiradical activity was obtained

The importance of the compound' s lipophilicity in addition to the antiredical cgpadity is
corroborated by comparisons between structuraly reaed compounds. When Iuteolinis
olycosylated a postion 7 in the A ring to become luteolin-7-glucosde, the compound's

hydrophobicity decreases dramaticdly. As aresult, dthough the antiradica activity of

58 8§ 8 &% 8B 8 R

lutedlin-7-glucoside was only dightly affected (5% to 11%), its biological activity

410  decreased dramaticaly (about 13 times lower) when compared with that for luteolin. The

17
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results observed for quercetin and luteolin dsoimplicate hydrophobicity as an important
factor for this cytoprotective antioxidant effect of compounds. The absence of the hydroxyl
group & position 3 (C ring) decreasesthe antiradical (hydrogendonating) activity of
luteolin while incressing its hydrophobicity reletive to quercetin. In agreement with the
previoudy stated, in coincubationswith t-BHP, Iuteolin showed the best protection with
an | Cx, four times lower than that for quercetin. Also, in certain types of non cdlular
lipophilic oxidation systems, luteolin showed higher antioxidant effects than those of

quercetin (Brown et d., 1998; Filipe et d., 2001; Hirano et d., 2001).

Theimportance of the compounds hydrophobicity is aso shown by comparing the results
between rosmarinic acid and Iuteolin-7-glucosde. Although rosmarinic acid had higher
antiradica scavenging activity, because the degree of hydrophobicity of luteolin-7-
glucoside was higher than rosmarinic acid, both compounds showed similar biologica

effect (Smilar |Cso vaues).

Because our model of cytoprotection tests the PhC in co-incubations with the toxicant,
their antioxidant effects may reflect mainly their direct actions on mediators of t-BHP
toxicity. These direct effectsinclude, besides the antiradica scavenging or hydrogert
donating activity measured in this study, the compounds' &bility to chelate metd ions
(RiceEvanset d., 1996) . Iron chelation could indeed be important for the protection
againg t-BHP toxicity, which is known to be mediated by intracelular iron ions (Hix et d.,
2000). PhC may dso indirectly act as antioxidants in cells by modulating the activity of
antioxidant, detoxifying and repairing enzymes aswell as enzymesinvolved in the
bioactivation of xenobiatics (Ferguson, 2001; Ross and Kasum, 2002; Ferguson et d.,
2004). In the present study, where short term smultaneous incubations were used, PhC
protection through incressed activity of glutathione-related enzymes seems not to be

relevant. In fact, the activity of GST, an important phase 11 detoxifying enzyme (Ferguson,
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2001; Ferguson et d., 2004) , was decreased rather than increased in controls exposed to
luteolin-7-glucosde, the only compound thet had a Sgnificant effect on glutathione-related
enzymes. Longer term pre-incubations would provide the opportunity for induction of
proteins and enzymes, such as antioxidant enzymes, by interaction with antioxidant

response elements (Ferguson et d., 2004).

t-BHP-induced cdl death was accompanied by increased lipid peroxidation and GSSG
levels, and DNA damege as well as decreased GSH levels and glutathione-reated enzyme
activity. Theincrease in GSSG levels was not in the same range as the decrease in GSH
levels. This indicates that t-BHP reduced GSH levels mainly through formation of GSH
conjugates rather than oxidation to GSSG. These effects are in accordance with previous
udiesin liver cdls (Sesand Summer, 1975; Belomo et d., 1982; Rush et 4., 1985;
Jewdl et d., 1986; Nicoteraet d., 1988; Masaki et d., 1989; Buc-Caderon et d., 1991,
Kasset d., 1992; Thabrew e d., 1997; Matin & d., 2001; Kinjo et d., 2003; Aliaet d.,
2005, 2006; Lee e d., 20058, 2005b) . However, particularly in HepG2 cdlls, t-BHP
exposure conditions are different among different studies published so far (Thabrew et d.,
1997; Kim et d., 1998, 2000; Piret et d., 2002, 2004; Kinjo et d., 2003; Aliaet d., 2005,
2006; Lee et d., 20053, 2005b) . Previous reports indeed dert to the fact that different
origins of HepG2 cdones, culture medium compaosition and cultivation time (age of cdls)
may affect the experimenta outcome through differences in sengtivity towards drugs
(Knasmuller et d., 2004; Mersch-Sundermann et d., 2004). It therefore becomes
imperative to characterize the cdls response to the toxicant as well as the experimenta

conditions used for the detection of protective effects of test compounds.

In an attempt to explain the observed cytoprotective effects of the tested PhC, we looked at
their effects at |Ce concentration on severd markers of cdlular oxidative stress, such as

lipid peroxidetion, glutethione levels and DNA damage.
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t-BHP-induced lipid peroxidation in HepG2 cdls was attenuated by dl tested PhC at 1Cgo
concentrations to a imilar extent, of about 30% (25% to 35%). A good correlation seems
to exist between hepatoprotective effects and the prevention of lipid peroxidetion. The
ability of PhC to chelate metd ions and/or to act as chain bresking antioxidants by
scavenging (as hydrogen donors) lipid dkoxyl and peroxyl radicas (Rice-Evanset d.,
1996; Brown et d., 1998) could provide an explanaion for the observed reductionin lipid
peroxidation. Neverthdess, the extent of this reduction was rdatively smdl, only about
30%. Thisindicatesthat it is most likely not only through reduction of lipid peroxidation
that PhC protect HepG2 cdlls againgt deeth. In agreement with this, previous reports
indicated thet t-BHP-induced toxicity was not mediated by lipid peroxidation (Rush et d.,
1985; Jewd| et d., 1986; Buc-Cdderon et d., 1991; Martin et d., 2001) . Moreover, our
own observations (data not shown) and a previous work (Rush et d., 1985) reported that
incubations of liver cdlswith the oxidant pair ascorbate/iron induced massive cell lipid
peroxidation without significantly affecting cell viahility. Preservation of cel vighility

seems therefore to depend aso on effects at other levels.

All tested PhC dso significantly attenuate the decrease of GSH levelsinduced by t-BHP at
their 1Cg concentrations. GSH plays an important role in hepatocyte defence againgt ROS,
free radica's and eectrophilic metabolites (Kedderis, 1996; Cagtdl et d., 1997). A severe
GSH depletion leaves cdls more vulnerable to oxidative damage by radicas and increases
protein thiolation or oxidation of SH groups that may leed to dteraionsin cdlular cacium
homeogtasis (Cagtdl et d., 1997). A sudtained increese in cytosolic cacium levels results
in activation of enzymes (phospholipases, non-lysomd proteases, endonucleases) and
cytoskeleta damage which ultimately causes cell deeth (Castell et d., 1997). The decrease
of GSH levels hasindeed been suggested as one of the primary mechanisms of t-BHP-

induced toxidity in liver cdls (Jewdll et d., 1986; Buc-Cdderon et d., 1991; Matinet d.,
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2001) thet is generdly followed by an increase in the intracellular levels of calcium
(Belomo et d., 1982; Nicotera et d., 1988; Buc-Cdderon et d., 1991; Kass et d., 1992).
Thus, the potentia of PhC to maintain GSH &t reasonably high levels could be of great
importance againgt t-BHP-induced toxicity. Therefore, the ability of the tested PhC in
preventing againgt t-B H P-induced GSH depletion by about 40% was probably amgor
contribution to their cytoprotective effects. In the case of luteolin-7-glucoside, there was a
higher protection (~80%) of GSH levelsthat did not reflect higher cytoprotection (dl
compounds were tested at their ICg, concentration). This may have been due to the
observed inhibitory effect of Iuteolin-7-glucoside on GST having a sparing effect on GSH.
Because protection by PhC againgt increases of GSSG levelsinduced by t-BHP wasweak,
it ssemsthat PhC protect againgt the decrease of GSH levels mainly by preventing the

formation of GSH conjugates rather than oxidation to GSSG.

In spite of this generd protection of GSH, when incubated alone, PhC decreased GSH
levels by 5% in the case of rosmarinic acid and between 10% and 14% for the tested
flavonoids. Although not Satidticaly significant, this effect seems to indicate some pro-
oxidant activity of these compounds. Previous studies aso found a decrease in GSH
induced by flavonoids(Duthie et d., 1997; Gdai et d., 2002) . For flavonoidswitha 3 4 -
dihydroxyl group on the B ring (catechol B ring), asisthe case here, the decrease of GSH
levels was found to be through formation of GSH conjugates instead of oxidation to GSSG

(Galati et dl., 2002).

Incubations of HepG2 cdlswith t-BHP induced DNA damage in a concentration
dependent manner, as visudized by the comet assay. Exposure to 200 uM t-BHP induced
significant DNA damage without inducing cdll mortdity (data not shown). This seemsto
indicate that t-B H P-induced DNA damage was not implicated in the cell death induced by

this organic peroxide in HepG2 cdls. In fact, caffeic acid, a | Cgo concentration,
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sgnificantly decreased t-BHP- induced cell death without protecting DNA from damage.
Also, previous reports showed a dissociation between the oxidative DNA damage induced
by t-BHP from the killing of hepatocytes (Coleman et d., 1939; Latour & d., 1995).
Latour and collaborators (1995) ruled out both the formation of oxidized DNA bases and
the activation of a calcium-dependent endonuclease as mechanisms by which -BHP
induces DNA single strand bregks. They showed that t-BHP causes DNA single strand
breaks mogt likely by covadent binding of free radicalsto DNA by mechanisms dependent
onironions (Latour et a., 1995). Iron-dependent reactions have been proposed as the key
factor to the DNA damage induced by t-BHP sinceit can be prevented by iron chelators
but not by free radicad scavengers, such as butylated hydroxytoluene and trolox (Coleman
et d., 1989; Laour et d., 1995; Guidardli et d., 1997; Sedlili et d., 1998, 2002). Recently,
another study using a different modd showed the importance of iron chelation on DNA
protection over free radical scavenger activity (Mdidou et d., 2005). In our study, where
the compounds were tested a their 1Cgo concentration (concentration thet protected 80%
agang cdl desth), only luteolin and quercetin conferred a very clear protection againgt
DNA damage. An ortho dihydroxy phenolic structure is one of the requirements for PhC
ability to chelate trangition metal ions such as copper and iron (Rice-Evans et d., 1996;
Williams et d., 2004). All the compounds used in this study possess this dement, but only
luteolin and quercetin conferred noticesble protection against DNA damage. It seems
therefore, that even more than in the case of preserved cdl viahility, the degree of
hydrophobicity of the compound is an important factor for protecting from DNA damage,
since this could explain the higher effects obtained for Iuteolin and quercetin. Alsoin
accordance with this arethe results obtained from the comparison between quercetin and
luteolin themsalves. Metd ion chelation ability of flavonoids gppearsto be not only

dependent on the presence of the catechol B ring but aso an oxo group at postion 4in C
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ring in combination with hydroxyl group ether a postion5or 3 (Miraet d., 2002;
Williams et d., 2004). Therefore, quercetin probably has higher metd ion cheletion ability
than luteolin, which lacks the OH group at position 3. In fact, previous results showed
higher capacity of quercetin to chelate iron and copper than luteolin (Miraet d., 2002).

Our results show that luteolin, athough at a concentration 4 times lower, protected DNA
againg damage better than quercetin, which emphasizes the importance of the compounds
lipophilicity. Also others have dready drawn attention to the fact that the biological effects
of acompound would be adirect function of its lipophilicity, which is expected to increase
the cdlular uptake of these agents, aswell astheir subcdlular locdizetion in lipid
compartments (Sedtili et d., 2002; Spencer et d., 2004) . Studies using other modd s and/or
different cdll types showed thet Iuteolin had higher potential to decrease DNA damage than
guercetin (Noroozi et d., 1998, Romanovaet d., 2001; Horvathova et d., 2004, 2005), or
the opposte—quercetin having higher ability to reduce DNA damage than luteolin
(Horvathova et d., 2003; Mdidou et d., 2005). As well, higher cytoprotective effects of
luteolin over quercetin were found by some authors (Kaneko and Baba, 1999; Sasaki et dl.,
2003), dthough others reported the oppodite (Ishigeet d., 2001) . It seems, therefore, that
the protective potentia of luteolin and quercetin is cdl type specific and/or dependent on

the agent used to induce DNA damage. Neverthdess, dthough DNA damage induced by t-
BHP in HepG2 cdls seems not to be acrucid event for cdl death, this experimental model
can be of use to extensively study the protective potentia of PhC against DNA damage. It
would be, for example, agood modd for structure-activity relationships between severd

classes of flavonoids.

In conclusion, the PhC studied here showed protective effects againgt oxidative damages
induced in HepG2 cdlsthat could be of use againgt liver disseses whereit is known that

oxidative stress plays a crucid role. Moreover, their protective potentia seemsto be
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dependent on the compound' s lipophilicity in conjunction with its antioxidant activity.
Their effects on protection againgt t-B HP-induced GSH depletion seem to be animportant

factor for presarving cdl vidhility.
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Results (tables)

Table 1 — Potentia hepatoprotective effects of the tested PhC against t-BHP-induced
toxicity in HepG2 cdls.

TABLE
Hepatoprotective effects of PhC were tested in co-incubations with 2 mM of BHP (5
h) in HepG2 cdls. 1Csy and the Hill dope were taken from the plotted dose-response
curve (Fig. 3). 1Cgo concentration was estimated from the same dose—response curve.

Vauesare mean £ SEM of a lead 4 independent experiments.

Table 2 — Effects of -BHP and PhC at | Cgy concentration on lipid peroxidation and
oxidized glutathione levels in HepG2 cdls

TABLE
HepG2 cdlswere incubated with  BHP 2 mM (5 h) and/or with individua PhC &t 1Cgg

concentration and lipid peroxidation (as estimated by TBARS assay) and GSSG levels

measured. Vaues are mean + SEM, n =5 (TBARS), n =4 (GSSG). *** P=0.001 when
compared with the negative control.  P=0.05 and ** P=0.001 when compared with the

t-BHP control.

Table 3— Effects of t-BHP and PhC at | Cgy concentration on glutathione-related enzyme
activitiesin HepG2 cdls

TABLE
HepG2 cdlswere incubated with t-BHP 2 mM (5 h) and/or with individua PhC at 1Cgg
concentration and the activities of GST, GR and GPox measured. Vaues are mean
SEM, n=5.* P=0.05, ** P=0.01 and *** P=0.001 when compared with the negetive

control. * P=0.05 when compared with thet-BHP control.



Table 4 — DPPH scavenging activity of the tested PhC.

TABLE
Different concentrations of each PhC were added to the ethanolic solution of DPPH and
the discoloration measured spectrophotometricaly at 515 nm. From the results
expressed as the percentage of the remaining DPPH obtained for each PhC
concentration (Fig. 8), the IC g and Hill dope were taken. From the results, the AE was

aso caculated for each PhC. Values represent mean + SD of 5 replicates.

Table 5— Superoxide radica scavenging activity of the tested PhC.

TABLE
Using the phenazine methosulphate-NADH nonenzymatic assay, superoxide redicds
were produced continuoudy and measured spectrophotometricaly a 560 nm. In co-
incubations with individua PhC a severd concentrations, the scavenging of superoxide
radica was measured and from the plotted results the | Cso and the Hill dope were

taken.

Vaues represent mean £ SD of 3 independent experiments with 3 replicates each.

Table 6 — Experimentd partition coefficients values obtained for each tested PhC.
TABLE
Partition coefficient valuesin logarithm (K o) were measured in an n-octanol/HEPES

(20 mM, pH 7.4) system. Vaues are mean + SD of 3 independent experiments.



Results (figures)

Figure1 — Chemicd gtructures of the phenolic compounds used in this study.

Figure2 — t-BHP-induced toxicity in HepG2 cells. HepG2 cells were incubated with t-
BHP 1 mM and 2 mM for different time periods and cell viability measured by LDH
leskage (% of LDH in the extracdlular medium) (A) and MTT assay (B). Time scale
was logarithmized in order to obtain Sgmoidal response curves. Vaues represent mean
+ SEM, n=4.1n A:* P=0.05 and *** P=0.001 when compared to the same time point

in the control Stuation.

Fgure 3 — Dose-response effect of the tested PhC againg t-BHP-induced toxicity in
HepG2 cells. After incubating HepG2 cellswith 2 mM of t-BHP and individua PhC for
5 h, protection againgt cdll degth (as measured by LDH leskage) versus PhC
concentration (in logarithm) were plotted in order to take the 1Cso and Hill dope of each

compound (Table 1). VAuesare mean + SEM of d least 4 independent experiments.

Figure4 — Effects of t-BHP and PhC at the | C gy concentration on reduced glutathione
levelsin HepG2 cdls. HepG2 cdls were incubated with t-BHP 2 mM (5 h) and/or with

individual PhC (CA — caffeic acid; RA — rosmarinic acid; L-7-G — |lutedlin-7-glucosde;



L — lutedlin; Q — quercetin) at 1Cso concentration and GSH levels measured. Vaues are

mean + SEM, n = 5. *** P=0,001 when compared with the negative control. # P=0.05, #

P=0.01and ™ P=0.001 when compared with the t-BHP control.

Figure5 — t-BHP-induced DNA damage in HepG2 cdls. HepG2 cells were incubated
with different concentrations t-BHP for 1 h and DNA damage assessed by the comet
assay. Comet images were examined by computer assisted image andysis system (A —
tall length; B — tall moment; C — % DNA in thetail) and by a semiquantitative method
of visud scoring (D). The correlation coefficients between the semiquantitative method
and the computer asssted parameters are given in graph E. Vaues are mean £ SEM,

n=4.* P=0.05, ** P=0.01 and *** P=0.001 when compared with the control.

Figure6 — Effects of t-BHP and PhC at | Cgy concentration on DNA damage in HepG2
cells. HepG2 cellswere incubated with t-BHP 200 uM (1 h) and/or with individua PhC
at 1Cgo concentration and DNA damage evaluated by the comet assay. DNA damage
was assessed by the semiquantitative method of visud scoring. Vaues are mean £

SEM, n = 4. *** P=0.001 when compared with the negative control. ** P=0.001 when

compared with the t-BHP control.

Figure 7 — Dose-dependent protection of t-BHP-induced DNA damage in HepG2 cells
by quercetin (A). HepG2 cdls were incubated with t-BHP 200 uM (1 h) and/or with

quercetin at different concentrations and DNA damage eva uated by the comet assay.

4



DNA damage was assessed by the semiquantitative method of visua scoring. Vaues
aremean = SEM, n = 4. *** P=0,001 when compared with the negative control. ##
P=0.001 when compared with thet-BHP control. B — Representative pictures of the

comet assay results.

Figure8 — Dose-dependent DPPH scavenging activity of caffeic acid. Different
concentrations of caffeic acid were added to the ethanolic solution of DPPH and the
discoloration measured spectrophotometricaly a 515 nm. At the time point where dl
tested concentrations had reached the steady state (9 min), the percentages of the
remaining DPPH were plotted againgt the corresponding caffeic acid concentrations (in
logarithm). From this graph, the |Cso and Hill dope were taken (Table 4). Vaues

represent mean £ SD of 5 replicates.



Compound ICs (MM) Hill dope ICe (NM)
Caffeic acid 1141+115 1.17+0.16 370
Rosmarinic acid 69.2+5.3 1.48+0.16 180
Lutedlin-7-O-glucosde 780+76 1.47+0.22 200
Luteolin 59+05 2.46+0.44 11
Quercetin 235+14 2.12+0.27 45




Parameter

t-BHP
Phenalic compound GSSG
2mM, ~5h )
TBARS (nmol/mg) (Mol GSH equivimg)
— 0.20 + 0.05 1.2+0.3
+ 2.25+0.13 *** 5.0 £ 0.4 ***
o - 0.19 +0.10 1.2+04
Cafeic acid + 1.54 + 0.10™ 42+01
Rosmariric add - 0.15 + 0.05 1.2+0.3
osm + 1.71 + 0.08™ 35+0.3"
. . - 0.15 + 0.02 13202
L utedlin-7-glucoside + 1.74 + 0.08™ 3.8+05
. - 0.20+0.07 1.6+0.4
Luteolin + 1.66+0.12" 44+04
. - 0.15 + 0.06 1.5+0.3
Quercetin + 1.64 +0.12™ 46+02



. t-BHP Enzyme activity (mU/
Phenolic compound %y ty (MU/mg)
2mM, ~5h GST GR GPox
— 247+10 259+0.8 182+05
- + 235+05 218 +0.9* 6.3+ 0.6 **
o - 244+08 256+13 17.8+0.3
Cdfeic add + 231409 232+08 75+0.8
RosTainic add - 23.1+0.4 23.6+0.4 16.1+05
oSm + 245+0.3 21.3+09 55+05
. . - 20.6 + 0.6 ** 236+0.3 16.0+05
L uteolin-7-glucoside + 23.7+0.6 227+08 57+05
. - 226+0.6 246+03 16.1+0.7
Luteolin + 26.1+08 232+08 56+07
. - 240+10 259+10 172+0.4
Quercdtin .
+ 226+08 229+06 86+1.1




Compound |Cso (mmol/mol DPPH) Hill dope AE (x109)
Caffeic acid 179.6+4.1 2.03+0.06 0.81
Rosmarinic acid 102.6+2.2 2.07£0.09 0.53
Lutedlin-7-O-glucosde 277.3+14.9 1.48 +0.06 1.21
Lutedlin 263.9+11.0 1.66 +0.03 0.70
Quercetin 126.0+2.4 1.66 +0.05 0.36




Compound |Cso (UM) Hill dope
Cdffeicacid 99.1+53 1.02+0.06
Rosmarinic acid 21.0+0.9 0.95+0.04
Lutedlin-7-O-glucogde 50.4 £2.4 0.93+0.05
Lutedlin 453+3.0 1.70+0.19
Quercetin 351+33 1.69+0.25

47



Phenalic compound Kow

Caffeic acid 0.89+0.10
Rosmarinic acid 0.44+0.13
Luteolin-7-glucosde 1.22+0.01
Luteolin 2.68 £0.05
Quercetin 2.60 +0.09
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