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Annexos

6.1 ANNEX I

Annex I.1. Estructura dels flavanols (—)-epicatequina 1, (+)-catequina 2 i (—)-epicatequin 3-
O-galat 3 i dels seus corresponents derivats amb CYA (4-6), CYS (7-9), OET (10-12) i NAmMC
(13-15), juntament amb la (—)-epigal-locatequin 3-O-galat (16).
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Annex I.2. Perfils de cromatografia en fase reversa on es mostren els productes derivats (7-9)
després del procés de purificaci6 de la fraccié polimérica AQV. (@) 4p-(S-
cisteinil)epicatequina 7. (b) 4(3-(S-cisteinil)catequina 8. (c) 4p-(S-cisteinil)epicatequin 3-O-
galat 9. Columna, uRPC C2/C18 SC 2,1/10; 120 A; 3 uM; 100x2,1 mm. Carrega, 5 uL (~ 0,5
pg). Elucid, de 8% a 23% de [D’] durant 45 min. Flux, 200 pL/min. Deteccié 214, 280 i 320
nm.
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Annex 1.3. (a) Espectre de RMN-'H de la 43-(S-cisteinil)epicatequina 7 a partir del cru AQV.
Es va fer servir (CD3)2CO (0,7 mL) + 3 gotes de D20 per dissoldre el producte 7 (7 mg) i TMS
com a patro intern. Es realitza a 300 MHz i 128 acumulacions. (b) Espectrometria de masses
del producte 7 amb mode d’ionitzacidé d’electrosprai positiu.
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Annex 1.4. (a) Espectre de RMN-'H de la 4[3-(S-cisteinil)catequina 8 a partir del cru AQV. Es
va fer servir (CD3)2CO (0,7 mL) + 3 gotes de D20 per dissoldre el producte 8 (7 mg) i TMS
com a patro intern. Es realitza a 300 MHz i 128 acumulacions. (b) Espectrometria de masses
del producte 8 amb mode d’ionitzacid d’electrosprai positiu.
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Annex L5. (a) Espectre de RMN-'H de la 4(3-(S-cisteinil)epicatequin 3-O-galat 9 a partir del
cru AQV. Es va fer servir (CDs)2CO (0,7 mL) + 3 gotes de D20 per dissoldre el producte 9 (7
mg) i TMS com a patré intern. Es realitza a 300 MHz i 128 acumulacions. (b) Espectrometria
de masses del producte 9 amb mode d’ionitzacié d’electrosprai positiu.
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Annex L6. Perfils de cromatografia en fase reversa on es mostra el monomer 3 purificat a
partir del cru AQV, el producte derivat 7 purificat a partir del cru AQP i el producte 9
purificat a partir del cru AQH. (@) (—)-epicatequin 3-O-galat 3. (b) 4p-(S-
cisteinil)epicatequina 7. (c) 4p-(S-cisteinil)epicatequin 3-O-galat 9. Columna, pRPC C2/C18
SC 2,1/10; 120 A; 3 puM; 100x2,1 mm. Carrega, 10 pL (~ 1,5 pg). Elucio, de 8% a 23% de [D’]
durant 45 min. Flux, 200 pL/min. Deteccié 214, 280 i 320 nm.
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Annex L.7. (a) Espectre de RMN-'H de la (—)-epicatequin 3-O-galat 3 a partir del cru AQV.
Es va fer servir (CDs)2CO (0,7 mL) + 3 gotes de D20 per dissoldre el producte 3 (7 mg) i TMS
com a patro intern. Es realitza a 300 MHz i 128 acumulacions. (b) Espectrometria de masses
del producte 3 amb mode d’ionitzacié d’electrosprai negatiu.
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Annex 1.8. (a) Espectre de RMN-'H de la 43-(S-cisteinil)epicatequin 7 a partir del cru AQP.
Es va fer servir D20 (0,7 mL) per dissoldre el producte 7 (7 mg) i TMS com a patr6 intern. Es
realitza a 300 MHz i 128 acumulacions. (b) Espectrometria de masses del producte 7 amb
mode d’ionitzaci6 d’electrosprai positiu.
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Annex 1.9. (a) Espectre de RMN-'H de la 4(3-(S-cisteinil)epicatequin 3-O-galat 9 a partir del
cru AQH. Es va fer servir (CDs)CO (0,7 mL) + 2 gotes de D20 per dissoldre el producte 9 (6
mg) i TMS com a patr6 intern. Es realitza a 500 MHz i 50 acumulacions. (b) Espectrometria

de masses del producte 9 amb mode d’ionitzacié d’electrosprai positiu.
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Annex 1.10. Perfils de cromatografia en fase reversa on es mostren els productes derivats (10-
12) després del procés de purificaci6 de la fraccid6 polimérica AQV. (a) 4p-[S-(O-
etilcisteinil)]epicatequina 10. (b) 4p-[S-(O-etilcisteinil)]catequina 11. () 4p-[S-(O-
etilcisteinil)|epicatequin 3-O-galat 12. Columna, uRPC C2/C18 SC 2,1/10; 120 A; 3 uM;
100x2,1 mm. Carrega, 10 pL (~ 1,5 pg). Elucio, de 8% a 23% de [D’] durant 45 min. Flux, 200
pL/min. Deteccio 214, 280 i 320 nm.
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Annex 1.11. (a) Espectre de RMN-'H de la 43-[S-(O-etilcisteinil)]epicatequina 10 a partir del
cru AQV. Es va fer servir (CDs)2CO (0,7 mL) + 3 gotes de D20 per dissoldre el producte 10 (7
mg) i TMS com a patré intern. Es realitza a 300 MHz i 128 acumulacions. (b) Espectrometria
de masses del producte 10 amb mode d’ionitzacié d’electrosprai positiu.
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Annex 1.12. (a) Espectre de RMN-'H de la 4[3-[S-(O-etilcisteinil)]catequina 11 a partir del cru
AQV. Es va fer servir (CDs3)CO (0,7 mL) + 3 gotes de D20 per dissoldre el producte 11 (7
mg) i TMS com a patré intern. Es realitza a 300 MHz i 512 acumulacions. (b) Espectrometria
de masses del producte 11 amb mode d’ionitzacié d’electrosprai positiu.
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Annex 1.13. (a) Espectre de RMN-'H de la 43-[S-(O-etilcisteinil)]epicatequin 3-O-galat 12 a
partir del cru AQV. Es va fer servir (CD3)2CO (0,7 mL) + 3 gotes de D20 per dissoldre el
producte 12 (7 mg) i TMS com a patro intern. Es realitza a 300 MHz i 128 acumulacions. (b)
Espectrometria de masses del producte 12 amb mode d’ionitzacié d’electrosprai positiu.
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Annex 1.14. Perfils de cromatografia en fase reversa on es mostren els productes derivats (13-
15) després del procés de purificacié de la fraccié polimérica AQV. (a) 4B-[S-(N-acetil-O-
metilcisteinil)]epicatequina 13. (b) 4[3-[S-(N-acetil-O-metilcisteinil)]catequina 14. (c) 4p-[S-
(N-acetil-O-metilcisteinil) Jepicatequin 3-O-galat 15. Columna, pnRPC C2/C18 SC 2,1/10; 120
A; 3 uM; 100x2,1 mm. Carrega, 10 pL (~ 1,2 pg). Elucid, de 12% a 27% de [D] durant 45 min.
Flux, 200 pL/min. Detecci6 214, 280 i 320 nm.
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Annex 1.15. (a) Espectre de RMN-'H de la 43-[S-(N-acetil-O-metilcisteinil)Jepicatequina 13 a
partir del cru AQV. Es va fer servir (CD3)2CO (0,7 mL) + 3 gotes de D20 per dissoldre el
producte 13 (7 mg) i TMS com a patro intern. Es realitza a 300 MHz i 128 acumulacions. (b)
Espectrometria de masses del producte 13 amb mode d’ionitzacié d’electrosprai negatiu.
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Annex I.16. (a) Espectre de RMN-'H de la 4B-[S-(N-acetil-O-metilcisteinil)]catequina 14 a
partir del cru AQV. Es va fer servir (CD3)2CO (0,7 mL) + 3 gotes de D20 per dissoldre el
producte 14 (7 mg) i TMS com a patro intern. Es realitza a 300 MHz i 128 acumulacions. (b)

Espectrometria de masses del producte 14 amb mode d’ionitzacié d’electrosprai negatiu.
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Annex 1.17. (a) Espectre de RMN-'H de la 43-[S-(N-acetil-O-metilcisteinil)]epicatequin 3-O-
galat 15 a partir del cru AQV. Es va fer servir (CD3)2CO (0,7 mL) + 3 gotes de D20 per
dissoldre el producte 15 (7 mg) i TMS com a patrd intern. Es realitza a 300 MHz i 128
acumulacions. (b) Espectrometria de masses del producte 15 amb mode d’ionitzacid
d’electrosprai negatiu.
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Annex 1.18. (a) Espectre de RMN-'H de la 43-[S-(N-acetilcisteinil)]epicatequina a partir del
cru AQV. Es va fer servir (CDs)2CO (0,7 mL) per dissoldre el conjugat (5 mg) i TMS com a
patré intern. Es realitza a 500 MHz i 50 acumulacions. (b) Espectrometria de masses del
conjugat amb mode d’ionitzaciéo d’electrosprai negatiu. (c¢) La puresa per HPLC es
determina com en els anteriors Annexes amb un gradient de 10% a 30% [D] en 45 min
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6.2 ANNEX II : PUBLICACIONS ORIGINADES

Els resultats derivats de la realitzacid d’aquest treball de recerca han donat lloc a quatre

articles principals publicats en revistes cientifiques i que es recullen en 1’Annex II:

Annex II.1
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Summary

Cysteamine is proposed as a userfriendly thiol donor with application to the analysis of
proanthocyanidins by thiolysis. Oligomeric proanthocyanidins are potent antioxidants and
disease-preventing agents. The efficiency of which depends on their composition and size. The
degree of polymerization of proanthocyanidins is usually estimated by thiolysis then reversed-
phase high-performance liquid chromatography. The new derivatization procedure is an alter-
native to the use of toluene-a-thiol as thiol donor. In addition to enabling the direct chromato-
graphic analysis of crude material, the amino function introduced facilitates prior discrimina-
tion between terminal and extension flavanoid moieties by means of cation-exchange chro-

matography.

Introduction

Polyphenols are potent free-radical sca-
vengers with applications as preventative
agents against cancer, cardiovascular dis-
eases, and other disorders [1-5]. Among
the polyphenols, oligomeric proanthocya-
nidins (polymers of flavan-3-ol units), are
particularly appreciated. It is becoming
evident that the efficiency of these mole-
cules as antioxidants in different environ-
ments depends on the size and composi-
tion of the oligomeric structures [6, 7).
The degree of polymerisation of flava-
nols in extracts is usually estimated by
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thiolysis, with toluene-a-thiol as the thiol
donor [8]. The terminal flavan-3-ol units
are released unchanged whereas the exten-
sion moieties are released as the ben-
zylthio derivatives on position four of the
flavanolic system. The mixtures are ana-
lysed by reversed-phase high-performance
liquid chromatography (RPHPLC) [9,
10]. By use of this method the degree of
polymerisation and/or galloylation of
proanthocyanidins from grape seeds,
skins, and stems [10-12] and from apples
[13, 14], has been estimated. The major
components of the oligomeric and poly-
meric proanthocyanidins from grape are
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(-)-epicatechin, (-)-epicatechin-3-0-gal-
late and (+)-catechin [10-12]. Toluene-x-
thiol is toxic, an irritant, and a lachryma-
tor, and handling of this reagent is also ex-
tremely unpleasant because of its strong
and persistent smell. We have recently re-
ported recovery of antioxidant activity
from residual polymeric proanthocyani-
dins by thiolysis in the presence of cystea-
mine then cation-exchange chromatogra-
phy [15]. Here we propose the analytical
application of cysteamine as an alterna-
tive thiol donor for characterization of
proanthocyanidins. No only is cysteamine
incomparably more user-friendly and
much less toxic than toluene-z-thiol, the
introduction of an amino function enables
separation of terminal units from the ex-
tension moieties of the polymers by ca-
tion-exchange chromatography.

Experimental
Materials

The source of the proanthocyanidins
(supplied by Bodegas Miguel Torres S.A.,

- Vilafranca del Penedes, Spain) were the

skins, the seeds, and a small amount of the
stems obtained as a by-product from the
pressing of grapes (variety Parellada).
Analytical grade methanol (Panreac,
Montcada i Reixac, Spain) was used for
the thiolysis reaction; absolute ethanol (E.
Merck, Darmstadt, Germany) for micro-
preparative cation-exchange chromato-
graphy; HPLC-grade CH;CN (E. Merck)
for analytical HPLC; and milli-Q water
for all chromatography. Cysteamine hy-
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Cat: R,=OH, R.=H,

Ec: R,=H, R,=OH
EcG: R,=H,R,=Gal
OH
Gal=0-¢ OH

OH

NHy* TFA’

Cya-Cat: R,=0H,R,=H,

Cya‘.Ec: RI‘H-. Rz =0H

Cya-EcG: R,=H, R.=Gal

Figure 1. The structures of the monomeric catechins and their aminomethylthio derivatives.

drochloride (E. Merck) was of synthesis
grade. Acetic acid and 37% hydrochloric
acid (E. Merck), and sodium chloride
(Carlo Erba, Milano, Italy) were of analy-
tical grade. Trifluoroacetic acid (TFA;
Fluorochem, Derbyshire, UK), biotech
grade, was distilled in house.

Sample Preparation

The crude thiolysis product was generated
from a lyophilized polyphenol fraction of
grape origin. The fraction contained spe-
cies, soluble both in water and ethyl acet-
ate, from a grape by-product [15). The
lyophilizate (I mg) was dissolved in
MeOH (1 mL). An aliquot (200 pL) was
added to the thiolysis mixture (200 pL),
which consisted of cysteamine hydro-
chloride (50 mg) and 37% hydrochloric
acid (20 pL) dissolved in MeOH (930 uL).
The mixture (400 pL) was kept at 60°C
for 15 min, when the reaction was then
quenched with 0.1% (v/v) aqueous TFA
(1.2mL).

Chromatography

Analytical HPLC was performed either
on Kontron Instruments (Basel, Switzer-
land) equipment fitted with a 4.6 mm x
250 mm Vydac peptide and protein Cig,
300-A pore size, 5-um particle size column
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(The Separations Group, Hesperia,
USA), or on an Amersham-Pharmacia
Biotech (Uppsala, Sweden) Smart System
equipped with a pPeak Monitor and fitted
with a 2.1 mm x 100 mm pRPC C2/C18
SC 2.1/10, 3 um particle size column (both
from Amersham-Pharmacia Biotech).
With both systems the crude material and
fractions were chromatographed with a
binary mobile phase gradient prepared
from 0.10% (v/v) aqueous TFA (compo-
nent A) and 0.09% (v/v) TFA in 2:3 water-
CH;CN (component B); the gradient was
from 8 to 23% B over 45 min. The flow
rate was 1.5SmL min~! on the Vydac col-
umn and 0.2mL min~! on the uRPC col-
umn. Detection was performed at 215 nm
on the Kontron system, and at three wa-
velengths, 214, 280, and 320 nm, on the
Smart system.

The major components of the thiolyzed
mixtures were identified by comparison
with standards. (+)-Catechin, (—)-epicate-
chin, and (-)-epicatechin-3-O-gallate were
purchased from Sigma-Aldrich (St Louis,
MO, USA). The cysteamine conjugates
were isolated from the polyphenol frac-
tion by preparative chromatography and
identified by electrospray-mass spectro-
metry and nuclear magnetic resonance
spectroscopy.

Micropreparative cation-exchange
chromatography was performed with the
Smart system fitted with a 1.6mm x
50 mm Mono-S PC 1.6/5 (0.1 mL bed vo-
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lume) column (Amersham-Pharmacia
Biotech). The crude material was eluted
with a binary mobile phase prepared from
7:3 sodium phosphate buffer (20 mm, pH
2.27)-EtOH (Component C) and 13:7 so-
dium phosphate buffer (20 mM, pH 2.27)-
EtOH containing 1 M NaCl (Component
D). Compounds were eluted with 1 mL
(10 bed volumes) C followed by 2 mL (20
bed volumes) D. The flow rate was
0.1 mLmin~!. Detection was performed
at three wavelengths, 214, 280, and 320
nm on the uPeak Monitor. Two fractions
(1 mL each) eluted with C and D, respec-
tively, were collected. After solvent eva-
poration each sample was dissolved in
0.1% (v/v) aqueous TFA (0.4 mL).

Results

A model fraction that contained polyphe-
nols soluble in both water and ethyl acet-
ate was submitted to thiolysis with hydro-
chloric acid and cysteamine in methanol.
The fraction contained flavan-3-ols
(monomers, oligomers) and- glycosylated
flavonols. The oligomers were completely
consumed after 15 min at 60 °C.

The crude product obtained after thio-
lysis was chromatographed on two differ-
ent reversed-phase columns, pRPC C2/
C18 and Vydac protein and peptide Cjg.
The major components of the thiolysate
were (+)-catechin (Cat), (-)-epicatechin
(Ec), (-)-epicatechin-3-O-gallate (EcG),
and their cysteamine conjugates 4f-(2-ami-
noethylthio) catechin (Cya-Cat), 4f-(2-ami-
noethylthio) epicatechin (Cya-Ec), and 4p-
(2-aminoethylthio)epicatechin-3-O-gal-
late (Cya-EcG) (Figure 1). The major
thiolysis products were resolved on pRPC
C2/C18 (Figure 2). Figure 2 also shows
that the flavonol-related materials were
eluted later and did not interfere with the
analysis.

The crude thiolysis product was also
chromatographed on a Vydac protein and
peptide C;g column (Figure 3a). Separa-
tion between the underivatized and deri-
vatized flavan-3-ols depended on the sta-
tionary phase (Figures 2 and 3a). Ec and
Cya-Ec eluted as one peak on Vydac Cg
whereas EcG and Cya-EcG were sepa-
rated better on Vydac C,g than on uRPC
C2/C18.

The amino group of cysteamine facili-
tated identification of the thiolysis pro-
ducts. Thus, micropreparative cation-ex-
change chromatography enabled fractio-
nation of the crude material into two
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Figure 2. Reversed-phase HPLC-UV profile of flavan-3-ols generated by thiolysis in the presence of
cysteamine. Conditions: 3-pm pRPC C2/CI18 column; load, 20 uL thiolysis mixture after quenching
with 0.1% (v/v) TFA; elution with gradient from 8 to 23% B in A over 45 min; flow rate
200 pL min~!; detection at 214 nm on the pPeak Monitor. Peaks are labelled in accordance with the
abbreviations used in Figure 1. F is flavonol-related material absorbing at 365 nm.

groups of molecules, unretained underiva-
tized monomers and the polymers’ term-
inal moieties (mainly Cat, Ec, and EcG)
and retained aminated polymers’ exten-
sion moieties, which were eluted with 1 M
NaCl in the eluent buffer. This is shown in
Figure 3.

Discussion

The procedure described here is a rapid,
efficient, user-friendly alternative to thio-
lysis with toluene-xz-thiol. Results have
been generated with a model fraction con-
taining a balanced amount of monomeric
and oligomeric flavanols. A short (15 min)
treatment at 60 °C was used to depolymer-
ize the sample. The same conditions have
resulted in the depolymerization of frac-
tions rich in polymeric proanthocyanidins
even in the presence of amounts of cystea-
mine ten times lower [15]. The efficiency of
the procedure does not seems to depend
on the source of the proanthocyanidins.

The main advantage of the method is
the user-friendly character of the thiol do-
nor. Phloroglucinel has previously been
proposed as an odorless alternative nu-
cleophile, but it is less efficient than thiols
in the depolymerization of proanthocya-
nidins [16].

Compared with toluene-z-thiol, cy-
steamine yields more hydrophilic deriva-
tives that elute earlier in RPHPLC. This
might be detrimental to their separation
from their underivatized counterparts, de-
pending on the RPHPLC stationary
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phase available. In our hands, all major
peaks were resolved on uRPC C2/C18 and
the amino group introduced enabled frac-
tionation of the thiolyzates into terminal
and extension proanthocyanidin constitu-
ent moieties by cation-exchange chroma-
tography, which facilitated identification
of the thio derivatives and the purification
of standards. This previous separation
will also be especially useful for difficult
mixtures, e. g. crude samples or fractions
rich in highly polymerized proanthocyani-
dins, when a wide thio-epicatechin (Cya-
Ec) peak might overlap with the epicate-
chin (Ec) peak.

Another advantage of the new proce-
dure is that flavonols do not interfere with
the analysis and so need not be eliminated
before the thiolysis reaction. This is espe-
cially convenient for grape skin and apple
extracts.

Conclusions

Cysteamine may be used as a user-friendly
alternative to toluene-z-thiol in the char-
acterization of procyanidins by thiolysis
and RPHPLC. Introduction of the amino
function enables the separation of mono-
mers and the polymers’ terminal flavan-3-
ol moieties from the polymers’ extension
moieties by cation-exchange chromato-
graphy. Moreover, previous sample clean-
up from interfering polyphenols, e. g. gly-
cosylated flavonols, is unnecessary.
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Figure 3. Reversed-phase HPLC UV profiles of
flavan-3-ols generated by thiolysis in the pre-
sence of cysteamine: (a) crude thiolysis mix-
ture; (b) unretained fraction from cation-ex-
change chromatography on the Mono-S col-
umn; (c) retained fraction from cation-ex-
change chromatography. Conditions: 5-pum
Vydac peptide and protein C;3 column; load,
(a) 15uL thiolysis mixture after quenching
with 0.1% (v/v) TFA, (b) 30 pL unretained frac-
tion from cation-exchange chromatography,
(¢) 30pL retained fraction from cation-ex-
change chromatography (the concentration of
loads b and ¢ was approximately the same as
that of load a); elution with gradient from 8 to
23% B in A over 45 min; flow rate
1.5mL min~!; detection at 215 nm. Peaks are
labelled in accordance with the abbreviations
used in Figure 1.
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Abstract

Catechin conjugates bearing an amino function can be separated from underivatized monomers by cation-exchange
chromatography. Here, chromatographic conditions for the separation of epicatechin gallate-containing conjugates from the
non-galloylated conjugates at micropreparative scale are described. The separation was achieved by exploiting either the
hydrophobic or hydrophilic interactions of the conjugates with the core polymer. The retention was modulated by changing
the amount of organic co-solvents (MeOH, EtOH, CH CH, THF) in the elution buffers. The best resolution compatible with
small peak widths was obtained at 20—-30% EtOH. The experiments were reproducible.

0 2002 Elsevier Science B.V. All rights reserved.

Keywords: Catechins; Antioxidants; Polyphenols; Flavan-3-ols

1. Introduction epicatechinl, (+)-catechin2 or (—)-epicatechin 3-
O-gallate 3 (Fig. 1). The conjugates are more

Plant polyphenols are attracting much attention as efficient than their underivatised counterparts as free
chemopreventive agents with beneficial influence on radical scavengers and inhibitors of the proliferation
human health [1,2]. In particular, flavanols from tea, of colon carcinoma cells [9]. They are obtained from
grape or pine bark are potent antioxidants of interest polymeric flavanols by acid cleavage, separated from
as potential preventative agents against cancer and the crude cleavage mixture by cation-exchange chro-
cardiovascular diseases [3-7]. matography and purified by reversed-phase high-

We have recently described the preparation and performance liquid chromatography (RP-HPLC). By
properties of a new kind of antioxidants based on taking advantage of the hydrophobic non-specific
naturally occurring flavanols [8,9]. The new com- retention with the cation-exchange resin, the epi-
pounds are conjugates between thiols such as catechin and catechin derivatives may be resolved

cysteamine or cysteine and flavanols such a¥ (  from the epicatechin gallate-containing conjugate, by
means of an organic co-solvent, as reported for

*Corresponding author. Tel:+34-93-400-6100; fax+34-93- compounds-6 (Fig. 1? [8]. Since gallate esters are
204-5904. more potent free radical scavengers than non es-
E-mail address: jltqgbp@iigab.csic.e€J.L. Torres). terified flavan-3-ols [9-11], the method seemed

0021-9673/02/% — see front mattef] 2002 Elsevier Science B.V. All rights reserved.
Pll: S0021-9673(02)01217-7
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Fig. 1. Structures of monomeric catechins and their cysteamine and cysteine conjugates. CgaEaminoethylthio)epicatechin;

Cya-Cat: $-(2-aminoethylthio)catechin; Cya-EcG:B42-aminoethyltl
Cys-Cat: $-(S-cysteinyl)catechin; Cys-EcG:p4(S-cysteinyl)epicatech

worth optimising. To this end and to explore more
extensively the potential of cation-exchange chroma-
tography for the partial purification of the efficient
antioxidant amine containing flavanol conjugates, we
have tested the influence of the nature and amount of
the organic co-solvent on the resolution of
cysteamine and cysteine conjugates with flavan-3-
ols. We have used a strong cation-exchange resin
with a matrix polymer able to establish either
hydrophobic or hydrophilic interactions with the
solutes. Conditions have been found that discrimi-
nate between epicatechin gallate sulphur conjugates
and non-galloylated flavanol derivatives by either
hydrophobic retention or hydrophilic interaction—cat-
ion-exchange chromatography.

2. Experimental
2.1. Materials

The crude mixtures were obtained by cleavage of

hio)epicatechin B-gallate; Cys-Ec: B-(S-cysteinyl)epicatechin;
in ®-gallate.

polymeric procyanidins in the presence of either
cysteamine or cysteine as described [8,9]. The main

components of the crudes WweB4—-6 (mixture I,
cysteamine conjugates)-8nd’—9 (mixture I,
cysteine conjugates) (Fig. 1). Water and co-solvents:
Milli-<Q water; HPLC grade methanol, CH CN,
THF (E. Merck, Darmstadt, Germany) and absolute
ethanol (E. Merck) filtered throughuan Q&re

size filter. Acetic acid, phosphoric acid (E. Merck),

NaOH and sodium chloride (Carlo Erba, Milano,
Italy) were of analytical grade.

2.2. Chromatography

Micropreparative cation-exchange chromatography
was performed on a Smart System, equipped with a
w-Peak monitor (Amersham-Pharmacia Biotech,
Uppsala, Sweden) and fitted with a Mong-S PC
1.6/5 (3 um particle size, 581.6 mm I.D., 0.1 ml
bed volume) column (Amersham-Pharmacia
Biotech). The crudes were eluted with binary sys-

tems: [A] sodium acetateM20phh 4.75 buffer—
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organic solvent or sodium phosphate 20MmpH
2.27 buffer—organic solvent; [B] sodium acetate
20 mM, pH 4.75 buffer—organic solventMl NaCl or
sodium phosphate 20 vh pH 2.27 buffer—organic
solvent 1M NacCl. The column was equilibrated with
eluent A, loaded with the depolymerised mixture
(20 pl, 2 pg) and washed with A (10 bed volumes,
1 ml). Then, the retained flavan-3-ol derivatives were
released with a salt gradient (0—100% B over 20 bed
volumes, 2 ml). At high amount of co-solvent
(>70% MeOH, EtOH, >40% CH,CN, >30%
THF), 1M NacCl solutions resulted in two layers. We
then lowered the concentration of salt to 0/5NacCl
and run a shorter gradient (0—OMs NaCl over 10
bed volumes, 1 ml) with the same slope. The nature
and amount of the organic co-solvent depended on
the experiment and are stated in Section 3. Flow rate
was 100p!/min and detection was at 214, 280 and
320 nm. At 214 and 280 nm all flavanols are
detected while only the gallate-containing flavanols
will absorb at 320 nm. For every run the elution
volume of two peaks, corresponding to catechin
epicatechin conjugates (compourds or 7, 8) and
epicatechin gallate conjugate (compoufdor 9),
respectively, were recorded and the following param-
eters were calculated: retention faciy= (retention
volumeV—dead volumé/,)/dead volume/,, where

V, was 100 pl; selectivity factor o =V,/V,; res-
olutionR,=2X (V,—V,)/(w,+w,), wherew is the
peak width at the base.

3. Results and discussion

In cation-exchange chromatography, if no inter-
action other than electrostatic were to take place and
the charged groups were equally accessible to the
sulphonic groups on the resin, the separation would
depend exclusively on the net electric charge of the
solutes. In most instances, hydrophobic interaction
with the core polymer causes an additional retention
of the solutes, which can be eliminated totally or
partially with organic co-solvents. The aim of this
work was to find conditions to combine, in a single
run, the separation of amine containing flavanol
derivatives from uncharged species and the discrimi-
nation between charged compounds with different
polar character. To this end, the interactions between
the solutes and the resin polymer were modified
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conveniently with water-miscible organic co-solvents
added to the mobile phases. Four water-miscible
co-solvents covering a variety of polarities and
hydrogen bond forming capabilities were selected,
namely the most commonly used strong dipole
forming solvent CH CN, two hydrogen bond accept-
ing—donating solvents (MeOH and EtOH) and one
hydrogen bond accepting solvent (THF). The amount
of co-solvent ranged between 10 and 70% for
GH CN, between 10 and 80% for MeOH and EtOH
and between 10 and 50% for THF. Two buffers were
selected with pH values of 4.75 and 2.27, respective-
ly. The amino group of all derivatives was supposed
to be protonated at both pH values whereas at pH
4.75 the carboxyl groty®atas likely to exist as
a mixture of protonated and unprotonated popula-
tions. Thus, at low co-solvent amount (10-20%
EtOH, 10% MeOH, 10%, CH CN) and pH 4.75,
derivative8 (mixture II) were mostly retained by
hydrophobic interactions, whereas derivhtbres
presented a positive net charge and were retained by
ionic and hydrophobic interactions. At pH 2.27 all
derivatives were positively charged. THF was only
used with one of the buffers (sodium acetate, pH
4.75) since this solvent damaged the pumping sys-
tem’s O-ring seals and we decided not to proceed
further with it.

3.1. Hydrophobic retention—cation-exchange
chromatography

In our hands, the uncharged compouridand 2
were excluded from the column already at 10% of
co-solvent whereas the elimination of the hydro-
phobic retention established by compmastied
amounts of co-solvent as higl358 MeOH,
30% EtOH and 20% CH CN in both buffers. The
stronger retention)afpf{catechin 39-gallate 3,
already observed by RP-HPLC [8,12,13] was due to
the extra aromatic ring on position 3. On the
contrary)-epicatechin 1 and (+)-catechin 2,
which are separated by RP-HPLC, were not differen-
tially retained by the cation-exchange core polymer.
The same effect was observed for the salt me-
diated elution of the amine containing derivatives.
The galloylated comp6wamid gave the highest
elution volumes (Fig. 2). Since galloylation appears
to be significant for the chemopreventative activity
of flavan-3-ols and their thio-derivatives [9—-11], we



232 C. Lozano et al. / J. Chromatogr. A 973 (2002) 229-234

)
Et{;H Mixture I, pH 4.75 Mixture II, pH 2.27

o

8

J
<}

. Cys di
Cya dimer a ys dimer f

10

142

A230, 320 (AUFS)
%
Azs0, 320 (AUFS)

3
;
\

(=]
J
[

3+7+8

N
(=]

Az30, 320 (AUFS)
Azs0, 320 (AUFS)

o o
8 8

445

o . .
0.08

1 [~
2 ; & LT

2 n
8 3 < +
g 8 3
g g

2

< 6 §

30

\

o
8

o
o ©
%

Q

o

8
)

7+8+9

D+ 0+ A

40

Azso, 320 (AUFS)
Az0, 320 (AUFS)

LU

0.08 -

[=]
8 o
J

Aas0, 320 (AUFS)
| e—
I/ /’
i
@
S
®
o Az60, 320 (AUFS)
8
1
-

50

SR/,
r T T L T T ]

[ 1 2 3 o 1 2 3
Volume (mL) Volume (mL)
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focused on the ability of the cation-exchange resin to purification of other chemicals such as biocompatible
retain the gallate-containing derivatives by hydro- cationic surfactants [14].

phobic interactions. The best separation conditions

are those that combine a good resoluti®) % 1.5)

with small peak widths (eventually related to the 3.3. Hydrophilic interaction—cation-exchange

fraction collected volume). For the separation of chromatography

galloylated species from non-galloylated ones, the

best results were obtained with 20—30% EtOH at pH A second effect was observed when working with
2.27 or 4.75 (cysteamine conjugates, Fig. 2b,c) and mixture | (cysteamine conjugates). The hydrophobic
pH 2.27 (cysteine conjugates, Fig. 2g,h). Similar retention was eliminated at 40% BRGHO( Fig.

results were obtained with 20% GH CN. Lower 2d), and the three compou#ds, (6) eluted

amounts of EtOH resulted in a too strong retention of together when the charged amino group was ex-
6 or 9. Amounts of co-solvent higher than or equal to changed. At higher amounts of co-solvent the main
30% EtOH or higher than 20% CH CN resulted in contribution of the polymeric matrix was hydrophilic
poor resolution R, < 1) of the pair of peaks. As far and the elution order was inverted. The gallate-
as MeOH is concerned, higher amounts of co-solvent containing conjégahated first due to its lower

were needed to obtain similar resull® ;& 1.5 at hydrophilic character (Fig. 2e). This has been called
40% MeOH, R, <1 with at least 60% MeOH). hydrophilic interaction—cation-exchange chromatog-

Considering also its toxicity, MeOH appeared to be raphy, described for peptidic biomolecules [15,16].
less appropriate than EtOH or GH CN. THF is less Although e obtained were low £0.33 to

toxic than MeOH but gave the poorest resuRs € 0 —0.36) our results suggest that the galloylated
at 15% THF and higher, gallates too retained at 10% cysteamine conjugate may be purified from the other
THF). In conclusion, both CEl CN and EtOH were derivatives in a fast and low buffer consuming way
suitable co-solvents under hydrophobic retention by taking advantage of its lower hydrophilic charac-
conditions. ter, provided that the right matrix is found. Station-

At amounts of co-solvent higher than those de- ary phases based on silica [15,16] may lead to better
scribed so far, two different effects were observed, resolutions.

namely loss of retention or hydrophilic interaction
with the polymer.
3.4. Reproducibility of elution volumes and R,
values with EtOH as co-solvent
3.2. Loss of retention with the solvent
In view of the results presented so far EtOH

First, raising the amount of co-solvent resulted in appears to be the co-solvent of choice for the
early elution of the conjugates. Already at 30% purification of flavanol thio-derivatives by cation-
EtOH, the S-cysteinyl derivatives/, 8 were slowly exchange chromatography. It shows lower toxic
released from the column at low concentration of salt potential (class 2 solvent according to the published
(Fig. 2h). At 50% EtOH, the same species were FDA guidance, “Q3C Impurities. Residual solvents”
excluded from the column with the washing buffer, [17]) and it is more reasonably priced than CH CN
that is to say, in the presence of only 20/nsodium which is a class 3 solvent (solvent to be limited
acetate. The reason for the early liberation of [17]). We have studied the reproducibility of the
flavanol derivatives at high amount of co-solvent separation between galloylated and non-galloylated
might be the formation of ion-pairs with anions from conjugates for EtOH under hydrophobic retention

the eluting buffer that would not interact with the conditions (25% EtOH) and hydrophilic interaction
sulphonic groups of the resin. The peak widths under conditions (50% EtOH). Reproducibility in 1 day
these eluting conditions would be explained by was measured from five replicate determinations.
equilibrium between both kinds of ion-pairs. This The day-to-day reproducibility was ascertained over
effect has been described for the ion-exchange a period of 4 consecutive days. The hydrophobic
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retention—cation-exchange chromatography of both References

mixtures | and Il gave reproducible elution volumes
(SEM=0.02 ml) with a good R,>2.50) and re-
producible (SEM=0.09) resolution between the two
peaks. Under hydrophilic interaction conditions the
results were also reproducible (SEM elution
volume=0.02 ml, SEMR,=0.01).

4, Conclusion

Hydrophobic retention—cation-exchange chroma-

tography has proven to be suitable for the separation

of amine containing flavanol derivatives from un-

charged species and for the separation of galloylated

conjugates from non-galloylated conjugates. EtOH

[1] A.T. Diplock, J.L. Charleux, G. Crozier-Willi, F.J. Kok, C.
Rice-Evans, M. Roberfroid, W. Stahl, J.Vina-Ribes, Br. J.
Nutr. 80 (Suppl. 1) (1998) S77.

[2] L. Bravo, Nutr. Rev. 56 (1998) 317.

[3] C.S. Yang, M.J. Lee, L. Chen, G.Y. Yang, Environ. Health
Perspect. 105 (Suppl. 4) (1997) 971.

[4] GY. Yang, J. Liao, K. Kim, E.J. Yurkow, C.S. Yang,
Carcinogenesis 19 (1998) 611.

[5] G.J. Soleas, E.P. Diamandis, D.M. Goldberg, J. Clin. Lab.
Anal. 11 (1997) 287.

[6] J.C. Ruf, Drug Exp. Clin. Res. 25 (1999) 125.

[7] L. Packer, G. Rimbach, F. Virgili, Free Radic. Biol. Med. 27
(1999) 704.

[8] J.L. Torres, R. Bobet, J. Agric. Food Chem. 49 (2001) 4627.

[9] J.L. Torres, C. Lozano, L. Julia, F.J.” Sanchez-Baeza, J.M.
Anglada, J.J. Centelles, M. Cascante, Bioorg. Med. Chem.
10 (2002) 2479.

appears to be the solvent of choice because it [10] T.Yokozawa, C.P. Chen, E. Dong, T. Tanaka, G.I. Nonaka, I.

provided good resolution, reproducibility, low toxic
potential and low cost. The same solvent might be
used for hydrophilic interaction—cation-exchange
chromatography.

Acknowledgements

Financial support (research grants PPQ2000-0688-

C05-03 and -04, and doctoral fellowship to CL) from
the Spanish Ministry of Science and Technology is
acknowledged.

Nishioka, Biochem. Pharmacol. 56 (1998) 213.

[11] W. Bors, C. Michel, K. Stettmaier, Arch. Biochem. Biophys.
374 (2000) 347.

[12] J.M. Souquet, V. Cheynier, F. Brossaud, M. Moutounet,
Phytochemistry 43 (1996) 509.

[13] B.S. Sun, C. Leandro, J.M.R. Dasilva, |. Spranger, J. Agric.
Food. Chem. 46 (1998) 1390.

[14] J.L. Torres, E. Piera, M.R. Infante, P. Clapes, Prep. Biochem.
Biotechnol. 31 (2001) 259.

[15] J.R. Litowski, P.D. Semchuk, C.T. Mant, R.S. Hodges, J.
Pept. Res. 54 (1999) 1.

[16] C.T. Mant, J.R. Litowski, R.S. Hodges, J. Chromatogr. A
816 (1998) 65.

[17] Food and Drug Administration, Q3C impurities: residual
solvents guidance, Fed. Reg. 62-247 (1997) 67377.



Pergamon

Bioorganic & Medicinal Chemistry 10 (2002) 2497-2509

BIOORGANIC &
MEDICINAL
CHEMISTRY

Cysteinyl-flavan-3-ol Conjugates from Grape Procyanidins.
Antioxidant and Antiproliferative Properties

J. L. Torres,>* C. Lozano,*¢ L. Julia,? F. J. Sinchez-Baeza,? J. M. Anglada,’
J. J. Centelles® and M. Cascante®

aDepartment of Peptide and Protein Chemistry, Institute for Chemical and Environmental Research (IIQAB-CSIC),
Jordi Girona 18-26, 08034 Barcelona, Spain
®Department of Biological Organic Chemistry, Institute for Chemical and Environmental Research (IIQAB-CSIC),
Jordi Girona 18-26, 08034 Barcelona, Spain
¢Department of Biochemistry and Molecular Biology, University of Barcelona, Marti i Franqués 1-11, 08028 Barcelona, Spain

Received 7 December 2001; accepted 2 April 2002

Abstract—New bio-based antioxidant compounds have been obtained by depolymerisation of grape polymeric flavanols in the
presence of cysteine. Their preparation and purification, as well as their antiradical/antioxidant and antiproliferative properties are
reported. 4B-(S-cysteinyl)epicatechin 5, 4B-(S-cysteinyl)catechin 6 and 4B-(S-cysteinyl)epicatechin 3-O-gallate 7 were efficiently
purified from the crude depolymerised mixture by cation-exchange chromatography and preparative reversed-phase chroma-
tography. The new compounds were more efficient than the underivatised (—)-epicatechin 1 as scavengers of the 1,1-diphenyl-
2-picrylhydrazyl free radical (DPPH) and weak growth inhibitors of human colon carcinoma HT29 cells. The order of antiradical
and antiproliferative efficiency was 7 >5 ~6 > 1, the same for both assays. © 2002 Elsevier Science Ltd. All rights reserved.

Introduction

Much attention is currently being paid to the putative
benefits of plant polyphenols as complements to the
organism’s antioxidant defence systems. While evolving
from anaerobic microorganisms, aerobic life forms had
to establish a delicate balance between the benefits and
risks of using oxygen to obtain energy. The respiratory
chain inevitably produces reactive intermediates such as
the superoxide anion radical (O5°) which lead to other
reactive species potentially harmful to biological mole-
cules such as DNA, lipids and proteins.! Life organisms
have developed enzymatic systems to regulate the levels
of all these reactive oxygen species (ROS). Superoxide
dismutase, catalase and glutathione peroxidase which
scavenge the superoxide anion, H->O, and organic
hydroperoxides, respectively, are major detoxifying
enzymes.! Occasionally, the defence systems are over-
whelmed by an excess of ROS produced by illnesses,
aging or by external factors such as air pollution,
smoking or UV radiation.

*Corresponding author. Tel.: +34-93-400-61-12; fax: +34-93-204-59-04;
e-mail: jltgbp@iiqab.csic.es

In humans, the excess of ROS, which can be either
radicals or non-radical compounds, has been related to
numerous diseases and dietary plant antioxidants such
as carotenoids and flavonoids are considered to help the
internal defence mechanisms against unwanted oxid-
ations.!? Particularly flavanols from tea, grape or pine
bark are potent free radical scavengers of interest as
preventative agents against cancer and cardiovascular
diseases.>~” The capacity to arrest the cell cycle and/or
promote apoptosis may contribute to the chemo-
preventative effect of some members of the flavanoid
family.3?

The major flavanols in green tea are monomeric cate-
chins, that is (—)-epigallocatechin 3-O-gallate, (—)-epi-
gallocatechin, (—)-epicatechin (1) and (—)-epicatechin
3-O-gallate (3).!° Grape and pine bark extracts also
contain monomers and are rich in oligomeric (~2-7
residues) and polymeric (>7 residues) flavanols.”-11-14
Polymerised flavanols are called proanthocyanidins
because they yield anthocyanidins upon depolymeri-
sation under acidic conditions. In the presence of a
strong nucleophile, proanthocyanidins yield two kinds of
compounds: flavan-3-ols and their derivatives at position
4, coming from the polymer’s terminal and extension

0968-0896/02/$ - see front matter © 2002 Elsevier Science Ltd. All rights reserved.
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units, respectively!® (Scheme 1). This procedure, with
toluene-a-thiol as nucleophile, is currently used to esti-
mate the degree of polymerisation and galloylation of
proanthocyanidins.!!-12.16.17

The acid cleavage of proanthocyanidins in the presence
of other thiols (2-hydroxyethylthiol, 2-aminoethylthiol,
Scheme 1) has been recently used to obtain new com-
pounds with antiradical/antioxidant activity and mod-
ified physico-chemical properties.'®!® The combination
of antioxidant polyphenols with other natural products
is a promising approach in the search for new safe
compounds with diversified applications.

Here, we describe the preparation and purification of a
new family of bio-based thio-derivatives of flavan-3-ols
(5-7) obtained by depolymerisation of procyanidins®® in
the presence of the natural amino acid cysteine. The
reaction also yielded the underivatised terminal units
1-3. The cleavage conditions used were essentially those
described before for aminoethylthio-derivatives such as
4.'° The antiradical/antioxidant activity in the DPPH
assay and the antiproliferative activitity on a human colon
carcinoma cell line of the new derivatives are evaluated.

Results
Purification
The cysteinyl flavan-3-ols were separated from the crude

depolymerisation mixture on a strong cation-exchange
resin (MacroPrep™ High S 50 pm) by taking advantage

1 R4=H, Ry=0H, (-)-epicatechin

2 R4=0OH, Ry=H, (+)-catechin

3 R4=H, Ry=Gal, (-)-epicatechin 3-O-gallate

4 R4=H, Ro=0OH, 4pB-(2-aminoethylthio)epicatechin

of the amino function on the cysteinyl moiety. The goal
was to have the underivatised monomers and the
cysteinyl conjugates elute in two separate groups by
means of two consecutive isocratic steps, namely elution
with initial buffer and with NaCl containing buffer,
respectively.

First, the elution conditions were optimised at semi-
preparative scale (6 mL bed volume). The buffers pH
was adjusted to 2.25 to make sure that the carboxylic
acid function was completely protonated, and the con-
jugates were retained on the resin through their net
positive charges. Hydrophobic interactions with the
stationary phase were eliminated with 30% (v/v) EtOH
added as co-solvent. More ethanol resulted in early
release of the charged conjugates. Moreover, the
amount of salt necessary to elute the charged conjugates
was minimised. The final optimal conditions were: [A],
4.75 bed volumes of 20 mM sodium phosphate pH 2.25
buffer/EtOH (7:3) for the elution of monomers; [B], 4.75
bed volumes of 20 mM sodium phosphate pH 2.25 buffer/
EtOH (13:7) 100 mM NacCl for the elution of the con-
jugates together with the excess of cysteine from the
cleavage reaction.

The cation-exchange separation was scaled-up on a
glass column (21 x 2.51.d., 105 mL bed volume) packed
with the same stationary phase. The maximum load was
found to be 500 mL (ca. 500 mg GAE, gallic acid
equivalents by the Folin—Ciocalteu’s method, initial
polyphenols) of crude cleavage mixture which was pro-
cessed in seven repetitive runs. Subsequently, com-
pounds 5-7 were purified by preparative reversed-phase

OH

5 R4=H, Ro=0OH, 4pB-(S-cysteinyl)epicatechin
6 R4=OH, Ro=H, 4B-(S-cysteinyl)catechin

7 R4=H, Ry=Gal, 4B-(S-cysteinyl)epicatechin 3-O-gallate

OH
@)
Gal= OH

OH
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HO

R1

OH

R1= H (procyanidins), OH (prodelphinidins)
OH

Rp= OH, 0-C OH
o}
OH

extension units

R, terminal unit

R¢= H (catechins), OH (gallocatechins)

(0]

Rg= —HZC@ ,~HyC~C-OH,~HyoC - CHy— OH, ~H,C - CHy—NH3*

Scheme 1. Depolymerisation of proanthocyanidins (polymeric flavan-3-ols). The arrows indicate putative polymerisation positions.

high-performance liquid chromatography (RP-HPLC)
as stated in the experimental section. Briefly, the mix-
ture obtained by cation exchange was desalted and
fractionated by a CH3CN gradient in 0.1% (v/v) tri-
fluoroacetic acid (TFA). Then, each fraction, rich in one
of the cysteinyl derivatives, was re-chromatographed
with CH;CN gradients in tricthylamine phosphate
(TEAP) buffers and 0.1% (v/v) TFA to yield 99.5%
pure (by RP-HPLC) compounds. The stereochemistry
at C-2, C-3 and C-4 of compounds 5-7 was assigned
from the hydrogen coupling constants measured by 'H
NMR and following Haslam and co-workers.!> In

100

{1-A/A,) x 100

0 "n " T " T ez T
0.0 0.1 0.2 0.3

umoles/umoles DPPH

Figure 1. Free radical scavenging activity of the cysteinyl derivatives
of flavan-3-ols in the DPPH assay. Absorbance (A) at 517 nm is a
measure of the amount of free radical remaining in solution. (1-A/
Ap)x 100 represents the percentage of DPPH already reacted with the
antioxidant. Each point is the mean of three determinations.

agreement with the literature, the 4p derivatives were
the major isomers obtained irrespective of 2,3-stereo-
chemistry.!>2!

Free radical scavenging activity

The new cysteinyl flavan-3-ol derivatives are potent free
radical scavenging agents (Fig. 1) in the 1,1-diphenyl-
2-picrylhydrazyl free radical (DPPH) assay.?>?* The
results are expressed as EDsy as defined in the experi-
mental section. The inverse of EDsq is a measure of the
antiradical power (ARP). By multiplying the EDsq by
two, the stoichiometric value (theoretical concentration
of antioxidant to reduce 100% of the DPPH) is
obtained. The inverse of this value represents the
moles of DPPH reduced by one mole of antioxidant
and gives an estimate of the number of hydrogen
atoms involved in the process. Table 1 summarises the
parameters obtained from the DPPH assay. The new
conjugates were more efficient than (—)-epicatechin 1
and Trolox (6-hydroxy-2,5,7,8-tetramethyl-chroman-
2-carboxylic acid), being the order of antiradical power

Table 1. Antiradical power and stoichiometry from the DPPH assay

Compound ARP Stoichiometric H atoms
(1/EDsy) value per molecule®

Trolox 42 0.48 2.1

1 6.2 0.32 3.1

5 8.3 0.24 4.2

6 7.7 0.26 3.8

7 20 0.10 10

4Moles reduced DPPH per mole antioxidant.
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7 >5 ~6 >1 >Trolox.>* We obtained a stoichiometric
value of 0.32 for (—)-epicatechin, corresponding to the
reduction of ca. three DPPH molecules per molecule of
1. The cysteinyl derivatives of epicatechin (5) and cate-
chin (6) were able to reduce roughly one more molecule
of DPPH than the underivatised (—)-epicatechin 1.
Gallate containing compound 7 is clearly the most effi-
cient of the new molecules.
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Figure 2. 'H NMR spectra expansion of the aromatic hydrogen
region. (a) Compound 1; (b) compound 4 and (c) compound 5. All
three spectra were recorded under identical conditions after 6 h in
D,O/acetone-dq (3:1 v/v) at pD =6 (ammonium chloride buffer). Sig-
nal at ca. 6.05 ppm corresponds to H-6 and signal at ca. 5.95 ppm
corresponds to H-8.2>2¢ The signals at lower field and insensitive to
the deuterium exchange correspond to H-2/, H-5' and H-6'.

Nuclear magnetic resonance (NMR) deuterium exchange

When recording the standard 'H NMR spectra of deri-
vatives 4-7 using acetone-ds/D,O as solvent, we
observed a systematic discrepancy in the area corres-
ponding to the signals of hydrogen atoms at positions 6
and 8 which we attributed to deuterium exchange with
the solvent. In order to confirm this, we recorded the 'H
and '*C NMR spectra of two freshly prepared samples,
one using regular compound 4 and a second sample
using a preparation of the same compound generated by
three successive operations of dilution in D,O and lyophi-
lisation. The spectrum corresponding to the first sample
showed the normal signals with only a little decrease in the
integral for H-6 and H-8. In the second sample no signal
for H-6, H-8, C-6 and C-8 was detected while the rest of
the spectrum did not show any other change. A closer look
at the 3C NMR spectrum revealed two low intensity sig-
nals with the characteristic pattern for monodeuterated
carbons near the positions of C-6 and C-8.

The observed hydrogen exchange was unexpectedly fast
and we decided to follow the kinetics of the deuteration
process by "H NMR under controlled conditions (sol-
vent, concentration, temperature, pD) using (—)-epica-
techin 1 as a control. The spectra were obtained using a
mixture of D,O/acetone-ds buffered at pD=6 (see
details in Experimental). For compounds 4 and 5 the
deuterium exchange at positions H-6 and particularly
H-8 was very fast compared to that of 1 (Figs 2 and 3).
The deuteration first order pseudokinetic data were fit-
ted using a simple exponential decay model and a good
correlation (R? higher than 0.96) for the six sets of data
was obtained. The observed half life for H-8 and H-6
signals was respectively of 3851 and 5369 min for com-
pound 1; 511 and 911 min for compound 4; 57 and 150
min for compound 5. In all cases the exchange process
proceeded until total hydrogen exchange.

Bond dissociation enthalpies (BDE)

We have performed theoretical calculations at B3LYP
level of theory?’-?® to estimate the BDEs of several X-H

1.00

o
~
w\

® H-6 compound 1
O H-8 compound 1

¥ H-6 compound 4

4

Relative "H-NMR signal area
o
o
o

¢ H-8 compound 4

o
N
o

m ® H-6 compound 5

A A H-8compound 5

0 250 500 750 1000 1250 1500
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0.00

Figure 3. Time evolution for the H-6 and H-8 '"H NMR signal areas
for compounds 1, 4, 5. Relative signal is the signal area referred to the
average one-hydrogen area for the further hydrogen signals. Data
were adjusted using a single exponential decay. R?> was higher than
0.96 in all cases.
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80.7

6]

OH

Figure 4. Calculated bond dissociation enthalpies for compound 5
obtained at B3LYP level of theory.
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A
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Figure 5. EPR spectra of NaOH (1 M) aqueous solutions of (—)-epi-
catechin 1 (10 mM) (a) and 4B-(S-cysteinyl)epicatechin 5 (10 mM)
(b) at different times.

bonds of compound 5. These BDEs are expected to be
directly related to the ability of flavanols to scavenge
reactive oxygen species and radicals such as DPPH by
donating hydrogen atoms. Our computed values for
compound 5 are displayed in Figure 4, which shows that
the BDEs at the C-2 and C-4 positions (80.6 and 80.8
kcal/mol, respectively) are of the same order than the
BDE of the OH at C-4' (80.7 kcal/mol).

Formation of free radicals

Flavanols are air oxidised under aqueous basic condi-
tions and the intermediate radicals formed may be
detected by electron paramagnetic resonance
(EPR).>*-3! The EPR spectra of diluted (10 mM) solu-
tions of (—)-epicatechin 1 and its cysteinyl derivative 5
in 1M aqueous NaOH, obtained at different times,
revealed significant differences (Fig. 5). While 1 generated

a

Cc

WA/MWW»

Figure 6. EPR spectra of the stable radical generated from 4p-(S-
cysteinyl)epicatechin 5 (10 mM) by a 1-day treatment with 1 M aqu-
eous NaOH (a) and after ultraviolet irradiation with a high-pressure
mercury lamp for 2 min (b) and 10 min (c).
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Figure 7. HT29 colorectal adenocarcinoma cell proliferation in
response to treatment with increasing doses (X axis) of 2-ami-
noethylthio and cysteinyl derivatives of flavan-3-ols. ll (4), @ (5), ¥
(6), A (7) and @ (1). The viability and proliferation are expressed as
per cent of untreated control cells (mean+SD).

radicals detected within minutes which rapidly dis-
appeared and were coincident with those observed by
other authors®® (Fig. 5a), 5 generated within hours a
simple and much more stable radical which presents a
six-line pattern with relative intensities that correspond
to hfs constants from three protons with values of 2.67,
1.55 and 1.62 G (Fig. 5b). These signals slowly
decreased over a period of several days and were
reduced significantly upon irradiation with UV light
(Fig. 6). The same radical was detected for the 2-ami-
noethylthio derivative 4. In no case, this paramagnetic
species was detected from (—)-epicatechin 1.
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Table 2. Antiproliferative potency against human colorectal adeno-
carcinoma HT29 cells

Compound nt Mean ICs, SD
(M)

1 4 825.7 12.2

4 6 408.0 11.6

5 6 406.6 21.0

6 6 421.2 26.5

7 6 218.9 6.7

4n, number of experiments performed; SD, standard deviation.

Antiproliferative activity

The effect of compounds 4-7 and (—)-epicatechin 1 on
the proliferation of a human carcinoma cell line (HT29)
using an MTT assay was examined. The results showed
a reduction in cell proliferation in a dose-dependent
fashion after treatment with the flavan-3-ols at the
reported concentrations for 72 h (Fig. 7). Table 2 shows
the mean ICsq values and corresponding SD obtained.
It should be noted that 1Csq was calculated with respect
to the total number of cells in the control after 72 h of
proliferation (20,000 cells/well). At the ICsy, the final
number of treated cells was approximately 10,000 cells/
well, which was 4 times higher than the number of cells
at the beginning of the experiment. Thus, the ICs, cal-
culated in this paper is indicative of the concentration of
product that inhibits the proliferation by 50%. The
lower the ICsg, the more potent the compound is. The
order of antiproliferative potency followed the same
pattern obtained from the antiradical activity assay: 7
>4 ~5 ~6 >1.

Discussion

Purification

The efficient cation-exchange separation of the cysteinyl
conjugates from the complex crude cleavage mixture
depends on several factors, particularly on how suc-
cessfully the hydrophobic interactions with the sta-
tionary phase are handled. If no interaction other than
electrostatic were to take place, the underivatised
monomers together with any other uncharged material
would be washed away with the starting aqueous buffer
while positively charged amine containing derivatives
would be retained and subsequently eluted with salt. In
many instances though, some amount of an organic co-
solvent is needed to either lessen or eliminate hydro-
phobic interactions. In our hands, when no solvent was
added to the eluents all molecules were hydrophobically
retained on the resin. Particularly, more than 10 bed
volumes of washing buffer were needed to release the
uncharged (—)-epicatechin 3-O-gallate 3. Moreover,
other materials, including coloured species from the
grape extract, were also retained and gradually released
over the entire chromatographic process. Addressing
this point is crucial for preparative purposes when
volumes must be kept to a minimum and cleaner mix-
tures mean easier purifications. We have previously

reported the use of an agarose-based gel (SP Sepharose™
high performance) and acetonitrile (CH5CN) as co-sol-
vent for the separation of flavanol conjugates with
cysteamine.!® The monomers were washed away with
10% (v/v) CH5CN in the starting eluent and the amine
containing conjugates were eluted with a gradient of salt
to eliminate the electrostatic interaction with the resin
and a simultaneous gradient of CH3CN. The co-solvent
gradient allowed the separation of the epicatechin and
catechin derivatives from the more hydrophobic gallate
containg conjugate. This facilitated the subsequent pur-
ification of the products. The main disadvantage of this
procedure is the high eluting volumes needed to obtain a
baseline separation. In the present case we decided to
minimise the eluting volume by raising the amount of
co-solvent at the cost of having all conjugates eluting
together. Further modifications introduced in this step
were the use of a bulk stationary phase (MacroPrep™
High S 50 um) based on a methacrylate co-polymer and
EtOH instead of CH3CN. The appropriate amount of
co-solvent in the starting eluent was found to be 30%
(v/v) EtOH. Less co-solvent resulted in unacceptable
retention of (—)-epicatechin 3-O-gallate 3 and more
EtOH resulted in early elution of the charged conjugates
5 and 6. This effect has also been observed in the cation-
exchange purification of hydrophobic cationic surfac-
tants>? and might be due to the influence of the co-solvent
on the stabilisation of ions pairs with the buffer. After
elution of the monomers we took advantage of this
effect and increased the amount of EtOH to help
recover the conjugates in the presence of salt (100 mM
NaCl). At the end we came out with a set of conditions
that yielded two groups of compounds, namely under-
ivatised monomers and cysteinyl conjugates, with mini-
mum buffer, co-solvent and salt consumption.

Antiradical/antioxidant activity

In the present paper, we have focused on the free radical
scavenging activity of the cysteinyl derivatives in solu-
tion using a well known stable free radical (DPPH).
While the overall efficiency of polyphenolic antioxidants
against lipid and protein oxidation may depend on
many factors including the physico-chemical properties
of the environment, the DPPH test provides a simple
measure of intrinsic antioxidant efficiencies.?333:34

It has been described that the oxidation of (+ )-catechin
2 by DPPH takes place in two kinetic steps, one fast
step when the most labile hydrogen atoms are abstrac-
ted and simple dimers formed, and a second slow step
when dimers are further oxidised and polymerised
(Scheme 2, catechin).?3 The electron-rich positions 6
and 8 are putatively involved in the polymerisation
process by nucleophilic additions on flavanol derived
o-quinones.?® Altogether the process results in the
reduction of more than two molecules of DPPH per
molecule of (+)-catechin. Regeneration of phenolic
hydroxyls (Scheme 2, third step) by polymerisation
appears to be the reason for the high number of H
atoms or electrons involved in the scavenging activity of
polyphenols under a variety of other experimental set-
ups such as enzyme catalysed oxidation followed by
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either product purification® or EPR measurements,3°
and electrochemical oxidation.3°

The introduction of sulphur atom containing moieties
into position 4 of the flavan system have resulted in
derivatives (4-7) able to reduce at least one more mole-
cule of DPPH than (—)-epicatechin 1. The differences in
antiradical efficiencies may be related to an enhanced
nucleophilic character of positions 6 and 8 in ring A.
Our evidence comes from NMR studies. While the 'H
NMR spectrum of (—)-epicatechin 1 remained almost
unaltered in acetone-dg/D,0, the signals corresponding
to protons 6 and 8 from compounds 4, 5 disappeared
progressively over a period of 1-72 h, suggesting that
these protons were exchanged by deuterium. To rule out
detection problems arising from long relaxation times of
those atoms or due to a dynamic chemical exchange

HO [ORERS )
:3 c "3'11 : -1H HO %
Rz
5 4 R, o 7 @
OH 6
R3 >
OH
R4=0H, Ry=H, R3=H: (+)-catechin 2
R1=H, R;=0OH, R3=H: (-)-epicatechin 1
R1=H, R;=0OH, R3=2-aminoethylthio: 4
R¢,Rz=H or OH, R3=S-cysteinyl: 5, 6

further formation of
semiquinone radicals,
o-quinones,
polimerisation and
oxidation-cyclation

coloured polymers

yellow dimers

o
;
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2
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process, we introduced changes in the appropriate
acquisition parameters with the same outcome: H-6 and
H-8 signals had completely vanished from the old sam-
ples. The exchange was corroborated by 13C NMR with
a sample of 4 previously lyophilised in the presence of
D,0 as described in Experimental and by a kinetic
study at controlled pD for compounds 1, 4 and 5 (Figs 2
and 3). It is known that phloroglucinol derivatives are
sensitive to the presence of Lewis and protic (low pH)
acids reactive towards electrophiles.3” When spectra of
those compounds were recorded in solvents with inter-
changeable deuterium atoms (e.g., D,O) the aromatic
ring hydrogen atoms could be exchanged by deuterium.
In flavan-3-ols hydrogen atoms at positions 6 and 8
have similar properties but deuterium exchange is more
difficult.’” This exchange may be related to the well-
known aromatic electrophilic substitution or keto-enol

5

‘II/Rz
Ry
OH R, o-quinones

regeneration
of hydroxyls
R

Scheme 2.
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tautomerism applied to the case of aromatic phenol
rings with highly increased m-electron density. Our data
show clearly that the substitution of the 4 hydrogen of
flavanols by cysteamine or cysteine through a thioether
bond exerts a dramatic influence over the properties of
the contiguous aromatic ring A. In the pseudo first
order kinetic conditions used (great excess of the
electrophile reagent), the difference in exchange half-
lives may be directly related to variations in the acti-
vation energy barriers. This effect may be mediated by
the formation of intramolecular hydrogen bonds
between the phenol groups and the functional groups on
the sulphur containing moiety. Other mechanisms
directly related with the sulphur atom may also be
involved. In any case our results show that positions 6
and particularly 8 of compounds 4-7 posses an
increased ability to react with electrophilic species (e.g.,
water). This may result in a higher capacity to regener-
ate polyphenolic hydroxyls through polymerisation
(Scheme 2) that would explain why derivatives 4-6 are
able to provide more H atoms than (—)-epicatechin 1.
Compound 7 is the most effective of the conjugates as
expected by the presence of the pyrogallol group con-
taining gallate ester moiety, which provides additional
H atoms and polymerisation positions.?%-3%

An alternative explanation for the enhanced capacity of
the new derivatives to transfer hydrogen atoms would
involve the substituted position 4 on ring C. Mechan-
istic studies on radical oxidation of catechins by
2,2'-azobis(2-aminopropane)hydrochloride (AAPH) and
semiempirical calculations show that hydrogen atoms
other than phenolic (i.e., H-2 on ring C) may be
abstracted from flavanols.’®3° Using more accurate
theoretical calculations, which have been shown to
compare quite well with the experimental values,?® we
obtained a BDE for the C-H bond at position 4 of
compound 5 similar to the values for the C-H bond at
position 2 and the O-H bond at position 4 (Fig. 4).
This result is suggesting that the hydrogen atom on C-4
may be abstracted by oxidising agents such as DPPH
and might contribute to the enhanced antiradical power
of the thiol containig derivatives.

EPR experiments of spontaneous air oxidation of 4, 5
and (—)-epicatechin 1 in 1 M aqueous NaOH also evi-
denced differences between derivatised and under-
ivatised flavanols. The multiplet (Fig. 5b), with a Landé
factor g=2.0041, detected when 4 and 5 (10 mM) were
analysed corresponds to the coupling of the unpaired
electron with three protons with constant values of 2.67,
1.55 and 1.62 G. In a very extensive work by Jensen and
Pedersen?! about oxidation of (—)-epicatechin 1, (+)-
catechin 2 and catechinic acid in basic solutions they
concluded that oxidation of (—)-epicatechin led to the
stable radicals 8 and 9 in alkaline aqueous DMSO
solution, and the generation of only 8 in alkaline aqueous
EtOH solution. These radicals appeared to be species
resulting from hydroxylation on ring B and rearrange-
ment reactions on rings A and C of (—)-epicatechin. We
have confirmed that oxidation of (—)-epicatechin 1 in
concentrated (50 mM) 1M aqueous NaOH solution
generates radical 8, and in no case gives the six-line

OH R, o

o Go-o

Ry
OH

8 R1:H, R2:o

9 R4=0, Ry=H

pattern multiplet coming from 4 and 5. This pattern
differs from the spectra of radicals generated from
I-substituted 2,3,4-trihydroxybenzenes, 1-substituted
3,4,6-trihydroxybenzenes and 1-substituted 3,4,5-tri-
hydroxybenzenes.*® The stable radical detected for the
sulphur containing derivatives might alternatively be
formed on ring A or C. In view of the bond dissociation
energies of the different carbon-hydrogen bonds
obtained by theoretical calculations (Fig. 4), a radical
on C-4 is likely to be formed under our experimental
conditions. This radical would be coupled to three pro-
tons at positions 3, 6 and 8 which might explain the
EPR pattern recorded (Figs 5b and 6a). This point is
currently being looked into in our Laboratories. Apart
from those described so far, other reactions may occur
in an aqueous basic medium, namely oxidation to sulf-
oxides and nucleophilic attack of the amino group onto
quinones, which may influence the formation and/or
stabilisation of radicals. In any case the thio derivatives
tend to generate relatively stable radicals that last for days
and remain sensitive to further oxidation triggered by UV
light (Fig. 6) and, presumably, by reactive oxygen species.

Antiproliferative activity

It has been reported that flavan-3-ols are active against
proliferation of cancer cells including colon carcinoma
cell lines, being (—)-epicatechin 1 and (+ )-catechin 2 the
least efficient of the monomers.*#!4> The novel 2-amino-
ethylthio and cysteinyl derivatives 4-7 proved to be
more efficient than 1 in HT29 human carcinoma cells. It
has been proposed that the antiproliferative activity of
catechins (flavanols) and other flavonoids comes from
the inhibition of the kinase activity of proteins involved
in cell cycle regulation®*~#¢ rather than any interaction
with any antioxidant defence mechanism. The conjugates
might have higher affinity than intact flavan-3-ols for the
appropriate protein binding site. Alternatively, conjuga-
tion might influence the transport of the flavanols into the
cell to reach putative intracellular binding sites. This point
is also being looked into in our Laboratories. Curiously,
the order of efficiency of the molecules on both the anti-
radical and antiproliferative assays was identical. Whether
this is just a coincidence or not is something that will have
to be clarified. Thorough studies on cell cycle disruption
and apoptosis are also under way.

Conclusions

Potent cysteine conjugates with natural antioxidants of
the flavanol type have been obtained by acid cleavage of
polymeric procyanidins followed by cation-exchange
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and RP-HPLC purification. The derivatisation appears
to improve the free radical scavenging capacity of fla-
vanols by fostering the regeneration of active hydroxyl
groups upon polymerisation and/or by facilitating the
abstraction of the hydrogen atom geminal to the sul-
phur atom. The new conjugates are also weak inhibitors
of colon carcinoma cells proliferation. The cysteinyl
flavanols, together with the previously described cystea-
mine conjugates incorporate chemical functions (amine,
carboxylic acid) and include activated positions (8 and 6
on ring A) which may facilitate the preparation of other
products with improved properties.

Experimental

Materials

The primary source of procyanidins was the byproduct
from pressing destemmed Parellada grapes (Vitis vini-
fera) (Bodegas Miguel Torres, S.A., Vilafranca del
Penedés, Spain) which were extracted and fractionated
as described.'®?° Water and solvents used were: analy-
tical grade MeOH (Panreac, Montcada i Reixac, Spain)
for the acid cleavage reaction and DPPH assay; deio-
nised water and bulk EtOH (Momplet y Esteban, Bar-
celona, Spain) for semipreparative and preparative
cation-exchange chromatography; milli-Q® water and
HPLC grade CH;CN (E. Merck, Darmstadt, Germany)
for analytical RP-HPLC; deionised water and pre-
parative grade CH;CN (Scharlau, Barcelona, Spain) for
preparative and semipreparative RP-HPLC; Milli-Q®
water for electron paramagnetic resonance (EPR) stud-
ies. Deuterated solvents for nuclear magnetic resonance
(NMR) were from SDS (Peypin, France). Cysteine
hydrochloride (Aldrich, Steinheim, Germany) was of
synthesis grade. Acetic acid, 37% HCI (E. Merck) and
NaCl (Carlo Erba, Milano, Italy) were of analytical
grade. Triethylamine (E. Merck) was of buffer grade.
Trifluoroacetic acid (TFA, Fluorochem, Derbyshire,
UK) biotech grade was distilled in-house. 1,1-Diphenyl-
2-picrylhydrazyl free radical (DPPH) (95%) and gallic
acid (97%) were from Aldrich (Gillingham-Dorset, UK),
6-hydroxy-2,5,7,8-tetramethyl-chroman-2-carboxylic acid
(Trolox) (97%) from Aldrich (Milwaukee, USA) and
(—)-epicatechin from Sigma Chemical CO, (Saint Louis,
MO, USA).

Fetal bovine serum (FBS) was purchased from Gibco
(Invitrogen, Carlsbad, CA, USA). Dulbecco’s phos-
phate buffer saline (PBS) and trypsin-EDTA solution C
(0.05% trypsin & EDTA 1:5000 in PBS) were from
Biological Industries (Kibbutz Beit Haemek, Israel).
MTT (3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl tetra-
zolium bromide) and DMSO (dimethyl sulfoxide) were
from Sigma Chemical CO (Saint Louis, MO, USA).

Chromatographic equipment and columns

Semi-preparative cation-exchange chromatography was
performed on a FPLC® system (Amersham-Pharmacia
Biotech, Uppsala, Sweeden) fitted with a Omnifit
(Cambridge, UK) column (8 x 1 cm i.d., ca. 6 mL bed

volume) packed in-house with MacroPrep™ High S 50
pum (BioRad Laboratories, Hercules, CA, USA). For
preparative purposes, the same stationary phase was
packed into a flash chromatography type glass column
(21 x 2.5 cm i.d., ca. 105 mL bed volume). Preparative
RP-HPLC chromatography was performed on a
Waters (Milford, USA) Prep LC 4000 pumping system
with a Waters PrepPack® 1000 module fitted with a
PrepPack® Waters cartridge (30 x 4.7 cm i.d.) filled
with VYDAC™ (The Separations Group, Hesperia,
USA) Cys, 300 A pore size, 15-20 pm particle size
stationary phase. A flow splitter was placed after the
column and detection was done by an analytical Merck-
Hitachi (Darmstadt, Germany) L-4000 UV detector.
Semipreparative runs were performed on the same
pumping system fitted with a Perkin—Elmer C;g column
(25 x 2 cm i.d.). Analytical RP-HPLC was performed
on either a Kontron Analytical system (Kontron
Instruments, Basel, Switzerland) fitted with a
VYDAC™ Cig, 300 A pore size, 5 pm particle size, 250
x 4.6 mm i.d. column, or a Smart® System (Amersham-
Pharmacia Biotech) equipped with a u Peak Monitor
(Amersham-Pharmacia Biotech) and fitted with a pRPC
C2/C18 SC 2.1/10 (100 x 2.1 mm i.d.) column (Amer-
sham-Pharmacia Biotech).

Mass spectrometry, NMR and EPR measurements

Electrospray—mass spectrometry (ES—-MS) analyses
were recorded on a VG-Quattro® system from Fisons
Instruments (Altricham, UK). The carrier solution was
water/CH3CN (1:1) containing 1% (v/v) formic acid. 'H
and 3C NMR spectra were observed with a Unity-300
spectrometer from Varian (Palo Alto, CA, USA) for
acetone-dg/D,O solutions using standard acquisition
conditions at a regulated temperature of 25°C. Con-
trolled deuterium exchange experiments were performed
in D,O/acetone-dg (100% deuteration degree, 3:1 v/v)
buffered at pD =06 (measured with standard pH elec-
trode) with deuterated ammonium chloride (150 mM
final concentration in the solvent mixture). All the glass
material used in the experiment was thoroughly washed
with the deuterated solvent mixture to remove all traces
of labile hydrogen. Compounds (ca. 5 mg) were dis-
solved in 0.75 mL of the buffered solvent mixture (con-
centration between 15 and 20 mM) just before starting
the NMR acquisition. Spectra were acquired at 30°C
using short pulse widths (15°) and 32 scans (for each
kinetic data point) with 4 s interpulse time in order to
assure a similar integral to concentration factor for all
spectral signals. In the case of deuterium substituted
samples, the carbon spectra were acquired using an
interpulse delay of 5 s and a pulse of 25° until a mini-
mum signal:noise ratio of 40:1 for the quaternary aro-
matic ring carbons signals was achieved.

EPR measurements were performed on a Varian (Palo
Alto, CA, USA) E-109 spectrometer. The freshly pre-
pared basic solutions (1 M NaOH) of the samples were
degassed and transferred to a quartz capillary tube, fit-
ted into the cavity of the spectrometer working in the X
band at room temperature, and the changes in the spec-
tra were recorded with time. g Values of the radicals were
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determined with DPPH (g=2.0037) as standard.
Measurement conditions: microwave power, 5 mW;
modulation amplitude, 0.1 G; modulation 100 kHz;
scan width, 20 G. High values of gain were necessary
to detect very low concentrations of magnetic species.

Theoretical calculations

The program Gaussian 9847 was used to perform all
calculations described in this paper. The bond dissocia-
tion enthalpies were computed following the theoretical
approach pointed out by Wright et al.?® In a first step,
we carried out geometry optimisations and vibration
frequencies calculations for X-H and X radicals by
using the semiempirical PM3 method. In a second step,
the electronic energies were obtained by performing
single point calculations at the optimised geometries by
means of density functional theory (DFT) using the
B3LYP functional.?” The bond dissociation enthalpies
at 298 K were then computed as the difference between
the B3LYP energy of the X+H radicals minus the
B3LYP energy of the XH molecule, plus the corres-
ponding thermochemical corrections obtained at the
PM3 level of theory. The B3LYP calculations were per-
formed using the 6-31G(d,p) basis set,*® with the
p-exponent on hydrogen changed to 1.0 as optimised by
Wright et al.?® Moreover, in computing the thermo-
chemical corrections, we have also scaled the zero point
energy (ZPE) by 0.947 as suggested by Wright et al.?® It
is worth noting that our results show that the PM3
derived BDEs are systematically underestimated in the
8-30 kcal/mol range, with respect to the more accurate
B3LYP values. We obtained computed BDEs of 69.2,
65.9, 60.3, 65.0, 67.5, 71.4 and 71.7 kcal/mol for posi-
tions 2, 3, 4, 3/, 4, 5 and 7, respectively, at PM3 level of
theory, which are lower than those displayed in Fig. 4,
calculated at B3LYP level of theory. The reason for this
discrepancy is that the high level of delocalisation of the
radicals is not accurately described at the semiempirical
level of theory.

Treatment of procyanidins with acid in the presence of
cysteine

The solvent (water saturated with EtOAc) was elimi-
nated from an aliquot (400 mL, 4 g GAE, 6 g estimated
polyphenols by weight, coming from 3.2 kg of grape
byproduct) of the source of procyanidins.?® The pellet
was then dissolved in MeOH (400 mL) and dried. This
operation was repeated three times in order to eliminate
moisture. The resulting syrupy residue was dissolved in
MeOH (400 mL) and a solution of cysteine hydro-
chloride (20 g) and 37% HCI (10 mL) in MeOH (400
mL) was added. The mixture was kept at 65°C for 20
min under agitation. The reaction was then quenched
with cold water (3.2 L).

Cation exchange separation of the cysteinyl derivatives
from the depolymerised mixture and fractionation by
preparative RP-HPLC

Semipreparative runs on a 6 mL bed volume column
loaded with MacroPrep™ High S resin were used to

set-up the separation conditions at milligram scale. The
preparative separations were performed on a 105 mL
bed volume column loaded with the same stationary
phase. The eluents were [A]: 20 mM sodium phosphate,
pH 2.25 buffer/EtOH (7:3) and [B]: 20 mM sodium
phosphate, pH 2.25 buffer/EtOH (13:7), 100 mM NaCl.
The column was equilibrated with eluent [A], loaded
with the quenched depolymerised mixture (500 mL) and
washed with [A] (500 mL, 4.75 bed volumes). The
retained flavan-3-ol-derivatives were released with 500
mL (4.75 bed volumes) of eluent [B]. The column was
then washed with 7.14 bed volumes (750 mL) of 20 mM
sodium phosphate buffer, pH 2.25/EtOH (3:2), I|M
NaCl. The operation was repeated (7 times total) until
the whole mixture was consumed. The separation pro-
cess was monitored by analytical RP-HPLC on a
VYDAC™ C,5 column eluted with a binary system, [C]
0.10% (v/v) aqueous TFA, [D] 0.09% (v/v) TFA in
water/CH3CN (2:3) under isocratic conditions 14% [D]
(5 and 6), 22% [D] (compound 7), at a flow rate of 1.5
mL/min and detection at 215 nm, 0.016 absorbance
units full scale (aufs). The eluates containing com-
pounds 5-7 were pooled (3.5 L), the solvent volume was
reduced under vacuum down to 1.8 L, and water was
added up to a final volume of 2.6 L. The RP-HPLC
profile of the pooled eluates as well as the initial and
final washing steps were recorded on the same analytical
system under gradient conditions 8-23% [D] over 45
min at a flow rate of 1.5 mL/min with detection at
215nm.

The mixture containing compounds 5-7 was fractio-
nated on a preparative RP-HPLC cartridge filled with
VYDAC™ C18 stationary phase by a CH3;CN gradient
in 0.1% (v/v) aqueous TFA (2-14% CH;CN over 45
min). The solution (2.6 L) was processed in three por-
tions of ca. 900 mL each. Fractions enriched in each of
the three compounds were obtained: fraction I, 2-5%
CH;CN, compound 6; fraction II, 5-8% CH;CN, com-
pound 5; fraction III, 10-13% CH;CN, compound 7.

Purification of the S-cysteinyl derivatives

The 4B-(S-cysteinyl)flavan-3-ols were purified from
fractions I-1II by preparative RP-HPLC and identified
by mass spectrometry and nuclear magnetic resonance.

43-(S-Cysteinyl)epicatechin 5. Fraction II (6.7 L) from
reversed-phase fractionation was concentrated (5 L final
volume) under vacuum to eliminate most of the
CH;CN, loaded onto the preparative cartridge and
eluted using a CH;CN gradient (0-12% over 60 min) in
triethylamine phosphate pH 2.25 buffer, at a flow rate
of 100 mL/min, with detection at 230 nm. Compound 5
eluted at 4-7% CH;CN. Analysis of the fractions was
accomplished under isocratic conditions in 0.10% (v/v)
aqueous TFA/CH;CN using the VYDAC™ C,g col-
umn, solvent system, flow rate and detection described
above with isocratic elution at 14% [D]. The pure fractions
were pooled, diluted with water (1:1) and re-chroma-
tographed on the same cartridge by a CH3CN gradient
(2 to 11% over 30 min) in 0.10% (v/v) aqueous TFA.
After combining the cluates and lyophilization, the
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resulting solid (0.9 g) was dissolved in tryethylamine
phoshate buffer pH 5.54 and loaded again onto the
preparative cartridge previously equilibrated in the
same buffer. Compound 5 was eluted by a CH3CN gra-
dient (0-12% over 90 min). The pure fractions were
pooled and desalted by a fast CH;CN gradient in 0.1%
(v/v) aqueous TFA on the same cartridge. 4p-(S-cystei-
nyl)epicatechin 5 (550 mg) was obtained as the tri-
fluoroacetate by lyophilisation. ES-MS positive ions, m/z
410.0 (M +1)™, calculated for C;gH,)N;0gS; (M +H)™"
410.1. '"H NMR (acetone-dg+ 3 drops D-O, 300 MHz):
6 3.98 (1H, d J=2.0 Hz, H-4 3, 4-trans configuration);
4.08 (1H, dd J=2.0, 0.9 Hz, H-3); 4.45 (1H, m, S-CH -
CH<); 5.09 (1H, s, H-2 2, 3-cis configuration); 5.89
(1H, d J=2.1 Hz, H-8); 6.10 (1H, d, J=2.1 Hz, H-6);
6.77-6.86 (2H, m, H-5', H-6'); 7.07 (1H, d J=2.1 Hz, H-
2). Purity (>99.5%) was ascertained by RP-HPLC on
a uRPC C2/C18, 3 pm column; elution, [C] 0.10% (v/v)
aqueous TFA, [D] 0.09% (v/v) TFA in water/CH3;CN
(2:3), gradient 8 to 23% [D] over 45 min at a flow rate of
200 pL/min with simultaneous detection at 214, 280 and
320 nm.

43-(S-Cysteinyl)catechin 6

Fraction I from reversed-phase fractionation was con-
centrated as stated for 5, loaded onto the preparative
cartridge and eluted using a CH5CN gradient (0-12%
over 90 min) in triethylamine phosphate pH 2.25 buffer,
at a flow rate of 100 mL/min, with detection at 230 nm.
Analysis of the fractions was accomplished under iso-
cratic conditions in 0.10% (v/v) aqueous TFA/CH;CN
using the VYDAC™ C,5 column, solvent system, flow
rate and detection described above with isocratic elution
at 10% [D]. The best fractions were pooled, diluted, re-
loaded onto the cartridge and eluted with a CH3CN
gradient (0-12% over 90 min) in triethylamine phos-
phate pH 5.30 buffer. The purest fractions were pooled,
desalted with a steep CH3CN gradient in 0.1% (v/v)
aqueous TFA and lyophilised. Then the preparation
was re-chromatographed on a semipreparative Perkin—
Elmer CI18 cartridge eluted with 6 and 9% CH3CN in
0.10% (v/v) aqueous TFA under isocratic conditions.
After pooling the best fractions and lyophilization, 4p-
(S-cysteinyl)catechin 6 (74 mg) was obtained as the tri-
fuoroacetate. ES-MS, positive ions, m/z 409.9
(M + 1)+, calculated for ClgHzoNlogsl (M + H)Jr 410.1.
'"H NMR (acetone-dg + 3 drops D>0, 300 MHz): § 4.15
(1H, 2d, J=9.7, 4.5, H-3); 4.28 (1H, d J=4.5, H-4 3,
4-cis configuration); 4.4 (1H, m, S-CH,~-CH <); 4.80
(1H, d J=9.7 Hz, H-2 2, 3-trans configuration); 5.76
(1H, d J=2.1 Hz, H-8); 6.12 (1H, d, J=2.1 Hz, H-6);
6.78 (2H, m, H-5', H-¢'); 6.93 (1H, d J=1.2 Hz, H-2').
Purity (99.9%) was ascertained by RP-HPLC on the
system described for compound 5.

43-(S-Cysteinyl)epicatechin 3-O-gallate 7. Fraction III
from reversed-phase fractionation was concentrated as
stated for 5, loaded onto the preparative cartridge and
eluted using a CH3CN gradient (2-14% over 60 min) in
triethylamine phosphate pH 2.25 buffer, at a flow rate
of 100 mL/min, with detection at 230 nm. Fractions
were analysed under isocratic conditions in 0.10% (v/v)

aqueous TFA/CH;CN using the column, solvent sys-
tem, flow rate and detection described above with elu-
tion at 19% [D]. The best fractions were pooled, diluted,
re-loaded onto the cartridge and eluted with a CH;CN
gradient (2-14% over 60 min) in triethylamine phos-
phate pH 5.46 buffer. The purest fractions were pooled
and re-chromatographed with a CH3;CN gradient
(9-21% over 30 min) in 0.1% (v/v) aqueous TFA. After
lyophilisation, 4B-(S-cysteinyl)epicatechin 3-O-gallate 7
(75 mg) was obtained as the trifluoroacetate. ES—-MS,
positive ions, m/z 561.9 (M+1)* calculated for
C25H24N101281 (M+H)+ 562.1. lH NMR (acetone-d6
+3 drops D,0, 300 MHz): 6 4.15 (1H,d J=2.1 Hz, H4
3, 4-trans configuration); 4.37 (1H, m, S-CH,—CH <);
5.28 (1H, 2m, H-3); 5.39 (1H, bs, H-2 2, 3-cis configur-
ation); 6.01 (1H, d /=2.1 Hz, H-8); 6.13 (1H, d, /=2.1
Hz, H-6); 6.78 (1H, d J=8.1 Hz, H-5); 6.90 (1H, dd
J=2.1, 8.1 Hz, H-6'); 6.97 (2H, s, galloyl H); 7.11 (1H,
d J=2.1 Hz, H-2'). Purity (>99.5%) was ascertained by
RP-HPLC on the system described for compound 5.

Antiradical activity

The free radical scavenging activity was evaluated by
the DPPH method.?>?* The samples (0.1 mL) were
added to aliquots (3.9 mL) of a solution made up with
4.8 mg DPPH in 200 mL of MeOH and the mixture
incubated for 1 h at room temperature. The initial con-
centration of DPPH, approximately 60 uM, was calcu-
lated for every experiment from a calibration curve
made by measuring the absorbance at 517 nm of stan-
dard samples of DPPH at different concentrations. The
equation of the curve was Abss;7nm=11,345 X Cpppu
as determined by linear regression. The results were
plotted as the degree of absorbance disappearance at
517 nm [(1—A/A)x100] against umoles of sample divi-
ded by the initial pmoles of DPPH. Each point was
acquired in triplicate. A dose-response curve was
obtained for every product. The results were expressed
as the efficient dose EDs, given as umoles of product
able to consume half the amount of free radical divided
by umoles of initial DPPH.

Cell culture

HT29 cells (colorectal adenocarcinoma) were purchased
from American Type Culture Collection (ATCC) and
cultured in Dulbecco modified Eagle’s medium
(DMEM) supplemented with 10% (v/v) heat-inactivated
FBS, 2 mM L-glutamine and antibiotics: 100 U/mL
penicillin and 100 mg/mL streptomycin (Biological
Industries). Cells were grown in an isolated 37°C-5%
CO, tissue incubator compartment and the medium was
changed every 3 days. HT29 cell cultures used in this
study were free of mycoplasm infection as shown by the
Gen-probe rapid mycoplasm detection system prior to
the treatments with the samples.

Proliferation assay

Cell growth was determined using the MTT assay.*
Cells were seeded into 96-well plates at 2.5 x 103 cells/
well density and incubated for 24 h prior to addition of
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the samples, which were prepared by serial dilutions
from a concentrated solution made up in Dulbecco’s
phosphate buffered saline (PBS). Control cultures were
treated with equal volume of PBS as the treated cultures.
After 3 days of culture, the supernatant was aspirated
and 100 pL of filtered MTT (0.2 mg/mL in cell culture
medium) was added to each well. The plates were incu-
bated at 37°C-5% CO, during 4 h. The supernatant
was removed, and the blue MTT formazan precipitated
was dissolved in DMSO (100 puL) and optical density
(OD) measured at 550 nm on a multi-well reader
(Merck ELISA System MIOS®).

For each compound, a minimum of four experiments
measuring the growth inhibition was conducted and the
mean+SD of OD data from the replicated wells was
calculated for each concentration tested. The inhibitory
effect of the products at each concentration was expres-
sed as a percentage [(mean OD treated cells after 72 h of
incubation with the product/mean OD of control cells
after 72 h of incubation with extra-medium instead of
product) x 100]. The ICs, or sample concentration
causing a 50% reduction in the mean OD value relative
to the control at 72 h of incubation, was estimated using
GraFit 3.00 (Data Analysis and Graphics Program,
Erithacus Software Ltd. Microsoft Corp., Surrey, UK)
curve option: ICs, curve — start at 0.

Acknowledgements

Financial support (research grants PPQ2000-0688-C05—
03 and-04, and doctoral fellowship to C.L.) from the
Spanish Ministry of Science and Technology is
acknowledged. We are thankful to Dr. Irene Fernandez
from the Servei d’Espectrometria de Masses of the Uni-
versity of Barcelona for the mass spectrometry analyses,
Ms. Avencia Diez from the Servei d’Espectrometria de
Ressonancia Paramagnética Electronica at IIQAB-CSIC
for the EPR analyses and Ms. Montserrat Sindreu
from the Servei d’Espectrometria de Ressonancia Mag-
netica Nuclear at IIQAB-CSIC for the NMR analyses.
The calculations described in this work were performed
at the Centre de Supercomputacio de Catalunya
(CESCA).

References and Notes

1. Diplock, A. T.; Charleux, J. L.; Crozier-Willi, G.; Kok,
F. J.; Rice-Evans, C.; Roberfroid, M.; Stahl, W.; Vifia-Ribes,
J. Br. J. Nutr. 1998, 80, S77 (Suppl 1).

2. Bravo, L. Nutr. Rev. 1998, 56, 317.

3. Yang, C. S.; Lee, M.-J.; Chen, L.; Yang, G. Environ. Health
Perspect. 1997, 105 (Suppl. 4), 971.

4. Yang, G. Y.; Liao, J.; Kim, K.; Yurkow, E. J.; Yang, C. S.
Carcinogenesis 1998, 19, 611.

5. Soleas, G. J.; Diamandis, E. P.; Goldberg, D. M. J. Clin.
Lab. Anal. 1997, 11, 287.

6. Ruf, J. C. Drug Exp. Clin. Res. 1999, 25, 125.

7. Packer, L.; Rimbach, G.; Virgili, F. Free Rad. Biol. Med.
1999, 27, 704.

8. Ahmad, N.; Feyes, D. K.; Nieminen, A. L.; Agarwal, R.;
Mukhtar, H. J. Nat. Cancer Inst. 1997, 89, 1881.

9. Tan, X. H.; Hu, D. R; Li, S. R.; Han, Y.; Zhang, Y. L.;
Zhou, D. Y. Cancer Lett. 2000, 158, 1.

10. Harbowy, M. E.; Balentine, D. A. Crit. Rev. Plant Sci.
1997, 16, 415.

11. Prieur, C.; Rigaud, J.; Cheynier, V.; Moutounet, M.
Phytochemistry 1994, 36, 781.

12. Souquet, J.-M.; Cheynier, V.; Brossaud, F.; Moutounet,
M. Phytochemistry 1996, 43, 509.

13. Souquet, J. M.; Labarbe, B.; LeGuerneve, C.; Cheynier,
V.; Moutounet, M. J. Agric. Food Chem. 2000, 48, 1076.

14. Cheynier, V.; Souquet, J.-M.; Le Roux, E.; Guyot, S.;
Rigaud, J. Method. Enzymol. 1999, 299, 178.

15. Thompson, R. S.; Jacques, D.; Haslam, E.; Tanner,
R. J. N. J. Chem. Soc., Perkin Trans. 1 1972, 1387.

16. Rigaud, J.; Pérez-Ilzarbe, J.; Ricardo da Silva, J. M.;
Cheynier, V. J. Chromatogr. 1991, 540, 401.

17. Sanoner, P.; Guyot, S.; Marnet, N.; Molle, D.; Drilleau,
J. F. J. Agric. Food Chem. 1999, 47, 4847.

18. Tanaka, T.; Kusano, R.; Kouno, 1. Bioorg. Med. Chem.
Lett. 1998, 8, 1801.

19. Torres, J. L.; Bobet, R. J. Agric. Food Chem. 2001, 49, 4627.
20. Polymeric procyanidins came from the residue generated
after extraction of antioxidant polyphenols from grape
pomace. Briefly, the total extract in 70% EtOH was dried,
suspended in water and partitioned with ethyl acetate. The
residual aqueous layer used in this work contained procyani-
dins with a mean degree of polimerisation of 8.5 and a content
of gallate esters (galloylation) of 11%, calculated by thiolysis
with cysteamine and HPLC analysis (Torres, J. L.; Lozano, C.
Chromatographia 2001, 54, 523).

21. Kolodziej, H. Phytochemistry 1990, 29, 1671.

22. Blois, M. S. Nature 1958, 181, 1199.

23. Brand-Williams, W.; Cuvelier, M. E.; Berset, C. Lebensm.-
Wis. u.-Technol. 1995, 28, 25.

24. Free radical scavenging efficiency of 4 was reported in ref
19. EDsg was 0.11 (ARP 9.1). The corresponding stoichio-
metry value is 0.22 and the moles DPPH reduced by mole
antioxidant is 4.5.

25. Shen, C. C.; Chang, Y.-S.; Ho, L.-K. M. Phytochemistry
1993, 34, 843.

26. Hemingway, R. W.; Tobiason, F. L.; McGraw, G. W.;
Steynberg, J. P. Mag. Res. Chem. 1996, 34, 424.

27. Becke, A. D. J. Chem. Phys. 1993, 98, 5648.

28. Wright, J. S.; Carpenter, D. J.; McKay, D. J.; Ingold,
K. U. J. Am. Chem. Soc. 1997, 119, 4245.

29. Guo, Q. N.; Zhao, B. L.; Li, M. F.; Shen, S. R.; Xin, W. J.
Biochim. Biophys. Acta-Lipid Lipid Met. 1996, 1304, 210.

30. Bors, W.; Michel, C.; Stettmaier, K. Archiv. Biochem.
Biophys. 2000, 374, 347.

31. Jensen, O. N.; Pedersen, J. A. Tetrahedron 1983, 39, 1609.
32. Torres, J. L.; Piera, E.; Infante, M. R.; Clapes, P. Prep.
Biochem. Biotechnol. 2001, 31, 259.

33. Dangles, O.; Fargeix, G.; Dufour, C. J. Chem. Soc., Per-
kin Trans. 2 1999, 1387.

34. Dangles, O.; Fargeix, G.; Dufour, C. J. Chem. Soc., Per-
kin Trans. 2 2000, 1653.

35. Guyot, S.; Vercauteren, J.; Cheynier, V. Phytochemistry
1996, 42, 1279.

36. Hotta, H.; Sakamoto, H.; Nagano, S.; Osakai, T.; Tsu-
jino, Y. Biochim. Biophys. Acta- Gen. Subjects 2001, 1526, 159.
37. Kolar, G. F. J. Label. Compd. 1971, 7, 409.

38. Kondo, K.; Kurihara, M.; Miyata, N.; Suzuki, T.;
Toyoda, M. Free Rad. Biol. Med. 1999, 27, 855.

39. Kondo, K.; Kurihara, M.; Miyata, N.; Suzuki, T
Toyoda, M. Archiv. Biochem. Biophys. 1999, 362, 79.

40. Stone, T. J.; Waters, W. A. J. Chem. Soc. 1965, 1488.

41. Valcic, S.; Timmermann, B. N.; Alberts, D. S.; Wichter,
G. A.; Krutzsch, M.; Wymer, J.; Guillén, J. M. Anti-Cancer
Drugs. 1996, 7, 461.



J. L. Torres et al. | Bioorg. Med. Chem. 10 (2002) 2497-2509 2509

42. Chung, L. Y.; Cheung, T. C.; Kong, S. K.; Fung, K. P;
Choy, Y. M.; Chan, Z. Y.; Kwok, T. T. Life Sci. 2001, 68,
1207.

43. Liang, Y. C.; Lin-shiau, S. Y.; Chen, C. F.; Lin, J. K.
J. Cell. Biochem. 1997, 67, 55.

44. Ahmad, N.; Gali, H.; Javed, S.; Agarwal, R. Biochem.
Biophys. Res. Commun. 1998, 247, 294.

45. Liang, Y. C.; Chen, Y. C.; Lin, Y. L.; Lin-Shiau, S. Y.;
Ho, C. T.; Lin, J. K. Carcinogenesis 1999, 20, 733.

46. Liberto, M.; Cobrinik, D. Cancer Lett. 2000, 154, 151.
47. Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria,
G. E.; Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.;
Montgomery, J. A., Jr; Stratmann, R. E.; Burant, J. C.; Dap-
prich, S.; Millam, J. M.; Daniels, A. D.; Kudin, K. N.; Strain,

M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, S.; Clifford, S.; Och-
terski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma,
K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Fores-
man, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu,
G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.;
Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill,
P. M. W_; Johnson, B.; Chen, W.; Wong, M. W.; Andrés, J. L.;
Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, J. A.
Gaussian 98, Revision A.6; Gaussian Inc: Pittsburg, PA, 1998.
48. Hariharan, P. C.; Pople, J. A. Theoret. Chim. Acta 1973,
28, 213.

49. Mosmann, T. J. Immunol. Meth. 1983, 55.



FEBS 29758

FEBS Letters 579 (2005) 4219-4225

Effect of new antioxidant cysteinyl-flavanol conjugates on skin cancer cells

Carles Lozano®®, Josep Lluis Torres®, Lluis Julia®, Aurora Jimenez®,

b

Josep Joan Centelles®, Marta Cascante™*

& Department of Biochemistry and Molecular Biology, Unit associated with the CSIC, University of Barcelona,
Marti i Franqueés 1, 08028 Barcelona, Spain
® Institute for Chemical and Environmental Research (IIQAB-CSIC), Jordi Girona 18-26, 08034 Barcelona, Spain

Received 2 March 2005; revised 10 June 2005; accepted 30 June 2005

Available online 14 July 2005

Edited by Vladimir Skulachev

Abstract Novel catechin derivatives obtained from grape
procyanidins and L-cysteine scavenge free radicals by hydrogen
atom donation, rather than electron transfer, and reduce cell via-
bility in A375 and M21 melanoma cells. In particular, 4f4-(S-cys-
teinyl)epicatechin 3-O-gallate has a free radical scavenging
capacity as strong as that of tea (—)-epigallocatechin gallate
and causes a significant S-phase cell-cycle arrest in both cell lines
at doses higher than 100 pM. The other cysteinyl compounds do
not affect normal cell cycle distribution. The gallate derivative
also induces apoptosis in melanoma cells more strongly than
the other derivatives and the parent (—)-epicatechin do. The gal-
late compound seems to trigger nuclear condensation and
fragmentation, which is confirmed by DNA laddering. Interest-
ingly, they do not induce apoptosis in keratinocytes (HaCaT).
© 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.

Keywords: Catechins; Antioxidants; Gallate ester; Melanoma;
Cell cycle; Apoptosis

1. Introduction

Cutaneous melanoma ranks fifth in incidence among men
and sixth among women in the USA. Its incidence is rising
at a rate of about 5% per year [1]. Some studies have shown
that UV light exerts its biological effects, at least in part, via
the generation of reactive oxygen species (ROS) and free rad-
icals, which play a major role in the induction of skin cancer
[2-5]. Chemopreventive approaches utilizing non-toxic agents
aimed at both minimizing ROS formation and inducing apop-
tosis in tumour cells seem attractive. Recent studies on skin
cancer prevention show that certain polyphenols cause both
actions and appear to be efficient inhibitors of UV radiation-
induced skin carcinogenesis [2,6-8].

Of these polyphenols, the gallate-containing flavan-3-ols
from green tea extract stand out because of their antioxidant
capacity and their induction of apoptosis in tumour cells
[9,10]. Grape extract, whose properties are similar to tea ex-

“Corresponding author. Fax: +34 93 4021219.
E-mail address: martacascante@ub.edu (M. Cascante).

Abbreviations: Cys-Cat, 4B-(S-cysteinyl)catechin; Cys-EC, 4B-(S-cys-
teinyl)epicatechin; Cys-ECG, 4B-(S-cysteinyl)epicatechin 3-O-gallate;
DPPH, 1,1-diphenyl-2-picrylhydrazyl free radical; EC, (—)-epicate-
chin; HNTTM, tris(2,4,6-trichloro-3,5-dinitrophenyl)methyl radical

tract’s, is another important source of flavan-3-ols. While the
tea extract includes mainly monomeric flavan-3-ols, mostly
gallocatechins [11], grape extracts contain polymeric flavan-
3-ols [12,13], mostly procyanidins (see Fig. 1). Interestingly,
depolymerisation of procyanidins is an appropriate way of
obtaining monomeric derivatives with modified properties
[14,15]. A previous study in our Laboratories described a
new family of flavan-3-ols obtained by depolymerisation of
grape procyanidins in the presence of the natural amino acid
cysteine [16]. In the present study, we evaluated the electron
transfer capacity of the novel flavan-3-ol derivatives, 43-(S-
cysteinyl)epicatechin, 4B-(S-cysteinyl)catechin and 4p-(S-cys-
teinyl)epicatechin 3-O-gallate (Fig. 2), with the new radical
chemosensor HNTTM [17]. The study is significant because
of the novel compounds, as electron transfer capacity is di-
rectly related to pro-oxidant effects in catechins, such as (—)-
epigallocatechin (EGC) and (—)-epigallocatechin-gallate
(EGCQ) [18,19]. We also studied the response of two mela-
noma cell lines, A375 and M21, to treatment with the novel fla-
van-3-ol derivatives. Melanoma cells were significantly less
viable in both cell lines at higher doses. Moreover, the gal-
late-containing compound showed a significant arrest in the
S phase of the cell cycle and a significant activation of the
apoptosis mechanism in both tumour cell lines, but not in
keratinocytes. The apoptotic induction of the gallate-contain-
ing compound was confirmed by flow cytometry and DNA
laddering, showing apparent nuclear fragmentation.

2. Materials and methods

4B-(S-cysteinyl)epicatechin (Cys-EC) 2, 4p-(S-cysteinyl)catechin
(Cys-Cat) 3 and 4-(S-cysteinyl)epicatechin 3-O-gallate (Cys-ECG) 4
(Fig. 2) were prepared as described [16] and dissolved in Dulbecco’s
phosphate buffer saline solution (PBS, from Sigma, Steinheim, Ger-
many). (—)-Epicatechin (EC) 1, staurosporine, ethidium bromide,
EDTA, boric acid, isopropanol and a,o,a-Tris(hydroxymethyl)amino-
methane were also purchased from Sigma. Ethanol, NaCl, NaOH and
CaCl, - 2H,O were from Panreac Quimica SA (Montcada i Reixac,
Spain). Trypsin—-EDTA solution C (0.05% trypsin and EDTA 1:5000
in PBS) was from Biological Industries (Beit Haemek, Israel). MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl ~ tetrazolium  bromide),
DMSO (dimethyl sulfoxide), Trypan blue solution 0.4%, propidium io-
dide (PI) and the non-ionic surfactant Igepal CA-630 were from Sigma
Chemical Co (Saint Louis, MO, USA). RNase and agarose MP were
from Roche Diagnostics (Mannheim, Germany). FITC-Annexin V
kit and binding buffer 4x for apoptosis assay were purchased from
Bender MedSystems (MedSystems Diagnostics GmbH, Vienna, Aus-
tria). The Realpure DNA extraction kit, which included Proteinase
K, was purchased from Durviz s.l. (Paterna, Spain). Blue/Orange
Loading dye (0.4% orange G, 0.03% bromophenol blue, 0.03% xylene
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Main flavanols in grape extract:
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Fig. 1. Molecular structure of the main components in tea extract (monomers of gallocatechins) and grape extract (polymer of catechins).

terminal unit

compound R1 R2 R3
EC (1) H OH H
Cys-EC (2) H OH
s NH;*
Cys-Cat (3) OH H
COOH

Cys-ECG (4) H O-gallate

Fig. 2. Molecular structures of (—)-epicatechin and the novel thio-derivatives of flavan-3-ols obtained by depolymerization of grape procyanidins in

the presence of cysteine.

cyanol FF, 15% Ficoll 400, 10 mM Tris-HCI, pH 7.5 and 50 mM
EDTA, pH 8) and 1 kb DNA ladder were from Promega (Madison,
WI, USA).

2.1. Electron transfer assay

EPR measurements were performed on a Varian (Palo Alto, CA)
E-109 spectrometer working in the X-band (microwave power,
20 mW; modulation amplitude, 3.2 G). The radical scavengers were
tested at various concentrations in chloroform-methanol (2:1). Ali-
quots (1 mL) were reacted with a solution (I mL) of HNTTM
(tris(2,4,6-trichloro-3,5-dinitrophenyl)methyl) radical (120 uM in
chloroform-methanol (2:1)) [17] and the mixture was incubated for
30 min. The initial concentration of the compounds tested ranged
from 1 to 30 uM. Each point was acquired in triplicate. A dose-re-
sponse curve was obtained for each product. The results were ex-
pressed as the efficient dose EDsy given as pmoles of compound
able to consume half the amount of free radical divided by pmoles
of initial HNTTM radical. The stoichiometric value (theoretical con-
centration of antioxidant to reduce 100% of the radical) was ob-
tained by multiplying the EDsy by two. The inverse of this value

represents the moles of radical reduced by one mole of antioxidant
and gives an estimate of the number of electrons involved in the
process.

2.2. Cell culture

A375 cell line (human malignant melanoma) was purchased from
ATCC (Manassas, VA, USA) and cultured in Dulbecco modified Ea-
gle’s medium (DMEM) from Sigma. The medium was supplemented
with 10% (v/v) heat-inactivated FCS (Invitrogen, Carlsbad, CA,
USA), 2mM r-glutamine and antibiotics: 100 U/mL penicillin and
100 pg/mL streptomycin (Biological Industries, Beit Haemek, Israel).
M21 cell line (human malignant melanoma), generously provided by
Prof. A. Mazo (UB, Barcelona, Spain), was cultured in RPMI-1640
medium supplemented as before. The spontaneously immortalised hu-
man keratinocyte cell line HaCaT was provided by Advancell (Barce-
lona, Spain), cultured in DMEM medium from Biowhittaker/Cambrex
(Milan, Italy) and supplemented with 10% FCS, 2 mM L-glutamine,
1% HEPES buffer (Invitrogen) and 0.1% antibiotics. Cells were grown
in an isolated 37 °C, 5% CO, tissue incubator compartment and their
medium was changed every 3 days.
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2.3. Growth inhibition assay

Cell growth was determined by means of a variation of the MTT
assay described by Mosmann [20]. A375 and M21 cells were seeded
into 96-well plates at a density of 1.5x 10 cells/well and 1.2x 10?
cells/well, respectively. Adherent cell lines were incubated for 24 h
prior to addition of the compounds. After 3 days culture, the super-
natant was aspirated and 100 pL of filtered MTT (0.5 mg/mL in cell
culture medium) was added. The cell plates were incubated for 1h
and metabolically active cells reduced the dye to purple formazan.
The supernatant was removed, and the dark blue MTT formazan
precipitated was dissolved in DMSO (100 pL). Optical density (OD)
was measured at 550 nm on a multi-well reader (Merck ELISA Sys-
tem MIOS®).

The ICso or compound concentration causing a 50% reduction in the
mean OD value relative to the control was calculated using a GraFit
3.00 (Data Analysis and Graphics Program, Erithacus Software Ltd.
Microsoft Corp., Surrey, UK) curve option: ICsocurve — start at 0.

2.4. Cell cycle analysis

Flow cytometry was used to analyse cell cycles and quantify apopto-
sis. A375 and M21 cells were seeded into 6-well plates at a density of
3.5 x 10* cells/well and incubated for 24 h prior to addition of the com-
pounds. The ICsy and 2 x ICsy concentration values of each sample
were measured after 3 days subculture. Both cell lines were resus-
pended in ice-cold TBS Ix buffer (1 mL of 10 mM Tris and 150 mM
NaCl, pH 7.4). PI (50 uL, 50 pg) and 1 mL Vindelov buffer at pH
7.4, containing 10 mM Tris, 10 mM NacCl, PI (50 pL, 50 png), Rnasa
(1 pL, 10 pg) and Igepal CA-630 (1 uL), were added to each sample.
Cells were incubated for 1 h at 4 °C in the dark [21]. Cell cycle distri-
bution was analysed by flow cytometry using the fluorescence-acti-
vated cell sorting (FACS) system. DNA histograms were collected
with an Epics XL flow cytometer (Coulter Corporation, Miami, FL)
and analysed by the Multicycle program (Phoenix Flow Systems,
San Diego, CA).

2.5. Assessment of apoptosis

In the assessment of apoptosis, after 3 days subculture of the cell
plates in the same way as for the cell cycle treatment, both melanoma
cell lines were washed once in ice-cold binding buffer (10 mM HEPES
sodium hydroxide pH 7.4, 140 mM sodium chloride, 2.5 mM calcium
chloride) and resuspended in the same buffer (95 pL) at a maximum
of 0.8x 10°cells/mL in the presence of FITC-Annexin V binding
(3 uL). After 30 min incubation at room temperature in the dark, PI
(20 puL, 20 pg) was added [22]. Cells, double-stained with Pl and annex-
in V-FITC, were processed by flow cytometry and laser-scanning
cytometry (LSC), which collected green (525 nm) fluorescence for
FITC conjugated antibody and red (675 nm) fluorescence for PI, under
488 nm excitation. HaCaT cells (human keratinocytes) were seeded
into 6-well plates at 8.5 x 10* cells/well density and treated in the same
way as the melanoma cell lines described above.

2.6. DNA fragmentation assay

Cells were treated with compound 4 and stausporine for 120 h. After
treatment, cells were scraped off the plates and collected by centrifuga-
tion at 400 g for 5 min. Cells were lysed in a lysis buffer (1 mL, Real-

Table 1
Free radical scavenging power and stoichiometry
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pure kit) and incubated with Proteinase K (6 pL, 120 pg) at 55°C
for 1 h. RNA was digested by incubation with RNase (7 uL, 70 pg)
at 37°C for 1h. After treatment, protein precipitation buffer
(800 uL, Realpure kit) was added and lysates were vortexed and centri-
fuged at 16000 x g for 10 min. The DNA in the aqueous supernatant
was extracted with isopropanol (600 pL) and centrifuged at
14000 x g for 3 min. The supernatant was removed and the pellet
was rinsed with 70% ethanol (600 pL), dried at room temperature
for 15 min and resuspended in DNA hydratation solution (100 pL,
Realpure kit).

Hydrated DNA was diluted 1/50 in MilliQ water for DNA quantifi-
cation by UV spectrophotometer at 260 nm. Loading dye (3 L) was
added to 20 pg of DNA for each treatment, and the samples were re-
solved over 1% agarose gel (75 min at 80 V), containing ethidium bro-
mide (2 uL) in TBE buffer (45 mM Tris, 45 mM boric acid, 1 mM
EDTA; pH 8.0). The DNA bands were viewed under a UV transillu-
minator and (Vilber Lourmat, Marne-la-Vallée, France), followed by
a video copy processor (Mitsubishi P91 system, Kyoto, Japan).

2.7. Statistics

The Student’s ¢ test was used for statistical analysis. For each com-
pound, a minimum of four independent experiments with duplicate
values to measure growth inhibition and a minimum of three indepen-
dent experiments for cell cycle analysis, assessment of apoptosis and
DNA fragmentation were conducted. Data are given as the
mean + SD.

3. Results and discussion

3.1. Free radical scavenging activity. Hydrogen donation versus
electron transfer

We had previously measured the hydrogen donation capacity
of 1-4 in the 1,1-diphenyl-2-picrylhydrazyl free radical (DPPH)
assay [16]. The thio-derivatives 2-4 donated 4.2, 3.8 and 10.0
hydrogen atoms per molecule, respectively, whereas the under-
ivatised (—)-epicatechin 1 gave 2.8 hydrogen atoms. Using the
new radical chemosensor HNTTM [17], we measured the elec-
tron transfer capacity of 1-4. The epicatechin and catechin con-
jugates 2 and 3 transferred only 2.4 and 2.3 electrons per
molecule to HNTTM, respectively, and compound 1 had simi-
lar results (2.4). The most potent compound, Cys-ECG 4,
transferred 6.7 electrons per molecule, which was still less than
the 10.0 hydrogen atoms donated to DPPH (Table 1). The
hydrogen donation capacity of 4 was similar to that of EGCG
and superior to the vitamin E analogue (Trolox) and another
galloylated compound, propyl-gallate. The results prove that
the thio-derivatives showed greater scavenging capacity by
hydrogen atom donation than by electron transfer (high H/e
values, Table 1). The order of efficiency in both scavenging

Compound DPPH (hydrogen donation)® HNTTM (electron transfer)
ARP (1/EDs) Stoichiometric H atoms per ARP (1/EDs) Stoichiometric Electrons per H/e™ ratio
value molecule® value molecule®

1 5.5 0.36 2.8 4.8 0.42 2.4 1.2
2 8.3 0.24 4.2 4.8 0.42 24 1.7
3 7.7 0.26 38 4.7 0.43 2.3 1.7
4 20.0 0.10 10.0 13.3 0.15 6.7 1.5
Trolox 3.9 0.52 1.9 5.4 0.37 2.7 0.7
EGCG 21.3 0.09 10.6 11.3 0.17 5.9 1.8
Propyl-gallate 9.5 0.21 4.7 6.1 0.33 3.1 1.5

Standard deviation (n = 3): < 0.3 (ARP), <0.04 (stoichiometric value), <0.2 (H or e~ per molecule).

“Results for compounds 1-4 from Ref. [16].
®Moles reduced DPPH per mole antioxidant.
“Moles of reduced HNTTM per mole antioxidant.
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Fig. 3. Proliferation of A375 cells and M21 cells in response to EC
(@), Cys-EC (A), Cys-Cat (V) and Cys-ECG (O). Cell cultures were
treated with increasing doses of these compounds, as indicated on the x
axis. Mean £ S.D., n < 8.

assays was 4 > 3 ~ 2 ~ 1. This may be of biological significance
because the capacity to transfer electrons is regarded sometimes
as an undesired effect [23] related to the pro-oxidant action of
gallocatechins such as (—)-epigallocatechin (EGC) and (—)-epi-
gallocatechin-gallate (EGCGQG), and is mainly associated with
the pyrogallol group on ring B [18,19]. Potent compounds such
as Cys-ECG 4, which do not include this group, might be safer
than equipotent gallocatechins such as EGCG.

3.2. Growth inhibition capacity

Treatment of melanoma cells with the thio-conjugates for 72
h resulted in a reduction in cell viability in a dose-dependent
fashion (Fig. 3), with the order of cell growth inhibition capac-
ity being 4 > 1 ~ 2 ~ 3 for both A375 and M21 cells, according
to the ICsq values obtained (Table 2). The cysteinyl conjugates
were equally or slightly less efficient than the underivatised

Table 2
Antiproliferative potency against human melanoma cell lines

Cell line Compound n* Mean ICso (UM) S.D.

A375 1 4 154 15
2 4 231 14
3 4 223 10
4 4 113 6

M21 1 7 332 39
2 5 363 18
3 5 365 14
4 5 104 4

S.D., standard deviation.
“n, number of experiments performed.
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(—)-epicatechin, 1, in inhibiting the growth of melanoma cells.
Interestingly, the gallate-containing derivative 4, which was the
most effective compound as a free radical scavenger, was also
the most efficient molecule in inhibiting cell growth in both
melanoma cell lines.

3.3. Cell cycle analysis and apoptosis induction

To examine the effects of the flavan-3-ols 1-4 on the cell cycle
pattern at concentrations equal to their ICsy and twice their
I1Cso, A375 and M21 cells were treated with each compound
for 72 h, and then analysed by FACS (Fig. 4). The galloylated
cysteinyl compound 4 induced the most significant increase in
the S cycle phase, at 2 x ICsq over the untreated cells. The rest
of the flavanols, 1-3, showed a cell cycle distribution similar to
the untreated cells in A375 and M21. The fact that Cys-ECG
(4) treatment caused a major arrest in S phase in both cell cy-
cles, whereas Cys-EC (2) did not cause any significant effect on
either A375 or M21 at twice its ICsy, demonstrated that the
gallate structure was, at least in part, responsible for this effect
on the cell cycle (Fig. 4).
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Fig. 4. Influence of the flavanols on M21 and A375 cell cycles after
72 h of treatment. Non-treated cells are indicated by open bars. Doses
(2 xICsp) in M21 cells: EC (1), 660 uM; Cys-EC (2) and Cys-Cat (3),
720 uM; Cys-ECG (4), 208 uM. Doses (2 x ICs) in A375 cells: 1, 310
uM; 2 and 3, 420 uM; 4, 237 uM. Cell cycle distribution of untreated
A375 cells (Ct) and Cys-ECG (4) in A375 cells.
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Since cell cycle arrest may lead to apoptosis, in the next series
of experiments we used FITC-FACS analysis to establish
whether necrosis or apoptosis was involved. A375 and M21 cells
treated with the compounds 1-4 at their ICs slightly increased
the number of early (PI"/FITC") and late (PI*/FITC") apopto-
tic cells from the control cell figure. With increasing doses
(2 xICsg) of compounds 1-3, apoptosis induction doubled
(Fig. 5, right bottom PI"/FITC" and upper PI"/FITC" quad-
rants). The gallate-containing Cys-ECG (4, at 2 x ICsg) showed
an apoptotic effect four times greater than in control cells in
both melanoma cell lines (Fig. 5 right quadrants, where 21%
of cells in A375 and 31% of cells in M21 were considered apop-
totic cells). This result corroborates findings of other authors,
who described how gallate compounds induced apoptosis effec-
tively, whereas induction was weaker in compounds that lacked
a gallate ester [10,24-28]. To discriminate between late apopto-
tic and necrotic cells after treatment with compound 4, we inves-
tigated PI and annexin V-FITC positive cells using LSC
analyses with microscopic observations. A375 cells treated with
compound 4 showed 8% of cells in the right bottom quadrant
(PI"/FITC" region). These, viewed by LSC microscope, showed
the limited nuclear fragmentation and the typical green appear-
ance, which is a distinctive morphology of early apoptosis
caused by the labelling of annexin V by FITC. Late apopto-
sis/necrosis was present in 13% (right upper quadrant, PI"/
FITC" region) of A375 cells, which showed advanced nuclear
fragmentation and limited staining with pycnotic nuclei, which
is a definitive sign of the formation of the apoptotic cell. Simi-
larly in M21, compound 4 had 5% of cells in early apoptosis
and 26% of cells in late apoptosis/necrosis (Fig. 5).

To explore the selectivity of the effect on tumour cells, we
tested compounds 1-4 in a non-malignant cell line. HaCaT
cells were treated with the compounds at the highest doses
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used for A375 melanoma, and the apoptosis mechanism was
activated in none of them (Fig. 5).

The order of efficiency in both the antiradical and apopto-
tic induction assays coincided. The gallate-containing com-
pound 4 was the most scavenging agent and compounds 2
and 3 were little more efficient than underivatized 1 as free
radical scavengers, with the order of efficiency being
4>3~2~1 (Table 1). Moreover, compound 4 was also
the major apoptotic inducer in melanoma cells and com-
pounds 2 and 3 were slightly less efficient than 1, with the
order of induction being 4 >1~2~ 3. The gallate group
provides, first, great scavenging power through its three con-
tiguous hydroxyl groups [16,29] and, second, pro-apoptotic
action probably through inhibition of kinase activities
[30,31]. Although electronic distribution within the gallate
moiety might play a role in both cases, the two effects
may, in the final analysis, be unrelated.

3.4. Detection of fragmented DNA by agarose gel
electrophoresis

The induction of apoptosis will stimulate endonuclease that
involves double-strand DNA breaks into oligonucleosome
length fragments, resulting in a characteristic ladder of
DNA electrophoresis [32]. DNA fragmentation was observed
in melanoma cells A375, but not in HaCaT cells at Cys-ECG
(4) concentrations of 200 uM. Fragmentation is a late event
in apoptosis mechanism and DNA fragments (DNA ladders),
showing varying sizes between 250 and 2000 bp, were clearly
visible after agarose gel electrophoresis (Fig. 6). No specific
DNA fragments were detected when control cell cultures were
analysed. As a positive control, an apoptotic inducer (stauro-
sporine, 1.6 ng/mL) was incubated in A375 and HaCaT cell
cultures 5 h before DNA extraction. Staurosporine treatment

Control EC (1) Cys-EC/-Cat (2,3) Cys-ECG (4)
R 2% & : g% o [ooier |He% 8
A375 Cole o 5% e '_ 6%
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Fig. 5. Flavanols induced apoptosis of A375 and M21 cells, but not of HaCaT cells. Doses in A375 cells: EC (1), 310 uM; Cys-EC (2) and Cys-Cat
(3), 420 uM; Cys-ECG (4), 237 uM. Doses in M21 cells: 1, 660 uM; 2 and3, 720 uM; 4, 208 uM. In HaCaT cells: 1, 2 and 3, 400 uM; 4, 200 pM. The
percentage of apoptotic cells was determined using PI (represented on the y axis) and annexin V-FITC staining (on the x axis). After 72 h treatment,
early apoptosis (PI/FITC", right bottom quadrant) and late apoptosis (PI'/FITC", right upper quadrant) are shown as % of apoptotic cells. The
LSC photomicrographs showed single cells as representative of A375 cell population treated with 4.
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A375 HaCaT

Fig. 6. Compound 4 causes DNA laddering in A375 melanoma cells,
but not in HaCaT cells. Staurosporine (ST) is used as a positive control
for both cell lines. Cells were incubated with compound 4 (200 pM) or
staurosporine (2 uM) for 120 h. Cell DNA was extracted and analysed
by agarose gel electrophoresis. Data shown are representative of three
independent experiments.

showed specific DNA fragmentation in both cell lines
(Fig. 6). At 72h of treatment, FACS analysis showed less
than 25% of cells in apoptotic mechanism (Fig. 5), so apop-
totic bodies were not noticeable in DNA fragmentation as-
say. To increase the rate of apoptotic cells, fragmentation
was measured after 120 h of treatment. In this case, the later
events in programmed cell death were clearer and the results
confirmed those obtained in FACS analysis, showing com-
pound 4 as an apoptotic inducer in melanoma cells but not
in keratinocytes.

Most chemotherapeutic drugs currently used in cancer
therapy kill cancer cells by indirectly activating checkpoint-
mediated apoptosis after creating non-selective damage to
DNA or microtubules, which accounts for their toxicity to-
ward normal cells. A promising example that might avoid
such damage is lapachone, which acts by activating check-
points in cancer cells resulting in cell cycle arrest in S phase
and selective induction of apoptosis in cancer cells, but not
in proliferating normal cells [33]. The new flavanol derivative
4B-(S-cysteinyl)epicatechin 3-O-gallate (Cys-ECG, 4), ob-
tained from grape procyanidins, showed an antioxidant
capacity equal to the well-known EGCG and with the
advantage that compound 4 enhanced the scavenging capac-
ity by hydrogen atom donation rather than by electron
transfer, which is related to the pro-oxidant effects of cate-
chins such as EGC and EGCG [18,19]. Moreover, com-
pound 4 triggers cell cycle arrest in S phase and selective
induction of apoptosis in melanoma cells, but not in prolif-
erating keratinocytes. Interestingly, several authors describe
EGCG as an inducer of apoptosis in HaCaT cells [34]. All
these findings make compound 4 a promising molecule to
be considered in new strategies seeking to target cancer cells
by directly activating checkpoint regulators of the cell cycle
without creating non-selective DNA damage. Furthermore,
as it lacks the pyrogallol group on the condensed flavanic
structure, this compound might be safer than other potent
polyphenols of the gallocatechin type.

C. Lozano et al. | FEBS Letters 579 (2005) 4219-4225
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6.3 ANNEX III : ALTRES PUBLICACIONS

En el transcurs d’aquest treball de recerca s’han originat col-laboracions amb d’altres grups
d’investigacid, donant lloc publicacions conjuntes que es recullen en aquest Annex III amb

una breu descripci6 del treball:

Annex III.1

Micellar electrokinetic chromatography estimation of size and composition of procyanidins
after thiolysis with cysteine.

JOSE M. HERRERO-MARTINEZ, CLARA RAFOLS, MARTI ROSES, ELISABETH BOSCH,
CARLES LOZANO AND JOSEP L. TORRES.

Electrophoresis, 24, 1404-1410 (2003)

Es proposa el metode de cromatografia electrocinetica micel-lar (MEKC) com una alternativa
a’'HPLC a la hora d’estimar la mida i la composicié dels compostos flavanolics després de la
tiolisi. En aquest cas, el cru de Vitis vinifera despolimeritzat amb cisteina mostra una millor

separacio dels seus monomers en la cromatografia MEKC que en 'HPLC.

Annex II1.2

Percutaneous absorption of flavan-3-ol conjugates from plant procyanidins.

ALONSO C., RAMON E., LOZANO C., PARRA J.L., TORRES J.L., CODERCH L.

Drugs under Experimental and Clinical Research 30 (1), 1-10 (2004)

S’avalua l'absorcié percutanea dels conjugats emprant metodologia in vitro amb pell
humana i de porc. S’obtingué una bona correlacié en ambdues pells i, depenent de la
conjugacio, els compostos penetraren en diferents capes de la pell. Aixi, la 4B-(S-
cisteinil)epicatequina (7) mostra una major tendencia a ser localitzada en les capes més
externes de la pell mentre que la 43-(S-aminoetiltio)epicatequina (4) mostra una pronunciada

capacitat de penetracio.
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Annex II1.3

Novel epicatechin derivatives with antioxidant activity modulate interleukin-1f3 release in
lipopolysaccharide-stimulated human blood.

MONTSERRAT MITJANS, VERONICA MARTINEZ, JAIME DEL CAMPO, CELIA ABAJO,
CARLES LOZANO, JOSEP LLUIS TORRES AND MARIA PILAR VINARDELL.

Bioorganic & Medicinal Chemistry Letters, 14, 5031-5034 (2004)

Els conjugats de epicatequina 4 i 7, degut a la seva capacitat antioxidant, s'incubaren amb
una suspensio d’eritrocits, observant la proteccié a 1'’hemolisi induida per radicals. La
capacitat de protecci6 fou més efectiva amb els conjugats 4 i 7 que amb la propia
epicatequina 1. A més, s’‘observa que aquests compostos inhibiren la produccié
d’interleuquina-1  en sang, considerada un dels factors que més influencien en la resposta

inflamatoria. El compost més efectiu fou el conjugat 4.

Annex II1.4

Immunomodulatory activity of a new family of antioxidants obtained from grape
polyphenols.

MONTSERRAT MITJANS, JAIME DEL CAMPO, CELIA ABAJO, VERONICA MARTINEZ,
ARIADNA SELGA, CARLES LOZANO, JOSEP LLUIS TORRES AND MARIA PILAR

VINARDELL.
Journal of Agricultural and Food Chemistry, 52, 7297-7299 (2004)

Es segui el treball posterior afegint 1’estudi dels conjugats galats 6 1 9. El compost galat 6 fou
el més efectiu en la proteccid dels eritrocits en front de I’hemolisi induida per radicals.
Igualment, s’evalua la seva influencia sobre la resposta inflamatoria, on tots els compostos
inhibiren la producci6 de interleuquina-1 3 i interleuquina-6 en sang. El compost més efectiu

segui sent el conjugat 4, en front dels compostos gal-loitzats..
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Annex II1.5

Procyanidin fractions from pine (Pinus pinaster) bark: Radical scavenging power in solution,
antioxidant activity in emulsion, and antiproliferative effect in melanoma cells.

SONIA TOURINO, ARIADNA SELGA, AURORA GIMENEZ, LLUIS JULIA, CARLES
LOZANO, DANEIDA LIZARRAGA, MARTA CASCANTE AND JOSEP LLUIS TORRES.

Journal of Agricultural and Food Chemistry, 53, 4728-4735 (2005)

A partir del cru de Pinus pinaster, es van extreure diverses fraccions amb diferent grau de
polimeritzacié pero sense la presencia d’esters de galat en la seva estructura. Es determina el
seu poder antioxidant en solucio6 i en emulsid i es compara amb les fraccions corresponents al
cru de Vitis vinifera (que si contenien cert grau de gal-loitzacid). En l'estudi es veié que les
fraccions contenint grups galats augmentaren la capacitat antioxidant en solucié pero no en
les emulsions. A més, les fraccions presentaren una moderada capacitat d’inhibir la

proliferacio cel'lular en una linia de melanoma huma.

Annex IIl.6

Conjugation of catechins with cysteine generates antioxidant compounds with enhanced
neuroprotective activity.

J.L. TORRES, C. LOZANO, P. MAHER.

Phytochemistry, 66 (17), 2032-2037 (2005)

La conjugacio de la epicatequina amb grups tiols permeté augmentar la proteccié de cel-lules
neuronals en front del glutamat. Es mostra que la capacitat antioxidant i neuroprotectora no
estan relacionades, degut a que el conjugat galat 9 mostra la mateixa capacitat protectora que
el conjugat 7, sent ambdos més eficients que la epicatequina 1. Els resultats suggereixen que
un mecanisme diferent a la capacitat antiradicalaria és el que esta involucrat en la

neuroproteccid i possiblement estigui més relacionat amb mantenir els nivells de glutatio.
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