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   Abstract 

 The most active phenolics in  Quercus sideroxyla  Humb. & 
Bonpl. residual bark were identifi ed and evaluated following 
a chromatographic fractionation. Bark powder was defatted 
with hexane and crude extract (CE) was obtained by extrac-
tion with aqueous acetone (70 % ). A liquid partition with ethyl 
acetate was performed to produce an organic extract (OE), 
which was subsequently purifi ed by column chromatography 
(Toyopearl HW-40F, methanol), and resulted in six methano-
lic fractions (MF1 to MF6) and an oligomeric fraction (OLF) 
eluted with acetone 67 % . Extraction yields, total phenolic and 
fl avanol contents were determined. The antioxidant activity 
of bark extracts was measured by 2,2-diphenyl-1-picryl-
hydrazyl (DPPH), Trolox (6-hydroxy-2,5,7,8-tetramethyl-
chroman-2-carboxylic-acid)-equivalent antioxidant capacity 
(TEAC), and ferric ion reducing antioxidant power (FRAP) 
assays. Their median effective concentration (EC 50 ) data and 
rate constants for DPPH radical scavenging were also esti-
mated. Identifi cation of major phenolics was carried out by 
high performance liquid chromatography with diode array 
detection (HPLC-DAD) and high performance liquid chro-
matography with electrospray ionization coupled to mass 
spectrometry (HPLC-ESI-MS) instruments. Bioactive gallic 
acid, catechin, epicatechin, gallocatechin, catechin gallate, 
dimeric procyanidins, galloylated dimeric proanthocyani-
dins, trimeric procyanidins, and tetrameric proanthocyanidins 
were detected and identifi ed in  Q. sideroxyla  bark extracts. 
MF2 was the most active fraction containing gallocatechin 
as its major compound; MF5 and OLF contain galloylated 

procyanidins, which may explain their higher antiradical 
activity. OLF besides galloylated procyanidins has gallocat-
echin, which presumably contributes to its higher antiradical 
activity. Consequently,  Q. sideroxyla  bark could be a good 
source of therapeutic health products or nutraceutical ingredi-
ents that may exert a potential prevention or treatment action 
against diseases in biological systems.  

   Keywords:    antiradical activity;   bark;   HPLC;   proanthocyani-
dins;    Quercus sideroxyla .     

  Introduction 

 Proanthocyanidins are oligomers and polymers composed 
mainly of monomeric fl avan-3-ol units; they are the distinc-
tive polyphenolic group in condensed tannins. After lignin, 
proanthocyanidins are the second most abundant group of 
natural phenols in the plant kingdom and one of the most 
widespread polyphenolic bifl avonoids in herbs and spices 
(Porter  1993 ). Proanthocyanidins (polyphenolics) in wood 
and bark of trees are in focus of research since the beginning 
of modern wood science. Recent publication demonstrates 
that their chelating and antioxidant properties are of increas-
ing importance (Willf  ö r et al. 2004 ; Zulaica -Villagomez et 
al. 2005 ; Gao et al.  2006 ; Donoso -Fierro et al. 2009 ). Also 
in the context of the development of environmentally benign 
wood preservatives of extractives are the antioxidant proper-
ties and chelating characteristics of fl avons and fl avonoids in 
discussion (Binbuga et al.  2005, 2008 ). Polyphenolic com-
pounds from barks are especially relevant with this regard 
and in terms of biorefi nery (Makino et al.  2011 ; Telysheva et 
al.  2011 ). The availability of modern isolation and character-
ization methods contribute a lot for advances in this fi eld of 
science. For example, Liimatainen et al.  (2011)  used high per-
formance liquid chromatography with diode array detection 
(HPLC-DAD) and high performance liquid chromatography 
with electrospray ionization coupled to mass spectrometry 
(HPLC-ESI-MS) instruments for structural elucidation of 
phenolic compounds from the inner bark of  Betula pendula . 
Yao et al.  (2010)  discovered new phenolic glucosides and 
fl avonoids in the bark of  Eucommia ulmoides . Reaction of 
polyphenols with 2,2-diphenyl-1-picrylhydrazyl (DPPH) fre-
quently plays an important role for characterization of their 
biotic activities (Smeds et al.  2011 ). 

 Proanthocyanidins are divided into different classes 
depending on the substitution pattern of the fl avan unit 
(Figure  1  ). The most common are the procyanidins, which 
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are chains of catechin or epicatechin and gallic acid esters, 
and prodelphinidins, which consist of gallocatechin, epigallo-
catechin, and their derivatives as galloylated monomer units. 
Both proanthocyanidins are abundant in plant foods, while 
the leather tanning and adhesive industries utilize proantho-
cyanidins obtained from mimosa, which are predominantly 
prorobinetidins based on robinetinidol, and quebracho, which 
are profi setinidins based on fi setinidol (Hemingway  1989 ; 
Cheynier and Fulcrand  2003 ). 

 Proanthocyanidins are widely distributed in woody plants 
and are present mainly in bark, while prodelphinidins are 
the major constituents in leaves (De Bruyne et al.  1999 ). 
In  Quercus  species, it has been reported that fl avanols and 
phenolic acids are in a wide range of polarity, such as gallic 
acid, ellagic acid, and ellagitannins, also known as hydrolyz-
able tannins, like vescalagin and castalagin (Peng et al.  1991 ; 
Viriot et al.  1993 ; Dudonn  é  et al. 2009 ). It has been also 
reported in  Quercus  spp. that gallocatechin (Haslam  1975 ), 
procyanidins (Matthews et al.  1997 ), catechin, hexagalloyl-
glucose, prodelphinidins and dimeric proanthocyanidins (Sun 
et al.  1987 ), and trimers of catechin gallate (Singh et al.  2003 ; 
Andersen and Markham  2006 ) are present. 

 All polyphenols including proanthocyanidins are able 
to scavenge reactive species such as  1 O 2  - , OH · , NO · , and 
alkyl peroxyl radicals through electron-donating mecha-
nisms, generating a relatively stable phenoxyl radical. The 
antioxidant activity of proanthocyanidins depends on fac-
tors such as structure, number of phenolic hydroxyl groups, 
and degree of polymerization. The antioxidant activity of 
these compounds is due to their radical scavenging capac-
ity and their redox properties, which allow them to act as 
reducing agents, hydrogen donators, and singlet oxygen 
quenchers. They also have metal-chelating properties, 
and it has been indicated that are effective antioxidants in 
blood plasma, delaying the lipid oxidation (Santos -Buelga 
and Scalbert 2000 ; Cos et al.  2004 ; Mayer et al.  2008 ). 
Proanthocyanidins can be absorbed by cell membranes and 
protect them from the action of free radicals. They have the 
advantage of being amphipathic molecules, having hydro-
phobic aromatic rings and hydrophilic weak acid hydroxyl 
groups, so unlike other antioxidants that do not possess 

this duality, they are able to cross cell membranes, which 
are susceptible to damage from free radicals (Lee et al. 
 2004 ). 

  Quercus sideroxyla  (Fagaceae) is the main  Quercus  spe-
cies used for wood production in Durango, Mexico ’ s forestry 
industry. A great amount of residual leaves and bark is gen-
erated, and its storage or elimination represents ecological 
and economic problems. For this reason, an integral utiliza-
tion approach of these by-products for recovering antioxidant 
compounds may represent a source for bioactive principles or 
nutraceutical ingredients (Rivas -Arreola et al. 2010 ; Rosales -
Castro et al. 2011 ). Therefore, the aim of this study was to 
analyze the antioxidant capacity and identify the most active 
compounds in  Q. sideroxyla  barks by means of a chromato-
graphic fractionation.  

  Materials and methods 

  Plant material 

 Bark from a  Quercus sideroxyla  Humb. & Bonpl. 70-
year-old tree was collected at 1.20 m height in El Salto, 
Durango, about 120 km southwest from Durango, M é xico. 
The sample was identifi ed and a botanical specimen 
deposited at the Herbarium of CIIDIR Durango-Instituto Polit é cnico 
Nacional, voucher number 27720. The bark was air dried at room 
temperature (24 ° C), milled to mesh 40, and stored in paper bags 
under refrigeration until further use.  

  Chemicals 

 The radical DPPH, Trolox (6-hydroxy-2,5,7,8-tetramethyl-chro-
man-2-carboxylic-acid), 2,2-azinobis (3-ethylbenzothiazoline-6-
sulfonate) (ABTS), TPTZ (2,4,6-tripyridyl-s-triazine), ascorbic acid, 
phosphoric acid, acetic acid, Folin ’ s reagent and vanillin were pur-
chased from SIGMA (Sigma, St Louis, MO, USA). For compound 
identifi cation, the standards gallocatechin, catechin, epicatechin, 
gallocatechin gallate, catechin gallate, gallic acid, ellagic acid from 
Sigma-Aldrich (Sigma, St Louis, MO, USA), and the HPLC-grade 
solvents, water and acetonitrile, were used.  

  Extraction and purifi cation 

 The bark powder was defatted with n-hexane (2  ×  400 ml). A sam-
ple (40 g) was extracted twice soaking with aqueous acetone 70 %  
(2  ×  400 ml) at room temperature for 24 h. The extracts were com-
bined, fi ltered, and then evaporated under vacuum at 30 ° C until 
acetone was removed. A portion of the remaining aqueous extract 
was lyophilized and identifi ed as crude extract (CE), while another 
portion was subjected to liquid partition with ethyl acetate (3  ×  200 
ml). The organic phase was evaporated to dryness under vacuum at 
30 ° C and identifi ed as the organic extract (OE). Yields based on dry 
bark or dry extract basis were calculated.  

  Separation by column chromatography 

 Dried OE containing monomeric and oligomeric polyphenols was 
dissolved in MeOH and placed in a Toyopearl HW-40F (Tosoh 
Bioscience LLC, King of Prussia, PA, USA) column (50  ×  500 mm). 
Elution was performed with MeOH at 1 ml min -1 , during 12 h, which 
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 Figure 1    Chemical structure of proanthocyanidins: procyanidins 
(R1, R3  =  OH; R2  =  H), prodelphinidins (R1, R2, R3  =  OH), prorob-
inetidins (R1, R2  =  OH; R3  =  H), and profi setinidins (R1  =  OH; R2, 
R3  =  H).    
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led to six methanolic fractions (MF1 to MF6). Afterwards, the col-
umn was eluted with 1 l of acetone-water (3:2) to obtain the remain-
ing fraction, an oligomeric fraction (OLF) as shown in Figure  2  . 
Yields based on dry OE were calculated.  

  Total phenolics 

 Total phenolics (TP) were determined by the Folin-Ciocalteu method 
(Waterman  & Mole 1994 ), with gallic acid as standard. Briefl y, to a 
diluted sample extract (0.1 ml), 6 ml of deionized water and 0.5 ml 
of Folin-Ciocalteu reagent were added. The mixture was allowed to 
stand (6 min), and then, 1.5 ml of Na 2 CO 3  (20 %  w/v) was added. The 
fi nal volume was adjusted to 10 ml with deionized water. The mixture 
was allowed to stand (120 min), and the absorption was measured at 
760 nm against a blank prepared similarly but containing distilled 
water instead of extract. The results are expressed as equivalent mg 
of gallic acid per g of extract (mg GAE g -1 ).  

  Total fl avanols 

 The analysis of fl avanols was carried out according to Heimler et al. 
 (2005)  with ( + )-catechin as standard. Briefl y, to a diluted sample (50 
 μ l), the following substances were added: 3 ml of a 4 %  (v/v) MeOH 
vanillin solution and 1.5 ml of concentrated HCl. The mixture was 
allowed to stand (15 min), and the absorption was measured at 500 
nm against MeOH as a blank. The results are expressed as equivalent 
mg of catechin per g of extract (mg CEQ g -1 ).  

  HPLC-diode array detector 

 The CE, OE, and MF2 were analyzed in a Perkin Elmer 200 HPLC 
system with photodiode array detector, column Perkin Elmer 
C 18  (4.6  ×  250 mm, 5  μ m), fl ow rate 1.0 ml min -1  (Campos and 
Markham  2007 ). The mobile phase comprised water adjusted to 
pH 2.8 with phosphoric acid (A) and acetonitrile (B). A linear 
gradient program was applied: 0 – 15 min, 86–80 %  of A; 15 – 60 
min, 80–30 %  of A. Authentic standards: Gallocatechin, catechin, 
epicatechin, catechin gallate, gallocatechin gallate and gallic acid. 
Detection: at 270 nm.  

Hexane defatted
Quercus sideroxyla bark

Extraction with
acetone-water 67%

Crude extract (CE)

Liquid-liquid partition
with ethylacetate

Organic
extract (OE)

Insoluble
fraction

Purification by GPC
(Toyopearl HW-40F)

MeOH fractions
MF 1, 2, 3, 4, 5, and 6

1st eluated
with MeOH

2nd eluated with
acetone/water (3/2)

Oligomeric
fraction (OLF)

 Figure 2    Chromatographic fractionation of extracts from 
 Quercus sideroxyla  bark.    

  HPLC-electrospray-MS 

 The separation of compounds from MF5 fraction was carried out in 
a Phenomenex ODS-C 18  column (4.6  ×  250 mm, 5  μ m), by means 
of a Thermo Finnigan Surveyor equipped with a quaternary pump. 
The mobile phases were water containing 0.6 %  acetic acid (A) and 
acetonitrile (B). The fl ow rate was1.0 ml min -1  for a total run time of 
45 min. The gradient program: 0 – 25 min, 95 % –70 %  of A; 25 – 30 min, 
70–40 %  of A; 30 – 35 min, 40–60 %  of A; and 35 – 45 min, 60–95 %  of A. 

 HPLC-MS instrument: Finnigan LCQ Deca ion trap mass spec-
trometer (Thermo Finnigan, San Jose, CA, USA) equipped with an 
electrospray ionization (ESI) source. Data were collected in negative 
mode. The sheath gas and auxiliary fl ow rates were set at 96 and 7 
(arbitrary units), respectively. The capillary voltage was set at 29 V, 
and its temperature was controlled at 350 ° C. The ESI needle voltage 
was controlled at 4.5 kV. The electron multiplier voltage was set at 
-980 V for ion detection (Li et al.  2008 ). 

 The HPLC-MS analysis for OLF was performed in a Prominence 
HPLC system (Shimadzu, Columbia, MD, USA) coupled to a 4000 
qTrap mass spectrometer (Applied Biosystems Inc, Concord, Ontario, 
Canada) equipped with a turbo ion-spray interface. Mass spectra 
were obtained by acquiring data between 200 and 1200 amu (m/z) 
in negative mode. Source temperature was set at 550 ° C, decluster-
ing potential (DP) at 70, entrance potential (EP) at 10, and ion-spray 
voltage at 4200 V. Five-microliter loop injections were measured for 
each fraction. HPLC grade acetonitrile (Fisher Scientifi c, Fairlawn, 
NJ, USA), HPLC-grade water (Mallinckrodt Baker Inc., Phillipsburg, 
NJ, USA), and 0.1 %  formic acid were applied.  

  DPPH radical scavenging 

 The DPPH assay was carried out according to Sanchez -Moreno et 
al. (1998) . This assay was used to select the fractions with the high-
est antiradical activity after chromatographic separation. Samples of 
CE, OE, methanolic fractions (MF1 to MF6), and OLF were evalu-
ated at 100  μ g ml -1 . The DPPH radical scavenging activity of se-
lected fractions was evaluated at three concentrations to determine 
their EC 50  data. Samples and standards dissolved in MeOH (50  μ l) 
were mixed with 1950  μ l of a methanolic solution of DPPH ·  [2.4 mg 
(100 ml) -1 ]. After incubation for 30 min at room temperature, the 
decrease in absorbance was measured at 515 nm in a Varian 50 Bio 
Spectrophotometer. The antioxidant (antiradical) activity was ex-
pressed as inhibition ( % ) or scavenging capacity, as shown in Table 
 1  , and as the median effective concentration (EC 50 ) in Table  2  .  

  TEAC or ABTS assay 

 The Trolox (6-hydroxy-2,5,7,8-tetramethyl-chroman-2-carboxy-
lic-acid)-equivalent antioxidant capacity (TEAC) assay is based 
on the ability of antioxidants to scavenge the blue-green ABTS  •  +   
radical cation (ABTS) compared with the scavenging ability of the 
water-soluble vitamin E analog Trolox. The ABTS  •  +   radical cation 
was generated by reaction of ABTS (7 mM) and potassium persul-
fate (2.42 mM) (Re et al.  1999 ). The absorbance at 734 nm was 
monitored at 1 and 6 min after the addition of ABTS  •  +   solution 
(960  μ l) to 40  μ l of extract or Trolox standards in ethanol. Decrease 
in the absorbance was read and reported as mM of Trolox equiva-
lents (TEAC, mM).  

  FRAP assay 

 The ferric ion reducing antioxidant power (FRAP) was done accord-
ing to Benzie and Strain  (1996)  with some modifi cations. The stock 
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presence of the sample, was monitored. In its radical form, DPPH ·  
absorbs light at 515 nm, but upon reduction by an antioxidant or a 
radical species, its absorption disappears. A volume of 2900  μ l of 
DPPH ·  in MeOH (6.09  ×  10 -5 M) was added to 100  μ l of sample (at its 
EC 50 ). The bleaching of DPPH ·  was monitored at 515 nm (Varian 50 
Bio Spectrophotometer) at 25 ° C for at least 15 min. 

 The following equation was chosen in order to obtain the reaction 
rate,  k : 

 1/ A  3 -1/ A  0  
3   =  -3 kt  

 were  A  0  is the initial optical density (O.D.), and  A  is the O.D. at time  t . 
The rate constant k was expressed as -O.D. -3  min -1  mg -1 .   

  Results and discussion 

 Extraction yields, total phenolic and fl avonoid contents, and 
the antioxidant activities of the different extracts and fractions 
 –  as determined by reaction with DPPH, ABTS, and FRAP  –  
are listed in Table  1 . The chromatographic separation resulted 
in an effective purifi cation of phenolic fractions from the CE 
as indicated by the total phenolic and fl avanol contents. The 
highest phenolic contents have the MF5 fraction correlating 
well with the antioxidant responses. The fl avanol concentra-
tion is highest in MF1, MF4, and MF5, corresponding well to 
monomeric and dimeric procyanidins, which were detected in 
these fractions. 

 The antioxidant activity results show that  Q.   sideroxyla  
bark extracts are able to stabilize DPPH or ABTS radicals 
or can act as metal-reducing agents (as indicated by the 
FRAP reaction). In the DPPH scavenging assay, OE has a 
higher activity than CE (41.5 %  vs. 29.3 % ), and the activity 
is still higher in subsequent purifi ed fractions MF2 (45.4 % ), 
MF5 (51.6 % ), and OLF (49.2 % ). This is an indication for a 

 Table 2      DPPH (diphenyl-1-picrylhydrazyl) antiradical activity 
of the most active fractions (MF2, MF5) selected from Table 1, 
compared with that of crude extract (CE) and organic extract (OE) of 
 Quercus sideroxyla  bark.  

Extract
  or 

  fraction

Data obtained by DPPH scavenging

EC 50   
( μ g ml -1 )

Rate constant  k
   (-OD -3  min -1  mg -1 )

CE 211.7  ±  2.5 a 0.544  ±  0.09 a 
OE 140.9  ±  0.6 b 0.617  ±  0.02 a 
MF2 110.0  ±  1.9 c 1.09  ±  0.06 b 
MF5    97.0  ±  0.8 c 0.573  ±  0.01 a 
OLF 102.0  ±  1.0 c 1.678  ±  0.21 c 
Gallic acid    49.7  ±  0.7 d 3.7  ±  0.18 d 
Catechin    84.2  ±  0.6 c 0.45  ±  0.02 a 

   Different letters in the same column means signifi cant difference, 
p  <  0.05. EC 50 , median effective concentration; OD, optical density.   

 Table 1      Extraction yields, contents of total phenolics and fl avanols, and the antioxidant activities of extracts and 
purifi ed fractions from  Quercus sideroxyla  bark.  

Extract or
  fraction

Total  
yield
  ( % )

Total
  phenolics 4

 (mg GAE g -1 )

Total
  fl avanols 4

   (mg CEQ g -1 )

Antioxidant activities determined by free radi-
cal scavenging from an extract concentration 

of 100  μ g ml -1 

DPPH 4

 ( % )
ABTS 4   

(TEAC, mM)
FRAP 4   

(AAE,  μ M)

CE 24.3 3 464.0  ±  11.6 a 277.3  ±  9.4 b 29.3  ±  1.0 a 318.8  ±  0.9 a 335.2  ±  18.1 a 
OE    2.8 2 686.7  ±  12.9 c 460.7  ±  8.4 e 41.5  ±  0.4 c 420.4  ±  2.9 c 494.3  ±  6.5 c 
MF1 25.0 1 730.4  ±  2.6 d 660.7  ±  4.7 g 28.2  ±  2.0 a 366.3  ±  5.8 b 386.4  ±  7.6 b 
MF2 *    6.5 1 665.8  ±  13.5 c 412.3  ±  2.4 d 45.4  ±  0.7 c,d 525.8  ±  0.3 f 725.2  ±  20.3 e 
MF3    2.0 1 607.6  ±  14.1 b 165.7  ±  7.1 a 35.6  ±  1.3 b 367.0  ±  1.7 a 408.1  ±  4.3 b 
MF4    6.7 1 801.3  ±  10.3 f 635.7  ±  11.8 f,g 44.3  ±  1.0 c 449.6  ±  1.6 b 627.4  ±  20.0 d 
MF5 *    5.1 1 777.6  ±  15.4 e,f 609.0  ±  12.9 f 51.6  ±  0.2 e 530.4  ±  0.7 f 670.2  ±  26.3 d 
MF6 25.3 1 765.8  ±  1.3 e 355.7  ±  2.4 c 48.9  ±  1.5 d,e 479.5  ±  1.1 e 465.9  ±  10.3 c 
OLF * 26.5 1 719.5  ±  15.6 d 357.3  ±  9.0 c 49.2  ±  0.6 d,e 490.0  ±  4.7 e 499.0  ±  6.7 c 

   Purifi ed fractions (MF1 to MF6) were obtained by separation on column chromatography. CE, crude extract; 
OE, organic extract; OLF, oligomeric fraction; GAE, gallic acid equivalents; CEQ, catechin equivalents; DPPH, 
diphenyl-1-picrylhydrazyl assay; ABTS, 2,2 ′ -azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) assay; TEAC, 
Trolox equivalent antioxidant capacity assay; FRAP, ferric reducing ability of plasma assay; AAE, ascorbic acid 
equivalent.   *Selected fractions with high antiradical activity;  1 based on organic extracts;  2 based on crude extracts; 
 3 based on dry bark;  4 Different letters in the same column mean signifi cant difference at p  <  0.05.   

solutions included 300 mM acetate buffer, pH 3.6 (3.1 g C 2 H 3 NaO 2 .3 
H 2 O and 16 ml C 2 H 4 O 2  per liter of buffer solution); 10 mM TPTZ 
solution in 40 mM HCl; and 20 mM FeCl 3 .6 H 2 O solution. The fresh 
working solution was prepared by mixing 25 ml of acetate buffer, 2.5 
ml of TPTZ solution, and 2.5 ml of FeCl 3 .6 H 2 O solution. 

 Aqueous solutions of known ascorbic acid concentrations, in the 
range of 50 – 500  μ M, were used for calibration. A sample (100  μ l) of 
extract, standard, or blank were added to 3.0 ml of the FRAP solution 
for 10 min at 25 ° C. Readings of the colored product were then taken 
at 593 nm. Results are expressed in  μ M ascorbic acid equivalents 
(AAE,  μ M).  

  Rate constant and EC 
50

  for DPPH radical scavenging 

 The EC 50  and rate constant for DPPH radical scavenging was mea-
sured according to Manzocco et al.  (1998) . The bleaching rate of 
the stable free radical DPPH · , at a characteristic wavelength in the 
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successful separation of active compounds concentrated now 
in the purifi ed fractions. In the ABTS assay, the more active 
fractions are MF2 (528.8 mM), MF5 (530.4 mM), and OLF 
(490 mM) as well. As expected, ABTS results reveal the same 
trend as those from DPPH assay but are signifi cantly higher, 
which is typical of pigmented and hydrophilic antioxidant 
extracts (Floegel et al.  2011 ). Although both assays have sim-
ilar mechanisms, i.e., they are relying on the transferring of 
hydrogen atoms (Huang et al.  2005 ; Friaa and Brault  2006 ; 
Sendra et al.  2006 ), the DPPH method is more selective than 
ABTS in the reaction with H-donors (Roginsky and Lissi 
 2005 ). 

 In the FRAP assay, the best fractions (MF2 and MF5) are 
the same as in the case of the ABTS assay. The responses of 
fractions MF2 and MF5 are outstanding and differentiated. In 
this assay, the reducing ability of extracts is manifest through 
the conversion of ion Fe 3 +   to Fe 2 +  . This reaction is nonspe-
cifi c, and any reaction that has lower redox potential under 
the assay conditions than the ferric-ferrous half reaction, will 
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 Figure 4    HPLC chromatogram of fraction MF5 from  Q. sideroxyla  
bark obtained by Toyopearl HW-40F column chromatography, eluted 
with methanol. Mass spectra of major peaks are presented in Figure 5.    
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 Figure 3    HPLC-DAD chromatograms recorded at 270 nm of CE, 
OE, and purifi ed methanolic fraction MF2 from  Q. sideroxyla  bark.    

contribute to the ferrous ion formation. The change in absor-
bance is, therefore, directly related to the total reducing power 
of the electron-donating antioxidants present in the samples 
of the reaction mixture (Benzie and Strain  1999 ). 

 In Table  2 , the antiradical activity is presented as the 
median EC 50  displayed by the more active fractions 
from  Q. sideroxyla  bark in the following relative order: 
MF5  >  OLF  >  MF2  >  OE  >  CE. Fraction MF5 presented the 
highest antiradical activity (97 mg ml -1 ) with a similar 
response as the standard catechin. However, in the DPPH 
scavenging reaction, the same fractions have deviating reac-
tion order according to their rate constants ( k , -DO -3  min -1  
mg -1 ): OLF  >  MF2  >  OE  >  MF5  >  CE, where OLF has the high-
est  k  (1.678 -DO -3  min -1  mg -1 ). The OLF displays the best 
overall performance either in the stoiquiometric antioxidant 
capacity (i.e., EC 50 ) and the antioxidant reactivity (i.e., rate 
constant,  k ) (Roginsky and Lissi  2005 ). More active fractions 
(MF5 and OLF) and MF2 were analyzed by HPLC. 

 The chromatographic profi les (HPLC-DAD) from CE, OE, 
and fraction MF2 are displayed in Figure  3  . The peaks were 
identifi ed based on the retention times (RTs) of the authentic 
standards. Gallic acid eluted at 3.3 min and gallocatechin, at 
4.3 min; both were observed at low concentration in CE and 
OE; however, the latter one was more concentrated in frac-
tion MF2 as the major compound. Catechin (RT 7.4 min) and 
epicatechin (RT 10.5 min) are detectable mainly in OE, while 
the former is particularly concentrated in MF2. Additionally, 
catechin gallate was also identifi ed in the extracts, although at 
low concentration. 

 The HPLC profi le of fraction MF5 is presented in Figure  4   
and their major peaks in mass spectra in Figure  5  . Molecular 
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and fragment ions ([M-H] -  1187 m/z) matching to prodel-
phinidin and procyanidin tetramers with RT 8.1 and 10 min 
can be identifi ed. Molecular ions for a dimer monogallate 
([M-H] -  729 m/z) and a procyanidin dimer ([M-H] -  577 m/z) 
were also detected at 16.9 and 18.5 min, respectively. Ellagic 
acid and catechin gallate were identifi ed as well. 

 The OLF was analyzed by HPLC-MS with the resulting 
mass spectra displayed in Figure  6  . It was possible to detect 
molecular ions that may be assigned to proanthocyanidin 

tetramers ([M-H] -  1171 m/z) and trimers ([M-H] -  865 m/z), 
gallocatechin ([M-H] -  305 m/z), and catechin gallate ([M-H] -  
441 m/z). Free radical scavenging capacity of proanthocya-
nidins is strongly related with their hydroxylation pattern, 
degree of substitution, and conjugation (Rice -Evans et al. 
1996 ). Galloylated catechines are more bioactive than non-
galloylated ones; the presence of an ortho-trihydroxyl group 
in the B-ring and the addition of a galloyl moiety empow-
ers the antioxidant capacity of these compounds (Nanjo et 
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 Figure 5    Mass spectra of phenolic compounds (prodelphinidin and procyanidin oligomers) in fraction MF5 from  Q. sideroxyla  bark. (a) 
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al.  1996 ). Galloylated proanthocyanidins have shown higher 
antiradical activity against DPPH (Cos et al.  2004 ), and the 
presence of galloyl groups favored the antioxidant activity of 
the polyphenols in fi sh oil-in-water emulsions (Iglesias et al. 
 2010 ). 

 Fraction MF2 was the most active sample because of hav-
ing gallocatechin as its major compound; also, MF5 and OLF 
contain galloylated procyanidins, which explains their higher 
antiradical activity (i.e., low EC 50  values). Besides galloy-
lated procyanidins, fraction OLF has gallocatechin (Figure 6, 
which presumably contributes to its high scavenging reaction 
rate. 

 The compounds isolated and identifi ed from  Q. siderox-
yla , such as gallic acid, catechin, epicatechin, gallocatechin, 
catechin gallate, dimeric procyanidins, galloylated dimeric 
proanthocyanidins, trimeric procyanidins, and tetrameric 
proanthocyanidins, have been reported to be bioactive phy-
tochemicals (Beecher  2004 ). The bioactivity is the result of 
their phenolic antioxidant capacity that may exert preven-
tion against diseases in biological systems. Consequently,  Q. 
sideroxyla  bark is as a good source of therapeutic health prod-
ucts or nutraceutical ingredients.   
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