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Antioxidant Activity of 3-Dehydroshikimic Acid in Liposomes,
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The antioxidant activity of 3-dehydroshikimic acid (DHS), an intermediate in the biosynthesis of
aromatic amino acids, was evaluated in three assay systems: bulk oil (lard), liposomes, and a 10%
corn oil-in-water emulsion. Upon initiation of peroxidation in the liposome or emulsion systems, DHS
exhibited weak antioxidant activity. In contrast, DHS displayed strong antioxidant activity in lard,
suppressing peroxidation with activity comparable to that of tert-butylhydroquinone, propyl gallate,
and gallic acid and superior to that of a-tocopherol. Two major DHS oxidation products, gallic acid
and protocatechuic acid, were identified by gas chromatography/mass spectral analysis of lard extracts;
both compounds are effective antioxidants in the bulk oil system. In the liposome system, DHS
remained intact throughout the assay period. A small amount of gallic acid was observed in extracts
of the emulsion; however, protocatechuic acid was not detected. A mechanism to explain the different
activities of DHS in the three lipid systems is proposed.
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INTRODUCTION CO,H

One of the primary factors limiting the shelf life of food
products is development of undesirable flavor, aroma, and color
compounds triggered by peroxidation of lipids. To extend food 0 - OH
product shelf life and to improve food safety and quality,
numerous antioxidant compounds, both synthetic and naturally
derived, have been developed and utilized in the food industry.

Synthetic compounds such as butylated hydroxyanisole (BHA), g that of BHT, tert-butylhydroguinone (TBHQ), and other
butylated hydroxytoluene (BHT), and propyl gallate are effective commercial antioxidants. These preliminary results suggested
and relatively inexpensive, but consumer concerns regardingihat DHS, derived from bioprocessing of plant starsj may
the safety of these compounds have accelerated the search fope an effective, inexpensive antioxidant for food applications.
safe, inexpensive, naturally occurring antioxidants. Moreover,  The antioxidant activity of a compound is strongly influenced
there is an accumulating body of evidence to suggest that manyy,y numerous factors including the nature of the lipid substrate,
naturally derived antioxidants provide additional health benefits e hydrophilic—lipophilic balance of the antioxidant, the
as antimutagenic, anti_carcinogen_ic, or antiinflammatory agents. physical and chemical environment of the lipids, and various
A naturally occurring antioxidant candidate is 3-dehy- other interfacial interactions (). Thus, compounds that are
droshikimic acid (DHS) (Figure 1'). DHS is an mt?rmedlate_ N effective antioxidants in one model system or food matrix may
the common pathway of aromatic amino acid biosynthesis as pe ynsuitable in other systems. The objectives of the present
well as an intermediate in the catabolism of shikimic acid and study were to evaluate the antioxidant activity of DHS using
quinic acid by way of thef-ketoadipate pathwayl(-3). We liposomes, corn oil-in-water emulsions, and lard as model food
have previously reported that DHS displays excellent antioxidant spstrates. The results extend our previous studies by demon-
activity in a bulk oil system 4). Peroxidation in lard was  strating that DHS is a highly effective antioxidant in bulk oil
strongly suppressed in the presence of 0.01 and 0.02% DHS;jyt is |ess effective in liposomes and emulsions, results
the antioxidant activity of DHS was equivalent to or superior qnsistent with the polar paradox theory of Por@y. Eurther
experiments were conducted to identify and to quantify the
* To whom correspondence should be addressed. Tel: (517)355-8474 oxidation products of DHS in each experimental system. Results
ext 137. Fax: (517)353-8963. E-mail: stragale@msu.edu. of these experiments suggest that the differences in antioxidant
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Figure 1. DHS.
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explained in part by its ability to undergo dehydration to using Waters Baseline 810 Chromatography Workstation Software
protocatechuic acid and oxidation to gallic acid in oil but not (Waters Corp.).

in liposomes or emulsions. Determination of Antioxidant Activity in Bulk Oil. Oxidation of
prime steam lard, with or without added antioxidants, was determined
by the Schaal oven metho8)( Samples were incubated at £01 °C

in the dark, and 5 g aliquots of the lard suspension were collected every

Materials. DHS was synthesized according to methods previously / days for the determination of peroxide values (9).
reported (5) Gallic acid, protocatechuic acid, and ReE,0 were Analysis of DHS Reaction ProductsTo define the fate of DHS in
purchased from Aldrich Chemical Co. (Milwaukee, WI). BHI:to- bulk oil during peroxidation, 1 g samples of lard were extracted three
CopheroL propy| ga”ate’ and tertiary Tween 20 were from S|gma times with 1 mL of 10% water/methanol solution. The agueous
Chemical Co. (St. Louis, MO). BHA and TBHQ were from Eastman Mmethanolic extracts were combined and extracted with hexane (1 mL)
Chemical Co. (Rochester, NY). All chemicals were used directly to remove excess lard. The extracts were then dried under nitrogen
without further purification. For all aqueous systems, water was purified and derivatized with silylation grade pyridine (2Q) and BSTFA
using a Barnstead NANOpure Il system (Barnstead/Thermolyne Corp., containing 1% TMCS at room temperature in the dark overnight. The
Dubuque, IA). Prime steam lard, prepared without stabilization by Silylated mixtures were analyzed by gas chromatography/mass spec-
exogenous antioxidants, was provided by Monfort of Colorado, Inc. trometry (GC/MS) immediately after derivatization. To determine the
(Greeley, CO). Stripped corn oil was purchased from Acros Organic fate of DHS in the corn oil emulsion and #eoxidized liposome
(Pittsburgh, PA). The lipid used for liposomes, 1-stearoyl-2-linoleoyl- samples, aliquots of the lipid/antioxidant mixtures were dried under
Sn_g|ycery|_3_phosphocho"ne (SLPC)‘ was purchased from Avanti Polar nitrogen and derivatized directly without extraction. GC/MS analySiS
Lipids, Inc. (Alabaster, AL). The fluorescent probe [B{6-phenyl)- was conducted using a HP 5890 Gas Chromatograph connected with a
113,5_hexatrieny|) pheny|pr0pi0nic acid (DPH_PA) was from Molecular HP 5970 Series Mass Selective Detector (Herett-PaCkard, AVOndale,
Probes, Inc. (Eugene, OR). 4-(2-Hydroxyethyl)-1-piperazine ethane- PA). Capillary GC analysis was performed on a DB-5 capillary column
sulfonic acid (HEPES) buffer was obtained from Boehringer Mannheim (30 mx 0.25um, J & W Scientific, Folsom, CA) using helium as the
Co. (Indianapolis, IN). 2,2-Azobis(2-amidinopropane) dihydrochloride carrier gas with a linear flow rate of 35 cm/min. The derivatized samples
(AAPH) was obtained from Wako Chemical USA Inc. (Richmond, VA). (1 uL) were applied to the column through a glass splitless injector.
Silylation grade pyridine was purchased from Pierce (Rockford, IL) Analysis was completed using a temperature program of *T56or
and bis(trimethylsilyl)trifluoroacetamide (BSTFA) containing 1% tri- 40 min, followed by temperature elevation to 18D at 2°C/min, and
methylsilane (TMCS) was from Aldrich Chemical Co. holding at 180°C for fa\no_ther 25 min. Injector and transfer line
Determination of Antioxidant Activity in Liposomes. The anti- temperatures were maintained at 250 and 220respectively. The
oxidant activity of DHS in liposomes was evaluated using the procedure sta_mdard solutl_on cqncentratlons of DHS, gallic acid, and protocatechuic
described by Arora and Strasbu®).(Briefly, 200 nmol of SLPC and acid for the calibration curves were 0.98, 1.95, 3.90, 7.81, 15.63, 31.25,
0.6 nmol of fluorescent probe, DPH-PA, were suspended in 2 mL of 62-5,125,and 250 ngl, respectively. Peak areas were used to generate
buffer consisting of 100 mM NaCl and 50 mM HEPES buffer, pH 7.0, the calibration curves usmg_the following eq_uatlgn‘.—— A+ Bx,_whe_re
in the presence or absence of 4B antioxidant compounds. The Y = Peak area for respective standardsi= intercept of calibration
reaction mixture was maintained at 231 °C by circulating coolant ~ CUrve;B = slope of calibration curve; and= the amount of respective
from a water bath through the sample holder. Metal ion-induced Standards.
peroxidation was initiated by the addition of Fe@ a final concentra-
tion of 5uM in the reaction mixture, and fluorescence was monitored RESULTS AND DISCUSSION
over the course of 21 min. Alternatively, peroxidation was triggered
by the addition of the hydrophilic free radical initiator AAPH to a final The efficacy of each antioxidant compound was evaluated
concentration of 5 mM; these experiments were conducted &C37  in liposomes, as described by Arora and Strasb8ydTlhe large
Percent inhibition for the test compounds was calculated using eq 1: unilamellar vesicles prepared for this assay are composed of a
defined phosphatidylcholine compound (SLPC), which is a
% inhibition = (F,¢) ao/[(Fredcon — (Fredpd < 100 major constituent of biological membranes, plus the fluorescent
probe DPH-PA. Reaction of free radicals with the probe results
where (Fe)ao = relative fluorescence of the sample containing in @ time-dependent decrease in fluorescence, and antioxidants
antioxidant plus prooxidant Fe(ll) or AAPH, after 21 min of reaction; reduce the rate of fluorescence decrease.
(Fre)con = relative fluorescence for the control sample (no added All of the compounds tested in the liposomal system
prooxidant) after 21 min; and)eo = relative fluorescence for the  demonstrated antioxidant activity wher?Fevas used to induce
Fe_(ll)- or AAPH-co_ntammg p_rooxndant sample with no added anti- peroxidation (Figure 2A). However, in contrast to previous
oxidant, after 21 min of reaction. _ _ results in the bulk oil system, in which DHS was a superior
peteém'”at'o.rl' c>2fAnt|OX|gant ACtI\lety in Corn Ol ET‘,‘;,'S:;’”?' ,  antioxidant (4), DHS had the lowest activity of the compounds
Stripped corn ol (2.5 g) and water (25 mL) were emulsified af@ tested in the liposome system. To determine whether antioxidant

with Tween 20 (0.25 g) by agitation for 5 min with a Polytron e . . . - -
homogenizer (Kinematica Ag littau, Switzerland). The corn oil emul- activity might be different with a different prooxidant, the

sions, with or without added antioxidants (0.02% wi/v) and with or Nydrophilic free radical initiator AAPH was used to initiate

without added FeGI(20 M), were incubated at 6& 1 °C in darkness ~ Oxidation (Figure 2B). There were clear differences in activity
in a shaking water bath (New Brunswick Scientific Co. Inc., Edison, 0Of some of the antioxidant compounds between the two
NJ). Aliquots (1 mL) of the emulsions were collected at the time experiments. Most notably, protocatechuic acid was much more
intervals indicated in the figures, and each aliquot was extracted three effective with AAPH as the source of free radicals than with
times with hexane. The hexane extracts were combined, dried underFe2t, while conversely, the activities of BHT and BHA were
nitrogen, and redissolved in 100L of high-performance liquid lower with AAPH as the prooxidant. DHS had the lowest
chromatography (HPLC) grade acetonitrile. The acetonitrile solutions o ti6yigant activity of the compounds tested, and there was little
were injected into an HPLC system (Waters Corp., Milford, MA) difference between the two prooxidant systems. In both the Fe

equipped with a model 486 tunable absorbance detector (Waters Corp.).".

Compounds were separated using a reverse phase Supelcosil LC_S-Induced peroxidation and the AAPH-induced peroxidation,

column (15.0 cmx 4.6 mm ID, Supelco, Inc., Bellefonte, PA) and ~ SUPerior antioxidant activity was observed with gallic acid,
isocratic elution at room temperature using 100% acetonitrile with a TBHQ, and_ BHT. It should be noted that the antioxidant activity
flow rate of 1.4 mL/min. The eluent was monitored at 234 nm to detect Of gallic acid depends on the overall charge of the membrane.
the presence of conjugated dienes, and the peak areas were integrate@ur liposomes consist of zwitterionic, electrically neutral

MATERIALS AND METHODS
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Figure 3. Antioxidant activity of test compounds in an oil-in-water emulsion.

Figure 2. Antioxidant activity of commercial antioxidants, phenolic o 4 st
(A) A 10% corn oil-in-water emulsion was prepared, and peroxidation

compounds, and DHS in liposomes. (A) Peroxidation was initiated by t T E X :
addition of Fe2* as described in Materials and Methods. Al test compounds was initiated as described in Materials and Methods. These experiments

were present at concentrations of 10 «M. (B) Peroxidation was initiated were conducted in the absence of added Fe**. (B) A 10% comn oil-in-
by addition of AAPH as described in Materials and Methods. Test water emulsion was prepared, and peroxidation was initiated by 20 uM
compounds were present at concentrations of 10 xM. Each value Fe?+ as described in Materials and Methods. Each value represents the

represents the mean of three experiments; the error bars indicate the mean of three experiments; the error bars indicate the standard error of

standard error of the mean. Additional abbreviations: PG, propyl gallate; the mean. #, Blank; O, DHS; 4, gallic acid; @, propyl gallate; M, TBHQ.

GA, gallic acid; o-T, a-tocopherol; and PCA, protocatechuic acid. o . .
g o-1, erlocop P antioxidant in the absence of ferrous ions, Porter etl4). lfave

phosphatidylcholine, whereas biological membranes carry a netshown that gallic acid is relatively ineffective as an antioxidant
negative charge due to the presence of additional anionicin a soy lecithin-in-water emulsion system. Their lecithin source
phosphatidyl molecules. With the latter lipid substrate, gallic actually consisted of several phospholipids including phosphati-
acid is relatively ineffective as an antioxidar)( dylcholine, phosphatidylethanolamine, phosphatidylinositol, and
The antioxidant activities of these compounds were also phosphatidic acid; thus, their emulsions carried a substantial
evaluated using a corn oil-in-water emulsion with or without negative surface charge. Electrostatic repulsion by the negatively
added ferrous ions. The antioxidant efficacy of a test compound charged phospholipids would account for the low activity of
was defined as its ability to inhibit the formation of conjugated gallic acid in this experimental system. Our corn oil-in-water
dienes. In the absence of added ferrous ions, gallic acid, propylemulsion consisted of neutral triglycerides; the choice of lipid
gallate, and TBHQ effectively inhibited the formation of substrates, therefore, likely accounts for the differences in
conjugated dienes in corn oil emulsions, whereas DHS showedantioxidant activity of gallic acid between this study and that
limited antioxidant activity, or slight prooxidant activity depend- of Porter et al. (11).
ing on time point of the assayigure 3A). Upon addition of The effectiveness of DHS in bulk oil as compared to lack of
Fe* to a final concentration of 20M, DHS showed no activity, efficacy in liposomes or emulsions is consistent with the polar
whereas only TBHQ was inhibitory. In this system, gallic acid paradox theory proposed by Porté).(This theory is based on
and propy! gallate functioned as prooxidarfeggre 3B). The observations that polar antioxidants are more effective than
latter results are consistent with previous reports indicating that nonpolar compounds in nonpolar systems such as bulk oils;
these compounds are capable of stimulating the formation of conversely, nonpolar antioxidants are more effective in disper-
hydroxyl radicals by reduction of ferric ions, produced during sions such as oil-in-water emulsions or liposomes than in bulk
lipid peroxidation, to ferrous ions by the-hydroxy group of oils. Huang et al. 2) demonstrated that this paradox could be
these phenolic compounds (10). The recycling of'Re F&+ resolved on the basis of partitioning of antioxidants. Using this
in solution is likely responsible for the prooxidant effect of gallic model, the hydrophilic DHS molecule would be concentrated
acid and propyl gallate in the corn oil emulsion. In contrast to at the air-oil interface in bulk oils, where oxidation is most likely
our results demonstrating the effectiveness of gallic acid as anto occur. In emulsions and suspensions of liposomes, DHS
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at time zero, 0.02% (w/v), is indicated by the @ symbol.

increased slowly to 66% of the total antioxidants after 48 h.
The concentration of gallic acid increased slowly over time;

GQ however, gallic acid remained less than 10% of the total
" A As A antioxidants present in lard. At 48 h, only about 28% of the
; T T LA T ~ ; T T T original DHS remained in lard. The results suggest that the

10 2 30 40 0 60 0 80 %0 superiority of DHS as an antioxidant in oil is the result of its

Time (min) ability to undergo conversion in this system to protocatechuic
Figure 4. Gas chromatograms of extracts from DHS-treated samples. acid and gallic acid. o )
(A) Lard, (B) com oil-in-water emulsion, and (C) liposomes. The antioxidant effectiveness of protocatechuic acid and gallic

acid in lard was then compared with DHS and other widely

would partition into the much larger aqueous volume where its used antioxidants: propyl gallate,-tocopherol, and TBHQ
activity would be diminished by dilution, which would reduce (Figure 6). As was observed previously, the antioxidant activity
interaction with lipid radicals. of DHS was comparable to that of gallic acid and TBH4). (

The dramatic differences in activity of DHS among the Moreover, although propyl gallate appeared to have the best
different model systems led us to speculate as to whether DHSantioxidant activity, the induction period for propyl gallate, gallic
was the primary antioxidant in oil, or whether it could convert acid, TBHQ, and DHS was virtually the same; i.e., ap-
to another, more active compound in oil but not in aqueous proximately 49 days. From a practical standpoint with respect
media. To address this hypothesis, the peroxidized samples ofto oil quality, the induction period is more important than
lard, liposomes, and emulsion systems containing added DHSnumerical differences in peroxide value after the exponential
were extracted and analyzed for DHS and DHS-derived rise in peroxidation has begun. Protocatechuic acid was only
components. Gas chromatograms of extracts of DHS-treated lardmoderately effective as an antioxidant in bulk oil as compared
showed the presence of three new pedkgure 4A), which to DHS or gallic acid Figure 6). Itis possible that the maximum
were not present in chromatograms of untreated lard (data notantioxidant activity noted for DHS as compared to that of
shown). The retention times of the new peaks were 29.9, 31.0, protocatechuic acid is the result of the particular combination
and 51.6 min. The compounds associated with these peaks wer®f protocatechuic acid, gallic acid, and DHS and/or some as
identified as protocatechuic acid, DHS, and gallic acid, respec- yet unidentified compound, which results in positive synergism.
tively, based on comparison of retention times and mass spectra Figure 7 illustrates the formation of antioxidant phenolics
of authentic compounds. from DHS in the lipid systems of the current study. Tautomer-

In contrast to the results with lard, analysis of extracts of the ization of DHS would lead to formation of a reactive enediol.
liposome system indicated that DHS remained intact throughout The formation of protocatechuic acid would require the elimina-
the assay time. Likewise, in the emulsion system, DHS remainedtion of water from the enediol while oxidation of the enediol
mostly unchanged with only a small amount of gallic acid would lead to gallic acid. Abiotic formation of protocatechuic
formation (Figure 4). No protocatechuic acid was detected in acid and gallic acid has been reported when aqueous solutions
either the peroxidizing liposome or the emulsion systems to of DHS containig 1 M Na sH;1 sPOy are reacted with aird).
which DHS had been added. These results suggest that theHowever, the relevance of this reactivity to the solution matrix
antioxidant activity of DHS in lard is related to its ability to  found in the bulk oil, oil-in-water emulsion, and liposomal
form protocatechuic acid and gallic acid in bulk oils. systems is uncertain. Protocatechuic acid was observed in the

To establish that loss of DHS was proportional to formation bulk oil system where the water concentration was extremely
of the new products, we analyzed DHS-spiked lard extracts at low as compared to that of 10% oil-in-water emulsion and of
various time points during peroxidatioRigure 5). The results the liposomal system. This suggests that the water content may
indicated that protocatechuic acid increased in concert with be a critical factor for the formation of PCA through the
decreasing DHS. After 24 h of peroxidation, protocatechuic acid elimination of one molecule of water from the enediol inter-
was the major component in lard, and the concentration mediate. Temperature may also be another critical factor for
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350 DHS, gallic acid, and protocatechuic acid are all natural
products widely present in vegetables and fruits. Our results
suggest that DHS would be an effective antioxidant in bulk oil
systems because of its novel ability to form to additional
phenolic compounds, which are effective as antioxidants. These
results also suggest that DHS has the potential to be used as a
naturally derived antioxidant for specialized food application

in processed food products.
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